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Abstract

Cervical cancer arises when high-risk strains of human papilloma virus (HR-HPV) become integrated
into the host genome in cervical epithelial cells and loss of episomal expression of the viral
transcriptional regulator gene E2 occurs. However, not all women who acquire HPV infection develop
cervical cancer: about 60% of HPV infections are transient and resolve on their own due to innate and
adaptive immunity, indicating other risk factors. Among other known factors, dietary methyl donor
nutrients that influence the methyl donor cycle may also be important in determining cervical cancer
risk. They are required for the maintenance of DNA methylation, modification of which is associated
with cancer progression through dysregulation of gene expression. The aim of this study is to identify
molecular mechanisms by which alterations in methyl donor nutrients availability affect cervical cancer
risk and progression.

A bioinformatics analysis was carried out to identify gene clusters susceptible to both methyl
donor depletion and HPV integration using the DAVID, ClueGo and GeneMania software. The C4-I1
cervical cancer cell model of methyl donor depletion was used for this experimental study. Cells were
grown for 8 days in complete medium, or medium depleted of folate, methionine or combined folate
and methionine. The cell model was validated by measuring the intracellular folate, intracellular
methionine and extracellular homocysteine concentrations. The STAT1, RSAD2, OAS1, IFIT1 and
ISG15 genes expression were measured using RT-gPCR. A comprehensive DNA methylation profiling
was performed using the Infinium Methylation EPIC BeadChip, followed by methylation data analysis
with the RnBeads and bioinformatics software. Additionally, the TNF-o and IL-1p cytokine production
in THP-1 methyl donor depleted cells was measured using the Quantikine ELISA Kit.

Gene clusters associated with host defence mechanisms, cell cycle, cell death and cell signalling
were highly enriched. Additionally, a cluster of genes involved in antiviral defence induced by the type
| interferon (IFN) pathway appeared to be most affected by methyl donor nutrients availability. These
genes (RSAD2, OASL, IFIT1 and ISG15) were reported to be significantly upregulated with methionine
or combined folate and methionine depletion; while STAT1 gene expression was downregulated in all
depleted conditions. Folate deficiency did not cause significant alteration to the expression of these
genes. TNF-a and IL-1B cytokine production was significantly reduced in all methyl donor depleted
conditions. A majority of CpG sites were significantly hypomethylated in all conditions where
methionine was deficient, while changes in folate depleted medium was not statistically significant. A
high proportion of genes associated with host defence mechanisms, immune response as well as mitosis,
cell differentiation, cell motility and angiogenesis were found to be hypomethylated.

This study highlights the importance of methionine over folate as a methyl donor in the
regulation of gene expression, and also the regulatory functions of both folate and methionine on IFN-
stimulated gene expression associated with antiviral immunity in a cervical cancer cell line. By
identifying changes that occur in methyl donor regulated genes, there is a potential diagnostic or
therapeutic approach based on epigenetic changes occurring due to nutrient availability for those who

are in the at-risk group.
v
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CHAPTER 1

INTRODUCTION

Nutrients can regulate several biological processes in our bodies via modifying epigenetic
mechanisms that are critical for gene expression such as DNA methylation. These epigenetic
modifications may contribute to the status of our health and have been associated with the
development of various cancers. A few nutrients in particular have been associated with the risk
of cancer development via its function as methyl donor nutrients in the DNA methylation
processes (Duthie et al., 2004; Mahmoud & Ali, 2019).

1.1  Cancer and its hallmark

According to the World Health Organization (WHQO), cancer is defined as the abnormal growth
of cells, in any part of the body, which has the potential to invade other organs or parts of the
body. Cancer arises from the transformation of normal cells into tumour cells in a multi-stage
process that generally progresses from a precancerous lesion to a malignant tumour, as a result

of the interaction between a person’s genetic factor and carcinogenic agents.

In the year 2000, Hanahan and Weinberg proposed six core hallmarks of cancer: the
common traits that every single cancer including cervical cancer share which characterises the
transformation from a normal cell to a cancer cell (Hanahan & Weinberg, 2000). These
hallmarks of cancer are; firstly, cancer cells have their own growth signals, achieving an active
proliferative state without relying on stimulatory signals. Secondly, cancer cells are insensitive
to antigrowth signals. Thirdly, cancer cells are resistant to apoptosis. Fourthly, cancer cells have
an infinite replicative potential. Fifthly, to maintain their viability, cancer cells require
angiogenesis. Finally, cancer cells can move and travel to their surrounding tissue, resulting in

tissue invasion and metastasis.

In 2011, Hanahan and Weinberg suggested two further hallmarks of cancer emerging
from molecular studies and was involved in the pathogenesis of most cancers, namely the
reprogramming of energy metabolism and the evasion of immune destruction (Hanahan &
Weinberg, 2011). They also proposed two primary overarching characteristics of cancer that
enable the acquisition of the eight hallmarks which are genome instability and mutation, and

tumour-promoting inflammation. In addition, they identified four key intracellular signalling



networks which support cancer cell activity. These are motility circuits, proliferation circuits,

viability circuits and cytostasis and differentiation circuits.

Understanding these core distinguishing characteristics of malignant cells is central to
cancer research. As the scope for cancer research is very wide, this study attempts to better
understand the hallmarks of cancer via intracellular networks by focussing on and exploring the
role of methyl donors specifically in cervical cancer.

1.2 Cervical cancer

1.2.1 Epidemiology of cervical cancer

According to the International Agency for Research on Cancer (IARC) report in 2020, there
was an estimated 604 000 newly diagnosed cervical cancer cases and 342 000 deaths caused by
cervical cancer worldwide (Sung et al., 2021). It is the fourth most commonly diagnosed cancer
in women (Figure 1.1). Additionally, mortality from cervical cancer is ranked fourth highest
after breast, lung and colorectal cancer in women, however, it ranks second after breast cancer
in countries with lower Human Development Index (HDI). When compared with the IARC
report in 2018, there was an increase in incidence by 6% and mortality by 10% from cervical
cancer worldwide (Bray et al., 2018). As global cervical cancer incidence and mortality appear
to be on the rise; more in-depth studies should be conducted to better understand the underlying

mechanisms of cervical cancer for its prevention.
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The World Health Organisation (WHO) reported that more than 85% of cervical cancer
deaths occurred in low and middle income countries as there is limited access to preventive
programs here, resulting in higher death rate (WHO, 2020). Figure 1.2 shows that cervical
cancer incidence and mortality occur highest in low and middle income countries such as
Eastern, Southern and Central African countries, with Malawi reporting the highest cervical
cancer mortality rates (Sung et al., 2021). In contrast, incidence of cervical cancer in northern
America, Australia/New Zealand and western Asia is seven to ten times lower, with mortality
rates varying up to 18 times (Ferlay et al., 2018). The HDI and poverty rates have been reported
to account for more than 52% of geographical variation in cervical cancer mortality rates (Singh
et al., 2012). Nonetheless, cervical cancer still remains as one of the biggest global threats to
women’s health and lives despite the fact that neoplastic cell changes or its main cause, human
papillomavirus (HPV) infections, can be screened earlier to enable preventative treatment in

the development of invasive lesions and the introduction of HPV vaccination programs.
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Figure 1.2 Incidence and mortality rate of cervical cancer according to region in 2020

Region-specific incidence and mortality age-standardized rates for cervical cancer in 2020. Rates are
shown in descending order of the world (W) age-standardized incidence rate, and the highest national
age-standardized for incidence and mortality are superimposed (Sung et al., 2021).



1.2.2 Cervical cancer prevention program

Infection by high-risk human papillomavirus (HR-HPV) is the main aetiology for the
development of cervical cancer where the integration of the HPV genome into the host
chromosome of cervical epithelial cells are key early events in the neoplastic progression of
cervical lesions (Balasubramaniam et al., 2019; Da Silva et al., 2021). HPV has 12 oncogenic
types classified as group 1 carcinogen by the International Agency for Research on Cancer
Monographs (IARC, 2007). Thus, with a highly effective HPV vaccination program as well as
secondary screening measures, cervical cancer should be considered nearly completely
preventable. In order to reduce the burden of cervical cancer, WHO recommends 2 doses of
vaccination against HPV for 9 to 13-year-old girls; and to prevent it, women aged 30 to 49
should be screened either through visual inspection with acetic acid in low-resource setting, a
Papanicolaou smear (cervical cytology) every 3 to 5 years or a HPV test every 5 years, each

with timely treatment of any detected precancerous lesions (WHO, 2017).

Large international randomised control clinical trials have shown that HPV vaccines are
safe and highly effective against vaccine-type persistent infections and cervical precancerous
lesions in women (Garland et al., 2007; Paavonen et al., 2009; Joura et al., 2015). Countries
that have successfully implemented HPV vaccination programs have a reduction of 73-85% in
HPV prevalence, and 41-57% reduction in high grade lesions among young women, less than
10 years after implementation of the HPV vaccination program (Drolet et al., 2019). Cervical
screening at population-level has also been proven to be an effective measure against cervical
cancer prevalence, with a sharp decline in age-standardised cervical cancer incidence in high-
income countries, following the implementation of cytology-based screening (Franco et al.,
2001; Bray et al., 2005). However, in terms of diagnostic effectiveness, HPV-based tests have
shown to be more effective at detecting precancerous lesions and are likely to be more effective
at preventing cervical cancer than visual inspection with acetic acid or cytology
(Sankaranarayanan et al., 2009; Ronco et al., 2014; Ogilvie et al., 2017). In the United
Kingdom, eligibility for the National Health Service (NHS) cervical cancer screening of
individuals aged 25 to 49 years are every 3 years and those aged 50 to 64 every 5 years, with
women aged 25 to 29 years having the highest incidence of cervical cancer and also those living
in the most deprived areas (Wilding et al., 2020).

However, the successful implementation of these measures against cervical cancer
varies across and within countries. Less than 30% of low and middle income countries have

implemented national HPV vaccination programs compared to more than 85% among high
4



income countries (PATH, 2019). Additionally, only about 20% of women in low and middle
income countries have ever been screened for cervical cancer compared to more than 60% in
high income countries (Gakidou et al., 2008). These low and middle income countries do not
have the technical or public health infrastructure to screen for HPV infection and/or to detect
and remove pre-cancerous lesions. Vaccination against HPV for girls and young women, and
in some countries also for young men, is a very effective means for cervical cancer prevention
used in developed countries, but the high cost of HPV vaccination is a major barrier against its
widespread use (Bruni et al., 2010; Jemal et al., 2011; Torre et al., 2015). Besides cost, the
introduction to vaccine programs in low and middle income countries has also been restricted
by paucity of adolescent health platforms, cultural challenges and difficulty in reaching the
target population (Denny, 2015). Therefore, ongoing research to better understand the cervical
cancer carcinogenesis process, as well as factors that contribute towards its risk and progression
from pre-cancerous lesions to invasive cancer, is still crucial in order to develop more cost-

effective preventative programs especially in low-and-middle income countries.

1.2.3 Pathology of cervical cancer

The cervix is the lower part of the uterus; it is cylindrical in shape and is connected to the vagina
through the endocervical canal (Bermudez et al., 2015). This canal is lined with two types of
epithelial cells, squamous cells (continuous with the vaginal epithelium, on the outer part of the
cervix) and glandular cells (continuous with the endometrium, lining the cervical canal). The
transition zone between these cells is called the squamocolumnar junction, where premalignant
transformation usually occurs. These cell types generate the two main histological types of
cervical cancer, squamous cell carcinomas (SCC) from squamous epithelial cells and
adenocarcinoma (AC) from glandular epithelial cells (Pecorelli et al., 2009). In the revised
International Federation of Gynaecology and Obstetrics (FIGO) staging of carcinoma of the
cervix uteri, cervical cancer is divided into four stages. Stage | is when the cancerous cells are
restricted within the cervix only; stage Il is when the carcinoma appears outside the cervix but
not in the pelvis; stage 111 is where the cancer has spread into the pelvis and the last most severe
is stage IV where the cancer has moved beyond the pelvis into other organs (Pecorelli et al.,
2009).

Cervical dysplasia, also known as cervical intraepithelial neoplasia (CIN), seen on
cervical biopsy samples may regress spontaneously with the aid of the body’s immune system;

but also commonly progresses to the development of invasive cervical cancer, if it is not treated



at an early stage (Woodman et al., 2007). CIN can be categorized into three grades (Solomon
& Nayar, 2004). CIN 1 is mild dysplasia or a low grade squamous intraepithelial lesion (LSIL),
where undifferentiated cells are restricted within the lower third layer of the cervix. In CIN 2,
moderate changes appear which are characterized by dyskaryotic cellular changes mostly
affecting the lower two-third layer of the cervix. CIN 3 is a severe dysplasia or high grade
squamous intraepithelial lesion (HSIL), where cell abnormalities have extended into the full
thickness of the epithelium.

1.2.4 Impact of HPV in the pathogenesis of cervical cancer

In the past three to four decades, the natural history of cervical cancer has been well studied,
and persistent infection of the cervix with the high-risk strain of HPV (HR-HPV) has been
reported as a necessary causative factor for development of cervical cancer (zur Hausen, 2009;
Okunade, 2020), with viral sequences detected in more than 95% of cases (Cancer Genome
Atlas Research Network, 2017). More than 200 different types of HPV have been identified,
though only 20 have been linked to the development of invasive cervical cancer (Burk et al.,
2013; Galloway & Laimins, 2015; Cancer Genome Atlas Research Network, 2017; Liu et al.,
2017). Specific viral types and intratypic variants have also been linked to increased risk of the
disease (Burk et al., 2009; Tommasino, 2014; Mirabello et al., 2016).

HPV is a small, non-enveloped double-stranded DNA virus that belongs to the
Papovaviridae family. Its genome and codes for two capsid proteins L1 and L2, and six non-
structural regulatory proteins (E1, E2, E4, E5, E6, E7), play a major role in the HPV life cycle
and transformation of host cells into cancerous cells (Figure 1.3) (Woodman et al., 2007;
Tommasino, 2014; de Sanjose et al., 2018). The HPV virus is classified by the variation in the
nucleotide sequence of the L1 capsid (Tommasino, 2014; Cancer Genome Atlas Research
Network, 2017), with the most common oncogenic HPV types 16 and 18 being detected in 50%
and 20% of cervical cancer cases, respectively (Tommasino, 2014). Although HPV 16 is the
most prevalent type in cervical cancer, HPV 18 is typically associated with worse prognosis
(Schwartz et al., 2001; Yang et al., 2014). Other HR-HPV that include HPV 31, 33, 34, 39, 45,
51, 52, 56, 58, 59, 66, 68 and 70; have also been classified as carcinogenic to humans (Li et al.,
2011).

The HPV life cycle begins with the infection of the basal layer through microtraumas
that compromises the epithelial barrier (Figure 1.4) (Stubenrauch & Laimins, 1999;
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Balasubramaniam et al., 2019). At the beginning of infection, the HPV genome maintains a low
copy number in the infected host basal cells. However, when the epithelial cells differentiate,
the virus starts to replicate to a high copy number and expresses the L1 and L2 capsid proteins.
This results in the production of new progeny virions that are released from the epithelial
surface. For persistence, HPV needs to infect basal cells showing stem cell-like features that
are still able to proliferate (Egawa et al., 2015). High-risk types of HPV are more prone to
activate cell proliferation in basal and differentiated layers, promoting epithelial transformation.
After integration of HPV DNA into the host genome, the overexpression of viral oncoproteins
E6 and E7 are mainly responsible for the initial changes in epithelial cells (Balasubramaniam
et al., 2019). E6 prevents the activity of the host's tumour suppressor p53, whilst E7 inhibits
retinoblastoma (pRb), which controls cell division by blocking the activity of transcription
factors. Inactivation of these host proteins disrupts both the DNA repair mechanisms and
apoptosis, leading to rapid cell proliferation. Multiple genes involved in DNA repair, cell
proliferation, growth factor activities, angiogenesis and mitogenesis genes become highly
expressed in CIN and in cancer. This genomic instability encourages HPV-infected cells to
progress towards invasive carcinoma. HPV integration also drives the carcinogenic process
through the inactivation of E2 expression, the main inhibitor of E6 and E7, and the disruption
of host genes because of the viral sequence insertion (McBride & Warburton, 2017). As for
low-risk types of HPV, although E6 and E7 proteins are present, their role is limited to the
increase of viral fitness and viral production, and is largely insufficient to trigger the

development of neoplastic lesions or cancer (Schiffman et al., 2016).
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E1 — viral DNA replication and transcription

E2 — viral DNA replication, apoptosis, transcription
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E4 — viral DNA replication
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and apoptosis.
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Figure 1. 3  HPV 16 structure and viral protein

There are three functional regions in the HPV genome. (A) Upper regulatory region (URR) is a
noncoding region containing the replication origin and transcription factor-binding sites that contribute
to the regulation of DNA replication by controlling the viral gene transcription. (B) Early region that
encodes for six proteins (E1, E2, E4, E5, E6, and E7) that are involved in viral replication and
tumorigenesis. (C) Late region that encodes for capsid proteins L1 and L2. Adapted from (Stanley et
al., 2007).
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Figure 1.4  HPV-associated pathogenesis of cervical cancer

Distribution of normal and HPV-infected squamous epithelial cells at different stages of cervical
dysplasia. The initial stage of carcinogenesis is controlled by viral HPV integration and host factors.
(A) Basal cells in the cervical epithelium rest on the basement membrane, which is supported by the
dermis. HPV is thought to access the basal cells through micro abrasions in the cervical epithelium. (B)
Subsequently, early HPV genes E1, E2, E4, E5, E6 and E7 are expressed and the viral DNA replicates
from the episomal DNA (pink nuclei). Low grade squamous intraepithelial lesions (LSIL) support
productive viral replication. (C) As infection persists with the high-risk strain of HPV, there is a
progression to high grade cervical intraepithelial neoplasia (HSIL) (D) The progression of untreated
lesions to microinvasive and invasive cancer is associated with the integration of the HPV genome into
the host chromosome (red nuclei), with associated loss or disruption of E2, and subsequent upregulation
of E6 & E7 oncogene expression. Adapted from (Knoff et al., 2014).

Epidemiologic studies have reported that the risk of contracting a high-risk strain of
HPV (HR-HPV) infection and cervical cancer is influenced by sexual activities including early
exposure to sexual activity, having multiple sexual partners at any given time as well as having
a history of other sexually transmitted infections, where the peak period for acquiring HPV
infection is shortly after becoming sexually active (ACOG, 2017). However, the mere presence
of the HR-HPV is not sufficient for neoplastic progression. About 85 to 90% of HR-HPV
infections spontaneously regress, with only 10 to 15% that continue to persist, and consequently
promote the progression of precancerous CIN to invasive cervical carcinoma (ICC), thus
suggesting other conditions or cofactors that contribute towards cervical carcinogenesis
(Laniewski et al., 2020). Such conditions include the local microenvironment for cervical
carcinogenesis, which has been reported to be essential for the control of persistent HPV
infection and pathogenesis of cervical cancer (Egawa et al., 2015). HPV must be able to

integrate into the host cells to initiate infection, which leads to epigenetic and genetic changes
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in oncogenes and tumour suppressor genes within the basal epithelial cells, thus enabling viral
replication (Gius et al., 2007). These changes then establish a conducive environment for
neoplastic progression where the virus is able to evade the host immune system to ensure its

continuous replication in the basal epithelial cells.

HPV type-specific persistent infections have been found to significantly increase the
risk of cervical dysplasia thus increasing the risk of cervical cancer. A study was conducted
among women to monitor the association between the course of HR-HPV infection and the
development of cervical neoplasia over time (Cuschieri et al., 2005). They reported that women
with type specific persistent infections were significantly more likely to develop cervical
neoplasia than women who cleared the infection (P=0.0001) or were sequentially infected with
different types (P=0.001). In a Columbian cohort study, 1728 women aged between 15 to 85
years with normal cytology at baseline were followed up every 6 months for an average of 9
years (Mufioz et al., 2009). The study concluded that viral load is the main determinant of
persistence, where persistence of HPV 16 infections carries a higher risk of developing CIN
2/3. In another large-scale cohort study in Taiwan, 11 923 women aged 30 to 65 years old were
followed up for 16 years to investigate the role of genotype-specific HPV persistence in
predicting cervical cancer (Chen et al., 2011). Women with type-specific persistence of any
carcinogenic HPV had greatly increased risk compared to women who were HPV-negative
(hazard ratio=75.4, 85%CI1=31.8-178.9).

Persistent HPV infections are defined as infections that are present at or before treatment
and remain present after treatment, whilst incident HPV infections are defined as the detection
of a new HPV genotype after treatment for CIN that was not present before or at the time of
treatment (Rositch et al., 2014). In 2013, a systematic review and meta-analysis was conducted
on HPV persistence patterns worldwide (Rositch et al., 2013). In this review, more than 100
000 women from 86 studies were examined to determine the patterns of persistent HPV
infection among women who had not been given any treatment. It was estimated that
approximately half of the HPV infections persist past 6 to 12 months. Additionally, HR-HPV
persist for an average of 9.3 months, longer than low-risk HPV at 8.4 months, whilst HPV 16
was also found to persist longer at 12.4 months, compared to HPV 18 at 9.8 months. In a more
recent systematic review, which included 45 studies with data on post-treatment HPV
persistence among 6106 women, HPV persistence was found to be relatively shorter in duration
with 25% of women who had a persistent HPV infection at 6 months after treatment, and 15%

at 12 months post-treatment (Hoffman et al., 2017). HPV persistence values were relatively
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lower as the women in these studies had received some form of treatment modalities, thus
resulting in the clearance/elimination of a notable proportion of HPV infections. This study also
reported a wide variation in the estimation of post-treatment HPV persistence depending on
patient’s age, HPV-type, detection method, treatment method and minimum HPV post-
treatment testing interval. Furthermore, the median for HPV persistence was reported to be
lower with increasing follow-up time, declining from 27% at 3 months after treatment to 21%
at 6 months, 15% at 12 months, and 10% at 24 months. In addition to that, immune-competent
persons infected with HPV generally have a slow progression to high-grade, precancerous
lesions and subsequent carcinoma (Palefsky, 2007). However, most people with competent
immune systems are able to clear HPV infections with no sequelae. Individuals who have
compromised cell-mediated immunity, such as those with human immunodeficiency virus
(HIV), AIDS, or solid-organ transplant recipients, have shown accelerated progression to high-
grade lesions and, thus, are at an increased risk to develop HPV-associated carcinomas
(Palefsky, 2007; Denny et al., 2012; Freiberger et al., 2015).

The progression of HPV-infected epithelial cells to invasive cancer is a long-term
process associated with the accumulation of DNA alterations in host genes. CIN 1 is the stage
when the virus persistently infects the cervical cells. The transition from precancerous lesions
to invasive carcinoma takes at least 10 to 20 years (Wallin et al., 1999; Zielinski et al., 2001).
CIN1 lesions that do not regress may develop into CIN2/3 within 2 to 3 years following
infection (Winer et al., 2005). In terms of treatment, the American Society for Colposcopy and
Cervical Pathology (ASCCP) recommends that women with a histological diagnosis of CIN 2
or 3 receive ablative or excisional treatment to eliminate CIN and associated HPV infection
(Massad et al., 2013). Additionally, excisional treatment such as the loop electrosurgical
excision procedure (LEEP) and conization appear to provide better HPV clearance than
cryotherapy (Hoffman et al., 2017). Nonetheless, studies have shown that a proportion of CIN
2/3 cases still remain infected with HR-HPV even after treatment (Jancar et al., 2006; Kreimer
et al., 2006). Recurrent CIN may result from inadequate treatment of precancerous cervical
lesions, with incomplete removal of HPV infections resulting in HR-HPV infection persistence,
re-infection with a new HR-HPV type, or persistence of another HPV type not associated with

the primary cervical lesion (Tachezy et al., 2006).

Undoubtedly, there is a distinct impact of HPV on the pathogenesis of cervical cancer,
although the specific mechanisms, including the genetic and epigenetics changes that occur

during cervical carcinogenesis are not entirely understood. Thus, this study aims to shed light
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on the epigenetic condition; on the role of methyl donor nutrients in DNA methylation and the
regulation of gene expression, that is associated with the HPV mechanisms in neoplastic

progression contributing towards cervical carcinogenesis.

1.2.5 Cervical cancer risk factors
In conjunction with infection of oncogenic types of HPV, there are several modifiable cofactors
that could potentially influence the development of cervical cancer among women with positive

HPV DNA. These include long-term use of oral contraceptives (OC), high parity and smoking.

The long-term use of OC as a risk factor for cervical cancer is not well established,
where evidence for an association between cervical cancer and the use of oral or other hormonal
contraceptives is not entirely consistent. In a study conducted to investigate the association
between cervical carcinoma and the pattern of oral contraceptive use among 16 573 women
with cervical cancer and 35 509 healthy women worldwide; reported long term use of oral
contraceptives as a definite cofactor for cervical cancer but its role as a causal factor could not
be established (International Collaboration of Epidemiological Studies of Cervical Cancer,
2007). In another study, they reported that the longer OC were used, the higher the chances
were of developing cervical cancer (OR=1.47, 95%CI1=1.02-2.12) (Bosch & de Sanjosé, 2007).
The use of OC for a period of 5-9 years or more than 10 years could increase the risk of
acquiring cervical cancer (OR=2.72, 95%CI=1.36-5.46) and (OR=4.48, 95%CI=2.24-9.36),
respectively. Furthermore, two large prospective studies found evidence for a considerable
increase in cervical cancer risk in OC users (Bond, 2014); whilst another study reported OC as
a risk factor for CIN in a univariate analysis but when adjusted for HPV infection, its risk was
found to be insignificant (Kjellberg et al., 2000). In contrast, a recent study, conducted to
determine the risk factors associated with cervical cancer among 860 patients, concluded the
role of oral contraceptives as controversial (Lukac et al., 2018).

A meta-analysis was conducted to evaluate the association between OC use and the risk
of cervical cancer (Peng et al., 2017). This review of 16 case-control studies, included 15 619
participants consisting of 7433 cases and 8186 controls, did not find any significant risk of
cervical cancer amongst individuals using OC (OR=1.12, 95%CI=0.90-1.38). Furthermore, no
significant associations to cervical cancer risk were found for different durations of OC use (<5
years: OR=0.84; 95%CI, 0.68-1.04; 5-10 years: OR=1.06; 95%CI1=0.66-1.71; >10 years:
OR=1.25; 95%CI=0.76-2.06). Besides this, OC usage was not shown to increase the risk of
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HPV infected cervical cancer among women (OR=1.09; 95%CI1=0.80-1.49). On the other hand,
a more recent systematic review and meta-analysis found that longer durations of OC usage
was definitely associated with the risk of developing cervical cancer namely adenocarcinoma
(Asthana et al., 2020). The overall risk of invasive cancer on OC use was found to be significant
with unknown status of HPV with (OR =1.51, 95 %CI=1.35-1.68) and for unknown HPV as
(OR=1.66, 95%CI1=1.24-2.21). It was found that adenocarcinoma, squamous cell carcinoma
and carcinoma in situ had significant association with (OR=1.77, 95 %Cl=1.4-2.24), (OR=1.29,
95%CI=1.18-1.42) and (OR=1.7, 95%CI1=1.18-2.44), respectively. Here it can be surmised that
the use of OC may cause hormonal imbalances such as excess estrogen without progesterone,
leading to a decrease in ovulation. This condition in turn, could cause a further reduction in
progesterone levels, and the endometrial layer remains unshed. In response to this estrogenic
effect, the endometrium cells crowd together and become abnormal leading to endometrial
hyperplasia. This hyperplasia may lead to cancer, and since this phenomenon occurs in the
endometrium, therefore long-term use of OC was found to be more associated with the risk of
developing adenocarcinoma as compared to squamous cell carcinoma. Therefore, long term OC
usage has the potential to influence the development of cervical cancer among women with
positive HPV DNA.

Besides the use of OC, high parity has also been associated with cervical cancer
incidence (Mufioz et al., 2006). The International Collaboration of Epidemiological Studies of
Cervical Cancer combined individual data on 11 161 women with invasive carcinoma, 5402
women with cervical intraepithelial neoplasia (CIN) 3/carcinoma in situ and 33 542 women
without cervical carcinoma from 25 epidemiological studies (International Collaboration of
Epidemiological Studies of Cervical Cancer, 2006). They reported that there was an association
between the number of full-term pregnancies with the risk of invasive cervical carcinoma. The
relative risk for invasive cervical carcinoma among parous women was (RR=1.76,
95%C1=1.53-2.02) for > or => or =7 full-term pregnancies compared with 1-2, after controlling
for age at first full-term pregnancy. On the other hand, no significant trend was found with
increasing number of births among parous women for CIN 3/carcinoma in situ. Furthermore,
early age at first full-term pregnancy was also associated with the risk of both invasive cervical
carcinoma and CIN 3/carcinoma in situ. The RR for first full-term pregnancy at age <17 years
compared with > or => or =25 years was (RR=1.77, 95%CI=1.42-2.23) for invasive cervical
carcinoma, and (RR=1.78, 95% CI=1.26-2.51) for CIN 3/carcinoma in situ, after controlling
for number of full-term pregnancies. They also reported similar results in analyses restricted to

HR-HPV positive cases and controls whereas conversely, no relationship was found between
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cervical HPV positivity and number of full-term pregnancies, or age at first full-term pregnancy
among controls. In addition, a European Prospective Investigation into Cancer and Nutrition
(EPIC) cohort study involving 308 036 women, also reported that the number of full-term
pregnancies was positively associated with CIN 3/carcinoma in situ risk (P-trend = 0.03),
although no association was found with invasive cervical cancer (Roura et al., 2016). A possible
biological mechanism explanation for the association between high parity and cervical
carcinoma incidence could be that, the elevated levels of estrogen and especially progesterone
during pregnancy are responsible for the alterations in the squamo-columnal junction occurring
during pregnancy, maintaining the transformation zone on the exocervix for many years
(Munoz et al., 2002; International Collaboration of Epidemiological Studies of Cervical Cancer,
2006; Jensen et al., 2013). This would facilitate direct exposure to HPV, hence contributing to
HPV persistence and progression to cervical neoplasia and cancer. Another possible mechanism
is the immunosuppression linked to pregnancy which might enhance the role of HPV in cervical

carcinogenesis.

Smoking is another factor that has long been associated with cervical cancer risk. In the
European Prospective Investigation into Cancer and Nutrition (EPIC) cohort study, a total of
308 036 women were followed up for 9 years and the relationship between smoking and the
risk of contracting cervical cancer was determined (Roura et al., 2014). After accounting for
previous HPV infection, a strong association was found between smoking and the risk of CIN
3 and invasive cervical cancer, where quitting the smoking habit protected women against
cervical cancer and is associated with a 2-fold risk reduction. A meta-analysis was conducted
to evaluate the association between cigarette smoking and the risk of cervical cancer in Japanese
women based on a systematic review of epidemiological evidence (Sugawara et al., 2019). A
total of five studies were selected where all indicated that cigarette smoking had a strong
positive association to the risk of cervical cancer. They reported that the relative risk (RR) for
individuals who had ever-smoked relative to never-smokers was (RR=2.03, 95%CI1=1.49-2.57).
In addition, four studies also demonstrated dose-response relationships between cigarette
smoking and the risk of cervical cancer. Besides that, passive smoking has also been associated
with an increased risk of cervical cancer in a meta-analysis (Su et al., 2018). Su et al.’s meta-
analysis consisted of a total of 14 eligible studies, with a total of 384 995 participants. The
pooled ORs of passive smoking with cervical cancer risk was (OR=1.70, 95% CI1=1.40-2.07, |
= 64.3%). However, biological mechanisms linking passive smoking with cervical neoplasm
are not well characterized, though several mechanisms were considered to have a significant

role. Incessant smoking may weaken the immune function (Sabra et al., 2017), thus increasing
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the risk of HPV infection, where HPV is regarded as the most essential causative factor for
cervical cancer (zur Hausen, 2009; Okunade, 2020). A study on women smokers reported that
the count of cervical Langerhans’ cells, CD8 and total lymphocytes showed a decrease of 6-
16% following the reduction in the amount of smoking per day (Szarewski et al., 2001).
Furthermore, nicotine has been proved to promote tumour development (Warren & Singh,
2013). Finally, pharmacokinetic interactions with smoke may well have a significant impact on
the efficacy and toxicity of anticancer drugs (Condoluci et al., 2016). In short, there is
epidemiological evidence that smoking positively influences the development of cervical

cancer in women.

In summary, there is a lot of evidence which shows that long-term use of OC, high parity
and smoking are definite risk factors for the development of cervical cancer and pre-cancer.
However, these risk factors do not act independently but rather act as co-factors that interact

with HPV to induce cervical carcinogenesis.

1.2.6 Diet and cervical cancer

In addition to long-term use of oral contraceptives (OC), high parity and smoking, dietary
behaviour is also one of the modifiable cofactors that could potentially influence the
development of cervical cancer among women. Dietary factors may be determinants of the
persistence of HPV infections, or may affect the progression from infection to pre-cancerous
lesion and invasive neoplasms. However, the evidence linking dietary behaviour with cervical
cancer risk is quite limited. Early studies have failed to take into account the importance of
HPV infection as a causal factor, and therefore, results from these studies may be confounded

and need to be considered cautiously.

Ono et al. recently reviewed relevant literature to identify recent epidemiological studies
and clinical trials in order to improve understanding of the role of individual antioxidant
nutrients at different stages of cancer development from normal cervical cells, to CINs to
invasive cancer (Ono et al., 2020). They suggest that the intake of vitamins A and D and
carotenoids may inhibit early cervical cancer development, whilst the intake of folate may
prevent or inhibit HPV infection from progressing to various grades of CIN. Furthermore, the
intake of vitamins C, E, fruits and vegetables may widely inhibit the process of cervical cancer

development. However, as most of the literature are epidemiological studies, further research
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using experimental approaches is needed to clarify the effects of dietary and nutrient intake in
detail.

Garcia-Closas et al. had conducted a systematic review and qualitative classification of
observational studies to provide epidemiologic evidence about the role of diet and nutrition on
the risk of HPV persistence and cervical neoplasia, whilst taking HPV infection into account
(Garcia-Closas et al., 2005). A total of 23 observational studies that controlled for HPV and 6
randomised trials were included in the review. They concluded that there was a fairly consistent
inverse association between fruits and vegetables and HPV persistence. As for nutrients,
evidence for this inverse association was considered strongly consistent for lycopene (but not
for other carotenoids nor for retinol) and vitamin E; and moderately consistent for vitamins B1.
and C. Furthermore, an increased risk associated with plasma homocysteine, which is inversely
associated with folate, vitamin B2 and vitamin Be, was also considered strongly consistent.
However, no consistent protective effect of folic acid was observed. In short, though there was
evidence of association between diet and nutrition with HPV persistence and cervical neoplasia,
the findings are not conclusive and are limited due to the observational designs of these studies

which are suitable to identify association, but not demonstrate causality.

In the European Prospective Investigation into Cancer and Nutrition (EPIC) study, a
total of 299 649 women were followed up for 9 years to determine the association between both
fruit and vegetable intake and specific dietary nutrients and the incidence of cervical cancer
(Gonzalez et al., 2011). It was found that increasing fruit intake by 100 g daily could
significantly lower the risk of acquiring invasive squamous cervical cancer (HR=0.83, 95%
Cl1=0.72-0.98). However, there was an inverse association between vegetable intake (HR=0.85,
95% CI=0.65-1.10) as well as for the intake of garlic, onion, citrus fruits, vitamin C, E and
retinol, and the incidence of cervical cancer; however, it was not statistically significant. Beta-
carotene, vitamin D and folic acid intake was not associated with cancer risk. In a more recent
systematic review and meta-analysis to determine the association of fruit and vegetable intake
with the occurrence of CIN and invasive cancer, 18 studies have been identified: 17 case-control
studies (n=9014 cases, n=29 088 controls) and one cohort study (n=299 651) (Tomita et al.,
2021). They found no association between fruit and vegetable intake with CIN. The pooled
adjusted ORs for cervical cancer were (OR=0.61, 95%CI=0.52-0.73) for vegetables and
(OR=0.80 95% CI=0.70-0.93) for fruits, though no association was observed when the pooled
effect was estimated among studies that were adjusted for HPV. They concluded that the

consumption of fruits and vegetables was not associated with incidence of cervical cancer
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among studies that controlled for HPV infection. However, the level of evidence could possibly

be limited as only one cohort study was included in the analysis.

In 1997, the World Cancer Research Fund (WCRF) and American Institute for Cancer
Research (AICR) published a comprehensive review of published scientific literature on diet,
nutrition, physical activity and cancer (World Cancer Research Fund/American Institute for
Cancer Research, 1997). However, at the time, there were few large prospective cohort studies,
whereas the method of pooling studies and meta-analysis was still in its infancy (Clinton et al.,
2019). Thus, the epidemiologic evidence was mostly from ecologic and case-control studies
that are often significantly confounded by systemic biases; though the accumulated evidence
was supported by laboratory investigations in a limited but rapidly growing array of
experimental cancer models. A decade later, they published their second report (World Cancer
Research Fund/American Institute for Cancer Research, 2007), followed by the third report in
2018 (World Cancer Research Fund/American Institute for Cancer Research, 2018); where a
more systematic literature review was conducted to summarize and update the evidence from
prospective studies and randomised controlled trials on the association between foods,
nutrients, vitamins, minerals, physical activity, overweight and obesity with the risk of cancer.
The main aim is to guide and establish a non-biased approach with meticulous methods for
collecting, organizing, and systematically reviewing the evidence for each of the major cancer
types. The PubMed database was searched and studies relevant to the inclusion criteria were
identified. Data from each study were extracted including study design, characteristics of study
population, mean age, distribution by sex, country, recruitment year, methods of exposure
assessment, definition of exposure, definition of outcome, method of outcome assessment,
study size, length of follow up, lost to follow-up, analytical methods and whether methods for
correction of measurement error were used. The results were summarised in tables and figures.
Furthermore, an additional analysis such as the dose-response meta-analysis was performed
when there were at least two new reports of trials or two new reports of cohort studies with
enough data identified for dose-response meta-analysis, and if there were in total five cohort
studies or five randomised controlled trials. This was followed by an evaluation process based
on the evidence and systematic reviews provided for each cancer, by an international and
multidisciplinary panel of experts. Through a rigorous review process coupled with annual
summits; conclusions were formalized, recommendations for cancer prevention are defined,

and priority areas for future research are proposed (Clinton et al., 2019).

16



In the WCRF/AICR second report, there is limited-suggestive evidence linking the
intake of carrots with invasive cervical cancer, based on four hospital-based case-control studies
(World Cancer Research Fund/American Institute for Cancer Research, 2007). On the other
hand, the evidence linking non-starchy vegetables, fruits, milk, retinol, vitamin E, and alcohol
intake cannot be concluded due to limited evidence. In their more recent third report (World
Cancer Research Fund/American Institute for Cancer Research, 2018), only one new study
reported on uterine cervix cancer mortality and the intake of carrot or pumpkin combined (Iso
& Kubota, 2007). In this study, carrot or pumpkin intake was not associated with uterine
cervical cancer mortality. The hazard ratio comparing >3-4 times/week of carrot intake to <1
time/week intake was (HR=1.10, 95%CI=0.31-3.93). However, the number of cases was low
and the analysis was only adjusted for age and study area. Similarly, for dietary retinol and
beta-carotene intake, one new study (European Prospective Investigation into Cancer and
Nutrition Study, EPIC) was identified and both nutrients were not associated with carcinoma
in situ and invasive squamous cervical cancer risk (Gonzalez et al., 2011). The hazard ratio was
(HR=0.98, 95%CI=0.93-1.02) per 200 pg/day intake of dietary retinol, and (HR=1.00,
95%CI=0.94-1.06) per 1500 ug/day intake of dietary beta-carotene. Furthermore, the Women’s
Health Initiative-Dietary Modification Trial (WHI-DM trial) conducted in 2007 also did not
support a significant effect of low-fat dietary intervention on cervix cancer prevention (Prentice
etal., 2007). The study was designed to promote dietary change with the goal of reducing intake
of total fat to 20% of energy and increasing consumption of fruits and vegetables to at least 5
servings daily and grains to at least 6 servings daily. Comparison group participants were not
asked to make dietary changes. Postmenopausal women (age 50 to 79 years) with > 33% of
total energy from fat were randomly assigned to the intervention group (n = 19 541) or the
comparison group (n=29 294). After an average of 8.1 years of follow up, they reported a non-
significant reduction in cervix cancer risk with the low-fat dietary intervention (HR=0.46, 95%
CI=0.15-1.42). Based on current evidence by the WCRF/AICR, compared to various other
types of cancer, there is no evidence to support the association between foods, nutrients,
vitamins and mineral intake with cervical cancer. Nonetheless, there is substantial evidence
from large population studies that have reported a reduction in various other cancer incidence
and mortality by following a dietary pattern similar to the 2007 WCRF/IACR Cancer
Prevention Recommendations (Romaguera et al., 2012; Vergnaud et al., 2013; Kohler et al.,
2016). A diet based on these recommendations is likely to be dense in nutrients; containing
foods and beverages with relatively high concentrations of vitamins and minerals and other

dietary constituents such as dietary fibre, without excessive salt, saturated or trans fats, added
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sugars or refined starch; thereby promoting good nutritional health and protecting against

nutrient deficiency and non-communicable diseases.

Most of the current literature is based on epidemiological studies with clinical data; and
only few experimental studies have been reported. Thus, the mechanisms through which diet
and nutrition influence cancer development are unclear. However, there are several mechanisms
that have been proposed to explain the protective role of specific nutrients against cancer. It
was hypothesized that nutrients with antioxidant effects could reduce the risk of invasive cancer
by diminishing the damage caused by reactive oxygen species (ROS) to the DNA, protein and
lipids; as well as by boosting the immune system (Ono et al., 2020). The metabolism of normal,
cancerous cells and inflammatory processes produce higher levels of ROS which could increase
the risk of mutation by altering cellular functions. Another possible mechanism is the role of
methyl donor nutrients such as folate, choline and methionine in maintaining normal DNA
synthesis and repair, as well as DNA methylation and gene expression (Mahmoud & Ali, 2019).
There has been particular interest in the possible role of folate as a determinant of cervical
cancer risk (Piyathilake et al., 2004; Piyathilake et al., 2007), and its role in DNA methylation
and gene expression (Flatley et al., 2009).

Hence, the crux of this study is to investigate the effect of methyl donor nutrients such
as folate and methionine in DNA methylation and gene expression. The fundamental study to
determine the role of these nutrients and the molecular mechanism by which they could
contribute to cancer carcinogenesis might support more empirical nutritional studies towards

cancer prevention in the future.

1.3  DNA Methylation and Cancer
1.3.1 DNA methylation

DNA methylation is an epigenetic mechanism involving the transfer of a methyl group onto the
C5 position of the cytosine to form 5-methylcytosine (Moore et al., 2013; Hervouet et al., 2018).
It is a reversible modification that occurs independently of the DNA sequence, and is essential
in the directive of cellular phenotype by regulating gene transcription. DNA methylation is
associated to a number of biological events that include embryonic development, parental
imprinting genes, transposon silencing, X-chromosome inactivation and repression of
oncogenic genes. DNA methylation can generally be observed in a condensed chromatin and

when it occurs in promoters, it is associated with transcriptional gene silencing. DNA
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methylation is processed by two distict mechanisms: (i) the inheritance DNA methylation
where, following DNA replication, it allows DNA methylation marks to be maintained on the
new strand with the parental methylated strand being used as a matrix and (ii) de novo DNA
methylation which, on the other hand, occurs on both strands independently of DNA replication.
Additionally, de novo DNA methylation occurs mainly during embryogenesis, where DNA
methylation profiles are established, and the DNA methylation inheritance machinery further
maintains it after DNA replication and cell division.

The majority of DNA methylation occurs on cytosines that precede a guanine nucleotide
or CpG sites. The reaction is catalysed by a family of DNA methyltransferases (DNMTSs) that
transfer a methyl group from S-adenosyl methionine (SAM) to the fifth carbon of cytosine
residue to form 5-methylcytosine (Figure 1.5) (Moore et al., 2013). Initially, DNMTs will bind
non-specifically to DNA, whereupon specific DNA target sites are identified, and SAM is
recruited by DNMTs. The DNMTs will then incorporate the methyl group onto the carbon-5
position of the targeted cytosine, converting SAM to S-adenosyl-homocysteine (SAH), and
DNMT enzymes are released. As DNA methylation usually takes place on gene promoter
regions, this reaction leads to gene silencing, whereas DNA demethylation is associated with

transcription activation and gene expression.
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Figure 1.5  Methylation of cytosine in carbon 5 to form 5-methylcytosine

DNA methylation is catalysed by a family of DNA methyltransferases (DNMTSs) that transfer a methyl
group (CHs;) from S-adenosyl methionine (SAM) to the fifth carbon of cytosine residue to form 5-
methylcytosine, thus converting SAM to S-adenosyl homocysteine (SAH).

Several mechanisms have been proposed to account for the transcriptional repression
by DNA methylation (Das & Singal, 2004; Moore et al., 2013). The first mechanism involves
direct interference with the binding of specific transcription factors to their recognition sites in
their respective promoters. Several transcription factors, including AP-2, c-Myc/Myn, the
cyclic AMP-dependent activator CREB, E2F, and NFkB recognize sequences that contain CpG
residues, and the binding of each has been shown to be inhibited by methylation (Tate & Bird,
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1993). The second mode of repression involves a direct binding of specific transcriptional
repressors to methylated DNA, such as methyl-binding proteins, histone deacetylases
(HDAC:S), and histone methyltransferases that leads to chromatin repression, thus restricting its
accessibility for transcription (Figure 1.6). Methyl binding proteins such as MeCP1, MBD1,
MBD?2, and MBD4 that bind to 5m-CpG through a motif called the methyl CpG binding domain
(MBD), and Kaiso that binds through a zinc finger motif have been shown to repress
transcription in both in vitro and cell culture assays by interacting with histone deacetylase
complexes (Prokhortchouk & Hendrich, 2002).
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Figure 1.6  Methylation of CpG and gene expression

(A) CpG is not methylated, thus the transcription factor (TF) is activated and the gene is expressed (B)
CpG is methylated, the transcription factor (TF) cannot be activated due to transcriptional repressor such
as methyl-binding proteins, thus the gene is silenced.

1.3.2 Aberrant DNA methylation in cancer

Under normal conditions, a cell's DNA methylation pattern is dynamically balanced by
methylation and demethylation. However, the presence of pathological conditions such as
inflammation, oxidative stress and cancer could disrupt this balance, which is characterized by
aberrant DNA methylation due to excessive methylation or deficient demethylation (Song &
He, 2012). Aberrant DNA methylation has been detected in numerous cancers, consisting of
two main features; global DNA hypomethylation, with local DNA hypermethylation especially
in the promoter region of tumour suppressor genes (Jones & Baylin, 2007; Kanwal & Gupta,
2012). Cancer-associated DNA hypermethylation and hypomethylation occur early in

tumorigenesis and both typically increase with tumour progression (Ehrlich, 2019).
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In the intergenic regions and repetitive sequences of the human genome, CpG sites are
sparse and mostly methylated. The hypomethylation of CpG sites in this area may result in
genomic instability and loss of gene imprinting, which could eventually lead to the development
of neoplastic cells (Kulis et al., 2013). Evidently, various human cancers frequently display
global DNA hypomethylation (Ehrlich, 2002), which could occur passively through loss of the
maintenance DNA methyltransferase, or actively by TET enzyme—mediated oxidation of
methyl cytosine, followed by base excision repair (Tahiliani et al., 2009; Cortellino et al., 2011,
Smith & Meissner, 2013). Almost half of the 25 examined breast adenocarcinomas exhibited
hypomethylation in satellite 2 DNA, which is located in the long region of heterochromatin
adjacent to the centromere of chromosome 1, and is normally highly methylated (Narayan et
al., 1998). Ovarian epithelial carcinoma also exhibited hypomethylation in satellite 2 DNA of
both chromosomes 1 and 16, demonstrating a statistically significant correlation between the
extent of this satellite DNA hypomethylation and the degree of malignancy (P<0.01) (Qu et al.,
1999).

There is growing evidence indicating that global hypomethylation may lead to genome
instability and DNA breakage (Jung & Pfeifer, 2015) as it would have a direct impact on
chromatin integrity. This is supported by a study on mice carrying a hypomorphic allele of
DNMT1 where DNA hypomethylation was associated with the development of tumours
displaying a higher frequency of chromosomal rearrangements (Gaudet et al., 2003). The
association between DNA hypomethylation and genomic rearrangements has also been
observed in human cell lines (Vilain et al., 1999; Vilain et al., 2000). Alternatively, DNA
hypomethylation could result in transcriptional activation of oncogenes thus leading to tumour
initiation and development (Feinberg & Tycko, 2004; Wilson et al., 2007). Examples of
oncogenes that are linked to cancer and activated via hypomethylation are protease urokinase,
mesothelin, cancer-testis genes, claudin4, S100A4, heparinase, and the proopiomelanocortin
gene (Funaki et al., 2015). Besides this, Zhou et al. suggested that a decrease in rDNA promoter
methylation levels accompanied by rDNA chromatin decondensation, can result in an increase
of ribosomal RNA (rRNA) synthesis in the development of human cervical cancer (Zhou et al.,
2016). The ribosome serves as the centre of biological protein synthesis, and thus the production
rate of the rRNA is tightly related to cellular growth and proliferation. The balance between the
cell growth and ribosome production is maintained in normal cells by regulation of transcription
of rRNA genes at an appropriate level whereas this balance in cancer cells is upset and rRNA

synthesis is deregulated.
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On the other hand, gene promoters are rich in CpG sites that are sometimes densely
packed forming what is known as CpG islands. These islands are mostly unmethylated in order
to allow gene transcription. Aberrant hypermethylation of these CpG sites may silence the
expression of genes that are critical to cell homeostasis, DNA integrity, or genome stability,
resulting in cancer development and progression (Bakshi et al., 2018). Numerous studies have
reported frequent focal DNA hypermethylation in various cancers (Ehrlich, 2002) including
breast (Hon et al., 2012), colorectal (Berman et al., 2011) and bladder (Jurgens et al., 1996)
cancer. Pathogenic activation of Wnt signalling is often involved in early stages of
carcinogenesis (Toh et al., 2017), where promoter DNA hypermethylation in one or more
genes, including APC, AXIN2, SFRP1-5, WIF1, DKK1 and DKKS is associated with the
activation of this pathway in colorectal cancer (Novellasdemunt et al., 2015). Additionally, in
cancer, DNA hypermethylation tends to target tumour suppressor genes, resulting in growth
selection and uncontrolled cell proliferation (Qi & Xiong, 2018; Rahmani et al., 2018;
Yamashita et al., 2018). Many tumour suppressor genes are deactivated via this mechanism
including the APC (Mekky et al., 2018), p16, Rb, VHL, E-cadherin, hLMH1 (Curtis & Goggins,
2005), BRCAL (Esteller, 2003); as well as several other genes that are involved in DNA repair,
MGMT; cell cycle, p16INK4a, p15INK4b; apoptosis, DAPK and antioxidation, GSTP1 (Sproul
& Meehan, 2013). The extent to which DNA de novo methylation contributes to cancer
development and progression varies among different types of cancer; very high in colon cancer,

while rarer in brain tumours (Estécio & Issa, 2011).

Developmental or disease-associated DNA hypermethylation is able to modulate gene
expression in various ways including silencing of the CpG-rich promoter, and silencing or
downregulating an enhancer; both leading to the downregulation of gene expression by DNA
hypermethylation (Ehrlich, 2019). Other than that, DNA hypermethylation could also facilitate
transcription in gene bodies by supressing cryptic promoter; protect borders of promoter or
enhancer against unwanted expansion or contraction; regulate protein coding gene by

controlling lincRNA genes; and control the use of alternate promoters or alternative splicing.

In short, global DNA methylation and DNA hypermethylation have been detected in
various cancers, and is associated with cancer carcinogenesis. However specific mechanisms
that lead to aberrant DNA methylation is yet to be fully understood. As the process of DNA
methylation is dependent on the activity of a group of enzymes called DNA methyltransferases
(DNMTs), as well as the presence of methyl donors, aberrant DNMTs and methyl donor

availability could also influence the balance between methylation and demethylation. This
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study, therefore, aims to help fill the knowledge gap on mechanisms associated with cancer risk

by determining the effect of methyl donor depletion on these mechanisms.

1.3.3 DNA methyltransferase (DNMT)
DNA methylation is catalysed by a family of enzymes called DNA methyltransferases
(DNMTSs), consisting of DNMT1, DNMT3a, DNMT3b, and DNM3L.

