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ABSTRACT

Epithelial cancers such as colorectal cancers are highly predominant in the Southern African

population, and are attributable to a number of factors, including genomic instability due to histone
modifications and aberrant DNA methylation of gene promoters, as well as the inactivation of
tumour-suppressor genes or the activation of oncogene pathways. The Whnt/B3-catenin pathway
plays a vital role in the regulation of intestinal epithelial cells, and is aberrantly activated in colon
neoplasms. Kruppel-like factor 4 (KLF4) is a tumour suppressor gene that is hypermethylated at its
promoter region and therefore down-regulated in colon cancer cells. This zinc finger transcription
factor is crucial in colon cancer cells, where its induction has been proposed to regulate
tumourigenesis. Over recent years, epigenetic modulators such as histone deacetylase (HDAC)
inhibitors and DNA methyltransferase (DNMT) inhibitors have been investigated with regards to
their potential anticancer activities. The following study assessed the in vitro effects of the HDAC
inhibitor Valproic acid and DNMT inhibitor Zebularine on the expression of KLF4 in early (SW480)
and late stage (DLD-1) colon cancer, and breast (MCF-7) cancer cells. At the onset, bioinformatics
tools were utilised to predict and assess the methylation status and to examine methylation
patterns within the KLF4 and CTNNB1 (B-catenin) genes. In association with this, methylated DNA
within early and late stage colon cancer cells was quantified. Here, the 5’ untranslated region of
KLF4 was highly methylated, while CTNNB1 displayed a low frequency of methylation. Following
drug treatments, with Valproic acid and Zebularine respectively, gene expression profiles showed
that high dosages increased the expression of KLF4 relative to low doses in early stage cancer
cells; however the greatest induction of KLF4 was observed in late stage cancer cells in response
to a high dose combination treatment with Valproic acid and Zebularine. CTNNB1 was
antagonistically regulated relative to KLF4, wherein its expression was down-regulated post-
treatment. Breast cancer cells surprisingly exhibited opposing results, with both KLF4 and
CTNNB1 being up-regulated following high dose treatments, and the low dose treatments
displaying the greatest anti-tumourigenic activities. Confocal microscopy results illustrated that
KLF4 was localised in the nucleus and nuclear periphery, where it could associate directly with -
catenin. Thus in response to epigenetic therapy, KLF4 was differentially expressed in early and
late stage colon cancer cells as a tumour suppressor. The down-regulation of B-catenin in colon
cancer cells resulted in the suppression of the Wnt signalling pathway, thereby exerting anti-
tumourigenic and anti-proliferative properties on the cells. Therefore, this study concludes that
Valproic acid and Zebularine may serve as potential anti-cancer agents in the pursuit of an

epigeneic therapy for colorectal cancer.
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CHAPTER 1
AN OVERVIEW OF GENE REGULATION IN COLON CANCER

Cancer has earned the title as a major public health concern, not just in Africa but also

internationally. In the United States of America alone, it has been found that one in four deaths is
caused by cancer which is responsible for approximately 7.6 million deaths worldwide (Jemal et al.,
2009; Globocan, 2008). The World Health Organisation (WHO) estimates that more than 10 million
people are diagnosed with cancer globally every year, and projects that these cases will increase
to more than eleven million by the year 2030 (WHO, 2011). At a molecular level, cancer is
fundamentally a genomic disease as well as an epigenetic disease, and is comprised of a diverse
population of cells which may vary in several essential factors, including cell morphology, the ability
of cells to proliferate, tumorigenicity, and the expression of characteristic biological markers. This
assortment may be justified by variations in genetics and the micro-environment, in addition to the

rate of differentiation of discrete cells (Vermeulen et al., 2008).

All types of cancers have undergone the process of Darwinian evolution, and according to Nowell
(1976) this is based on the incorporation of sequential mutations within the genome leading to
genetic variability and consequential natural selection of highly proliferative cells that out survive
their benign acquaintances (Stratton et al., 2009). Such proliferative cells giving rise to the growth
of tumours is highly dependent on the formation of new blood vessels known as angiogenesis
(Folkman, 1990). This results in the migration of cells from a tumour to other isolated tissues via
the blood stream or lymphatic system leading to their invasion, thereby becoming metastatic

(Ramaswamy et al., 2003).

1.1 Colorectal Cancer

Epithelial cancers such as colorectal cancers (CRCs) are highly predominant in the Southern
African population. The latest National Cancer Registry (NCR) report states that 1 in 97 males and
1 in 162 females suffer from colorectal cancer in South Africa (CANSA, 2010). Although CRC is
the second most common cancer in the world, its therapy has been dramatically improved over the
past few decades (Jemal et al.,, 2009). The high incidence of colorectal cancers is tightly
associated with aging, leading to the occurrence of both malignant and benign neoplasms. It has
been identified that aging correlates with an increased proliferation and apoptosis in colon mucosal

linings thus increasing cancer susceptibility (Patel et al., 2009).

The development and progression of colorectal cancer may be a result of a number of factors with
the most common being genomic instability, this includes the instability of chromosomes, DNA
repair defects and aberrant DNA methylation. The inactivation of tumour-suppressor genes or the
activation of oncogene pathways may also increase the incidence of cancer (Markowitz and
Bertagnolli, 2009).



1.2. Colon Cancer Stem Cells (CSCs)

Solid tumours are comprised of heterogeneous cell populations displaying hierarchies of various
phenotypes according to their exclusive morphologies and ancestral markers (Rich and Bao,
2007). Bulk tumours are mainly composed of non-tumourigenic cells that display differentiating
properties, as well as a minor subset of tumour-initiating cells known as cancer stem cells (CSCs).
Cancer stem cells were initially documented in acute myeloid leukaemia (Lapidot et al., 1994), and
their existence and participation has been found in other cancers, including that of the breast (Dick,
2003). Cancer stem cells have some similarities to embryonic and adult stem cells, since there is
an ability for (uncontrolled) extended self-renewal, as well as their likelihood to differentiate into a
progeny of differentiated cell types (Figure 1.1) (Zhang and Wang, 2008). In contrast, under
homeostatic conditions, embryonic and adult stem cell populations are highly regulated, allowing
for lineages of differentiated cells and the repair of damaged tissues (Rich and Bao, 2007; Ailles
and Weissman, 2007; Konisch et al., 2008).

