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ABSTRACT

DNA hypermethylation is a frequent feature of colorectal cancer, where it has been linked to
the silencing of tumour suppressor genes and cancer progression. Thymoquinone (TQ) is a
bioactive compound found in black cumin (Nigella sativa), and displays promising anti-cancer
effects; however, its epigenetic effect in colorectal cancer is uncertain. This study investigated
the impact of TQ on global DNA methylation in the human colorectal adenocarcinoma (Caco-
2) cell line. Caco-2 cells were cultured and treated with TQ for 24 hours. The MTT assay was
conducted to assess cell viability and obtain an ICso. Global DNA methylation was quantified
using an ELISA kit. Changes in mRNA expression of DNMT1, DNMT3a, DNMT3b, UHRF1,
MBD2, TETI, TET2, TET3, and miR-29b were determined with qPCR. Changes in DNMT1,
DNMT3a, DNMT3b, and MBD2 protein expression were assessed by Western blotting or
ELISA. TQ dose-dependently decreased cell viability and yielded an ICso of 504 uM. TQ
brought about global DNA hypomethylation (p < 0.005) in Caco-2 cells. TQ reduced mRNA
expression of DNMTI (p < 0.05), DNMT3a (p < 0.05), and DNMT3b (p < 0.005), as well as
UHRF1 (p <0.05) and MBD2 (p <0.05). TQ increased TETI (p < 0.05), TET2 (p < 0.05), and
TET3 mRNA expression (p < 0.005). MiR-29b expression was also increased (p < 0.05). TQ
also reduced protein expression of DNMTT1 (p <0.0001), DNMT3a (p < 0.0001), DNMT3b (p
< 0.05) and MBD2 (p < 0.005). Together, these results suggest that TQ induced global DNA
hypomethylation in Caco-2 cells by down-regulating DNMT1, DNMT3a, DNMT3b, UHRFI,
and MBD2, and up-regulating TET1-3 and miR-29b expression. This highlights the potential

of TQ as a promising anti-cancer agent.

Keywords: thymoquinone, colorectal cancer, epigenetics, DNA methylation, microRNA



CHAPTER 1: INTRODUCTION

1.1. Background

Cancer is the second leading cause of death worldwide (Bray et al., 2021). Although having
slightly decreased in recent years, the mortality rate is still staggeringly high (Global Burden
of Disease Cancer et al., 2022). Based on statistics taken between 2018 and 2022, the mortality
rate is reported to be 146 per 100 000 individuals (NCI, 2024). This statistic varies among
sexes, with men showing a mortality rate of 173.2 per 100 000, and women 126.4 per 100 000
(NCI, 2024). The highest mortality rates are observed in older age groups of 50 years and above
(CRUK, 2021). Notably, developing countries exhibit a cancer-related mortality rate of 66%:
a figure that is disproportionately elevated (Grainger, 2023). This can be attributed to the high
costs and limited availability of conventional treatment methods in the affected areas. Existing
treatments are also known to cause a plethora of adverse effects. Chemotherapy and cancer
drugs can result in debilitating fatigue, hair loss, a weakened immune system, blood clots,
bruising and bleeding, memory fog, eyesight changes, nerve changes, infertility, liver and
kidney problems, among others (CRUK, 2023, NHS, 2025). Immunotherapy can bring about
skin reactions, flu symptoms, heart palpitations, inflammation, hyper- or hypotension, and
dizziness (NCI, 2023). Even targeted therapies have adverse effects such as mouth sores,
abnormal blood clotting, liver problems, and hypertension (NCI, 2022). Therefore, it remains

necessary to explore alternative treatments that circumvent these issues.

Colorectal adenocarcinoma is described as a malignancy of colorectal tissue, and is the second
most deadly type of cancer: 1.1 million annual deaths from colorectal cancer are projected to
occur by the year 2030 (Rawla et al., 2019). The issues mentioned above are applicable to this
type of cancer as well, making it imperative to focus research in this area to decrease the
mortality rate. Natural compound-based therapeutics may prove to be a promising approach,
given their high availability, affordability, and accessibility. In fact, several existing anticancer

drugs (Taxol, epothilones) were formulated from natural product origins (Kim and Kim, 2018).

The term ‘epigenetics’ was first created in the 1940s by the biologist C. H. Waddington
(Waddington, 2012) and refers to altered gene expression without changes in gene sequences
(Holliday, 2006). The most common types of epigenetic changes are DNA methylation, histone
modifications, and non-coding RNAs (Baylin and Ohm, 2006). These play regulatory functions

in gene expression: DNA methylation results in transcriptional silencing, histone modifications



can either activate or silence gene expression, and microRNAs inhibit gene expression at the
post-transcriptional level (Casey, 2016). Disruptions in these modifications cause abnormal

gene expression, which contributes to various diseases, including cancer (Casey, 2016).

DNA methylation entails the incorporation of a CH3 (methyl) group onto the fifth carbon of
cytosine on promoter CpG islands to produce 5-methylcytosine (SmC) (Moore et al., 2013).
This facilitates transcriptional silencing by inhibiting transcription factor binding to gene
promoter regions (Razin and Kantor, 2005). DNA methyltransferases (DNMTs) are responsible
for this phenomenon. Demethylation occurs by means of ten-eleven translocation (TET)

proteins: SmC is converted back to cytosine through a series of reactions (Wu and Zhang,

2017).

MicroRNAs (miRNAs) function by post-transcriptionally repressing gene expression through
the targeting of specific mRNA for degradation (Bushati and Cohen, 2007). MiR-29b is of
particular interest here, since it is reported to regulate the expression of DNMT proteins and

therefore, influences DNA methylation (Kwon et al., 2019).

DNA hypermethylation is observed in almost all cancers, including colorectal cancer, with
decreased expression of tumour suppressor genes to facilitate uncontrolled tumour cell
proliferation (Nishiyama and Nakanishi, 2021). The expression of DNMT proteins is
reportedly elevated, along with their associated cofactors (Liao et al., 2019). Conversely, TET
proteins and miR-29b are downregulated (Kohli and Zhang, 2013, Jiang et al., 2014).
Epigenetic changes are reversible, making them a promising target for drug development
(Zhang et al., 2020a). Treatments that target these modifications may restore normal gene

expression and reduce tumour cell survival and proliferation.

Thymoquinone (TQ) is found primarily in the herb Nigella sativa (NS), which has been used
in the Middle East and Northern Africa for culinary and medicinal purposes for hundreds of
years (Hannan et al., 2021). Historically, NS has been given great importance for its mentions
in Islamic and Christian texts (Dalli et al., 2021), and it has been proven to possess a vast array
of healing properties. The major bioactive compound in NS is TQ, which has demonstrated
numerous therapeutic properties against conditions such as cancer, diabetes, hypertension,
cardiovascular disease, inflammation, and neuropathies (Hannan et al., 2021). Its anticancer
effects are the most widely studied, and it has proven to affect aberrant epigenetic machinery
in several types of cancers (Khan et al., 2019). However, its effects on the epigenetic machinery

in colorectal cancer remain unclear.



1.2. Aim, hypothesis, and objectives

Aim

This study aimed to determine the impact of TQ on the global DNA methylation status of Caco-
2 cells.

Hypothesis

It was hypothesised that TQ induces global DNA hypomethylation in Caco-2 cells.

Null hypothesis

TQ has no significant effect on the global DNA methylation status of Caco-2 cells.

Objectives

The effects of TQ on Caco-2 cells were determined by measuring:

1) Cell viability using the MTT assay

2) Global DNA methylation using a DNA methylation quantification ELISA kit

3) DNA methylation/demethylation regulators using:
- Western blot analysis of DNMT1, DNMT3a, and MBD2
- ELISA analysis of DNMT3b
- gPCR analysis of DNMTI1, DNMT3a, DNMT3b, UHRFI1, MBD2, TETI, TET2,

TET3, and miR-29b expression

1.3. Research questions

1) Will TQ be toxic to Caco-2 colorectal adenocarcinoma cells?

2) Will TQ influence global DNA methylation in Caco-2 cells?

3) Will TQ affect the expression of DNMTs, the cofactor UHRF 1, the methylation reader
MBD?2, and miR-29b?

4) If global DNA hypomethylation is observed, will TQ affect the expression of the
demethylase TET1-3 proteins?



CHAPTER 2: LITERATURE REVIEW

2.1. Cancer

Cancer remains to be a global health burden that is predicted to plague humanity for decades
(Foreman et al., 2018). A staggering 23.6 million new cancer cases were diagnosed globally in
2019, with 10 million deaths (Global Burden of Disease Cancer et al., 2022). The mortality
rate associated with cancer is disproportionally higher in developing countries; this can be
attributed to the high costs and inaccessibility of conventional treatment methods (Grainger,
2023). Given this, it is necessary to consider alternative treatment options that circumvent
existing barriers, and natural compounds such as thymoquinone (TQ) may prove to be a

promising option.
2.1.1. Cancer biology

A tumour is explained as a group or colony of cells that exhibit uncontrolled proliferation and
can metastasise and invade tissues other than the tissue of origin (Roy and Saikia, 2016). The
general cause can be attributed to defective regulation of the cell cycle, which ultimately results

in ‘immortal’ cells that resist cell death signals (Vaghari-Tabari et al., 2021).

The genes involved in tumorigenesis can be divided into two broad categories — oncogenes and
tumour suppressor genes (TSGs) (Figure 2.1). Oncogenes, derived from mutated proto-
oncogenes, encode proteins that stimulate cell proliferation and ensure cell survival (Vaghari-
Tabari et al., 2021). They stimulate tumorigenesis and, as can be expected, are overexpressed
in cancers (Soleimani et al., 2019). Examples of oncogenes are Ras, Raf, ERK, Myc, and anti-
apoptotic proteins (Luke et al., 2014). Conversely, tumour suppressor genes encode proteins
that ensure cell cycle regulation, DNA damage repair, and apoptosis (Vaghari-Tabari). They
inhibit tumorigenesis and are under-expressed in cancers. Notable examples are p53, p21, p27,

and pro-apoptotic proteins (Liang et al., 2002, Ogawara et al., 2002).



Gene mu' tations Gene mu tations
DNA hypermethylation DNA hypomethylation
Aberrant miRNAs Aberrant miRNAs

Normal Normal Decreased Increased

TSGs proto-oncogenes TSGs oncogenes
DNA damage repair Cell proliferation Reduced cell death Increased cell proliferation
Cell death (apoptosis) Cell survival and survival

Normal cell cycle regulation

A

Figure 2.1: The role of oncogenes and tumour suppressor genes in the development and

progression of cancer. TSGs: tumour suppressor genes (prepared by author).

Over- and under-expression of oncogenes and TSGs occur largely through the action of
carcinogens, which are broadly categorised into genotoxic and epigenetic types. Genotoxic
carcinogens cause gene mutations that result in increased oncogene expression and/or
decreased TSG expression, ultimately causing uncontrolled growth of tumour cells (Diori
Karidio and Sanlier, 2021). Epigenetic carcinogens also alter gene expression to cause
uncontrolled tumour cell growth; however, they do so without changing the genetic sequences
of oncogenes and TSGs (Diori Karidio and Sanlier, 2021). Rather, they affect gene expression
through epigenetic alterations such as DNA methylation and microRNA aberrations, and their

roles in cancer are explained in further detail in later sections.

2.1.2. Colorectal cancer

According to the World Health Organisation, colorectal cancer ranks as the third most
frequently diagnosed cancer, with 1.8 million new diagnoses reported annually (WHO, 2023).
It is reportedly the second most deadly cancer across the globe, with an approximate annual
occurrence of 900 000 deaths (WHO, 2023). Colorectal cancer has shown an increased
incidence of diagnosis in developing countries in recent years (WHO, 2023). Alarmingly, fewer
than 20% of individuals diagnosed with metastatic colorectal cancer survive beyond five years

from being diagnosed (Biller and Schrag, 2021).