Essentially, DNMT1 is a maintenance methyltransferase that binds specifically to hemi-
methylated DNA and is responsible for conserving the DNA methylation pattern from one
generation to the next; whilst DNMT3a and DNMT3b are de novo methyltransferases that
establish DNA methylation patterns by targeting unmethylated cytosine bases to initiate
methylation (Wu & Zhao, 2018). However, several studies have suggested that DNMT1 could
also play a critical role in de novo DNA methylation, whilst DNMT3a and DNMT3b, though
highly expressed in developing embryos, are also required to maintain DNA methylation
patterns in adult tissues. Several studies have also reported that deleting or silencing DNMT1
and DNMT3b genes at the same time, leads to a greater reduction in DNA methylation,
compared to the deletion or silencing of only one gene, thus supporting the de novo
methyltransferase’s critical role in maintaining DNA methylation (Rhee et al., 2002; Leu et al.,
2003; Sowinska & Jagodzinski, 2007). Furthermore, in a study conducted using mouse
embryonic stem cells with systematic gene knockouts of DNA methyltransferases to delineate
its role, DNMT3a and DNMT3b were not able to induce an efficient de novo DNA methylation
in the absence of DNMT1 (Liang et al., 2002). Moreover, close cooperation between DNMT1
and DNMT3s was reported for the methylation of specific genes in cancer cells. For example,
it was reported that DNMT1 and DNMT3a were necessary for the methylation of
the CASP8 promoter in glioma cells (Datta et al., 2005; Hervouet et al., 2010). Other studies
also have supported the cooperativity between DNMTSs in de novo DNA methylation (Pradhan
etal., 1999; Fatemi et al., 2002; Lorincz et al., 2002). In contrast to these three distinct DNMTS,
DNMT3L is a catalytically inactive member of the DNMT3 family, which is mainly expressed
during development, and is required for gene imprinting and the regulation of DNMT3a/b
(Hervouet et al., 2018).

The dysregulation of DNMTSs is associated with cellular transformation and cancer risk.
It is suggested that the absence of inactive DNMTs, mainly DNMTL1, will induce passive
demethylation of the CpG sites and subsequently aberrant gene expression (Hervouet et al.,

2018), where Gaudet et al. demonstrated that the deletion or reduction of DNMT1 leads to
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substantial genome-wide hypomethylation and chromosomal instability (Gaudet et al., 2003).
However, a decrease of DNMT1 concentration was rarely observed in solid tumours, in spite
of global DNA hypomethylation and a decrease in maintaining methylation activity in cancer.
Instead, DNMT1 was found to be overexpressed in patients with breast (Shin et al., 2016), liver
(Saito et al., 2003), pancreas (Peng et al., 2006), and oesophagus (Zhao et al., 2011) cancer.
This may be due to post-transcriptional and post-translational modifications of DNMT1, as well
as its interaction with non-coding RNA and non-coding microRNA, that could modulate its
activity in cancers. For instance, casein kinase-1 could induce the S146 phosphorylation of
DNMT1 and decrease the DNA binding capacity of this enzyme (Sugiyama et al., 2010). S127
and S143 phosphorylation mediated by PKC and AKT were observed in glioma and provoked
the disruption of DNMT1/PCNA/UHRF1 complex and a consecutive global DNA
hypomethylation (Hervouet et al., 2010). On the other hand, overexpression of DNMTs in a
variety of tumours could result in hypermethylation and oncogenic activation (Esteller, 2008).
This is also supported by the overexpression of DNMT3a or DNMT3b in various cancers that
have been shown to lead to DNA methylation-dependent silencing of numerous critical gene
targets including tumour suppressors and pro-apoptotic genes (Mizuno et al., 2001; Butcher &
Rodenhiser, 2007; Ibrahim et al., 2011; Kobayashi et al., 2011; Sandhu et al., 2015).
Additionally, somatic mutation and deletion of DMNTs have also been associated with
malignant transformation (Zhang & Xu, 2017).

Interestingly, viral oncoproteins have also been reported to bind and regulate DNMT1
enzymatic activity in vitro. Both DNMT1/E1A (in adenovirus) and DNMT1/E7 (in
papillomavirus) interactions increase inheritance DNA methylation. Although mechanisms
governing this phenomenon are still unclear, it has been proposed that viral oncoproteins might
promote DNMT1 DNA binding and SAM recruitment (Burgers et al., 2007), thus contributing
towards aberrant DNA methylation profiles in virus-associated cancers.

1.3.4 Aberrant DNA methylation and cervical cancer

Numerous clinical, epidemiological and molecular studies have shown that persistent infection
with HR-HPV genotypes is an indispensable, but not sufficient prerequisite for the development
of cervical cancer (Laniewski et al., 2020; Da Silva et al., 2021), suggesting additional factors
that create a conducive local microenvironment for malignant transformation. HPV integration
into the host genome has led to dysregulation of both viral and host gene expression, followed
by epigenetic modifications that are critical events in the carcinogenic process. A great number

of studies have reported epigenetic modifications that contribute towards the progression of
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pre-cancerous lesions to an invasive cervical cancer, where alterations in DNA methylation, an
epigenetic mechanism crucial for regulating gene transcription has been demonstrated in
cervical cancer and its precursors (Duefias-Gonzalez et al., 2005; Szalmas & Konya, 2009).

In cervical cancer, hypermethylation of genes that are essential in maintaining cellular
processes have been reported, and may occur independently of HPV infection status (Szalmas
& Konya, 2009; Wentzensen et al., 2009). Evidently, DNA hypermethylation that occurs in
cancer cells seems to target tumour suppressor genes explicitly, silencing these genes which
results in growth selection and uncontrolled cell proliferation. Examples include the
hypermethylation of FHIT, a gene involved in cell cycle regulation and apoptosis (Ki et al.,
2008); DAPK, a gene involved in apoptosis (Yang et al., 2010); RARf2, a gene involved in the
signalling pathway for cell growth suppression (Jha et al., 2010); APC, a tumour suppressor
protein involved in the Wnt/Bcatenin pathway (Dong et al., 2001); p73, a gene involved in cell
cycle regulation and apoptosis (Liu et al., 2004) and MGMT, a DNA repair protein that protects
human genome against mutation (Kim et al., 2010). Additionally, it appears that DNA
hypermethylation occurs early in tumorigenesis and typically increases with tumour
progression. Hypermethylation of CCNAL, a gene associated with the regulation of cell cycle,
has been reported in HSIL (36.6%) and invasive cancer (93.3%) (Kitkumthorn et al., 2006;
Yang et al., 2010). In another study conducted among 308 women with normal or various
degrees of cervical neoplasia, a cluster of three tumour suppressor genes, CDH1, DAPK, and
HIC1, displayed a significantly increased frequency of promoter methylation with
progressively more severe cervical neoplasia (P < 0.05) (Flatley et al., 2009). A decline in
CADML1 gene expression has also been reported in high grade CIN and squamous cell
carcinoma, where a severity of cervical dysplasia is correlated with a higher number of
methylated genes (Overmeer et al., 2008), whilst hypermethylation of E-Cadherin promoter has
been reported in 89% of invasive cancer, 26% in CIN IlIl and none in normal tissues
(Shivapurkar et al., 2007).

In a more recent study, Clarke et al. performed DNA methylation profiling on 50
formalin-fixed, paraffin-embedded tissue specimens from women with benign HPV-16
infection and histologically confirmed CIN3, and cancer (Clarke et al., 2017). This study
reported that ADCYAP1, ASCL1, CADM1, DCC, ATP10, DBC1, HS3T2, MOS, SOX1, SX17
and TMEFF2 genes showed higher levels of methylation when compared to healthy controls.
A study by Kremer et al. also reported hypermethylation levels of ASCL1, LHXS,

and ST6GALNACS, where DNA hypermethylation increased with the severity of cervical
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cancer (Kremer et al., 2018). Moreover, Verlaat et al. showed that DNA methylation usually
occurs at the pre-tumorigenic stage and reaches the highest level after tumorigenesis induced
by HR-HPV (Verlaat et al., 2018).

In addition to that, Ma et al. performed a bioinformatics analysis to identify the
aberrantly methylated and differentially expressed genes (DEGS), and their related pathways
in cervical cancer (Ma et al., 2020). Gene expression profile dataset (33 cervical cancer and 24
normal samples) and methylation profile dataset (6 cervical cancer and 20 normal samples)
were extracted from the Gene Expression Omnibus (GEO) database. They reported 2
upregulated-hypomethylated oncogenes and 8 downregulated-hypermethylated tumour
suppressor genes. Hypomethylated and highly expressed genes were significantly enriched in
cell cycle and autophagy. On the other hand, hypermethylated and lowly expressed genes were
found in the estrogen receptor and Wnt/B-catenin signalling pathways, where ESR1, EPB41L3,
EDNRB, 1D4 and PLAC8 were the hub genes. This finding indicates the relationship between

CpG methylation status and its impact on gene expression in cervical cancer.

Several studies have also shown that cervical cancer frequently displays global DNA
hypomethylation, though compared to hypermethylation, the literature is quite limited. A study
was conducted in 1994, to determine the relationship between the degree of DNA
hypomethylation and the grade of neoplasia in 41 patients with abnormal cervical epithelial
cells (Kimetal., 1994). It was reported that the degree of DNA hypomethylation increases with
the grade of cervical neoplasia (P<0.0001), where the extent of methyl group incorporation was
reduced threefold and sevenfold in the DNA from cervical dysplasia and cancer, respectively,
compared with the DNA from normal cervical tissue (P=0.006). Similar findings were reported
in a study conducted by Fowler et al., involving 83 patients with normal and different stages of
cervical neoplasia (Fowler et al., 1998). They found that the largest increase in hypomethylation
appeared in the early stage of cervical neoplasia and was stable through CIN3, and then
increased again when the disease progressed to cancer. Furthermore, global DNA
hypomethylation was greater in women with invasive cervical cancer than all other groups
(P<0.05) (Flatley et al., 2009). Additionally, in a study to evaluate characteristics of global
hypomethylation in the evolution of cervical cancer, L1 hypomethylation levels showed
progressive significant increase when comparing normal epithelium (59.4 +/- 8.86%) to
carcinoma in situ (64.37 +/- 7.32%) and squamous cell carcinoma (66.3 +/- 7.26%) (P<0.005)
(Shuangshoti et al., 2007). Similar to DNA hypermethylation, hypomethylation occurs early in

tumorigenesis and typically increases with tumour progression.
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There are several theories as to the presence of aberrant methylation profiles in cervical
cancer. It is proposed that aberrant methylation patterns can be induced by viral E6 and E7
oncoproteins of HR-HPVs, to bring about alterations in a wide range of cellular genes, particu-
larly those involved in cell cycle regulation, apoptosis, DNA damage repair and cell adhesion,
senescence and survival of cells; including TP53 and RB1 tumour suppressor genes in cervical
cancer (McCormick et al., 2015; Cardoso et al., 2017; Sen et al., 2018). HR-HPV integration
drives the carcinogenic process through the inactivation of E2, leading to E6 and E7
overexpression, as well as the disruption of host genes due to viral sequence insertion (McBride
& Warburton, 2017). DNA methylation of the HPV genome at the long control region (LCR),
where the E2 binding site is located and contains CpG sites for potential methylation; will result
in the loss of E2 function, leading to the overexpression of E6 and E7 oncoproteins (Yang,
2013). Furthermore, as cervical neoplasm severity increases, CpG hypermethylation of HPV
LCR also increases (Ding et al., 2009). Studies of invasive cervical cancers consistently show
that the L1 gene of HPV-16 and HPV-18 is hypermethylated, and hypermethylation increases
with the severity of the disease (Yang, 2013).

Previous studies have suggested that epigenetic alterations associated with E6 and E7
activities are common events during the early steps of epithelial malignancy and have been
described as potential biomarkers for cervical cancer (Clarke et al., 2012; Verlaat et al., 2017).
Both E6 and E7 viral oncoproteins act together to promote the hypermethylation of cellular
genes. E6 promotes degradation of p53 and releases of Spl transcription factors, which bind to
the DNMTL1 gene promoter, activating its expression. E7 oncoproteins form a stable complex
with pRB, releasing the transcription factor E2F, which binds to the DNMT1 gene promoter,
thus activating its expression. Both these mechanisms lead to the production of DNMT
enzymes, which promotes the hypermethylation and the silencing of cellular genes (Sen et al.,
2018). However, Poomipark et al. proposed a contrasting hypothesis, where methyl donor
status regulates DNA methylation, which in turn could affect the incidence of cervical cancer
(Poomipark et al., 2016). In this present study, human cervical cancer cells (C4-I1) were
incubated in media and after significant depletion of the methyl donor for 8 days, DNMT3a and
DNMT3b were reported to be downregulated, which is associated with DNA global
hypomethylation. The effects of methyl donor depletion on DNMT expression are reversible,
suggesting the idea that the intake of methyl donors mediates gene expression and influences

cervical cancer progression.
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1.4 Methyl Donor Nutrients

DNA methylation involves the addition of methyl groups by S-adenosylmethionine (SAM) to
cytosine residue. Numerous studies have indicated DNA methylation adaptability to
environmental factors including diet and nutritional elements, whereby methyl donor nutrients
availability have been shown to modify DNA methylation either globally or at specific CpG
sites by inducing the formation of methyl donors, acting as co-enzymes, or modifying DNMT
enzymatic activity (Sapienza & Issa, 2016; Mahmoud & Ali, 2019; Ghazi et al., 2020).

1.4.1 One-carbon metabolism

Methyl donor nutrients may modify DNA methylation via its effect on the one-carbon (1C)
metabolism (Mahmoud & Ali, 2019; Ghazi et al., 2020), which comprises a series of
interlinking metabolic pathways that are central to cellular function (Clare et al., 2019). 1C
metabolism includes the methionine cycle, folate cycle and transsulfuration pathways, and is
compartmentalized between the cytoplasm, nucleus, and mitochondria. This complex network
of biochemical reactions facilitates the transfer of 1C moieties in the form of methenyl, formyl,
and methyl groups required for cellular processes. Such processes include molecular
biosynthesis of proteins, polyamines, creatine, phospholipids; genomic maintenance via
regulation of nucleotide pools; epigenetic control of gene expression by methylation of DNA,
RNA, and histones; and redox defence (Lucock, 2000; Ducker & Rabinowitz, 2017).
Micronutrients that mediate the 1C metabolism include essential methyl donors such as
methionine, folate (B9), choline and betaine; and other B vitamins (B., B3, Be, and B1.) that act
as cofactors in this mechanism (Clare et al., 2019; Mahmoud & Ali, 2019; Ghazi et al., 2020).

The production of S-adenosylmethionine (SAM), is generated from methionine, that
partly depends on the availability of methyl donor nutrients from the diet; or produced
endogenously by homocysteine re-methylation via two pathways namely, the folate and the
betaine pathway (Figure 1.7) (Roje, 2006; Clare et al., 2019). Methionine is converted into
SAM, a universal methyl donor involved in numerous downstream cellular reactions, by
methionine adenosyltransferase (MAT). In order for DNA methylation to occur, an activated
DNMT enzyme will catalyse the transfer of a methyl group from SAM to carbon 5 of cytosine
in DNA to produce methylated DNA. Once the methyl group is transferred, SAM is converted
to S-adenosylhomocysteine (SAH), which is hydrolysed back to homocysteine and adenosine
through a reversible reaction catalysed by S-adenosylhomocysteine hydrolase (AHCY) to

complete the methionine cycle.
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Figure 1. 7  The role of micronutrients in one-carbon metabolism and DNA methylation

Methionine, whether from diet or endogenously synthesised, is critical for the synthesis of S-adenosyl
methionine (SAM), which acts as a DNA methyltransferase (DNMT) cofactor and a universal methyl
donor for DNA methylation. The enzyme that catalyses this reaction is methionine adenosyltransferase
(MAT). Methionine can be obtained endogenously from homocysteine re-methylation, that can occur
via two pathways: (1) Folate, where dietary folate is converted to dihydrofolate (DHF) by the
dihydrofolate synthase (DHFS) enzyme, then to tetrahydrofolate (THF) by the dihydrofolate reductase
(DHFR) enzyme; where vitamin Bs acts as a cofactor in both steps. THF is then converted to 5,10-
methylenetetrahydrofolate (5,10-mTHF) by the enzyme serine hydroxymethyltransferase (SHMT) that
requires vitamin B as a coenzyme. This reaction is followed by a reduction of 5,10-mTHF to 5-mTHF,
via the enzyme methylenetetrahydrofolate reductase (MTHFR) and the co-enzyme vitamin B,. 5-mTHF
acts as a methyl donor for homocysteine re-methylation. To complete the cycle, 5-mTHF is transformed
back to THF by the enzyme 5-methyltetrahydrofolate-homocysteine methyltransferase (MTR) that
utilizes B1, as a co-enzyme. (2) Betaine-homocysteine S-methyltransferase (BHMT) catalyses the re-
methylation of homocysteine by using betaine, obtained from diet or via choline oxidation, as a methyl
donor, resulting in methionine and dimethylglycine (DMG). The transfer of the methyl group from SAM
to DNA results in S-adenosyl homocysteine (SAH) in the presence of glycine N-methyltransferase
(GNMT), that can be reversibly converted to homocysteine and adenosine by the enzyme S-
adenosylhomocysteine hydrolase (AHCY). An activated DNA methytransferase (DNMT) enzyme will
catalyse the transfer of a methyl group to carbon 5 of cytosine in DNA to produce methylated DNA.
Folate is also required for purine and pyrimidine nucleoside thymidine synthesis in the DNA
synthesis/repair mechanism. In the pyrimidine synthesis, thymidylate synthase (TYMS) will transfer a
methyl group from 5,10-mTHF to convert deoxyuridine monophosphate (dUMP) to thymidine
monophosphate (dTMP), whilst 10-formyltetrahydrofolate (10-fTHF) acts as methyl donor in the de
novo purine synthesis.

In the folate pathway, dietary folate is reduced to its active form, tetrahydrofolate (THF)
by the dihydrofolate reductase (DHFR) enzyme, that utilizes vitamin Bz as its cofactor (Figure
1.7) (Ducker & Rabinowitz, 2017; Clare et al., 2019). In the folate cycle, THF is converted to
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5,10-methylenetetrahydrofolate (5,10-mTHF) by the vitamin Bes-dependent enzyme, serine
hydroxymethyltransferase (SHMT); followed by a reduction to 5-mTHF by the vitamin Bo-
dependent enzyme, methylenetetrahydrofolate reductase (MTHFR). Alternatively, 5-mTHF
can be converted to 10-formyltetrahydrofolate (10-fTHF), through a series of reactions
catalysed by methylenetetrahydrofolate dehydrogenase (MTHFD). Demethylation of 5-mTHF
completes the folate cycle, as 1C is donated for re-methylation of homocysteine to methionine,
in the methionine cycle. This reaction is catalysed by the 5-methyltetrahydrofolate-
homocysteine methyltransferase (MTR) enzyme that requires the vitamin Bi> co-enzyme. In
the betaine pathway, betaine-homocysteine S-methyltransferase (BHMT), a vitamin Be-
dependent enzyme catalyses the transfer of a methyl group from betaine to homocysteine,
resulting in the production of dimethylglycine (DMG) and methionine (Finkelstein & Martin,
1984; Clare et al., 2019).

The conversion of SAM to SAH by glycine N-methyltransferase (GNMT), and SAH to
homocysteine by S-adenosylhomocysteine hydrolase (AHCY), acts as the negative feedback to
this mechanism (Liteplo, 1988). This reaction is considered as a negative regulator of the DNA
methylation process since SAH has a higher affinity to DNMTs than SAM, resulting in an
inhibition of DNMT activity. In addition, the conversion of SAH to homocysteine is a reversible
chemical reaction that could produce high levels of homocysteine in the body, and this is
associated with reduced DNMT activity. The negative regulation of 1C metabolism is resolved
by the re-methylation of homocysteine to methionine, via the folate-dependent pathway or the
diet-derived betaine or choline pathway (Soda, 2018), thus demonstrating the essential role of
folate and choline/betaine to this mechanism, and in the regulation of DNA methylation.
Alternatively, homocysteine can undergo degradation via the two-step transsulfuration
pathway, with vitamin Bs as the cofactor (Clare et al., 2019). SAM coordinates transsulfuration
by acting as an allosteric inhibitor of MTHFR and activator of cystathionine 3-synthase (CBS),
the first enzyme within the transsulfuration pathway that mediates the condensation of serine
with homocysteine to yield cystathionine. The second step, catalysed by cystathionine y-lyase,
produces cysteine, a precursor for glutathione, which is a major redox-regulating system in

cells.

In addition to DNA methylation, folate also plays an essential role in the DNA
synthesis/repair mechanism, through its involvement in purine and pyrimidine nucleoside
thymidine synthesis (Shuvalov et al., 2017). In de novo purine synthesis where 10-fTHF acts

as the 1C donor, reactions catalysed by phosphoribosylglycinamide formyltransferase, converts
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glycinamide ribonucleotide to formylglycinamide ribonucleotide; whilst
phosphoribosylaminoimidazolecarboxamide formyltransferase, convert
aminoimidazolecarboxamide to formylaminoimidazolecarboxamide ribonucleotide, to provide
C2 and C8 atoms for purine ring synthesis, that leads to the formation of inosine monophosphate
(IMP). IMP is the precursor of adenosine monophosphate (AMP) and guanosine
monophosphate (GMP), required for purine nucleotide synthesis. On the other hand, the central
precursor for generating pyrimidines is the uridine monophosphate (UMP) synthesis, which
does not require 1C cofactors. UMP is converted to deoxyuridine monophosphate (dUMP) via
uridine diphosphate by nucleoside diphosphate kinase. Then, thymidylate synthase (TYMS)
transfers 1C from 5,10-mTHF, converting dUMP to thymidine monophosphate (dTMP). The
5,10-mTHF is oxidized to DHF, and subsequently reduced to THF, completing the metabolic

loop.

A deficiency in folate may alter the balance of DNA precursors, leading to dUMP
accumulation and incorporation of uracil onto DNA in place of thymine. Normally, any
misincorporated uracil to the DNA strand will be extracted by uracil DNA glycosylase, a DNA
repair enzyme. However, subsequent removal of the base-free sugar by DNA repair enzymes
may cause a transient breakage in the DNA molecule, which is then sealed by DNA ligase. In
a condition where folate is continuously limited, uracil misincorporation and repair may occur
continually. This repeated breakage of the DNA molecule might ultimately lead to
chromosomal damage and malignant transformation (Figure 1.8) (Blount et al., 1997; Catala
etal., 2019). In previous studies using human cell culture, folate depletion has led to a reduction
in DNA synthesis and progressively increases uracil misincorporation (2 to 3-fold) in PBMC
ex vivo (Duthie & Hawdon, 1998), in human colonocytes (Duthie et al., 2008), and in SV40-
immortalised human colon epithelial cells (HCEC) (Duthie et al., 2000). It was reported that
the effect of folate deficiency on DNA stability in HCEC cells was highly sensitive to folate
availability, with uracil concentrations declining to baseline levels after repleting the cells with
folate at concentrations normally observed in both human blood and colon tissue (10 ng/mL)
(Duthie et al., 2000). Furthermore, McGlynn et al. conducted a study to determine the
association between folate status and uracil misincorporation in isolated colonocytes from
colonoscopy patients (40 adenomatous polyps, 16 hyperplastic polyps and 53 control samples)
(McGlynn et al., 2013). Within adenoma cases, there was a trend (P-trend< 0.001) of decreasing
colonocyte folate (pg/10° cells, mean + CI) from the site distal to the polyp (16.9 + 2.4), to the
site adjacent to the polyp (14.7 £ 2.3), to the polyp (12.8 + 2.0). Correspondingly, there were

increases in uracil misincorporation (P-trend< 0.001) across the 3 sites. These findings highlight
31



the importance of folate adequacy via its role in DNA synthesis/repair mechanism, that might

Impact cancer risks.

Additionally, folate, methionine, choline and the B vitamins have been shown to modify
DNA methylation either globally or at specific CpG sites by inducing the formation of methyl
donors, acting as co-enzymes, or modifying DNMT enzymatic activity (Mahmoud & Ali, 2019;
Ghazi et al., 2020). Furthermore, studies have suggested an interdependency of these nutrients,
such that a disturbance to one methyl donor pathway brings about changes in others. Although
many studies have demonstrated that altering methyl donor status can induce changes in DNA

methylation, results are not entirely consistent.

Several studies have associated folate intake with lower risk of colorectal and prostate
cancer (Giovannucci et al., 1993; Su & Arab, 2001; Giovannucci, 2002; Stevens et al., 2006);
and folate supplementation has been found to modify DNA methylation status to provide a
protective effect against diseases including cancer (Keyes et al., 2007; Wallace et al., 2010;
Cartron et al., 2012). However, there are studies that have reported conflicting results (Song et
al., 2000; Kotsopoulos et al., 2008; Qin et al., 2013; Gylling et al., 2014), indicating that the
mechanisms associated with folate effect on DNA methylation are more complex than
previously thought and confounded by other dietary, genetic, or tissue-related factors.
Nonetheless, several studies have suggested that folate might provide cancer-protecting effects
for specific cancers by inducing promoter methylation of proto-oncogenes (Wallace et al., 2010;
Vineis etal., 2011; Caiazza et al., 2015). As for methionine, there is even more limited evidence
with conflicting results on dietary methionine status and its effect on DNA methylation,
especially in human studies (Mahmoud & Ali, 2019). A meta-analysis to determine the
association between methionine and breast cancer risk found that methionine intake might be
inversely associated with breast cancer risk, especially among post-menopausal women (Wu et
al., 2013). On the other hand, high intake of methionine has been associated with increased risk
of cancer (Vidal et al., 2012), with dietary methionine restriction currently being studied as an
enhancer for chemotherapy treatment in metastatic cancer (Thivat et al., 2007; Durando et al.,
2010). This could be due the cyclical nature of the methionine cycle, where excessive
methionine might inhibit the re-methylation of homocysteine, thus disrupting the one-carbon
cycle and negatively impacting DNA methylation (Regina et al., 1993). Contradicting results
have also been reported regarding  methionine availability on  DNA

hypermethylation/hypomethylation and cancer risk/progression in animal studies, indicating
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other cofounding dietary, genetic and tissue-related factors (Uekawa et al., 2009; Amaral et al.,
2011; Miousse et al., 2017).

In short, 1C metabolism demonstrates the essential role of micronutrients in cellular
pathways, and fluctuations in these nutrients can influence SAM/SAH ratios, thus impacting
the epigenome through DNA methylation processes. This can have a long-term effect on gene
expression, which could contribute to pathogenesis or progression of cancer (Figure 1.8).
Several studies have reported the effects of supplementation or deficiency of these nutrients on
global or gene-specific alterations in DNA methylation, which are further discussed in the next

section.
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Figure 1.8  Methyl donor depletion and cancer risks

The depletion of methyl donor nutrients could impair DNA methylation, leading to aberrant DNA
methylation and increased cancer risk. Additionally, folate depletion may alter the balance of DNA
precursors, leading to dUMP accumulation and the incorporation of uracil onto DNA in place of
thymine. Misincorporated uracil is usually removed by uracil DNA glycosylase, a DNA repair enzyme,
however, subsequent removal of the base-free sugar by DNA repair enzymes may cause a transient
breakage in the DNA molecule, which is then sealed by DNA ligase. In a condition where folate is
continuously limited, uracil misincorporation and repair may occur continually. This repeated breakage
of the DNA molecule might ultimately lead to chromosomal damage and malignant transformation.

A study to determine the influence of methyl donor nutrients on DNA methylation,
DNMT expression and global gene expression was previously undertaken in this department
(Poomipark, 2013; Poomipark et al., 2016). Initially, a cervical cancer cell model of folate and
methionine depletion was developed, where C4-I1l cervical cancer cell lines were grown in

complete media, folate depleted media or combined folate and methionine depleted media.
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Disturbance to the methyl cycle was confirmed by significant reduction in intracellular folate
and intracellular methionine concentration, as well as an increase in extracellular homocysteine
concentration, after 8 days of culture (P<0.05). In comparison to the cells grown in complete
media, a significant downregulation of DNMT3a and DNMT3b gene expression was reported
in the absence of both folate and methionine; which they associated with the reduction in global
DNA methylation (18%). Furthermore, effects of folate and methionine depletion on DNMT3s’
expression were reversed by transferring depleted cells to complete medium, suggesting
reversible modulating effects of dietary methyl donor intake on gene expression, which may be
relevant for cervical cancer progression. Additionally, a genome wide microarray analysis was
performed where a preliminary bioinformatics analysis identified an upregulation of genes
important for cell death, cell motion, protein kinase cascade, signal transduction, cell
communication, blood vessel development, and focal adhesion; whilst genes important for
regulation of the cell cycle, condensed chromosome, cytoskeleton organization, DNA
metabolic process, lipid biosynthesis and chromosome organization were downregulated in
combined folate and methionine depletion. However, current literature suggests that in addition
to methyl donor availability, the integration of HR-HPV into the host genome and subsequent
dysregulation of gene expression is an important event in cervical cancer growth and
progression. Thus, this current study is an extension to the previous work by Poomipark et al.,
where the focus is on the inter-connected mechanisms of multiple factors, particularly methyl
donor availability and genomic changes caused by HR-HPV integration in cervical cancer

progression, which is still not entirely understood.

1.4.2 Folate as a methyl donor

Folate, or also known as vitamin By, is the generic name for a group of related compounds with
similar nutritional properties, where 5-methyltetrahydrofolate (5-mTHF) is the active form of
vitamin Bo. It is an essential water soluble B vitamin where rich sources include leafy green
vegetables, beans, peas, lentils, fruits like lemons, bananas, and melons, and fortified or
enriched products, such as breads and cereals (Donnelly, 2001). On the other hand, folic acid
is the synthetic form of the vitamin, also known as pteroylmonoglutamic acid. It is used in
supplements and added to processed food products, as it is more stable in foods than natural
folates, and is better absorbed. At least 53 countries have implemented the fortification of
dietary staples such as bread and cereals with folic acid (Crider et al., 2011). Current dietary
reference values (DRVs) for the UK state that the amount of folate required to meet the
requirements of 97.5% of the UK population is 200ug/day for adults and that women should

take 400pg/day. The Recommended Dietary Allowance (RDAs) for the USA and the Joint Food
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and Agriculture Organization of the United Nation/World Health Organization Nation
(FAO/WHO) is set at 400ug/day for adults and 600ug/day for pregnant women (Geissler &
Powers, 2011). The upper limit for folate is 1000 pg/day, which is one fifth of the minimum
amount known to mask Bi2 deficiency (Crider et al., 2011). Serum levels, are thought to reflect
recent intake, where deficiency is categorized as less than 7 nmol/L to less than 10 nmol/L. In
contrast, red blood cell (RBC) folate represents folate status over months with levels less than
315 to 363 nmol/L suggesting deficiency (de Benoist, 2008).

Folates comprise an aromatic pteridine ring linked to p-aminobenzoic acid and one or
more glutamate residues (Tibbetts & Appling, 2010). Naturally-occurring folates are broken
down in the gut by folate conjugase in the mucosal brush borders from folate polyglutamates
to the monoglutamate form. Upon absorption, the monoglutamates are converted in the mucosal
cells to 5-methyltetrahydrofolic acid (5-mTHF), which is usually the only form found in
plasma. 5-mTHF is taken up by cells but cannot be retained intracellularly unless it is
metabolised to tetrahydrofolate (THF). Dietary folate bioavailability ranges from 10% to 98%
and is influenced by intestinal pH, enzymatic activity, presence of alcohol and other inhibitors,
malabsorption disorders, and the food matrix. In contrast, folic acid is not conjugated and is
therefore better absorbed. However, before it can become active, folic acid has to be reduced to
THF and methylated.

Due to its role as a methyl donor in 1C metabolism, folate has been studied extensively
as a possible mechanism for cancer development (Mahmoud & Ali, 2019; Ghazi et al., 2020).
In vitro studies in various human cancer cell lines have demonstrated folate potential in
modulating global and gene-specific DNA methylation patterns, and subsequently contributing
towards cancer risk. In the study by Stempak et al., they examined the effects of isolated folate
deficiency on DNA methylation using untransformed NIH/3T3 and CHO-K1 cells, and human
HCT116 and Caco-2 colon cancer cells (Stempak et al., 2005). Both folic acid deficient (0 pM)
HCT116 and Caco-2 cells reported a downregulation of DNMT1 and DNMT3a expression.
However, there was no significant changes to DNMT activity or global DNA methylation. In
contrast, Wasson et al. reported a significant increase in global DNA hypomethylation in
SW620 colorectal cancer cells cultured in folate-free medium for 14 days, compared to cells
grown in medium containing 3 pumol/L folic acid (Wasson et al., 2006). They also observed that
folate-deprived cells showed a significantly higher DNA hypomethylation in the region of the
p53 gene. These effects of folate depletion were reversed upon folic acid repletion (3 pmol/L).

On the other hand, folate supplementation has been shown to increase DNA methylation.
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Lubecka-Pietruszewska et al. reported that increased folic acid concentrations (4-8mg/L) led to
a dose-dependent promoter methylation of tumour suppressors PTEN, APC, and RARf2, in
MCF-7 and MDA-MB-231 breast cancer cell lines (Lubecka-Pietruszewska et al., 2013). This
may be linked to the increased DNA methylation detected within their promoter regions. In
another study by Li et al., folic acid supplementation of 20 and 40 mmol/L demonstrated an
increased SAM to SAH ratio in an in vitro model of human neuroblastoma cells (SH-SY5Y)
(Li et al., 2015). This was followed by the downregulation of the abnormally phosphorylated
tau protein, by inhibiting the demethylation reactions of PP2A, that plays a role in the regulation
of the tau protein. In short, the effects of folate availability on DNA methylation in various
human cancer cell lines appears to be cell-, site-, and gene-specific, and thus could lead to the
differences in findings.

In an animal study, the effect of folate status has also been reported to modulate DNA
methylation pattern, though with conflicting results. Global DNA hypomethylation was
reported in 3 different murine studies in response to either a folate-deficient or a folate-rich diet
provided at different stages of growth (Chen et al., 2011; Ly et al., 2011; Sie et al., 2011). In
another study that uses the Apc+/- Msh2-/- mice murine model of intestinal tumorigenesis, no
effect was observed for DNA methylation either globally or at a specific site, with 8 mg/kg folic
acid supplementation (Song et al., 2000). However, it does significantly decrease the number
of small intestinal adenomas (by 2.7-fold; P=0.004) and colonic foci (by 2.8-fold; P=.028) and
colonic adenomas (by 2.8-fold; P=0.1); though this effect was only observed when the folate
supplementation was administered prior to the establishment of neoplastic foci. Sie et al.
reported an increase in global DNA methylation and the reduced risk of colorectal
adenocarcinoma in the rat’s offspring with maternal folic acid supplementation (control=2
mg/kg; supplemented=5 mg/kg); however, post-weaning supplementation significantly
decreased global DNA methylation in the colon of the offspring at 14-weeks of age, and may
increase cancer risk (Sie et al., 2011). On the other hand, the administration of a folate-deficient
diet (0 mg/kg) for 4 to 6 weeks in rats at the weaning stage, have been found to induce DNA
strand break and selective hepatic p53 promoter hypomethylation, that was thought to play an
integral role in carcinogenesis (Kim et al., 1997). Similar findings were reported by McKay et
al., where a 0.4 mg/kg folate-deficient diet was fed to maternal and post-weaning rats. They
reported that folate deficiency induces p53 promoter hypomethylation in adult rats, and APC
promoter hypermethylation in the APC*™" offspring, that may modulate colorectal
carcinogenesis (McKay et al., 2011). Additionally, diet that is rich in folate was also observed

to increase gene-specific methylation in genes that has been associated with cancer
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development including p16 in mouse colon (Keyes et al., 2007), and proto-oncogenes such as
PDGF-B, Ras, and survivin in a mouse model of gliomagenesis (Cartron et al., 2012). Though
there is evidence to suggest that folate availability may alter the DNA methylation process, it

is still unclear whether its effects lead to an increased or decreased risk in developing cancer.

Similarly, in human studies, there are inconsistencies in the evidence linking folate
availability towards cancer risk and progression. These discrepancies could be due to the
variation in research methodologies including dosage used, intake mode of either from diet or
folic acid supplementation, timing and duration of supplementation, as well as specific tissues
factors (Kotsopoulos et al., 2008; Burr et al., 2017; Zhao et al., 2017; Pieroth et al., 2018).
Furthermore, the measured folate serum or plasma concentration reflect recent dietary intake
rather than long term folate status which is better reflected by red cell folate concentration.
Additionally, other external factors such as age, genetic and epigenetic background, alcohol
intake, and comorbidities could also impact the outcome of folate study (Guo et al., 2015; Yi et
al., 2016). Studies have shown that polymorphism of the gene that encodes the enzyme
methylenetetrahydrofolate reductase (MTHFR), where a C to T substitution at base 677 of the
gene (677C—T; rs1801133), produces an enzyme with lower folate-processing capacity.
Individuals with the TT genotype have significantly lower blood folate concentrations for the
same dietary intake of folate (Molloy et al., 1997). A meta-analysis (Tsang et al., 2015)
estimated that, compared to CC, the TT genotype confers a 16% lower red blood cell folate and
a 13% lower serum (or plasma) folate measured using a microbiological assay and a serum (or

plasma) difference of 20% when assessed using protein-binding assays.

In epidemiological studies, there is evidence that supports the association between folate
intake and cancer risk, albeit conflictive. High folate intake has been observed to lower the risks
of colorectal cancer in adults (Giovannucci et al., 1993). This association was also supported
by the NHANES (National Health and Nutrition Examination Survey) Epidemiologic Follow-
up Study (NHEFS) findings (Su & Arab, 2001). In this study, a total of 14 407 participants were
followed up for 20 years. They reported that dietary folate intake was significantly inversely
associated with colon cancer in men (RR=0.40, 95% (Cl1)=0.18, 0.88) who consumed more than
249 pg/day of folate and that there was a significant dose-response relationship (P=0.03),
though no association was found in women. However, a prospective study involving 88 758
women reported lower colorectal cancer risk in women who consumed more than 400 pg/day
(RR=0.81, 95%CI=0.62-1.07), which is more apparent in participants with a family history of

colon cancer (RR=0.48, 95%CI=0.28-0.83) (Fuchs et al., 2002). Similar findings were reported
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in the Cancer Prevention Study Il Nutrition Cohort study involving 43 512 men and 56 011
women, where folate intake was associated with a reduced risk of prostate cancer (Stevens et
al., 2006). In contrast, a prospective case-control study of 331 cases and 662 matched controls
nested within the population-based Northern Sweden Health and Disease Study associated low
plasma folate concentrations with lower risk of colorectal cancer (Gylling et al., 2014). A meta-
analysis to examine the association between folate consumption and colorectal cancer risk was
performed involving 7 cohort and 9 case-control studies; and the researcher concluded that
dietary folate has a more protective effect on colorectal cancer than supplemental folate
(Sanjoaquin et al., 2005). However, this association is confounded by other factors including
gender, diet, and alcohol intake. In addition to that, a significant association between folate
status and DNA hypomethylation was reported in 376 women diagnosed with CIN (Piyathilake
etal., 2011). On the other hand, there are limited studies that link folate availability and cervical
cancer. In a 1991 case-control study, in order to further examine the role of folate in cervical
cancer risks, Potischman et al. collected serum samples from 330 cases at different stages of
CIN and cervical cancer, and 555 controls with normal cervical cytology (Potischman et al.,
1991). It was observed that there was no difference in folate concentration between the groups,
suggesting that folate concentrations and stages of cervical neoplasia did not correlate.
Similarly, in a nested-case control study, serum folate status was also not associated with
cervical cancer incidence (Alberg et al., 2000). Observational studies have also reported the
association between global DNA hypomethylation and increased risk of colorectal (Pufulete et
al., 2003), cervical (Piyathilake et al., 2006), and bladder (Moore et al., 2008) cancer, but its
association with low folate intake or blood concentrations was not evident. Moreover,
observational studies of folate intake often do not distinguish between natural folates and folic

acid and may be subject to other confounding factors.

Similarly, there are conflictive findings in folic acid supplementation in clinical trials.
Qin et al. conducted a meta-analysis on randomized trials to determine the effect of folic acid
supplementation and cancer risk (Qin et al., 2013). They did not report any significant effect on
total cancer incidence (13 trials, n=49 406, RR=1.05; 95% CI:=0.99-1.11, P=0.13) as well as
in colorectal cancer (7 trials, n=33 824), other gastrointestinal cancers (2 trials, n=20,228),
prostate cancer (5 trials, n=27 065), other genitourinary cancers (2 trials, n=20 228), lung cancer
(5 trials, n=31 864), breast cancer (4 trials, n=19 800), haematological malignancy (3 trials,
n=25 670) and total cancer mortality (6 trials, n=31 930). However, they did observe a
significantly reduced risk for melanoma (3 trials, n=19, 128). Folic acid supplementation of 1

mg/day for 3 years did not reduce the risk of adenoma recurrence amongst the 1021 men and
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women diagnosed with colorectal adenoma (Cole et al., 2007). Additionally, they suggested
that it might actually increase the risk of colorectal neoplasia. This finding was supported by
another study by Oliai Araghi et al., in a multicentre, double-blind randomized placebo-
controlled trial designed to assess the effect of 2 to 3 years of daily supplementation of folic
acid (400 pg) and vitamin B2 (500 pg) in 2524 participants. In this long-term follow up trial,
the supplementation was associated with increased risk of colorectal cancer in adults aged 65
and above (Oliai Araghi et al., 2019). Similar findings were reported where there was increased
lung cancer incidence with 800 pg/day folic acid and 400 pg/day vitamin B12 supplementation
(Ebbing et al., 2009). However, folate doses in these two studies were twice the recommended
daily folate intake of 400 pg/day (Institute of Medicine Standing Committee on the Scientific
Evaluation of Dietary Reference, 1998), suggesting a dose-dependent response to folate intake.
This hypothesis is supported by a dose-response meta-analysis involving 14 prospective studies
with 677 858 individuals, that discovered a potential J-shaped correlation between folate intake
and breast cancer risk (P=0.007) and revealed that a daily folate intake of 200-320 pg/day was
associated with a lower breast cancer risk; however, the breast cancer risk increased
significantly with a daily folate intake of more than 400 pg/day (Zhang et al., 2014). There are
also limited clinical trials that examine the association between folic acid supplementation and
cervical cancer risks. In a 1982 study by Butterworth et al., 47 women who had mild or
moderate CIN were administered supplements of folic acid or placebo daily for 3 months.
(Butterworth et al., 1982). They discovered that the cervical cytology of women who received
folic acid supplementation appeared to be better than the placebo group (P<0.05); and

subsequently concluded that CIN severity was decreased with folate intake.

In human studies, controlled feeding trials were also undertaken to determine if folate
supplementation and depletion affected DNA methylation patterns. In a prospective
randomized trial, 20 patients with adenomas were randomized to receive either folate (5
mg/day) or placebo for 1 year after polypectomy. Folate supplementation significantly
increased the serum, red blood cell and colonic mucosal folate concentrations (p < 0.02), as
well as in the extent of genomic DNA methylation, after only 6 months of supplementation
(Kim et al., 2001). Pufulete et al. showed that 400 pg/day of folic acid supplementation for 10
weeks in patients with colorectal adenomas led to an increase in DNA methylation in leukocytes
(31%) and colonic mucosa (25%) (Pufulete et al., 2005). Similarly, supplementation of 600
pg/day for 2 years significantly increased tissue folate and global DNA methylation in 20 post-
polypectomy patients (O'Reilly et al., 2016). In addition to dose and duration of folic acid
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supplementation, the inconsistencies in findings could also be contributed to the type of

methylation assays that were used and what they actually measure (Crary-Dooley et al., 2017).

Compared with global DNA methylation, gene-specific methylation analyses in
response to folate status have demonstrated more consistent findings. Wallace et al. reported
that the use of 1 mg/day of folic acid supplementation for 3 years increased the methylation of
proto-oncogenes ERo and SFRP1 promoter region, in adults who had previous cases of
colorectal adenomas (Wallace et al., 2010). Similarly, folate levels were associated with
hypermethylation of the tumour suppressor RASSF1A and MTHFR in lung cancer patients aged
35-70 years (Vineis et al., 2011). A genome-wide methylation analysis of primary breast
tumours from 162 women measured 1413 autosomal CpG loci associated with 773 cancer-
related genes (Christensen et al., 2010). This study found that higher folate intake was
associated with higher levels of CpG loci methylation, especially in the ILL7RB CpG locus,
which is a gene that is commonly associated with the signalling cascade that promotes cancer
cell survival, proliferation, and migration (Bastid et al., 2020).

In the context of folate status and HR-HPV induced cervical cancer, evidence suggests
that the role of folate in DNA methylation may be important for HPV gene expression in host
cells. The chromosome site sensitive to folate deficiency coincides with a HPV-16 integrating
site in primary cervical carcinomas (Wilke et al., 1996). In 2004, a study was conducted on a
cohort of 345 women who were at risk of CIN progression, to investigate the association
between folate status and HR-HPV infection (Piyathilake et al., 2004). After 24 months, with
the measurement of folate status and at least three consecutive visit HPV test results, it was
found that women with a high folate status tended to show a negative result for the HR-HPV
test (OR=2.50, 95% CI=1.18-5.30, P=0.02). Then in 2007, to find out whether circulating folate
concentrations influenced the risk of CIN in high stage cytological abnormality (CIN > 2)
among women with HR-HPV; another research was conducted on the same population
(Piyathilake, 2007). The findings were that low red blood cell folate HPV-16 infected women
(OR=9, 95%CI=3.3-24.8) were more likely to show a high CIN stage compared to non HPV-
16 infected women who had high red blood cell folate (Piyathilake, 2007). In addition, another
study also demonstrated that folate status was significantly lower in women with HR-HPV
infection than those with no infection (P=0.03) (Flatley et al., 2009). Pathak et al.’s study of
100 human cervical biopsy samples consisting of normal, SIL, and cervical cancer also found
that low folate status modulated the risk of HPV infection and cervical cancer (Pathak et al.,

2014).
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Folate deficiency has also been reported to have a negative effect on certain immune
functions. In a study conducted using PHA-activated human T lymphocytes, folate depletion
was found to reduce proliferation of T lymphocytes and CD8(+), whilst folate repletion of
folate-deficient cells rapidly restored T lymphocyte CD8(+) proliferation (Courtemanche et al.,
2004). Folate deficiency was also associated with reduced maturation of dendritic cells, lower
secretion of IL-12, TNF-a, IL-6 and IL-1f by dendritic-stimulated cells with LPS, and impaired
differentiation of CD4+ T lymphocytes. The secretion of cytokines inducing the development
of Th1l was also reduced (Wu et al., 2017). On the other hand, oral high-dose administration of
folic acid (160 pg/d to 10 mg/d) reduced the inflammatory response in mice with allergic
dermatitis by suppressing T cell proliferation and the secretion of the proinflammatory and Th2
cytokines IL-4, IL-5, IL-9, IL-13, IL-17, IL-33; TNFa and TSLP in a dose-dependent manner
(Makino et al., 2019). In a study conducted among 105 healthy postmenopausal women;
amongst those with a diet low in folate (< 233 ug/d), those who used folic acid-containing
supplements had significantly greater NK cytotoxicity (P =0.01) (Troen et al., 2006). However,
those who consumed a folate-rich diet and used folic acid supplements > 400 pg/d had reduced
NK cytotoxicity compared with those with a low-folate diet and no supplements (P = 0.02).
This conflicting result could be due to the presence of unmetabolized folic acid in 78% of
plasma samples. In addition, an inverse relation was also found between the presence of
unmetabolized folic acid in plasma and NK cytotoxicity which was stronger among women 60
years or older and more pronounced with increasing unmetabolized folic acid concentrations
(P-trend = 0.002). However, the specific mechanism by which folate deficiency could impair

the immune response is unclear.

To conclude, it is still unclear as to whether dietary folate or folic acid supplementation
results in changes in healthy tissues that can predispose one to cancer. In conjunction to folate
status, other factors such as age, gender, family history, ethnic group and lifestyle factors may
provoke processes related to cancer risk, and could lead to inconsistencies in research findings
especially in human studies. However, it is evident that folate can play a preventative role
against cancer to a certain extent by inducing promoter methylation of proto-oncogenes;
however, different tissues, genes and CpG sites are not equally susceptible to DNA methylation
changes in response to folate intake. Thus, a more in-depth analysis on the underlying molecular

and epigenetic mechanisms for this potential association, is very much warranted.
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1.4.3 Methionine as methyl donor

Methionine is a component of dietary proteins and it breaks down in the small intestine
generating free methionine that is absorbed and subsequently used for protein synthesis, and is
also converted to SAM, a crucial methyl group donor for numerous reactions including DNA
methylation and metabolic reaction (Chaturvedi et al., 2018). It is one of the eight essential
amino acids that can be obtained from protein-rich sources such as meat, fish, eggs, soy, and
dairy (Ravanel et al., 1998). As humans are unable to synthesise methionine, it must be obtained
from diet (Finkelstein, 1990). Unlike other essential amino acids that must be consumed,
methionine can be recycled via the re-methylation of homocysteine, in the presence of other

methyl donors such as folate and choline/betaine as well as vitamin B1» (Clare et al., 2019).

Though limited, evidence on dietary methionine status and its effect on DNA
methylation metabolites and precursors have been reported with conflicting results (Mahmoud
& Ali, 2019; Ghazi et al., 2020). This is supported in several animal studies, where there is a
significant discordance between effects of dietary methionine intake on hepatic levels of
methionine, SAM and SAH. In the study to evaluate the effects of increasing levels of dietary
methionine intake on the metabolites and enzymes of methionine metabolism in rat liver, the
researcher reported a lack of hepatic methionine induction and significant reduction in the
SAM:SAH ratio, in response to methionine-rich diet intake for 7 days (Finkelstein & Martin,
1986). In contrast, a 20-fold increase in hepatic and plasma methionine as well as 80% increase
in the SAM:SAH ratio were reported in rats fed a methionine-rich diet for 14 days (Regina et
al., 1993); whilst, those fed for 10 days showed an 8-fold increase in hepatic SAM to SAH ratio
(Rowling et al., 2002). The discrepancies in these findings indicate the complex nature of the
effect of methionine, that could be due to variation in tissues as well as factors such as age or

duration of exposure to methionine.

Compared to folate, there is limited evidence with regards to the effect of methionine
availability on DNA hypermethylation/hypomethylation and cancer risk and progression; and
again, results have been inconsistent. In the rat models to determine effects of methionine-
supplemented diet, those given a high methionine diet did not report any changes to promoter
methylation of p53 (Amaral et al., 2011) and cystathionine beta-synthase (Uekawa et al., 2009).
Whilst, in a prospective study by Vineis et al., the effect of methionine on the methylation
patterns in candidates’ genes were investigated in lung cancer patients and a set of controls.
Methionine was associated exclusively with decreasing methylation levels of p16'NK42,

RASSF1A, and MTHFR in former smokers and RASSF1A and GSTP1 in current smokers
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(Vineis et al., 2011). The RASSF1A and p16'K42 are well-known tumour suppressors that are
frequently hypermethylated in several malignancies especially lung cancer. On the other hand,
Bassett et al. and Fanidi et al. found no association between methionine intake and lung cancer
risk (Bassett et al., 2012; Fanidi et al., 2018).

Similarly, epidemiological studies to determine the protective effects of dietary
methionine intake against cancer were also found to be inconsistent (Zhou et al., 2013). In the
American Cancer Society Cancer Prevention Study Il Nutrition Cohort study, a total of 66 561
postmenopausal women were examined to determine the relationship between alcohol, dietary
and total folate intake, multivitamin use, dietary methionine and breast cancer (Feigelson et al.,
2003). They found no association between the risk of breast cancer and dietary folate, total
folate, multivitamin use, or methionine intake. Supporting that finding, Tao et al. also did not
report any significant association between methionine and the methylation status of TSG
including E-cadherin, p16™%42 and RARS2 in breast cancer (Tao et al., 2011). In contrast, a
dose-response meta-analysis reported a significant inverse relationship between dietary
methionine intake and breast cancer risk among post-menopausal women but not in pre-
menopausal women (Wu et al., 2013). Furthermore, the risk was reduced by 4% for every 1
gram per day increment in dietary methionine intake. In their study, Vidal et al. reported that
higher dietary methionine intake was associated with the risk of prostate cancer (OR=2.1,
95%CI=1.1-3.9), where the risk was most pronounced in men with a lower Gleason score
(OR=2.75; 95%CI 1.32- 5.73) (Vidal et al., 2012). However, this association was only apparent
in men who carried at least one MTHFR A1298C allele (OR=6.7, 95%CI1=1.6-27.8), compared
to MTHFR A1298A noncarrier men (OR=0.9, 95%CI1=0.24-3.92, P-interaction=0.045). In
addition to that, a meta-analysis of 8 prospective studies involving 431 029 participants and
6331 colorectal cancer cases observed a significant inverse association between dietary
methionine intake and the risk of colorectal cancer with a longer follow-up time (RR=0.81,
95%C1=0.70-0.95), in Western studies (RR=0.83, 95% CI1=0.73-0.95) and in men (RR=0.75,
95% C1=0.57-0.99) (Zhou et al., 2013).