It has been found that a small proportion of cells within a tumour are capable of self-renewal, this
predetermined population that possess the “cancer stem cell” phenotype plays a role in tumour
progression whereas other cells of that tumour are unable to self-renew and instead lead to cell
differentiation (Houghton et al., 2007). This observation has led to the “cancer stem cell
hypothesis” which claims that, as stated above, a small fraction of cells within the tumour displays
unrestrained proliferative ability thereby contributing to the growth of tumours (Houghton et al.,
2007).
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Figure 1.1 A schematic model of the hierarchical organisation of cancer stem cells. This illustration, sourced
from Vermeulen et al., (2008) demonstrates that cancer stem cells, like normal stem cells, retain the ability to
self renew by dividing to allow the production of more cancer stem cells, as well as to induce a diverse
collection of differentiated cells present in a particular malignancy.
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Essentially, these properties of stem cells allow for their application in the fields of biotechnology
as well as regenerative medicine and tissue development. However, the impairment of these
abilities may lead to their uncontrolled proliferation, thereby resulting in tumourigenic mutant stem
cells that are capable of causing cancer. The development of CSCs may be attributable to
microenviromental variations of stem cells within a tissue, metabolic and cell cycle modifications as
well as alterations in signalling pathways due to mutations, and the expansion of cell populations
with a mutant phenotype resulting in primary tumours which may lead to metastasis (Klonisch et
al., 2008).

It is thought that cancer stem cells may be responsible for relapse following chemotherapy,
particularly in regions deficient of ample drug delivery, which may be a result of impaired
angiogenesis and inadequate blood supply in such tumour areas. Thus, instead of destroying
these bulk cancer cells through certain signalling pathways, the lack of drug delivery is proposed to
lead to their conversion to stem cells (Yang et al., 2009), possibly through epigenetic modifications,
so altering the chromatin status of these cells. Such non-heritable modifications of DNA may
include alterations in histones (deacetylation and phosphorylation) and DNA methylation levels,
leading to the activation or repression of gene transcription as seen below. Studies have shown the
importance of epigenetic profiles that retain significant pluripotent stem cell markers in a repressed
state which can subsequently be activated by drug treatment (Spivakov and Fisher, 2007). Thus,
novel therapies involving the epigenetic modification of genes through drug treatment has shown to

be a valuable pursuit.

1.3 Biology of Colonic Epithelium

Colonic epithelium replaces itself every five days, making it the fastest tissue in the human body to
self-renew (Potten et al., 1992). It contains invaginations of columnar cells known as the crypts of
Lieberkuhn, each of which is maintained by stem cells located at the floor of the crypts (Brittan and
Wright, 2002). These stem cells produce epithelial cells which follow one of three lineages, namely
enterocytes which display absorptive properties, goblet cells that secret mucous and migrating
enteroendocrine cells which journey up the crypt to renew the colon (Chandler and Lagasse,
2010). It may be apparent that the high incidence of colon cancer is attributable to the excessive
degree of cell renewal taking place in the colon, however comparatively, the small intestine
produces epithelium exhibiting similar rates of renewal but with a lower incidence of cancer,

therefore this is probably not likely (Boman and Huang, 2008).



Normal colon WED>  Adenoma el Cancer

Colon Transit Transit

stem Amplifyin Goblet _ Colon - Amplifying @z
cel  cell % Apopotic esC  celx
& — -_, & Enterocyte 2 cell En—> _—)@
v +J N @)  Enteroendocrine J Y s

Figure 1.2 Progression of colon cancer as a result of cancer stem cells. These stem cells produce epithelial
cells which follow one of three lineages, namely enterocytes, goblet cells enteroendocrine cells (sourced
from Chandler and Lagasse, 2010).

1.4 The Importance of Eliminating CSCs in Therapy/Therapeutic Implications of CRC-SC
Efforts to reduce the mortality rate of colorectal cancer patients around the world include the steps
involved in preventing bowel cancer, which entails educating the public about changing their
dietary and lifestyle habits and frequent colonoscopies, thereby diagnosing the cancer at an earlier
stage, preventing recurrence by primary therapy as well as treating the disease if it recurs (August
et al., 1984).

Strategies associated with the ablation of colorectal cancer may be categorised as conventional or
targeted therapies and are represented in Figure 1.3. Conventional therapy, such as
chemotherapy, may spare the minor subset of CSCs within a tumour, resulting in relapse (Torado
et al., 2010). As most chemotherapeutic agents generally target the more actively dividing cells,
CSCs are protected due to their quiescent nature (Fabrizi et al., 2010). These cells also express
high levels of multidrug transporter genes leading to a greater outflow of chemotherapeutic drugs
and thus resulting in multidrug resistance (Hirschmann-Jax et al., 2004). Targeted therapies
however involve the use of drugs to selectively target and destroy CSCs resulting in complete
tumour regression (Ortega et al., 2010). This is executed by pathway inhibitors, as well as
differentiation-inducing and cytotoxic agents (Torado et al., 2010).
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Figure 1.3 Schematic diagram showing different approaches in CRC therapy. CSC target therapy is highly
specific and results in complete tumour regression, whilst CSCs are salvaged by conventional therapies
leading to tumour relapse (modified from Torado et al., 2010).

The first-line treatment for metastatic CRC is a combination regimen of 5-fluorouricil (5-FU),
leucovorin and irinotecan (FOLFIRI), and is involved in inhibiting DNA replication by blocking the
synthesis of thymine, due to the fact that 5-FU is a thymidylate synthase inhibitor (Longley et al.,
2003). Leucovorin and irinotecan work synergistically with 5-FU, by strengthening the affinity of 5-
FU to its target and enhancing cellular cytotoxicity respectively (Zhang et al., 1992; lyer and
Ratain, 1998). Table 1.1 displays other first-line and second-line drug combinations utilised in the
treatment of CRC. Targeted therapies involve the use of drugs such as Cetuximab and

Bevacizumab (Meyerhardt and Mayer, 2005).