As is evident in most cancer cell lines, colorectal cancer exhibits decreased TSG expression
with DNA hypermethylation (Wang et al., 2024c). Increased expression of DNMTs, as well as

their cofactors and readers, is also observed (Wang et al., 2024c). In fact, inhibition of

6



methyltransferase proteins inhibited growth of colorectal cancer cells (Wang et al., 2024c).
Given this, epigenetic-based therapies for colorectal cancer could prove to be extremely

fruitful.

2.1.2.1. Caco-2 cell line

Established in the 1970s, the Cancer Coli-2 (Caco-2) cell line originated from the colorectal
adenocarcinoma tissue of a 72-year-old Caucasian male. The epithelial adherent cells are

commonly used in cancer and toxicology research as they model the intestinal epithelium

(Angelis and Turco, 2011).

2.2. Epigenetics and cancer

2.2.1. DNA Methylation

DNA methylation is an epigenetic alteration occurring in mammalian cells that regulates gene
expression (Stirzaker et al., 2017). It involves the incorporation of a methyl group (CH3) onto
carbon five of cytosine to produce 5-methylcytosine (5mC) (Figure 2.2.) (Moore et al., 2013).
This occurs on cytosine residues that precede guanine, termed CpG islands (Moore et al.,
2013). The methyl group is donated from S-adenosyl methionine (SAM) through one-carbon
metabolism, during which SAM is transformed into S-adenosyl homocysteine (SAH) (Moore

et al., 2013).

NH,
NH,
N DNMTs NF
O N
H il
cytosine SAM SAH 5-methylcytosine

Figure 2.2: Methylation of cytosine to 5-methylcytosine. SAM: S-adenosyl methionine;
SAH: S-adenosyl homocysteine (prepared by author).



DNA methylation is carried out by DNA methyltransferases (DNMTs) (Figure 2.2). They
contain a regulatory domain and a catalytic domain in their N-terminal and C-terminal,
respectively (Gujar et al., 2019). Three subtypes of DNMTs exist: DNMT1, DNMT3a, and
DNMT3b. Their expression is regulated by the Sp1 and Sp3 zinc finger proteins (Lin and Wang,
2014). DNMT3a/b are involved in de novo methylation, establishing methylation on previously
unmethylated DNA (Moore et al., 2013). DNMT1 maintains methylation by copying the
methylation pattern from parent strands to daughter strands during DNA replication (Moore et

al., 2013).

DNMT1 activity requires the presence of its cofactor UHRF1, an E3 ubiquitin ligase. This
protein contains a ubiquitin-like (UBL) domain, tandem tudor domain (TTD), plant
homeodomain (PHD), set and ring associated (SRA) domain, and a really interesting new gene
(RING) finger domain (Ashraf et al., 2017). UHRF1 binds to hemi-methylated DNA by means
of its SRA domain and recruits DNMT1 for maintenance of methylation (Gujar et al., 2019,
Sidhu and Capalash, 2017). The RING finger domain of UHRFI1 is responsible for its E3
ubiquitin ligase activity. When UHRF1 binds to hemimethylated DNA, it mono-ubiquitinates
histone H3 at K18 and K23, which is essential for the recruitment of DNMT1 (Wang et al.,
2024a). This ubiquitination allows for the interaction of UHRF1 with the replication focus
targeting sequence (RFTS) of DNMTI, thereby recruiting and activating DNMT1 for

maintenance of methylation (Wang et al., 2024a).

DNA methylation possesses an inverse relationship with gene expression; promoter
methylation down-regulates gene expression (Razin and Kantor, 2005). This occurs for two
reasons: (1) methylation directly interferes with transcription factor binding, and (2) the

chromatin structure is changed to become inactive heterochromatin (Razin and Kantor, 2005).

Methyl-CpG-binding domain (MBD) proteins act as readers of methylation, facilitating
transcriptional silencing through interactions with the nucleosome remodelling deacetylase
(NuRD/Mi-2) complex, which consists of the ATP-dependent remodelling enzymes CHD3/4,
HDACI1/2, histone chaperones RBBP4/7, and DNA binding proteins GATAD2A/B and
MTA1/2/3 (Wood and Zhou, 2016). The MBD2 subtype contains overlapping MBD and
transcriptional repression domains (TRD), which alludes to its function in silencing
transcription through its methylation-dependent binding to SmC (Du et al., 2015). Certain
transcription factors are methylation-specific; MBD2, bound to the NuRD complex, binds to

5mC and blocks these transcription factors from binding, thereby facilitating transcriptional



repression (Du et al., 2015, Wood and Zhou, 2016). Interestingly, however, MBD2 has also

been reported to have demethylase activity in vitro and in vivo (Detich et al., 2002).

DNA methylation is a reversible process (Figure 2.3). Demethylation employs ten-eleven
translocation (TET) proteins for the removal of CH3 from 5SmC. The TET family comprises of
TET1, TET2, and TET3 (Kohli and Zhang, 2013). TET proteins achieve their demethylating
function by oxidising SmC to 5-hydroxymethylcytosine (ShmC), 5-formylcytosine (5fC), and
S-carboxylcytosine (5caC) (Wu and Zhang, 2017). 5fC or 5caC are then removed by thymine
DNA glycosylase (TDG). The resultant abasic sites are transformed back to cytosine by base

excision repair, thereby, restoring gene expression (Wu and Zhang, 2017).

NH, NH, NH, NH, %
CH3 TETs
N/| _’E)N\/l OHj:l\oE)N\/l "
H
5mC 5hmC 5fC 5caC
Base
ech?ssiin A28 excisifm
repair NH2 repair
NZ |
)\
o) N
H
cytosine

Figure 2.3: The process of demethylation of 5-methylcytosine to cytosine by TET (prepared
by author).

2.2.1.1. DNA methylation aberrations in cancer

Aberrant methylation patterns are observed in several types of cancers and tumour cells,
making this epigenetic modification a significant hallmark of cancer (Park and Han, 2019).
Hypomethylation to increase oncogene expression and hypermethylation to decrease the
expression of TSGs are both evident (Chen et al., 2022). Promoter hypermethylation is the
most prevalent epigenetic modification observed in tumours (Uddin et al., 2022), with
subsequently decreased expression of TSGs and DNA repair genes observed in 5-10% of CpG

islands in cancer cells (Chen et al., 2022, Nishiyama and Nakanishi, 2021). In fact, screening

9



of 98 different types of human tumours revealed approximately 600 abnormally methylated

CpG islands in each tumour (Lin and Wang, 2014).

Given the prevalence of hypermethylation, it is not surprising that increased expression of
DNMTs is observed in most cancers (Liao et al., 2019), and this is strongly associated with
tumorigenesis (Park and Han, 2019). A proposed reason for this phenomenon is that DNA
damage by genotoxic stress results in an increase of DNMTs at promotor regions not just at the
site of DNA damage, ultimately resulting in transcriptional repression of TSGs (Nishiyama and
Nakanishi, 2021). This makes DNMT proteins promising potential targets for the development

of anticancer drugs.

Two anti-myelodysplastic syndrome (MDS) drugs that target DNMTT1 to cause its degradation
have been granted FDA approval; these drugs are azacitidine (5-AZA) and decitabine
(Rajendran et al., 2011). 5-AZA is an analogue of cytidine; it functions by incorporating into
RNA to inhibit protein synthesis, and incorporating into DNA to reduce the levels of DNMT].
Decitabine is similar to 5-AZA in that it is also a cytidine analogue. However, it only
incorporates into DNA to inhibit DNA methylation. /n vitro inhibition of DNMTs by 5-AZA
resulted in upregulation of TSGs in numerous human colon cancer cell lines (Erfani et al., 2022,

Fang et al., 2003).

Increased UHRF1 expression is also evident in several cancers (Ashraf et al., 2017),
contributing to the hypermethylation state (Sidhu and Capalash, 2017). Knockdown of UHRF1
in several cancer cells reduced methylation, caused reactivation of TSG expression, reduced
proliferation, and induced apoptosis (Alhosin et al., 2016, Nishiyama and Nakanishi, 2021,
Sidhu and Capalash, 2017).

The methylation reader MBD?2 is also overexpressed in cancer cells, including colorectal
cancer; this is associated with tumorigenesis (Du et al., 2015, Park and Han, 2019, Wood and
Zhou, 2016). It binds to hypermethylated promoters of TSGs to facilitate their silencing
(Lopez-Serra et al., 2008). MBD2 knockdown in prostate cancer cells resulted in a loss of
methylation maintenance and de novo methylation, causing genome-wide hypomethylation
(Stirzaker et al., 2017). Knockdown of MBD2 in colon cancer and glioblastomas served to
restore TSG gene expression (Zhu et al., 2011, Martin et al., 2008).

Another proposed explanation for the hypermethylation observed in cancer cells is
dysregulation of TET proteins (Nishiyama and Nakanishi, 2021). Decreased expression of

TET1-3 was observed in several cancers, along with reduced levels of ShmC (Kohli and Zhang,
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2013, Nishiyama and Nakanishi, 2021, Rasmussen and Helin, 2016). This may likely

contribute to the high rate of proliferation of tumour cells (Rasmussen and Helin, 2016).

Figure 2.4 summarises the aberrant methylation patterns in cancer.
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Figure 2.4: DNA methylation aberrations in cancerous cells. TSG: tumour suppressor genes;
DNMTs: DNA methyltransferases; UHRF1: ubiquitin-like containing PHD and RING finger
domains 1; MBD2: methyl-binding domain 2 (prepared by author).

2.2.2. MicroRNAs

MicroRNAs (miRNAs) are small non-coding RNA molecules that are responsible for the
negative regulation of gene expression at the post-transcriptional stage (Bushati and Cohen,
2007). They interact with the 3’ untranslated regions (3’UTRs) of target mRNA sequences by
complementary base pairing to repress gene expression (Bushati and Cohen, 2007). This
binding prevents translation of the target mRNA or causes its degradation (Garcia-Lopez et al.,
2013). Individual miRNAs can target several mRNAs to affect gene expression (Lu and
Rothenberg, 2018). miRNAs regulate the expression of approximately 60% of mammalian
genes (Garcia-Lopez et al., 2013). Dysregulated miRNA expression results in several diseases
such as cancer (Ali Syeda et al., 2020), neurodegenerative conditions (Quinlan et al., 2017),

cardiovascular disease (Wronska, 2023), and diabetes (Bahreini et al., 2022).
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2.2.2.1. Canonical pathway of miRNA biogenesis

The canonical pathway begins in the nucleus, where primary miRNAs (pri-miRNA) several
hundred nucleotides long are transcribed by RNA polymerase II (Bhaskaran and Mohan, 2014).
The enzyme Drosha dimerises with DiGeorge syndrome critical region gene 8§ (DGCRS) to
form a microprocessor complex, which cuts pri-miRNAs into shorter hairpin-structured
precursor miRNAs (pre-miRNAs) (Bhaskaran and Mohan, 2014). These are then transported

out of the nucleus by the Ran-GTP-dependent nuclear transport receptor protein, Exportin 5.