Being a precursor to SAM, methionine is a major driver of DNA methylation. Thus,
fluctuations in methionine is expected to significantly alter the methylation status of DNA
(Zhang, 2018). However, the lack of correlation between research findings could be due to the
cyclic nature of the 1C metabolism, where excessive methionine might negatively impact DNA
methylation by inhibiting homocysteine re-methylation to maintain a balance of the SAM to

SAH ratio (Mahmoud & Ali, 2019). Additionally, the availability of other methyl donors could
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also compensate for the absence of exogenous methionine by the re-methylation of
homocysteine, where it should be considered as a cofounding variable in research
methodologies. Furthermore, as the effect of methionine appears to be tissue-specific, this
further contributes towards inconsistencies in research findings. Finally, variations in age,
gender and genetics could also be partly responsible for the conflicting findings, especially in

human studies.

Interestingly, recent studies are currently exploring the effect of dietary methionine
restriction as an enhancer to the effect of cancer chemotherapy regimen in metastatic cancer
(Thivat et al., 2007; Durando et al., 2010), melanoma, and glioma (Thivat et al., 2007).
Methionine restriction has been reported to be effective against carcinomas (Birnbaum et al.,
1957), and has led to the inhibition of colonic tumour growth (Komninou et al., 2006) and
prostatic intraepithelial neoplasia (Sinha et al., 2014), in preclinical studies using rat models. It
is suggested that normal cells can synthesize sufficient methionine for growth requirements
from homocysteine, 5-methyltetrahydrofolate and vitamin Bi. via the methionine cycle, thus
they are relatively resistant to exogenous methionine restriction. However, many cancer-cell
types require exogenous methionine for survival, and therefore methionine restriction is a

promising avenue for treatment (Chaturvedi et al., 2018).

In contrast, the role of methionine in the immune system via it function as one carbon
cycle is less studied. However, in a recent study by Roy et. al, methionine has been identified
as a key nutrient affecting epigenetic reprogramming in CD4+ T helper (Th) cells (Roy et al.,
2020). It is reported that methionine is rapidly taken up by activated T cells and serves as the
major substrate for biosynthesis of the universal methyl donor S-adenosyl-L-methionine
(SAM), where dietary methionine is required to maintain intracellular SAM pools in T cells.
Methionine restriction reduced histone H3K4 methylation (H3K4me3) at the promoter regions
of key genes involved in Th17 cell proliferation and cytokine production. In their mouse model
of multiple sclerosis, dietary methionine restriction reduced the expansion of pathogenic Th17
cells in vivo, leading to reduced T cell-mediated neuroinflammation and disease onset. In
another study, SAM has been suggested as an essential metabolite for inflammatory
macrophages, where a high SAM:SAH ratio supports histone H3 lysine 36 trimethylation for
IL-1P production (Yu et al., 2019).

In short, the literature on the role of methionine as a methyl donor in cancer risk and

progression is very limited, and the author of this study could not could find any other studies
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that relates its status to cervical cancer. Furthermore, current evidence cannot conclusively
determine the direction of the association between dietary methionine and cancer risk, whereby
studies to further understand the underlying molecular and epigenetic mechanisms for this

potential association is very much needed.

1.4.4 Other micronutrients

In addition to folate and methionine, choline and betaine, a quaternary ammonium compound,
is also involved in 1C metabolism where it serves as a methyl donor via the betaine pathway
(Mahmoud & Ali, 2019; Ghazi et al., 2020). Though the human body can synthesise choline de
novo, the quantity produced is not sufficient to meet the body’s requirement (Ueland, 2011).
The daily recommended intake of choline is 425 mg for women and 550 mg for men (Institute
of Medicine Standing Committee on the Scientific Evaluation of Dietary Reference, 1998).
Food sources that are rich in choline include fish, poultry, eggs, cruciferous vegetables, and
dairy products. On the other hand, betaine can be obtained from dietary sources such as sugar
beets or formed inside the body through irreversible oxidation of choline (Craig, 2004). Betaine,
the direct methyl donor, contains three methyl groups and acts as a more efficient methyl donor
than choline, which has only one methyl group. In the betaine pathway, the betaine-
homocysteine S-methyltransferase (BHMT) enzyme mediates the transfer of the methyl group
from betaine to remethylate homocysteine to methionine. Several observational studies in
humans have reported an inverse correlation between choline/betaine intake or plasma levels
with homocysteine levels (Melse-Boonstra et al., 2005; Chiuve et al., 2007; Lee et al., 2010).
Furthermore, betaine supplementation has been shown to lower homocysteine levels in clinical
trials; in 15 healthy subjects with 6 g/day of betaine for 3 weeks (Brouwer et al., 2000) and
obese subjects with 6 g/day of betaine for 12 weeks (Schwab et al., 2002); though, doses given
are much higher than the recommended daily intake.

Choline and betaine availability has been reported to influence global and gene-specific
DNA methylation patterns (Zeisel, 2017), that are associated with the development of cancer
(Stefanska et al., 2012). Maternal choline deficiency has significantly reduced methylation
levels of the promoter region of genes regulating cell cycle (CDKN3) (Niculescu et al., 2006),
calcium binding (Calbl) (Mehedint, et al., 2010b), and angiogenesis (VEGF-C and ANGPT2)
(Mehedint, et al., 2010a); where the active transcription of these genes is associated with
oncogenesis. In an animal study, choline-deficient rats reported an increased level of SAH,
reduced hepatic DNMT activity and DNA methylation; as well as an increased incidence of

developing liver cancer (da Costa et al., 1993; da Costa et al., 1995). Hypomethylation in the
45



promoter region of the oncogene c-myc was found in the hepatocellular carcinoma tissue of
choline-deficient rats, whereas the promoters of several TSG (p53, p16'NK*2, PtprO, Cdhi,
and Cx26) were hypermethylated (Shivapurkar & Poirier, 1983; Tsujiuchi et al., 1999;
Tryndyak et al., 2011). In human studies, low intake of choline and/or betaine has been
associated with the risk of developing breast (Du et al., 2017), colon (Lu et al., 2015),
nasopharyngeal (Zeng et al., 2014), and liver (Zhou et al., 2017) cancer. However, the European
Prospective Investigation into Cancer and Nutrition (EPIC) cohort study reported that, in
participants with folate concentrations below the median of 11.3 nmol/l, a high betaine
concentration was associated with the reduced risk of colorectal cancer (OR=0.71,
95%CI=0.50-1.00, P-trend = 0.02), which was not observed for those with a higher folate status
(Nitter et al., 2014). This suggests that choline and betaine may compensate for the loss of the
methyl group, due to folate deficiency. In a meta-analysis involving 11 epidemiological studies,
a significant protective effect of dietary choline and betaine for cancer was observed against
several types of cancer, where the pooled relative risks (RRs) of cancer were (RR=0.82, 95%
Cl,=0.70-0.97) for choline consumption only, (RR=0.86, 95%CI=0.76-0.97) for betaine
consumption only and (RR=0.60, 95%CI=0.40-0.90) for choline plus betaine consumption,
respectively (Sun et al., 2016). They also found that an increment of 100 mg/day of choline plus
betaine intake helped reduce cancer incidence by 11% (RR=0.89, 95% CI=0.87-0.92), through
a dose-response analysis. In short, cumulative literature suggests a significant association of
choline and betaine to methyl metabolism and DNA methylation and accordingly to gene

regulation in carcinogenesis.

The B vitamins are water soluble vitamins. As humans are unable to synthesize B
vitamins on their own, sufficient quantities need to be consumed from diet (Calderon-Ospina
& Nava-Mesa, 2020). Meat, wholegrains, eggs, dairy products, legumes, nuts, dark leafy
vegetables, as well as fruits such as citrus fruits, avocados, and bananas are rich sources of these
vitamins (Institute of Medicine Standing Committee on the Scientific Evaluation of Dietary
Reference, 1998). Though vitamins B, Bs, and B> are essential cofactors in 1C metabolism,
there is very limited literature available with regards to its status, intake or supplementary
effects on DNA methylation and gene expression in the development of cancer (Mahmoud &
Ali, 2019; Ghazi et al., 2020). Most of the studies were conducted as secondary measures to the
impact of other methyl donors such as folate or as a combined model of other micronutrients.
Nonetheless, low levels of vitamins B2, Be, and B12 in humans have been linked to cancers such
as oesophageal cancer (Qiang et al., 2018), CIN (Piyathilake et al., 2014), colorectal cancer

(Otani et al., 2005; WEei et al., 2005), and prostate cancer (Hultdin et al., 2005).
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Amongst these three vitamins, B2 or also known as cobalamin, is the most studied. In
an animal study designed to examine the effect of folic acid in the absence and presence of
vitamin B2 deficiency on global methylation patterns, vitamin B12 depletion was reported to
induce global hypomethylation even when combined with a diet high in folate (Kulkarni et al.,
2011), which highlights its essentiality as a cofactor in 1C metabolism and DNA methylation.
Vitamin B12 plays an important role in the re-methylation of homocysteine to methionine by
acting as a cofactor for the 5-methyltetrahydrofolate-homocysteine methyltransferase (MTR)
enzyme, where its deficiency has been associated with high levels of homocysteine (Ray et al.,
2000; Robertson et al., 2005), suggesting that low vitamin B> levels could lead to DNA
hypomethylation. Additionally, vitamin Bi> intake was found to be effective in reducing
circulating levels of homocysteine (Gonin et al., 2003; Azadibakhsh et al., 2009) suggesting a
reversible mechanism to this effect, that could potentially modify the risk of diseases. However,
current literature shows inconsistencies in the association among vitamin Bi, intake, DNA
methylation, and cancer. Vitamin By is associated with a reduced risk of developing rectal
(Gylling et al., 2014) carcinomas but an increased risk of prostate (Hultdin et al., 2005) and
esophageal cancer (Qiang et al., 2018). In a study by Colacino et al., the methylation scores for
several TSG in tumours from individuals with head and neck cancer were calculated and
compared to dietary intake of vitamin B12, where reduced TSG methylation was observed in
individuals with a high intake of vitamin B12 (Colacino et al., 2012). Squamous cell lung cancer
(Piyathilake et al., 2000) and breast cancer (Johanning et al., 2002; Vineis et al., 2011) tissue
also showed a localized deficiency of vitamin B12, which may have resulted in the global DNA
hypomethylation that was observed in these two studies. In women positive for human
papilloma virus (HPV), high vitamin B> levels is shown to reduce the risk of CIN by
maintaining a high degree of methylation on the HPV EG6 gene (Piyathilake et al., 2014). On the
other hand, no association was observed between the intake of vitamin Bi2 and the promoter
methylation of E-cadherin, p16'NK4 and RARB2 genes in breast tumour tissues (Tao et al.,
2011). In short, though studies have reported the association between vitamin B intake and
reduced cancer risk, findings are inconsistent as to whether this protective effect is associated

with an induced hypo- or hypermethylation either globally or at the candidate gene level.

15 Summary
Numerous clinical, epidemiological and molecular studies have shown that persistent infection

with high-risk HPV genotypes is an indispensable, but not sufficient prerequisite for the
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development of cervical cancer. This suggests that the cervical carcinogenesis process triggered
by HPV infection depends on other associated risk factors, that creates a conducive local
microenvironment for malignant transformation. Dysregulation of both viral and host gene
expression due to viral DNA integration into the cell's genome, as well as epigenetic
modifications are crucial events in the carcinogenic process; where alterations in DNA
methylation, an epigenetic mechanism crucial for regulating gene transcription has been
demonstrated in cervical cancer and its precursors. Current literature suggests that methyl
donors play an important role in regulating DNA expression and thereby influence cancer risk
including cervical cancer. A low concentration of methyl donor nutrients can cause altered
methylation status of DNA, which may be DNMT-mediated. Folate and other B vitamins
deficiency may also affect nucleotide synthesis. The disruption in DNA methylation and
nucleotide synthesis could affect the expression of genes, reduce DNA integrity and increase
DNA damage. These changes are not only able to increase cancer risk, but also influence its
progression. However, the effects and mechanisms of methyl donor nutrients in relation to
cancer, including cervical cancer pathogenesis and progression are as yet unclear. The existence
HR-HPV infection as a major risk factor for cervical cancer pathogenesis, and the following
genomic changes caused by this infection, further complicates matters. Thus, this study aims to
explore the role of key methyl donor nutrients in cervical cancer risk and progression via its
function in DNA methylation.

1.6 Hypothesis and Objectives
1.6.1 Hypothesis
It is hypothesised that the absence of one or more donor nutrients will affect DNA methylation

processes and gene expression associated with cervical cancer risk and progression.

1.6.2 Objectives

The main objective of the study is to determine the effect of methyl donor depletion on

mechanisms associated with cancer risk and progression in cervical cancer cells in vitro. The

specific objectives are:

i.  to identify cervical cancer-associated gene networks and pathways that are affected by
both methyl donor nutrient depletion, and by chromosomal integration of HR-HPV in
cervical cells using bioinformatics analysis.

ii.  tocompare C4-Il cervical cancer cell growth characteristics in complete, folate depleted,

methionine depleted or combined folate-and-methionine depleted media.
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Vi.

to validate the C4-11 cell model of methyl donor depletion by analysing intracellular folate
concentration, intracellular methionine concentration, and homocysteine export.

to determine the effect of methyl donor nutrient depletion on the expression of IFN-
stimulated genes using quantitative RT-PCR.

to determine the effect of methyl donor nutrient depletion on cytokine production in
differentiated macrophages, derived from the THP-1 cell line.

to investigate how the availability of folate and methionine impacts globally and
specifically on DNA methylation in a C4-I1 cervical cancer cell model of methyl donor

depletion.
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CHAPTER 2

MATERIALS

2.1  Cell Lines

The C4-11 cervical cancer cell line was used in this experiment. The cell line was obtained from
HPA Culture Collections, United Kingdom. The C4-1I cells were initially derived from a
cervical carcinoma of a 41-year-old Caucasian female. It has been found that this cell line
harbours human papillomavirus 18 (HPV-18) DNA sequences and is able to express HPV-18
RNA. C4-11is reported to be most identical to cervical cancer primary tissues in gene expression
when compared to other cervical cancer cell lines, with global correlation to primary cervical
cancer tissue of R=0.52, as compared to eight other cervical cancer cell lines (Carlson et al.,
2007). The global correlation of transcriptional profiles provided a quantitative assessment on
how well the cell lines model tissue, where a higher Pearson correlation coefficient denoted a

better model of cervical tissue.

The THP-1 human leukemic monocyte cell line was also used in this experiment. The
cell line was obtained from HPA Culture Collections, United Kingdom. The THP-1 cells were
initially derived from a one-year-old male infant suffering from acute monocytic leukaemia
(Tsuchiya et al., 1980).

2.2  Media

Dulbecco’s Modified Eagle’s Medium (DMEM) with GlutaMax I (GIBCO: Ref. No. 074-
91212A) was used as the culture medium for C4-11 cell lines. The medium was customized
without methionine, folate and choline. The complete medium (F+M+) was supplemented with
30 mg/L of L-methionine, 4 mg/L of folic acid and 4 mg/L of choline chloride to ensure it
contained sufficient nutrients for normal cell growth. 10% foetal bovine serum (FBS) and 1%

penicillin/streptomycin antibiotics were also added to the media.

The methyl donor depleted medium was prepared by supplementing it with 4 mg/L of
choline chloride, 10% FBS and 1% penicillin/streptomycin antibiotics (F-M-). As for the
methionine depleted medium (F+M-) and folate depleted medium (F-M+) preparation, an
additional supplementation of 4 mg/L of folic acid and 30 mg/L of L-methionine were added
respectively. Additionally, 0.2 mg/L of folic acid and 1.5 mg/L of L-methionine were added to
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the F-M- medium to prepare the 5% folate and methionine medium (F+M+5%). The Roswell
Park Memorial Institute (RPMI) 1640 medium (Lonza: Cat. No. 12-115Q) was also used to
maintain the THP-1 cell line culture.

2.3 Cell Culture

Automated cell counter (TC10) (Bio-Rad: USA)

Centrifuge, RT6000B refrigerated centrifuge (Sorvall: USA)

CO2 incubator (Sanyo: UK)

Counting slides, dual chamber for cell counter (Bio-Rad: Cat. No. 145-0011)
Dulbecco’s phosphate buffered saline (DPBS) without Ca and Mg (Lonza: Cat. No. BE17-
512F)

Haemocytometer (Hawksley: UK)

Microscope (Jenoptik: Germany)

Pipette, PIPETMAN Classic (Gilson: USA)

Serological pipettes (Fisherbrand, ThermoFisher Scientific)

Tissue culture flasks (Nunc, ThermoFisher Scientific)

Tissue culture plates (Falcon, ThermoFisher Scientific)

Trypan blue (SIGMA: CAS 72-57-1)

Trypsin-EDTA, 0.25% (GIBCO: Cat. No. 25200056)

Water bath, JB Nova (Grant: UK)

2.4  Depleted Media Preparation

Analytical weighing scale (Ohaus Pioneer: Switzerland)

Choline chloride (SIGMA: PCode 101640083)

Filter receiver and storage bottle, 500 ml polystyrene with PE cap (Scientific Laboratory
Supplies: Ref. No. 4550500)

Foetal bovine serum (FBS) (Gold PPA: Cat. No. A15-151 or SeralLab: Code EU-000-S)
Folinic acid, folic acid calcium salt hydrate (SIGMA: CAS 1492-18-8)

Hydrochloric acid, 1M

HyPure cell culture grade water, endotoxin-free (HyClone: Cat. No. SH30529.03)
Indicator papers pH 6.4-8.0 narrow range (Whatman: Cat. No. 2600-103A)

Laboratory diaphragm pump, Capex 8C (Charles Austen Pump Ltd: UK)

L-Methionine (SIGMA: CAS 63-68-3)

Magnetic stirrer and hotplate (Medline Scientific Limited, UK)
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Nalgene rapid-flow bottle top filter, 0.2u PES membrane (500ml) (Thermo Scientific: Ref. No.
5954520)

Penicillin/ Streptomycin, 1% (GIBCO: Cat. No. 15140-122)

Sodium bicarbonate solution 7.5% (Gibco: Ref. No. 25080-060 25080-102)

2.5 Intracellular Folate Measurement

Centrifuge, MIKRO 22R (Hettich Zentrifugen: Germany)

Precellys lysing kit (Bertin technologies: Ref. No. KT03961-1-003.2)
Precellyse®24 lysis and homogenization machine (Bertin technologies: France)
Sonicator, UCD-200TM (Bioruptor Diagenode: Belgium)

2.6 Intracellular Methionine Measurement

Centrifuge, MIKRO 22R (Hettich Zentrifugen: Germany)

Precellys lysing kit (Bertin technologies: Ref. No. KT03961-1-003.2)
Precellyse®24 lysis and homogenization machine (Bertin technologies: France)
Sonicator, UCD-200TM (Bioruptor Diagenode: Belgium)

2.7  Homocysteine Measurement

Centrifuge, MIKRO 22R (Hettich Zentrifugen: Germany)

Homocysteine plasma control Bi-Level (CHROMSYSTEMS: Ref. No. 0071)
HPLC analysis of homocysteine kit (CHROMSYSTEMS: Order No. 45000)
HPLC system (Jasco: UK)

Precellys lysing kit (Bertin technologies: Ref. No. KT03961-1-003.2)
Precellyse®24 lysis and homogenization machine (Bertin technologies: France)
Sonicator, UCD-200TM (Bioruptor Diagenode: Belgium)

2.8 RNA Extraction

2-mercaptoethanol (Sigma Aldrich: Cat. No. M6250-10mL)

Centrifuge, MIKRO 22R (Hettich Zentrifugen: Germany)

Ethanol undenatured absolute (SERVA: Cat. No. 39556.01)

Microlance, BD microlance 3 (Becton Dickinson: Ref. No. 301300)
NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific: USA)
Pipette, PIPETMAN Classic (Gilson: USA)
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RNeasy Plus Mini Kit (Qiagen: Ref. No. 74134)

Syringe, 1 mL (Terumo)

TubeOne 10 pL graduated filter tip (Star Lab: Cat. No. S1111-370)
TubeOne 1000 pL XL graduated filter tip (Star Lab: Cat. No. S1122-1830)
TubeOne 200 pL graduated filter tip (Star Lab: Cat No. S1120-8810)
Vortex (IKA Genius 3: UK)

Water, sterile nuclease free (Fisher Scientific: Cat. No. BP2484-50)

2.9  cDNA Synthesis

0.2 mL PCR Tube, Domed Cap, Natural (StarLab: Cat. No. 11402-4300)
Microcentrifuge tubes, 0.5 mL (Scientific Laboratories Supplies : UK)
Mini Spin Centrifuge (Eppendorf: Germany)

Pipette, PIPETMAN Classic (Gilson: USA)

Precision DNase Kit (PrimerDesign: Cat. No. DNASE-50)

Precision nanoScript2 Reverse Transcription Kit (PrimerDesign: Cat. No. RT-nanoScript2)
Thermal cycler, Thermo Hybaid PCR Express (Thermo Scientific: USA)
TubeOne 10 pL graduated filter tip (Star Lab: Cat. No. S1111-370)
TubeOne 200 pL graduated filter tip (Star Lab: Cat No. S1120-8810)
Vortex (IKA Genius 3: UK)

2.10 Real-time quantitative PCR

Custom designed, pre-optimised RT-PCR Primer Mix (PrimerDesign: Cat. No SY-hu-600)
Human gene positive control (PrimerDesign: Cat. No. hu-Std)

MicroAmp fast 96-well reaction plate (Applied Biosystem: Cat. No. 4346907)
MicroAmp optical adhesive film (Applied Biosystem: Cat No. 4311971)
Microcentrifuge tubes, 0.5 mL (Scientific Laboratories Supplies : UK)

Mini PCR plater spinner, MPS 1000 (Labnet: US)

Mini spin centrifuge (Eppendorf: Germany)

Pipette, PIPETMAN Classic (Gilson: USA)

PrecisionPLUS 2X gPCR Mastermix (PrimerDesign: Cat. No. PPLUS-R-SY-12ML)
RNase/DNase free water (PrimerDesign: Cat. No. RNase/DNase free water)
StepOne Plus Real-Time PCR System (Applied Biosystem, US)

TubeOne 10 pL graduated filter tip (Star Lab: Cat. No. S1111-370)

TubeOne 1000 pL XL graduated filter tip (Star Lab: Cat. No. S1122-1830)
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TubeOne 200 pL graduated filter tip (Star Lab: Cat No. S1120-8810)
Vortex (IKA Genius 3: UK)

2.11 Cytokine Production

Graduated cylinder, 100 mL & 500 mL

Centrifuge, MIKRO 22R (Hettich Zentrifugen: Germany)

Human IL-1p Quantikine ELISA Kit (R & D System: Cat. No. DLB50)
Human TNF-a Quantikine ELISA Kit (R & D System: Cat. No. DTA00C)
LPS-EB ultrapure (InvivoGen: Cat. No. TIrl-3pelps)

Plate reader, EnSight multimode plater reader (PerkinElmer: USA)

Phorbol 12-Myristate 13-Acetate (PMA) (Sigma: Cat. No. P8193)

Pipette, PIPETMAN Classic (Gilson: USA)

Quantikine Immunoassay Control Group 1 (R & D System: Cat. No. QC01-1)
TubeOne 1.5 mL natural flat cap microcentrifuge tubes (Star Lab: Cat. No. 51615-5500)
TubeOne 1000 pL XL graduated filter tip (Star Lab: S1122-1830)

TubeOne 200 L tip (Star Lab: S1111-0700)

Vortex (IKA Genius 3, UK)

Vortex, Genie 2 Vortex Mixer (Scientific Industries : USA)

2.12 DNA Extraction

2-Propanol (SIGMA: Cat. No. 19516-25ML)

Centrifuge, Eppendorf 5810 R (Eppendorf: Germany)

Dulbecco’s phosphate buffered saline (DPBS) without Ca and Mg (Lonza: Cat. No. BE17-
512F)

Ethanol (SIGMA-ALDRICH: Cat. No. 51976-100ML)

NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific: USA)
Nuclease free water, Ambion (Thermo Fisher Scientific: P/N AM9937)
Pipette, PIPETMAN Classic (Gilson: USA)

PureLink RNase A (Invitrogen: Ref. No. 12091-021)

Qiagen Blood and Cell Culture DNA Midi Kit (Qiagen: Cat. No. 13343)
Shaker

Tris-EDTA buffer solution (SIGMA-ALDRICH: Cat. No. 93283-100ML)
TubeOne 10 pL graduated filter tip (Star Lab: S1111-370)

TubeOne 1000 puL XL graduated filter tip (Star Lab: S1122-1830)
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TubeOne 200 L tip (Star Lab: S1111-0700)
Vortex (IKA Genius 3: UK)
Water bath, Grant JB1 unstirred (Grant: UK)

2.13  Sodium Bisulphate Treatment

Centrifuge, MIKRO 22R (Hettich Zentrifugen: Germany)

Eppendorf, 0.2 mL (Scientific Laboratories Supplies: UK)

Eppendorf, 0.5 mL (Scientific Laboratories Supplies: UK)

Ethanol undenatured absolute (SERVA: Cat. No. 39556.01)

EZ DNA Methylation Kit (ZYMO RESEARCH: Cat. No. D5001 & D5002)
Nuclease free water, Ambion (Thermo Fisher Scientific: P/N AM9937)
Pipette, PIPETMAN Classic (Gilson: USA)

Thermal cycler, Thermo Hybaid PCR Express (Thermo Scientific: USA)
TubeOne 1.5 mL natural flat cap microcentrifuge tubes (Star Lab: Cat. No. 51615-5500)
TubeOne 10 pL graduated filter tip (Star Lab: S1111-370)

TubeOne 1000 pL XL graduated filter tip (Star Lab: S1122-1830)

TubeOne 200 pL tip (Star Lab: S1111-0700)

Vortex (IKA Genius 3: UK)

Vortex, Genie 2 Vortex Mixer (Scientific Industries : USA)

Water, sterile nuclease free (Fisher Scientific: Cat. No. BP2484-50)

2.14  Methylation Array Profiling

2-Propanol (SIGMA: Cat. No. 19516-25ML)

96-well 0.8 mL Polypropylene Deepwell Storage Plate (Thermo Scientific: AB-0859)
96-well sealing mat (ThermoFisher Scientific: Cat. No. AB-0566)

Centrifuge, 3-16PK (SIGMA: Germany)

Centrifuge, ALC PK 120 (DJB Labcare: UK)

Centrifuge, Laborzentrifugen Model 1K15 microcentrifuge (SIGMA: Germany)
Ethanol undenatured absolute (SERVA: Cat. No. 39556.01)

Formamide (SIGMA-ALDRICH: Cat. No. 000000011814320001)

High Speed Microplate Shaker (Illumina: USA)

Hybridization Oven (Illumina: USA)

Infinium Hybridization Chambers and Gaskets (Illumina: USA)

Infinium Methylation EPIC BeadChip Kit, 16 samples (Illumina: Cat. No. WG-317-1001)
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Infinium Multi-sample Alignment Mixture (Illumina: USA)

Infinium Staining Set (Illumina: USA) Manual Heat Sealer, ALPS 25 (Thermo Scientific: USA)
Microsample incubator, Hybex (SciGene: USA)

Pipette, PIPETMAN Classic (Gilson: USA)

Sodium hydroxide, 0.1N

Te-Flow flow-through chambers, with black frames, spacers, glass back plates and clamps
Thermal cycler, Q Cycler Il single block (Quanta Biotech: Canada)

Tris-EDTA buffer solution (SIGMA-ALDRICH: Cat. No. 93283-100ML)

TubeOne 10 pL graduated filter tip (Star Lab: S1111-370)

TubeOne 1000 pL XL graduated filter tip (Star Lab: S1111-6700)

TubeOne 200 pL tip (Star Lab: S1111-0700)

2.15 Methylation Specific PCR Amplification

Custom SeqgPrimers (Eurofins Genomics)

Eppendorf, 0.2 mL (Scientific Laboratories Supplies: UK)

Eppendorf, 0.5 mL (Scientific Laboratories Supplies: UK)

Pipette, PIPETMAN Classic (Gilson: USA)

Thermal cycler, Biometra Thermocycler T-Gradient ThermaBlock (Analytik Jena: Germany)
Tris-EDTA buffer solution (SIGMA-ALDRICH: Cat. No. 93283-100ML)
TubeOne 10 pL graduated filter tip (Star Lab: S1111-370)

TubeOne 1000 pL XL graduated filter tip (Star Lab: S1111-6700)
TubeOne 200 L tip (Star Lab: S1111-0700)

Vortex (IKA Genius 3: UK)

ZymoTaq DNA Polymerase (ZYMO RESEARCH: Cat. No. E2002)

2.16  Gel Electrophoresis

Agarose, Ultra-Pure (Invitrogen: Ref. No. 16500-100)
Analytical weighing scale (Ohaus Pioneer: Switzerland)
Centrifuge, MIKRO 22R (Hettich Zentrifugen: Germany)
Ethidium bromide solution (Fluka: Cat. No. 46067)
Gel-Doc imager (BioRad: USA)

HyperLadder 100bp (Bioline: Cat. No. BIO-33056)
Laboratory Sealing Film Parafilm M

Measuring cylinder, 100 ml & 2000ml
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Microwave, iGenix 1G2008 (Igenix: UK)

Pipette, PIPETMAN Classic (Gilson: USA)

PowerPac basic (BioRad: USA)

Sub-Cell GT comb, 15 well, (BioRad: US)

TBE running buffer (Alfa Aesar: Cat. No. J62788)
TubeOne 10 pL graduated filter tip (Star Lab: S1111-370)
TubeOne 200 pL tip (Star Lab: S1111-0700)

Vortex (IKA Genius 3: UK)

Wide mini sub cell GT electrophoresis tank (BioRad: USA)
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CHAPTER 3

EFFECT OF METHYL DONOR NUTRIENT DEPLETION ON RNA EXPRESSION:
A BIOINFORMATICS ANALYSIS

3.1 Introduction

Human papillomavirus (HPV) infection is the main aetiological factor in the process of cervical
carcinogenesis (Bosch et al., 2002; zur Hausen, 2009; Okunade, 2020), with viral sequences
detected in more than 95% of cases (Cancer Genome Atlas Research Network, 2017). However,
not all HPV infections suffered by women culminate in cervical cancer. Compared to low-risk
strains of HPV, high-risk types HPV (HR-HPV) are more prone to activate cell proliferation in
basal and differentiated layers, activating several pathways that promote epithelial

transformation to become malignant.

HPV infection is a risk factor for malignancy of the uterine cervix as it has a pivotal role
in carcinogenesis via the activation of its genomic products (Balasubramaniam et al., 2019).
The initial targets of the virus are the basal cells that are vulnerable via microtraumas
(Stubenrauch & Laimins, 1999). At the beginning of infection, the HPV virion proceeds into
the host’s cell by interacting with specific receptors such as alpha-6 integrin (Narisawa-Saito
& Kiyono, 2007). Viral DNA replication starts in the basal layers, whilst maintaining a low
copy number in the infected host basal cells. However, when the epithelial cells differentiate,
the virus starts to replicate to a high copy number and expresses the L1 and L2 capsid proteins.
This results in the production of new progeny virions that are released from the epithelial
surface. For persistence, HPV needs to infect basal cells showing stem cell-like features that
are still able to proliferate (Egawa et al., 2015). The expression of the early oncoproteins
promotes replication and separation of recently synthesized DNA, therefore guaranteeing that
infected stem cells stay in the lesion for an extended period of time. High-risk HPV types also
have developed several mechanisms to avoid host immune response, which is important for
viral persistence and progression to HPV-associated neoplastic diseases (Kanodia et al., 2007;
Stanley et al., 2012).

Although the integration of viral DNA into the host’s genome can lead to neoplastic
alteration of infected cells, the existence of HPV DNA in the cell by itself is not enough to
induce cancer (Narisawa-Saito & Kiyono, 2007). The overexpression of viral oncoproteins E6

and E7 are mainly responsible for the initial changes in epithelial cells (Balasubramaniam et
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al., 2019). E6 prevents the activity of the host's tumour suppressor p53, whilst E7 inhibits
retinoblastoma (pRb), which controls cell division by blocking the activity of transcription
factors. Inactivation of these host proteins disrupts both the DNA repair mechanisms and
apoptosis, leading to rapid cell proliferation. Multiple genes involved in DNA repair, cell
proliferation, growth factor activities, angiogenesis and mitogenesis genes become highly
expressed in cervical intraepithelial neoplasia (CIN) and in cancer. This genomic instability
encourages HPV-infected cells to progress towards invasive carcinoma. HPV integration also
drives the carcinogenic process through the inactivation of E2 expression, the main inhibitor of
E6 and E7, and the disruption of host genes because of the viral sequence insertion (McBride
& Warburton, 2017). Studies have suggested that epigenetic alterations associated with E6 and
E7 activity are common events during the early steps of epithelial malignancy and have been

described as potential biomarkers for cervical cancer (Clarke et al., 2012; Verlaat et al., 2017).

However, not all women who acquire HR-HPV infection developed cervical cancer.
About 85 to 90% of HR-HPV infections spontaneously regress, with only 10 to 15% that
continue to persist, and consequently promote the progression of precancerous cervical
intraepithelial neoplasia to invasive cervical carcinoma, thus suggesting other conditions or
cofactors that contribute towards cervical carcinogenesis (Laniewski et al., 2020). Such
conditions include the presence of conducive local microenvironment for cervical
carcinogenesis, which have been reported to be essential for the control of persistent HPV

infection and pathogenesis of cervical cancer (Egawa et al., 2015).

Studies have reported epigenetic modifications that also contribute towards the
progression from pre-cancerous lesions to an invasive cancer. Alterations in DNA methylation,
an epigenetic mechanism crucial for regulating gene transcription, have been demonstrated in
cervical cancer and its precursors (Duefias-Gonzalez et al., 2005; Szalmas & Konya, 2009).
Aberrant DNA methylation has been detected in numerous cancers, consisting of two main
features; global DNA hypomethylation, with local DNA hypermethylation especially in the
promoter region of tumour suppressor genes (Jones & Baylin, 2007; Kanwal & Gupta, 2012).
In the intergenic regions and repetitive sequences of the human genome, CpG sites are sparse
and mostly methylated. The hypomethylation of CpG sites in this area may result in genomic
instability and loss of gene imprinting, which could eventually lead to the development of
neoplastic cells (Kulis et al., 2013). On the other hand, gene promoters are rich in CpG sites
that are sometimes densely packed forming what is known as CpG islands. These islands are

mostly unmethylated in order to allow gene transcription. Aberrant hypermethylation of these
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CpG sites may silence the expression of genes that are critical to cell homeostasis, DNA
integrity, or genome stability, resulting in cancer development and progression (Bakshi et al.,
2018). Several studies have shown that cervical cancer frequently displays global DNA
hypomethylation, though compared to hypermethylation, the literature is quite limited (Kim et
al., 1994; Fowler et al., 1998; Shuangshoti et al., 2007). Besides that, a cross-sectional study
conducted among 308 women having normal cervix with different degrees of CIN severity
found that global DNA hypomethylation is higher in women with invasive cervical cancer than
all other groups (P<0.05), whilst CDH1, DAPK, and HIC1 tumour suppressor genes showed a
significantly higher frequency of promoter methylation with progressively more severe cervical
neoplasia (P<0.05) (Flatley et al., 2009).

Hypermethylation of genes that are essential in maintaining cellular processes have been
reported in cervical carcinoma, and may occur independently of HPV infection status (Szalmas
& Konya, 2009; Wentzensen et al., 2009). Evidently, DNA hypermethylation that occurs in
cancer cells seems to target tumour suppressor genes explicitly, silencing these genes which
results in growth selection and uncontrolled cell proliferation. Examples include the
hypermethylation of FHIT, a gene involved in cell cycle regulation and apoptosis (Ki et al.,
2008); DAPK, a gene involved in apoptosis (Yang et al., 2010); RARf2, a gene involved in the
signalling pathway for cell growth suppression (Jha et al., 2010); APC, a tumour suppressor
protein involved in the Wnt/Bcatenin pathway (Dong et al., 2001); p73, a gene involved in cell
cycle regulation and apoptosis (Liu et al., 2004) and MGMT, a DNA repair protein that protects
human genome against mutation (Kim et al., 2010). Additionally, hypermethylation of CCNAL,
a gene associated with the regulation of cell cycle, has been reported in HSIL (36.6%) and
invasive cancer (93.3%) (Kitkumthorn et al., 2006; Yang et al., 2010). A decline in CADM1
gene expression has been reported in high grade CIN and squamous cell carcinoma, where a
severity of cervical dysplasia is correlated with a higher number of methylated genes (Overmeer
et al., 2008), whilst hypermethylation of the E-Cadherin promoter has been reported in 89% of
invasive cancer, 26% in CIN Il and none in normal tissues (Shivapurkar et al., 2007). In a
bioinformatic study conducted using available gene expression profile and methylation profile
in GEO database, it was reported that in cervical cancer samples, hypomethylated and highly
expressed genes were significantly enriched in cell cycle and autophagy. On the other hand,
hypermethylated and lowly expressed genes were found in estrogen receptor pathway and
Wnt/B-catenin signalling pathway, where ESR1, EPB41L3, EDNRB, ID4 and PLACS8 were the
hub genes (Ma et al., 2020).
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Numerous studies have indicated DNA methylation adaptability to environmental
factors including diet and nutritional elements (Sapienza & Issa, 2016; Mahmoud & Ali, 2019).
DNA methylation involves the addition of methyl groups by S-adenosylmethionine (SAM) to
cytosine residues; a biological process that depends on the availability of methyl groups and
accordingly the function of methyl donors and acceptors (Ducker & Rabinowitz, 2017;
Mahmoud & Ali, 2019). The production of SAM, which is generated from methionine, partly
depends on the availability of methyl-donor nutrients from diet. In addition to methionine, other
methyl donor nutrients include folate and vitamin B, which participate in the generation of
methionine via the methionine-synthase pathway, and choline and betaine, which are substrates

in the betaine:homocysteine methyltransferase pathway.

Methyl donor nutrients availability has been shown to modify DNA methylation either
globally or at specific CpG sites by inducing the formation of methyl donors, acting as
coenzymes, or modifying DNMT enzymatic activity (Mahmoud & Ali, 2019; Ghazi et al.,
2020). In a study conducted by our department previously, combined folate and methionine
depletion of C4-11 cervical cancer cells has led to a significant downregulation of DNMT3a and
DNMT3b, which was associated with an 18% reduction in global DNA methylation compared
with controls (Poomipark et al., 2016). Low folate status was also associated with HR-HPV
infection (P=0.031) and with a diagnosis of CIN or invasive cervical cancer (P<0.05) (Flatley
et al., 2009). In another long-term prospective follow up study, higher folate status has been
reported to provide a protective effect against the natural history of HR-HPV (Piyathilake et
al., 2004). Several other studies have also associated folate intake with lower risk of colorectal
and prostate cancer (Giovannucci et al., 1993; Su & Arab, 2001; Giovannucci, 2002; Stevens
et al., 2006); and folate supplementation has been found to modify the DNA methylation status
to provide a protective effect against diseases including cancer (Keyes et al., 2007; Wallace et
al., 2010; Cartron et al., 2012). However, there are studies that reported conflicting results (Song
et al., 2000; Kotsopoulos et al., 2008; Qin et al., 2013; Gylling et al., 2014), indicating that the
mechanisms associated with folate effect on DNA methylation are more complex than

previously thought and confounded by other dietary, genetic, or tissue-related factors.

In addition to folate, methionine that serves as a precursor of SAM is an integral part of
DNA methylation (Mahmoud & Ali, 2019). However, there are limited and inconsistencies in
the evidence on dietary methionine status and its effect on DNA methylation, especially in
human studies. This could be due to the cyclical nature of the SAM-SAH cycle, where excessive

methionine might inhibit the re-methylation of homocysteine, thus disrupting the one-carbon
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cycle and negatively impacting DNA methylation (Regina et al., 1993). Furthermore, there are
inconsistencies in the epidemiological findings on the protective effect of dietary methionine
against cancer (Zhou et al., 2013), where a high intake of methionine has been associated with
increased risk of cancer (Vidal et al., 2012), with dietary methionine restriction currently being
studied as an enhancer for chemotherapy treatment in metastatic cancer (Thivat et al., 2007;
Durando et al., 2010). On the other hand, a meta-analysis to determine the association of
vitamin Bs, vitamin B1, and methionine with breast cancer risk found that methionine intake
might be inversely associated with breast cancer risk, especially among post-menopausal
women. They reported that the combined relative risk of breast cancer for the highest versus
lowest category of dietary methionine intake was (RR=0.94, 95%CI1=0.89-0.99, P=0.03). They
also reported a linear dose-response relationship, where the risk of breast cancer decreased by
4% (P=0.05) for every 1 g per day increment in dietary methionine intake (Wu et al., 2013).
Based on these findings, much more information is needed in order to determine the direction
of the association between dietary methionine and cancer risk. Hence, exploring the underlying
molecular and epigenetic mechanisms involving this nutrient might improve our understanding

on this issue.

In summary, the effects and mechanisms of methyl donor nutrients in relation to cancer
(including cervical cancer) pathogenesis and progression are as yet unclear. The existence of
HR-HPV infection as a major risk factor for cervical cancer pathogenesis, and the following
genomic changes caused by this infection, further complicates matters. Therefore, an extensive
analysis of gene expression that combines both factors; methyl donor availability and HPV
integration, might provide a better understanding of the aetiology of cervical cancer
development and progression. The results of this study’s of the bioinformatics analysis on
genome-wide gene expression are focused on differential expression and functional classes of
genes that were significantly more expressed within the total gene set present on the microarray.
This approach permits projections to biological processes in the cells. It has been indicated that
network and pathway analysis of gene expression is associated with observed phenotypes,

which suggests that gene expression analysis can be a proxy for cellular processes.

3.2 Hypothesis and aims

Both methyl donor availability and HR-HPV infection may modulate cervical cancer growth
and progression. Although broad knowledge about the mechanisms by which HR-HPV types

initiate transformation of epithelial cells exists, the inter-connected mechanisms of multiple
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factors, such as methyl donor availability and genomic changes caused by HR-HPV integration,
to promote malignant transformation is still not entirely understood. This observation leads to
the hypothesis that both phenotypes of cervical cancer cells and a panel of genes involved in
fundamental cellular pathways and epigenetic alterations are potentially influenced by methyl
donor status and chromosomal integration of HPV; that can be identified by in silico

approaches.

In order to test this hypothesis, the aim of this study is to identify cervical cancer-
associated gene networks and pathways that are affected by both methyl donor nutrient
depletion, and chromosomal integration of HR-HPV in cervical cells using bioinformatics

analysis.

3.3 Methods
3.3.1 Microarray dataset

In order to identify potential gene network and pathways that are affected by both methyl donor
depletion and the integration of HR-HPV into cervical cells, two microarray datasets have been
selected, each representing a condition being investigated; the effect of folate and methionine
depletion on C4-I1 cervical cancer cell line (Poomipark, 2013) and the effect of HPV-16
integration into W12 cervical keratinocytes (Pett et al., 2006). Both datasets involve genome-
wide microarray analysis in cervical cells using GeneChip HG-U133 Plus 2.0 Arrays
(Affymetrix, UK).

a. Effect of folate and methionine depletion on C4-11 cervical cancer cells

The microarray raw data was obtained from previous work in the department (Poomipark,
2013), where a genome-wide microarray project was performed using the cervical cancer C4-
I1 cell line. The C4-11 cells were derived from human cervical tumour and obtained from HPA
Culture Collections, United Kingdom. The C4-11 cells were grown in Waymouth MB standard
medium (M+F+) (containing 900 nM folic acid and 300 uM methionine) or folate and
methionine depleted medium (M-F-) (estimated to contain < 30 nM folic acid and ~20 uM
methionine) for eight days, in triplicate for each condition. The medium was supplemented with
10% foetal bovine serum (FBS), 200 nM L-glutamine and 1% penicillin/streptomycin
antibiotics. The C4-11 RNA from all six samples were extracted using the RNeasy mini kit from
Qiagen, where its purity and integrity were determined using the Agilent 2100 Bioanalyzer and
Agilent RNA 6000 Nano Kit. The RNA from each sample was prepared using the GeneChip®
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3’ IVT Express Kit protocol, followed by genome-wide microarray analysis performed using
GeneChip HG-U133 Plus 2.0 Arrays (Affymetrix, UK). The array was scanned to define the
probe signals and stored as a CEL image file using the GeneChip® Scanner 3000. The M+F+
and M-F- samples probe array images were merged for probe intensities and normalised by
GeneChip® Command Console® Software (Affymetrix, UK).

b. HR-HPV integration and episomal loss effect on cervical keratinocytes

A search for a second dataset was conducted to identify a study in which microarrays indicate
alterations in the proliferative phenotype of cervical cancer. Gene expression databases
maintain and provide data of gene expression profiles that are nowadays regularly released in
a usable format (Sullivan et al., 2010). This has facilitated genomic queries and analysis for
researchers and systematic exploration of experimental results of genes expressed in a variety

of experiments (Barrett et al., 2013).

The search was conducted on PubMed at the NCBI database
(http://www.ncbi.nlm.nih.gov/pubmed/) for studies involving HPV integration into cervical
cells (published until 12/2015) with publicly available microarray data. At this point of time,
the only microarray study that fulfilled the selection criteria was the study conducted by Pett et.
al, that measured the changes in gene expression during the episomal and integrated stage of
HPV-16 into W12 cervical keratinocyte cells (Pett et al., 2006). The transcription profile of the
study (GSE4289) was downloaded from the National Centre for Biotechnology Information
Gene Expression Omnibus (GEQO) database. This dataset is composed of genome-wide
microarray analysis on the W12 cervical keratinocyte cell line containing the high-risk human
papillomavirus 16 (HPV-16), using the Affymetrix Human Genome U133 Array. The W12
cells were derived from a low-grade squamous intraepithelial lesion (LG-SIL), which resulted
from an in vivo infection with HPV-16. This W12 accurately models cervical neoplastic
progression during long-term culture, with a spontaneous transition from cells containing only
episomal HPV-16 to a population containing only integrated HPV-16. Total RNA from the
W12 samples representing the three different stages of HPV-16 cervical infection progression,
each in duplicate, namely:

I. episomal: low-grade cervical intraepithelial neoplasia, in the form of pure episomal HPV-
16 at an early stage;
ii. mixed: high-grade cervical intraepithelial neoplasia, in which cells have mixed episomal

and integrated HPV-16 genome and,;
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iii. integrated: invasive cancer with cervical keratinocytes containing pure integrated HPV-

16 after long-term cultivation.

were used to generate biotin-label cRNA for microarray analysis using the GeneChip HG-U133

Plus 2.0 Arrays (Affymetrix, UK). Two biological replicates were performed for each sample.

3.3.2 Differentially expressed genes analysis

A comparison between expression of genes in M+F+ conditions and M-F- conditions in the
methyl donor depletion dataset was made using the Qlucore Software version 3.1 and was
considered differentially expressed if P < 0.05 with a fold change of more than 1.5. In the second
microarray dataset, the time-dependent and HPV-16 episome loss changes in gene expression
were compared in the three above-mentioned states and differentially expressed genes were
also determined using the Qlucore Software version 3.1 and were considered differentially
expressed if P<0.05 with a fold change of more than 1.5. An adjustment for multiple testing
was performed using False Discovery Rate (FDR). The db2db software from bioDBnet
(https://biodbnet-abcc.ncifcrf.gov/db/db2db.php) was used to convert identifiers from
Affymetrix ID to Gene Symbol for the GSE4289 dataset.

The differentially expressed genes (DEGs) from both datasets were imported into a
Microsoft Excel spreadsheet for data cleaning prior to performing the bioinformatics analysis,
where probes without an official gene name were removed. Three sets of DEGs lists were
generated; upregulated genes, downregulated genes and a combination of both genes from both
datasets. A list of common genes between the two microarray datasets was identified using

Venny 2.1 (http://bioinfogp.cnb.csic.es/tools/venny/).

3.3.3 Functional and pathway enrichment analysis

In order to identify functions and pathways affected by either methyl donor depletion,
chromosomal integration of HPV or both conditions, the lists of DEGs were uploaded to the
DAVID Bioinformatics Resource 6.8 software (http://david.abcc.ncifcrf.gv/). DAVID

bioinformatics resources are aimed at extracting biological meaning systematically from large

gene or protein lists with the help of an integrated biological knowledge base and analytic tools
(Huang et al., 2007). DAVID functional annotation clustering tools are able to group the list of
genes into subsets that are characterized by common expression patterns or co-expression over

a set of experimental conditions, to determine expression patterns in the dataset. This approach
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is known as clustering and assumes that genes with similar expression patterns are assigned to
the same cluster according to the principle of homogeneity. Gene Ontology (GO) terms are
applied to describe biological processes (GO_BP), molecular function (GO_MF) and
subcellular location (GO_CC) of genes. The GO consortium defines and utilizes a standard
vocabulary to ascribe functional categories to genes, such as the biological processes and
pathways that are influenced according to the conditions of the given set of genes. This analysis
yields various gene lists that are significantly overrepresented in the analysed groups of genes
and are broadly classified into several catalogues with respect to the GO annotation (Ashburner
et al., 2000; Huang et al., 2007; Gene Ontology, 2015).

Clusters were ordered according to all cluster members' global participation in the
enriched function related to the complete gene list. A higher score for each cluster denotes that
the cluster members are implicated in more significant or enriched functions. Thus, each cluster
containing enriched functions was assigned an enrichment score representing its relative
functional importance. A modified Fisher’s exact test was used to calculate P-values to
demonstrate the probability that a gene was annotated to a GO term randomly and was normally
used as the reference for assigning a certain function to a module. An adjustment for multiple
testing was performed using False Discovery Rate (FDR). FDR is calculated by an algorithm
and reflects the expected proportion of false positives in the list of declared significant clusters.
The functional enrichment analysis for the screened DEGs was performed by DAVID, where

FDR < 0.05 was chosen as the cut-off point.

The DAVID functional annotation clustering tool was used to group the DEGs into
subsets characterized by their functional biological process (GO_BP) (Ashburner et al., 2000;
Huang et al., 2007; Gene Ontology, 2015). A maximum of 3000 genes were uploaded (the
maximum number of genes allowed to be uploaded into the system); and high to medium
classification stringency settings were applied to determine the clusters. Clusters with a P-value
of less than 0.05, a False Detection Rate (FDR) < 0.05 and an enrichment score of 1.3 or more
were selected for further discussion, based on the protocol set by Huang et al. (Huang et al.,
2009). A higher enrichment score for a group indicates that the gene members in the group are
involved in more important (enriched) terms in a given study; and as the enrichment score of
1.3 is equivalent to the non-log scale of 0.05, groups with a score of 1.3 or more should be given

more consideration.
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3.3.4 Network analysis and visualization
The Cytoscape program (version 3.4.0) was the main platform used to visualize gene interaction
networks and biological pathways (Shannon et al., 2003). Firstly, ClueGo, a cytoscape plug-in

(http://www.ici.upmc.fr/cluego/cluegoDownload.shtml) was used to facilitate the biological

interpretation and to visualize functionally grouped terms in the form of networks and charts.
This software allows the integration of several databases such as GO term and KEGG pathways
to generate a functionally organized GO/pathway term network, where each term in the network
was connected based on kappa statistics (Bindea et al., 2009). The Cohen’s kappa coefficient
measures inter-rater agreement for categorical items. In ClueGo, the kappa score is used to
define term-term interrelations (edges) and functional groups, based on shared genes between
the terms. The networks generated by ClueGo could also be visualized at different levels of
specificity by selecting the various restriction criteria provided in the software. The lists of
DEGs were uploaded to the ClueGo plug-in via Cytoscape with the following settings;
I.  Pathway with P-value < 0.05

ii.  Benjamini-Hochberg correction method for multiple testing

iii. GO term grouping (functional grouping) based on kappa score

iv. GO term fusion option — a fusion of GO parent-child term based on similar associated

genes in order to highlight the more representative term and prevent redundancy

V. GO tree interval — min:3 and max:8

Secondly, the lists of common DEGs between the methyl donor depletion dataset and
the chromosomal integration of HPV dataset were uploaded into GeneMania via the Cytoscape
platform to compute gene interaction networks (Warde-Farley et al., 2010). The MCODE v1.2
(Molecular Complex Detection) plugin for Cytoscape was used for identifying sub-networks of
co-expressed genes. This method can detect densely connected nodes as a sub-network/cluster
and is based on periphery and density edges of sub-networks (Bader & Hogue, 2003). The
density values were set at 0.