Table 1.1 List of FDA-approved drugs and combination regimens (Longley et al., 2003; Zhang et
al., 1992; lyer and Ratain, 1998; Meyerhardt and Mayer, 2005)
FDA-approved drugs

FDA-approved

combination Fluoro- Cape-citabine Irino-tecan  Oxali-platin  Cetux-imab Beva-
drugs uricil (Xeloda) (Camp- (Eloxatin) (Erbitux) cizumab
(CT) tosar) (CT) (TT) (Avastin)
(CT) (CT) (TT)
IFL* X X
FOLFIRI* X X
FOLFOX* X X

*All combination regimes include Leucovorin which has not yet gained FDA-approval.
CT — Conventional Therapy
TT — Targeted Therapy



The accelerated development of this field has allowed for the discovery of novel stem cell markers,
which have played an immense role in the pursuit of a successful cancer treatment by targeting
CSCs. The advancement of tools permitting the controlled expression of CSCs as well as an
enhanced perception of the processes influencing the growth, differentiation and migration of cells
contribute to the development of drugs leading to the transformation of therapeutic approaches for
the treatment of cancer (Klonisch et al., 2008).

15 Gene Regulation in Colon Cancer

1.5.1 Oncogenes and tumour suppressors

Cancer is instigated by genetic change, which may be familial or may result from a collection of
abnormalities over time in the same cell. Such abnormalities include the activation or repression of
certain genes which may influence tumour formation, either positively or negatively, therefore
damage may be dominant or recessive (Klein, 1988; Bishop, 1991). Proto-oncogenes are targets
of dominant damage and are involved in the regulation of normal cellular processes and growth;
once mutations are introduced to these genes, they form oncogenes resulting in a gain-of-function
(Bishop, 1991). The transformed oncogenes promote the uncontrolled growth of normal cells into
malignant cells. Several known oncogenes fall into the categories of growth factors, growth factor

receptors, protein kinases, signal transducers and transcription factors (Klein, 1988).

On the other hand, targets for recessive damage are known as tumour suppressor genes and
require the inactivation of both alleles (Comings, 1973). These genes are capable of neutralising
the effect of the activated oncogenes and result in a loss-of-function once mutated, leading to the
emergence of tumours (Bishop, 1991; Klein, 1988). One of the earliest lines of evidence of tumour
suppressor genes dates back to Knudson’s research on retinoblastomas. He demonstrated that in
familial retinoblastoma, the first mutation or “hit” in the Rb1 gene succeeded through the DNA and
the second “hit” occurred in somatic cells. However, in non-inherited retinoblastoma, both
mutations took place in somatic cells leading to tumourigenesis (Knudson, 1971). It has been
argued that there is a possibility that the tumourigenic properties of a cell may be reversed
following the manipulation of a tumour suppressor gene to reinstate its active role in a particular

cell, creating a model for an anticancer therapy (Sherr, 2004).

1.5.2 Kriuppel-like factors

In this study, a potential tumour suppressor gene of interest is Krippel-like factor-4 (KLF4 or
GKLF4), of which its product displays homology to the protein Kriippel isolated from Drosophila
melanogaster. KLF4 belongs to a family of transcription factors, as demonstrated in Table 1.2, that
are involved in the regulation of growth and development, cell proliferation, differentiation,
apoptosis and evidently transcription (Dang et al., 2000, Ghaleb and Yang, 2008). The
classification of transcription factors are based mainly on the DNA-binding motifs that they contain,

where the zinc finger domain is highly conserved in Krippel-like factors (Yang, 1998). A zinc



finger, as displayed in Figure 1.4, is a small structural domain which arranges an array of cysteine
and histidine residues to tetrahedrally coordinate the zinc atom forming the common Cys,His,
conformation (Laity et al., 2001). Zinc stabilises an a-helix and a B-sheet and forms a vital piece of

the puzzle within the DNA-binding region creating a protrusion resembling a finger that is in close
proximity to the DNA (Yang, 1998).



Table 1.2 Expression patterns of Kriippel-like factors

Gene Name Associated Gene Names Area of protein expression
KLF1 EKLF (Erythroid Krippel-like factor) Cells of the erythroid lineage
KLF2 LKLF (Lung Krippel-like factor) Lung, spleen, high levels in heart
KLF3 BKLF (Basic Kruppel-like factor) Liver, lung, muscle, brain,
hematopoietic tissues
KLF4 GKLF (Gut-enriched Krippel-like factor) Lung, testis, skin, thymus, vascular
endothelial cells, epithelial cells of
gut and skin
KLF5 IKLF/BTEB2 (Intestinal-enriched Krippel-like Gastrointestinal epithelium (toward
factor/Basic Transcription Element-Binding proliferating zone of crypt cells)
protein 2)

KLF6 CPBP/GBF/zf9 (Core Promoter Binding Placenta, lung, heart, liver,
Protein/GC-rich sites Binding Factor) pancreas

KLF7 UKLF (Ubiquitous Krtppel-like factor) Initially identified in endothelial cells,
later discovered in almost all tissues

KLF8 BKLF3/ZNF741 (Basic Kruppel-like factor 3) Kidney, heart and placenta

KLF9* BTEB (Basic Transcription Element-Binding Liver, endometrial epithelium

protein)

KLF10 EGRa/TIEG1 (Early Growth Response Keratinocytes, epithelial cells of

a/Transforming growth factor-B-Inducible Early placenta, breast and uterus,
Gene 1) osteoblasts and skeletal muscle
KLF11 TIEG2 (Transforming growth factor-B-Inducible Expressed in all tissues, with higher
Early Gene 2) levels in pancreas, skeletal muscle
and erythroid cells
KLF12 AP-2rep (Transcriptional repressor of AP-2a Mouse kidney, liver, lung
gene)

KLF13 RFLAT-1 (activator of RANTES) Ubiquitous expression with high
levels in peripheral blood
lymphocytes and thymus

KLF14 N/A Ubiquitous expression with high
levels in placenta and fetal heart,
liver, lung and colon

KLF15 N/A Liver, kidneys, heart and skeletal
muscle

KLF16 DRRF (Dopamine Receptor Regulating Factor) Mouse brain, heart, spleen, lung,
liver, kidney, testis

KLF17 N/A Low levels in brain, testis and bone

*KLF9/BTEB was the first Krlippel-like factor identified.