The next phase occurs in the cytoplasm, where the RNase III enzyme Dicer-1 processes the
pre-miRNAs into mature double-stranded miRNA duplexes (Bhaskaran and Mohan, 2014).
The strands separate; one strand (characterised by unstable base pairing at the 5’ end) serves as
the guide strand and is deposited onto Argonaute (AGO) proteins to form the RNA-induced
silencing complex (RISC) (Bhaskaran and Mohan, 2014). The other strand (with stable base
pairing at the 5’ end) is usually degraded (Bhaskaran and Mohan, 2014). The RISC uses the
guide strand to complementary bind to target mRNA, leading to repressed gene expression by

either preventing translation or causing mRNA degradation (Garcia-Lopez et al., 2013).
2.2.2.2. Non-canonical pathway of miRNA biogenesis

The non-canonical pathway occurs independent of Drosha/DGCRS8 or Dicer (Bushati and
Cohen, 2007, Matsuyama and Suzuki, 2019). Examples are mirtrons, tailed mirtrons, tRNA
fragments, and snoRNA fragments, (Matsuyama and Suzuki, 2019). Mirtrons formed from
mRNA introns are processed into pre-miRNAs by spliceosomes, independent of
Drosha/DGCRS8 (Garcia-Lopez et al., 2013). The pre-miRNAs are bound to Exportin 5 and
transported to the cytoplasm to continue the canonical pathway (Garcia-Lopez et al., 2013).
tRNAs produce miRNAs that require splicing by Dicer (Garcia-Lopez et al., 2013). snoRNAs
generate miRNAs that are processed by Dicer, independent of Drosha/DGCRS (Garcia-Lopez
et al., 2013).

2.2.2.3. miR-29

There are three key players in the miR-29 family: miR-29a, 29b, and 29c¢ (Kwon et al., 2019).
All three possess a significant role in cancer epigenetics and are downregulated in the majority
of cancers (Jiang et al., 2014). However, they are highly expressed in normal tissues (Jiang et

al., 2014).
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The miR-29 family act as tumour suppressors and directly down-regulate DNMT3a/b
expression in several cancers (Kwon et al., 2019). miR-29b has proven to indirectly down-
regulate DNMTT1 by targeting its transcription factor Spl (Garzon et al., 2009). Enforced
expression of miR-29 in Burkitt lymphoma cells reduced DNMT3b expression as well as cell
proliferation (Mazzoccoli et al., 2018). Similarly, enforced expression in lung cancer cells

reduced DNMT3a/b expression and induced apoptosis (Fabbri et al., 2007).
2.3. Thymoquinone

2.3.1. NS

Nutritious diets play an influential role in sustaining a healthy lifestyle and are strongly linked
to average life expectancy. Extensive research is conducted to investigate the health benefits of
plant-based foods. Among these foods, herbs and spices used for flavouring have proven to
possess great health benefits and therapeutic potential against numerous diseases (Hannan et
al., 2021). Drugs derived from natural sources constitute a large part of pharmaceuticals
available in modern medicine, with research continually being conducted in this field (Kubczak

etal., 2021).

Thymoquinone (TQ), derived from the essential oil of the herb Nigella sativa (NS), is one such
compound that has become a recipient of great attention for its promising therapeutic capacity.
NS, generally called black cumin, is a herb belonging to the Ranunculacae family (Ahmad et
al., 2013). It is found largely in the Mediterranean region, Northern Africa, and India, and has
been used in these regions for culinary and medicinal purposes for hundreds of years (Hannan
et al., 2021). Historically, NS has been given great importance for its mentions in Islamic and
Christian texts. Muslims know it as the “prophetic medicine” due to claims in Islamic records
that the herb contains a cure for every disease except death, and the Bible refers to NS as

“curative black cumin” (Ahmad et al., 2013).

NS is used in several forms; the most common being as an oil, paste, powder, or pure seed
extract (Hannan et al., 2021). It has been used for the treatment of various conditions, including
but not limited to hypertension, diabetes, influenza, gastrointestinal problems, skin conditions,
asthma, bronchitis, inflammatory diseases, neurological problems, and cancer (Sarkar et al.,
2021). It also exhibits potent antioxidant, anti-obesity, cardio-protective, hepato-protective, and

nephroprotective effects (Dalli et al., 2021).
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The monoterpene compound TQ is the main bioactive compound of NS and is largely
responsible for the herb’s therapeutic effects (Malik et al., 2021). Other components of NS are
thymohydroquinone, thymol, carvacrol, nigellidine, nigellicine, and a-hederin (Hannan et al.,
2021). The herb also contains vital nutrients such as proteins, fats, essential fatty acids,

vitamins, and minerals (Kooti et al., 2016).

2.32. TQ

Thymoquinone is the primary constituent of NS that is responsible for most of its therapeutic
effects. However, it is not only found in NS, but also in the flowering portions of Thymus
vulgaris, the leaves of the Origanum species, and the essential oil from Calocedrus decurrens
(Malik et al., 2021). Isolated TQ displays antioxidant, anti-inflammatory, anti-microbial, anti-
convulsant, and a host of other therapeutic effects (Goyal et al., 2017). It also exhibits
neuroprotective, cardioprotective, hepatoprotective, nephroprotective, and hypoglycaemic
properties (Alam et al., 2022). However, the most widely studied are its anti-cancer effects,

which are discussed below.

2.3.2.1. Chemical properties

The compound TQ (molecular weight: 164,20 g/mol) was first isolated in the year 1960 by El-
Dakhakhany (Schneider-Stock et al., 2014). It is a yellow crystal-like substance that is soluble
in ethanol, dimethyl sulfoxide, and dimethyl formamide (Malik et al., 2021). It is stable in
lower pH solutions and displays decreasing stability as pH increases (Malik et al., 2021). Figure
2.5 depicts its chemical structure, which consists of a basic quinone ring with two carbon-
oxygen and two carbon-carbon double bonds. TQ exhibits low lipophilicity; however, the
incorporation of an alkyl chain has been shown to enhance its lipophilicity (Antonenko et al.,

2008).

Figure 2.5: Chemical structure of thymoquinone (2-isopropyl-5-methyl-1,4-benzoquinone;

Ci10H1202). Chemical structure was drawn by author using RCSB PDB Chemical Sketch Tool.
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2.3.2.2. Pharmacokinetics and toxicity of TQ

Given the poor lipophilicity of TQ, it is expected that the compound would display less than
stellar bioavailability. A study investigating its pharmacokinetics in Vole rabbits revealed an
absolute bioavailability of 58% with rapid elimination (Alkharfy et al., 2015). Intravenous and
oral administration were 5 mg/kg and 20 mg/kg, respectively. With intravenous administration,
volume of distribution was 700,90 £+ 55,01 mL/kg, clearance was 7,19 + 0,83 mL/kg/min, and
the elimination half-life was 63,43 + 10,69 min. Oral administration displayed a clearance of
12,30 £ 0,30 mL/kg/min, volume of distribution of 5109,46 + 196,08 mL/kg, and an
elimination half-life of 274,61 + 8,48 min. Thus, it is clear that TQ displays slow absorption
after oral administration (Alkharfy et al., 2015). Its low bioavailability may be circumvented

by applying nanotechnology-based systems of drug delivery (Asaduzzaman Khan et al., 2017).

Insufficient data is available on the metabolism and excretion of TQ. It may undergo
biotransformation in the gastrointestinal tract to form less toxic metabolites, or metabolism in
the liver to dihydrothymoquinone (Hannan et al., 2021). Following this, elimination is rapid.

However, the exact mechanisms remain unclear.

The toxicity of TQ depends on the dosage, route of administration, and duration of exposure
(Hannan et al.,, 2021). A study investigating its toxicity in mice compared oral and
intraperitoneal administration (Al-Ali et al., 2008). The LDso (lethal dose) with intraperitoneal
administration was 104,7 mg/kg, which was 10-15 times greater than the minimum effective
dose. Oral administration displayed an LDso of 870,9 mg/kg: a value 100-150 times greater
than the minimum effective dose. This reveals a wide therapeutic window, with oral
administration being significantly safer than intraperitoneal administration. Its minimal toxicity

provides a basis for the historical use of TQ in food and for medicinal purposes.

2.3.2.3. Molecular mechanisms of the anti-cancer effects of TQ

TQ exhibits a vast array of therapeutic effects by targeting several biochemical signalling
pathways. The most notable are the Nrf2, Nf-kB, TLR, PI3K/Akt, SIRT1, PPAR, AMPK-SIRT-
1-PGC-10, and mTOR pathways (Hannan et al., 2021). Through interactions with several key
players, TQ exerts effects such as reducing oxidative stress (Nrf2), inhibiting inflammation
(Nf-xB and TLR), preventing or inducing apoptosis (PI3k/Akt), inducing autophagy (SIRT1),
and affecting energy metabolism (PPAR and AMPK-SIRT-1-PGC-1a) (Hannan et al., 2021).

The anticancer effects of TQ are the most widely studied; it induces cell cycle arrest and
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apoptosis through various signalling pathways, as well as affecting oxidative stress, metastasis,
and angiogenesis. The effects of TQ on glioblastoma and other types of cancers are summarised

below, as well as its epigenetic effects.

2.3.2.3.1. Colon cancer

An in vitro study using human colon cancer cells (LoVo) displayed reduced proliferation and
inhibition of metastasis through upregulation of JNK and p38, and downregulation of PI3K
and NF-«xB signalling following 24 hours exposure to TQ (2, 4, 6, and 8 uM) (Chen et al.,
2017). A similar study (18 hours exposure to 60 uM TQ) revealed reduced c-Myc, Bcl-2, and
VEGF expression (Zhang et al., 2016). Concurrent exposure to TQ (40 uM for 24 hours) and
the chemotherapeutic drug Topotecan (0.6 uM for 24 hours) displayed a synergistic effect;
reduced tumour cell proliferation and increased p53 and Bax were observed, with reduced Bcl-

2 expression (Khalife et al., 2016).

An in vivo study using Wistar rats concurrently exposed to TQ (5 mg/kg daily for 14 days) and
the drug 5-fluorouracil (50 mg/kg on day 15) also revealed a synergistic effect with decreased
tumour growth (Eftekhar et al., 2022). Interestingly, a similar study using rat models with
induced colorectal cancer revealed decreased expression of precancerous genes and increased
anti-tumorigenesis gene expression following administration of TQ (35 mg/kg/day, 3
days/week in week 7 and 15 post-induction) and 5-fluorouracil (12 mg/kg/day for four days,
followed by 6 mg/kg/day every alternate day for four more doses in week 9 and 10) (Kensara
etal., 2016).

2.3.2.3.2. Breast cancer

In vitro studies using human breast cancer cells (Mct7) revealed that TQ (100 uM for 24 or 48
hours) induced apoptosis through upregulation of p53, p21, Bax, cleaved PARP and caspases
(Arafael etal., 2011). TQ also decreased Bcl-xI and Bcl-2 activity and induced cell cycle arrest
(1-25 uM TQ for 24-72 hours) (Sutton et al., 2014).

In mice models with breast cancer, administration of TQ (20 and 100 mg/kg every three days)
decreased tumour growth and inhibited metastasis through inhibition of eEF-2K expression
(Kabil et al., 2018). Apoptosis was induced in chick embryo models inoculated with breast
cancer through increased p53 and Bax and decreased Bcl-2 expression following concurrent
treatment with TQ and Emodin (1/15 pg/ml on day 10 and 12 after inoculation) (Bhattacharjee
et al., 2020).
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2.3.2.3.3. Bladder and kidney cancer

Similar to breast and colon cancer, TQ induced apoptosis in bladder (40-80 uM TQ for 24
hours) and kidney cancer (40 and 50 uM TQ for 24 hours) cells (Dera and Rajagopalan, 2019,
Zhang et al., 2018a). Inhibited proliferation and metastasis were observed in human bladder
cancer cells through downregulation of Myc, MET, and cyclin-D1 following 20 and 40 pumol/l
TQ exposure for 24 hours (Zhang et al., 2020b). Interestingly, autophagy was detected in
human renal cancer cells with increased AMPK/mTOR signalling following treatment with TQ

(40 umol/I for 24 hours) (Zhang et al., 2018Db).