34  Results

3.4.1 Effect of folate and methionine depletion on C4-11 gene expression

In the microarray analysis to compare gene expression between C4-11 cervical cancer cells
grown in a combined folate and methionine depleted medium (F-M-) and complete medium
(F+M+), 54 675 probes were detected. During data cleaning, 551 probes were removed as they

did have official gene names, and a total of 6127 probes were identified to be significantly
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different, with a P-value of less than 0.05 and a fold change of 1.5 or more. The number of up-
and down-regulated probes was 3970 and 2157 respectively. Functional clustering analysis was
performed using the DAVID software to identify overrepresented biological processes
(GO_BP). A total of 41 clusters from upregulated DEGs and 15 clusters from the
downregulated DEGs were identified (P < 0.05, Benjamini-Hochberg < 0.05, enrichment score
>1.3) (Appendix 1 and 2). Each significant cluster was given a name to represent their main
biological function and selected clusters that might be associated with the hallmarks of cancer
are presented in Table 3.1. The majority of the upregulated annotation clusters are associated
with cell death, host defence and immune function. The biological processes associated with

the cell cycle were significantly enriched for the downregulated annotation clusters.

In order to facilitate the biological interpretation of the differences in gene expression
between methyl-depleted (F-M-) and complete (F+M+) conditions, the DEGs were also
uploaded to the ClueGo plug-in via the Cytoscape platform in order to visualize the functionally
grouped terms in the form of networks. Two databases, the GO_BP term and KEGG pathways
were selected during the ClueGo analysis. Figure 3.1 and Figure 3.2 represent the GO term
network of biological processes that are enriched due to folate and methionine depletion.
Similar to the findings in DAVID, biological processes associated with immune responses and
cell death were significantly enriched. However, the ClueGo analysis also detected terms
related to cell cycle as being upregulated. The ClueGo analysis of the downregulated DEGs
revealed that several biological processes associated with the cell cycle were highly enriched.
In addition, ClueGo also identified several other significant GO_BP terms associated with host
defence, DNA damage, DNA repair and cell signalling that were downregulated due to folate

and methionine depletion.

The lists of all DEGs (combined up- and down-regulated genes) were used to identify
KEGG pathways networks that were enriched in folate and methionine depleted conditions
(Figure 3.3). It appears that genes that are affected by methyl donor depletion are involved in
several pathways associated with the development of cancer or hallmarks of cancer, such as
pathways in cancer, viral carcinogenesis, p53 signalling, cell cycle, cellular senescence and

apoptosis.
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Table 3.1 Selected GO_BP annotation clusters from both upregulated and downregulated
DEGs of methyl donor depleted cells, associated with the hallmarks of cancer

Annotation Overrepresented Biological Process Enrichment
Cluster Score
Upregulated
8 cell death 10.75
9 response to biotic stimulus 10.73
11 response to type 1 interferon 10.15
12 viral process 9.36
15 regulation of cell signalling 8.37
16 positive regulation of cell death 8.34
18 innate immune response 7.87
19 positive regulation of cell signalling 6.22
20 regulation of viral process 6.21
21 negative regulation of cell signalling 6.02
22 negative regulation of cell death 5.56
23 regulation of kinase activity 5.06
24 viral genome replication 5.04
26 immune system development 4.68
28 stress-activated MAPK kinase 4.22
30 endopeptidase activity 3.88
31 cellular response to biotic stimulus 3.77
33 regulation of cell motility/migration 3.71
38 T cell cytokine production 3.20
39 immune response activation and signalling 3.15
40 MAPK cascade 3.06
Downregulated

1 mitotic cell cycle 31.96
2 mitotic nuclear division 29.02
3 chromosome segregation 26.33
4 negative regulation of mitotic cell cycle 7.76
5 regulation of mitosis process 7.45
6 meiotic cell cycle 7.08
11 chromosome localization 4.8
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Figure3.1 GO_BP terms network associated with upregulated DEGs in methyl donor depleted C4-11 cervical cancer cell line

This figure represents a network of biological processes (GO_BP terms) that is enriched due to folate and methionine depletion. Each node represents a specific biological process
(GO_BP terms) that is enriched in this analysis. Node size reflects the significance level of the enriched terms; bigger nodes indicate higher levels of significance. The node colour
indicates a specific GO term, and similar coloured nodes indicate that these GO terms are from the same GO parent-child terms. Kappa score was used to link (edges) the enriched

terms (nodes), where it defined term-term interrelations (edges) and functional groups, based on shared genes between the terms.



1.

host defence

inorganic
) substance

epid
develc

striated muscle
contraction

DNA repair
process

cell signalling

Figure 3.2  GO_BP terms network associated with downregulated DEGs in methyl donor depleted C4-11 cervical cancer cell line

This figure represents a network of biological processes (GO_BP terms) that is enriched due to folate and methionine depletion. Each node represents a specific biological process
(GO_BP terms) that is enriched in this analysis. Node size reflects the significance level of the enriched terms; bigger nodes indicate higher levels of significance. The node colour
indicates a specific GO term, and similar coloured nodes indicate that these GO terms are from the same GO parent-child terms. Kappa score was used to link (edges) the enriched
terms (nodes) where it defined term-term interrelations (edges) and functional groups, based on shared genes between the terms.
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Figure 3.3  KEGG pathway network associated with DEGs in methyl donor depleted C4-11 cervical cancer cell line

This figure represents a network of KEGG pathways that is enriched due to folate and methionine depletion. Each node represents a specific KEGG pathway that is enriched in this
analysis. Node size reflects the significance level of the enriched pathway; bigger nodes indicate higher levels of significance. The node colour indicates a specific KEGG pathway,
and similar coloured nodes indicate a similar or closely related pathway. Kappa score was used to link (edges) the enriched pathway (nodes) where it defined pathway-pathway

interrelations (edges) and functional pathways, based on shared genes between the pathways.



3.4.2 Effect of HR-HPV integration in W12 cervical keratinocytes on gene expression

From the 54 675 probes detected in the microarray, 3559 probes were identified to have a
significant difference in gene expression between pure episomal to the mixed episomal-
integrated stage (Epi-stage) with a fold change of 1.5 or more (P<0.05). Also 3555 probes
significantly changed gene expression from the mixed episomal-integrated stage to the fully
integrated stage (Int-stage) (P<0.05). A total of 2121 upregulated and 1438 downregulated
DEGs at the Epi-stage were submitted into the ClueGo software to identify functional biological
processes (GO_BP) that were affected during the initial integration of HPV into the W12

cervical keratinocytes (Figure 3.4 and Figure 3.5).

This analysis revealed several GO terms that might be associated with the hallmarks of
cancer such as cell proliferation and differentiation, angiogenesis, cell signalling, immune
response and viral life cycle, that were significantly enriched from the upregulated Epi-stage
gene set. A similar analysis with the downregulated Epi-stage gene set has identified GO_BP
terms related to immune response and response to stress that were significantly enriched. A
ClueGo analysis was also conducted using the Int-stage gene set. None of the GO terms for the
biological process appear to be significant for the upregulated group of genes. However, several
terms associated with cell signalling and immune response were significantly enriched from the

downregulated group of genes (Figure 3.6).
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Figure 3.4  GO_BP terms network associated with upregulated DEGs during the Epi-stage of HPV integration into W12 cervical keratinocytes cells

This figure represents a network of biological processes (GO_BP terms) that is enriched at the beginning stage of HPV integration (episomal) into W12 cells. Each node represents a
specific biological process (GO_BP terms) that is enriched in this analysis. Node size reflects the significance level of the enriched terms; bigger nodes indicate higher levels of
significance. The node colour indicates a specific GO term, and similar coloured nodes indicate that these GO terms are from the same GO parent-child terms. Kappa score was used
to link (edges) the enriched terms (nodes) where it defined term-term interrelations (edges) and functional groups, based on shared genes between the terms.
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Figure 3.5 GO_BP terms network associated with downregulated DEGs during the Epi-stage of HPV integration into W12 cervical keratinocytes cells

This figure represents a network of biological processes (GO_BP terms) that is enriched at the beginning stage of HPV integration (episomal) into W12 cells. Each node represents a
specific biological process (GO_BP terms) that is enriched in this analysis. Node size reflects the significance level of the enriched terms; bigger nodes indicate higher levels of
significance. The node colour indicates a specific GO term, and similar coloured nodes indicate that these GO terms are from the same GO parent-child terms. Kappa score was used
to link (edges) the enriched terms (nodes) where it defined term-term interrelations (edges) and functional groups, based on shared genes between the terms.
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Figure 3. 6 GO_BP terms network associated with downregulated DEGs during the Int-stage of HPV integration into W12 cervical keratinocytes cells

This figure represents a network of biological processes (GO_BP terms) that are enriched at the later stage of HPV integration (integrated) into W12 cells. Each node represents a
specific biological process (GO_BP terms) that is enriched in this analysis. Node size reflects the significance level of the enriched terms; bigger nodes indicate higher levels of
significance. The node colour indicates a specific GO term, and similar coloured nodes indicate that these GO terms are from the same GO parent-child terms. Kappa score was used

to link (edges) the enriched terms (nodes) where it defined term-term interrelations (edges) and functional groups, based on shared genes between the terms.



3.4.3 Effect of methyl donor nutrient depletion and chromosomal integration of HR-
HPV in cervical cells gene expression

The lists of DEGs from both datasets were uploaded into the Venny 2.0 software to identify
genes that are mutually affected by the absence of folate and methionine; and also by the
chromosomal integration of HPV into the cervical cell. Venny identified 635 genes that were
commonly affected by methyl donor depletion and the beginning of HPV integration (Epi-
stage). A total of 557 genes were also affected by both the methyl donor depletion and the late
stage of HPV integration (Int-stage) (Figure 3.7).

a. b. ® Methyl depletion
Epi-stage
Int-stage
5492 635 2924 5570 557 2998
60.7%) (%) (32.3%) (61%)  (6:1%)  (32.9%)

Figure 3.7 Venn diagram of common DEGs between methyl donor depletion and
chromosomal integration of HPV dataset

Figure (a) shows common DEGs between methyl donor depletion and Epi-stage of HPV integration;
(b) shows common DEGs between methyl donor depletion and Int-stage of HPV integration.

The lists of mutually affected genes were further clustered according to their biological
functions using the DAVID software. A total of 226 clusters were identified from the methyl
donor depletion and Epi-stage of HPV integration common DEGs (Appendix 3). Of these,
eleven clusters were found to be significant (P<0.05) with FDR<0.05 (Table 3.2).
Interestingly, of these eleven clusters, six are associated with cellular host defence mechanisms,
indicating that genes involved in host defence mechanisms are also affected by the absence of
methyl donors. The analysis also identified three significantly enriched clusters associated with
the cell cycle; one cluster involving regulation of cell signalling and two clusters related to
response to oxygen. In addition, several clusters associated with cancer hallmarks such as cell
cycle, apoptosis, angiogenesis and motility were found to be considered highly enriched
(enrichment score >1.3) (Huang et al., 2009), though these findings were not statistically
significant (P>0.05).
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Table 3.2 Significant clusters annotated from common genes between methyl donor
depletion and Epi-stage of HPV integration

Arér:ﬂtsil:ron Overrepresented Biological Process goeL:]r?t P-value FDR

1 Enrichment Score: 9.02

interspecies interaction between organisms 66 6.6e-10 6.2e-7

symbiosis, encompassing mutualism  through 66 6.6e-10 6.2e-7

parasitism

viral process 64 1.2e-9  9.7e-7

multi-organism cellular process 64 1.6e-9 1.1e-6
2 Enrichment Score: 8.09

organelle fission 47 58e-9 2.7e-6

nuclear division 45 6.9e-9  3.0e-6

mitotic nuclear division 37 1.3e-8 4.4e-6
3 Enrichment Score: 8.09

response to biotic stimulus 58 7.8¢-9 3.1e-6

response to external biotic stimulus 56 8.4e-9 2.9e-6

response to other organism 56 8.4e-9  2.9e-6
4 Enrichment Score: 7.84

response to type | interferon 16 5.7¢-9  2.9e-6

cellular response to type | interferon 15 2.3e-8  7.2e-6

type | interferon signalling pathway 15 2.3e-8 7.2e-6
5 Enrichment Score: 6.82

interferon-gamma-mediated signalling pathway 16 8.2e-9 3.1e-6

response to interferon-gamma 20 2.2e-7  6.3e-5

cellular response to interferon-gamma 17 19e-6 4.1e4
6 Enrichment Score: 6.03

response to cytokine 51 2.9e-7 7.8e-5

cytokine-mediated signalling pathway 40 3.le-7 8.1le-5

cellular response to cytokine stimulus 43 8.7¢-6  1.5e-3
7 Enrichment Score: 5.09

chromosome segregation 27 2.5e-6 1l.le-3

sister chromatids segregation 21 8.8e-6  1.5e-3

nuclear chromosome segregation 24 1.1e-5 1.8e-3
8 Enrichment Score: 4.47

regulation of cell communication 125 1.8e-5 2.7e-3

regulation of signal transduction 114 3.4e-5 4.5e-3

regulation of signalling 124 6.1e-5 7.4e-3
9 Enrichment Score: 4.21

regulation of viral process 22 2.7¢-5 3.8e-3

regulation of symbiosis, encompassing mutualism 23 3.1e-5 4.2e-3

through parasitism

regulation of multi-organism cellular process 25 2.8e-4  2.6e-2
10 Enrichment Score: 3.47

cellular response to oxygen level 15 1.le-4 1.2e-2

cellular response to hypoxia 13 4.6e-4  3.4e-2

cellular response to decreased oxygen levels 13 7.4e-4  4.8e-2
11 Enrichment Score: 3.20

response to oxygen level 22 3.5e-4 2.8e-2

response to hypoxia 20 7.1e-4  4.7e-2

response to decreased oxygen levels 20 1.0e-3  5.9e-2

The functional annotation clustering of the common DEGs between methyl donor

depletion and invasive stage of HPV integration (Int-stage) identified 224 clusters (Appendix
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4), with eight clusters that are statistically significant (P<0.05; FDR<0.05) (Table 3.3). Of

these, five clusters were associated with host defence mechanisms together with single clusters

involving regulation of cell signalling, cellular metabolism and catabolic processes. Several

other clusters that might be associated with cancer processes were also identified, such as

relating to cell cycle, proliferation and differentiation; apoptosis, angiogenesis and motility.

Although these clusters are not significant, they were still highly enriched in the analysis

(enrichment score >1.3).

Table 3.3  Significant clusters annotated from common genes between methyl donor
depletion and Int-stage of HPV integration
Ar(w:r:ﬁg?;lron Overrepresented Biological Process CGoeunrft P-value FDR
1 Enrichment Score: 10.8
response to external biotic stimulus 57 8.1e-12 1.1e-8
response to other organism 57 8.1e-12 1.1e-8
response to biotic stimulus 57 6.1e-11 5.6e-8
2 Enrichment Score: 10.78
response to type 1 interferon 18 5.9e-12 1.1e-8
cellular response to type 1 interferon 7 2.8e-11 3.1e-8
type 1 interferon signalling pathway 7 2.8e-11 3.1e-8
3 Enrichment Score: 9.38
viral process 59 3.5e-10 2.1e-7
interspecies interaction between organisms 60 4.3e-10 2.4e-7
symbiosis, encompassing mutualism through 60 4.3e-10  2.4e-7
parasitism
multi-organism cellular process 59 4.6e-10 2.3e-7
4 Enrichment Score: 6.04
negative regulation of cellular metabolic process 94 2.1e-6 4.3e-4
negative regulation of metabolic process 96 1.4e-5 2.1e-3
negative regulation of macromolecule metabolic 89 2.7e-5  3.5e-3
process
5 Enrichment Score: 4.88
regulation of viral process 21 9.3e-6 4.3e-3
regulation of symbiosis, encompassing mutualism 22 9.6e-6 2.1e-3
through parasitism
regulation of multi-organism cellular process 25 2.6e-5 3.5e-3
6 Enrichment Score: 4.80
catabolic process 83 3.5e-6 6.7¢e-4
cellular catabolic process 68 19e-5 2.7e-3
organic substance catabolic process 72 2.3e-4  1.9e-2
7 Enrichment Score: 3.79
immune system development 40 8.2e-5 6.7e-3
hemopoiesis 36 2.0e-4  2.7e-2
hematopoietic or lymphoid organ development 37 2.6e-4  1.9e-2
8 Enrichment Score: 3.5
regulation of signal transduction 96 2.8e-4  2.le-2
regulation of cell communication 104 3.le-4 2.3e-2
regulation of signalling 105 3.7e-4  2.6e-2
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ClueGo analysis was also conducted on the common DEGs between methyl donor
depletion and chromosomal integration of HPV. Totals of 635 and 557 common DEGs were
submitted to the ClueGo software to visualize the functionally grouped terms in the form of
networks that are affected during the episomal (Epi-stage) and invasive (Int-stage) stages of
HPV integration, respectively. This analysis revealed several functional groups of terms
significantly enriched at the episomal stage of HPV integration that might be associated with
the hallmarks of cancer such as cell cycle, cell death, viral cycle, host defence, immune response
and wound healing (Figure 3.8). Similarly, several terms related to host defence and immune
response were significantly enriched during the invasive stage (Int-stage) of HPV integration
(Figure 3.9). In addition, biological processes associated with cell differentiation and the
response to stress were also enriched. A close-up view of the network, depicting the Int-stage
functional processes affected by both methyl donor depletion and chromosomal integration of
HPV, shows in more detail the commonly affected biological mechanisms associated with host
defence (Figure 3.10).

ClueGo analysis using the KEGG database was conducted to identify pathways that are
affected by both methyl donor depletion and chromosomal integration of HPV into cervical
cells (Figure 3.11 and Figure 3.12). It appears that the depletion of methyl donors affects
several pathways associated with cell cycle, cell cycle checkpoints, senescence, interferon
signalling and interleukin signalling at the episomal stage (Epi-stage) of HPV integration. The
interferon and interleukin signalling pathways, as well as pathways in antiviral mechanisms
were significantly enriched in the methyl donor depleted condition at the invasive stage (Int-
stage) of HPV integration.

In addition to identifying overrepresented biological processes and pathways, the
interactions of genes with significant change in expression were investigated by submitting the
common DEGs between the two datasets into the visualization Cytoscape tool using the
GeneMania database. This created a massive gene interaction network composed of 532 nodes
and 14 788 edges (for the methyl depletion and Epi-stage gene set) and 468 nodes and 11 882
edges (for the methyl depletion and Int-stage gene set). In order to identify functional modules
of genes and their interaction from this enormous network, the MCODE plug-in was used to
detect densely connected nodes (where groups of genes that are densely connected to each other
are most probably involved in similar biological functions or pathways), to create sub-
networks/clusters that might be of interest. Each cluster was given a score and the sub-networks

with the highest score are presented in Figure 3.13.
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Figure 3.8  Network of biological processes affected by both methyl donor depletion and chromosomal integration of HPV at the Epi-stage

This figure represents a network of biological processes (GO_BP terms) that is enriched by both methyl donor depletion and the beginning stage (episomal) of HPV integration. Each
node represents a specific biological process (GO_BP terms) that is enriched in this analysis. Node size reflects the significance level of the enriched terms; bigger nodes indicate
higher levels of significance. The node colour indicates a specific GO term, and similar coloured nodes indicate that these GO terms are from the same GO parent-child terms. Kappa
score was used to link (edges) the enriched terms (nodes) where it defined term-term interrelations (edges) and functional groups, based on shared genes between the terms.
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Figure 3.9  Network of biological processes affected by both methyl donor depletion and chromosomal integration of HPV at the Int-stage

This figure represents a network of biological processes (GO_BP terms) that is enriched by both methyl donor depletion and later stage (integrated) of HPV integration. Each node
represents a specific biological process (GO_BP terms) that is enriched in this analysis. Node size reflects the significance level of the enriched terms; bigger nodes indicate higher
levels of significance. The node colour indicates a specific GO term, and similar coloured nodes indicate that these GO terms are from the same GO parent-child terms. Kappa score
was used to link (edges) the enriched terms (nodes) where it defined term-term interrelations (edges) and functional groups, based on shared genes between the terms.
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Figure 3. 10 Host defence mechanism affected by both methyl donor depletion and chromosomal integration of HPV at the Int-stage

This figure represents a closer look at the network of biological processes (GO_BP terms) associated with host defence mechanisms that are enriched by both methyl donor depletion
and later stage (integrated) of HPV integration. Each node represents a specific biological process (GO_BP terms) that is enriched in this analysis. Node size reflects the significance
level of the enriched terms; bigger nodes indicate higher levels of significance. The node colour indicates a specific GO term, and similar coloured nodes indicate that these GO terms
are from the same GO parent-child terms. Kappa score was used to link (edges) the enriched terms (nodes) where it defined term-term interrelations (edges) and functional groups,
based on shared genes between the terms.
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Figure 3. 11 Network of KEGG pathways affected by both methyl donor depletion and chromosomal integration of HPV at the Epi-stage

This figure represents a network of KEGG pathways that is enriched by both methyl donor depletion and the beginning stage (episomal) of HPV integration. Each node represents a
specific KEGG pathway that is enriched in this analysis. Node size reflects the significance level of the enriched pathway; bigger nodes indicate higher levels of significance. The node

colour indicates a specific KEGG pathway, and similar coloured nodes indicate a similar or closely related pathway. Kappa score was used to link (edges) the enriched pathway (nodes)
where it defined pathway-pathway interrelations (edges) and functional pathways, based on shared genes between the pathways.
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Figure 3. 12 Network of KEGG pathways affected by both methyl donor depletion and
chromosomal integration of HPV at the Int-stage

This figure represents a network of KEGG pathways that is enriched by both methyl donor depletion
and later stage (integrated) of HPV integration. Each node represents a specific KEGG pathway that is
enriched in this analysis. Node size reflects the significance level of the enriched pathway; bigger nodes
indicate higher levels of significance. The node colour indicates a specific KEGG pathway, and similar
coloured nodes indicate a similar or closely related pathway. Kappa score was used to link (edges) the
enriched pathway (nodes) where it defined pathway-pathway interrelations (edges) and functional
pathways, based on shared genes between the pathways.

Among the genes identified in the MCODE sub-networks are; STAT1 that is involved
in cytokine-induced signalling pathways and can act as an antiviral and antibacterial mediator,
growth inhibitor and inducer of apoptosis (Verhoeven et al., 2020) as well as genes associated
with innate immunity such as OAS1 (Kristiansen et al., 2011), MX1, MX2 (Haller & Kochs,
2011; Boerner et al., 2015), IFIT1, IFIT3 (Pidugu et al., 2019b), ISG15 (Burks et al., 2015) and
RSAD2 (Kurokawa et al., 2019) that are directly implicated in the elimination of viruses and

induced by the type | interferon (IFN) pathway.

The changes in expression of selected IFN-stimulated genes (ISGs) in methyl depleted
C4-11 cells, as well as in W12 cervical keratinocytes cells at the episomal and integrated stage
of HPV chromosomal integration are shown in Table 3.4. These ISGs (OAS1, MX1, MX2,
IFIT1, IFIT3, ISG15 and RSAD2) were all upregulated in methyl donor depleted C4-II cells.
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ISG15 appears most affected with a fold change of 13.1, followed by IFIT 1 and RSAD2, where
the genes were upregulated with fold changes of 12.1 and 8.1 respectively. In the W12 cervical
keratinocytes cells, these 1SGs were also upregulated at the earlier stage of HPV integration
(Epi-Stage), but interestingly, appears to be downregulated at the later stage of HPV

chromosomal integration (Int-stage).
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Figure 3. 13 Gene interaction network associated with methyl donor depletion and
chromosomal integration of HPV

Common DEGs between methyl donor depletion and chromosomal integration were uploaded into
GeneMania generating massive gene networks. The MCODE plug-in was then used to identify densely
connected nodes as a sub-network/cluster via mathematical modelling, from the large GeneMania gene
network, indicating potential gene or a network of genes of interest. This figure shows the MCODE
subnetwork with the highest score generated from (a) common DEGs of methyl donor depletion and
beginning stage (episomal) of chromosomal HPV integration (b) common DEGs of methyl donor
depletion and later stage (integrated) of chromosomal HPV integration. Genes (nodes) are linked (edges)
to one another, illustrating the relationship between genes (i.e. co-expression, genetic interaction,
physical interaction or others) based on publicly available databases. Black nodes represent the DEGs
while grey nodes represent relevant genes that have similar functions to the DEGs.
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Table 3.4  The changes in IFN-stimulated genes expression in methyl depleted C4-11 cells
and W12 episomal and integrated cervical keratinocytes cells

Methyl .
IFN-stimulated genes Depletion Eggtsatsaegte IB:?;:G%E
(1ISG) Dataset
Fold change Fold change  Fold change

ISG15 13.1 2.4 1.3
IFIT1 5 121 5 20 c?-j; 1.4
RSAD2 = 81 s 54 = 13
OAS1 > 1.0 > 20 g 13
IFIT3 S 6.6 S 20 S 13
MX1 2 42 - 32 8 14
MX2 3.2 3.0 3.2

3.5  Discussion

To the knowledge of this researcher, this study is one of the pioneering works in the field of
cervical cancer research. Besides the work by (Poomipark, 2013, Poomipark et al., 2016), there
is no other known literature with regards to the effects of methyl donor nutrients on cervical
cancer gene expression. A study was previously conducted on head and neck squamous cell
carcinoma (HNSCC) that was grown in complete or folate, methionine and choline deficient
media in order to investigate the effects of methyl donor depletion on intracellular processes
(Hearnden et al., 2018). An increment in doubling-time and apoptosis was observed, with a
reduction in cell proliferation in methyl depleted cells as compared to those grown in complete
medium. However, it was reported that the decrease in cell proliferation rate detected in methyl
donor-deficient cultures did not account entirely for the reduction in the cell number observed.
Cell death, through apoptosis, also increased in the methyl donor depleted conditions, while
cell necrosis remained unchanged. Here it is noted that Hearnden et al.’s finding is for HNSCC

and not cervical cancer which is the focus of this study.

Due to its role methyl donor in 1C metabolism, folate has been studied extensively as a
possible mechanism for cancer development. There is evidence to suggest that altered folate
status influences the risk of cancer and there are plausible mechanisms to support this.
Furthermore, in vitro, in vivo and clinical trials in various other human cancer, especially colon
have demonstrated folate potential in modulating global and gene-specific DNA methylation
patterns, and subsequently contributing towards cancer risk (Mahmoud & Ali, 2019; Ghazi et
al., 2020). On the other hand, studies of methyl donors other than folate have indicated a
complex interaction between methyl donor availability and function, whereby deficiency in one

methyl donor may be compensated for by another, to maintain a functional methyl cycle
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(Niculescu & Zeisel, 2002). However, very few studies have examined effects of depletion of

more than a single methyl donor, where the opportunity for such compensation is minimised.

In the initial work conducted in the department, a genome-wide microarray analysis was
performed to determine the effects of folate and methionine depletion on C4-11 cervical cancer
cells gene expression; where the up-and-downregulated genes were analysed separately using
the DAVID Bioinformatics Resources 6.7 software (Poomipark, 2013). This analysis identified
a high proportion of genes associated with cell death, cell communication, and cell motion that
were upregulated, whilst a high proportion of genes associated with regulation of the cell cycle,
cytoskeleton organisation, and chromosome organisation were downregulated. Additionally,
signalling pathways leading to cell motility, including the Wnt signalling pathway and focal
adhesion was also identified as potential pathways that are affected by folate and methionine

depletion.

As an extension to Poomipark’s study, this study aims to identify cervical cancer-
associated gene networks and pathways that are affected not only by methyl donor nutrient
depletion, but also by chromosomal integration of HR-HPV in cervical cells using
bioinformatics analysis. Based on current literature, both methyl donor availability (Flatley et
al., 2009; Mahmoud & Ali, 2019) and persistent infection of HR-HPV (Balasubramaniam et
al., 2019; Okunade, 2020) may modulate cervical cancer growth and progression. Although
there is broad knowledge about the mechanisms by which high risk HPV types initiate
transformation of cervical epithelial cells to become malignant, the inter-connected
mechanisms of multiple factors, such as methyl donor availability and genomic changes caused
by HR-HPV integration to promote malignant transformation, are still not entirely understood.
This observation leads to the hypothesis that both phenotypes of cervical cancer cells and a
panel of genes involved in fundamental cellular pathways and epigenetic alterations are
potentially influenced by methyl donor status and chromosomal integration of HPV; that can
be identified using bioinformatic approaches. Thus, a secondary dataset that measured the
changes in gene expression during initial and later stages of HPV chromosomal integration into
cervical cells was combined with the original methyl donor depletion dataset, in order to
identify gene networks and pathways that are not only affected by methyl donor depletion but
also due to chromosomal integration of HPV. In order to draw stronger inferences, the methyl
donor depletion datasets were analysed by pooling both up-and-down regulated genes, where
an in-depth bioinformatics analysis was conducted using an updated version of the DAVID

Bioinformatics Resources 6.8 software, as well as the ClueGo software and GeneMania with
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MCODE plugin, in order to identify networks of genes, biological processes and pathways that

are overrepresented.

In this study, initial bioinformatics analysis on the methyl donor depletion dataset
revealed similarities to Poomipark’s findings, where up-regulated genes showed an
overrepresentation of biological processes associated with cell death, cell signalling, and cell
motion; and down-regulated genes depicted an overrepresentation of biological processes
associated with regulation of the cell cycle, cytoskeleton organisation, and chromosome
organisation (Table 3.1, Figure 3.1 to Figure 3.3) (Poomipark, 2013). However, this study’s
analysis also identified a high proportion of genes associated with viral activity, host defence
and immune function that were upregulated with folate and methionine deficiency. This
suggests that the absence of methyl donors may lead to a dysregulation of gene expression that
affects biological processes, which are important in the development and progression of
cervical cancer. On the other hand, the observed downregulation of the cell cycle could also be
indicative of cytostatic cells due to nutrient depletion. Methyl donors are essential in the
synthesis of purine and pyrimidine, which in turn are required for DNA production.
Additionally, the depletion of methyl donor nutrients results in low levels of S-
adenosylmethionine (SAM), and this could lead to cell cycle arrest, primarily at the G1 phase
of the cell cycle, as has previously been reported in human and murine B cells with reduced
levels of methionine and SAM (Lin et al., 2014). This study’s findings support numerous
findings in other various cancers which show that the availability of methyl donor nutrients can
modify DNA methylation either globally or at specific CpG sites. Methyl donor nutrients may
regulate the DNA methylation pattern by inducing the formation of methyl donors, acting as
coenzymes, or modifying DNMT enzymatic activity (Sapienza & Issa, 2016; Mahmoud & Ali,
2019).

The secondary dataset measures the changes in gene expression during the episomal and
integrated stage of HPV-16 integration into W12 cervical keratinocyte cells (Pett et al., 2006).
This W12 accurately models cervical neoplastic progression during long-term culture, with
spontaneous transition from cells containing only episomal HPV-16 to a population containing
only integrated HPV-16. Hanahan and Weinberg proposed a set of hallmarks which comprised
the common traits shared by every single cancer, that facilitate the transformation from a normal
cell to a cancer cell (Hanahan & Weinberg, 2000, 2011). These include (1) having specific
growth signals to achieve an active proliferative state without reliance on outside stimuli (2)

non-receptive towards antigrowth signals (3) able to resist apoptosis (4) have the potential to
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replicate infinitely (5) have the potential to support angiogenesis to maintain viability (6) have
the ability to invade surrounding tissues, (7) reprogramming of energy metabolism and (8)
evasion of immune destruction, resulting in cancer metastasis. In order to attain these eight
hallmarks, an additional two characteristics of cancer were proposed; genome instability and
mutation together with tumour-promoting inflammation. With these hallmarks in view, this
study’s analysis of the secondary dataset revealed several overrepresented biological processes
including cell proliferation and differentiation; angiogenesis, cell signalling, immune response
and viral life cycle that are consistent with the hallmarks of cancer, and are significantly
upregulated at the beginning stage (episomal) of HPV chromosomal integration (Figure 3.4
and Figure 3.5). On the other hand, a high proportion of genes related to immune response and
response to stress were down-regulated. In the later stage (integrated) of HPV chromosomal
integration (Figure 3.6), several terms associated with cell signalling and immune response
were significantly enriched from the down-regulated group of genes. This finding suggests that
when HPV integrates with cervical keratinocytes, numerous epigenetic modifications occur,
which may facilitate the transformation of a normal cell to a cancer cell.

Human papillomavirus DNA contains six genes including E7, E6, E5, E4, E2 and E1
which are expressed at the early stage of HPV integration into the host genome, followed by
L1 and L2 genes. Studies have suggested that epigenetic alterations associated with E6 and E7
activity are common events during the early steps of epithelial malignancy and have been
described as potential biomarkers for cervical cancer (Clarke et al., 2012; Verlaat et al., 2017).
The episomal loss of E2 that occurs during viral DNA integration into the host genome, leads
to an upregulation of HPV-produced oncoproteins E6 and E7, which in turn induce the silencing
of the p53 and pRb tumour-suppressor genes (McBride & Warburton, 2017; Balasubramaniam
et al., 2019). Inactivation of these host proteins disrupts both the DNA repair mechanisms and
apoptosis, leading to rapid cell proliferation. Multiple genes involved in DNA repair, cell
proliferation, growth factor activities, angiogenesis and mitogenesis genes become highly

expressed in cervical intraepithelial neoplasia (CIN) and in cancer.

Finally, the principal findings of this study are that combined folate and methionine
deficiency might be associated with dysregulation of several genes associated with host defence
mechanisms and immune response. Specifically, it has highlighted several genes of innate
immunity that are directly implicated in the elimination of viruses and induced by the type |
interferon (IFN) pathway (Table 3.4 and Figure 3.13). As persistent HR-HPV infection has a

pivotal role in the carcinogenesis of cervical cancer (Balasubramaniam et al., 2019), the host’s
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immune system’s ability to manage HPV infection is crucial in order to prevent its progression
to cancer (Hu & Ma, 2018). A previous study reported that the activation of type 1 interferons
during HPV viral infection is able to prevent the transformation of premalignant cells in vitro
by maintaining the expression of tumour suppressor gene p53 (Takaoka et al., 2003), a gene
that is inhibit by E6 overexpression (Balasubramaniam et al., 2019). The bioinformatics
analysis in this study has raised the question of whether methyl donor availability may influence
an individual's susceptibility towards HPV infection and persistence, and cervical cancer

development via its impact on DNA methylation.

Interferons (IFN) are cytokines that are released in response to pathogens including
viruses, bacteria, parasites and tumour cells, thus modulating the immune response and
providing antiviral, anti-proliferative and antiangiogenic effects (Muller et al., 2017). In
addition, these cytokines are also involved in the cell cycle, differentiation and apoptosis (Dunn
et al., 2006; Parker et al., 2016). IFN are divided into 2 subtypes; type 1 interferons that are
induced during viral infection, and type 2 interferons that are not virus inducible and are
restricted to mitogen or cytokine-activated lymphoid cells such as T lymphocytes and natural
killer (NK) cells (Kim et al., 2000; Parker et al., 2016). In order to activate their target genes,
IFNs need to bind to receptors associated with JAK1 and TYK2 and undergo phosphorylation,
which activates the STATs (Di Franco et al., 2017). These STATSs heterodimers will then
associate with a DNA-binding protein such as ISGF-3 or IRF-9, forming an active complex on
the interferon response element (ISRE), thus inducing several IFN-stimulated genes including
MX and ISG15 (Bluyssen et al., 1996; Stark et al., 1998). As the IFNs are involved in the
activation of a number of signalling pathways in tumour cells including cell proliferation,
differentiation, survival and invasion; the downregulation or silencing of IFN genes, and their
receptors or associated signalling molecules such as STAT1, allows the continued growth of
tumour cells (Hasthorpe et al., 1997; Levy & Gilliland, 2000; Wagner et al., 2004). In this study,
STAT1 as well as several ISGs including 1SG15, MX1, MX2, RSAD2, OAS1, IFIT1 and IFIT3,
were upregulated in the absence of folate and methionine when compared to cells grown in
complete media, indicating that the expression of these genes might be regulated by the
presence of methyl donor nutrients. Interestingly, with folate and methionine depletion, the
selected IFN-stimulated genes (ISGs) expression was upregulated; and a similar pattern was
observed during the episomal stage (Epi-stage) of HPV integration in W12 cervical
keratinocytes cells. However, these genes appeared to be downregulated during the later stage

of HPV integration (Int-stage).
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Overall, the findings from this study have highlighted the potential role of host defence
mechanisms, specifically with regards to functions of type 1 interferon in cancer development
or progression, which in turn may be modulated by methyl donor nutrients. Though, the
microarray datasets chosen for the bioinformatics analysis involved two different types of
cervical cell lines, C4-11 cervical cancer cells and W12 cervical keratinocytes cells, and they
were not grown under identical conditions, both cell lines were derived from cervical tissues,
making them fairly comparable. The findings from this bioinformatics analysis generates
interesting further hypotheses such as
i. methyl donor depletion leads to an altered immune response in C4-11 cervical cancer cells,
i. methyl donor depletion reduces growth activity of C4-11 cervical cancer cells,

ii.  methyl donor depletion leads to increased apoptosis in C4-11 cervical cancer cells,

which calls for further investigation using laboratory methods.

3.6 Summary

HPV infection plays a major role in cervical carcinogenesis via the activation of its genomic
products. However, not all women who acquire HR-HPV infection develop cervical cancer.
Most infections spontaneously regress, with only a small percentage that continue to persist,
and consequently promote the progression of precancerous CIN to invasive cervical carcinoma,
thus suggesting other conditions or cofactors that contribute towards cervical carcinogenesis.
This includes alterations in DNA methylation, where methyl donor nutrients availability has
been shown to modify DNA methylation either globally or at specific CpG sites by inducing
the formation of methyl donors, acting as coenzymes, or modifying DNMT enzymatic activity.
This study has identified genes that are involved in cell host defence mechanisms and cell level
oncogenic processes, which are mutually sensitive to methyl donor nutrient availability. This
has raised the question of whether methyl donor availability may influence an individual's
susceptibility towards HPV infection and persistence, and cervical cancer development via its
impact on DNA methylation. More extensive work and experimental study need to be
conducted in order to validate these bioinformatics findings. Nonetheless, these findings
highlight the potential to identify pathways; linked to methyl donor nutrient metabolism that

might modify the risk of cervical cancer, through effects on host defence against HPV infection.
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CHAPTER 4

EFFECT OF METHYL DONOR DEPLETION ON THE EXPRESSION OF GENES
ASSOCIATED WITH ANTIVIRAL IMMUNITY

4.1 Introduction

The development of invasive cervical cancer from HPV-infected epithelial cells is a long-term
process associated with the accumulation of DNA alterations in the host cell genes
(Balasubramaniam et al., 2019; Yuan et al., 2021). Once the HPV enters the host basal
squamous cells, it must integrate into the host cell to initiate infection. This then leads to a
series of genetic events that enables viral replication, thus establishing a conducive environment
for neoplastic progression (Gius et al., 2007). However, in order to ensure continuous
replication in the basal epithelial cells, the HPV virus must evade the host immune system.
Studies have suggested that high-risk HPV types have developed several mechanisms to avoid
host immune response, which is important for viral persistence and progression to HPV-
associated neoplastic diseases (Kanodia et al., 2007; Stanley et al., 2012).

Generally, once HPV infection occurs, the host cell activates the innate and adaptive
immune systems that are controlled by the major histocompatibility complex (MHC) class |
and class Il molecules (Balasubramaniam et al., 2019). The MHC molecules present the antigen
to the T cells; cytotoxic T cells that are able to directly Kill cells that are infected with a virus,
and helper T cells that stimulate the responses of other cells including macrophages, B cells and
cytotoxic T cells. The macrophages, Langerhans cells and the natural killer cells triggers the
regulation of toll-like receptors (TLR), which in turn elicits antiviral responses via interferon-
regulatory factor (IRF) to produce the necessary cytokines (Carmody & Chen, 2007; DeCarlo
et al., 2012). TLR 3, 4, 7, 8, and 9 play a major role in antiviral immunity by triggering the
downstream production of interferons (IFN) (Sato et al., 2009). However, the overexpression
of HPV E6 and E7 oncoproteins may down-regulate TLR 9, thus impairing the interferon
response (Hasan et al., 2007). In the presence of HPV products; TLR expression becomes
irregular, Langerhans cells fail to present the antigens efficiently, tumour-associated
macrophages aggregate resulting in an unsuccessful immune response by the host
(Deligeoroglou et al., 2013). It also downregulates the expression of microenvironment
components which are necessary for natural-killer cells response and antigen presentation to

cytotoxic cells. Additionally, HPV promotes T-helper cell 2 (Th2) and T-regulatory cell
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phenotypes and reduces Th1 phenotypes, leading to suppression of cellular immunity and lesion

progression to cancer.

Furthermore, HPV also avoids the immune system by downregulating the expression of
interferon, upregulates interleukin IL-10 and transforming growth factor TGF-B1 to produce a
local immunosuppressive environment, which, along with altered tumour surface antigens,
forms an immunosuppressive network that inhibits the antitumor immune response (Torres-
Poveda et al., 2014). When HPV enters the cervical epithelium, phagocytosis takes place when
the dendritic cells of the host immune system engulf the HPV antigen. The phagolysosome then
sends the antigen to bind with the MHC molecules’ cell surface. The antigen presenting cells
(APC) will then activate CD4+ and T cells, enabling the pro-inflammatory and antiviral
cytokines such as IFN-y and tumour necrosis factor alpha (TNF-a)). However, the activation of
APC will also stimulate the production of Tregs (regulatory T cells). Tregs will activate
interleukin IL-10 and transforming growth factor beta (TGF)-p1, which will inhibit the function
of APC. It is reported that the transformation of normal epithelial cells to pre-cancerous lesions
and cancer is associated to the amount of Treg cells produced, where women with persistent
HPV-16 infection have been observed to have significantly higher Tregs than HPV-negative

women.

Interestingly, the bioinformatics analysis in Chapter 3 indicates that the combined
folate and methionine deficiency might be associated with dysregulation of several genes
associated with host defence mechanisms and immune responses, highlighting several genes
related to antiviral defence that are induced by the type | interferon (IFN) pathway. Interferons
(IFNs) are cytokines produced by the innate immune system in response to viral infection
(Takaoka et al., 2003). Events such as persistent viral infection increases IFNs production,
initiating a signalling cascade through the Janus kinase signal transducer and activator of
transcription (JAK-STAT) pathway (Sadler & Williams, 2008). Phosphorylated STAT1 and
STAT2 will bind with IRF9 to form a complex known as IFN-stimulated gene factor 3 (ISGF3),
resulting in the transcription of numerous IFN-stimulated genes (ISGs) (Darnell et al., 1994;
Sadler & Williams, 2008; Schneider et al., 2014). Activation of type 1 IFNs induces the
production of antiviral proteins such as myxovirus-resistance protein (Mx), GTPase, RNA-
dependent Protein Kinase (PKR), ribonuclease L (RNase L), Oligo-adenylate Synthetase
(OAS) and Interferon Stimulated Gene (ISG) (Sadler & Williams, 2008; Schneider et al., 2014).
These antiviral proteins are crucial for antiviral activities in host cells, which include the

inhibition of virus entry, prevention of virus replication and obstruction of viral egress
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(Schneider et al., 2014). On the other hand, genes induced by IFNs also participates in cell
growth and regulation, and apoptosis (Kalvakolanu, 2000). Studies on cell culture have found
that IFN-a, IFN- and IFN-y directly induce caspase-mediated apoptosis in a variety of tumour
cell types, leading to experimental studies on the use of type 1 IFN treatment in various cancers
(Herzer et al., 2009). However, as precise molecular mechanisms of action of IFNs in cancer
treatment are far from being elucidated, it severely hinders the further application of IFNs in
cancer therapy.

In this chapter, the expression of five IFN-stimulated genes (ISGs) identified in
Chapter 3 will be validated using real-time quantitative PCR (qQRT-PCR). In order to measure
the changes in gene expression of cells grown in methyl depleted conditions, an appropriate
cervical cancer model of folate and methionine depletion that demonstrate a functional methyl
donor deficiency is required. A depletion of folate and methionine is directly reflected by a
reduction in intracellular measurements of these two nutrients, when compared to the control
(Poomipark et al., 2016). In addition, a depletion of these nutrients will disrupt the supply of
methyl groups to the one carbon cycle, thus re-methylation of homocysteine cannot occur,
causing an increase in homocysteine levels. An elevation of the extracellular homocysteine
levels is a reflection of increased intracellular homocysteine, caused by disturbance of the one
carbon cycle (Nakano et al., 2005; Poomipark et al., 2016; Hearnden et al., 2018).

A cervical cancer cell model of methyl donor depletion was previously developed in the
department (Poomipark, 2013; Poomipark et al., 2016). The cancer cell model was generated
by culturing the C4-11 cervical cancer cell lines for 12 days in Waymouth medium depleted of
folate or folate and methionine. Intracellular folate, intracellular methionine and extracellular
homocysteine were measured in order to determine the functional impact of these depletions
on one carbon cycle. It has been observed that in folate or folate and methionine depleted
conditions, the amount of intracellular folate in C4-11 cells was significantly affected at day 4,
and the level of folate showed a decreasing trend after 8 and 12 days of culture. Similarly, there
was a significant reduction of intracellular methionine in C4-I1 cells with both folate and
methionine deficiency. An increase in extracellular homocysteine was also demonstrated,
which indicates an impairment of homocysteine re-methylation, causing the rise of

homocysteine exports.

This cancer model by (Poomipark et al., 2016), was used to generate the microarray

dataset that was used in Chapter 3 bioinformatics analysis, and thus will be used in this chapter
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to validate the microarray findings. In this study, the cervical cells were adapted to DMEM
medium which excludes key methyl donor nutrients. Changes were made with the medium as
there was no cost-effective commercial sources of a basal Waymouth medium at the time when
this study was conducted, which excludes key methyl donor nutrients without some residue of
these nutrients being present; while it was possible to obtain a basal DMEM medium that was
fully modifiable. In the experimental approach of this study, the adapted cervical cancer cell
model of methyl donor depletion will be used extensively, utilising not only solely folate and
folate-and-methionine depletion, but also a depletion of only methionine. Thus, a validation of

this model is required.

4.2  Hypothesis and aims
It is hypothesized that the folate and methionine depletion in cervical cancer cells will
upregulate the IFN-stimulated genes (ISGs). In order to test this hypothesis, three objectives

were generated:

a. to compare C4-1l cervical cancer cell growth characteristics in complete, folate
depleted, methionine depleted or combined folate-and-methionine depleted media.

b. to validate the C4-Il cell model of methyl donor depletion by analysing intracellular
folate concentration, intracellular methionine concentration, and homocysteine export.

c. to determine the effect of methyl donor nutrient depletion on the expression of IFN-
stimulated genes using quantitative RT-PCR.

4.3 Methods

4.3.1 Preparation of media

The DMEM medium was prepared by adding 49.3 mL of sodium bicarbonate and 4 mg/L of
choline chloride to 1 L of sterile water. The powdered medium was added, and the mixture was
then placed on a magnetic stirrer for 10 minutes to ensure that it was fully dissolved (F-M-). In
order to prepare methionine depleted media (F+M-) and folate depleted media (F-M+), an
additional supplementation of 4 mg/L of folic acid and 30 mg/L of L-methionine were added
respectively. The complete medium (F+M+) was supplemented with both L-methionine and
folic acid to ensure it contained sufficient nutrients for normal cell growth. Lastly, hydrochloric
acid was gradually added to achieve a pH of 7.4. The dissolved medium was then filtered into
a 500 mL sterile bottle. 10% foetal bovine serum (FBS) and 1% penicillin/streptomycin

antibiotics were added to the medium prior to use.
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4.3.2 Cell resuscitation

The C4-I1 cells contained in Cryo tubes were moved from liquid nitrogen and partially
submerged in the water bath at 37°C to allow them to thaw. Cells were then transferred into a
new centrifuge tube containing 5 mL of pre-warmed complete DMEM medium. The suspension
was centrifuged at 1000 rpm for 5 minutes, at room temperature. The supernatant was discarded
and 10 mL of fresh and pre-warmed complete DMEM medium was added into the centrifuge
tube. The cell suspension was transferred into a new flask and incubated at 37°C with 5%

carbon dioxide.

4.3.3 Cell subculture

C4-11 cells were observed under the microscope to assess the degree of confluency as well as
signs of contamination. The spent medium was removed and the cell monolayer was washed
with 10 mL DPBS. Then, 2 mL of trypsin-EDTA was pipetted into the culture flask and the
flask was swirled to ensure the surface of the flask was fully covered with trypsin. The cells
were then incubated for 10 to 15 minutes. The flask was observed under a microscope to ensure
that all cells were detached and floating. Cells were then suspended in 2 mL of pre-warmed
complete DMEM medium. The cell suspension (1 mL) was transferred into a new flask
containing 10 mL of fresh pre-warmed standard DMEM medium and incubated at 37°C with

5% carbon dioxide. The cells were sub-cultured when they reached 80-90% confluence.

4.3.4 Determination of cervical cancer cell growth characteristics in complete and
depleted medium

C4-11 cervical cancer cells were resuscitated, cultured and maintained as described in section
4.3.2 and section 4.3.3. Complete and depleted media were prepared as described in section
4.3.1. Cells were seeded in a 12-well plate at a starting cell density of 5 x 10* cells/well in four
different types of media; complete medium (F+M+), folate depleted medium (F-M+),
methionine depleted medium (F+M-) or folate and methionine depleted medium (F-M-). Cells
were then incubated at 37°C with 5% carbon dioxide. Eight similar sets of 12-well plates were
prepared and cell growth was observed and measured daily for eight days. At day four, half of

the spent media in each well was replaced.

4.3.5 C4-11 sample preparation
C4-I11 cervical cancer cells were resuscitated, cultured and maintained as described in section

4.3.2 and section 4.3.3. At passage 118, the cells were trypsinised, and then the cells were
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suspended in 10% FBS in DPBS. The cell suspension was collected into a centrifuge tube,
followed by centrifugation at 1000 rpm for 5 minutes, at room temperature. The cells were then
re-suspended in 1 mL of 10% FBS in DPBS. Then, 20 pl of cell suspension was added to 20
pL of trypan blue in a microfuge tube for cell counting. Cells were counted using an automated
cell counter. The number of total cells, live cells and cell viability (%) were recorded. Cells
were seeded at 8 x 10° (F+M+ and F-M+) in 1 T75 flask or 1.6 x 10° (F+M- and F-M-) in 2
T75 flasks in fresh pre-warmed DMEM medium. Cells were then incubated at 37°C with 5%
carbon dioxide for 8 days. At day 4 of culture, half of the spent media was replaced with fresh

pre-warmed DMEM medium.

4.3.6 Intracellular folate analysis

C4-I1 cervical cancer cells were cultured in complete and depleted media as described in section
4.3.5. At least 5 x 10° cells were harvested at day 4 and 8 of culture. After trypsinisation, cells
were suspended in 10% FBS in DPBS. The cell suspension was collected into a centrifuge tube,
followed by centrifugation at 1000 rpm for 5 minutes at room temperature. The supernatant
was discarded and the cells were re-suspended in 500 pL of 0.5% (w/v) ascorbic acid. Cells
were counted using an automated cell counter. The numbers of total cells, live cells and cell
viability (%) were recorded. Cells were disrupted using a sonicator at high pulse for 10 minutes.
The cells were then homogenized with 2 cycles of precellys (1 cycle: 6000 rpm/pulse: 2 x 30
sec / pause: 20 sec), followed by centrifugation at 16 000 x g for 10 minutes at 4°C. The
supernatant was collected and diluted at a 1:10 ratio in separate tubes and all samples were
stored at -80°C until analysis. Intracellular folate was measured in units of ng/ml using the
Architect i2000SR Immunoassay Analyzer in the Department of Clinical Chemistry, Sheffield

Children’s Hospital. Intracellular folate concentration was presented as pmol/10° cells.