(Sourced from Dang et al., 2000; Nagai et al., 2009)



25 1
HOOC---N Y--NH,
K

8 ® K
>

N N g
o, AEN !

M9 6

o )

N=D == =N

[a] [b]

Figure 1.4 Schematic view of a zinc finger protein. [a] A two-dimensional overview of a finger showing the
single zinc atom which forms an essential part of the protein motif. [b] A three-dimensional view displaying
an antiparallel B-sheet pursued by an a-helix (sourced from Alberts et al., 1994).

1.5.3 Krippel-like factor 4

The human KLF4 gene locus demonstrated in Figure 1.5 is located on chromosome 9 at position
99g31.2 and spans over 5.6kb in distance. The gene contains five exons with a transcript length of
2813bp, and the KLF4 cDNA encodes a protein of 479 amino acid residues with an average
residue weight of 106.631g/mol and a molecular weight of 51076.240g/mol. The gene sequence as
well as protein sequence is listed in Appendix 1 (Ensembl, 2011). As a transcription factor, KLF4
binds to CACCC elements or GC-rich regions of target genes leading to their activation or
repression (Yet et al., 2008; Philipsen and Suske, 1999).
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Figure 1.5 Structural view of the KLF4 gene and its protein product. [a] KLF4 is located on chromosome 9 at
position 9931.2. [b] The blue areas represent the five exons of the gene sequence. [c] Five boxes indicate
the five exons, and the green denotes the ORF which encodes for [d] the KLF4 protein of 479 amino acids,
including a number of functional domains, namely the transcriptional activation domain (AD) transcriptional
inhibitory domain (ID), the three zinc finger binding domains and the nuclear localisation signals (one
controlled by the three zinc fingers which is not shown) (Modified from Wei et al., 2006).

The initial isolation of KLF4 was achieved by Shields from an NIH 3T3 cDNA library screening with
a probe that encodes the zinc finger segment of the gene product zif/268 by low stringency
hybridisation (Shields et al., 1996). Shields also proved that KLF4 is a nuclear protein controlling
two strong and independent nuclear localisation signals (NLSs), one contained by the three zinc
fingers and the other within a cluster of amino acids directly contiguous to the first zinc finger, as
demonstrated in Figure 1.5 (Shields and Yang, 1997). Both these signals are identified in KLF1,
KLF2 and KLF4, which are closely related Krippel proteins belonging to a small subfamily (Shields
and Yang, 1997). Shields pragmatically determined the consensus binding sequence for KLF4 in a
target detection assay using highly purified recombinant protein (Shields and Yang, 1998). It was
found that the sequence 5-°/,°/,GG®/rG®/+-3’ was present in the promoters of several genes such
as the CACCC element and the basic transcription element (BTE) which commonly interacts with a

number of transcription factors (Shields and Yang, 1998).

As displayed in Table 1.2, KLF4 is expressed in a number of tissues such as the lung, skin, testis
and thymus, with the highest levels present in the gut epithelium (Dang, Pevsner and Yang, 2000).
The expression of KLF4 has been well characterised in gastrointestinal tissue. Chen and
colleagues established that the induced expression of KLF4 lead to a reduced rate of proliferation,
which was a possible result of cell cycle arrest preventing G1/S progression and is thus a potent

inhibitor of DNA synthesis (Chen et al., 2001; Shields et al., 1996). It does so by acting directly on
10



the promoter of p53 (a tumour suppressor involved in preventing cancer by regulating the cell

cycle) thereby repressing it and consequently inducing the expression of p21°™*

as is displayed in
Figure 1.6 (Rowland et al., 2005). Inhibition of KLF4 expression in cultured breast cancer cells may

lead to apoptosis due to the restoration of the tumour suppressor p53 (Rowland et al., 2005).

/\ p53
Inhibition of proliferation

Tumour suppression

KLF4

p21CIP1

Figure 1.6 Representation of the tumour suppressor role of KLF4 leading to cell cycle arrest and thus
reduced proliferation in colon cancer cells (Rowland, et al., 2005).

KLF4, along with three other transcription factors OCT4, SOX2 and C-MYC, have been found to
transform dermal fibroblasts into inducible pluripotent stem cells (iPS cells) when ectopically
expressed; these transcription factors were initially experimented on mouse embryonic and adult
fibroblasts (Lowry et al., 2008; Takahashi and Yamanaka, 2006). These are known to resemble
human embryonic stem cells (HESCs) which are pluripotent and are isolated from the inner cell
mass (ICM) of blastocysts (Martin, 1981; Evans and Kaufman, 1981). The above mentioned
pluripotent markers work synergistically to promote the expression of “stemness” genes and inhibit
that of genes associated with differentiation in ES cells (Takahashi et al., 2007). It is considered
that OCT4 and SOX2 are capable of binding to their gene targets once C-MYC and KLF4
epigenetically modify the chromatin structure by interacting with proteins involved in the acetylation
of histones (Yamanaka, 2007; Evans et al., 2007). The development of iPS cells could also be
achieved using the pluripotent gene party OCT4, SOX2, NANOG and LIN28 (Yu et al., 2007).

1.5.4 Cancer signalling pathways

Studies done on the homeostatic regulation of adult intestinal epithelium show that there are
several chief participants involved, namely the major signalling pathways Wnt, TGF-3, BMP,
Notch, MAPK/ERk and PI13-K/Akt; furthermore defects in several of these pathways may lead to
cancer (Sancho et al., 2004). This is characterised by increased proliferation that is mediated by
growth factor stimulated pathways such as the Wnt pathway as well as MAPK, acting as a complex
process involving a succession of protein kinase cascades (Zhang and Lui, 2002). Others players
include the pro-survival pathway P13-K/Akt that may lead to decreased cell death or apoptosis (Yap
et al., 2008). Most protein components of these pathways have become targets for cancer therapy,
consequently in the following study, the protein target of interest is B-catenin which is a key

component of the Wnt pathway.