2.3.2.3.4. Lung cancer

Apoptosis was also observed in human lung cancer cells following treatment with TQ (25-100
uM for 24 or 48 hours), with upregulation of p53 and increased activity of caspases 3 and 9
(Samarghandian et al., 2019). Inhibition of metastasis was evident through decreased ERK1/2
signalling as well as cell cycle arrest through reduced expression of cyclin-D1 following

treatment with 5-160 pmol/l TQ for 24, 48, or 72 hours (Yang et al., 2015).

Similar to in vitro studies, an investigation conducted on lung cancer in mice revealed induction
of apoptosis by means of increased p53, increased Bax, and decreased Bcl-2 expression

following administration of 20 mg/kg TQ for eight weeks (Hussein et al., 2016).

2.3.2.3.5. Liver cancer

An in vitro study using human hepatocellular carcinoma cells (HepG2) revealed cell cycle
arrest and increased apoptosis through upregulation of caspase-3 and caspase-9, cleaved PARP,
increased Bax, and decreased Bcl-2 following exposure to 12.5-100 uM TQ for 6-24 hours
(Ashour et al., 2014).

In vivo studies displayed similar results. A study conducted on hepatocellular carcinoma in
Wistar rat models administered 20 mg/kg TQ thrice a week for 16 weeks revealed a reduction
in cell proliferation with decreased Bcl-2 expression and increased antioxidant (GSH, GST,
SOD) activity (Shahin et al., 2018). Sprague Dawley rats with hepatocellular carcinoma
displayed increased apoptosis with increased caspase-3 and decreased Bcl-2 expression, along
with increased expression of TRAIL1/2 genes following oral administration of TQ (20 mg/kg
daily for 16 weeks) (Helmy et al., 2019).
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2.3.2.3.6. TQ and epigenetic alterations in cancer cells

Limited information exists regarding the effects of TQ on epigenetic machinery in cancers, but
the information that is available is extremely promising. TQ has been shown to interact with
several epigenetic players, namely DNMTs, UHRF1, TETs, and certain miRNAs. No
information is available with regard to the effects of TQ on these players in colon cancer;

however, its effects on several other cancers are described below.

A study conducted on leukaemia cells revealed that 24 hours exposure to 3 and 10 uM TQ
decreased DNMT1 expression by causing the dissociation of its transcription factor complex
Sp1/Nf-kB from its promoter region (Pang et al., 2017). This resulted in increased apoptosis
through upregulated caspase expression. Another study involving acute lymphoblastic
leukaemia cells (Jurkat) revealed that exposure to 5-20 uM TQ for 24 hours reversed the
epigenetic silencing of several TSGs through downregulation of DNMT1, DNMT3a, and
DNMT3b (Qadi et al., 2019). Subsequently, TSGs and pro-apoptotic genes were upregulated,
indicating the occurrence of apoptosis. Treatment of myeloid leukaemia cells with 5.5 uM and
15 uM TQ for 48 hours caused decreased DNMT1, DNMT3a, and DNMT3b expression as
well as increased TET2 expression (Al-Rawashde et al., 2021, Al-Rawashde et al., 2023). This
restored SHP-1 and SOCS-2 expression, both of which are silenced by hypermethylation in
cancer. JAK/STAT signalling, which is negatively regulated by SHP-1 and SOCS-3, was
subsequently downregulated, inducing cell cycle arrest and apoptosis. Concurrent exposure of
liver cancer and breast cancer cells to TQ (31.57 uM and 29.92 uM, respectively, for 24 hours)
and the drug Sorafenib revealed a synergistic effect: DNMT3B expression was reduced,
restoring normal expression of TSGs (El-Shehawy et al., 2023). Interestingly, molecular
dynamics analysis of the interaction between TQ and DNMT1 showed that TQ interacts with
the catalytic domain of DNMT1, competing with SAM and inhibiting the methyltransferase
activity (Pang et al., 2017).

Phosphodiesterases (PDEs) hydrolyse the molecules cAMP and cGMP, both of which are
involved in several signalling pathways. Inhibition of PDEs results in cell cycle arrest and
apoptosis through the p73 pathway. Jurkat cells displayed downregulation of PDE1A as well
as UHRF1 through p73 upregulation following exposure to 10 and 20 uM TQ for 24 hours
(Abusnina et al., 2011). Another mechanism by which TQ inhibits UHRF1 activity is through
HAUSP, which de-ubiquitinates UHRF1 and protects it from degradation. Exposure to 1-30
uM TQ for 24 hours downregulated HAUSP in Jurkat and HeLa cells resulting in UHRF1
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histone poly-auto-ubiquitination, caspase-3 activation, and apoptosis (Ibrahim et al., 2018).
Jurkat cells exposed to TQ (10 uM for 24 hours) in combination with difluoromethylornithine
(DFMO) displayed significantly downregulated UHRF1 and DNMTI1 activity, with
upregulated TSG expression (Alhosin et al., 2020).

3 hours exposure to 10 uM TQ upregulated miR-29 expression in leukaemia cells causing
tumour suppressor effects (Homayoonfal et al., 2021, Pang et al., 2017). 24 hours exposure to
3 and 10 uM TQ resulted in blocked PI3K/Akt signalling, which activated caspase-3 and
caspase-8, ultimately resulting in apoptosis. KIT and FLT tyrosine kinases were inactivated,
causing subsequent inactivation of STATS and reduced tumour growth. Finally, miR-29b split
the Spl/Nfk-B complex, causing its dissociation from the DNMTI1 promoter region; this
reduced the hypermethylation that is evident in cancer, and induced apoptosis (Pang et al.,

2017).

Figure 2.6 summarises the epigenetic effects of TQ in cancerous cells.
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Figure 2.6: Thymoquinone ameliorates DNA methylation alterations in cancer cells

(prepared by author).

2.3.2.4. Clinical trials

The anticancer effects of TQ in humans are still largely unexplored. A clinical trial investigating
TQ’s effects on various kinds of advanced refractory malignant disease has been completed
(Kurowska et al., 2023). The trial consisted of 21 adult patients who were divided into three
groups, each of which received varying doses of TQ daily (3 mg/kg, 7 mg/kg, and 10 mg/kg)
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with the doses increasing weekly for up to 20 weeks. No toxicities were observed for doses up
to 2600 mg/day. Decreased tumour markers were observed, but less than 25% of the baseline
amount. Another clinical trial investigating the effects of TQ against oral potentially malignant

lesions in 30 adult patients is still ongoing (Phua et al., 2021).

Other non-cancer-related clinical trials that are still ongoing regard acne vulgaris, arsenical

keratosis, and Covid-19 (Phua et al., 2021).

2.3.2.5. Limitations of TQ for cancer treatment

TQ displays low bioavailability due to its poor lipophilicity, which remains a limitation when
considering it for anticancer treatment. Encapsulating TQ in nanoparticles to improve its
delivery has shown promising anticancer results in vitro and increased bioavailability in vivo
(Phua et al.,, 2021). Examples of nanoparticle carriers are lipid-based, chitosan-based,

liposomal, and polymeric carriers (Ballout et al., 2018).
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CHAPTER 3: MATERIALS AND METHODS

3.1. MATERIALS

Caco-2 cells were sourced from Separations Scientific (Johannesburg, South Africa), while
reagents used for cell culture were obtained from Whitehead Scientific (Johannesburg, South
Africa). TQ (purity: > 98%) was procured from Merck (Darmstadt, Germany). Reagents for
Western Blot were supplied by Bio-Rad (Hercules, CA, USA), and a colorimetric DNA
methylation quantification kit was purchased from Abcam (Cambridge, UK). Unless specified

otherwise, all other reagents were obtained from Merck (Darmstadt, Germany).

3.2. CELL CULTURE AND TREATMENT

Caco-2 cells were cultured at 37°C with 5% CO> in 25 cm® cell culture flasks containing
Dulbecco’s Modified Eagle Medium (DMEM) with 2.5% HEPES buffer, 1% penicillin-
streptomycin-fungizone, 1% L-glutamine, and 10% foetal calf serum (FCS). Penicillin-
streptomycin-fungizone is an antibiotic and fungicide that prevents bacterial and fungal
contamination (Martinez-Liarte et al., 1995). FCS contains a cocktail of growth-enhancing
molecules such as proteins, vitamins, hormones, and growth factors (Fang et al., 2017).
Glutamine is an essential nutrient for cells, and supports cell growth and differentiation
(Heeneman et al., 1993). Most mammalian cultured cells cannot survive in an environment

without glutamine (Zhang et al., 2017).

A TQ stock solution (100 mM) was made up in 100% dimethyl sulfoxide (DMSO) and was
diluted in DMEM for use in all assays. An untreated control (DMEM only) was also prepared,
as well as a DMSO control containing the same volume of DMSO as the TQ treatment. At 80%
confluency, the cells were incubated with DMEM, TQ, or DMSO for 24 hours.

3.3. 3-(4,5-DIMETHYLTHIAZOL-2-YL)-2,5 DIPHENYL
TETRAZOLIUM BROMIDE (MTT) ASSAY

3.3.1. Introduction

The MTT assay was employed to determine the impact of TQ on the viability of Caco-2 cells
by measuring mitochondrial activity. This assay relies on mitochondrial reductases in viable
cells that convert the yellow MTT salt to a purple formazan product (Figure 3.1) (Prabst et al.,
2017). The intensity of the purple colour is in direct proportion to cell viability. The resulting

21



formazan crystals are solubilised by DMSO, and absorbance is measured at 570 nm, with 690

nm set as the reference wavelength.
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Figure 3.1: Conversion of the yellow MTT salt to a purple formazan product by

mitochondrial reductases in viable cells (prepared by author).

3.3.2. Protocol

Caco-2 cells (15 000 cells per well) were seeded in a 96-well microtiter plate overnight before
incubation (37°C) with TQ at various concentrations (0-800 uM) for 24 h. Following
incubation, the MTT salt solution was prepared (5 mg/mL in 0.1 M PBS) and 20 pL was added
to each well, along with 100 pL of DMEM. The plate was incubated for 4 h at 37°C. Afterwards,
the MTT solution was discarded, and the formazan crystals were solubilised with DMSO (100
uL per well). The plate was incubated again at 37°C for 1 h, and the absorbances were read
spectrophotometrically (570 nm; reference wavelength of 690 nm) using a Biotek pQuant Plate

reader (Winooski, VT, USA).
Cell viability was assessed with the following equation:

o treated sample absorbance (average)
% cell viability = %X 100
untreated control absorbance (average)

GraphPad Prism v5.0 was used to plot the results as log concentration against percentage cell

viability, and the ICso concentration was determined for use in all subsequent assays.
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3.4. PROTEIN ISOLATION

3.4.1. Introduction

CytoBuster™ reagent (Novagen, USA), supplemented with protease and phosphatase
inhibitors, is used to extract proteins from cells. It is a mild reagent designed to lyse cell
membranes to allow efficient extraction of proteins. Supplementation with protease and
phosphatase inhibitors protects the proteins from degradation during extraction (Ryan and
Henehan, 2017). The protein isolation process is conducted on ice to protect the protein from

degradation.

The bicinchoninic acid (BCA) assay (Figure 3.2) is used for the quantification of crude protein
and relies on the Biuret reaction . Cu?" ions in an alkaline medium react with peptide bonds in
a given sample and are reduced to Cu” (Cortes-Rios et al., 2020). Two molecules of BCA then
bind to one Cu” ion to form an intense, purple-coloured chromophore complex. The intensity

of the resulting colour increases proportionally with the protein concentration.