4.3.7 Intracellular methionine analysis

C4-11 cervical cancer cells were cultured in standard and depleted media as described in section
4.3.5. At least 2 x 107 cells were harvested at day 4 and 8 of culture. After trypsinisation, cells
were suspended in 10% FBS in DPBS. The cell suspension was collected into a centrifuge tube,
followed by centrifugation at 1000 rpm for 5 minutes at room temperature. The supernatant
was discarded and the cells were re-suspended in 300 pL. of DPBS. Cells were counted using
an automated cell counter. The number of total cells, live cells and cell viability (%) were
recorded. Cells were disrupted using a sonicator at high pulse for 10 minutes. The cells were

then homogenized with 2 cycles of precellys (1 cycle: 6000 rpm/pulse: 2 x 30 sec / pause: 20
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sec), followed by centrifugation at 16 000 x g for 10 minutes at 4°C. All samples were stored
at -80°C until analysis. Methionine was measured using the Biochrom 30 amino acid analyser
at the Department of Clinical Chemistry, Sheffield Children’s Hospital, using a Biosys software
v2.05 and analysed using the EZChrom Elite software v3.4. The intracellular methionine was

measured in units of nmol/L and presented as pmol/10° cells.

4.3.8 Intracellular and extracellular homocysteine analysis

C4-11 cervical cancer cells were cultured in complete and depleted media as described in section
4.3.5. At least 2 x 107 cells were harvested at day 4 and 8 of culture; and the culture media was
also collected. The measurements of intracellular and extracellular homocysteine were
performed with reverse-phase high-performance liquid chromatography using the
CHROMSYSTEMS HPLC Kit. The plasma calibrator, controls and derivatisation reagents
were reconstituted as per manufacturer’s instructions. The sample, controls or plasma calibrator
(100 pL) were transferred into light protected reaction vials, followed by 25 uL internal
standard and 75 uL reduction reagent. The mixtures were vortexed for 2 seconds and incubated
for 10 minutes at room temperature. Then, 100 uL of precipitation reagent was pipetted into
each vial. The mixtures were vortexed for 30 seconds and centrifuged at 9000 x g for 6 minutes.
The supernatants (50 pL) were transferred into new light protected vials and 100 pL of
derivatisation mix was added to each vial. The mixtures were vortexed briefly and incubated
for 10 minutes at 50-55°C. The prepared samples, controls and calibrator (25 uL) were then
injected into the HPLC system. The absorbance of the eluted compounds was monitored using
EX =385 nm and EM = 515 nm. The retention times of the analyte internal standard and
homocysteine at a flow rate of 1.5 ml/min were approximately 3.3 minutes and 3.9 minutes,
respectively. The chromatogram readings were recorded using the Azur HPLC Software, where
the quantification was performed using automatic peak area integration. The homocysteine
concentrations were calculated using the calibrator and internal standard readings as stated in

the formula below. The concentration of homocysteine was reported in umol/L.

Asample X Scalibrator
Csample [umol/L] = X Cecalibrator
Acalibrator X 1Ssample

Asample = peak area/height of substance A in the chromatogram of the sample
Acaibrator = peak area/height of substance A in the chromatogram of the calibrator

ISsample = peak area/height of Internal Standard in the chromatogram of the sample
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IScaiibrator = peak area/height of Internal Standard in the chromatogram of the calibrator

Ccaiibrator = the concentration C of substance A in the calibrator (15umol/L)

4.3.9 C4-11 RNA extraction

C4-11 cervical cancer cells were cultured in complete and depleted media as described (see
section 4.3.5). Cells were seeded at 8 x 10° in 1 T75 flask (F+M+ and F-M+) or 1.6 x 10° in 2
T75 flasks (F+M- and F-M-), and harvested at day 4 and 8 of culture. The number of cells
required for RNA extraction is optimised at 3-4 x 10°cells/sample, and not exceeding 1 X
107cells/sample. Once cell counting was completed, the cell suspensions were centrifuged at
1000rpm for 5 minutes at room temperature. The supernatant was discarded and the cell pellet

was stored at -80°C until further analysis.

RNA was extracted using the RNeasy Plus Mini Kit from Qiagen, following the protocol
provided by the manufacturer. Briefly, cells were then lysed with 350 uL Buffer RLT and
homogenized by passing the lysate for 5 times through a 20-gauge needle fitted with a syringe.
The RLT Buffer contains guanidine-isothiocyanate which inactivates RNases, ensuring
isolation of intact RNA. Then, genomic DNA was removed by passing the lysate through a
gDNA eliminator spin column at 10 000 x g for 30 seconds. In order to bind the RNA, 350 uL.
of 70% ethanol was added to the flow-through and the sample was transferred to the RNeasy
spin column. The sample was centrifuged at 10 000 x g for 15 seconds. Buffer RW1 was added
to the spin column followed by centrifugation at 10 000 x g for 15 seconds. Then, 500 puL of
Buffer RPE was added to the spin column followed by centrifugation at 10 000 x g for 15
seconds. The washing step with Buffer RPE was repeated twice. An additional centrifugation
was run for 1 minute at full speed to eliminate any possibility of buffer carryover. RNA was
then eluted with 40 pL of RNase-free water by centrifugation at 10 000 x g for 1 minute.

The extracted RNA samples were treated with DNase to remove DNA contaminants
using the Precision DNase kit by PrimerDesign, following the protocol provided by the
manufacturer. Briefly, 5 pL of DNase reaction buffer and 1 pl of DNase enzyme were added to
each RNA sample, followed by 10 minutes of incubation at 30°C. The DNase was then
inactivated by incubating the sample for 5 minutes at 55°C. Purified RNA was stored at -20°C.
RNA quality was determined using a Nanodrop spectrophotometer. Pure RNA has a A2eo/A2g0
ratio of 1.9-2.1. Purified RNA samples were also sent to the Sheffield Institute for Translational
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Neuroscience (SiTran) where their quantity and integrity were determined using the Agilent

2100 Bioanalyzer.

4.3.10 cDNA synthesis

The cDNA was synthesised from 1pg of RNA using the Precision nanoScript2 Reverse
Transcription Kit by PrimerDesign, following the protocol provided by the manufacturer, which
involves a two-step reverse transcription process. First, in the annealing step, 1 uL of oligo-dT
primer was added to a volume of RNA template that provides 1 pg of RNA. RNase/DNase free
water was added to make a final volume of 10 pL for each sample. The samples were incubated
at 65°C for 5 minutes followed by immediate cool-down in an ice water bath. In the extension
step, a mixture of reagents as stated in Table 4.1 was prepared and 10 pL of the mixture was
added to each sample on ice. Samples were mixed briefly by vortexing, followed by a pulse
spin and incubation at 42°C for 20 minutes. The reaction was then inactivated by incubating
the sample for 10 minutes at 75°C. cDNA was stored at -20°C.

Table4.1  Reagent’s mixture for cDNA synthesis

Component 1 reaction
nanoScript2 4X Buffer 5uL
dNTP mix 10mM 1 uL
RNase/DNase free water 3ulL
nanoScript2 enzyme 1 pL
Final volume 10 pL

4.3.11 Determination of primer efficiency using standard curve analysis

In order to determine the expression of STAT1, RSAD2, OAS1, IFIT1 and ISG15 genes using
guantitative RT-PCR, a custom designed primer mix for each gene was obtained from
PrimerDesign. A standard curve analysis was conducted for each primer to measure the
efficiency with which a given set of primers amplified the target gene. The standard curve for
each gene of interest was performed using custom-designed primer mix, positive control
template and master mix with SYBR green gene detection kit from PrimerDesign, following
the protocol provided by the manufacturer. Sequences for forward (F) and reverse (R) primers

are presented as follows:

STATL: F. CCCTTCTGGCTTTGGATTGAAAG
R: CGGCTGCTGGTCCTTCAAC
RSAD2: F: GTGAGAATTGTGGAGAAGATGCTC
R: CCAGAATAAGGTAGGAGTCTTTCATC
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OAS1 : F: TGTGTGTGTCCAAGGTGGTA

R: TGATCCTGAAAAGTGGTGAGAG
IFIT1 : F: GAAGCCTGGCTAAGCAAAACC

R: CTCCAGACTATCCTTGACCTGATGA
ISG15 : F: GCGAACTCATCTTTGCCAGTA

R:

CAGGTCTGACACCGACATG

All reagents were removed from the freezer and thawed on ice. The lyophilised primer
mix was re-suspended with 660 pL of RNase/DNase free water, and positive control template
with 500 pL of template preparation buffer. Each tube was vortexed thoroughly and allowed to
stand for 5 minutes, before vortexing it again prior to use (Tube 1). Then, a 10-fold serial
dilution for 6 points was prepared by adding 10 puL of positive control template to 90 pL of
template preparation buffer (Table 4.2).

Table 4. 2 Positive control template serial dilution

Positive control template Copy number
Tube 1 2 x10° per L
Tube 2 2 x 10* per puL
Tube 3 2 X 103 per uL
Tube 4 2 x 107 per puL
Tube 5 20 per pL

Tube 6 2 per uLL

A reaction mixture containing master mix and primer mix was prepared following
PrimerDesign protocol (Table 4.3), and 15 pL of the mixture was pipetted onto a 96-well plate.
Then, 5 uL of each positive control template was added into the well in triplicate, starting with
the lowest copy number. A non-template reaction was also prepared by replacing the positive
control template with 5 L of RNase/DNase free water. The plate was then sealed with a plastic
cover and vortexed thoroughly. The StepOne Plus Real-Time PCR System was used to run the
analysis. First, the enzyme was activated at 95°C for 2 minutes. This was followed by 40 cycles
of denaturation step at 95°C for 10 seconds and extension step at 60°C for 60 seconds. A post
PCR melt curve was also conducted to prove the specificity of the primers. A good set of
primers will report an efficiency of between 90 to 110%, where the slope of the graph should
be between -3.1 to -3.6.
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Table 4.3  Reagent’s mixture for measuring primer efficiency using RT-PCR

Component 1 reaction
PrecisionPLUS master mix 10 uL
Primer mix 1 puL
RNase/DNase free water 4 uL
Final volume 15 pL

4.3.12 Determination of gene expression

The expression of STAT1, RSAD2, OAS1, IFIT1 and ISG15 genes was determined using
quantitative RT-PCR as described. The relative quantification of each gene of interest was
performed using custom-designed primer mix and master mix with the SYBR green gene
detection kit from PrimerDesign, following the protocol provided by the manufacturer. cDNA
templates and reagents were thawed on ice and mixed thoroughly prior to use. cDNA samples
were thawed and diluted to a concentration of 25ng/pL with RNase/DNase free water and were
mixed thoroughly by vortex. A PCR reaction mixture containing master mix and primer mix
was prepared following the PrimerDesign protocol (Table 4.4), and 17.5 pL of the mixture was
pipetted onto a 96-well plate. Then, 2.5 pL of cDNA templates were added into the well in
triplicate. For each gene, a non-template reaction was also prepared by replacing the cDNA
template with RNase/DNase free water. The plate was then sealed with a plastic cover and
vortexed thoroughly. The StepOne Plus Real-Time PCR System was used to run the analysis.
First, the enzyme was activated at 95°C for two minutes. This was followed by 40 cycles of the
denaturation step at 95°C for 10 seconds and the extension step at 60°C for 60 seconds. A post
PCR melt curve was also performed. The expression of GAPDH and B2M was conducted with
exactly the same procedures in order to achieve a valid internal control for data normalisation.
The delta Cq method was used to calculate relative quantification of gene expression between
the samples grown in complete (F+M+, control) and depleted media (Livak & Schmittgen,

2001). Figure 4.1 summarises the gene expression analysis workflow.

Table 4.4  Reagent’s mixture for gene quantification using RT-qPCR

Component 1 reaction
PrecisionPLUS master mix 10 uL
Primer mix 1 pL
RNase/DNase free water 6.5 pL
Final volume 17.5 pLL
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Culture for 4 days in triplicate

Change media for day 8 samples
Harvest day 4 samples

| Harvest daY 8 samples

Extract RNA using Qiagen RNA Plus Mini kit

|

DNAse treatment using PrimerDesign Precision DNAse kit
cDNA synthesis using PrimerDesign Precision NanoScript 2 RT kit

Standard curve analysis to measure PrimerDesign primer mix efficiency

|

Determine STAT1, RSAD2, OAS1, IFIT1 and ISG15 gene expression using qPCR

Figure4.1 Gene expression analysis workflow of five IFN-stimulated genes (ISGs) using
quantitative RT-PCR

4.3.13 Statistical analysis

Statistical analysis was conducted using GraphPad Prism 7. Three independent experiments
were carried out and expressed as mean = SEM. The two-way ANOVA statistical analysis was
used to determine the effect of time and methyl donor depletion treatment on outcome of
variables. If the effect of time or treatment was significant, one-way ANOVA analysis was
carried out, followed by Bonferroni’s post hoc test. P value <0.05 was considered to be

significant for all statistical analysis.

44  Results
4.4.1 Effect of methyl donor depletion on C4-11 cell growth

In this experiment, the effect of methyl donor depletion on C4-I1 cervical cancer cell growth
was measured. The cells were grown in four different media; complete (F+M+), folate depleted
(F-M+), methionine depleted (F+M-) or folate and methionine depleted (F-M-) medium for
eight days. It was observed that C4-I1 cells grown in complete (F+M+) and folate depleted

medium (F-M+) reached about 95% and 90% confluence by day eight, respectively. On the
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other hand, cells grown in methionine (F+M-) or folate and methionine depleted medium (F-
M+) only reached around 20% confluency. It was also observed that cells grown in methionine
depleted (F+M-) or folate and methionine depleted (F-M-) medium were sparse and small, with
less cell adherence and visible cell debris. In contrast, cells grown in complete or only folate

depletion media grew more consistently and; with better cell adherence.

The two-way ANOVA confirmed that C4-11 cell growth was influenced by both time
and methyl donor depletion treatment (P<0.0001), with a significant interaction between these
factors (P<0.0001) (Figure 4.2). Cells grew at a similar rate in complete (F+M+) and folate
depleted (F-M+) conditions up day 4, from which time cells grown in the F+M+ medium grew
faster. By day eight, the number of cells was greater in complete medium (F+M+) compared to
any other conditions (P<0.001). Contrarily, cells grown in methionine (F+M-) or folate and
methionine depleted (F-M-) medium appeared to be stagnant, with a significantly lower number
of cells when compared with cells in complete (F+M+) (P<0.0001) and folate depleted (F-M+)
medium (P<0.0001). Overall, C4-II cells grew at a slower rate in folate depleted medium (F-
M+) than in complete medium (F+M+), and cell growth was much worse with methionine
depletion (F+M-) or folate and methionine depletion (F-M-) (Table 4.5).
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Figure 4.2  C4-11 growth curve in complete and depleted media

This figure shows C4-I1 cell growth in complete medium (F+M+), folate depleted medium (F-M+),
methionine depleted medium (F+M-) and folate and methionine depleted medium (F-M-). Each value
shows mean of three-independent experiments and error bars show SEM.

* significantly different from control (F+M+), § significantly different from F-M+, P<0.05 (one-way
ANOVA, Bonferroni’s post hoc test).
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Table 4.5 Doubling time of C4-11 cervical cells grown in complete or methyl depleted
media

Doubling Time (hours)
C4-11 cervical F+M+ F-M+ F+M- F-M-

cancer cell 54 72 254 415

4.4.2 Effect of methyl donor depletion on intracellular folate

In this experiment, intracellular folate concentration of C4-11 cervical cancer cells grown in
complete and methyl depleted media for over eight days was measured. In order to make the
data comparable, the intracellular folate concentration was corrected for cell number and
calculated as pmol/10°cells. It was observed that C4-l1 cells grown in folate depleted media
(F-M+ or F-M-) showed at least a 90% decrease in intracellular folate within four days of
culture, as compared to those grown in media that contains folate (F+M+ or F+M-). Cells grown
in folate depleted media (F-M+ or F-M-) for only four days had an intracellular folate
concentration of 2.5 — 3.4 pmol/10° cells compared with 32.3 pmol/10° cells in cells grown in

complete medium (F+M+) (Figure 4.3).

< 401
= . FM+
=
gso_ M F-M+
:'g' B F+M-
= 20+ F-M-
L
S
5
Z0{8 s B s s B s
o * * * *
©
= - s
£ 0-
™ )

Day

Figure 4.3 Intracellular folate concentration of C4-I1 cells grown in complete and depleted
media

This figure shows intracellular folate concentrations of C4-11 cells grown in complete medium (F+M+),
folate depleted medium (F-M+), methionine depleted medium (F+M-) and folate and methionine
depleted medium (F-M-). Each value shows mean of three-independent experiments and error bars show
SEM.

* significantly different from control (F+M+), § significantly different from F-M+, P<0.0001 (one-way
ANOVA, Bonferroni’s post hoc test).
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The two-way ANOVA analysis confirmed that there is a significant difference between
methyl donor availability (P<0.0001) over the period of eight days (P<0.0001), with significant
interaction between methyl donor status and time (P=0.0004). On days four and eight, cells
grown in folate depleted media (F-M+ or F-M-) had significantly lower intracellular folate
concentrations than cells grown with folate (F+M+ or F+M-) (P<0.0001), but were not different
from one another. The folate concentrations in all four types of media were also assayed; this
showed that folate depleted media (F-M+ or F-M-) contained an average folate concentration
of 0.3 mg/L and 0.6 mg/L, respectively. In contrast, media with folate (F+M+ or F+M-) had an

average folate concentration of 5.6 mg/L and 5.7 mg/L, respectively.

4.4.3 Effect of methyl donor depletion on intracellular methionine

In this experiment, intracellular methionine concentrations of C4-11 cervical cancer cells grown
in complete and methyl depleted media for over eight days were measured. In order to make
the data comparable, the intracellular methionine concentration was corrected for cell number
and calculated as pmol/108cells. It was observed that C4-11 cells grown in methionine depleted
media (F+M- or F-M-) showed at least a 71% decrease in intracellular methionine within four
days of culture, as compared to those grown in media that contained methionine (F+M+ or F-
M+). Cells grown in methionine depleted media (F+M- or F-M-) for only four days had an
intracellular methionine concentration of 55 — 64 pmol/10° cells compared with 222 pmol/10°

cells in cells grown in complete medium (F+M+) (Figure 4.4).

The two-way ANOVA analysis confirmed a significant difference between methyl
donor availability (P<0.0001) over the period of eight days (P=0.0016). On days four and eight,
cells grown in methionine depleted medium (F+M- or F-M-) had significantly lower
intracellular methionine concentration than cells grown with methionine (F+M+ or F-M+)
(P<0.001), but were not different from one another. The methionine concentrations in all four
types of media were also assayed; this showed that media with methionine (F+M+ or F-M+)
had an average methionine concentration of 29 mg/L and 27 mg/L, respectively. The
methionine concentration in methionine depleted media (F+M- or F-M-) was extremely low,

close to the lowest limitation of the assay (1.45 — 45.4 nmol/L).
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Figure 4.4  Intracellular methionine concentration of C4-Il cells grown in complete and
depleted media

This figure shows intracellular methionine concentrations of C4-I1 cells grown in complete medium
(F+M+), folate depleted medium (F-M+), methionine depleted medium (F+M-) and folate and
methionine depleted medium (F-M-). Each value shows mean of three-independent experiments and
error bars show SEM.

* significantly different from control (F+M+), 8 significantly different from F-M+, P<0.001 (one-way
ANOVA, Bonferroni’s post hoc test).

4.4.4 Effect of methyl donor depletion on homocysteine export

In this experiment, intracellular and extracellular homocysteine concentrations of C4-11 cervical
cancer cells grown in complete and methyl depleted media for over eight days were measured.
Figure 4.5 shows the extracellular homocysteine concentrations in the media for C4-11 cells

that were grown under different methyl donor availability conditions.

The two-way ANOVA analysis confirmed that there is a significant difference between
methyl donor availability (P<0.0004) over the period of eight days (P<0.0001), with significant
interaction between methyl donor status and time (P=0.0006). There were no significant
differences between the homocysteine levels in complete and in any of the methyl depleted
conditions at day four. However, by day eight, the concentration of homocysteine in the
medium was higher for cells grown in folate depleted medium (F-M+) (P<0.0001), methionine
depleted medium (F+M-) (P=0.005) and folate and methionine depleted medium (F-M-)
(P=0.0008) than for control cells grown in complete medium (F+M+). The concentration of

intracellular homocysteine was also measured. However, the concentration was either not
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detectable or gave extremely low values (less than 1.0 umol/L) which was close to the lowest

limitation of this assay (1.0-200 pmol/L).
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Figure 4.5  Extracellular homocysteine concentrations of C4-11 cells grown in complete and
depleted medium

This figure shows extracellular homocysteine concentrations of C4-11 cells grown in complete medium
(F+M+), folate depleted medium (F-M+), methionine depleted medium (F+M-) and folate and
methionine depleted medium (F-M-). Each value shows mean of three-independent experiments and
error bars show SEM.

* significantly different from control (F+M+), § significantly different from F-M+, P<0.01 (one-way
ANOVA, Bonferroni’s post hoc test).

4.4.5 Effect of methyl donor nutrient depletion on IFN-stimulated gene expression

a. Quantification and determination of RNA quality

C4-11 RNA quality and quantity were determined by spectrophotometry (NanoDrop; Thermo
Scientific) and microfluidic analysis (Agilent Technologies’ Bioanalyzer), and the readings are
summarized in Table 4.6. All samples have a Azs0:Az2so ratio value range between 2.0 and 2.1,
confirming the purity of these samples to be within an acceptable range. The integrity and size
distribution of total RNA in each sample were determined by the RNA integrity number (RIN)
value from the Agilent Bioanalyzer; higher RIN numbers indicates quality RNA. Control group
(F+M+) sample and their biological replicates generated a RIN value of 10. Sample from the
depleted groups and their biological replicates had a slightly lower RIN value ranging from 9.6

to 10, however the integrity of these samples was still within an acceptable range.
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Table4.6  Summary of C4-11 cell count, Nanodrop and Bioanalyzer readings

Cell Count NanoDrop Bioanalyzer
Media Live cell % cell 260:280 RIN ng/uL
counts viability
Day 4
F+M+ 2.82x 10° 98 2.09 10.0 719.0
3.62 x 10° 98 2.10 10.0 630.0
1.76 x 10° 97 2.10 10.0 301.0
F-M+ 2.19 x 10° 99 2.09 10.0 578.0
2.46 x 10° 97 2.10 10.0 1100.0
1.99 x 10° 98 2.10 10.0 419.0
F+M- 3.26 x 10° 96 2.03 9.6 503.0
3.76 x 10° 91 2.04 9.9 310.0
3.44 x 10° 97 2.10 10.0 294.0
F-M- 3.56 x 10° 97 2.02 9.8 594.0
4,53 x 10° 94 2.01 9.8 262.0
3.36 x 10° 97 2.03 9.8 347.0
Day 8
F+M+ 4.03 x 106 97 2.09 10.0 1357.0
4.40 x 10° 96 2.09 10.0 1319.0
3.39 x 10° 91 2.01 10.0 631.0
F-M+ 3.68 x 10° 91 2.10 10.0 445.0
3.89 x 10° 96 2.10 9.9 2075.0
5.43 x 10° 95 2.00 10.0 314.0
F+M- 1.96 x 10° 97 2.01 9.9 225.0
0.81 x 10° 96 2.01 9.6 43.0
1.69 x 10° 94 2.03 9.7 146.0
F-M- 1.42 x 10° 92 2.10 10.0 288.0
1.56 x 10° 91 2.01 9.6 26.0
1.41 x 10° 95 2.03 9.7 125.0
b. Determination of primer efficiency using standard curves analysis

In order to determine the efficiency and specificity of the custom-designed primers, a standard
curve analysis was conducted together with a post-melt curve for all genes including the
reference genes which is presented in Figures 4.6 - 4.12. The primers for all genes delivered
an efficiency that is within the acceptable range (between 90 and 110%); with a slope of -3.1 to
-3.6 (Table 4.7).
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Figure 4.6  Determination of STAT1 primer efficiency and specificity

(a) the standard curve for STAT1, where the y-axis represents the threshold of cycle (Ct) value, and the
x-axis represents copy number of the positive control with slope:-3.409, R?:0.999, Eff%:96.498. (b) the
post-melt curve analysis, where a single peak typically represents a pure single amplicon.
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Figure 4.7  Determination of RSAD2 primer efficiency and specificity

(a) the standard curve for RSAD2, where the y-axis represents the threshold of cycle (Ct) value, and the
x-axis represents copy number of the positive control with slope:-3.429, R% 1.0, Eff%:95.718. The
lowest level of standard was not detectable and has been omitted (b) the post-melt curve analysis, where
a single peak typically represents a pure single amplicon.
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Figure 4.8  Determination of OAS1 primer efficiency and specificity

(a) the standard curve for OAS1, where the y-axis represents the threshold of cycle (Ct) value, and the
X-axis represents copy number of the positive control with slope:-3.445, R%0.998, Eff%:95.101. The
lowest level of standard was not detectable and has been omitted (b) the post-melt curve analysis, where
a single peak typically represents a pure single amplicon.
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Figure 4.9  Determination of IFIT1 primer efficiency and specificity

(a) the standard curve for IFIT1, where the y-axis represents the threshold of cycle (Ct) value, and the
x-axis represents copy number of the positive control with slope:-3.338, R?:0.999, Eff%:99.33. (b) the
post-melt curve analysis, where a single peak typically represents a pure single amplicon.
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Figure 4. 10 Determination of ISG15 primer efficiency and specificity

(a) the standard curve for ISG15, where the y-axis represents the threshold of cycle (Ct) value, and the
x-axis represents copy number of the positive control with slope:-3.572, R%:0.988, Eff%:90.53. (b) the
post-melt curve analysis, where a single peak typically represents a pure single amplicon.

65000.0
a. b. 3
f
33 Al
J 1l
|

| 55000.0
324

31
304
45000.0
204
284
271
35000.0
26 ]

Ccr

251

Derivative Reporter (-R)

244
25000.0

224

214
| 15000.0

204

5000.0

Quantity SEES -

850 700 750 80.0 850 0.0 5.0
Tm: 81.86
Temperature (°C)

Figure 4. 11 Determination of GAPDH primer efficiency and specificity

(a) the standard curve for GAPDH, where the y-axis represents the threshold of cycle (Ct) value, and
the x-axis represents copy number of the positive control with slope:-3.48, R?:0.998, Eff%:93.801; The
lowest level of standard was not detectable and had been omitted (b) the post-melt curve analysis, where
a single peak typically represents a pure single amplicon.
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Figure 4. 12 Determination of B2M primer efficiency and specificity

(a) the standard curve for B2M, where the y-axis represents the threshold of cycle (Ct) value, and the x-
axis represents copy number of the positive control with slope:-3.52, R?:0.997, Eff%:92.367. (b) the
post-melt curve analysis, where a single peak typically represents a pure single amplicon.

Table 4.7 Summary of the gene primers’ standard curve slope, R2 and efficiency values

Gene Slope R? Efficiency
STAT1 -3.409 0.999 96.5
RSAD2 -3.429 1.000 95.7
OAS1 -3.445 0.998 95.1
IFIT1 -3.338 0.999 99.3
ISG15 -3.572 0.988 90.5
GAPDH -3.480 0.998 93.8
B2M -3.520 0.997 92.4
C. Relative quantification of gene expression in complete and methyl depleted

conditions

In this experiment, the relative quantification (RQ) real-time PCR of gene expression was
examined in C4-11 cervical cancer cells. Each gene was normalised to the GAPDH and B2M
reference genes to eliminate any systematic errors due to differences between samples (an
internal control) and; C4-11 in complete medium (F+M+) was used as the positive control

condition.
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Figure 4.13 presents the effect of methyl donor depletion on STAT1 gene expression.
In the microarray studies (Chapter 3), STAT1 was significantly upregulated by 6.9-fold in
folate and methionine depleted medium (F-M-). The two-way ANOVA analysis confirmed that
there is a significant difference between methyl donor availability (P=0.0126) over the period
of eight days (P=0.0002), with significant interaction between methyl donor status and time
(P=0.0072). At day four, STAT1 was significantly upregulated, by 6.4-fold, in methionine
depletion (F+M-) (P=0.0356) and by 8.1-fold in folate and methionine depletion (F-M-)
(P=0.0078). STAT1 was also upregulated in folate depleted cells (F-M+) however, the
difference was not significant (P=0.9962). Contrary to the microarray findings, the quantitative
PCR analysis found that STAT1 was downregulated in all three methyl depleted conditions at
day eight. One-way ANOVA analysis also confirmed that there was no significant difference
between the control (F+M+) and any of the depleted conditions at day eight (P>0.05).
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Figure 4. 13 STAT1 expression in complete and depleted media

This figure shows STAT1 expression in complete medium (F+M+), folate depleted medium (F-M+),
methionine depleted medium (F+M-) and folate and methionine depleted medium (F-M-). Each value
shows mean of three-independent experiments and error bars show SEM.

* significantly different from control (F+M+), P<0.05; ** significantly different from control (F+M+),
P<0.01 (one-way ANOVA, Bonferroni’s post hoc test).

The effects of methyl donor depletion on RSAD2 gene expression are presented in
Figure 4.14. This gene was observed to be significantly upregulated in the microarray analysis
by 8.1fold (Chapter 3). In the quantitative PCR analysis, the two-way ANOVA analysis
confirmed that there is a significant difference between methyl donor status (P=0.0004),
however the gene expression was not significantly influenced by time (P=0.6586) or interaction
(P=0.6860). At day four, RSAD2 was significantly upregulated by 9.8-fold in methionine

depletion (F+M-) (P=0.0007), and by 12.0-fold in folate and methionine depletion (F-M-)
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(P=0.0001). However, there was no significant difference between RSAD2 gene expression in
complete (F+M+) and only folate depleted conditions (F-M+). Similarly, the RSAD2 expression
was upregulated at day eight by 11.3-fold with methionine depletion (F+M-) (P=0.0098) and
by 11.0-fold in both folate and methionine depletion (F-M-) (P=0.0090). Again, there was no
significant difference between RSAD2 gene expression in complete (F+M+) and only folate

depleted conditions (F-M+).
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Figure 4. 14 RSAD?2 expression in complete and depleted media

This figure shows RSAD2 expression in complete medium (F+M+), folate depleted medium (F-M+),
methionine depleted medium (F+M-) and folate and methionine depleted medium (F-M-). Each value
shows mean of three-independent experiments and error bars show SEM.

** significantly different from control (F+M+), P<0.01; *** significantly different from control
(F+M+), P<0.001 (one-way ANOVA, Bonferroni’s post hoc test).

Figure 4.15 presents the effect of methyl donor depletion on OAS1 gene expression.
This gene was observed to be significantly upregulated in the previous microarray analysis
(Chapter 3) by 7.0-fold, in combined folate and methionine depletion after eight days of
culture. The two-way ANOVA analysis confirmed that there is a significant difference between
methyl donor availability (P<0.0001) over the period of eight days (P=0.0176), with significant
interaction between methyl donor status and time (P=0.0149). At day four, OAS1 was most
affected by folate and methionine depletion (F-M-) (P=0.0002), associated with 10.1-fold
increase in expression. It was also upregulated by 7.1-fold in methionine depleted medium
(F+M-) (P=0.0030). At day eight, OAS1 expression was upregulated by 7.6-fold in methionine
depletion (F+M-) (P=0.0007), and by 4.7-fold in both folate and methionine depletion (F-M-)
(P=0.0227). Similar to the previous genes, there was no significant difference between OAS1

gene expression in complete (F+M+) and only folate depleted condition (F-M+).
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Figure 4. 15 OASL1 expression in complete and methyl depleted media

This figure shows OAS1 expression in complete medium (F+M+), folate depleted medium (F-M+),
methionine depleted medium (F+M-) and folate and methionine depleted medium (F-M-). Each value
shows mean of three-independent experiments and error bars show SEM.

* significantly different from control (F+M+), P<0.05; ** significantly different from control (F+M+),
P<0.01; *** significantly different from control (F+M+), P<0.001 (one-way ANOVA, Bonferroni’s post
hoc test).

The effects of methyl donor depletion on IFIT1 gene expression are presented in Figure
4.16. This gene was observed to be significantly upregulated in the microarray analysis by 12.1-
fold (Chapter 3). In the quantitative PCR analysis, the two-way ANOVA analysis confirmed
that there is a significant difference between methyl donor availability (P=0.0044) over the
period of eight days (P=0.0043), but there was no significant interaction between methyl donor
status and time (P=0.0978). At day four, IFIT1 was significantly upregulated by 7.2-fold
methionine only depletion (F+M-) (P=0.0222), and by 8.0-fold in folate and methionine
depletion (F-M-) (P=0.0115). The IFIT1 gene expression was upregulated at day eight by 4.9-
fold in methionine only depletion (F+M-) (P=0.0294) and by 4.8-fold in both folate and
methionine depletion (F-M-) (P=0.0312). Again, there was no difference between IFIT1 gene

expression in complete (F+M+) and only folate depleted condition (F-M+).

Figure 4.17 presents the effects of methyl donor depletion on ISG15 gene expression.
Microarray analysis (Chapter 3) found ISG15 to be significantly upregulated by 13.1-fold, in
folate and methionine depleted medium (F-M-). The two-way ANOVA analysis confirmed that
there is a significant difference between methyl donor status (P=0.0001), however the gene
expression was not significantly influenced by time (P=0.3587) or interaction (P=0.4540). At
day four, 1SG15 was significantly upregulated by 6.7-fold for methionine depleted medium
(F+M-) (P=0.0027) and, by 5.3-fold in depletion of both folate and methionine depletion (F-M-
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) (P=0.0150). Similarly, the ISG15 expression was upregulated at day eight by 8.5-fold in
methionine only depleted condition (F+M-) (P=0.0209) and by 8.4-fold in both folate and
methionine (F-M-) (P=0.0211). There was no significant difference between ISG15 gene

expression in complete (F_M+) and only folate depleted condition (F-M+).
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Figure 4. 16 IFIT1 expression in complete and methyl depleted media

This figure shows IFIT1 expression in complete medium (F+M+), folate depleted medium (F-M+),
methionine depleted medium (F+M-) and folate and methionine depleted medium (F-M-). Each value
shows mean of three-independent experiments and error bars show SEM.

* significantly different from control (F+M+), P<0.05 (one-way ANOVA, Bonferroni’s post hoc test).
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Figure 4. 17 1SG15 expression in complete and methyl depleted media

This figure shows ISG15 expression in complete medium (F+M+), folate depleted medium (F-M+),
methionine depleted medium (F+M-) and folate and methionine depleted medium (F-M-). Each value
shows mean of three-independent experiments and error bars show SEM.

* significantly different from control (F+M+), P<0.05; ** significantly different from control (F+M+),
P<0.01 (one-way ANOVA, Bonferroni’s post hoc test).
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45  Discussion

The bioinformatics analysis of the microarray datasets indicated an upregulation of genes
associated with antiviral response in folate and methionine depletion. Though microarray data
provides the opportunity for comparing whole genome profiling between samples, the quality
of gene expression data varies greatly with platform and procedures being used (Morey et al.,
2006). In addition, microarray may report false positives/negatives even with FDR correction
(Miron et al., 2006). In this study, the quantitative RT-PCR technique was used to further
investigate the gene expression results obtained from microarray analysis. In order to conduct
this experiment, the methyl donor depletion cancer cell model was first validated prior to gene
expression analysis. Three representations of methyl donor depletion were used; folate
depletion (F-M+), methionine depletion (F+M-) and folate and methionine depletion (F-M-).
DMEM media was customized to be made without folate, methionine and choline, and methyl
donor nutrients were added accordingly to achieve the required state of depletion. The presence
of folate and methionine in the growth serum being used together with the DMEM media, will
provide a minimal amount of these nutrients to the cells, maintaining some growth in the
depleted cells. The media and intracellular nutrient levels were assayed in order to confirm

deficiency.

4.5.1 Validation of cervical cancer cell model of methyl donor depletion

In order to validate the methyl donor depletion cervical cancer cell model, an experiment to
determine C4-11 cervical cancer cell growth, intracellular folate concentration, intracellular
methionine concentration and homocysteine concentration in complete and depleted media was

conducted.

a. Effect of methyl donor depletion on C4-11 cervical cancer cell growth

In the first part of the experiment where the effects of methyl donor depletion on cell growth
was measured, cells treated with complete and folate depleted media appeared to grow at a
similar rate up till day four, where the rate of growth in folate deprived cells started to decrease
with a significantly lower number of cells at day eight (Figure 4.2). In contrast, the number of
C4-11 cells in methionine, and folate and methionine depleted media appeared to be stagnant
throughout the culture period. A similar outcome was seen by Poomipark, who conducted a
similar experiment to determine the effects of methyl donor depletion on C4-I1 cervical cancer
cell growth (Poomipark, 2013; Poomipark et al., 2016). She had grown the C4-11 cervical cancer
cell line in Waymouth complete media, folate depleted media, and folate and methionine
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depleted media for 12 days. It was clearly seen that the cells grew at a similar rate up to day
four, regardless of the treatment they received. However, from day five onwards, cells grown
in the complete media grew at a faster rate compared to cells in folate or folate and methionine
depleted media. It was reported that the growth rate was significantly different for all three
treatments (P<0.001) and it was influenced by time and treatment (P<0.001). A significant
interaction was also detected between time and treatment (P<0.001).

When comparing cell growth of C4-11 cells in the current experiments to Poomipark,
cells grown in DMEM complete medium grow at a faster rate than cells grown in Waymouth
complete medium (doubling rate 54 vs 66 hours); possibly because of the nutritional differences
between the media (Table 4.5). DMEM folate depleted medium also appears to support cell
growth better than Waymouth folate depleted medium (doubling time 72 vs 87 hours); possibly
because DMEM folate depleted medium has a higher folate content (0.3-0.6 mg/L) than
Waymouth folate depleted medium (estimated <0.01mg/L). Contrarily, the deficiencies of both
folate and methionine caused a longer doubling time in DMEM (415 vs 122 hours); possibly
because DMEM methionine depleted medium has a lower methionine content (<1.45mg/L)
than Waymouth folate depleted medium (estimated ~3mg/L). Again, these differences could
also be due to other nutritional differences between DMEM and Waymouth medium

formulation.

An unpublished work from this department also found that the use of different media
can affect the growth of cells differently (Shafie, 2014). In this experiment, C4-Il cervical
cancer cells grown in three different standard media (Waymouth, DMEM and RPMI) for 14
days demonstrated doubling times of 57, 26 and 33 hours respectively. The same study also
measured the growth of C4-I1 cells in folate and methionine depleted RPMI medium compared
to complete Waymouth and DMEM medium. It appears that all the C4-11 cells followed linear
a growth curve from day 0 to 6, after which the cells started to grow exponentially in all media
except RPMI depleted medium. The doubling time for cells grown in RPMI depleted media
was 247 hours, compared to 415 hours in the current study and 122 hours in Poomipark’s study.
Additionally, it has been demonstrated that in DMEM medium, a depletion of methyl donors
(folate and methionine) to 5% or less of standard levels is required to significantly affect the
doubling time of C4-11 cells (Shafie, 2014); while a depletion to 25% or 50% of standard levels
did not significantly affect C4-11 cell growth. Furthermore, a measurement of MTT (3-(4, 5-
dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) reported that a depletion to 25% or

50% of standard levels did not significantly affect cell proliferation as compared to the depletion
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of less than 5% of standard levels. Besides the medium used, other study had also indicated that
the growth of cells can also differ depending on cell passage number and investigator laboratory
expertise (Kwist et al., 2016).

There are other depletion models of methyl donor nutrients in cancer cells that have
been developed at different levels of depletion. The effect of folate depletion appears to be
conditional upon types of cells being used as well as the severity of folate depletion (Kim,
2005). In a more recent study, two head and neck squamous cell carcinoma (HNSCC) cell lines,
UD-SCC2 (HPV-16-positive) and UPCI-SCC72 (HPV-negative) cells were cultured in
complete RPMI medium as well as; at different levels of folate, methionine and choline
depletion for eight days (0%, 5%, 10% and 40% of complete methyl donor concentrations). The
methyl donors for the depleted cells were gradually reduced during the first four days of culture
(Hearnden et al., 2018). Both cell lines reported a significant dose-dependent reduction in cell
number (P<0.001) after seven days of culture, though UPCI-SCC72 was more susceptible to
methyl donor depletion. The doubling time for cells grown in complete medium was 39 hours,
but 86 hours for cells with 90% methyl donor depletion, 124 hours for 95% depletion and 741
hours for 100% depletion. They conclude that with methyl donor depletion, there was a
significant reduction in proliferation and migratory capacity. In addition, there was an
upregulation of genes associated with apoptosis and an increasing level of apoptosis, suggesting

that a methyl donor deficient diet may significantly affect the growth of established HNSCC.

Evidence shows that severe deficiencies of folate and/or methionine would impair cell
growth, and this was also observed in this study. Folate does not only provide methyl donors to
the one carbon cycle for the methylation process, but it is also essential for DNA synthesis and
repair by providing 5,10-methylene tetrahydrofolate to convert uracil into thymine (Grant et al.,
2002). Thus, its deficiency inhibits DNA synthesis and cell proliferation, while increasing DNA
damage (Duthie et al., 2008). Furthermore, methionine an essential amino acid that cannot be
synthesized by animals, plays an important role in the synthesis of virtually all eukaryotic
proteins (Brosnan & Brosnan, 2006). The depletion of methyl donor nutrients results in low
levels of S-adenosylmethionine (SAM), and this could lead to cell cycle arrest, primarily at the
G1 phase of the cell cycle, as has previously been reported in human and murine B cells with
reduced levels of methionine and SAM (Lin et al., 2014). Consequently, methionine deficiency
has been found to suppress cell proliferation rates and affects cell differentiation in various cell
lines (Castellano et al., 2017; Saito et al., 2017). Inhibition of cell proliferation was also found

in methionine deficient neuroblastoma, where the cells were arrested at the G2 phase of the cell
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cycle (Hu & Cheung, 2009; Hoffman et al., 2019). In the current study, only cell viability data
based on cell count was recorded. An additional analysis to determine cell proliferation rate in
the current study might provide a more accurate and comprehensive data on the effect of methyl
donor depletion in C4-I1 cell growth.

The role that folate plays in DNA synthesis and cell division is well understood and this
Is the basis for the use of anti-folate drugs in cancer treatment. A decrease in methyl donor
availability is expected to lead to a fall in cell proliferation and this is what was observed in this
study. Compared to folate, evidence on methionine is limited. However, it is suggested that
normal cells can synthesize sufficient methionine for growth requirements from homocysteine,
5-methyltetrahydrofolate and vitamin Bi2 via the methionine cycle, thus they are relatively
resistant to exogenous methionine restriction. However, many cancer-cell types require
exogenous methionine for survival (Chaturvedi et al., 2018), thus it could explain the severe
growth retardation in methionine-deficient C4-I1 cervical cancer cells observed in this study.
Additionally, recent studies are currently exploring the effect of dietary methionine restriction
as an enhancer to the effect of cancer chemotherapy regimen in metastatic cancer (Thivat et al.,
2007; Durando et al., 2010), melanoma, and glioma (Thivat et al., 2007). Methionine restriction
has been reported to be effective against carcinomas (Birnbaum et al., 1957), and has led to the
inhibition of colonic tumour growth (Komninou et al., 2006) and prostatic intraepithelial

neoplasia (Sinha et al., 2014), in preclinical studies using rat models.

b. Effect of methyl donor nutrient depletion on intracellular folate, intracellular
methionine and homocysteine concentrations

In this study, the depletion of folate and/or methionine leads to a significant reduction in
intracellular folate and methionine concentrations at day four of culture, with a significant
elevation of extracellular homocysteine at day eight, thus confirming the disturbance to the
methyl cycle caused by methyl donor depletion (Nakano et al., 2005; Poomipark, 2013;
Poomipark et al., 2016; Hearnden et al., 2018).

Similar to this study, Poomipark et al. reported that with folate, or folate and methionine
depletion, the level of intracellular folate concentration in C4-11 cells was significantly reduced
by 90% at day four of culture; with a decreasing trend from day 8 to 12 of culture (Figure 4.3)
(Poomipark et al., 2016). There was a significant difference between folate availability
(P<0.0001) over the period of 12 days (P<0.001), with significant interaction between folate

status and time (P<0.001). At day four, the intracellular folate concentration in complete
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medium (F+M+) was 2 pmol/10° cells, whilst folate depleted medium (F-M+ and F-M-) had
concentrations of 0.1 — 0.3 pmol/10°® cells. In this study, the overall concentration of
intracellular folate was much higher with 2.5 — 3.4 pmol/10° cells for folate depleted conditions
(F-M+ and F-M-); and 32.3 pmol/10° cells in complete medium. As mentioned above, this is
possibly because DMEM complete and folate depleted medium have a higher folate content
(5.6-5.7 mg/L and 0.3-0.6 mg/L, respectively) than in Waymouth medium (0.4mg/L and
<0.01mg/L, respectively).

A significant reduction of intracellular methionine concentration was also detected in
C4-11 cells when the media was depleted of both folate and methionine, with a significant
difference between methionine depletion treatment (P=0.001) over the period of 12 days
(P=0.05) (Figure 4.4) (Poomipark et al., 2016). The intracellular methionine concentration of
folate and methionine deprived cells fell to 100 pmol/10° cells at day four of culture as
compared to cells grown in complete medium, which reported a concentration of 300 pmol/10°
cells. In this study, there was a lower intracellular concentration of methionine overall, with 55
— 64 pmol/10° cells in methionine depleted cells (F+M- and F-M-) and 222 pmol/10° cells in
complete medium. As mentioned above, this is possibly because DMEM complete and
methionine depleted medium has a lower methionine content (30 mg/L and <1.45 mg/L,
respectively) than in Waymouth medium (45mg/L and ~3 mg/L, respectively).

Consistent with this study, an elevated extracellular homocysteine was also reported
with a significant effect of time (P<0.001) and methyl donor depletion treatment (P<0.001),
with significant interaction between treatment and time (P<0.001) (Figure 4.5) (Poomipark et
al., 2016). Both folate depletion, and folate and methionine depletion showed a significant
increase of extracellular homocysteine at day 12, while only folate depletion showed a
significant difference at day eight of culture, when compared to the cells grown in complete
medium. Contrarily, this study reported a significant increase in extracellular homocysteine for
all methyl depleted conditions at day eight. This is possibly due to other nutritional differences
between the medium used, especially the presence of other methyl donor nutrients such as

choline.

The in vitro cancer cell model of methyl donor depletion developed by Hearnden and
colleagues using the UD-SCC2 HNSCC cell line containing HPV-16 referred to above, found
an elevated concentration of extracellular homocysteine, measured using HPLC, in 95% methyl

donor depleted condition after three days of culture (Hearnden et al. 2018). At day seven, the
123



difference between homocysteine concentrations in complete medium and depleted medium
reached a statistical significance (P<0.05). Comparing cells grown in complete and depleted
media, intracellular methionine was reduced at day three of culture and a significant difference
(p<0.05) was detected at day seven of culture. A similar trend was observed for intracellular

choline and betaine.

There are studies of the effects of folate and methionine depletion in other cancer and
non-cancer cell models. A study of isolated human umbilical vein endothelial cells (HUVECS)
grown in different folate (0 to 0.4 mg/L) or methionine (at 0, 15 mg/L or 30 mg/L) medium
concentrations in order to investigate the role of homocysteine in atherosclerosis reported that
folate deficiency leads to increased homocysteine export, with strong negative correlation
between intracellular folate and extracellular homocysteine concentrations (R=-0.71, P<0.005)
(Nakano et al., 2005). A higher methionine concentration in the medium was also found to

further exacerbate the impact of folate depletion on homocysteine export.

Similar to the current study, intracellular folate concentration of NIH/3T3 mouse
fibroblast cells and CHO-K1 Chinese hamster ovary cells fell significantly by 91% and 94%
respectively, when grown in folate depleted medium for 12 days (Stempak et al., 2005). In the
same study, two human colon adenocarcinoma cell lines, HCT116 and Caco-2 grown in folate
depleted RPMI medium for 20 days also showed significant reductions in intracellular folate
concentrations of 88% and 98%, respectively. These cells were grown in either RPMI medium
containing 0 (depleted) or 0.9 mg/L (complete) folic acid. Folate depleted cells were still able
to grow, but at a significantly slower rate than cells in complete medium. In another study, the
effect of long-term folate depletion on a prostate cancer cell line derived from transgenic
adenoma of the mouse prostate (TRAMP) demonstrates that folate depletion (0.04mg/L)
significantly reduced intracellular folate concentration by 50 to 60% after 20 population
doublings, with less than 10ng/5 x 10° cells as compared to complete cells (20-70ng/5 x 10°
cells) (Bistulfi et al., 2010). As in other studies, folate depleted cells still grew, but at a
significantly slower rate than cells in complete medium. It has been suggested that folate
deficiency may trigger an increase in the expression of folate receptor genes as a compensatory
mechanism, which in turn supports minimal cell growth (Kelemen, 2006).

This study has shown that C4-11 cervical cancer cells grown in folate and /or methionine
depleted DMEM medium had exhibit disruption of the methyl cycle, characterized by elevated

extracellular homocysteine concentrations. The folate concentration in folate depleted media
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was reported to be (0.3 — 0.6 mg/L) compared to medium with folate (5.6 — 5.7 mg/L). The
methionine concentration in methionine depleted media was reported to be (<1.45 mg/L)
compared to the medium with methionine (27 — 29 mg/L). In comparison with Poomipark’s,
this model appears to represent a more severe methionine depletion than folate. However, the
depletion of these methyl donor nutrients presented an appropriate level of intracellular methyl

donor nutrient depletion for the determination of associated differences in gene expression.

4.5.2 Effect of methyl donor depletion on the expression of interferon-stimulated genes
In this study, the expression of four IFN-stimulated genes (ISGs) i.e. RASD2, OAS1, IFIT1 and
ISG15 as well as STATL in C4-11 cervical cancer cells grown in complete and methyl depleted
medium were determined using quantitative RT-PCR. C4-1I cells grown in methionine depleted
medium (F+M- and F-M-) showed a significant upregulation of all ISGs at day four and eight
of culture (Figure 4.13 to Figure 4.17). On the other hand, STAT1 was significantly
upregulated at day four but was downregulated in all three methyl depleted conditions at day

eight.

Events such as persistent viral infection increases IFNs production, initiating a
signalling cascade through the Janus kinase signal transducer and activator of transcription
(JAK-STAT) pathway (Sadler & Williams, 2008). Figure 4.18 shows stimulation of ISGs by
type 1 IFN signalling pathway in the event of a viral infection. It is suggested that the
suppression of type 1 IFN signalling may help developing tumours evade the critical early step
of immune recognition and clearance (Schneider et al., 2014).

Radical S-adenosyl methioninine domain-containing 2 (RSAD2), also known as viperin
(virus inhibitory protein, endoplasmatic reticulum associated, or IFN inducible) is an antiviral
protein gene (Helbig & Beard, 2014); where its function also depends upon S-
adenosylmethionine (SAM) availability (Feld et al., 2011). RSAD?2 is stimulated by type I, II
and Il interferons (IFN), double-stranded DNA analogs, RNA analogs, and by infection with
many RNA and DNA viruses (Nasr et al., 2012). An overexpression of this gene is associated
with an increased apoptosis in response to CD40 ligation in HPV-infected epithelial cervical
cells (Tummers etal., 2014). CD40 is a cell surface receptor that belongs to the tumour necrosis
factor-R (TNF-R) that acts as a molecular signal in adaptive immune response (Elgueta et al.,
2009). It is also suggested that RSAD2 may function as a signal for innate antiviral immunity
pathways by stimulating CD-40 ligand-mediated induction of the NF-kB; a key regulator of
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inflammatory immune response involved in regulating cytokine production, in carcinoma cells
(Moschonas et al., 2012). However, the suppression of viruses by RSAD2 may be dependent on
its activity as a radical S-adenosylmethionine (SAM) enzyme (Duschene & Broderick, 2010;
Shaveta et al., 2010). SAM has been shown to improve IFN signalling and antiviral defence, as
it participates in many methylation reactions, such as STAT1-DNA binding leading to an
increase in IFN activity (Bing et al., 2014). This suggests that methyl donor availability may be
critical for the expression of RSAD2 and mutations in SAM domains, as DNA methylation
triggered by methyl donor status might affect both cancer-protecting genes and the HPV

genome, as the disease progresses.
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Figure 4. 18 Type 1 interferon signalling pathway involved in antiviral immunity

In the event of viral infection, IFNs production increases and binds with receptor IFNAR1 and IFNARZ2,
activating a signalling cascade through the Janus kinase signal transducer and activator of transcription
(JAK-STAT) pathway via JAK1 and TYK?2 kinases. This leads to phosphorylation of STAT1 and STAT2.
Together with IFN regulatory factor 9 (IRF9), the STAT heterodimer forms IFN-stimulated transcription
factor (ISGF3). Once this complex arrives in the nucleus, it induces the IFN-stimulated genes (ISG)
from interferon-stimulated response element (ISRE) to order to mediate antiviral response. This figure
was adapted from (Sadler & Williams, 2008).