The Wnt/B-catenin signalling pathway is evidently crucial in the self-renewal of human embryonic
stem cells, as well as intestinal epithelial stem cells and skin stem cells, as a result of its direct link

to the central transcriptional regulatory circuitry of embryonic stem cell pluripotency (Dravid et al.,
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2005). Loss of regulatory ability leads to carcinogenesis and is frequently associated with

colorectal cancer (Clevers, 2006).

When the Wnt receptors are unoccupied, the newly-synthesised cytoplasmic protein B-catenin
associates with various proteins, namely adenomatous polyposis coli (APC), glycogen synthase
kinase-3p (GSK-3B) and axin to form the destruction complex (Lustig and Behrens, 2003; He et al.,
2003). A set of conserved Ser and Thr residues in the amino terminus of B-catenin is
phosphorylated and subsequently ubiquinated, thereby targeting it for proteosomal degradation.
However, induction of the pathway by the binding of Wnt to its surface receptor Frizzled (Frz) leads
to the activation of the protein Dishevelled (Dsh), therefore inhibiting the destruction complex
(Lustig and Behrens, 2003; He et al., 2003). B-catenin thus accumulates in the cytoplasm followed
by its translocation to the nucleus where it interacts with and transiently converts T-cell factor
(TCF)/Lymphoid enhancer factor (LEF) into transcriptional activators (Lustig and Behrens, 2003;
He et al., 2003). In the absence of a Wnt signal, TCF/LEF proteins directly associate with co-
repressors, such as Groucho, leading to the suppression of their target genes (Lustig and Behrens,
2003, He et al., 2003; Reya and Clevers, 2005).
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Figure 1.7 The Wnt/B-catenin pathway. [A] The absence of the Wnt ligand results in the ubiquitination and
degradation of (3-catenin. [B] In the presence of the Wnt ligand, Dishevelled is recruited to Frizzled leading to
the inhibition of the destruction complex, thus 3-catenin accumulates resulting in the transcriptional activation
of TCF/LEF in human ESCs (Modified from Pinto and Clevers, 2005).

1.5.5 B-catenin
B-catenin is a well known transcription factor encoded by the gene CTNNB1, and is defined as an

oncogene in colon cancer (UniProtKB, 2011; Polakis, 1999). As demonstrated in the Wnt pathway,
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B-catenin is up-regulated by Wnt-1 and suppressed by APC, axin and GSK-3[3 contributing to its
oncogenicity (Polakis, 1999). B-catenin signalling may lead to the constitutive activation of several
gene targets in cancer, such as the proto-oncogene c-myc, by delivering perpetual signals
dominating cell growth regulation (Polarkis, 1999). Table 1.3 displays the many gene targets of B-
catenin in colon cancer and other biological systems.

Table 1.3 List of target genes of 3-catenin signalling in the Wnt pathway

Gene Organism System Upstream/Downstream REF
c-myc Human Colon cancer Upstream He, 1998
Cyclin D Human Colon cancer Upstream Tetsu, 1999

Shtutman, 1999
Tcf-1 Human Colon cancer Upstream Roose, 1999
LEF1 Human Colon cancer Upstream Hovanes, 2001
Filali, 2002
Axin-2 Human Colon cancer Upstream Yan, 2001
Lustig, 2002
Jho, 2002
Gastrin Human Colon cancer Upstream Koh, 2000
BMP4 Human Colon cancer Upstream Kim, 2002
CD44 Human Colon cancer Upstream Wielenga, 1999
VEGF Human Colon cancer Upstream Zhang, 2001
Survinin Human Colon cancer Upstream Zhang, 2001
Sox9 Human Intestine Upstream Blache, 2004
Sox2 Xenopus Retina Upstream Vaan Raay, 2005
Nanog Human ES Upstream Pereira, 2006
Cole, 2008
Oct4 Human ES Upstream Cole, 2008
Frizzled Human EC cells Upstream Willert, 2002

The human CTNNBL1 gene locus is situated on chromosome 3 at position 3p22.1 and spans over
23.2kb of DNA (Nollet, 1996; Kraus, 1994). The transcript encompasses a length of 3356bp and
contains sixteen exons, of which the first is non-coding and the sixteenth undergoes alternative
splicing, shortening the 3’ untranslated region (UTR) by 159bp (Ensembl, 2011; Nollet et al., 1996).
A TATA box was found to be contained within the promoter region and was discovered to be GC
rich (Nollet et al., 1996). The cDNA encodes a protein of 781 amino acid residues with an average
residue weight of 109.470g/mol and a molecular weight of 85496.350g/mol (Ensembl, 2011). The
gene sequence as well as the protein sequence for CTNNB1 and B-catenin is listed in Appendix 2
(Ensembl, 2011; Nollet et al., 1996).

B-catenin is composed of an NH, terminal of approximately 130 amino acids containing a GSK-3f3

phosphorylation site and a COOH terminal of about 100 amino acids containing a transactivation
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domain, both these regions flank the armadillo (ARM) repeat region of 550 amino acids containing
twelve repeats of 42 amino acids (Peifer et al., 1994; Huber et al., 1997). Alpha helices are
organised in pairs within each armadillo repeat to form small hairpin structures (Huber et al., 1997).
CTNNB1 was initially identified as a segment polarity gene in Drosophila embryogenesis wherein
mutations in the armadillo gene lead to the production of anterior structures in the posterior regions
of the fly (Riggleman et al., 1989). As displayed in Figure 1.8, the armadillo repeat region is the
chief binding site for major interactive proteins, depending on the functional fate of B-catenin. In its
involvement in adhesion, E-Cadherin would bind to this region, however in the Wnt signalling
pathway this is a critical binding zone for Axin and APC of the destruction complex, as well as TCF
(Harris and Peifer, 2005).