2BCA

+ cu” ., cu” Y BCA-Cul*

complex

Protein

Figure 3.2: The principle of the BCA assay, in which Cu” (formed by the reaction between
Cu?" and peptide bonds in the protein sample) reacts with BCA to produce a purple-coloured
complex (prepared by author).

3.4.2. Protocol

3.4.2.1. Protein isolation

Control and treated Caco-2 cells were washed thrice with 0.1 M PBS, after which 200 pL of
CytoBuster reagent was added. The flasks were left on ice for 30 min, followed by mechanical
cell lysis with a cell scraper. The homogenates were carefully pipetted into 1.5 mL micro-
centrifuge tubes and subjected to centrifugation (13 000 x g, 10 min, 4°C). The protein

supernatants were stored at -80°C for further procedures.

3.4.2.2. Quantification and standardisation of protein samples
The protein standard bovine serum albumin (BSA) was used to quantify protein. Serial

dilutions of BSA (0, 0.2, 0.4, 0.6, 0.8, and 1 mg/mL) were prepared in distilled water. Standards
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and protein samples (25 uL each) were added to designated wells of a 96-well plate, following
which a BCA solution (200 uL; 198 uL BCA and 4 pL CuSOs4) was added. The plate was

incubated (30 min, 37°C), and absorbances were measured spectrophotometrically at 562 nm.

A standard curve was constructed, and the protein concentration of each sample was
determined by extrapolation. The samples were standardised with CytoBuster reagent to the

lowest sample concentration (0.35 mg/mL) for the Western blot assay.

3.5. WESTERN BLOTTING

3.5.1. Introduction

3.5.1.1. Sample preparation

Standardised protein samples were prepared for separation with the addition of Laemmli buffer,
which is composed of Tris-HCI, bromophenol blue, 3-mercaptoethanol, glycerol, and sodium
dodecyl sulphate (SDS). Each component of the buffer serves a specific purpose to ensure
effective separation (Hnasko and Hnasko, 2015). Tris-HCI prevents changes in the pH of the
sample solution. Bromophenol blue is a dye that allows visualisation of the protein samples
during migration. PB-mercaptoethanol breaks disulphide bonds, causing denaturing of the
proteins to their primary structure. Glycerol adds weight to the samples, allowing it to sink into
the gel. SDS alters the inherent charges of the proteins, giving all samples a negative charge to

ensures that protein separation occurs solely by size.

Once the Laemmli buffer is added, the samples are heated to activate the f-mercaptoethanol

and SDS to facilitate denaturation and reduction of the proteins (Mahmood and Yang, 2012).

3.5.1.2. SDS-PAGE

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) exploits the
negative charge of proteins to separate them according to their molecular weights: the
negatively charged proteins migrate through the polyacrylamide gel towards the positive
electrode (Hnasko and Hnasko, 2015). The molecular weight of the proteins affects their rate
of migration: larger proteins migrate more slowly, while smaller proteins move faster (Hnasko

and Hnasko, 2015).

The gels used in SDS-PAGE are composed of acrylamide, N, N’-methylene bis-acrylamide,
tetra-methylethylenediamine (TEMED), and ammonium persulfate (APS). TEMED and APS
act as catalysts for the polymerisation and cross-linking of the gel. Two polyacrylamide gels

are employed in SDS-PAGE: a stacking gel and a resolving gel. The stacking gel, with a lower
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acrylamide concentration, has larger pores, resulting in weak separation of proteins; however,
the stacking gel is important in arranging the proteins into linear bands (Mahmood and Yang,
2012). In contrast, the resolving gel, with a higher concentration of acrylamide, has narrower
pores, allowing for better protein separation based on size. Smaller proteins pass through the

narrower pores more quickly, thus traveling further down the gel.

3.5.1.3. Western blotting

Western blotting is a technique used to detect and quantify specific proteins based on antigen-
antibody interactions (Figure 3.3) (Mahmood and Yang, 2012). Once separated by
electrophoresis, the proteins are transferred onto a nitrocellulose membrane by means of an
electric charge. This process also exploits the negative charge of the proteins: a gel-
nitrocellulose membrane sandwich is prepared between two electrodes and a perpendicular
charge is applied (Mahmood and Yang, 2012). The proteins migrate towards the positive

electrode, transferring from the gel to the membrane.

The membrane is then blocked to prevent non-specific protein binding, followed by incubation
with specific antibodies. Primary antibodies bind to the protein of interest, and enzyme-
conjugated secondary antibodies bind to the primary antibody to ensure accurate detection
(Hnasko and Hnasko, 2015). The target protein is visualised through a reaction between the
secondary antibody and a substrate solution containing hydrogen peroxide (H202) and luminol.
H>O»> reacts with the enzyme-conjugated secondary antibody to generate free oxygen radicals,
which in turn react with luminol to produce aminophthalic acid (Hnasko and Hnasko, 2015).
This reaction produces luminescence, the strength of which is directly related to the amount of

protein expressed.

A housekeeping protein is used for the normalisation of protein expression (Mahmood and
Yang, 2012). They act as loading controls to ensure accurate results and are highly expressed

in all cell types. Examples of generally used housekeeping proteins are f-actin and GAPDH.
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3.5.2. Protocol

3.5.2.1. Sample preparation

3.5.2.2. SDS-PAGE
The Mini-PROTEAN 3 SDS-PAGE apparatus (Bio-Rad) was assembled, and a 10% resolving
gel (dH20, 1.5 M Tris, SDS, bis-acrylamide, APS, TEMED) was prepared and added to the

Figure 3.3: Overview of Western blotting protocol (prepared by author).

50 pL of Laemmli buffer was added to the standardised protein samples. The samples were

heated (100°C) for 5 min, then cooled at RT (~24 - 28°C) before SDS-PAGE.

26



apparatus. Once set, the 4% stacking gel (dH20, 0.5 M Tris, SDS, bis-acrylamide, APS,
TEMED) was poured on top, and a Bio-Rad comb was inserted into the stacking gel to form
wells for loading the samples. The gel was allowed to set at RT for 1 h.

The set gels were assembled in the electrode tank for electrophoresis. The samples (30 uL) and
molecular weight markers (5 pL) were loaded into their predesignated wells and the tank was
filled with running buffer (SDS, Tris, glycine). Electrophoresis was carried out using the Bio-

Rad compact power supplier (150 V, 1 h).

3.5.2.3. Electro-transfer

Following SDS-PAGE, the gels were equilibrated in transfer buffer (glycine, methanol, Tris;
pH 8.3) and a gel sandwich comprising of two fibre pads, a nitrocellulose membrane, and the
electrophoresed gel was assembled. The gel sandwich was placed between two electrodes, and

a Bio-Rad Trans-Blot Turbo Transfer System was used to transfer the proteins to the membrane

(25V, 30 min).

3.5.2.4. Immunoblotting and visualisation

The membranes were blocked with 5% BSA (1 hr, RT) then incubated with primary antibodies
(Table 1) overnight at 4°C. After incubation, the membranes were washed with TTBS, then
incubated with horseradish peroxidase-conjugated secondary antibodies [goat anti-rabbit (Cell
Signalling Technology, 7074S) and goat anti-mouse (Cell Signalling Technology, 7076P2)]
with gentle shaking at RT (2 h, 1: 5 000 in 5% BSA). Following this, the membranes were
washed five times with TTBS, and the protein bands were visualised using the Bio-Rad Clarity
Western ECL Substrate Kit and the iBright™ CL1500 Imaging System (Thermo-Fisher
Scientific). The iBright™ Analysis Software v4.0 (Thermo-Fisher Scientific) was used for

analysis of images.

3.5.2.5. Normalisation

The membranes were stripped of antibodies with 5% H20: (30 min, 37°C), then washed once
with TTBS (10 min, RT). The membranes were subsequently blocked with 5% BSA, incubated
with anti-B-actin (Sigma-Aldrich, A3854; 1:5 000) for 30 min at RT, washed with TTBS (10
min, RT), then visualised. Results were presented as the relative change in band density (RBD)

normalised to B-actin.
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Table 1: Primary antibody dilutions

Antibody Catalogue number Dilutions

DNMT1 #5032S (Cell Signalling Technology) 1:500

DNMT3a #3598S (Cell Signalling Technology) 1:500
MBD2 sc-271562 (Santa Cruz) 1:500

3.6. ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA)

3.6.1. Introduction

ELISA relies on antigen-antibody interactions to quantify substances in a given sample (Figure
3.4) (Sakamoto et al., 2018). The specific antibody is attached to the solid surface of the plate,
and the antigen in the sample binds to the antibody. The addition of a detection antibody results
in the formation of an antigen-antibody complex (Sakamoto et al., 2018). The detection
antibody is enzyme-conjugated, and the substrate added reacts with the enzyme to form a
coloured product which is measured spectrophotometrically. The intensity of the colour
produced is an indication of the concentration of the antigen in the given sample (Sakamoto et

al., 2018).

3.6.2. Protocol

Control and treated cell supernatants were obtained and used for the quantification of DNMT3b
using an ELISA kit (Thermo-Fisher Scientific, EH158RB). DNMT3b standards were prepared
as per the manufacturer’s protocol (0, 0.614, 1.536, 3.840, 9.600, 24, 60, and 150 ng/mL), and
100 pL of each standard and sample was added to predesignated wells. The plate was incubated
(2.5 h, RT) on a shaker, following which the wells were washed four times with wash buffer
(300 uL). Biotin conjugate (100 uL) was added, and the plate was incubated again (1 h, RT)
on a shaker. Following incubation, the wells were washed four times with 300 uL of wash
buffer. Streptavidin-HRP (100 uL) was added to each well and the plate was incubated (45 min,
RT) with gentle shaking, following which the wells were washed as per the previous steps.
TMB Substrate (100 uL) was added, and the plate was incubated (30 min, RT) in the dark on
a shaker. A blue colour change was observed. Finally, stop solution (50 uL) was added and the
colour changed to yellow. Absorbances were read spectrophotometrically at 450 nm using a
microplate reader (BioTek pQuant Plate Reader). A standard curve was constructed, and

sample DNMT3b concentrations were extrapolated.
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Figure 3.4: Overview of the ELISA procedure (prepared by author).

3.7. RNAISOLATION

3.7.1. Introduction

RNA is extracted from cells using Qiazol reagent, which disrupts cell membranes without
damaging RNA (El-Ashram et al., 2016). Once chloroform is added, phase separation occurs,
by which protein remains at the lower organic phase, DNA is at the interface, and RNA is at
the higher aqueous phase (Chomczynski and Sacchi, 2006). The addition of isopropanol to the
extracted aqueous phase precipitates the RNA, and ethanol washes the RNA pellet. Finally, the
resuspension of RNA occurs in nuclease-free water because it protects the RNA from

degradation (El-Ashram et al., 2016).
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3.7.2. Protocol

Control and treated Caco-2 cells were bathed in 0.1 M PBS thrice, then incubated with Qiazol
and 0.1 M PBS (500 pL each, 5 min, RT). The cells were mechanically lysed by scraping, and
homogenates were carefully decanted into 1.5 mL micro-centrifuge tubes and stored overnight
at -80°C. The following day, chloroform (100 pL) was added to the thawed samples, and the
tubes were centrifuged (12 000 x g, 15 min, 4°C). The RNA-containing aqueous phase was
transferred into new 1.5 mL micro-centrifuge tubes on ice. Isopropanol (250 puL) was added,
and the samples were stored overnight at -80°C. The following day, after thawing on ice, the
samples were centrifuged again (12 000 x g, 20 min, 4°C). The supernatant was removed, and
the pellet was washed with cold ethanol (75%, 500 pL), followed by centrifugation (7 400 x g,
15 min, 4°C). The ethanol was removed, and the RNA pellets were air-dried (30 min, RT). The

dried pellets were then resuspended in 15 pL nuclease-free water and stored at -80°C.