Oligoadenylate-synthase 1 (OAS1) is also an antiviral gene involved in the detection of

foreign RNA, that can precipitate indiscriminate cleavage of both host and viral RNA and the
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production of additional pathogen-associated molecular patterns (PAMPS), which reinforce the
innate immune response (Sadler & Williams, 2008). OAS1 has been found to catalyse the
synthesis of 2’-5’-linked oligomers of adenosine from ATP, which specifically activate the
latent form of RNaseL leading to RNA degradation (Maia et al., 2016). Changes to the OAS1
gene have been associated with various diseases, caused by viral infections. For example, the
polymorphism of OAS1 leads to susceptibility of SARS disease and progression (Hamano et
al., 2005). It has been reported that the downregulation of OAS1 expression is significantly
correlated with poor pathologic differentiation, lymph node metastasis, distant metastasis, and
advanced TNM stages of colorectal cancer (Kuang et al., 2017). Furthermore, it is suggested
that the low level of OASL1 in breast and prostate cancer disrupts the OAS1/RNaseL apoptosis
pathway (Maia et al., 2016).

Tetratricopeptide repeats 1 protein (IFIT1) inhibits virus replication by binding and
regulating the functions of cellular and viral proteins and RNAs (Fensterl & Sen, 2015). IFIT1
inhibits the replication of viruses by competing with the viral DNA binding sites, preventing
the translation of viral mMRNA. In the context of IFIT1 gene expression and cancer, an
association of the downregulation of IFIT1 gene expression is reported in ovarian cancer, where
it is associated with a progression and poor cancer prognosis (Gyorffy et al., 2008). On the other
hand, IFIT1 was also upregulated in various cancers including colorectal, gastric and
oesophageal, where it is associated with a progression and poor cancer prognosis (Yu et al.,
2015; Borg et al., 2016). Recently, a study to determine the mechanism and clinical significance
of IFIT1 and IFIT3 expression on oral squamous cell carcinoma (OSCC) cells associated the
overexpression of IFIT1 with increased cell proliferation and invasive activity (Pidugu et al.,
2019b). They also reported significantly higher percentages of advanced tumour stage, lymph
node metastasis, perineural invasion, lymphovascular invasion, and extranodal extension in
patients with tumour elevated IFIT1. OSCC patients with high IFIT1 levels showed a
significantly lower 5-year survival rate than those with lower IFIT1 levels.

Interferon stimulated gene 15 (ISG15) is part of ubiquitin-like pathway that
modulates the function of numerous protein targets. The expression of this gene is associated
with the regulation of type 1 IFN and activation of Natural Killer (NK) cells, both of which
are important mediators of tumour immunity (Liang et al., 2014). 1SG15 has been found to
suppress tumour growth both by increasing the number of infiltrating NK cells, and
enhancing major histocompatibility complex (MHC) class | expression in breast cancer cells

(Burks et al., 2015). However, several studies have reported elevated 1SG15 levels in various
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cancer cells including breast, oral squamous cell and endometrium (Desai et al., 2006; Bektas
et al., 2008; Laljee et al., 2013). There is also an association of ISG15 in hepatocellular
carcinoma (HCC) with increased tumour grades, increases metastases and reduced survival

rates suggesting its potential to promote tumour growth (Li et al., 2014).

Besides the ISGs, the signal transducer and activator of transcription 1 (STAT 1) gene
is also a crucial component of IFN signalling, mediating cellular responses towards cytokines
and other growth factors (Zhang & Liu, 2017). The STAT1 protein is a functional transcription
factor that facilitates crosstalk between signal transduction pathways; involved in activation of
specific genes such as interferon regulatory factor 1 (IRF1) and antigen peptide transporter 1
(TAP1) (Ramana et al., 2000). STAT1 plays an important role in biological processes of normal
cells such as cell death promotion, cell growth inhibition, immune system stimulation and cell
differentiation regulation (Zhang & Liu, 2017). A deficiency of STAT1 has been found to impair
TNF-o/p response, resulting in lethal viral disease in patients with mutated STAT1 alleles
(Dupuis et al., 2003; Jouanguy et al., 2007). This suggests that the impairment of STAT1

increases the susceptibility to viral disease by disrupting the STAT1-dependent responses.

In the context of cancer, STAT1 plays a crucial role as a tumour suppressor, through its
capacity to induce the immune system and promote tumour immune surveillance (Koromilas &
Sexl, 2013). Studies have reported a downregulation of STATL in various cancer cells including
lung, colorectal, gastric and oesophageal (Chen et al., 2015; Zhang et al., 2014; Zhang et al.,
2017), while an increase of STAT1 expression in patients with breast and gastrointestinal
cancers has been associated with a better cancer prognosis (Widschwendter et al., 2002; Deng
et al., 2012). Several mechanisms for STAT1 tumour suppressor function have been proposed,
including promoting apoptosis and cell cycle arrest, improving immune-surveillance and
reducing metastasis and angiogenesis (Zhang & Liu, 2017). However, an elevated STAT1
expression appears to worsen the clinical outcome of some cancers and several studies have
highlighted the oncogenic potential of STAT1 (Duarte et al., 2012; Magkou et al., 2012), with
aberrant expression of this gene identified in breast and, head and neck cancers (Buettner et al.,
2002; Greenwood et al., 2012). In this study, differing results have been yielded regarding
STAT1 expression in methyl depleted conditions. In the microarray analysis, STAT1 was
significantly upregulated in the absence of folate and methionine. Contrarily, quantitative RT-
PCR analysis of STAT1 gene expression did not indicate a significant difference between
complete and methyl depleted medium. This could possibly be due to the limitation of the

microarray method being used, where a false positive/negative might be reported even with
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FDR correction (Miron et al., 2006). Additionally, the quantitative RT-PCR gives a better idea
of the true effect size of the regulation of a particular gene and/or compare the expression of
different genes; where microarray is hybridization based and therefore the orders of magnitude

are limited.

The IFN-induced genes play a critical role during viral infection through their ability to
mediate antiviral activities. However, due to the conflicting findings regarding some of these
genes, it is difficult to conclude if their functions promote tumour suppression or growth.
Additionally, a number of ISGs also participate in cell growth regulation and apoptosis process,
where the severe depletion of methyl donor might led to the upregulation of these genes
(Kalvakolanu, 2000). More extensive work and experimental study needs to be conducted in
order to validate the mechanistic nature of these 1SGs and its functional impact in host defence
and immune function. Nonetheless, in this study, the ISGs RASD2, OAS1, IFIT1 and 1SG15
were found to be significantly upregulated with folate and methionine depletion in the
microarray analysis, and this was validated by quantitative RT-PCR analysis. This suggests a
potentially important role of methyl donor nutrients in regulating IFN-stimulated genes in

cervical cells, especially during the initial phase of HPV viral infection.

4.6 Summary

In this chapter, it has been observed that depletion of folate, methionine or both nutrients have
significantly reduced the growth rate of C4-I1 cervical cancer cells, with a greater effect from
the deficit of methionine than folate. The C4-Il cervical cancer cell model of methyl donor
depletion was validated by a significant reduction of intracellular folate concentration in folate
depleted media (F-M+ and F-M-) and a significant reduction of intracellular methionine
concentration with methionine depletion (F+M- and F-M-) at both day four and eight of culture.
The elevated extracellular homocysteine at day eight of culture also indicates a functional
depletion of methyl donors. Similar to the microarray analysis, all IFN-stimulated genes
(RSAD2, OAS1, IFIT1, ISG15) showed a significant upregulation in the folate and methionine
depleted condition after eight days of culture. In addition, it demonstrated that methionine
depletion affects the expression of these genes in a similar manner. In contrast, the absence of
folate did not cause a significant alteration to the gene expression. This study highlights the
regulatory functions of methyl donor nutrients on IFN-stimulated gene expression associated
with antiviral immunity and also the importance of methionine as a methyl donor in the

regulation of gene expression.
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CHAPTER 5

EFFECT OF METHYL DONOR DEPLETION ON CYTOKINE PRODUCTION IN
THE HUMAN THP-1 MONOCYTIC CELL LINE

5.1 Introduction

Persistent infection of the cervix with HR-HPV has been reported as a necessary causative
factor for development of cervical cancer (zur Hausen, 2009; Okunade, 2020), however, HPV
infections usually resolve spontaneously, without causing symptoms or illness (Farzaneh et al.,
2006; Ferlay et al., 2015). Nonetheless, a small proportion of high-risk HPV infections may
persist and progress to pre-cancerous intraepithelial lesions and cervical cancer (Nagai et al.,
2001; Laniewski et al., 2020). The fact that several women infected with HPV never develop
cervical cancer indicates that HPV is a necessary factor, but not a sufficient cause for the
carcinogenesis. Studies have reported that other variables, such as immune response, genetic
predisposition and environmental, are involved in the increased risk for cervical carcinoma
(Castellsagué et al., 2002; Tamandani et al., 2009; Mayadev et al., 2018). Cellular immunity is
necessary for clearing HPV-infected and HPV-transformed tumour cells, where HPV infection
abrogates initial steps of the innate immune system, involving Toll-like receptor signalling and
cytokine synthesis and secretion. Although some viral infections elicit strong host immune
responses and are consequently eliminated, HPV have been reported to effectively evade such
immune recognition, thereby allowing the establishment of persistent viral infection (Stanley
& Sterling, 2014).

Several tissue cell types of the immune system secrete cytokines, which are small
polypeptides or proteins that have pleotropic functions at the local tissue level or occasionally
at systemic level (Paradkar et al., 2014). Cytokines function synergistically and control the
growth, differentiation or activation of different cell types. Cytokines are essential in defending
against HPV infection, and act through cytokine receptors on the cell membrane or soluble
plasma or tissue fluid receptors. Initially, cytokines were only considered as the immune
system’s messenger molecules whose function was to guide leucocytes to the inflammation
sites. Recent literature however, has shown that when dysregulated, cytokines have been
associated with most neoplastic tissues and they may even have a role in malignant
transformation, proliferation, survival, angiogenesis, invasion and metastasis. Now almost 50
cytokines have been identified and some of these or their receptors are significantly altered in

carcinogenesis and metastasis of cervical cancer. However, the association and mechanism
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between cytokine production and the development of cervical neoplasia is controversial and
poorly understood, as in-depth knowledge about the natural history of the HPV life cycle, the
specific host immune response and other factors including experimental conditions are still
lacking (Otani et al., 2019).

Several cytokines have been identified to play an important role in modulating the
immune responses against HPV infection and may contribute to the progression of cervical
cancer (Paradkar et al., 2014). Cytokine activation is presumed to occur shortly after
establishment of HPV infection, leading to mucosal expression of candidate antiviral (INF-a),
type-1 (IFN-y and IL-12), regulatory (IL-10), and proinflammatory (IL-1a, 1L-1B, IL-6, IL-8,
MIP1-0, and TNF-a) cytokines (Scott et al., 2013). These cytokines help to modulate viral
replication and polarize the immune response to a Th1 (cellular) or Th2 (humoral) pattern.
Classically, Thl-type cytokines generate immune-stimulating responses, where the
production of interleukin (IL)-2 and interferon gamma (IFN-y) have been associated with the
clearance of HPV infection and regression of cervical intraepithelial neoplasia (CIN), while
tumour necrosis factor alpha (TNF-a) is known to have antiviral properties (Bleotu et al., 2013;
Torres-Poveda et al., 2016). They mainly induce cell mediated immunity and work as tumour
suppressing cytokines. In contrast, Th2-type cytokines are immuno-inhibitory, and include IL-
4, IL-5, IL-6, IL-8, and IL-10 for cell mediated immunity and primarily induce humoral
immunity (Bais et al., 2007); where an excess Th2 response may counteract Thl-mediated
actions, leading to HPV persistence and progression of squamous intraepithelial lesion (SIL)
(Wang et al., 2018).

It has been reported that HPV positive patients with CIN experience a pronounced
shift from Thl cytokine production to Th2 cytokine production, which suggests that the
cytokine response to HPV infection influences the disease outcome (Conesa-Zamora, 2013).
Additionally, Peghini et al. also reported that immunostimulatory signals (Th1 cytokine profile)
are hampered whereas proinflammatory and immunosuppressor signals (Th2 cytokine profile)
are stimulated in cervical cancer (Peghini et al., 2012). Th1 cytokinesi.e. IL-1 (IL1-RN and IL-
1B), TNF-a, interferon, are potent activators of cell-mediated immunity that may precede HPV
clearance, while Th2 cytokines i.e. IL-4, IL-6, IL-10 and TNF- impair the immune response,
leading to an inefficient virus elimination and chronic infection (Torres-Poveda et al., 2014).
Furthermore, alteration in cytokine production has been observed in cervical pre-cancer and
cancer stages, where some of these alterations could be specifically associated with HPV-

related carcinogenesis. It is reported that the cytokine response in peripheral monocyte blood
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culture differs significantly in the presence or absence of high-risk strains of HPV (Bais et al.,
2007). They also found that the amount of cytokines differed based on the degree of neoplasia.
On the other hand, several studies have also reported that increased levels of Thl-type
cytokines, including TNF-a and IL-1p, have been associated with persistent HPV infection and
metastasis (Mota et al., 1999; zur Hausen, 2002; Bailey et al., 2014). It has been suggested that
whilst Thl cytokines are crucial for inducing an adequate anti-tumour immune response,
continuous expression of Thl cytokines can promote the chronic inflammatory process which
causes generation of reactive oxygen and nitrogen species (Paradkar et al., 2014). These

changes induce DNA damage and make the cells susceptible to neoplasia.

Tumour necrosis factor-o (TNF-a) is a multifunctional cytokine produced by monocytes
and macrophages and plays an important role in promoting inflammatory response, cell
proliferation, and inducing apoptosis (Das et al., 2018). It is a polypeptide that directly kills or
inhibits tumour cells and plays an important role in the development and progression of tumours
and is an important proinflammatory cytokine. The loss of TNF-a could lead to immune-
surveillance failure, thus leading to HPV infection related cervical cancer development. In a
study conducted among 75 cervical cancer cases, 25 CIN cases, and 50 healthy female controls;
the gradient downregulation of TNF-o correlated with progression of the disease from
normal/CIN/cervical cancer (Das et al., 2018). However, TNF-a has contradictory roles in the
evolution and treatment of malignant disease (Balkwill, 2002). TNF-a selectively destroys
tumour blood vessels with powerful anti-tumour actions when locally administered in high
doses. In contrast, TNF-a. may act as an endogenous tumour promoter when chronically
produced, contributing to tissue remodelling and stromal development necessary for tumour
growth and spread. Additionally, whilst the role of TNF-a. in orchestrating an antitumor immune
response against HPV expressing cervical cancer cells has been reported, results involving
different study populations belonging to different ethnicity and pathological types are equivocal
and inconclusive (Basile et al., 2001; Tjiong et al., 2001; Das et al., 2018).

TNF-a expression is influenced by multiple pro-inflammatory and inflammatory
cytokines such as IFN-y and NF-kf which are the most important. Interferon gamma (IFN-y)
induces TNF-a production through promoter-dependent transcription (Vila-del Sol et al., 2008).
IFN-y produced by naive Th cells contributes to antitumor activity and has both direct toxic
effect on cancer cells and antiangiogenic activity (Ramanakumar et al., 2010). Besides this,
recent works using in vitro systems reported that TNF-a induction is dependent of nuclear

factor-kappa B (NF-kp) activation and expression (Wu et al., 2016). Being the central key pro-
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inflammatory molecule, the role of NF-kf in immune modulation and carcinogenicity has been
established, though with conflicting results on its function as protector or promoter of cancer
carcinogenesis (Pikarsky & Ben-Neriah, 2006). NF-«f expression has been shown to be
upregulated in cervical cancer (Prusty et al., 2005; Pallavi et al., 2015). Additionally, SNPs in
the promoter region of the TNF-a gene were strongly associated with altered levels of gene
expression and consequently, have been associated with susceptibility to HPV infection and
cervical cancer (Duarte et al., 2005). Therefore, the negative or positive side of the deregulation
of TNF-a expression in the pathogenesis of HPV linked cervical carcinogenesis requires a

critical evaluation of other cofounding variables.

Another important group of cytokines that play an important role in modulating the
immune responses against HPV infection is the interleukin-1 (IL-1) family (IL-1a and IL-1pB)
which are mediators of acute inflammation. Both, IL-1a and IL-1p have pro-inflammatory
characteristics that induce the production of other inflammatory molecules (Paradkar et al.,
2014). However, conflicting effects of IL-1B in terms of tumour development have been
observed. Due to the induction of type 1 and type 17 antigen-specific T cell responses, IL-1
exerts anti-tumorigenic effects (Bent et al., 2018). Contrarily, IL-1f within the tumour
microenvironment can promote carcinogenesis, tumour growth, and metastasis by different key
mechanisms such as driving chronic non-resolved inflammation, endothelial cell activation,
tumour angiogenesis, and the induction of immune-suppressive cells. Clinically, a correlation
between high levels of IL-1p and worsening prognosis in cancer patients was observed, where
studies have reported that high levels of IL-1a/f in plasma and cervicovaginal secretions of
women with CIN and cervical cancer (Qian et al., 2010). Similar to TNF-a, the impact of IL-
1B deregulation in the pathogenesis of HPV-linked cervical carcinogenesis requires a critical

evaluation of other cofounding factors.

As stated earlier, in addition to HR-HPV infection, other variables such as immune
response may contribute towards increased risk of cervical carcinoma. In Chapter 4, it was
found that methionine and folate deficiency alter the expression of genes associated with host
defence and immune response. The B vitamins including folate are involved in many functions
but work predominantly as co-factors to enzymes involved in energy metabolism and the
synthesis of organic molecules. Folate in particular, acts as a one carbon donor in nucleotide
synthesis and DNA methylation, and through this function may play an essential role for the
immune system (Depeint et al., 2006; Elmadfa & Meyer, 2019). Folate deficiency has been

reported to have a negative effect on certain immune functions. In a study conducted using
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PHA-activated human T lymphocytes, folate depletion was found to reduced proliferation of T
lymphocytes and CD8(+), whilst folate repletion of folate-deficient cells rapidly restored T
lymphocyte CD8(+) proliferation (Courtemanche et al., 2004). Folate deficiency was also
associated with reduced maturation of dendritic cells, lower secretion of IL-12, TNF-o, IL-6
and IL-1p by dendritic-stimulated cells with LPS, and impaired differentiation of CD4+ T
lymphocytes. The secretion of cytokines inducing the development of Thl was also reduced
(Wu et al., 2017). On the other hand, oral high-dose administration of folic acid (160 pg/d to
10 mg/d) reduced the inflammatory response in mice with allergic dermatitis by suppressing T
cell proliferation and the secretion of the proinflammatory and Th2 cytokines I1L-4, IL-5, IL-9,
IL-13, IL-17, IL-33; TNFa and TSLP in a dose-dependent manner (Makino et al., 2019).

Whereas, in a human study conducted among 105 healthy postmenopausal women,
dietary and supplemental intakes of folate and folic acid in relation to an index of immune
function, natural killer cell (NK) cytotoxicity were determined; and among women with a diet
low in folate (< 233 pg/d), those who used folic acid-containing supplements had significantly
greater NK cytotoxicity (P =0.01) (Troen et al., 2006). However, those who consumed a folate-
rich diet, and in addition were taking folic acid supplements of > 400 ug/d had reduced NK
cytotoxicity compared with those consuming a low-folate diet and no supplements (P = 0.02).
This conflicting result could be due to the presence of unmetabolized folic acid in plasma, where
unmetabolized folic acid was detected in 78% of plasma samples. This study also found an
inverse relation between the presence of unmetabolized folic acid in plasma and NK
cytotoxicity. This inverse relation was stronger among women 60 years or older and more
pronounced with increasing unmetabolized folic acid concentrations (P-trend = 0.002). This
indicates that in addition to folate or folic acid intake, there are other variables which may

influence the effect of this nutrient towards immune responses.

In contrast, the role of methionine in the immune system via it function as one carbon
cycle is less studied. However, in a recent study by Roy et. al, methionine has been identified
as a key nutrient affecting epigenetic reprogramming in CD4+ T helper (Th) cells (Roy et al.,
2020). It is reported that methionine is rapidly taken up by activated T cells and serves as the
major substrate for biosynthesis of the universal methyl donor S-adenosyl-L-methionine
(SAM), where dietary methionine is required to maintain intracellular SAM pools in T cells.
Methionine restriction reduced histone H3K4 methylation (H3K4me3) at the promoter regions
of key genes involved in Th17 cell proliferation and cytokine production. In their mouse model

of multiple sclerosis, dietary methionine restriction reduced the expansion of pathogenic Th17
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cells in vivo, leading to reduced T cell-mediated neuroinflammation and disease onset. In
another study, SAM has been suggested as an essential metabolite for inflammatory
macrophages, where high a SAM:SAH ratio supports histone H3 lysine 36 trimethylation for
IL-1pB production (Yu et al., 2019).

In order to explore the effect of methyl donor nutrient depletion directly on the immune
system, the THP-1 cell line was used as the cell model for methyl donor nutrient depletion in
this pilot study. THP-1 cells have been widely used as an in vitro model of human monocytes
and macrophages in the study of inflammation-related immune responses (Daigneault et al.,
2010; Chanput et al., 2014). Several studies have compared THP-1 cells with peripheral blood
mononuclear cell (PBMC)-derived macrophages, and found that both exhibit similar
morphological and functional properties (Daigneault et al., 2010; Mehta et al., 2010;
Schroecksnadel et al., 2011). Therefore, THP-1 derived macrophages could be a suitable
alternative for PBMC-derived macrophages in terms of cytokine production, cell morphology
and macrophage surface markers. However, studies have also identified that the type of
reagents used during the differentiation protocol affects the macrophage phenotype. Among the
differentiation reagents, phorbol-12-myristate 13-acetate (PMA) has been observed to be most
effective in obtaining THP-1 derived macrophages that are similar to PBMC-derived
macrophages (Chanput et al., 2012; Bastiaan-Net et al., 2013; Chanput et al., 2013). A study
comparing the effect of THP-1 cell differentiation using 1,25-dihydroxyvitamin Dz (VDs3) or
PMA with PBMC monocytes-derived macrophages on cell morphology and adhesion, surface
markers expression and phagocytic activity found differences between these groups
(Daigneault et al., 2010). However, a THP-1 differentiation protocol using 200 nM of PMA for
3 days, followed by 5 days of rest in a culture media without PMA developed THP-1 derived
macrophages that closely resembled PBMC monocytes-derived macrophages. In a more recent
study, a modified differentiation protocol with 20 ng/ml PMA and at least 48 hours incubation
have been shown to enhance macrophage differentiation of THP-1 cells without induced cell
death with a viability of 92.2% (Biriken et al., 2018).

Additionally, in this study, the THP-1 cells were adapted to DMEM medium. Changes
were made with the medium as there was no cost-effective commercial sources of a basal RPMI
medium at the point when the study was conducted, which excludes key methyl donor nutrients
without some residue of these nutrients being present; while it was possible to obtain a basal
DMEM medium that was fully modifiable.
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5.2  Hypothesis and Aim

It is hypothesized that folate and/or methionine depletion will alter the production of cytokines
in THP-1 derived macrophages. In order to test this hypothesis, the objective of this experiment
is to determine the effect of methyl donor nutrient depletion on cytokine production in

differentiated macrophages, derived from the THP-1 cell line.

5.3 Methods

5.3.1 Cell resuscitation

The THP-1 cells from liquid nitrogen were partially submerged in the water bath at 37°C to
allow them to thaw. Cells were then transferred into a new centrifuge tube containing 5 mL of
pre-warmed RPMI medium. The suspension was centrifuged at 1000 rpm for 5 minutes, at room
temperature. The supernatant was discarded and the cells were re-suspended in 5 mL of pre-
warmed RPMI medium. Then 20 pL of cell suspension was added to 20 uL of trypan blue in a
microfuge tube for cell counting. Cells were counted using an automated cell counter. The
number of total cells, live cells and cell viability (%) were recorded. Cells were seeded at 2 x
10° cells/mL, in 20 mL of pre-warmed RPMI medium. Cells were then incubated at 37°C and

5% carbon dioxide.

5.3.2 Cell subculture

THP-1 cells were observed under the microscope to assess the degree of confluency as well as
signs of contamination. The cell suspension was transferred into a 50 mL falcon tube and
centrifuged at 1000 rpm for 5 minutes, at room temperature. Then, 20 pL of cell suspension
was added to 20 pL of trypan blue in a microfuge tube for cell counting. Cells were counted
using an automated cell counter. The number of total cells, live cells and cell viability (%) were
recorded. Cells were seeded at 2 x 10° cells/mL, in 20 mL of pre-warmed RPMI medium. Cells
were then incubated at 37°C and 5% carbon dioxide. The cells were sub-cultured every three

days to maintain optimal cell growth.

5.3.3 Differentiation of THP-1 cell and sample collection

THP-1 cells were resuscitated, cultured and maintained as described in section 5.3.1 and 5.3.2.
Prior to setting up the experiment, the THP-1 cells that were initially cultured in RPMI medium
were gradually adapted to the complete DMEM medium for a total of five passages with the
following ratios of DMEM to RPMI: 50:50, 75:25, 87.5:12.5 and 100:0. At passage 19, the
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THP-1 cell suspension was transferred into a 50 mL falcon tube and centrifuged at 1000 rpm
for 5 minutes to pellet the cells. The cells were then re-suspended in 5 mL of 10% FBS in
DPBS. Then, 20 pL of cell suspension was added to 20 pL of trypan blue for cell counting.
Cells were counted using an automated cell counter. The numbers of total cells, live cells and
cell viability (%) were recorded. Then 2 mL of fresh pre-warmed DMEM medium was pipetted
into a 12-well plate and cells were seeded at 8 x 10° cells/well. The cells were seeded in four
different DMEM media with three biological replicates: complete media (F+M+), folate
depleted (F-M+), methionine depleted, (F+M-) and folate and methionine depleted media (F-
M-).

In order to differentiate THP-1 cells into macrophages, cells were stimulated with
200nM of phorbol-12-myristate 13-acetate (PMA), followed by incubation at 37°C and 5%
carbon dioxide for 3 days, where the newly formed macrophages will adhere to the surface of
the well plate (Daigneault et al., 2010). The PMA-containing medium was replaced with fresh
pre-warmed complete and depleted media, and the THP-1 derived macrophages were further
incubated for 5 days. These cells were then stimulated with 10ng/ml of ultra-pure LPS for 20
hours in the incubator, to stimulate cytokine production. The spent media was collected and
centrifuged at 10 000 x g for 10 minutes at 4°C. The supernatants were transferred into new
tubes and stored as aliquots in -80°C. The experimental design of this study is summarized in
Figure 5.1.

5.3.4 Determination of TNF-a concentration

The concentration of TNF-a in THP-1 samples were determined using the Quantikine ELISA
Kit by R & D System, following the protocol provided by the manufacturer. Additionally, the
Quantikine Immunoassay Control Group 1 by R & D Systems was used as the quantitative

control in this experiment, where its concentration is known.

The TNF-a standard was reconstituted with 1.5 mL of distilled water to produce a stock
solution at 10 000 pg/mL. The stock solution was allowed to sit for 15 minutes with gentle
agitation prior to making 2-fold serial dilutions for 8 points, in order to generate a standard
curve for result interpretation. The controls (Quantikine Immunoassay Control Group 1) were
reconstituted by adding 2 mL of distilled water to each control vial and mixed thoroughly by
vortex. Frozen THP-1 samples (from section 5.3.3) were thawed and centrifuged at 10 000 x g

for 10 minutes at 4°C prior to use. Excess microplate strips were removed and 50 pL of Assay

137



Diluent RD1F was added to each well, followed by 200 uL of standards, controls or samples in
duplicate. The plate was covered with adhesive strip and incubated for 2 hours at room
temperature. Then, each well was aspirated completely and washed with 400 uL of Wash Buffer
for 3 times. In the next step, 200 pL of Human TNF-o Conjugate was added to each well,
covered with a new adhesive strip and incubated for 1 hour at room temperature. Again, each
well was aspirated completely and washed with 400 pL of Wash Buffer 3 times. Then, 200 pL
of Substrate Solution was added to each well. After 20 minutes of incubation at room
temperature, 50 pL of Stop Solution was immediately added into each well, where the colour
should change from blue to yellow. The optical density (OD) of each well was determined

within 30 minutes, using a microplate reader set to 450 nm and 540 nm.

THP-1 cells ~Or O~ o8 0O
+ +
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1 l | 1
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|
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Figure5.1  Effect of methyl donor depletion on cytokines production workflow
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The average OD readings for each TNF-a standard, control and THP-1 sample
duplicates were calculated and subtracted with the average zero standard OD readings. In order
to correct for any optical imperfections in the plate, the readings were then corrected by
subtracting the average OD readings at 450 nm with average OD readings at 540 nm. A
linearized standard curve was constructed by plotting the log of the TNF-a concentration versus
the log of the TNF-a standard OD. The best fit line was determined with linear regression using
GraphPad Prism software. The sample and control results were interpolated from the generated

standard curve.

5.3.5 Determination of IL-1p concentration

The concentration of IL-1p in THP-1 samples were measured using the Quantikine ELISA Kit
by R & D Systems, following the protocol provided by the manufacturer. Additionally, the
Quantikine Immunoassay Control Group 1 by R & D Systems was used as the quantitative

control in this experiment, where its concentration is known.

The IL-1p standard was reconstituted with 1.5 mL of distilled water to produce a stock
solution at 250 pg/mL. The stock solution was allowed to sit for 15 minutes with gentle agitation
prior to making 2-fold serial dilutions for 8 points in order to generate a standard curve for
result interpretation. The controls (Quantikine Immunoassay Control Group 1) were
reconstituted by adding 1.5 mL of distilled water to each control vial and mixed thoroughly by
vortex. Frozen THP-1 samples (from section 5.3.3) were thawed and centrifuged at 10 000 x g
for 10 minutes at 4°C prior to use. Excess microplate strips were removed and 200 pL of
standards, controls or samples were pipetted into the wells in duplicate. The plate was covered
with adhesive strip and incubated for 2 hours at room temperature. Then, each well was
aspirated completely and washed with 400 uL of Wash Buffer for 3 times. In the next step, 200
pL of Human IL-1B Conjugate was added to each well, covered with a new adhesive strip and
incubated for 1 hour at room temperature. Again, each well was aspirated completely and
washed with 400 pL of Wash Buffer 3 times. Then, 200 pL of Substrate Solution was added to
each well. After 20 minutes of incubation at room temperature, 50 pL of Stop Solution was
immediately added into each well, where the colour should change from blue to yellow. The
optical density (OD) of each well was determined within 30 minutes, using a microplate reader
set to 450 nm and 540 nm.
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The average OD readings for each IL-1p standard, control and THP-1 sample duplicates
were calculated and subtracted with the average zero standard OD readings. In order to correct
for any optical imperfections in the plate, the readings were then corrected by subtracting the
average OD readings at 450 nm with average OD readings at 540 nm. A linearized standard
curve was constructed by plotting the log of the IL-1B concentration versus the log of the
standard OD. The best fit line was determined with linear regression using GraphPad Prism
software. The sample and control results were interpolated from the standard curve.

5.3.6 Statistical analysis

Statistical analysis was conducted using GraphPad Prism 7. Three independent experiments
were carried out and expressed as mean £ SEM. One-way ANOVA was used to determine the
effect of methyl donor depletion on outcome variables, followed by Bonferroni’s post hoc test.
P-value <0.05 was considered to be significant for all statistical analysis.

54  Results

5.4.1 Effect of methyl donor depletion on TNF-a production

Based on the corrected optical density (OD) readings for TNF-a standards, a linearized standard
curve was constructed by plotting the log of the TNF-a concentration versus the log of the
standard OD. The best fit line was determined with linear regression using GraphPad Prism

software (Figure 5.2).
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Figure 5.2  TNF-a standard curve

The standard curve R? = 0.9997; y = 0.001574 (x) + 0.007557
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The sample and control results were interpolated from the standard curve. Table 5.1
shows the concentration of TNF-a in the controls provided by Quantikine. All controls were
within the acceptable range. Figure 5.3 shows the concentration of TNF-a produced by
differentiated macrophages that were grown in complete and depleted media, after 20 hours of
LPS stimulation. Results showed that the concentration of TNF-o was highest in macrophages
cultured in complete media (F+M+) with an average reading of 592pg/ml. The folate depleted
macrophage (F-M+) reported the lowest reading where the TNF-o concentration was
significantly reduced by almost 50% (321pg/ml) as compared to the macrophages grown in
complete media (P=0.0002). Similarly, macrophages grown in methionine depleted (F+M-) and
folate and methionine depleted media (F-M-) also showed a significant reduction of TNF-a
concentration, with average readings of 349pg/ml (P=0.0004) and 366pg/ml (P=0.0007),
respectively. Clearly, the deficiency of either folate, methionine or both nutrients significantly

reduced the production of TNF-o by THP-1 derived macrophages.

Table 5. 1 TNF-a Quantikine immunoassay control concentration

TNF-a concentration (pg/mL)
Acceptable range (x3SD)* Result

Immunoassay control group 1

Low 68-128 82
Medium 230-388 293
High 467-765 544

*Acceptable range determined by Quantikine Immunoassay Control Group 1 protocol by R & D
Systems
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Figure 5.3  The effect of methyl donor depletion on TNF-a concentration in THP-1 derived
macrophages

This figure shows the TNF-a concentrations of THP-1 derived macrophages grown in complete medium
(F+M+), folate depleted medium (F-M+), methionine depleted medium (F+M-) and folate and
methionine depleted medium (F-M-). Each value shows mean of three-independent experiments and
error bars show SEM.

* significantly different from control (F+M+), P < 0.001 (one-way ANOVA, Bonferroni’s post hoc test).
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5.4.2 Effect of methyl donor depletion on IL-1p production

Based on the corrected optical density (OD) readings for IL-1p standards, a linearized standard
curve was constructed by plotting the log of the IL-1B concentration versus the log of the
standard OD. The best fit line was determined with linear regression using GraphPad Prism
software (Figure 5.4). The sample and control results were interpolated from the standard
curve. Table 5.2 shows the concentration of the IL-1p in the controls provided by Quantikine.
All the controls were within the acceptable range.
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Figure5.4  IL-1 standard curve

The standard curve R? = 0.9941; y = 0.005867 (x) + 0.02921

Table 5. 2 IL-1B Quantikine immunoassay control concentration

IL-1p concentration (pg/mL)
Acceptable range (x3SD)* Result

Immunoassay control group 1

Low 10-35 18
Medium 44-74 58
High 85-153 116

*Acceptable range determined by Quantikine Immunoassay Control Group 1 protocol by R & D
Systems

Figure 5.5 shows the concentration of IL-1p produced by differentiated macrophages
grown in standard and depleted media, after 20 hours of LPS stimulation. Results show that the
concentration of IL-1p is significantly reduced in folate and/or methionine depletion as
compared to those grown in complete medium. The folate and methionine depleted macrophage
(F-M-) showed the lowest IL-1p concentration (47pg/ml) as compared to the macrophages
grown in complete medium (F+M+) (251pg/ml) (P<0.0001). Similarly, macrophages grown in
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only methionine depleted media (F+M-) also showed a reduction of IL-1p concentration of
almost 80%, with an average reading of 51pg/ml (P<0.0001). Macrophages grown in folate
depleted media (F-M+) also showed a significant decrease (P<0.0001), though the average
reading is higher (193pg/ml) compared to macrophages in other depleted conditions. This
finding indicates that the production IL-1 by THP-1 derived macrophages are significantly

affected especially in methionine depleted or combined folate-and-methionine depleted
conditions.
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Figure 5.5  The effect of methyl donor depletion on IL-1p concentration in THP-1 derived
macrophages

This figure shows the IL-1p concentrations of THP-1 derived macrophages grown in complete medium
(F+M+), folate depleted medium (F-M+), methionine depleted medium (F+M-) and folate and

methionine depleted medium (F-M-). Each value shows mean of three-independent experiments and
error bars show SEM.

* significantly different from control (F+M+), P < 0.0001 (one-way ANOVA, Bonferroni’s post hoc
test).

5.5  Discussion

Monocytes and macrophages produce cytokines in response to different stimuli, such LPS
(Laskin & Pendino, 1995). The proinflammatory molecules released by macrophages in the
inflamed regions orchestrate the enhancement of monocyte recruitment from blood to tissue.
Recruited monocytes differentiate into macrophages to continue the inflammatory response
(Shi & Pamer, 2011). Due to this, THP-1 cells have been widely used as an in vitro model of
human monocytes and macrophages in the study of inflammation-related immune responses
(Daigneault et al., 2010; Chanput et al., 2014). Several studies have compared THP-1 cells with
peripheral blood mononuclear cell (PBMC)-derived macrophages, and found that both exhibit

similar morphological and functional properties (Daigneault et al., 2010; Mehta et al., 2010;
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Schroecksnadel et al., 2011). Therefore, THP-1 derived macrophages could be a suitable
alternative for PBMC-derived macrophages in terms of cytokine production, cell morphology
and macrophage surface markers. In this study, it was found that combined folate and
methionine deficiency might be associated with dysregulation of several genes associated with
host defence mechanisms and immune response. In order to investigate the impact of methyl
donor nutrient depletion on immune response, the THP-1 derived macrophages were cultured
in complete and methyl depleted media, and cytokine production was assayed after LPS
stimulation. The objective was to investigate the effect of folate, methionine or combined folate
and methionine depletion on the production of two key inflammatory cytokines, TNF-o and IL-
1B, that have been associated have been associated with persistent HPV infection and metastasis
(Mota et al., 1999; zur Hausen, 2002; Bailey et al., 2014).

A deficiency of folate, methionine or combined folate and methionine has been
demonstrated to significantly reduce the production of TNF-a and IL-1p cytokines in THP-1
derived macrophages. There are limited data that measures the impact of methyl donor
depletion on the production of cytokines. However, recent study has reported that methyl donor
availability might alter LPS-induced inflammatory response in human THP-1 monocyte or
macrophage cells. In a study conducted by Samblas et al., they reported that folic acid and
choline decreased the CCL2 mRNA levels; whilst a mixture of folic acid, choline and vitamin
B1> reduced CD40 expression, but increased SERPINEL expression (Samblas et al., 2018).
Additionally, folic acid, choline and vitamin B2 also increased methylation levels in CpGs
located in IL1B, SERPINEL and 1L18 genes. Both current and previous finding highlights the
potential of methyl donor nutrient regulatory functions in immune response towards external

stimuli.

In accordance with this study, other studies have reported a correlation between
cytokine dysregulation and the incidence of cervical neoplasia, as well as advancement from
pre-cancer (LSIL, HSIL) to tumour development, invasion and metastasis. These studies have
shown that predominantly Th2-type cytokines (as compared to Thl-type cytokines) being
produced in a number of cancers. A study to investigate the mRNA expression of 20 different
cytokines in 10 different cervical cancer cell lines (i.e. SiHa, HeLa, CaSki and 5 other primary
cell lines obtained from cervical cancer patients) as well as 3 normal cervical epithelial cells;
and based on RT-PCR and Southern blotting analysis discovered that both normal and
cancerous cells produce TGF-B, 1IL-4, 1L-12, p35 and IL15. However, TNF-a, IL-10 and
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RANTES were only present in normal cell lines (Hazelbag et al., 2001). Another study
compared the cytokine profiles of 90 patients with advanced cervical cancer and healthy
controls, including between pre- and post-neoadjuvant chemo-radiation treatment. PBMC was
isolated from participants’ blood samples, and cytokine levels were measured after stimulation
with phytohemagglutinin (Sharma et al., 2009). Prior to treatment, cancer patients showed
significantly lower Th1-type cytokine (IL-2 and IFN-y) and higher Th2-type cytokine (IL-4 and
IL-10) levels, as compared to healthy controls. However, after completing the chemo-radiation
treatment, these patients showed a significant increase in both IL-2 and IFN-y, which remained
significant during follow-up. Previous studies have also reported that excessive production of
Th2-type cytokines inhibits the function of T lymphocytes, which recognize tumour cells (Hung
etal., 1998; Lin & Karin, 2007; Swann & Smyth, 2007). These cytokines suppress class | and
Il major histocompatibility complex (MHC) molecules, thus impairing tumour antigen

presentation to CD8" CTL and to CD4"-dependent antigen presentation.

Tumour necrosis factor alpha (TNF-a) are pro-inflammatory cytokines that are mainly
derived from macrophages and they are involved in a range of biological activities. Higher
levels of expression are associated with the HPV persistence and the development of HPV-
related cancers (Aggarwal et al., 2006; Scott et al., 2013). It has been observed that elevated
TNF-a concentrations due to pathological conditions is associated with malignancy, whilst
moderate secretion of this cytokine is necessary for cell protection and disease prevention via
the regulation on immune response (Zuo et al., 2011). In this study, there is a significant
reduction of TNF-a concentration in methyl donor depleted conditions, suggesting that the
depletion of these nutrients directly impacts pro-inflammatory responses towards external
stimuli, thus could influence the development and progression of cervical cancer through

modulation of infectivity of HPV.

Interleukin-1 beta (IL-1B) plays an important role in the development of cancer,
participating in the interleukin-1 (IL-1) signalling pathways that initiate the polarization of
CD4+ T cells, activating Thl and Th17 cells. IL-1p, as one of the cytokines from the IL-1
family, is considered crucial in resolving acute inflammation by activating its adaptive anti-
tumour response. On the other hand, this cytokine has also been observed to support
carcinogenesis in chronic inflammation, which is the case in HPV infection. In addition, I1L-1
produced in the tumour microenvironment, mostly by tumour-infiltrating macrophages, has

been found to induce the development of tumour and metastasis (Bent et al., 2018).
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Several studies have found that subjects with higher plasma IL-1p levels are at a higher
risk of cancer, whilst cancer patients with high IL-1p expression have a worse prognosis than
those without (Lewis et al., 2006; Landvik et al., 2009; Qian et al., 2010). It has been reported
that IL-1B encourages tumour cell invasion, angiogenesis and inhibits the host immune response
(Saijo et al., 2002; Song et al., 2003). In breast cancer cells, IL-1p has been reported to combine
with the oestrogen receptor (ER)o causing transcriptional activation (Speirs et al., 1999).
Moreover, IL-1p has not only been found to mediate adhesion and invasion, it can also activate
the NF-xB and ERK signalling pathways which encourages resistance to chemotherapy in
pancreatic cancer cells (Kate et al., 2006; Angst et al., 2008). It has been observed that this
cytokine can also impair antiviral activity via interferon and the activation of STAT1 in the liver
and modulate immune responses in hepatitis virus related hepatocellular carcinoma (Tian et al.,
2000; Tanaka et al., 2003). In this study, the deficiency of folate, methionine or both methyl
donors significantly reduced the production of IL-1f. Again, this suggests that a depletion of
methyl donor nutrients directly impacts the innate immune system, which could influence the
development and progression of cervical cancer through modulation of infectivity of HPV.

The THP-1 cell model has been widely used in studies as it is able to demonstrate or
mimic the human in vivo immune response, however is does not truly represent the effect of
cervical tissue responses towards external stimuli. A known limitation of the use of cell lines
in research is the difference to the natural environment, however previous studies have found
that LPS mimics the inflammatory environment when added to THP-1 (Ahmad et al., 2018).
Despite this, direct extrapolation to human disease is not possible because more
proinflammatory molecules and more than one cell type are involved in the human body

response towards external stimuli.

Other important limitation to note is that this experiment was conducted on the
assumption that the cell model of methyl donor depletion using THP-1 would be applicable and
the measurements of the cell growth and viability in different media condition as well as folate,
methionine and homocysteine concentration have not been undertaken. Previous study has
reported that methyl donors did not affect THP-1 cell viability (Samblas et al., 2018). However,
compared to Samblas et al., this study had cultured THP-1 cells in DMEM media instead of
RPMI as recommended by the ATCC. Thus, an additional analysis on THP-1 cell viability and
proliferation rate in the DMEM as well as in presence of folate and/or methionine depletion
may provide a better understanding on whether the difference in the amount of cytokines

produced between the standard and depleted conditions is due to the depletion of these nutrients
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at cellular levels or simply caused by cells poor viability in the depleted conditions or the change
in type of media. Ideally, with more time and funding, a more comprehensive cytokine profile,
that represents both Th-1 and Th-2 type cytokine responses towards external stimuli in methyl
donor depleted conditions, could provide a more in-depth understanding on the effect of methyl
donor deficiency on immune response. Nonetheless, regardless of these limitations, methyl
donor nutrients modulation significantly altered the production of cytokine, highlighting
potential regulatory functions of methyl donor nutrients in the immune response mechanism,

and subsequently on cervical cancer risk and progression.

5.6 Summary

A deficiency of folate, methionine or combined folate-and-methionine has been demonstrated
in this study to significantly reduce the production of cytokines in THP-1 derived macrophages.
This additional investigation demonstrates that cytokine production in the humoral immune
system is also affected by methyl donor nutrient depletion. Cytokine production is down-
regulated in conditions of scarcity, therefore for an appropriate immune response there is a need
for adequate methyl donor nutrient availability. The impact of this decrease in cytokine
production in methyl donor nutrient depleted conditions on cervical cancer progression needs
to be considered in the context of similar alterations in gene regulation within cervical epithelial
cells as demonstrated in Chapter 3. In the context of cervical cancer risk and progression, it is
not yet possible to confirm whether the depletion of these nutrients is beneficial or detrimental

and this would require further investigation.
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CHAPTER 6

EFFECT OF METHYL DONOR DEPLETION ON METHYLATION PROFILING

6.1 Introduction

Numerous clinical, epidemiological and molecular studies have shown that persistent infection
with high-risk HPV genotypes is an indispensable, but not sufficient prerequisite for the
development of cervical cancer (Laniewski et al., 2020; Da Silva et al., 2021). This suggests
that the cervical carcinogenesis process triggered by HPV infection depends on other associated
risk factors, including environmental and/or other factors the cells may experience, creating a
conducive local microenvironment for malignant transformation. Dysregulation of both viral
and host gene expression due to viral DNA integration into the cell's genome, as well as
epigenetic modifications are crucial events in the carcinogenic process. This includes epigenetic
changes such as DNA methylation, histone modification and gene silencing (Ramassone et al.,
2018).

Alterations in DNA methylation, an epigenetic mechanism crucial for regulating gene
transcription has been demonstrated in cervical cancer and its precursors (Duefias-Gonzalez et
al., 2005; Szalmas & Konya, 2009). Aberrant DNA methylation has been detected in numerous
cancers, consisting of two main features; global DNA hypomethylation, with local DNA
hypermethylation (Jones & Baylin, 2007; Kanwal & Gupta, 2012). In the intergenic regions
and repetitive sequences of the human genome, CpG sites are sparse and mostly methylated.
The hypomethylation of CpG sites in this area may resulted in genomic instability and loss of
gene imprinting, which could eventually lead to the development of neoplastic cells (Kulis et
al., 2013). On the other hand, gene promoters are rich in CpG sites, that are sometimes densely
packed to form CpG islands. Normally, these CpG islands are not methylated, thus allowing
transcription to occur, resulting in the expression of genes. Methylation at the CpG islands
inhibits transcription binding factors to DNA, stopping the transcription process and ultimately
suppressing the expression of genes. Aberrant hypermethylation of these CpG sites may silence
the expression of genes that are crucial for cell homeostasis, DNA integrity or genome stability,
and is associated with cancer development and progression (Bakshi et al., 2018). Several studies
have shown that cervical cancer frequently displays global DNA hypomethylation, though
compared to hypermethylation, the literature is quite limited (Kim et al., 1994; Fowler et al.,
1998; Shuangshoti et al., 2007). Besides that, a cross-sectional study conducted among 308

women having normal cervix with different degrees of CIN severity found that global DNA
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hypomethylation is higher in women with invasive cervical cancer than all other groups
(P<0.05), whilst CDH1, DAPK, and HIC1 tumour suppressor genes showed a significantly
higher frequency of promoter methylation with progressively more severe cervical neoplasia
(P<0.05) (Flatley et al., 2009).

The hypermethylation of genes that are essential in maintaining cellular processes have
been reported in cervical carcinoma, and may occurs independently of HPV infection status
(Szalmas & Konya, 2009; Wentzensen et al., 2009). Evidently, DNA hypermethylation that
occurs in cancer cells seems to target tumour suppressor genes explicitly, silencing these genes
which results in growth selection and uncontrolled cell proliferation. Examples include the
hypermethylation of FHIT, a gene involved in cell cycle regulation and apoptosis (Ki et al.,
2008); DAPK, a gene involved in apoptosis (Yang et al., 2010); RARS2, a gene involved in the
signalling pathway for cell growth suppression (Jha et al., 2010); APC, a tumour suppressor
protein involved in the Wnt/pcatenin pathway (Dong et al., 2001); p73, a gene involved in cell
cycle regulation and apoptosis (Liu et al., 2004) and MGMT, a DNA repair protein that protects
human genome against mutation (Kim et al., 2010). Additionally, hypermethylation of CCNAL,
a gene associated with regulation of cell cycle, has been reported in HSIL (36.6%) and invasive
cancer (93.3%) (Kitkumthorn et al., 2006; Yang et al., 2010). A decline in CADML1 gene
expression has been reported in in high grade CIN and squamous cell carcinoma, where a
severity of cervical dysplasia is correlated with a higher number of methylated genes (Overmeer
et al., 2008), whilst hypermethylation of E-Cadherin promoter has been reported in 89% of
invasive cancer, 26% in CIN 111 and none in normal tissues (Shivapurkar et al., 2007).

In a more recent study, Clarke et al. performed DNA methylation profiling on 50
formalin-fixed, paraffin-embedded tissue specimens from women with benign HPV-16
infection and histologically confirmed CIN3, and cancer (Clarke et al., 2017). This study
reported that ADCYAP1, ASCL1, CADM1, DCC, ATP10, DBC1, HS3T2, MOS, SOX1, SX17
and TMEFF2 genes showed higher levels of methylation when compared to healthy controls.
A study by Kremer et al. also reported hypermethylation levels of ASCL1, LHX8,
and ST6GALNACS, where DNA hypermethylation increased with the severity of cervical
cancer (Kremer et al., 2018). Moreover, Verlaat et al. showed that DNA methylation usually
occurs at the pre-tumorigenic stage and reaches the highest level after tumorigenesis induced
by HR-HPV (Verlaat et al., 2018). In a bioinformatic study conducted using available gene
expression profile and methylation profile in GEO database, it was reported that in cervical

cancer samples, hypomethylated and highly expressed genes were significantly enriched in cell
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cycle and autophagy. On the other hand, hypermethylated and lowly expressed genes were
found in estrogen receptor pathway and Wnt/B-catenin signalling pathway, where ESRI,
EPB41L3, EDNRB, ID4 and PLACS8 were the hub genes (Ma et al., 2020).

DNA methylation involves the addition of methyl groups by S-adenosylmethionine
(SAM) to cytosine residues; a biological process that depends on the availability of methyl
groups and accordingly the function of methyl donors and acceptors (Ducker & Rabinowitz,
2017; Mahmoud & Ali, 2019). The production of SAM, which is generated from methionine,
partly depends on the availability of methyl-donor nutrients from diet. In addition to
methionine, other methyl donor nutrients include folate and vitamin Bi2, which participate in
the generation of methionine via the methionine— synthase pathway, and choline and betaine,

which are substrates in the betaine:homocysteine methyltransferase pathway.