30261 3024 3p22.1  3p24.3

[a] Chromosome 3 l i j . W i
—
[b]  Promoter \
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16B
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[c] 1 29 l 48 133 671 781
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] B osci3p
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. Armadillo D . a
repeat region ransactivation
domain

Figure 1.8 Structural view of the CTNNB1 gene and its 3-catenin protein product. (a) CTNNBL1 is located on
chromosome 3 at position 3p22.1. (b) The light and dark blue regions represent the sixteen exons of the
gene sequence. The 5’ portion of exon 16 (16A) is often removed as a result of alternative splicing, reducing
the mRNA length by 159bp. (c) The B-catenin protein product contains 781 amino acids and includes twelve
copies of a 42 amino acid sequence motif known as the armadillo repeat, a phosphorylation site by GSK-33
as well as a transactivation domain. Binding sites for Wnt signalling as well as adhesion are displayed by
TCF (ARM repeat 3-10), APC (ARM repeat 1-9), Axin (ARM repeat 3-5) and E-Cadherin (ARM repeat 1-12)
respectively (Ensembl, 2011; Nollet et al., 1996; Huber et al., 1997; Harris and Peifer, 2005).

As discussed, B-catenin is involved in the Wnt pathway as a transcriptional activator of LEF/TCF
and other target genes. Prior to this finding, B-catenin was found to be involved in cell adhesion by
linking E-cadherin receptors to a-catenin, thereby linking B-catenin to the actin cytoskeleton by
adherens junction molecules (Kelmer, 2003; Gottardi and Gumbiner, 2001). The functional switch
between these two roles is controlled by the phosphorylation of tyrosine residues of B-catenin. The

phosphorylation of Y654 localised within the twelfth armadillo repeat prevents its binding to E-
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cadherin (Roura et al., 1999; Piedra et al., 2001). Another vital residue located in the first armadillo
repeat is Y142; this residue was found to inhibit the binding of B-catenin to a-catenin when
phosphorylated (Piedra et al., 2003). This regulatory mechanism executed by tyrosine kinases
promotes the transcriptional activation of B-catenin. The involvement of B-catenin in adhesion as a
tumour suppressor and in transcription as an oncogene is crucial for normal cellular functioning,
although a loss of equilibrium in this system by phosphorylation instigates a heightened
transcriptional activity and repressed adhesive functionality, paving the way for malignancies such
as cancer (Brembeck et al., 2006).
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Figure 1.9 Various pools of B-catenin following separate fates. The active set are found to bind to the
cytoplasmic portion of E-cadherin aiding in adhesion. Other active pools may bind to the destruction complex
in the absence of a Wnt signal, however when a signal is present $-catenin binds to and activates TCF/LEF
in the nucleus. Phosphorylation sites are also displayed, these aiding in the functional switch between
adhesion and transcription leading to oncogenic activity. An inactive pool of [B-catenin could be a
consequence of their association with inhibitory proteins (yellow) or from post-translational modification of
the protein (Gottardi and Gumbiner, 2001; Brembeck et al., 2006).

1.5.6 Crosstalk

In the present study, the induced expression of the pluripotent stem cell marker KLF4 was
considered together with its interactions with B-catenin, a key transcription factor of the Wnt
signalling pathway. As discussed, Krippel-like factor 4 (KLF4) or GKLF is a zinc-finger
transcription factor which acts as a tumour suppressor in colorectal cancer cells. The induced
expression of KLF4 in cultured cell lines results in the inhibition of DNA synthesis thereby inhibiting

cell proliferation (Ghaleb and Yang, 2008). It has been established that cross talk between KLF4

15



and B-catenin plays an important role in homeostasis of intestinal epithelium as well as in driving
tumorigenesis of colon cancers. B-catenin mediates Wnt signalling, and KLF4 interacts with the
transcriptional activation domain of -catenin leading to its inhibition, thus stalling the Wnt pathway
(Zhang et al., 2006).

1.6 Stem Cells and Epigenetics

1.6.1 An “epic-genetic” overview

The term epigenetics in the literal sense means “out” or “outside conventional genetics” and was
established by C. H. Waddington in the early 1940’s to describe the lack of variation in phenotype
when influenced genetically that was later found to be a result of environmental changes (Jaenisch
and Bird, 2003; Waddington, 1942). The birth of epigenetics took place while uncovering
embryonic development and has since become one of the fastest growing fields of this age
(Waddington, 1942). Epigenetic changes through the modification of chromatin structure and
function by posttranslational modifications may lead to an up-regulation or down-regulation of gene
expression, bringing about variations in cellular activities (Ellis et al., 2009). It is possible that such
alterations could stimulate tumourigenic activity influenced by behavioural changes in the cell
(Pollock and Richon, 2009). Cancer therapies are being revolutionised with the exciting advent of
epigenetic treatments coming to the fore (Ellis et al., 2009). Epigenetic modifications are classified
into several different categories, namely DNA methylation, histone acetylation or deacetylation and
chromatin remodelling amongst others. The present study assesses the modulation of DNA

methylation and histone acetylation in colon cancer cells (Gal-Yam et al., 2008).

1.6.2 The evolution of epigenetics

It is possible that new mutations may be induced in the germline of ova or sperm through
epigenetic manipulation, thereby influencing the DNA passed on between generations; thus it is
safe to say that epigenetics may play a role in the evolutionary process. Opposing the neo-
Darwinian approach, which is the marriage of natural selection and Mendelian genetics, it was
determined that the interaction between the epigenetic system and the environment is the cause of
variations that is non-random and drives change in evolution (Ho, 1979). Epigenetic regulation and
evolution is a result of several contributing factors. There is evidence that the inception of these
variations may have been a result of a natural mechanism of defending the DNA structure from
viruses or parasites, wherein stimuli such as diet or aging may have played a vital role in these
alterations (Matzke et al., 1999; Jaenisch and Bird, 2003).

1.6.3 Histone modifications

Chromatin complexity and its epigenetic regulation of gene expression have been revealed in
eukaryotes for some time now, and modifications such as acetylation and deacetylation are
involved in these regulatory processes (Shankar and Srivastavar, 2008; Grunstein, 1997). The

acetylation of histones involves the transfer of acetyl groups to the highly conserved and positively
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charged ¢-amino group of lysine residues by histone acetyltransferases (HATS), whereas
deacetylation leads to the removal of acetyl groups from lysine side chains via histone
deacetylases (HDACSs) thus restoring the positive charge of histones (Shankar and Srivastavar,
2008; De Ruiter et al., 2003). Both HATs and HDACs are involved in the regulation of malignancies
through the control of cell proliferation, differentiation and apoptosis, and it was found that histone
hyperacetylation through HATSs is associated with the activation of genes while deacetylation leads
to the condensation of chromatin and thus the silencing of the targeted gene (Kouzarides, 1999;
Johnstone and Licht, 2003; Strahl and Allis, 2000).