The Nanodrop 2000 spectrophotometer (Thermo-Fisher Scientific, Waltham, USA) was used
to quantify the isolated RNA, which was then standardised to the lowest concentration (200
ng/pL) with nuclease-free water. RNA purity was assessed using the A260/A280 absorbance

ratio; a ratio between ~1.91 to 2.10 was considered pure (Ghazi et al., 2022).

3.8. QUANTITATIVE POLYMERASE CHAIN REACTION

3.8.1. Introduction
Quantitative PCR (qPCR) is a cyclic technique used to amplify and quantify DNA (Figure 3.5)
(Garibyan and Avashia, 2013). Before performing qPCR, isolated RNA is reverse transcribed
to produce complementary DNA (¢cDNA) which acts as a template for the amplification
process. qPCR involves three main steps, repeated for 30 to 40 cycles:
1. Denaturation: The double-stranded DNA is heated to 95-96°C, causing separation of
the strands into single-stranded DNA.
2. Annealing: The primers bind to their complementary target DNA sequences at a
temperature specific to each primer.
3. Extension: DNA polymerase synthesises new DNA strands by adding nucleotides at
72°C.
The steps are repeated cyclically, resulting in exponential amplification of the target DNA
sequence (Garibyan and Avashia, 2013). SYBR Green is used for the detection of the quantity
of the target genes expressed by binding to the qPCR product DNA, emitting a fluorescent
signal that is quantified.
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Figure 3.5: Overview of qPCR (prepared by author).

3.8.2. Protocol
3.8.2.1. cDNA synthesis
cDNA was synthesised from standardised RNA using the Maxima™ H Minus First Strand
cDNA synthesis kit (Thermo-Fisher Scientific, K1652) (Table 2). The thermocycler settings
were as follows:

e 10 min at 25°C

e 15 min at 50°C

e 5 minat 85°C
The cDNA was then suspended in nuclease-free water (60 pL) and stored at -80°C for
subsequent qPCR assays.

Table 2: cDNA synthesis mix (Maxima™ H Minus First Strand cDNA synthesis kit)

Component One reaction volume (uL)
10 mM dNTP mix 1
Oligo (dT) primer 0.25
Nuclease-free water 8.75
5 x RT buffer 4
Maxima H minus enzyme mix 1
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Template DNA 5

TOTAL 20 pL

3.8.2.2. Determination of mRNA expression

Gene expression of DNMT1, DNMT3a, DNMT3b, MBD2, UHRFI, TETI, TET2, TET3, and
miR-29b was assessed using the PowerUp™ SYBR™ Green Master mix (Thermo-Fisher
Scientific). The reaction volumes were prepared according to the specifications in Table 3, and

the forward and reverse primer sequences are provided in Table 4.

Sample amplification was performed using the QuantStudio™ 3 Real-Time PCR System
(Thermo-Fisher Scientific), with the cycling conditions set as follows:
e [Initial denaturation: 8 minutes at 95°C
e 40 cycles of:
e Denaturation: 15 seconds at 95°C
e Annealing: 40 seconds at a temperature specific to the gene of interest (Table 4)

e Extension: 30 seconds at 72°C

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a housekeeping gene for

normalising gene expression.

Table 3: qPCR reaction mix

Component One reaction volume (pL)
PowerUp™ SYBR™ Green Master mix 5
RNAse-free water 1
Sense primer (25 pM) 1
Anti-sense primer (25 uM) 1
cDNA 2
TOTAL 10 pL.

32



Table 4: The primer sequences and annealing temperatures used in qPCR

Annealing
Primer Sequence
temperature (°C)

Sense: ACCGCTTCTACTTCCTCGAGGCCTA
DNMTI 58
Anti-sense: GTTGCAGTCCTCTGTGAACACTGTGG

Sense: 5’-GCCAAAACTGCAAGAACTGCTTT-3"
DNMT3a 62
Anti-sense: 5’-CAGGAGGCGGTAGAACTCAAAGA-3’

Sense: 5’-CCTTCCTGGGTCTACCACTCAGA-3’
DNMT3b 58
Anti-sense: 5’-GCTCCTTGCTTCACACTCCTCTC-3’

MBD2 Sense: 5’-AAACAGAGACTGCGAAACGATCC-3’ 56
Anti-sense: 5’-TGCAGAGGGGTTGAGATGTGTTA-3’

Sense: 5’-GCCATACCCTCTTCGACTACG-3’
UHRF1 58
Anti-sense: 5’-GCCCCAATTCCGTCTCATCC-3’

TETI Sense: CATCAGTCAAGACTTTAAGCCCT 0
Anti-sense: CGGGTGGTTTAGGTTCTGTTT

TET Sense: GATAGAACCAACCATGTTGAGGG 0
Anti-sense: TGGAGCTTTGTAGCCAGAGGT

TET3 Sense: TCCAGCAACTCCTAGAACTGAG 56
Anti-sense: AGGCCGCTTGAATACTGACTG

Sense: 5'-GCGCGCTAGCACCATTTG-3'
miR-29b 62
Anti-sense: 5'-CAGTGCAGGGTCCGAGGT-3'

The comparative threshold cycle (C;) method (Livak and Schmittgen, 2001) was used to
determine relative changes in mRNA expression: the fold change in expression relative to the

control was calculated with the formula 222,
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3.9. DNAISOLATION

3.9.1. Introduction

DNA is extracted from cells using several reagents (El-Ashram et al., 2016). Lysis buffer is
added first for the disruption of cell membranes. It contains Tris-Cl, SDS, and EDTA, all of
which serve specific functions to ensure efficient DNA extraction. Tris-Cl is responsible for
pH control during the extraction process. SDS lyses cell membranes to expose DNA. EDTA
acts as a chelating agent and prevents the degradation of DNA. The addition of acetate salts
serves to clump RNA, proteins, and lipids together for easy removal by centrifugation.
Isopropanol precipitates DNA out of the solution, and ethanol is used to wash the resultant
DNA pellet. Finally, TE buffer (also called DNA hydration solution) resolubilises the DNA

sample for quantification and further use.

3.9.2. Protocol

Control and treated Caco-2 cells were bathed in 0.1 M PBS thrice, then incubated in cell lysis
buffer (600 pL, 15 min, RT). Following incubation, the cells were mechanically lysed by
scraping, and potassium acetate buffer (600 uL) was added. The sample was then invert mixed
for 8 min, followed by vortexing and centrifugation (13 000 rpm, 5 min, RT). The DNA-
containing supernatant was carefully decanted into 1.5 mL micro-centrifuge tubes, following
which 100% isopropanol (600 uL) was added. The solution was invert mixed (5 min) and
centrifuged (13 000 rpm, 5 min, RT). The isopropanol was discarded, and 100% ethanol (300
uL) was added to wash the pellet. After vortexing, the sample was centrifuged again (13 000
rpm, 5 min, RT). The ethanol was carefully removed, and the DNA pellet was allowed to air
dry (15 min, RT). Once dry, the DNA pellets were resuspended in 10X TE bufter (40 uL),
heated in a 65°C water-bath for 15 min, and then allowed to cool at RT.

The Nanodrop 2000 spectrophotometer (Thermo-Fisher Scientific, Waltham, USA) was used

to quantify the isolated DNA, which was subsequently standardised to the lowest concentration
(100 ng/uL) with 10X TE buffer. DNA purity was determined using the A260/A280 absorbance

ratio; a ratio of ~1.70 to 1.90 was considered pure.

3.10. QUANTIFICATION OF GLOBAL DNA METHYLATION

3.10.1. Introduction

Global DNA methylation is evaluated by calculating the percentage of 5-methylcytosine (SmC)
content in a DNA sample (Figure 3.6) (Couldrey and Cave, 2014). Following DNA isolation,
the DNA samples are fixed to strip wells with a high affinity for DNA. The SmC content was
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determined using capture and enzyme-conjugated detection antibodies. Enhancer and
developer solutions react with the detection antibody to produce a colorimetric response which
is quantified spectrophotometrically. The intensity of the colour produced is a direct indication

of the SmC content in the sample.

O Developer and Enhancer solution

ﬂ \_/ F (blue colorimetric response)

Detection antibody
(enzyme-conjugated)

Capture antibody

DNA sample containing 5-mC

DNA binding solution

.

Figure 3.6: Principle of the quantification of DNA methylation (prepared by author).

3.10.2. Protocol

Isolated DNA was used for the quantification of global methylation using the Colorimetric
Methylated DNA Quantification Kit (Abcam, ab117128). Positive controls were prepared (0-
10 ng/puL) with 1 X TE buffer. Binding solution (80 puL) was added to each well. Negative
controls (1 pL), positive controls (1 pL), and 100 ng of sample DNA were added to their
predesignated wells. The solutions were gently mixed to ensure even coating of the bottom of

the wells. The plates were covered with a plate seal and incubated (90 min, 37°C) to allow

DNA binding.

Following incubation, the binding solution was removed, and the wells were washed thrice
with 1 X wash buffer (150 pL). Capture antibody (1:1 000; 50 nL) was added, and the plate
was covered and incubated (60 min, RT). The capture antibody was removed, and each well
was washed thrice with wash buffer (150 uL). Detection antibody (1:2 000; 50 nL) was added,
and the plate was covered and incubated (30 min, RT). Detection antibody was removed, and

each well was washed four times with wash buffer (150 pL). Enhancer solution (1:5 000; 50
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uL) was added, and the plate was covered and incubated (30 min, RT). Enhancer solution was

removed, and the wells were washed five times with wash buffer (150 uL).

Developer solution (100 nL) was added, and the plate was incubated in the dark (10 min, RT)
while colour change was monitored. Stop solution (50 uL) was added and the colour changed
to yellow. Absorbances were measured at 450 nm using a microplate reader (BioTek pQuant

Plate Reader).

A standard curve with the positive controls was constructed as per manufacturer’s guidelines.

The SmC content was calculated using the following equations:

Sample OD — Negative Control OD

smC (ng) = Slope X 2
5mC (ng)
0 — 1
>mC % Input DNA (ng) x 100

The results were represented as fold-change relative to the control.

3.11. STATISTICAL ANALYSIS

Data analysis was conducted using GraphPad Prism v5.0 (GraphPad Prism Software Inc.).
Statistical significance was determined by one-way analysis of variance (ANOVA) with
Bonferroni multiple comparisons test. Results were expressed as mean fold-change + standard
deviation (SD). All experiments were carried out three times in triplicate, unless otherwise

stated. P-values below 0.05 were considered significant.

3.12. ETHICS APPROVAL

This study was granted ethics approval by BREC (reference number: BREC/00006233/2023).

36



CHAPTER 4: RESULTS

TQ decreased Caco-2 cell viability

The MTT assay was used to determine the effect of TQ on Caco-2 cell viability. Cells were
treated with a range of concentrations of TQ (0-800 uM) for 24 hours. A dose-dependent
decrease in cell viability was evident, with higher TQ concentrations resulting in greater
cytotoxicity (Figure 4.1). A concentration of 504.2 uM TQ was calculated at 50% cell viability

(ICso); this concentration was used for subsequent assays.
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Figure 4.1: TQ was toxic to Caco-2 cells. TQ caused a dose-dependent decrease in Caco-2

cell viability. An ICso of 504.2 uM was calculated.

TQ induced global DNA hypomethylation in Caco-2 cells

The effect of TQ on global DNA methylation was evaluated by measuring the percentage of
SmC using a colorimetric kit. The results indicated a significant reduction in 5SmC levels in TQ-
treated cells when compared to the control group (p = 0.0008, Figure 4.2), indicating that TQ
caused global DNA hypomethylation in Caco-2 cells.
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Figure 4.2: TQ induced global DNA hypomethylation in Caco-2 cells. TQ decreased the
percentage of SmC in TQ-treated cells compared to the control (**p < 0.005).