Methyl donor nutrients availability has been shown to modify DNA methylation either
globally or at specific CpG sites by inducing the formation of methyl donors, acting as
coenzymes, or modifying DNMT enzymatic activity (Mahmoud & Ali, 2019; Ghazi et al.,
2020). In a study conducted by our department previously, combined folate and methionine
depletion of C4-11 cervical cancer cells has led to a significant downregulation of DNMT3a and
DNMT3b, which was associated with an 18% reduction in global DNA methylation compared
with controls (Poomipark et al., 2016). Low folate status was also associated with HR-HPV
infection (P=0.031) and with a diagnosis of CIN or invasive cervical cancer (P<0.05) (Flatley
et al., 2009). In another long-term prospective follow up study, higher folate status has been
reported to provide a protective effect against the natural history of HR-HPV (Piyathilake et
al., 2004). Several other studies have also associated folate intake with lower risk of colorectal
and prostate cancer (Giovannucci et al., 1993; Su & Arab, 2001; Giovannucci, 2002; Stevens
et al., 2006); and folate supplementation has been found to modify the DNA methylation status
to provide a protective effect against diseases including cancer (Keyes et al., 2007; Wallace et
al., 2010; Cartron et al., 2012). However, there are studies that reported conflicting results (Song
et al., 2000; Kotsopoulos et al., 2008; Qin et al., 2013; Gylling et al., 2014), indicating that the
mechanisms associated with folate effect on DNA methylation are more complex than
previously thought and confounded by other dietary, genetic, or tissue-related factors. Thus, a
genome wide methylation array which investigates thousands of CpG sites simultaneously
could provide a better understanding of the interaction between DNA methylation and folate

availability.
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In addition to folate, methionine that serves as a precursor of SAM is an integral part of
DNA methylation (Mahmoud & Ali, 2019). However, there are limited and inconsistencies in
the evidence on dietary methionine status and its effect on DNA methylation, especially in
human studies. This could be due to the cyclical nature of the SAM-SAH cycle, where excessive
methionine might inhibit the re-methylation of homocysteine, thus disrupting the one-carbon
cycle and negatively impacting DNA methylation (Regina et al., 1993). Furthermore, there are
inconsistencies in the epidemiological findings on the protective effect of dietary methionine
against cancer (Zhou et al., 2013), where a high intake of methionine has been associated with
increased risk of cancer (Vidal et al., 2012), with dietary methionine restriction currently being
studied as an enhancer for chemotherapy treatment in metastatic cancer (Thivat et al., 2007,
Durando et al., 2010). On the other hand, a meta-analysis to determine the association of
vitamin Bs, vitamin B12 and methionine with breast cancer risk found that methionine intake
might be inversely associated with breast cancer risk, especially among post-menopausal
women (Wu et al., 2013). They reported that the combined relative risk of breast cancer for the
highest versus lowest category of dietary methionine intake was (RR=0.94, 95%CI1=0.89-0.99,
P=0.03). They also reported a linear dose-response relationship, where the risk of breast cancer
decreased by 4% (P=0.05) for every 1 g per day increment in dietary methionine intake.
Additionally, conflicting results regarding the effect of methionine availability on DNA
hypermethylation/nypomethylation and cancer risk/progression have been reported in several
animal studies, indicating other cofounding dietary, genetic and tissue-related factors (Uekawa
et al., 2009; Amaral et al., 2011; Miousse et al., 2017). Data on methionine status and cervical
cancer is even more scarce. Based on these findings, much more information is needed in order

to determine the direction of the association between dietary methionine and cancer risk.

As above, the literature suggests that methyl donor nutrients have the capacity to
modulate genes related to cervical carcinogenesis via an effect on DNA methylation. However,
little is known with regards to the impact of these nutrients’ availability, especially methionine
on DNA methylation profile of cervical cancers. Most studies to date have only identified the
presence of aberrant DNA methylation in cervical cancer, or the effect of methyl donor
availability in other cancers. Using high-throughput technologies, there are opportunities to
provide a comprehensive view of DNA methylation pattern. To the researcher’s knowledge,
this is the first study that profile a genome-wide DNA methylation in cervical cancer, in order
to explore the impact of methyl donor depletion on DNA methylation profiles. In addition to
three methyl donor depleted conditions used in the previous chapters (F-M+, F+M- and F-M-),

the C4-11 cells were also grown in 5% folate and methionine repleted media (F+M+5%). Based
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on unpublished work in the department, it has been demonstrated that a depletion of folate and
methionine to 5% or less of standard levels is required to significantly affect the doubling time
of C4-I1 cells (Shafie, 2014), where the doubling time for C4-I1 cells in complete media is 29.2
hours, 31.2 hours at 50% depletion, 30.1 hours at 75% depletion and 66.6 hours at 95%
depletion of methionine and folate. The rationale for including the M+F+5% was to determine
the impact of 5% repletion on DNA methylation profile; if there was a differential effect on
DNA methylation pattern compared with the observed impact on cell division in Shafie’s data.

6.2  Hypothesis and aim

It is hypothesized that folate and/or methionine depletion will alter the methylation profile of

C4-11 cervical cancer cells. In order to test this hypothesis, three objectives were generated:

I. to investigate how the availability of folate and methionine impacts globally and
specifically on DNA methylation in a C4-11 cervical cancer cell model of methyl donor
depletion by methylation profiling.

ii. to identify functions and pathways from the methylation profile, that are affected by
methyl donor nutrient depletion using a bioinformatics approach.

iii. to determine the effect of methyl donor nutrient depletion on the methylation status of
selected genes using methylation specific PCR.

6.3 Methods

6.3.1 C4-11 sample preparation for methylation profiling

The C4-11 cells were rejuvenated in complete medium and were sub-cultured for a total of three
passages before being utilised for this experiment as describe in section 4.3.2 and section 4.3.3.
At passage 119, the C4-11 cells were grown at a starting density of 1 x 10° cells in each T75
flask. The maximum amount of starting material was 2 x 107 cells; therefore, the cell culture
procedure was optimised to yield between 1-1.5 x 107 cells in the complete medium, with a
lower number of cells expected in the depleted media. C4-11 cells were cultured for eight days
in five different media; complete medium (F+M+), folate depleted medium (F-M+), methionine
depleted medium (F+M-), folate and methionine depleted medium (F-M-), and 5% folate and
methionine supplemented medium (F+M+5%), where half of the spent media were replaced at
day four.

The complete (F+M+) and folate depleted (F-M+) cells were grown in one T75 flask,
while the methionine depleted (F+M-), folate and methionine depleted (F-M-) and 5% folate
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and methionine supplemented (F+M+5%) cells were grown in two T75 flasks due to their slow
growth rate. C4-11 cells were grown separately on three different occasions yielding three sets
of samples for each medium, except for cells grown in complete medium where four biological
replicates were prepared (total of 16 samples). The additional replicate for C4-11 cells grown in
complete media were added due to an empty slot available on the Infinium DNA Methylation
EPIC BeadChip.

6.3.2 C4-11 genomic DNA extraction

A maximum of 1.8 x 107 cells were harvested at day eight of culture for each C4-11 sample.
DNA extraction was performed using the Qiagen Blood and Cell Culture DNA Midi Kit,
following the protocol provided by the manufacturer. After trypsinisation, cell suspensions
were transferred to new tubes and centrifuged at 1500 x g for 10 minutes at 4°C. The supernatant
was removed and cells were re-suspended with 4 mL of cold DPBS, followed by centrifugation
at 1500 x g for 10 minutes at 4°C. The supernatant was discarded and cells were re-suspended
with 2 ml of cold DPBS. Then, 20 pL of cell suspension was added to 20 pL of trypan blue for
cell counting. Cells were counted using an automated cell counter. The numbers of total cells,
live cells and cell viability (%) were recorded. A maximum of 2 mL cell suspension was
prepared in a new 10 mL screw cap tube. Buffer C1 (2 mL) and distilled water (6 mL) were
added to the cell suspension, followed by an incubation period of 10 minutes on ice. Lysed cells
were centrifuged at 1300 x g for 15 minutes at 4°C. The supernatant was removed and cells
were re-suspended with 1 mL Buffer C1 and 3 ml distilled water. Cells were centrifuged again
at 1300 x g for 15 min at 4°C. The supernatant was removed and lysed cells were stored at -
20°C.

Frozen lysed cells were thawed and completely re-suspended in 5 mL of Buffer G2 by
vortex for 30 seconds at maximum speed. Then, 95 pL of protease was added to the lysed cells
and incubated for 60 minutes at 50°C. Lysed cells were then vortexed at maximum speed for
10 seconds and immediately loaded into the genomic tip, allowing for gravity flow rate. The
genomic tips were equilibrated with 4 mL of Buffer QBT and allowed to empty by gravity flow
prior to use. The genomic tips were washed with 7.5 mL of Buffer QC, allowing the buffer to
move by gravity flow. The genomic DNA was eluted with 5 mL Buffer QF into a new 10 mL
collection tube by gravity flow. Genomic DNA was precipitated with 3.5 mL isopropanol,
followed by centrifugation at 5000 x g for 10 minutes at 4°C. The supernatant was removed
and genomic DNA was washed with 2 mL of cold 70% ethanol. The mixture was vortexed
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briefly prior to centrifugation at 5000 x g for 10 minutes at 4°C. All supernatants were removed
using a pipette and genomic DNA was air dried for 10 minutes. Genomic DNA was re-
suspended in 1 mL of Tris-EDTA buffer and incubated on a shaker overnight, at room
temperature, to dissolve the DNA. The genomic DNA purity and yield were determined using
a Nanodrop spectrophotometer. A genomic DNA 260:280 value of 1.7-1.9 was considered
acceptable for downstream analysis. The samples were stored at -80°C.

6.3.3 Sodium bisulphate treatment

The required volume of each genomic DNA sample to provide 500 ng of DNA was calculated
and treated with sodium bisulphite, which converts unmethylated cytosine to uracil (Figure
6.1). Sodium bisulphite treatment was performed using the EZ DNA Methylation Kit, following
the protocol provided by the manufacturer.

a. [ Methylated DNA ] b. [ Unmethylated DNA ]
CATGGCGATACCCGT CATGGCGATACCCGT
Bisulphite treatment
CATGGCGATACCCGT UATGGUGATAUUUGT

Figure 6. 1  Bisulphite conversion process

The figure shows the effect of bisulphite treatment on (a) methylated DNA, where cytosine remains the
same, whilst for (b) unmethylated DNA, the cytosine is converted to uracil.

Frozen genomic DNA was thawed and vortexed for 5 seconds prior to use. Then, 5 uL
of M-Dilution Buffer was added to each genomic DNA sample and the total volume was
adjusted to 50 pL with nuclease free water. DNA was incubated for 15 minutes at 37°C. CT-
Conversion Reagent (100 pL) was added to the DNA samples, followed by an incubation period
of 16 hours at 50°C. Samples were then incubated on ice (4°C) for at least 10 minutes. The
Zymo-Spin™ IC Column was placed into the provided Collection Tube and 400 pL of M-
Binding Buffer was added to the column. DNA samples were then loaded into the column and

mixed by inverting several times. Samples were centrifuged at 10 000 x g for 30 seconds at
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4°C, and the flow-through was discarded. Then, 100 uL. M-Wash Buffer was added to the
column, followed by centrifugation at 10 000 x g for 60 seconds at 4°C. M-Desulphonation
Buffer (200 uL) was added to the column and left to stand at room temperature (20-30°C) for
15 minutes, followed by centrifugation at 10 000 x g for 30 seconds at 4°C. Then, 200 uL. M-
Wash Buffer was added to the column and centrifuged at 10 000 x g for 30 seconds at 4°C. This
step was repeated twice. Finally, samples were eluted by adding 10 pL of M-Elution Buffer
directly to the column matrix and centrifuged at 10 000 x g for 30 seconds at 4°C. The samples

were stored at -80°C.

6.3.4 C4-11 cells methylation profiling

Methylation profiling was performed using the Infinium DNA Methylation EPIC BeadChip
Kit, following the protocol provided by the manufacturer at the Sheffield Institute for
Translational Neuroscience (SiTran). This analysis involved eight processes as described in
Figure 6.2. In the first step of DNA amplification, 4 pl of bisulphite-treated DNA was used.
This was followed by the DNA fragmentation, DNA precipitation and DNA resuspension
procedures. DNA samples were then dispensed onto the BeadChip for hybridization. Two 8 x
1 BeadChips were used to analyse the 16 C4-11 samples (BeadChip ID: S/N 201465930010 and
S/N 201465930033). The BeadChip was then washed and stained prior to imaging. Imaging
was carried out using the lllumina iScan System. The summary of the C4-11 sample preparation

and DNA methylation procedures are presented in Figure 6.3.
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DAY 1

a. DNA Amplification
Hands-on: 1 hour

Incubation: 24 hours

Output: MSA4 plate

DAY 2

b. DNA Fragmentation
Hands-on: 30 minutes

Incubation: 1 hour

DAY 3

e. DNA Hybridization
Hands-on: 30 minutes

Incubation: 16 hours

DAY 4

f. BeadChip Washing
Hands-on: 30 minutes

Output: BeadChip

with amplified DNA

Output: MSA4 plate Output: BeadChip l

g. BeadChip Staining
Hands-on: 3 hours

Dry Time: 1 hour

c. DNA Precipitation
Hands-on: 30 minutes
Incubation: 30 minutes

Dry time: 1 hour Output: BeadChip

Output: MSA4 plate l

h. BeadChip Imaging
Illumina iScan System
Scan Time: 60
minutes/BeadChip

d. DNA Resuspension
Hands-on: 30 minutes

Incubation: 1 hour

Output: Image & Data

Output: MSA4 plate Files

Figure 6. 2  Infinium methylation EPIC BeadChip workflow

6.3.5 Methylation data analysis with RnBeads
The methylation data analysis and interpretation were performed using RnBeads software, via

the R platform (version 3.4.3) (https://cran.r-project.org/). This software utilizes the R

programming language to execute a comprehensive methylation analysis pipeline involving
seven working modules (Assenov et al., 2014). RnBeads uses a sample annotation table (CSV
file) generated by the user to define the input data files (IDAT file) as well as other experimental
conditions that are relevant to the methylation analysis. The software then pools all samples’
data as one object (RnBSet) which provides the basis for its analysis. It also tracks each working
module and generates an interactive report as the analysis progresses. Ghostscript software was
used to generate plots and RnBeads

graphs in the analysis

(https://www.ghostscript.com/download/gsdnld.html). The RnBeads analysis workflow is

summarized in Figure 6.4.
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Figure 6. 3  Sample preparation and DNA methylation profiling workflow

C4-11 cells were grown in complete medium (F+M+), folate depleted medium (F-M+), methionine
depleted medium (F+M-), folate and methionine depleted medium (F-M-) and 5% folate and methionine
supplemented medium (F+M+5%) for eight days in triplicate. The sample genomic DNA was extracted
and treated with sodium bisulphite. Finally, methylation array profiling was performed producing
imaging data that requires further analysis for interpretation.

A file documenting details of each sample, including sample name, sample group,
BeadChip sentrix ID and position was created and saved in csv format prior to the analysis,

using Microsoft Excel (Figure 6.5).
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Figure 6. 4

This figure shows the RNBeads analysis workflow starting from (a) data import, where the imaging
results (IDAT files) and sample annotation table (csv file) were imported into the RnBeads software.
The software then pools all samples’ data as one object (RnBSetl) which provides the basis for the
analysis. (b) Quality control module was run to identify technical and biological biases. (c) Low quality
data was filtered out, and data normalisation using the BMIQ method was conducted creating a
secondary RnBSet. (d) Each working module is tracked and generates an interactive report as the
analysis progresses. (e) By using RnBSet2, exploratory analysis was conducted in order to identify
global changes in DNA methylation and (f) differential analysis to identify specific differently

methylated sites/regions.

[Header]
Investigator Name  Scientist

RnBeads analysis workflow

Project Name Methylation

Experiment Name Methylation experiment

Date 8/3/2018

[Data]

Sample_Name Sample_Group Sentrix_ID Sentix_Position
$1.C.8.1TB1 F+MH+ 201465530010 RO1CO1
$2.C.8.1TC1 F+MH+ 201465530010 ROBCO1
$3.C.81TC1 F+MH+ 201465530033 RO3C01
$5.C.8.6 TB1 F+MH+ 201465530033 ROBCO1
$1.C.8.2TB1 WHF- 201465930010 RO2C01
s2.C.8.2TC1 WHF- 201465530010 RO7CO1
si.c.e2TC1 WHF- 201465530033 RO4CO1
$1.C.85TC1 WHF+ 5% 201465530010 ROSCO1
$2.C.85TC1 WHF+ 5% 201465530033 RO2C01
$3.C.85TC1 WHF+ 5% 201465530033 RO7C01
$1.C.8.47B1 M-F- 201465530010 RO4CO1
$2.C.8.4TB1 M-F- 201465530033 RO1CO1
$3.C.84TC1 M-F- 201465530033 ROBCO1
$1.C.8.3TB1 M-F+ 201465530010 RO3C01
$2.C.8.3TB1 M-F+ 201465530010 ROBCO1
$3.C.83TC1 M-F+ 201465530033 ROSCO1

Figure 6.5  User-generated csv file

This figure shows the csv file detailing sample information including sample name, group and position

on the BeadChip. This allows RnBeads software to identify sample during the analysis.
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The RnBeads analysis was conducted using R by inputting the following command;
--source(http://bioconductor.org/biocL.ite.R)
--biocLite(c(“RnBeads”,”RnBeads.hg19”,”’RnBeads.hg38”))
--a
--library(RnBeads)

--install.packages(“shiny”)
--install.packages(“doParallel”)
--install.packages(“devtools”)
--install.packages(“RPMM”)

--devtools::install github(“daattali/shinyjs”)
--suppressPackagesStartupMessages(library(RnBeads))
--rnb.run.dj()

The last command opens the RnBeads data juggler webpage, where the analysis was
conducted. On the webpage analysis tab, a file path to the results folder was created. The
analysis was conducted using 8 core processors, with a black and white theme. The file path to
the user-generated csv file and IDAT files were added via the webpage input data; and the
Illumina EPIC platform was selected. Prior to running the analysis, criteria were selected for
the analysis, pre-processing and differential modules as shown in Table 6.1. The imaging IDAT

files and csv file were imported into RnBeads software for data analysis and interpretation.

Table 6.1 Criteria selected for RnBeads analysis, pre-processing and differential modules

Analysis Pre-processing Differential

Predefined option profile = Pre-processing = enable Differential = enable

450k _full Filtering.greedycut = Differential.comparison.column
Analysis name = enable = Sample_Group

RnBeads Analysis Filtering.sex.chromosome. Differential.site.test. method =
Set assembly = hg38 removal = enable limma

Set region = Filtering. SNP = 3 SNPs Differential report sites = enable
include all options Normalisation method = Differential.variability.method =
Set identifiers column = bmig diffvar

Sample_Name Normalisation background

Set colours = YIBI method = none
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In order to minimize technical, biological and/or measurement biases, RnBeads
performs a quality control analysis to identify potential quality issues within the results;
followed by data filtration and normalisation during the pre-processing step (Assenov et al.,
2014). As the Infinium BeadChips contain built-in quality control probes, the software simply
detects and plots signals intensity readings of these probes to provide information on the quality
of the sample assay. The data was presented as a control boxplot showing the distribution of
signal intensity readings for each of the quality control probes for both red (methylated signals)
and green channels (un-methylated signals) (Assenov et al., 2014; Morris & Beck, 2015). The
expected intensity level (high, medium or background) is given in the plot labels, and low-
quality samples appear as outliers. The background intensity level of 1000 to 2000 is considered
within the acceptable range (Assenov et al., 2014).

Next, based on the filtration criteria that have been selected, the software performed a
two-step filtering process on samples, CpG sites and DNA methylation measurements. First,
probes that could bias the normalisation procedure such as probes that overlap with SNPs with
a high chance of influencing DNA methylation measurement were removed (Nordlund et al.,
2013). RnBeads also removed probes with highest impurity, identified using the Greedycut
algorithm. Briefly, Greedycut is an iterative algorithm that filters out the probes with the highest
fraction of unreliable measurements one at a time. The methylation B values were considered
to be unreliable when its corresponding detection P-value was not below the threshold T:
p>T=0.05.

Secondly, the methylation  values were normalised using the BMIQ normalisation
method, in order to reduce background noise and eliminate systematic biases in the methylation
array procedure (Teschendorff et al., 2013). This method uses a three-state beta-mixture model
to assign probes to methylation states. It is followed by the transformation of probabilities into
quantiles. A methylation-dependent dilation transformation was then carried out in order to
preserve the monotonicity and continuity of the data. This method reduces the technical
variation and bias of type 2 probe values and eliminates the type 1 enrichment bias caused by
the lower dynamic range of type 2 probes. Finally, a second filtering procedure, where samples,
CpGs and DNA methylation measurements with too many missing values that should be
correctly included in the normalisation procedure, but not the downstream analysis, were

removed.
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The RnBeads software performed two types of methylation analysis i.e exploratory and
differential methylation analysis. In the exploratory analysis, global changes in DNA
methylation were identified by visual inspection of the DNA methylation data (Assenov et al.,
2014). The global distribution of DNA methylation levels is presented as density plots. This
allows the identification of sample groups that deviate from the characteristic bimodal shape,
where highly methylated loci and essentially un-methylated loci can be distinguished. In order
to visualise the of associations between sample groups and global trends in DNA methylation
data, hierarchically clustered heat map was generated, followed by dimension reduction
analysis using principal component analysis and multidimensional scaling. As this experiment
involves biological and technical replicates, a pairwise correlation was used to assess the
reproducibility between the experiments, where the results are presented as scatter plots to
facilitate the detection of hypervariable samples within and across sample groups. Besides
single CpG measurements, RnBeads also computed DNA methylation profiles regional levels

including gene, promoter and CpG islands.

In the differential analysis, DNA methylation differences between control and treated
groups were analysed at the individual CpG level, as well as between predefined genomic
regions. The Limma package were employed and fitted using an empirical Bayes approach on
derived M-values, in order to determine P-values (Du et al., 2010; Ritchie et al., 2015). The P-
values were then corrected for multiple testing using the false discovery rate (FDR) method.
The P-values at the genomic regions are calculated by combining the uncorrected, individual
CpG P values using an extension of Fisher’s method; followed by multiple testing correction
using the FDR method. The combined measurements across a larger genomic region, provides
a higher statistical power for the analysis, resulting in more interpretable sets of differentially
methylated regions. Additionally, the RnBeads differential analysis also generated a combined
rank score for each of the analysed CpG sites, creating a priority-ranked list of sites or regions
that were most affected by the treatment given. This combined rank is defined as the maximum
(i.e., worst) of three individual rankings i.e. by DNA methylation mean difference; the relative
difference in mean DNA methylation levels, calculated as the absolute value of the logarithm
of the quotient of mean DNA methylation levels; and by the sites or region differential
methylation P-values (Assenov et al., 2014).
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6.3.6 Differentially methylated regions bioinformatics analysis

The list of differently methylated regions (DMRs) (based on combined adjusted P<0.05) for the
gene promoter region was extracted from the RnBeads output into an Excel spreadsheet,
followed by data cleaning prior to performing bioinformatics analysis. Three sets of data were
generated by comparing the methylation profiles of cells grown in complete (F+M+) to those
grown in methionine depleted (F+M-), folate and methionine depleted (F-M-) or 5% folate and
methionine supplemented (F+M+5%) media. A list of genes that were common between these

groups was identified using Venny 2.1 (http://bioinfogp.cnb.csic.es/tools/venny/). There was

no significant difference for all CpG sites, for cells grown in folate depleted medium (F-M+)

compared to the control group (F+M+) (combined adjusted P>0.05).

In order to identify functions and pathways affected by methyl donor depletion, the list
of differently methylated regions (DMRs) was uploaded to the DAVID Bioinformatics
Resource 6.8 software (see section 3.3.3). The DAVID functional annotation clustering tool
was used to group the genes into subsets that are characterised by functional biological
processes (GO_BP). Based on the RnBeads combined rank score, the top 3000 genes were
uploaded, and high to medium classification stringency settings were applied to determine the
clusters (Huang et al., 2009). The lists of DMRs were also uploaded to ClueGo plug-in via the
Cytoscape platform to facilitate the biological interpretation of differences in methylation

profiles between complete and depleted medium (see section 3.3.4).

6.3.7 Designing methylation specific primers for PCR amplifications
The methylation specific primers for TP73, DAPK1 and STAT1 genes were designed using the

Methprimer web tool (http://www.urogene.org/cgi-bin/methprimer/methprimer.cgi) (Li &

Dahiya, 2002) and purchased from Eurofins. The ensemble ID and promoter location for each
gene of interest were identified from the RnBeads output. Then, the promoter sequences for
these genes were retrieved from the ensemble database (Zerbino et al., 2018) and uploaded into
the Methprimer software. MSP primers options were selected to generate forward and reverse
primers for both methylated and un-methylated bases. Primers with comparable fragment
length and similar Tm values were chosen. Figures 6.6 — 6.8 present the primer sequences for
all three genes. These primer pairs contain at least one CpG near their 3’end, and several non-
CpG C’s. The designed primers for the methylated and un-methylated alleles also contain the
same CpGs in their sequence. The PCR product size for all three sets of MSP primers is
expected to be between 162 - 273 base pairs (Table 6.2). The TP73 and DAPKL1 primer pairs’
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melting temperatures are within 1°C of each other, however, the differential is higher for the

STATL primer pair, where the difference is between 4-9°C.

181 TCTAGGACTGGAAGTTECATGAAGGACAGCGATTGTCTAATTCTTTTCCTTTGCACCCAA
R RN RN N RN N R NN A RN R R
181 TTTAGGATTGGAAGTTTTATGAAGGATAGCGATTGTTTAATTTTTTTTTTTTGTATTTAA
M>>>>>>>5555>>555>>>>>>>>>
USDS>SE55555555555> 5555555

241 AAGAGCCTGGCACATGGTAAGTGATGTATAAATTCTGGGCAAATGACAGAATCTCTAAAA

FEEE =ittt b rr e e et e e e rrs et rrt=trrrtatatrinl
241 AAGAGTTTGGTATATGGTAAGTGATGTATAAATTTTGGGTAAATGATAGAATTTTTAAAA

301 TCAAATATACATTTTTTTACACTTTTCGGAGATTCACTTCTGTCTTAAAATCTGCAATAA

L=t rrrert=trrrreer st trrit+rr b=t tr=t b=ttt rrnnl
301 TTAAATATATATTTTTTTATATTTTTCGGAGATTTATTTTTGTTTTAAAATTTGTAATAA

ML LLLLLLLLLLLLL LKL LL L LKL
T <L LLLLLLL L L LKL LLLLLL L L L L

Figure 6. 6 DAPK1 primer sequence for methylation specific primers

Upper row - original sequence; lower row - bisulphite modified sequence; ++ - CpG sites (highlighted
yellow); ::::-non CpG ‘C’ converted to ‘T’ (highlighted blue); M >>> left methylated specific
primer; M <<< right methylated-specific primer; U >>> unmethylated-specific primer; U <<< right
unmethylated-specific primer.

961 CCAAGCAGCTCTCCCCAGCACTCAGGCTAAGAGCCCCCCAAATGCAAGGACACCCACARA
50 I O - T O - O - I S O - O O

961 TTAAGTAGTTTTTTTTAGTATTTAGGTTAAGAGTTTTTTAAATGTAAGGATATTTATARA
M>

U>

1021 CCATCCCCTGCCTGGCCCCTTCGAGCCACCTCTGTTGCCCCCATGCCCTGCCCTGGATGC
O e 10 o O W e I N o 3 Y o W ot B 1 v 1o O el O B
1021 TTATTTTTTGTTTGGTTTTTTCGAGTTATTTTTGTTGTTTTTATGTTTTGTTTTGGATGT
PSP D PP DS D PP PSP PP DD
PSP D PP PSP PP PP PP PP

1081 CAGCCAGTGCCCTATGACCTTGCCGGCCAGCCCTTTAGCCCCTCCTGACGGTGGGTTTCT
R R R RN N e N R A RN S R N s S N A RN
1081 TAGTTAGTGTTTTATGATTTTGTCGGTTAGTTTTTTAGTTTTTTTTGACGGTGGGTTTTT

1141 CTACATCAGCAGGATGGGCCGTGAGCACCGCAGGGGACACCTGTGTCCTCTGCACCTTAC
R R R R e N R R e NN R A N AN N A N R R N N
1141 TTATATTAGTAGGATGGGTCGTGAGTATCGTAGGGGATATTTGTGTTTTTTGTATTTTAT
ML <LLLLLLLLLLLLLLLLLLLLLKL
UL LLLL L L L L L L L LKL LKL

Figure 6.7  TP73 primer sequence for methylation specific primer

Upper row - original sequence; lower row - bisulphite modified sequence; ++ - CpG sites (highlighted
yellow); ::::-non CpG ‘C’ converted to ‘T” (highlighted blue); M >>> left methylated specific
primer; M <<< right methylated-specific primer; U >>> unmethylated-specific primer; U <<< right
unmethylated-specific primer.
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ATGAGGTAAACTCAGTCAECTGATTTE TGACAGCAGTCGTGGGGGCACTGTGACATCAAAA
R N N N N e NN RN R R R RN A
ATGAGGTAAATTTAGTTATTGATTTT TGATAGTAGTCGTGGGGGTATTGTGATATTAAAA
M>>>>>>>>>>5>>>>>5>>>>>>>>
US>>>>>>>>>>>>>>>>>>>>>>>

GGAGCAGCAGGAACACCTGTCTTTACTGGCACCTCCGCGATTGGCAGTGGTGAGTCGTGA
L T - 4 1 -1 = 0 A -4 0 O -0 (= W= o === - 1 T U A = o B O
GGAGTAGTAGGAATATTTGTTTTTATTGGTATTTTCGCGATTGGTAGTGGTGAGTCGTGA

GTAGAGGCCACACGATGCCTTGTGACAGAAGGTGTGACTCACAGGTGGGCAGAGTCTTCA

R e N N N N R R A RN N R N
GTAGAGGTTATACGATGTTTTGTGATAGAAGGTGTGATTTATAGGTGGGTAGAGTTTTTA

GGGCACTGTTGCTCACCTGGCACATCTCGTTATCCAGGATGATCATTGGGTCCAAATGAG
R RN R N N A RN R
GGGTATTGTTGTTTATTTGGTATATTTCGT TATTTAGGATGATTATTGGGTTTAAATGAG

CCTTGGAGTTGGGGCAAATTTGCGTGCACATTGAAGCCTCAGTGGGTGGCAGATGTGAAA

=5 O U 1 0 O A A0 = A U - = O U O U

TTTTGGAGTTGGGGTAAATTTGCGTGTATATTGAAGT TTTAGTGGGTGGTAGATGTGAAA
M<< <L LLLLLLLLLLLLLLLLLLLLL
T<LLLLLLLLLLLLLLLLLLLLLLLLLL

STAT1 primer sequence for methylation specific primer

Upper row - original sequence; lower row - bisulphite modified sequence; ++ - CpG sites (highlighted

yellow);

> -non CpG ‘C’ converted to ‘T’ (highlighted blue); M >>> left methylated specific

primer; M <<< right methylated-specific primer; U >>> unmethylated-specific primer; U <<< right
unmethylated-specific primer.

Table 6. 2 Specification of methylation specific primer pairs for TP73, STAT1 and DAPK1
genes

. Product Tm
Gene Primer Sequence Size (bp)  (°C)
TP73 Methylated L ATTATTTTTTGTTTGGTTTTTTCGA 162 59.3
R AATATCCCCTACGATACTCACGAC 59.7
Un-methylated L ATTATTTTTTGTTTGGTTTTTTTGA 163 57.4
R AAATATCCCCTACAATACTCACAAC 56.8
STAT1  Methylated L GTTATTGATTTTTGATAGTAGTCGT 973 53.2
R ACCCACTAAAACTTCAATATACACG 57.8
Un-methylated L TTATTGATTTTTGATAGTAGTTGT 973 50.0
R CACCCACTAAAACTTCAATATACACAC 59.3
DAPK1  Methylated L GATTGGAAGTTTTATGAAGGATAGC 164 58.7
R TTTAAAACAAAAATAAATCTCCGAA 57.6
Un-methylated L TTGGAAGTTTTATGAAGGATAGTGA 167 58.3
R CAAATTTTAAAACAAAAATAAATCTCCA 59.3
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The forward and reverse primers were rehydrated with 10mM Tris-EDTA pH 8.0,
according to the manufacturer’s instructions (stock solution). The re-suspended primers were
kept in aliquots at -20°C. The primer stock solutions were diluted with 10 mM Tris-EDTA pH
8.0 prior to use at 1:10 for PCR amplification.

6.3.8 Methylation specific PCR amplifications of selected genes

Methylation specific PCR (MSP) amplifications for TP73, STAT1 and DAPK1 genes were
carried out using the ZymoTaqg Polymerase Kit, following the protocol provided by the
manufacturer. Extracted genomic DNA of C4-11 cells grown in complete medium (F+M+),
folate depleted medium (F-M+) and methionine depleted medium (F+M-), that was previously
prepared for methylation profiling (see section 6.3.1 and 6.3.2) were used in this experiment.
Genomic DNA samples were treated with bisulphite (see section 6.3.3) and stored in -80°C.
Frozen modified DNA samples and other reagents were thawed and vortexed for 5 seconds
prior to use. For each sample, two reaction tubes were prepared (for methylated and un-
methylated) according to Table 6.3. A no template was also included to ensure there was no

contamination in the mastermix.

Table 6. 3 PCR amplification setup for each reaction

Reagent Volume Final Concentration
2X Reaction Buffer 25 uL 1X

dNTP Mix 0.5uL  0.25mM each dNTP
Forward Primer (10 uM) 5uL 0.3 to IuM

Reverse Primer (10 uM) 5uL 0.3to IuM

Template DNA 4 uL < 200 ng/50ul (4 ng/uL)
ZymoTagq™ DNA Polymerase (5 U/ul) 0.4 uL 2 U/50uL

ddH20 10.1 uL -

Total volume 50 pL

A touchdown PCR method was used to increase the PCR specificity of the annealing
primer-template without the need for optimisation, which also aims to increase the sensitivity
and yield (Korbie & Mattick, 2008). The StepOne Plus Real-Time PCR System was used to
run the analysis. First, the enzyme was activated at 95°C for 10 minutes in order to denature the
DNA and to enable the use of hot start Tagq polymerase. This was followed by 30 to 40 cycles
of denaturation, annealing and extension steps. The initial annealing step are set at 5°C above
the primer Tm, and the temperature declines gradually with each cycle until it falls to the primer
Tm. The final extension step was carried out for 7 minutes at 72°C (Table 6.4). Amplified DNA

was stored at -20°C.
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Table 6. 4 PCR amplification setting

Step Temperature Duration
Initial denaturation 95 °C 10 min
Denaturation 94 t0 96 °C 30 sec
Annealing Variable 30 to 40 sec
(Tm provided by manufacturer)
Extension 72 °C 30 to 60 sec.
30-40 cycles for < 1kb (45 sec)
Final extension 72 °C 7 min
Hold 4°C >4 min

6.3.9 Gel electrophoresis

In order to determine that the bisulphite-treated DNA was successfully amplified, gel
electrophoresis was performed using 10l of the PCR product. A 1x10 TBE running buffer was
prepared by adding 200 mL of 1x10 TBE to 1800 mL of distilled water. Autoclave tape was
used to make sides for the gel cast, and a gel comb was inserted. Three grams of agarose gel
was measured and mixed with 150 mL of 1x10 TBE in a conical flask. The conical flask was
covered with Saran wrap and microwaved for 1 minute set at high. Then, 10 pL of ethidium
bromide was added, and the agarose solution was carefully mixed. The agarose solution was
poured into the cast and left 20-30 minutes to allow it to set. The comb and autoclave tape were
removed and the cast was placed into the electrophoresis tank. The tank and gel cast were then
covered with 1x10 TBE buffer. Samples were prepared by adding 2 pL loading dye to 10 puL
of sample. Then, 5 uL of DNA ladder was pipetted into the first well, followed by 12 pL of
samples. The electrophoresis was conducted for approximately 50 minutes at 100 volts. The gel

was then imaged with BioRad Gel Doc Imager.

6.4 Results

6.4.1 Genomic DNA quality and quantity
The genomic DNA purity and yield were determined using Nanodrop Spectrophotometry and
the results are presented in Table 6.5. The genomic DNA 260:280 values are between 1.7-1.9,

which are considered acceptable for the downstream analysis.
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Table 6.5  C4-11 genomic DNA yield and purity

Sample Group ng/Ul A260 A280 260:280
F+M+ Rep 1 54.51 1.090 0.592 1.84
F+M+ Rep 2 56.44 1.129 0.593 191
F+M+ Rep 3 190.23  3.805 2.002 1.90
F+M+ Rep 4 51.78 1.036 0.521 1.99
F-M+ Rep 1 132.17  2.643 1.405 1.88
F-M+ Rep 2 101.84  2.037 1.086 1.88
F-M+ Rep 3 120.33  2.407 1.266 1.90
F+M- Rep 1 28.92 0.578 0.304 1.90
F+M- Rep 2 73.45 1.469 0.764 1.92
F+M- Rep 3 82.78 1.656 0.877 1.89
F-M-Rep 1 34.42 0.688 0.38 1.81
F-M- Rep 2 63.1 1.262 0.665 1.90
F-M- Rep 3 71.04 1.421 0.735 1.93
F+M+5% Rep 1 15.35 0.307 0.162 1.89
F+M+5% Rep 2 19.29 0.386 0.195 1.98
F+M+5% Rep 3 19472  3.894 2.046 1.90

Sample groups consist of C4-11 genomic DNA, grown in complete medium (F+M+), folate depleted
medium (F-M+), methionine depleted medium (F+M-), folate and methionine depleted medium (F-M-
) and 5% folate and methionine supplemented medium (F+M+5%). Cells were grown in triplicate (Rep
1—Rep 3) for each condition, except for cells grown in complete medium where 4 replicates are prepared
(Rep 1 —Rep 4).

6.4.2 RnBeads methylation data quality analysis

RnBeads performed the quality control module to identify technical and biological biases from
the methylation data. This module identifies low quality datasets and removes them from the
downstream analysis. Unfortunately, the scanner was not able to detect one of the samples from
folate and methionine depleted conditions (F-M-) during the imaging procedure and it had to
be removed from the RnBeads analysis.

In this data quality analysis, one sample of the 5% folate and methionine supplemented
group (F+M+5%) and a sample from the control group (F+M+) were found to be of poor quality
(Figures 6.9 — 6.17). They consistently returned a lower-than-average intensity readings for a
majority of the quality control parameters indicating inefficient staining, hybridisation; A, T, C
and G extensions, bisulphite conversion and allele-specific extension processes. In addition,
these two samples also returned a lower-than-average intensity reading for non-polymorphic
probes, which indicates inefficiencies at all steps of the methylation procedure. This could be

due to technical assay failure, as only one replicate (each from F+M+ and F+M+5%) are
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reported to have quality issues. Thus, these two samples were removed from the downstream

analysis, as they might introduce biases to the downstream analysis.

The quality control module also generated a negative control boxplot showing the
distributions of intensity readings for approximately 600 negative control probes present on the
Infinium BeadChip. These probes estimate the background signal level for both green
(unmethylated) and red (methylated) channels, by monitoring signals at bisulphite-converted
sequences that do not contain CpGs. The negative control probe intensity readings are expected

to be normally distributed with a relatively low mean (< 1000), as shown in Figure 6.18.
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Figure 6.9  Control boxplot for the staining probes

This figure presents the quality control boxplot generated from the staining probes, which monitors the efficiency of the staining step. The boxplot shows the
distribution of signal intensity readings for both red (methylated signals) and green (un-methylated signals) channels, for six staining probes. Each probe has
a given intensity readings at high, medium or background level; low quality samples appear as outliers. In this figure, two samples from the F+M+ group and
one sample from the F+M+5% have been identified as outliers, indicating an inefficient staining process for these samples.
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Figure 6. 10 Control boxplot for the hybridization probes

This figure presents the quality control boxplot generated from the hybridisation probes, which monitors the overall performance of the hybridisation step
using synthetic targets as the reference. These targets are present in the hybridisation buffer at low, medium and high concentrations, resulting in three well
separated intensity readings intervals in the green channels (un-methylated signals). In contrast, the methylated signals (red channels) are set at background
level. Low quality samples appear as outliers. In this figure, one sample from F+M+5% is identified as an outlier, indicating an inefficient hybridisation

process for that sample.
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Figure 6. 11 Control boxplot for the extension probes

This figure presents the quality control boxplot generated from the extension probes, which monitors the efficiency of A, T, C and G nucleotides extension
from a hairpin probe. The boxplot shows the distribution of signal intensity readings for both red (methylated signals) and green (un-methylated signals)
channels, for four extension probes. Each probe has a given intensity at high level or background level; low quality samples appear as outliers. In this figure,
one sample from the F+M+ group and one sample from F+M+5% have been identified as outliers, indicating an inefficient extension process for both samples.
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Figure 6. 12 Control boxplot for the target removal probes

This figure presents the quality control boxplot generated from the target removal probes, which monitors the efficiency of the stripping step after the
extension process. The boxplot shows the distribution of signal intensity readings for both red (methylated signals) and green (un-methylated signals)
channels, for two target removal probes, set at background level. In this figure, no outliers were detected indicating an efficient stripping process for all

samples.
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Figure 6. 13 Control boxplot for the bisulphite conversion | probes

This figure presents the quality control boxplot generated from the bisulphite conversion | probes, which monitors the overall performance of the bisulphite
conversion step. The boxplot shows the distribution of signal intensity readings for both red (methylated signals) and green (un-methylated signals) channels,
for ten bisulphite conversion probes. Each probe has a given intensity readings at high level or background level; low quality samples appear as outliers. In
this figure, one sample from the F+M+ group and one sample from F+M+5% have been identified as outliers, indicating an inefficient bisulphite conversion
process; while one sample from the F-M- group shows a much higher intensity readings compared to the average values.



VLT

BISULFITE CONVERSION II: green channel

15000 1
® F+M+ Rep 3
+M+59
2 10000 F+M+5% Rep 2
o
S]
=
5000 A
-
0+ $ v
Protlae 1: ProBe 2: Prol:Se 3 Prol;e 4:
Bgnd Bgnd Bgnd Bgnd
Probe
BISULFITE CONVERSION II: red channel
20000 4
15000 1
rn
2
g 10000 e—— —
£ pt EEE—
5000 1 T *
0 -
Probe 1: Probe 2: Probe 3: Probe 4:
High High High High
Probe

Figure 6. 14 Control boxplot for the bisulphite conversion Il probes

This figure presents the quality control boxplot generated from the bisulphite conversion Il probes, which also monitors the overall performance of the
bisulphite conversion step. The boxplot shows the distribution of signal intensity readings set at high level for the red channel (methylated signals) and
background level for the green channel (un-methylated signals). Low quality samples appear as outliers. In this figure, one sample from F+M+ group and
one sample from F+M+5% have been identified as outliers, indicating an inefficient bisulphite conversion process for these samples.
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Figure 6. 15 Control boxplot for the specificity | probes

This figure presents the quality control boxplot generated from the specificity | probes, which monitors the allele-specific extension step. The boxplot shows
the distribution of signal intensity readings for both red (methylated signals) and green (un-methylated signals) channels, for 12 specificity probes. Each
probe has a given intensity readings at high level or background level; low quality samples appear as outliers. In this figure, one sample from F+M+ group
and one sample from F+M+5% have been identified as outliers, indicating an inefficient allele-specific extension process for both samples.
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Figure 6. 16 Control boxplot for the specificity Il probes

This figure presents the quality control boxplot generated from the specificity Il probes, which also monitors the allele-specific extension step. The boxplot
shows the distribution of signal intensity signals set at high level for the red channel (methylated signals) and background level for the green channel (un-
methylated signals). Low quality samples appear as outliers. In this figure, one samples from F+M-+ group and one sample from F+M+5% have been identified

as outliers, indicating an inefficient allele-specific extension process.
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Figure 6. 17 Control boxplot for the non-polymorphic probes

This figure presents the quality control boxplot generated from the non-polymorphic probes, which monitors the efficiency of all steps of the methylation
procedures by querying a non-polymorphic base in the genome (one probe for each nucleotide). The boxplot shows the distribution of signal intensity readings
for both red (methylated signals) and green (un-methylated signals) channels, for nine non-polymorphism probes. Each probe has a given intensity readings
at high level or background level; low quality samples appear as outliers. In this figure, one sample from F+M+ group and one sample from F+M+5% have

been identified as outliers, indicating an overall inefficient process of methylation procedures.
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Figure 6. 18 Negative control boxplot
This figure presents the negative control boxplot for all sample replicates, generated from approximately 600 negative control probes designed to estimate
background signal levels for both red (methylated signals) and green (un-methylated signals) channels. The negative control probes’ intensity readings are

expected to be normally distributed with a relatively low mean (< 1000), as shown in this figure.



6.4.3 RnBeads methylation data filtration and normalisation

The filtering step was executed in two stages. First, 20 151 probes that could bias the
normalisation procedure were removed. Of these 17 371 sites were removed because they
overlapped with SNPs while the other 2 780 probes were excluded as they were identified to be
unreliable by the Greedycut algorithm. The methylation  values were then normalised using
the BMIQ normalisation method (Figure 6.19). Finally, the second filtering step was executed,
removing an additional 21 980 probes from the downstream analysis. Of the total 866 895
probes measured, 824 764 probes (95%) were retained for the following exploratory and

differential analysis.

Y
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Figure 6. 19 Distribution of methylation B values before and after normalisation using the
BMIQ method

This method uses a three-state beta-mixture model to assign probes to methylation states. It is followed
by the transformation of probabilities into quantiles. A methylation-dependent dilation transformation
was then carried out in order to preserve the monotonicity and continuity of the data. This method
reduces the technical variation and bias of type Il probe values and eliminates the type |
enrichment bias caused by the lower dynamic range of type Il probes.

6.4.4 RnBeads exploratory analysis

In the exploratory analysis, global changes in DNA methylation were identified by visual

inspection of DNA methylation data plots. In the C4-II cells grown in complete medium

(F+M+), the global distribution of DNA methylation is characteristically bimodal with discrete
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peaks at approximately 6% and 95% (Figure 6.20). C4-11 cells grown in only folate depleted
medium (F-M+) showed a similar distribution of DNA methylation values to control group
(F+M+). However, with methionine depletion (F+M-), more sites appeared to be
hypomethylated, with the peak for highly methylated loci shifted from 95% in the control group
to approximately 75%. C4-11 cells grown in combined folate and methionine depleted medium
(F-M-) and 5% folate and methionine supplemented medium (F+M+5%) also had a similar
hypomethylation trend, with the peak of the highly methylated loci shifted to approximately

70%, and with a higher distribution of the essentially un-methylated loci.
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Figure 6. 20 DNA methylation value distribution according to sample groups

This figure shows the distribution of DNA methylation values of C4-11 cells grown in complete medium
(F+M+), folate depleted medium (F-M+), methionine depleted medium (F+M-), folate and methionine
depleted medium (F-M-), and 5% folate and methionine supplemented medium (F+M+5%). A DNA
methylation value of 0.00 represents essentially un-methylated loci, while 1.00 represents the highly
methylated loci.

A hierarchically clustered heat map was generated in order to provide a global
assessment of sample subtypes in the data set. In addition, dimension reduction using principal
component analysis and multidimensional scaling was also carried out, allowing the
visualisation of associations between sample group and global trends in DNA methylation data.

In both analyses, there was a relative similarity of DNA methylation profiles between C4-11
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cells grown in complete medium (F+M+) and folate depleted medium (F-M+); as well as
between C4-11 cells grown in methionine depleted medium (F+M-), folate and methionine
depleted medium (F-M-) and 5% folate and methionine supplemented medium (F+M+5%). Put
another way, in both these plots there was distinct separation between methionine replete
samples (F+M+ and F-M+) and methionine deficient sample groups (F+M-, F-M- and
F+M+5%) (Figures 6.21 and 6.22). A pairwise correlation was used in order to assess the
variability within the sample replicates. Figure 6.23 shows the relationship between average
methylation and methylation variability of probes, where minimal variability was detected

within sample replicates, for all sample groups.
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Figure 6. 21 Heat map with hierarchical clustering of DNA methylation levels among sample
groups

This figure shows the hierarchical clustering of samples based on all methylation values, using average
linkage and Manhattan distance, where it displays methylation percentiles per sample. The sample
groups consist of C4-11 cells grown in complete medium (F+M+), folate depleted medium (F-M+),
methionine depleted medium (F+M-), folate and methionine depleted medium (F-M-), and 5% folate
and methionine supplemented medium (F+M+5%). The colour key range represents the § values, from
low (light blue — essentially un-methylated) to high (darker blue — highly methylated). The fluorescent
blues line represents the distribution of DNA methylation values. There is a distinct separation between
methionine replete samples (F+M+ and F-M+) and methionine deficient sample groups (F+M-, F-M-
and F+M+5%). It appears that the depletion of folate alone had little impact, while those grown in
methionine deficient media are clustered differently from control group.
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Figure 6. 22 Dimension reduction analysis of sample groups
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This figure shows the relative similarities and differences of DNA methylation profiles between sample groups. The scatter plot (a) visualizes the samples
transformed into 2-dimensional space after performing Kruskal’s non-metric multidimensional scaling and (b) shows values of selected principal components.
The sample groups consist of C4-11 cells grown in complete medium (F+M+), folate depleted medium (F-M+), methionine depleted medium (F+M-), folate and
methionine depleted medium (F-M-), and 5% folate and methionine supplemented medium (F+M+5%). There is a distinct separation between methionine replete
samples (F+M+ and F-M+) and methionine deficient sample groups (F+M-, F-M- and F+M+5%). It appears that the depletion of folate alone had little impact,

while those grown in methionine deficient media are clustered differently from control group.
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Figure 6. 23 Relationship between average methylation and methylation variability of probe results for each sample group

This scatter plot shows the pairwise correlation between probe mean methylation and the variance within each sample biological replicates. The figures show
the minimal variability within each sample replicates, for all sample groups; (a) complete medium (F+M+), (b) folate depleted medium (F-M+), (c)
methionine depleted medium (F+M-), (d) folate and methionine depleted medium (F-M-), and (e) 5% folate and methionine supplemented medium

(F+M+5%). Every point corresponds to one probe.



Other than single CpG measurements, RnBeads also generated DNA methylation profile
analyses for predefined genomic regions including gene, promoter and CpG islands. RnBeads
produced composite plots of DNA methylation levels within these genomic regions and these
plots were used to identify global changes in DNA methylation that affect gene promoters
differently when compared to intragenic or intergenic regions. Based on this analysis, taking
regional averages over all annotated genes, DNA methylation levels were again seen to be
generally higher in complete (F+M+) and folate depleted (F-M+) media than in the other three
conditions (F+M-, F-M- and F+M+5%) (Figure 6.24). Similar trends were also observed for

both gene promoter regions and CpG islands (Figures 6.25 and 6.26).
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Figure 6. 24 DNA methylation level for genomic region (gene) according to sample group

This figure shows the regional methylation profile according to sample groups, presented as a composite
plot. The relative coordinates of 0 and 1 correspond to the start and end coordinates of that region
respectively. Coordinates smaller than 0 and greater than 1 denote flanking regions normalized by region
length. Horizontal lines indicate region boundaries. For scatterplot smoothing, generalised additive
models with cubic spine smoothing were used. Deviation bands indicate 95% confidence intervals. The
sample groups consist of C4-11 cells grown in complete medium (F+M+), folate depleted medium (F-
M+), methionine depleted medium (F+M-), folate and methionine depleted medium (F-M-), and 5%
folate and methionine supplemented medium (F+M+5%).
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Figure 6. 25 DNA methylation level for genomic region (promoter) according to sample
group

This figure shows the regional methylation profile according to sample groups, presented as a composite
plot. The relative coordinates of 0 and 1 correspond to the start and end coordinates of that region
respectively. Coordinates smaller than 0 and greater than 1 denote flanking regions normalized by region
length. Horizontal lines indicate region boundaries. For scatterplot smoothing, generalised additive
models with cubic spine smoothing were used. Deviation bands indicate 95% confidence intervals. The
sample groups consist of C4-11 cells grown in complete medium (F+M+), folate depleted medium (F-
M+), methionine depleted medium (F+M-), folate and methionine depleted medium (F-M-), and 5%
folate and methionine supplemented medium (F+M+5%).

6.4.5 RnBeads differential analysis

In the differential analysis, DNA methylation differences were analysed at the individual CpGs
level. It was found that there were no significant differences between cells grown in folate
depleted medium (F-M+) and control group (F+M+) (Figure 6.27a). In contrast, in all the other
three groups where methionine is depleted, regardless in the presence or absence of folate, there
was a significant difference in CpG methylation, with a majority of CpG sites were
hypomethylated (Figures 6.27b to 6.27d). A total of 470 487 CpG sites were differently
methylated in C4-I1 cells grown in methionine depleted medium (F+M-), when compared with
cells grown in complete medium (F+M+) (adjusted P<0.05). Of these, 1730 CpGs were found
to be hypermethylated. C4-1l cells grown in both folate and methionine depleted medium
(F-M-) had a higher number of differently methylated sites (515 066) than cells grown in only
methionine depleted medium (F+M-), but with lower number of CpGs (1557) being
hypermethylated. When the medium was repleted with 5% of folate and methionine
(F+M+5%), a total of 513 954 sites were found to be differently methylated, when compared
to the control group (F+M+) with 1705 sites hypermethylated.
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Figure 6. 26 DNA methylation level for genomic region (CpG islands) according to sample
group

This figure shows the regional methylation profile according to sample groups, presented as a composite
plot. The relative coordinates of 0 and 1 correspond to the start and end coordinates of that region
respectively. Coordinates smaller than 0 and greater than 1 denote flanking regions normalized by region
length. Horizontal lines indicate region boundaries. For scatterplot smoothing, generalised additive
models with cubic spine smoothing were used. Deviation bands indicate 95% confidence intervals. The
sample groups consist of C4-11 cells grown in complete medium (F+M+), folate depleted medium (F-
M+), methionine depleted medium (F+M-), folate and methionine depleted medium (F-M-), and 5%
folate and methionine supplemented medium (F+M+5%).