1.6.3.4 Histone deacetylase inhibitors: Valproic acid

HDACs play a vital role in the regulation of gene expression, and inhibitors thereof display anti-
tumour activity influencing cellular processes such as growth arrest, cellular differentiation,
inhibition of angiogenesis, cytotoxicity as well as cell death, through the activation of apoptotic
pathways which leads to the prevention of cancer cell proliferation. These changes are a result of
restored acetylation of histones which may alter the expression of downstream genes (De Ruiter et
al., 2003). There are several histone deacetylase inhibitors (HDAC inhibitors) that have exhibited
therapeutic improvements on cellular behaviour, one in particular that is considered in this study is
Valproic acid (VPA). This drug, originally exploited for its antiepileptic benefits, was found to be
highly stable at room temperature (25°C) and soluble in a variety of solvents including water
(Gottlicher et al., 2001; Duenas-Gonzales et al., 2008). VPA has been found to induce cell
differentiation in transformed haematopoietic cells as well as other carcinoma cell types and thus

could be valuable in the eradication of cancer (Gottlicher et al., 2001; Kramer et al., 2001).

1.6.4 DNA methylation

Methylation of DNA segments is fast becoming a frequent occurrence in eukaryotes, and its
association with cancer as well as its reversible nature makes it a potential candidate in the
therapy of several types of malignancies (Das and Singal, 2004). Cancer cells are known to display
two main types of methylation, namely hypomethylation occurring on a genome-wide scale as well
as hypermethylation of promoter regions exhibiting a high frequency of CpG islands (Esteller,
2008). Hypomethylation activity is commonly localised at repeat regions of the DNA sequence and
is associated with the overexpression of proteins involved in tumourigenesis and thus an increased
risk of colon cancer (Feinberg and Tycko, 2004; Kaneda and Feinberg, 2005). The following study
will focus on hypermethylation through the addition of methyl groups to the fifth cytosine poitision of
CpG island dinucleotides via catalyst enzymes known as DNA methyltransferases (DNMTS)
(Momparler et al., 2000; Robertson, 2001).

1.6.4.1 DNA methyltransferase inhibitors: Zebularine
Inhibitors of DMNTSs range in their usefulness in terms of their stability and half-life in solvents.

They operate in the prevention of DNMT activity by binding to these enzymes after relocating to the
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nucleus, resulting in their exhaustion and thus a reduction in their numbers (Jutterman et al., 1994;
Bouchard and Momparler, 1983; Santi et al., 1983). This leads to demethylation of the DNA
segments in question and potentially to apoptosis as a result of a block in DNA synthesis
(Jutterman et al., 1994; Bouchard and Momparler, 1983; Santi et al., 1983). Demethylating agents
are capable of reversing the effects of methylation in certain sites of the DNA thus leading to an
enhanced expression of suppressed genes and ultimately the differentiation of cells (Bender et al.,
1998; Attadia, 1993). There are several DNMT inhibitors that have been employed in this sense,
two highly potent drugs are 5-aza-2’-deoxycytidine (5-aza-CdR) and 5-azacytidine (5-aza-CR).
These drugs however have been found to be highly toxic and highly unstable as well as lacking in
target specificity and therefore may lead to tumorigenic activity instead of preventing it
(Constantinides et al., 1977; Worm and Guldberg; 2002). One other DNMT inhibitor that displays
much more favourable properties, including low toxicity and high stability, is the cytidine analogue
Zebularine (ZEB) (Cheng et al.,, 2003). This therapeutic agent is also capable of being
administered at a lower dose for a long time period due to its less toxic nature (Cheng et al., 2004).

The following study demonstrates the effects of this drug on various cancer cell lines.

1.7 Study Aims

In view of the association of stem cell pluripotentiality factors with cancer stem cells, in particular
KLF4, the following hypothesis was proposed:

The induction of KLF4 signalling in colon cancer cells regulates tumourigenesis.

This was specifically investigated under the following objectives:

1. To determine whether early stage colon cancer cells express the pluripotent stem cell
marker KLF4

2. To determine whether KLF4 expression is induced by epigenetic maodifications through drug
treatment in late stage colon cancer cells

3. To compare the effect of epigenetic modulations by DNA methyltransferase inhibitors with
histone deacetylase inhibitors on the induction of KLF4

4. To establish the effects of a synergistic treatment with both DNA methyltransferase
inhibitors and histone deacetylase inhibitors on early and late stage colon cancer cells

5. To determine a possibility of a link between KLF4 and the Wnt signalling pathway (8-

catenin)
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CHAPTER 2
MATERIALS USED AND METHODS IMPLEMENTED IN THIS STUDY

All materials and methods described in this chapter were implemented in the subsequent chapters,

unless otherwise stated. All reagents and materials are listed in Appendix 3.

2.1 Cell Culture

All cell culture procedures were performed by the implementation of aseptic techniques and good
cell culturing practice to prevent contamination from bacteria, fungi and mycoplasma as well as
cross contamination with other cell lines. This included the use of personal protective equipment,
such as gloves and lab coats at all times.

The following general cell culture procedures were executed in the cell culture room under a
laminar flow cabinet. A UV-C germicidal lamp was used to sterilise the cabinet when it was not in
use and was switched off during use, and the fluorescent light and the fan were turned on, drawing
air in through a HEPA filter. The flow hood was sanitised with 70%"/, ethanol before commencing
with work and gloves were sanitised with 70%"/, ethanol periodically when handling different
equipment. All materials (including 50mL media bottles, culture flasks, 10mL pipettes) including the

surface of the flow hood were sterilised with 70%"/, ethanol.