TQ reduced DNMT1, DNMT3a, and DNMT3b expression in Caco-2 cells

The DNMT family plays a vital role in the initiation and maintenance of DNA methylation. We
assessed the effect of TQ on DNMT1, DNMT3a, and DNMT3b mRNA expression through
qPCR. TQ treatment significantly reduced the mRNA expression of DNMT! (p = 0.0280,
Figure 4.3), DNMT3a (p =0.0130, Figure 4.3), and DNMT3D (p = 0.0028, Figure 4.3) in Caco-
2 cells compared to the control. Western blotting or ELISA confirmed that TQ also significantly
decreased protein expression of DNMTI1 (p < 0.0001, Figure 4.4A), DNMT3a (p < 0.0001,
Figure 4.4B), and DNMT3b (p = 0.0064, Figure 4.4C) compared to the control.
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Figure 4.3: The effect of TQ on mRNA expression of DNMTs in Caco-2 cells. TQ
significantly decreased mRNA expression of DNMT1, DNMT3a, and DNMT3b in Caco-2

cells compared to the control (*p < 0.05, **p < 0.005).
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Figure 4.4: The effect of TQ on protein expression of DNMT1, DNMT3a, and DNMT3b in
Caco-2 cells. Protein expression of DNMT1 (A), DNMT3a (B), and DNMT3b (C) were
significantly downregulated in TQ-treated Caco-2 cells compared to the control (*p < 0.05,

k% < 0.0001).
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TQ increased miR-29b expression in Caco-2 cells

MiR-29b is known to negatively regulate the expression of all three DNMTs; therefore, we
assessed whether the decrease in DNMT expression could be as a result of miR-29b. qPCR
analysis revealed that TQ significantly increased the expression of miR-29b (p =0.0149, Figure
4.5) in Caco-2 cells compared to the control. These findings imply that the observed reduction
in DNMT expression and resultant global DNA hypomethylation may be facilitated by the
upregulation of miR-29b.
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Figure 4.5: The effect of TQ on miR-29b expression in Caco-2 cells. MiR-29b expression
was significantly upregulated in TQ-treated Caco-2 cells compared to the control (*p < 0.05).

TQ decreased UHRF1 expression in Caco-2 cells

UHRF1 acts as a cofactor to DNMT1 by binding to hemimethylated DNA and recruiting
DNMT1 for the maintenance of methylation. We determined if the global DNA
hypomethylation observed could be attributed to decreased DNMT1 activity through decreased
UHRF1 expression. qPCR analysis revealed that TQ significantly decreased UHRFI mRNA
expression (p = 0.0378, Figure 4.6) in Caco-2 cells compared to the control. This indicated that

40



DNMT]1 activity was reduced, which contributed to the global DNA hypomethylation observed

in TQ-treated Caco-2 cells.
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Figure 4.6: The effect of TQ on mRNA expression of UHRF in Caco-2 cells. TQ
significantly decreased gene expression of UHRFI in Caco-2 cells compared to the control

(*p < 0.05).

TQ decreased expression of MBD2 in Caco-2 cells

MBD2 is associated with DNA methylation-mediated gene silencing by binding to SmC of
hypermethylated DNA and facilitating transcriptional repression. We assessed the contribution
of MBD?2 to the observed DNA hypomethylation and transcriptional silencing by examining
both its gene and protein expression. PCR and Western blot analyses revealed a significant

decrease in MBD2 expression at both the mRNA (p = 0.0097, Figure 4.7A) and protein levels
(» = 0.0011, Figure 4.7B) in Caco-2 cells as compared to the control. These results indicated

that the TQ-induced decrease in MBD2 expression is linked to the reduction in DNA

methylation.
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Figure 4.7: The effect of TQ on MBD2 expression in Caco-2 cells. (A) TQ significantly
decreased mRNA expression of MBD?2 in Caco-2 cells compared to the control. (B) TQ
significantly decreased protein expression of MBD?2 in Caco-2 cells compared to the control

(*p <0.05, **p < 0.005).

TQ increased DNA demethylation in Caco-2 cells through increased TET1-
3 expression

DNA methylation is reversed by TET proteins, which convert SmC back to cytosine. We
determined if the global DNA hypomethylation observed in TQ-treated cells occurred due to
TET1-3 through qPCR analysis of their mRNA expression. TQ significantly upregulated the
expression of TETI (p = 0.0124, Figure 4.7), TET2 (p = 0.0109, Figure 4.8), and TET3 (p =
0.0004, Figure 4.7) in Caco-2 cells compared to the control. This indicated that DNA

demethylation occurred in TQ-treated cells.

42




Key BB TET7 @8 TET2 @@ TET3

6- *
Q
o
c
P
o 4
K]
Ke)
[}]
2 24
=
°©
(14

0.

Control S04uMTQ DMSO
Concentration

Figure 4.8: TQ significantly upregulated the mRNA expression of 7E71, TET2, and TET3 in

Caco-2 cells compared to the control (*p < 0.05, **p < 0.005).
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CHAPTER 5: DISCUSSION

TQ, found in the herb Nigella sativa, is known to produce a variety of therapeutic responses to
several diseases, the most prominent being anticancer effects. Several different anticancer
mechanisms of TQ have been described, including its effects on epigenetic mechanisms (Khan
et al., 2019); however, its role in affecting epigenetics in colorectal cancer is still unclear. DNA
methylation is a significant epigenetic alteration that affects gene expression, and abnormal
hypermethylation patterns have been observed in various cancers, including colorectal cancer.
In fact, aberrant methylation patterns in general are reported to predispose to a cancer
phenotype (Chen et al., 2022). This study aimed to assess the influence of TQ on global DNA
methylation in Caco-2 cells, and the results support the hypothesis that TQ triggers global DNA

hypomethylation in colorectal adenocarcinoma cells, contributing to cell death.

The MTT assay was conducted to evaluate the effect of TQ on Caco-2 cell viability. A dose-
dependent reduction in cell viability was observed (Figure 4.1), suggesting that TQ is highly
toxic to the Caco-2 cell line at increasing concentrations. This is consistent with findings from
several other studies where TQ was shown to be toxic to cancer cells (Aslan et al., 2021, Dera
and Rajagopalan, 2019, Kus et al., 2018). A study by Ramzy et al. (2020) indicated ICso
concentrations of 58 uM and 38 uM after exposure of Caco-2 cells to TQ for 24 hours and 48
hours, respectively. This differs from the ICso value obtained in this study (504 uM). The
discrepancy may be due to differences in the concentration ranges used: Ramzy et al. (2020)
employed a narrower range (0-400 uM), while the present study used a broader range (0-800
uM). Additionally, the deviation in ICso values may be attributed to differences in cell seeding
density. While Ramzy et al. (2020) seeded 2 000-10 000 cells/well, the present study used a
density of 15 000 cells/well. Furthermore, differences in the MTT assay protocols used may
also explain the variation. Following treatment with TQ, Ramzy et al. (2020) incubated the
cells with MTT salt for 2 hrs and the purple formazan crystals were solubilized for 30 min. In
contrast, cells were incubated with MTT salt for 4 hrs and the purple formazan crystals were
solubilized for 1 hr in the present study. Being a colorimetric assay, these longer incubation
periods in combination with the high cell seeding density could have intensified the purple
colour produced yielding a higher ICso. This is consistent with findings by Ghasemi et al.
(2021), which showed that higher cell seeding densities and longer incubation periods
increased the optical density measured. Thus, the results of the present study provide insight

into the cytotoxic mechanisms of TQ at an epigenetic level.
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DNA methylation is primarily controlled by the DNA methyltransferases DNMT1, DNMT3a,
and DNMT3b. The former is responsible for maintaining established methylation patterns,
while the latter two ensure de novo methylation. These methyltransferases are often evidenced
to be upregulated in cancers, including colorectal cancer, and silencing their expression has
been shown to restore expression of TSGs and promote cell death (Subramaniam et al., 2014).
In this study, TQ triggered global DNA hypomethylation in Caco-2 cells, as demonstrated by
a significant reduction in the percentage of 5-methylcytosine (Figure 4.2). This
hypomethylation is associated with downregulated mRNA expression of DNMT1, DNMT3a,
and DNMT3b (Figure 4.3) as well as decreased protein expression (Figure 4.4). These findings
agree with previous studies in which TQ reduced the expression of DNMTs (Al-Rawashde et
al., 2021, Qadi et al., 2019). Based on these observations, it is likely that the TQ-induced
decrease in DNA methylation observed in this study leads to the re-expression of TSGs to

promote cell death and describes a potential mechanism for the cytotoxicity displayed.

MicroRNAs are responsible for the post-transcriptional negative regulation of gene expression
by targeting specific mRNA for degradation or preventing its translation. MiR-29b is known
to regulate DNMT3a and DNMT3b directly, and DNMT] indirectly through its transcription
factor Spl (Garzon et al., 2009). As such, this regulation results in the inhibition of DNA
methylation. Interestingly, miR-29b expression is often downregulated in several types of
cancers, which correlates with an increase in DNMT expression (Jiang et al., 2014). The present
study indicated that TQ significantly upregulated miR-29b expression in Caco-2 cells (Figure
4.5), which was inversely related to DNMT1, DNMT3a, and DNMT3b expression as well the
global DNA methylation status. This suggests that the TQ-induced upregulation of miR-29b
expression may play a significant role in the evident global DNA hypomethylation, as high
miR-29b expression will result in the degradation of DNMT transcripts. Other studies have
exhibited that TQ upregulates miR-29b expression in leukaemia cells and disrupts the Sp1/Nfk-
B complex, leading to the inhibition of DNMT1 expression (Pang et al., 2017). Additionally,
enforced miR-29b expression in other cancer cell lines, namely lung cancer and lymphoma,
has been shown to decrease DNMT3a and DNMT3b expression, thereby, inducing DNA
hypomethylation (Fabbri et al., 2007, Mazzoccoli et al., 2018). Therefore, the results of the
present study support these findings that the TQ-induced upregulation of miR-29b expression
provides an alternative mechanism for the reduction in DNMT expression and subsequent
global DNA hypomethylation. No literature is available regarding the direct mechanisms of

TQ-induced miR-29b activation, as the present study provides a fairly novel perspective on the
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influence of TQ on miR-29b expression. Interestingly, however, based on the study conducted
by Pang et al. (2017) that reported an increase in miR-29b expression following exposure to
TQ, it can be postulated that Sp1 expression was downregulated, noting the known role of miR-
29b in DNA methylation. Reduced Spl levels may potentially contribute to the cytotoxicity
observed in this study, as it is involved in cell cycle progression (Vellingiri et al., 2020):
downregulation of Sp1 could lead to cell cycle arrest and apoptosis. Hence, this further supports

the idea that upregulated miR-29b expression may play a role in the observed cytotoxic effects.