The RnBeads differential analysis also generates a combined rank score for each of the
analysed CpG sites, creating a priority-ranked list of sites that were most affected by the given
treatment. Based on these priority-ranked lists, Venny 2.0 has identified several top ranking
CpG sites that were affected in all three methionine depleted conditions i.e. methionine depleted
medium (F+M-), folate and methionine depleted medium (F-M-) and 5% folate and methionine
supplemented medium (F+M+5%) all of which are hypomethylated (Figure 6.28). Individual
inspection of these top-ranking sites using the UCSC genome browser identified several

interesting genes that corresponded to these CpG sites including TP73, STAT1 and DAPK1.
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Figure 6. 27 Differential methylation analysis at individual CpG sites

This figure shows the scatter plot of groupwise mean DNA methylation levels across CpG sites, where comparison was made between C4-11 cell grown in
complete medium (F+M+) and (a) folate depleted medium (F-M+), (b) methionine depleted medium (F+M-), (c) folate and methionine depleted medium (F-
M-), and (d) 5% folate and methionine supplemented medium (F+M+5%). Differently methylated CpG sites identified based on adjusted P value <0.05 are
highlighted in red.
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Figure 6. 28 Venn diagram of common top ranking CpGs between methyl donor depleted
conditions

This figure shows the common top 100 ranked CpG sites that were identified based on RnBeads
combined ranking score, between methionine depleted medium (F+M-), folate and methionine depleted
medium (F-M-) and 5% folate and methionine supplemented medium (F+M+5%).

In addition to single CpGs, the RnBeads differential analysis was also performed for
sets of predefined genomic regions such as CpG islands, gene, and promoter regions. Table 6.6
presents the number of differently methylated regions (combined adjusted P<0.05) for
methionine depleted cells (F+M-), folate and methionine depleted cells (F-M-) and 5% folate
and methionine supplemented cells (F+M+5%), when compared with the control group
(F+M+).

Table 6. 6 Number of differently methylated regions according to sample group

Differently Methylated Regions

Gene Promoter CpG islands
F+M+ with F+M- 23 845 21 397 10 451
F+M+ with F-M- 26 032 24 168 11 030
F+M+ with F+M+5% 25 752 23 389 11 028

6.4.6 Bioinformatics analysis of differently methylated regions

Additionally, a bioinformatics analysis was carried out in order to identify functions and
pathways that are affected by the methyl donor depletion. Functional clustering analysis was
performed using the DAVID software to determine overrepresented biological processes
(GO_BP) from top 3000 (based on RnBeads combined rank score) gene promoter differently
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methylated regions, all of which were hypomethylated. Each cluster was given a name to
represent their main biological function and the top ten clusters for each methyl donor depletion
condition are presented in Table 6.7. Similar to findings in Chapter 3, several clusters
associated with host defence and immune responses were identified to be affected in C4-11 cells
grown in methionine depletion medium (F+M-), folate and methionine depleted medium (F-
M), as well as in the 5% folate and methionine supplemented medium (F+M+5%).

Table 6.7  Top ten GO-BP annotation clusters generated from gene promoter differently
methylated regions

Overrepresented Biological Process

Methionine *ES Folate and *ES 5% folate and *ES

depletion methionine depletion methionine

(F+M-) (F-M-) supplementation

(F+M+5%b)

Multicellular 8.37  Multicellular 7.95 Single organism 6.21

organismal process organismal process process

Immune response  5.60  Response to stress 6.26  Cellular response to 3.03

organic substance

Defence response  5.09  Inflammatory 5.25 Reproduction 2.68
response process

Localization 4.81 Defence response 5.18 Homeostatic process 2.25

Lipid metabolic 4.40 Homeostatic process 5.17  System development 2.16

process

Inflammatory 4.09 Localization 5.12  Lipid localisation 2.14

response

Cholesterol 3.98  Cell motility 4.14  Response to 1.96

metabolic response wounding

lon transport 3.45 Lipid metabolic 3.78  Angiogenesis 1.92
process

Anion transport 3.20 Regulation of 3.54 Lipid metabolic 1.79
inflammatory process
response

Leukocyte 3.11  Leukocyte migration  3.22  Cellular response to 1.78

activation cytokine stimulus

*ES: enrichment score, P<0.05 with Benjamini-Hochberg correction

The lists of differently methylated regions (DMRs) were also uploaded to the ClueGo
plug-in via the Cystoscape platform, to visualize the functionally grouped terms in the form of
networks, using the GO_BP term database. Figures 6.29 to Figure 6.31 represent the GO term
network of biological processes that are enriched for all three methyl depleted conditions.
Similar to the findings in DAVID, biological processes associated with immune responses and
host defence were significantly enriched. Additionally, ClueGo analysis also detected terms
related to mitosis, cell differentiation, cell motility and angiogenesis that was affected by methyl

donor depletion.
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Figure 6. 29 GO_BP terms network associated with DMRs for methionine depleted condition

This figure represents network of biological process (GO_BP terms) that are enriched by methionine depletion. Each node represents a specific biological
process (GO_BP terms) that are enriched in this analysis. Node size reflects the significance level of the enriched terms; bigger nodes indicate higher levels of
significance. The node colour indicates a specific GO term, and similar coloured nodes indicate that these GO terms are from the same GO parent-child terms.
Kappa score was used to link (edges) of the enriched terms (nodes) where it defined term-term interrelations (edges) and functional groups, based on shared

genes between the terms.
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Figure 6. 30 GO_BP terms network associated with DMRs for folate and methionine depleted condition

This figure represents network of biological process (GO_BP terms) that are enriched by folate and methionine depletion. Each node represents a specific
biological process (GO_BP terms) that are enriched in this analysis. Node size reflects the significance level of the enriched terms; bigger nodes indicate higher
levels of significance. The node colour indicates a specific GO term, and similar coloured nodes indicate that these GO terms are from the same GO parent-
child terms. Kappa score was used to link (edges) of the enriched terms (nodes) where it defined term-term interrelations (edges) and functional groups, based
on shared genes between the terms.
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Figure 6. 31 GO_BP terms network associated with DMRs for 5% folate and methionine supplemented condition

This figure represents network of biological process (GO_BP terms) that are enriched by 5% folate and methionine supplementation. Each node represents a
specific biological process (GO_BP terms) that are enriched in this analysis. Node size reflects the significance level of the enriched terms; bigger nodes indicate
higher levels of significance. The node colour indicates a specific GO term, and similar coloured nodes indicate that these GO terms are from the same GO
parent-child terms. Kappa score was used to link (edges) of the enriched terms (nodes) where it defined term-term interrelations (edges) and functional groups,

based on shared genes between the terms.



6.4.7 Effect of methyl donor depletion on the methylation status of selected genes

Methylation specific PCR (MSP) were carried out in order to determine the effect of methyl
donor depletion on the methylation status of TP73, STAT1 and DAPK1 genes. This technique
involves sodium bisulphite treatment whereby un-methylated cytosine were converted to uracil,
whilst methylated cytosine remained unchanged. The differences were then detected by PCR
using specific primer sets for both un-methylated and methylated DNA. Bisulphite treated DNA
samples from methionine depleted conditions (F+M-), folate and methionine depleted
conditions (F-M-) and control groups (F+M+) were amplified using methylation specific
primers. Finally, gel electrophoresis was carried out to determine if PCR amplifications of

bisulphite-treated DNA were successful.

PCR amplification for target gene TP73 was effective where single strong bands were
present between 100-200 base pairs for all samples amplified with methylated primer pairs
(Figure 6.32). As the expected product size was 162 base pairs in length, it is assumed that the
region of interest has been successfully amplified. In contrast, with the un-methylated primer
pairs, faint bands were present in methionine depleted samples only (F+M-). It appears that the
TP73 gene in C4-11 cells are highly methylated in the presence of both folate and methionine
(F+M+), as well as in folate depleted conditions (F-M+) and methionine depleted conditions
(F+M-). However, in methionine depleted condition (F+M-), TP73 also appears to be partially

methylated, where there were traces of this gene being un-methylated.

A similar result can be seen for target gene STAT1. All samples amplified with
methylated primer pairs produced single strong bands between 250-300 base pairs, where the
expected product size was 273 base pairs (Figure 6.33). At the same time, faint bands were
also present in all samples amplified with un-methylated primer pairs, with the bands present
stronger for methionine depleted samples (F+M-), compared to complete (F+M+) or folate
depleted samples (F-M+). Unfortunately, the bisulphite-treated DNA for DAPK1 was not
successfully amplified, though very faint bands could be detected in the samples amplified by

un-methylated primers (Figure 6.34).
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Figure 6. 32 Post PCR amplification gel image for TP73 gene

This figure shows the post PCR amplification gel image for the TP73 gene with (a) methylated primers,
(b) un-methylated primers, where the expected product size is 162 and 163 base pairs, respectively.

Three biological replicates were prepared for each condition; complete (F+M+), folate depleted (F-M+)
and methionine depleted (F+M-).

300 bp
200 bp

300 bp
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Figure 6. 33 Post PCR amplification gel image for STAT1 gene

This figure shows the post PCR amplification gel image for the STAT1 gene with (a) methylated primers,
(b) un-methylated primers, where the expected product size is 273 base pairs. Three biological replicates

were prepared for each condition; complete (F+M+), folate depleted (F-M+) and methionine depleted
(F+M-).
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Figure 6. 34 Post PCR amplification gel image for DAPK1 gene

This figure shows the post PCR amplification gel image for the DAPK1 gene with (a) methylated
primers, (b) un-methylated primers, where the expected product size is 164 and 167 base pairs,
respectively. Three biological replicates were prepared for each condition i.e. complete (F+M+), folate
depleted (F-M+) and methionine depleted (F+M-)

6.5  Discussion

In this work, the DNA methylation profile of C4-11 cervical cancer cells was studied, aiming to
acquire an understanding of the underlying epigenetic changes associated with folate and/or
methionine depletion that are relevant to cervical cancer risk and progression. To the best of
this researcher’s knowledge, this is the first study that has been conducted in order to determine
the impact of folate and methionine depletion on the genome wide methylation profile of
cervical cancer cells. The use of the Infinium EPIC BeadChip has allowed the determination of
methylation status on more than 850 000 single CpG sites, as well as other pre-defined regions

with the help of RnBeads software.

6.5.1 Methylation data quality control analysis and normalisation

The Infinium EPIC BeadChip used in this study is one of the most advanced methylation arrays
that investigates a total of 863 904 individual CpG sites, as well as 2932 non-CpG sites and 59
single nucleotide polymorphisms (SNPs); superseding the previous 450k Human Methylation
array. It inherited the 450k Human Methylation array design and more than 90% of its probes.
Additionally, this array includes additional probes related to the Functional Annotation of the

Mammalian Genome (FANTOMbS) and Encyclopaedia of DNA elements (ENCODE)
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enhancers which greatly increases the power of this microarray to study enhancer/regulatory
regions (Zhou et al., 2017).

The array used in this study also contains built-in quality control probes which ensure
reliable and comparable data. Infinium EPIC BeadChip analysis of DNA methylation relies on
the bisulphite conversion method. This method involves treating DNA with bisulphite, which
converts un-methylated cytosine into uracil, while methylated cytosine remains unchanged. It
was observed that some of the Infinium probes do not perform as expected, possibly due to
effect of DNA polymorphisms on sequence, and competing off-target hybridization events
(Figure 6.9 to Figure 6.17) (Byun et al., 2009; Dedeurwaerder et al., 2014; Naeem et al., 2014).
This includes probes with internal SNPs close to the 3" end of the probe, probes with non-
unique mapping to the bisulphite-converted genome; and probes with off-target hybridization
due to partial overlap with non-unique elements (Laird et al., 2016). A total of three sample had
to be removed from the downstream analysis as; one sample cannot be scanned during imaging
procedure and two sample were of very low quality, as they might introduce biases to the

downstream analysis.

This study used the Illumina BeadChip that comprises two different probe designs (type
one and type two probes) and the methylation values generated from these two designs
displayed a widely different distribution. The type two probes were found to have a much lower
dynamic range compared to type one probes (Teschendorff et al., 2013; Dedeurwaerder et al.,
2014). Furthermore, a study to compare type two probe methylation values with bisulphite
pyrosequencing has indicated that type two probe values are biased and generally less
reproducible. To correct for this bias, the Beta Mixture Quantile dilation (BMIQ) method was
used to adjust the beta-values of type two design probes into a statistical distribution
characteristic of type one probes (Figure 6.19) (Teschendorff et al., 2013). This method was
validated on cell-line data, fresh frozen and paraffin-embedded tumour tissue samples, and was
found give a favourable comparison with two other normalisation methods: the peak-based
correction (PBC) method and the subset quantile normalization (SWAN) method. BMIQ
reduced the technical variation and bias of type two probe values and successfully removed the
type one enrichment bias caused by the lower dynamic range of type two probes (Teschendorff
etal., 2013).
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6.5.2 Effect of methyl donor depletion on C4-11 DNA methylation profile

This study has demonstrated that in conditions where methionine is deficient, a majority of CpG
sites were hypomethylated globally in C4-11 cervical cancer cell (Figure 6.20 and Figure 6.27).
In contrast, C4-11 cells grown in folate depleted condition presented a similar methylation
profile to the control sample (F+M+), without any significant difference between their
individual CpG methylation status. The dimension reduction analysis using principal
component analysis and multidimensional scaling has separated the C4-11 samples into two
distinct groups, demonstrating a strong negativity related to the presence of methionine and a
strong positivity relating to the absence of methionine (Figure 6.22). This suggests that one of
the components or associations between these sample groups could be related to the availability
of methionine. Furthermore, the bioinformatics analysis of this study revealed that biological
processes associated with immune responses and host defence mechanisms as well as mitosis,
cell differentiation, cell motility and angiogenesis were affected by methionine deficiency
(Figure 6.29 to Figure 6.31). This supports the finding from Chapter 3, suggesting that the
genes involved in these processes are aberrantly methylated leading to dysregulation their
expression. The 95% methyl donor depletion (M+F+5%) was observed to strongly inhibits C4-
Il cell division (Shafie, 2014); and this was also observed during sample preparation, where
C4-11 cells had to be cultured in multiple flasks in order to obtain sufficient DNA for analysis,
due to their slow growth rate. Additionally, this 5% folate and methionine medium
supplementation did not improve the global hypomethylated state of the C4-11 cells, though
there was a reduction in the number of differently methylated sites as compared to a complete
depletion of folate and methionine (F-M-) (Table 6.6).

Overall, this study found that compared to folate depletion, methionine availability is
crucial in maintaining DNA methylation pattern. The DNA methylation process is regulated by
SAM availability, where it serves as a universal methyl donor. This metabolite is synthesized
from methionine and ATP by methionine adenosyltransferase (MATS) (Clare et al., 2019). In
the event where SAM donates a methyl group for DNA methylation, it will be converted to
SAH, after which it functions as a potent inhibitor of all methyltransferases. Thus, the
intracellular SAM:SAH ratio has been found to be tightly regulated by the metabolism of
methionine (Shiraki et al., 2014; Janke et al., 2015). A study was conducted to determine the
effect of methionine depletion on methionine metabolism in human embryonic stem cells
(ECSs) and induced pluripotent stem cells (iPSCs), where the importance of methionine
availability in the regulation of cell maintenance and differentiation was highlighted (Shiraki et

al., 2014). It was reported that methionine deficiency causes a rapid decrease in intracellular
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SAM, which leads to a decrease in H3K4me3 and global reduction in DNA methylation in
human ESCs and iPSCs cells. Therefore, a measurement of intracellular SAM to SAH ratio in
this study’s cervical cancer model of methyl donor depletion might provide a better
understanding on the effect of folate and methionine depletion on the one carbon cycle

metabolites.

Additionally, the deprivation of methionine was also found to affect the human ESCs
and iPSCs cells growth with cell cycle arrest at the GO/G1 phase (Shiraki et al., 2014). This is
followed by an increase in cell apoptosis after a methionine depletion of 24 hours. Their gene
expression analysis revealed that genes associated with the cell cycle were increased by 3-fold,
while for apoptosis they were increased 2-fold. Similarly, the bioinformatic analysis in this
study also showed a high proportion of CpG associated with mitosis and cell differentiation to
be highly hypomethylated. Shiraki et al. suggested that the p53-p38 signalling pathway was
triggered as an early response to methionine depletion at 5 hours, while the p38 activation
partially accounts for the cell-cycle arrest leading to apoptosis of ESCs/iPSCs cells, in long-

term methionine deficiency.

In contrast to methionine depletion, high methionine is expected to increase DNA
methylation. However, excessive methionine may actually disrupt the one carbon cycle by
inhibiting the re-methylation of homocysteine. Studies of SAM treatment on different types of
cancer cell lines have been found to be effective in supressing the cell’s ability to invade and
proliferate. In a study by Shukeir et al., the highly invasive human prostate cancer cells PC-3
and DU-145 were cultured in media which had been supplemented with either 100 M or 250
UM of SAM (Shukeir et al., 2015). The methylation profile was analysed using the Illumina
Methylation 450K Kit, and data analysis was performed using Genome studio software. A total
of 73 CpG sites were found to be significantly hypermethylated following treatment with SAM,
and these sites corresponded to 51 genes involved in key intracellular pathways that could affect
tumour growth and metastasis. These genes included the known prostate cancer oncogene,
CTSH, and cervical cancer oncogene, TTC23. Signal transduction regulators like STATS3,
STAT5A and STAT5B were also found to be hypermethylated. A functional analysis of the
hypermethylated genes identified signalling pathways that are involved in cell proliferation,
migration, invasiveness, angiogenesis and metastasis, such as JAK/STAT, ERK/MAPK,
WNT/B-catenin, mTOR, PPARG, VEGF, Gap and tight junction. In another in vitro study
conducted using MDA-MB-231 and Hs578T breast cancer cell lines, the administration of
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SAM caused a significant dose-dependent decrease in cell proliferation, invasion, migration,

anchorage-independent growth and increased apoptosis (Mahmood et al., 2018).

In the study conducted by (Poomipark et al., 2016), the C4-11 cervical cancer cells were
grown in complete, folate depleted, and folate and methionine depleted medium for four, eight
and twelve days. The 5-methylcytosine levels were then measured using an
immunocytochemistry method with flow cytometric detection in order to determine the effect
of methyl donor depletion on global DNA methylation. Similar to the current study, Poomipark
et al. reported that in folate and methionine depleted conditions, there was a significant
reduction of global DNA methylation by 18% when compared to the complete condition. A
significant effect of time (P=0.016) was also reported, where the mean global DNA methylation
was reported to be lower at day twelve (17.5%) as compared to day four (2.0%) and day eight
(13.6%) of culture. A reduction in global DNA methylation was also shown in cells grown in
only folate depleted conditions, although the finding was not statistically significant.
Nonetheless, the DNA methylation analysis using the flow cytometry method are only able to
determine the impact of methyl donor depletion globally, and was not able to identify specific
genes that were affected. On the other hand, DNA methylation profiling conducted in this study
allowed a more comprehensive analysis on the impact of methyl donor nutrient depletion, where
the methylation status of specific CpG sites was determined. Subsequently, data generated from
DNA methylation profiling can be scrutinised for patterns or perturbations using bioinformatics
approach, in order to identify molecular mechanisms that are affected by methyl donor
depletion. It is also a more robust analysis that allow for the discovery of results that are not
anticipated or intended by the research design, yet could provide critical insights into biology
and pathophysiology. Poomipark et al. also reported that genes associated with methionine
metabolite enzymes, including DNMT3a and DNMT3b, were significantly downregulated in
folate and methionine depleted media, and the effect was reversed by methyl donor repletion,
suggesting the global hypomethylation observed in their study could be, in part, due to the
dysregulated DNMTSs gene expression. In this study, it was observed that the DNA methylation
level of the DNMT3b gene promoter region was significantly reduce in methionine depleted
media (F+M-, F-M- and F+M+5%), when compared to the control (F+M+). Other DNMTSs
(DNMT1 and DNMT3a) were also hypomethylated, however the difference was not

statistically significant.

This study also demonstrates that the deprivation of folate in C4-11 cells did not cause

any significant changes to DNA methylation profiles when compared to the control group.
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Folate is only one of several substrates for methylation and it is possible that the DNA
methylation profile is maintained to some extent by the presence of other methyl donors. In
their study, Craciunescu et al. showed that choline supplementation mitigated effects of folate
depletion on the rate of mitosis of neural progenitor cells in mice (Craciunescu et al., 2010). As
the medium used to grow the C-4 11 cells are rich in choline, this may have compensated for the
depletion of folate and maintained methionine synthesis and therefore SAM synthesis, through
the betaine pathway. An additional analysis to determine intracellular choline and betaine in

this model of methyl donor depletion might provide useful insight to this finding.

Furthermore, previous studies had reported that cells grown in folate depleted media
still grew, but at a significantly slower rate than cells in complete medium. Stempak et al. had
grown two human colon adenocarcinoma cell lines, HCT116 and Caco-2 grown in folate
depleted RPMI medium for 20 days in media containing 0 (depleted) or 0.9 mg/L (complete)
folic acid (Stempak et al., 2005). In another study, prostate cancer cell line derived from
transgenic adenoma of the mouse prostate (TRAMP) were also grown in folate depleted media
(0.04mg/L) (Bistulfi et al., 2010). In both studies, folate depleted cells still grew, but at a
significantly slower rate than cells in complete medium. It has been suggested that folate
deficiency may trigger an increase in the expression of folate receptor genes as a compensatory
mechanism, which in turn supports its function to a certain extent (Kelemen, 2006).

Though folate depletion appears to have little impact on DNA methylation, previous
studies has also highlighted its importance in supporting DNA synthesis and repair, faults in
which are associated with cancer risk and progression (Duthie et al., 2000; Rampersaud et al.,
2002; Narayanan et al., 2004). In the absence of folate, the deoxyuridine monophosphate
(dUMP) accumulates and the production of purine and pyrimidine is reduced, causing more
uracil to be incorporated into DNA by DNA polymerase. The DNA repair activity to remove
this uracil may cause transient nicks to be formed, and two opposing nicks could lead to
chromosome breaks, thus damaging the DNA strand. This causes DNA to be unstable and
ultimately increases the risk of cancer and other cognitive defects associated with folate

deficiency in humans.

6.5.3 Effect of methyl donor depletion on methylation status of selected genes
In this study, the TP73 and STAT1 genes were found to be highly methylated in all media
conditions in the methylation specific PCR (MSP) analysis, with partial non-methylation in

methionine depleted conditions (F+M-). In contrast, the CpG sites of these two genes were
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reported to be significantly hypomethylated in methionine depleted conditions (F+M-, F-M-
and F+M+5%), when compared to the control (F+M+) via the methylation array.

The MSP technique consists mainly of two procedures; firstly the conversion of un-
methylated cytosine to uracil with sodium bisulphite treatment, followed by detection of the
bisulphite induced sequence differences with PCR, by using specific primer sets for both un-
methylated and methylated DNA (Ku et al., 2011). Compared to other techniques, MSP is a
quick and cost-effective method to assess the methylation pattern of almost any CpG sites
within CpG islands. It requires a very small amount of DNA and is sensitive to 0.1% of
methylated alleles in a given CpG island locus. However, this method is not able to quantify
the methylation levels, but only indicates the presence or absence of methylation. Furthermore,
sequences that have been incompletely converted during the bisulphite treatment, which
usually occurs in DNA samples that lacks methylation or have a low level of methylation, are
frequently co-amplified during MSP, resulting in an overestimation of DNA methylation
(Sasaki et al., 2003). This could be one of the possible explanations for the contradicting results
in the methylation status of TP73 and STATL in this study.

Additionally in this technique, the design of a good primer pairs is a crucial in order to
obtain reliable PCR results (Derks et al., 2004). The designed methylation specific PCR primer
pairs should have at least one CpG near their 3’ends in order to distinguish between methylated
and un-methylated sequences. They should also contain several non-CpG C’s, which favours
amplification of the bisulphite-modified sequences. Furthermore, the designed primers for the
methylated and un-methylated alleles should also contain the same CpGs in their sequences.
Additionally, the resulting PCR product should not exceed 300 base pairs, as bisulphite
treatment could cause fragmentation of DNA samples (Li & Dahiya, 2002). The differences
between the melting temperatures for the designed primer pairs are preferably less than 5° C in
order to improve the PCR efficiency (Derks et al., 2004). In this study, the designed primers
fulfilled all these criteria, except for the difference between the STAT1 primer pair melting

temperatures which exceeded 5°C.

The tumour protein 73 (TP73) gene belong to the p53 tumour suppressor family which
regulates genomic integrity, cellular proliferation and apoptosis. This gene plays an important
role in cell homeostasis, as it partially compensates for the loss of p53 function (Vilgelm et al.,
2010). Unlike TP53, which is mutated in more than 50% of all human tumours, TP73 is rarely

mutated (less than 1%) but rather overexpressed as compared with normal tissue (Gomez et al.,
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2018). A meta-analysis reported that TP73 expression in cervical cancer is significantly higher
than that in normal cervical squamous epithelium, which may play an important role in the
occurrence and development of cervical cancer (Feng et al., 2017). Genetic alterations in
TP73 were also suggested to contribute to the development of cervical cancer in an HPV-
infected transformation zone under prolonged exposure to events related to pregnancy
(Craveiro et al., 2004).

Similarly, signal transducer and activator of transcription 1 (STAT1) also plays a crucial
role as a tumour suppressor, through its capacity to control immune system function and
promote tumour immune surveillance (Koromilas & Sexl, 2013). STAT1 was reported to be
highly methylated in serum samples of cervical cancer patients (Jha et al., 2016). Additionally,
the loss of activation and/or expression of STAT1 occurs in malignant cells derived from various
histological types of tumours, such as breast cancer, oesophageal cancer, colorectal
cancer, lung cancer, melanoma, and gastric cancer (Adamkova et al., 2007; Zhang et al., 2014;
Chen et al., 2015; Zhang et al., 2017).

However, there are conflicting views on TP73 and STAT1 functions in promoting or
preventing malignancies, as there are a relatively large number of factors that are known to
dictate how these genes affect the malignant phenotypes and clinical behaviours of cancer. For
example, STATL can act as either a tumour suppressor or promoter in different types of cancer
and contraindications have been reported in some types of cancer, such as breast cancer and
leukaemia (Zhang & Liu, 2017). These variations resulted from differences in the genetics and
environments of the patient cohorts, rather than from the specific type of cancer. On the other
hand, the expression and activation ratio of STAT/a and STAT14 in different cancer types may
promote a “switch” from a tumour survival to a tumour death phenotype. Additionally, it is
important to note that the methylation of a single CpG site will not necessarily affects its protein
expression. A study investigating TP73 gene methylation status in invasive breast carcinoma
cells found that a decrease in TP73 methylation levels did not affect the expression of the p73
protein with an inverse correlation of p=—0.42; P=0.039 (Gomez et al., 2018). This also
highlights the importance of validating the current study at the functional level.

6.6 Summary
In this study, it was found that a complete depletion of folate has little impact on DNA

methylation in C4-I1 cervical cancer cells, whereas methionine depletion has a significant
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impact on the regulation of DNA methylation. It also highlights the regulatory functions of
methionine via DNA methylation on biological processes associated with host defence
mechanisms, immune responses, as well as mitosis, cell differentiation, cell motility and
angiogenesis; and the potential to identify pathways linked to methyl donor nutrient metabolism
that might modify the risk of cervical cancer, through effects on cancer processes. Nonetheless,
the importance of folate as methyl donor cannot be ignored. Furthermore, the role that folate
plays in DNA synthesis and cell division is well understood and this is the basis for the use of

anti-folate drugs in cancer treatment.
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CHAPTER 7

DISCUSSION AND CONCLUSION

7.1  Discussion

Cervical cancer is classified as the fourth most common type of cancer that occurs uniquely in
women, and constitutes a serious global public health problem (Sung et al., 2021). With an
estimated occurrence of 604 000 new cases in 2020 and an overall incidence rate of 18.8/100
00 women, cervical cancer is the second most common type of cancer diagnosed and the third
leading cause of cancer-associated deaths in women in the least developed countries.
Furthermore, there was an increase in cervical cancer incidence by 6% and in mortality by 10%
worldwide, since the IARC report in 2018 (Bray et al., 2018). Cervical cancer still remains as
one of the biggest threats to women’s health and lives worldwide despite the fact that either
early neoplastic cell changes or human papillomavirus (HPV) infections, can be screened,
enabling treatment to prevent the development of invasive lesions and; with the introduction of
HPV vaccination programs that have been reported to be safe and highly effective against
vaccine-type persistent infections and cervical precancerous lesions in women. The higher
incidence and mortality in least developed countries could in part be explained by the absence
of technical or public health infrastructure to screen for HPV infection and/or to detect and
remove pre-cancerous lesions (Gakidou et al., 2008), the high cost of HPV vaccination (Torre
etal., 2015), as well as paucity of adolescent health platforms, cultural challenges and difficulty
in reaching the target population (Denny, 2015). Therefore, ongoing research to better
understand the cervical cancer carcinogenesis process, as well as factors that contribute towards
its risk and progression from pre-cancerous lesions to invasive cancer, are still crucial in order
to develop more cost-effective preventative programs especially in low and middle income

countries.

Numerous clinical, epidemiological and molecular studies have shown that persistent
infection with high-risk HPV genotypes is an indispensable, but not sufficient prerequisite for
the development of cervical cancer. About 85 to 90% of HPV infections spontaneously regress
due to the bodies innate and adaptive immunity, with only 10 to 15% that continue to persist
(Laniewski et al., 2020; Da Silva et al., 2021). This suggests that additional factors are necessary
in order to establish a conducive environment for neoplastic progression, where the virus is able

to evade the host immune system to ensure its continuous replication in the basal epithelial
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cells. Dysregulation of both viral and host gene expression due to viral DNA integration into
the cell's genome, as well as epigenetic modifications, are key events in the carcinogenic
process. Modification of the DNA methylation pattern, an epigenetic mechanism pivotal for
regulating gene transcription, has been demonstrated in cervical cancer and its precursors
(Duefas-Gonzalez et al., 2005; Szalmas & Konya, 2009), consisting of two main features.
Global hypomethylation may lead to genome instability and DNA breakage as well as
transcriptional activation of oncogenes (Feinberg & Tycko, 2004; Wilson et al., 2007; Jung &
Pfeifer, 2015); whilst gene-specific hypermethylation may silence the expression of genes that
are critical to cell homeostasis, DNA integrity, or genome stability, resulting in cancer
development and progression (Bakshi et al., 2018). It has been hypothesized that aberrant
methylation patterns can be induced by the overexpression of viral E6 and E7 oncoproteins of
HR-HPVs (Sen et al., 2018).

On the other hand, Poomipark et al. proposed a contrasting hypothesis where methyl
donor status regulates DNA methylation, that affects the incidence of cervical cancer
(Poomipark et al., 2016). Methyl donor nutrients availability has been shown to modify DNA
methylation either globally or at specific CpG sites by inducing the formation of methyl donors,
acting as co-enzymes, or modifying DNMT enzymatic activity (Mahmoud & Ali, 2019; Ghazi
et al., 2020). There has been particular interest in the possible role of folate as a determinant of
cervical cancer risk as previous studies have associated low folate status with higher HR-HPV
incidence and CIN stage (Piyathilake et al., 2004; Piyathilake et al., 2007), and its role in DNA
methylation and gene expression (Flatley et al., 2009). Evidence on methionine status and its
association with cervical cancer is lacking, though its intake has been associated with reduced
risk of breast, prostate and colorectal cancer. Nonetheless, the specific mechanisms by which
these methyl donor nutrients contribute to the development of cervical cancer are as yet unclear,
with conflicting findings to their possible roles in preventing or promoting cancer development.
Thus, the main aim of this study is to determine the effects methyl donor depletion, folate and
methionine in particular, on mechanisms associated with cancer risk and progression in cervical
cancer cells. The main findings in this study highlight the importance of methionine over folate
as a methyl donor in the regulation of gene expression, and also the regulatory functions of both
folate and methionine on IFN-stimulated gene expression associated with antiviral immunity in

a cervical cancer cell line.
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As previous studies have indicated, HR-HPV infection as well as methyl donor nutrient
availability may modulate cervical cancer growth and progression. Thus, this study has
identified and combined two microarray datasets, each representing the conditions mentioned
above, in order to identify gene networks and pathways that are affected by both methyl donor
nutrient depletion and chromosomal integration of HPV in cervical cells; which to our
knowledge, has never been done before. Contrary to the more common hypothesis-testing
approach; the hypothesis-generating approach used in this study involves background research,
directly followed by experimental design and application to generate high-throughput data. This
data is then scrutinised for patterns or perturbations, followed by data interpretation, and finally
the hypotheses were refined and extended. Subsequently, these hypotheses are usually validated
by experimental study. Though not common, this approach is becoming more widely used,
especially with the development in high throughput technologies such as microarray analysis
(Xu et al., 2019). The ability to combine high-throughput datasets that measure different sets
of conditions, might provide a more robust analysis that also allows for the discovery of results
that are not anticipated or intended by the original research design, and yet could provide critical
insights into biology and pathophysiology. Interestingly, via this method, we have identified
several IFN-stimulated genes that are involved in cell host defence mechanisms and genes that
are involved in cell level oncogenic processes, which are mutually sensitive to methyl donor
nutrient availability (Figure 3.10 to Figure 3.13); which has not been demonstrated in the
original bioinformatics analysis (Poomipark, 2013). This has raised the question of whether
methyl donor nutrients availability may influence an individual’s susceptibility towards HPV

infection and persistence, and cervical cancer development via its impact on DNA methylation.

Initial work to validate the bioinformatics findings was conducted, where four IFN-
stimulated genes (ISGs), RSAD2, OAS1, IFIT1, ISG15 showed a significant upregulation in
methionine or combined folate and methionine depleted condition after day four and eight of
culture (Figure 4.14 to Figure 4.17). As there are no previous studies that look into this
phenomenon, it is difficult to identify the specific mechanisms for this effect. However, the
upregulation of these genes may be associated with the reduction in global DNA methylation
observed in this study, where more than 470 000 CpG sites were found to be hypomethylated
in methionine-deficient cells (Figure 6.20 and Figure 6.27). These ISGs and their signalling
pathways play vital roles in the malignant transformation of cells in the tumour
microenvironment. Although IFNs have been used as exogenous pharmaceuticals for the
treatment of cancers, paradoxical findings revealed that constitutive expression of aberrantly

regulated 1SGs promotes neoplastic disease development and progression including skin, breast
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and head and neck cancers (Cheon et al., 2014). Increased expression of ISGs has been reported
in metastatic cancer cells compared to non-metastatic cells (Khodarev et al., 2009). On the other
hand, the upregulation of ISGs expression has been associated with an improved clinical
outcome (Danish et al., 2013; Zhang et al., 2016). This contradictive finding makes it difficult
to speculate as to whether the upregulation of ISGs would be beneficial or detrimental in the
treatment of cervical cancer. Additionally, several other factors are thought to influence the
expression of IFN genes, such as the expression level of microRNAs (miRNAs) and non-coding
RNAs (ncRNAS), and chromatin conformation (Aune et al., 2013; Kambara et al., 2014; Forster
et al., 2015), which have been known to be affected by methyl donor deficiency. Changes in
DNA methylation might also be accompanied by altered histone methylation and acetylation,
with consequent effects on the accessibility of transcription factors to binding sites of

chromatin.

Dysregulated cytokines production has been identified along with HPV infection in the
pathogenesis of cervical neoplasia (Paradkar et al., 2014; Das et al., 2018; Otani et al., 2019).
Thus, this study attempts to determine the functional impact of folate and/or methionine
depletion on host defence mechanisms; whereby production of TNF-o and IL-1p cytokines on
THP-1 derived macrophages grown in folate and/or methionine depleted medium was assessed.
A significant reduction of TNF-o and IL-1p cytokines was demonstrated in the absence of
folate, methionine or both nutrients (Figure 5.4 and Figure 5.5). A recent study had also
observed that monocyte pre-treatment with specific methyl donors, particularly folic acid,
reduced the inflammatory response in LPS-activated THP-1 macrophages, which could in part
be mediated by increased DNA methylation in some CpG sites of important proinflammatory
genes (Samblas et al., 2018). This demonstrates that cytokine production in the humoral
immune system is also affected by methyl donor nutrient depletion. As cytokine production is
down-regulated in conditions of folate and methionine scarcity, therefore, for an appropriate
immune response against HR-HPV infection there might be a need for adequate methyl donor

nutrient availability.

The functional significance of altered expression of IFN genes to cancer progression in
response to methyl donor depletion is unclear, but there is evidence to support the notion that
upregulation of IFN genes may be an important anti-tumour strategy in cancer. These antiviral
proteins are crucial for antiviral activities in host cells, which include the inhibition of virus
entry, prevention of virus replication and obstruction of viral egress (Schneider et al., 2014),

thus it might play a pivotal role in HR-HPV viral infection and persistence that lead to
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neoplastic progression. ISGs have been shown to act against HPV by directly binding with the
key E1 replication protein, which is crucial for the synthesis of viral progeny DNA (Pidugu et
al., 2019a). Furthermore, it is suggested that the suppression of Type 1 IFN signalling may help
developing tumours evade the critical early step of immune recognition and clearance. Studies
on cell culture have found that IFN-o, IFN-B and IFN-y directly induce caspase-mediated
apoptosis in a variety of tumour cell types, leading to experimental studies on the use of Type
1 IFN treatments in various cancers (Herzer et al., 2009; Kirkwood, 2002). However, as precise
molecular mechanisms of IFNs action in cancer treatment is far from being elucidated, it
severely hinders further application of IFNs in cancer therapy. Therefore, this study has
highlighted the potential effect of methyl donor nutrients via its impact on DNA methylation in
modulating IFN genes expression. Other recent studies are also exploring the role of methionine
as a key nutrient in epigenetic reprogramming in CD4+ T helper (Th) cells (Roy et al., 2020).
Methionine restriction has been found to reduce histone H3K4 methylation (H3K4me3) at the
promoter regions of key genes involved in Th17 cell proliferation and cytokine production, that
may lead to disease onset. Furthermore, SAM has been suggested as an essential metabolite for
inflammatory macrophages, where a high SAM:SAH ratio supports histone H3 lysine 36
trimethylation for IL-1p production (Yu et al., 2019). However, more extensive work and
experimental study need to be conducted in order to validate the mechanistic nature of these
ISGs and their functional impact in host defence and immune function. Nonetheless, the results
of this study suggests that methyl donor availability may be critical for the expression of IFN-
stimulated genes, as DNA methylation triggered by methyl donor status might affect both

cancer-protecting genes and the HPV genome, as the disease progresses.

Additionally, instead of folate, this study highlights the importance of methionine in the
regulation of DNA methylation. As discussed earlier, significant upregulation of 1SGs were
only observed in methionine-deficient cells. Furthermore, DNA methylation profiling has
demonstrated that a majority of the CpG sites were hypomethylated globally in methionine
(F+M-) or combined folate and methionine deficiencies (F-M-); whilst a depletion of only folate
(F-M+) might not be sufficient to affect global DNA methylation (Figure 6.20 and Figure
6.27). Itis possible that methyl donor depletion could lead to a reduction in DNMTSs expression,
resulting in the observed global DNA hypomethylation in this study. Poomipark et al. reported
that the depletion of both folate and methionine in C4-I1 cervical cancer cells had a greater
impact on the downregulation of DNMT3a and DNMT3b gene expression as well as DNMT1
protein expression, while folate depletion alone had little or no effect on the DNMT gene or

protein expression (Poomipark et al., 2016). As folate is only one of several substrates in the
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IC metabolism, it is possible that the DNA methylation profile is preserved to some extent at
the expense of other methyl donor (Liu & Ward, 2010). Furthermore, others have shown
interactions between the activities of dietary methyl donors (Niculescu & Zeisel, 2002), notably
choline, that may mitigate effects of folate depletion. In their study, Craciunescu et al. showed
that choline supplementation mitigated effects of folate depletion on the rate of mitosis of neural
progenitor cells in mice (Craciunescu et al., 2010). As the medium used to grow the C-4 11 cells
is rich in choline, this may have compensated for the depletion of folate and maintained
methionine synthesis and therefore SAM synthesis, through the betaine pathway. An additional
analysis to determine intracellular choline and betaine in this model of methyl donor depletion

might provide useful insight to this finding.

An important limitation to note is the severe depletion of folate and/or methionine in the
cervical cancer model of methyl donor depletion of this study. The folate-deficient medium
contained an average of 0.3 mg/L (F-M+) and 0.6 mg/L (F-M-) of folate, while the 5% folate
repleted-medium was estimated to contain average folate concentrations of 0.6 mg/L (F-M+)
and 0.9 mg/L (F-M-), respectively. This severe depletion of folate might not be reflective of the
level of deficiency observed in real life humans. According to the National Diet and Nutrition
Survey (NDNS), clinical threshold for folate deficiency in which there is a risk of disease is
less than 305 nmol/L for RBC folate and less than 7 nmol/L for serum folate; whilst serum
folate containing less than 13 nmol/L of folate indicates folate deficiency is possible (NDNS,
2020). In this NDNS report, serum folate concentration of less than 7 nmol/L is present in 11%
of the adult UK population aged between 19 to 64 years and 13% of women of child bearing
age (aged 16 to 49 years) indicating clinical deficiency of folate; whilst serum folate
concentration of less than 13 nmol/L is present in 52% for both adults and women of child
bearing age, indicating possible folate deficiency. The NDNS also reported that the percentage
with mean folate intakes below the LRNI was 4% and 8% for adults aged 19 to 64 years and
women of childbearing age, respectively. However, Rogers et al. reported that the prevalence
of folate deficiency was more than 20% in many countries with lower income economies but
was typically less than 5% in countries with higher income economies (Rogers et al., 2018).
There is no data on folate status or intake in Eastern, Southern and Central African countries,
where incidence of cervical cancer is highest. However, recent study in Brazil have reported
that the mean folate intake was 375.8 pg/day, where only 1.7% reported folate levels below
6.8nmol/L (Steluti et al., 2017). This finding is attributed to the national folic acid fortification
policy that was implemented 10 years ago. In contrast, a study in Iran reported a higher

percentage (14.3%) of folate deficiency (<6.7nmol/L), with a lower mean intake of folate of
209



198.3 pg/day, among women of childbearing age in Golestan province, where a pilot project
on folic acid fortification of flour is being implemented (Abdollahi et al., 2008). Extrapolating
the finding of this study to individuals with folate deficiency, and based on the NDNS data
stated above, it would suggest that as a consequence of this deficiency, significant numbers of
sexually active women could be at risk of a poor immune response. This could affect their
ability to combat HR-HPV infection, leading to HPV persistence and subsequently increase the
risk of developing cervical cancer. Moreover, previous studies have also shown that low folate
status is associated with higher HR-HPV incidence and CIN stage (Piyathilake et al., 2004;
Piyathilake et al., 2007).

Adversely, there is very limited data on methionine intake. The findings of this study
showed that methionine concentration in methionine depleted media (F+M- or F-M-) was
extremely low, close to the lowest limitation of the assay (1.45 — 45.4 nmol/L) and could not
be accurately determined. However, the impact of methionine depletion is more pronounced in
the findings of this study. This suggests that methyl donor nutrient depletion might adversely
impact immune function. On the other hand, literature on methionine intake and possible
association with HPV infection and cervical cancer are scarce, indicating a need for it, so that

findings on methyl donor nutrients studies can be better contextualized.

Nutrients can regulate several biological processes in our body via modifying epigenetic
mechanisms that are critical for gene expression such as DNA methylation. The reversible
characteristics of epigenetic marks, and their sensitivity to nutritional changes, create an
attractive and promising field of study. However, the involvement of various nutrients
interactions with DNA methylation also makes it a very complex field to study. Furthermore,
the DNA methylation process itself appears to be gene-sensitive, tissue-dependent and could
be affected by other pathological conditions and environmental factors. Thus, findings from
this study must be interpreted with care and cannot be generalised to all types of cancer
cells/tissues. This study suggests that a depletion of methyl donor nutrients directly impacts the
innate immune system, which could influence the development and progression of cervical
cancer through modulation of infectivity of HPV. It suggests the potential of these nutrients in
influencing the expression of genes involved in immune response via demethylation, bringing
about a more pronounced immune response in early stages of cervical cancer. Thus, it might
prove to be more insightful to conduct further studies on methyl donor regulated gene
expression and functional outcomes associated with immune response at various stages of

cancer progression. In the context of cervical cancer risk and progression, it is not yet possible
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to confirm whether the depletion of these nutrients is beneficial or detrimental, and therefore
additional experimentation is required. However, identifying changes in methyl donor regulated
genes could hold diagnostic or therapeutic potential based on epigenetic changes occurring due

to nutrient availability for those who are in the at-risk group.

Accordingly, future research should be designed in a way that dissects the effect of
single versus combined intake of methyl donors, dietary versus supplementary mode of intake,
and dose response relationship. Furthermore, researchers should consider the differential
response to methyl donors between healthy tissues and cancerous lesions where aberrant
methylation profiles might exist and modify the outcome, hence proposing the validation study
with primary cell. Finally, large scale clinical trials in both healthy people and cancer patients
are needed in order to provide specific recommendations for methyl donor intake that maintains
normal methylation profiles in each group. Nonetheless, this current research warrants future

investigation with promising data on nutrients and epigenetic changes in relation to cancer risk.

7.2 Conclusion

It was hypothesised that the deficiency of folate and/or methionine influences the regulation of
DNA methylation processes, thus effecting the expression of genes in the cervical cancer cell
lines which could potentially influence cervical cancer risk and progression. The research to
investigate this hypothesis can be considered in five parts:

e identification of cervical cancer-associated gene networks and pathways that are
affected by both methyl donor nutrient depletion, and by chromosomal integration of
HR-HPV in cervical cells using bioinformatics analysis.

e validation of the C4-1l cervical cancer cell model of methyl donor depletion by
analysing intracellular folate concentration, intracellular methionine concentration and
extracellular homocysteine concentration.

e determination of the effect of methyl donor nutrient depletion on the expression of
interferon stimulated genes, associated with host defence mechanisms using
quantitative RT-PCR.

e determination of the effect of methyl donor nutrient depletion on cytokine production
in differentiated macrophages, derived from the THP-1 cell line.

e investigation of how the availability of methionine and folate impacts globally and
specifically on DNA methylation in a C4-11 cervical cancer cell model of methyl donor
depletion by methylation profiling and by methylation specific PCR.
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The outcome of these investigations has

7.3

shown a retardation of C4-11 cervical cancer cells growth in response to folate depletion,
with more severe effects for methionine and combined folate and methionine depletion.
confirmed the reduction of intracellular folate in response to folate depletion; a decrease
in intracellular methionine in response to methionine depletion; and the accumulation
of extracellular homocysteine in response to folate, methionine or both nutrients’
depletion, indicating a functional model of methyl donor nutrient depletion.

identified genes that are involved in host defence and genes that are involved in cancer
processes, both sets of which are sensitive to methyl donor nutrient availability.
highlighted the role of host defence mechanisms, specifically with regards to the
functions of type 1 interferon in preventing cancer progression, which in turn may be
modulated by methyl donor nutrients availability.

shown an upregulation in the expression of genes, associated with the type 1 interferon
pathway immune responses towards external stimuli, in response to methionine only or
combined folate and methionine depletion.

shown a reduction of TNFa and IL-1p cytokines production in response to methyl donor
nutrient depletion in THP-1 derived macrophages.

shown a reduction in DNA methylation globally in response to methionine or combined
folate and methionine depletion. A 5% addition of folate and methionine did not reverse
the effect of global DNA hypomethylation. A deficiency of folate alone did not present
a significant change to the DNA methylation profile.

shown inconsistent results in TP73 and STAT1 methylation status via methylation
profiling and methylation specific PCR, which may be due to limitations in the method

used.

Study Limitation

In general, the main limitations of this study are the result of time and cost constraints. Initially,

this study was planned to start with the experimental phase using two established cell lines; C4-

Il and SiHa cervical cancer cell lines, with the findings to be confirmed using primary cells.

However, we were not able to determine a functional impact of methionine and/or folate

depletion at the cellular level using the SiHa cell line. Thus, further analysis using this cell line

was not conducted. Additionally, there was a limitation in recruiting patients to obtain primary

212



samples, which was not feasible within this context, time, cost and access to clinical service.
The main disadvantage of an established cell line is that, after a period of growth, cell
characteristics can change and may become quite different from those found in the initial
passages (Kaur & Dufour, 2012). Therefore, cell lines may not adequately represent primary
cells and may provide different results. In this context, the biological responses in primary cells
may be closer to an in vivo situation than the ones obtained with cell lines. On the other hand,
primary cells are only useful within the first few passages and have a higher risk of

contamination than cell lines.

The experiment on the effect of methyl donor depletion on cytokine production was
conducted on the assumption that the THP-1 cells would experience a similar functional state
of methyl donor depletion. The measurements of THP-1 cells and THP-1 derived macrophages
cell viability in complete and depleted media, as well as intracellular folate, methionine and
homocysteine concentrations were not carried out due to the limitations of time, cost and access
to clinical service that could assist with the analysis. Nonetheless, in this pilot study, regardless
of the absence of data on cell differentiation, methyl donor nutrient modulation significantly
altered cytokine production, thus, a more robust experimental design can be developed where
these issues are addressed, in order to further explore the impact of methyl donor depletion on
cytokines production.

The cervical cancer cell model of methyl donor depletion in this study presents a severe
deficiency of folate and/or methionine that might not be reflective towards the deficiency levels
observed in human. Future work should consider the effects of methyl donor depletion at
different levels of depletion, as well as in repleted conditions to determine the reversibility of
the its effect.

This study uses the hypothesis-generating approach, instead of a hypothesis-driven
approach in order to understand the molecular effects of methyl donor depletion on cervical
cancer cells. As this approach is predictive in nature, the findings need to be validated via the

hypothesis-testing approach, which will incur additional time and cost.

7.4 Future Works
This thesis has raised several interesting findings that can be further explored in the future, in
order to provide a more robust understanding on the impact of methyl donor depletion on
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cervical cancer risk and progression. As the current findings are based on an established cancer
cell line, it is important to replicate these experiments using a primary cell culture; as biological
responses in primary cells may be closer to an in vivo situation than the ones obtained with
established cell lines. Additionally, effects of methyl donor depletion at different levels of
depletion or in repletion could also be carried out. This could provide greater understanding on

how levels of depletion severity may affect experimental outcome.

Additionally, in order to further understand the impact of methyl donor depletion on
host defence mechanisms during an active stage of infection; future works can include the use
of a methyl donor depleted cell model using normal primary cervical tissue culture, where HPV
infection can be simulated, and its effects on the expression of IFN genes and cytokine
productions can be assessed. Furthermore, a more comprehensive cytokine profile in epithelial
cells that represents both Th-1 and Th-2 type cytokine responses towards external stimuli in

methyl donor depleted conditions can be carried out.

In addition to its impact on host defence and immune system, the bioinformatics analysis
also identified several key biological processes associated with the hallmarks of cancer that can
be further explored in the future. This includes the impact of methyl donor depletion on cell
proliferation and apoptosis, as the changes in the gene clusters could also be an indicative of

cytostatic cells. Its findings can also strengthen the interpretation of this current work.

Besides folate and methionine, other methyl donor nutrients include choline and
betaine, which are substrates in the betaine:homocysteine methyltransferase pathway. Previous
studies have suggested an interdependency of these methyl donor nutrients, where the presence
of choline could feed into the methionine and folate cycle to a certain extent, thus masking the
effect of folate and/or methionine depletion. Thus, an experimental study that includes other
methyl donor nutrients might be useful in order to explore the interaction between these
nutrients in the one carbon cycle. Additionally, there are scarcity in current literature that
examine the impact of methyl donor nutrients intake as a whole, and its impact on immune
function, HPV infection and persistence, DNA methylation and cervical cancer. Thus, studies

at the population level to determine this association could supports in vivo and in vitro findings.
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Appendix 1 Functional clustering analysis of upregulated DEGs from methyl donor depleted

dataset
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Appendix 2 Functional clustering analysis of downregulated DEGs from methyl donor

depleted dataset
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Appendix 3  Functional clustering analysis of common DEGs between methyl donor depleted

and Epi-stage of HPV integration dataset
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Appendix 4 Functional clustering analysis of common DEGs between methyl donor depleted

and Int-stage of HPV integration dataset
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