UHRF1, an E3 ubiquitin ligase, functions as a cofactor for DNMTI1 and is critical for
maintaining DNA methylation. UHRF1 binds to hemimethylated DNA by means of its SRA
domain, recruiting DNMT1 to propagate DNA methylation patterns. Overexpression of
UHRFI1 has been linked to DNA hypermethylation in several cancers, including colorectal
cancer, due to its role in ensuring DNMT]1 activity (Ashraf et al., 2017, Kong et al., 2019).
UHRFI expression in TQ-treated Caco-2 cells was significantly downregulated in this study
(Figure 4.6), suggesting a concomitant decrease in DNMT 1 activity. This likely contributed to
the observed DNA hypomethylation, as the reduced presence of UHRF1 would impair the
ability of DNMT1 to maintain DNA methylation. These results correspond with previous
studies in which TQ decreased UHRF1 expression and DNMT]1 activity, leading to the
upregulation of TSGs (Abusnina et al., 2011, Alhosin et al., 2020, Ibrahim et al., 2018). In fact,
knockdown of UHRF1 expression in several cancer cell lines has been shown to reduce DNA
methylation, reactivate TSG expression, and induce apoptosis (Nishiyama and Nakanishi,
2021). Thus, the decrease in UHRF I expression observed in this study likely provides another
alternative mechanism for the reduction in global DNA methylation in TQ-treated Caco-2 cells.
Interestingly, a study by Liu et al. (2024) demonstrated that UHRF1 knockdown in breast
cancer cells caused cell cycle arrest as well as apoptosis. Therefore, the TQ-induced
downregulation of UHRFI evident in this study may play a role in inducing cell death through
both cell cycle arrest and apoptosis. This suggests that the cytotoxicity evident here may occur
not only through the re-expression of previously methylated TSGs, but also through the
downregulation of UHRF1. Hence, the impact of UHRF1 downregulation may be two-fold:
decreased DNMT1 activity to contribute to DNA hypomethylation, and cytotoxicity by

inducing cell cycle arrest and apoptosis.

In addition to altering DNA methylation through DNMT and UHRF1 expression, TQ may also
influence gene silencing by modulating the expression of the methyl-CpG-binding domain 2

(MBD?2) protein. MBD2 expression is methylation-dependent as it binds to SmC to prevent
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binding of transcription factors and promote transcriptional silencing (Wood and Zhou, 2016).
MBD?2 is often overexpressed in cancers, including colorectal cancer, where it contributes to
silencing of TSGs; this correlates with the hypermethylation state (Wood and Zhou, 2016). In
this study, TQ significantly reduced both mRNA and protein expression of MBD2 (Figure 4.7),
suggesting that decreased MBD2 expression contributes to TSG silencing. This is associated
with the global DNA hypomethylation observed. Since MBD2 expression is methylation-
dependent, decreased DN A methylation (and decreased SmC content) induces downregulation
of MBD2 expression. In fact, poorly methylated regions of DNA contain lower levels of MBD?2
(Wood and Zhou, 2016). In this way, decreased MBD2 expression is associated with the re-
expression of TSGs. This corresponds with previous studies, in which knockdown of MBD?2
expression in colon, prostate, and brain cancer cell lines was related to restoration of TSG
expression through DNA hypomethylation (Martin et al., 2008, Stirzaker et al., 2017, Zhu et
al., 2011). It should be noted, however, that MBD2-mediated transcriptional silencing occurs
downstream of DNA methylation, and loss of MBD2 does not directly affect DNA methylation
patterns; it merely facilitates the silencing of already methylated genes (Wang et al., 2024b).
Thus, loss of MBD2 may serve as an indicator for reduced levels of methylation. Therefore,
the TQ-induced decrease in MBD2 expression observed in the present study is likely associated
with reactivation of TSG expression, via a decrease in its transcriptional silencing properties,

and reduced global DNA methylation.

Two pathways that might influence expression of MBD2 are the Wnt pathway and the ERK1/2
pathway. The Wnt pathway is involved in intestinal homeostasis and stem cell maintenance.
Dysregulated Wnt signalling has been observed in intestinal cancer, and loss of MBD2 served
to attenuate Wnt signalling in intestinal cancer mice models (Phesse et al., 2008). The ERK1/2
pathway is known to be dysregulated in cancer, thereby promoting cancer cell growth. Loss of
MBD?2 served to decrease ERK1/2 signalling, resulting in decreased cancer cell growth (Xie et
al., 2021). Notably, TQ has been evidenced to influence both Wnt and ERK1/2 signalling in
cancer cell lines (Alam et al., 2022, Moulana et al.,, 2024). Thus, MBD2-mediated
transcriptional silencing may potentially occur in association with these signalling pathways,

with altered Wnt and ERK 1/2 signalling likely occurring in the present study.

Global DNA hypomethylation may also be attributed to DNA demethylation, catalysed by ten-
eleven translocation (TET) proteins. TET1-3 convert SmC back to cytosine. In fact, under-
expression of all three TET proteins has been reported in several cancers, corresponding with

DNA hypermethylation (Rasmussen and Helin, 2016). TQ significantly increased the mRNA
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expression of TET1, TET2, and TET3 in Caco-2 cells (Figure 4.8), suggesting that, in addition
to the downregulation in DNMTs, demethylation may have contributed to the global DNA
hypomethylation observed in this study. TQ has previously been reported to increase TET2
mRNA expression in chronic myeloid leukaemia (CML) cells, causing DNA hypomethylation,
restoration of TSG expression, and apoptosis (Al-Rawashde et al., 2023). Thus, the TQ-induced
increase in TETI-3 expression in Caco-2 cells suggests demethylation of TSGs occurred to
bring about cell death. Currently, no literature directly addresses the mechanisms underlying
TQ-induced TET inhibition, as this study provides a novel overview of this effect. However, a
potential mechanism can be hypothesised. The Nf-kB pathway has been shown to repress the
expression of all three TET proteins (Collignon et al., 2018, Kaplanek et al., 2023, Zhu et al.,
2021). Since TQ has been demonstrated to reduce Nf-kB signalling, this could be linked to the
observed upregulation of TETI-3 in the present study. Thus, the upregulation of TETI-3
expression induced by TQ in Caco-2 cells may contribute to DNA demethylation and the
reactivation of TSGs, ultimately promoting cell death, and further investigation into the

underlying mechanisms of this effect is warranted.

Hence, the results of this study demonstrate that TQ induces toxicity in Caco-2 cells through
global DNA hypomethylation (Figure 5.1). This effect was mediated by the cumulative
downregulation of DNA methyltransferases (DNMT1, DNMT3a, and DNMT3b), the DNA
maintenance cofactor UHRF'I, and the methylation reader MBD?2, along with the upregulation
of miR-29b and the DNA demethylases TET1, TET2, and TET3. These changes likely led to
the reactivation of silenced TSGs to induce cell death. Thus, the results of this study contribute
to the growing evidence for the potential of TQ as a promising anticancer candidate that targets

DNA methylation.

As evidenced in literature, TQ has been shown to influence oxidative stress, apoptosis, and
autophagy in various cancer cell lines by altering multiple signalling pathways (Hannan et al.,
2021). These processes must be considered when reporting the methods of TQ-induced
cytotoxicity, as they are likely contributing factors. In the context of this study, the TSGs
proposed to be re-expressed due to DNA hypomethylation may play a role in modulating
oxidative stress, apoptosis, and/or autophagy. This is particularly significant because oxidative
stress 1s known to impact DNA methylation patterns, which suggests a potential feedback loop
(Wu and Ni, 2015). Consequently, the precise mechanisms of cell death observed in this study
remains unclear. However, based on similar studies, it can be postulated that apoptosis is the

primary mode of cell death, as several studies have reported the upregulation of caspases
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alongside DNA hypomethylation following exposure to TQ. Therefore, while the exact
mechanism of cell death in this study remains to be fully explored, the interplay between DNA
hypomethylation, oxidative stress, autophagy, and apoptosis provides a possible outline for

TQ-induced cytotoxicity. Further research is needed to clarify the mechanisms at play.
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Figure 5.1: Proposed mechanism of the TQ-induced global DNA hypomethylation in Caco-2
cells. TQ downregulated the methyltransferases DNMT1, DNMT3a, and DNMT3b. UHRF1
expression was also downregulated, suggesting a concomitant decrease in DNMT]1 activity
and maintenance of methylation. Decreased expression of the methylation reader MBD2
served to attenuate methylation-dependent transcriptional repression. MiR-29b, known to
negatively regulate the expression of DNMT1, DNMT3a, and DNMT3b, was upregulated,
thereby contributing to decreased levels of the methyltransferases. The DNA demethylase
proteins TET1, TET2, and TET3 were also upregulated to trigger demethylation. Altogether,
these findings suggest that TQ induces global DNA hypomethylation through the

mechanisms explained, likely leading to the reactivation of silenced TSGs to cause cell death.
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CONCLUSION

In conclusion, this study provides valuable insight into the epigenetic mechanisms underlying
TQ-induced cytotoxicity in human colorectal adenocarcinoma cells, further supporting its
potential as an anticancer agent. Our findings demonstrate that TQ triggers global DNA
hypomethylation by downregulating DNMT1, DNMT3a, DNMT3b, UHRF1, and MBD2
expression. Furthermore, the reduction in DNA methylation is linked to the upregulation of
miR-29b, a miRNA known to target and suppress DNMT expression, which may be a key
mechanism through which TQ mediates DNA hypomethylation. Additionally, the study reveals
that TQ treatment increases the expression of the DNA demethylase proteins TET1, TET2, and
TET3, which contribute to the reversal of DNA methylation, further promoting DNA
hypomethylation. Altogether, these findings imply that the ability of TQ to modulate DNA
methylation likely leads to the re-expression of TSGs that are silenced by DNA
hypermethylation in cancer cells, ultimately leading to cell death. These results contribute to
the growing evidence that the anticancer effects of TQ may be, in part, attributed to its effect
on DNA methylation, which indicates that TQ could potentially become a promising anticancer
candidate for further clinical investigation. This has especially significant implications in areas

with limited access to conventional cancer therapies.

However, while TQ exhibits promising anticancer potential in in vitro studies, its poor
bioavailability remains an obstacle. In fact, TQ has not yet been widely tested in anticancer
clinical trials, likely due to challenges in delivery and absorption. To circumvent this, future
studies could explore strategies to improve bioavailability, such as utilizing nanotechnology or
modifying its chemical structure. Additionally, further methylation-specific studies involving
gene sequencing to identify specific genes affected by TQ-induced changes in methylation
would undoubtedly help better define its targets and prove to be fruitful in understanding the

precise mechanisms displayed.
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LIMITATIONS AND RECOMMENDATIONS

The present study investigated the epigenetic changes in Caco-2 cells resulting from exposure
to TQ for a limited time of 24 hours. Only the ICso concentration of TQ was used in treatments.

The study was conducted using an in vitro model of colorectal cancer, and in vivo results may

differ.

Hence, future studies should make use of an extended exposure protocol (such as 48 and 72
hours) with a range of treatment concentrations to allow for a broader perspective of the toxic
effects of TQ. Additionally, studies using in vivo models of colorectal cancer would be useful

to consolidate the results of the present study.
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APPENDIX A

BCA assay

The absorbances of the BSA standards were used to construct a standard curve (Figure 6.1)

from which concentrations of the protein samples were determined. The samples were then
standardised (Table 6.1).

Figure 6.1: BCA standard curve for protein quantification and standardisation.

Table 5: Standardisation of protein samples (Final volume: 200 pL; Final concentration:

0.35 mg/ml).
Sample Absorbance Concentration Volume of Volume of
(mg/ml) protein (uL) Cytobuster (uL)
Control 3.498 1.180 59.32 140.68
504 uM TQ 1.608 0.471 148.62 51.38
DMSO 3.253 1.088 64.34 135.66
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APPENDIX B

ELISA

An ELISA kit was used for the quantification of DNMT3b. The optical density of the given
DNMT?3b standards were used to construct a standard curve (Figure 6.2), from which the

sample DNMT3b concentrations were extrapolated.

Figure 6.2: Standard curve for DNMT3b ELISA.
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APPENDIX C

Quantification of global DNA methylation

A colorimetric kit was used for the quantification of global DNA methylation. The optical
densities of the given SmC standards were used to construct a standard curve (Figure 6.3), from

which the percentage of SmC in the DNA samples were determined.

Figure 6.3: Standard curve for quantification of DNA methylation.
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