Three cell lines were used, an early colorectal cancer cell line SW480 (Dukes’ type B colorectal
adenocarcinoma) (Health Science Research Resources Bank, Japan), a late colorectal cancer cell
line DLD-1 (Dukes’ type C colorectal adenocarcinoma) (Health Science Research Resources
Bank, Japan) and MCF-7 (human breast adenocarcinoma) (ATCC Cell Biology Collection, USA).
These cell lines were cultured in Dulbecco’s modified eagle medium: Nutrient mixture F-12
(DMEM/F-12) (Invitrogen) supplemented with heat-inactivated foetal bovine serum (FBS)
(Invitrogen) prepared to a 50mL volume, at a 10%'/, FBS/DMEM:F12, containing 100uL
penicillin/streptomycin stock solution (Lonza BioWhittaker®) was added.

2.1.1 Thawing

Frozen cell lines were resuscitated by thawing after storage at -70°C and were washed in
approximately 5mL of 10%"/, culture medium. Cells were centrifuged at 800rpm for 3 minutes to
remove dimethyl sulfoxide (DMSO), which is a cyroprotectant that is toxic above 4°C; therefore it is
crucial that cells were thawed quickly and diluted in culture medium to reduce toxicity. The
supernatant was removed and the pellet was resuspended in 10mL culture medium and mixed
thoroughly by pipetting. The resuspended pellet was subsequently spilt into two small
(50mL/25cm?®) culture flasks. Cells were visualised using an inverted phase contrast microscope.
Cells were cultured in a 37°C incubator, providing an atmosphere of 5% CO, and 90% humidity.
Cells were examined daily to observe the degree of confluency as well as examining for fungal or

bacterial contamination.
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2.1.2 Passaging/subculturing

The confluency of cells was examined, and once cells developed a complete cell sheet (80%-90%
confluency) with few spaces they were ready to be subcultured. Cells were passaged every three
to four days. The old medium was removed and the cell monolayer was washed in phosphate-
buffered saline (PBS) (Sigma-Aldrich).

Cells were subsequently dissociated with trypsin (TrypLE™ Express, Invitrogen) and incubated for
3-5 minutes in the cell incubator. Flasks were tapped gently to aid in the detachment of any
remaining cells and were visualised under an inverted microscope. Once the cells had detached
and the media had turned cloudy, fresh 10%"/, FBS/DMEM:F-12 was added to neutralise the
trypsin, as trypsin is inactivated by serum. The cells were then centrifuged at 800rpm for 3 minutes
and the supernatant was discarded. The cell pellet was resuspended in approximately 10mL of
fresh culture medium and 5mL was aliquoted into two large (75cm?) culture flasks. Culture flasks
were supplemented with 5mL of fresh culture medium, and were visualised under an inverted
microscope to confirm that cells were present. The culture flasks were placed in the 37°C

incubator, providing an atmosphere of 5% CO, and 90% humidity.

2.1.3 Cyropreservation

Once a cell line is capable of sufficient expansion, the cells can be preserved by freezing at -70°C.
This allows stocks of cells to be maintained without experiencing aging as well as protecting
against contamination and incubator malfunction (Freshney, 2006). Good survival of cells is

favoured if there is a high density of cells at freezing (1 x 10° cells/mL — 1 x 10 cells/mL).

The old medium was removed and the cell monolayer was washed in PBS. The cells were
subsequently trypsinised as above. The cell pellet was resuspended in 3mL of cyroprotective
medium (Lonza) containing DMSO (Sigma-Aldrich) supplemented with 10%"'/, FBS/DMEM:F-12

(50:50). Cells were split into two 1.5mL cyropreservation tubes and stored at -70°C.

2.1.4 Harvesting cells

The old medium was removed and the cell monolayer was washed in PBS. As mentioned
previously, the cells were trypsinised and the supernatant was discarded and residual supernatant
was removed using a syringe or Gilson P100. The prescribed protocol for RNA extraction was then

followed.

2.1.5 Cell viability assay
Cells were quantified using the Bio-Rad TC10TM automated cell counter. This is a benchtop
instrument that is able to count mammalian cells through the use of autofocus technology and

digital image analysis algorithms. To perform cell viability assays, one part TC10 trypan blue was
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mixed with one part cell suspension on Parafiim® and 10uL was added to one of the two chambers
of the TC10 counting slide. The slide was then inserted into the slide slot of the cell counter which
automatically detects the slide as well as the presence of trypan blue and thereby initiates the

count. The cell counter is able to determine the number of viable cells on each slide.

2.2 Drug Treatments
All information on the drugs utilised in this study is listed in Appendix 4.

2.2.1 Valproic acid

The cancer cell lines DLD-1, SW480 and MCF-7 were serum starved overnight to synchronise all
cells to the GO/G1 stage, and subsequently treated with two concentrations of VPA (1.5mM and
5mM) (Sigma-Aldrich) for 24 hours. VPA was prepared at a concentration of 50mg/mL using
distilled water as a solvent, which was then added to 10%"/, FBS/DMEM:F12 to make up 1.5mM
and 5mM solutions respectively. No carrier controls were required. Untreated controls contained
only 10%‘/, FBS/DMEM:F12 without VPA. Cells were treated at approximately 75%-80%

confluency and were pelleted and frozen as well as seeded to coverslips after 24 hours.

2.2.2 Zebularine

Each of the cancer cell lines DLD-1, SW480 and MCF-7 were serum starved overnight to
synchronise all cells to the GO/G1 stage, and subsequently treated with two concentrations of ZEB
(0.1mM and 0.3mM) (Sigma-Aldrich) respectively, for 24 hours. ZEB was prepared at a
concentration of 5mg/mL using DMSO as a solvent, which was then added to 10%",
FBS/DMEM:F12 to make up a 0.1mM and 0.3mM solutions respectively. Carrier controls contained
10%"/, FBS/DMEM:F12 with DMSO replacing ZEB. Untreated controls contained only 10%"/,
FBS/DMEM:F12 without ZEB. Cells were treated at approximately 75%-80% confluency and were

pelleted and frozen as well as seeded to coverslips after 24 hours.

2.2.3 Combination treatments

Colon cancer cell lines SW480 and DLD-1 were serum starved and treated with a combination of
VPA and ZEB, denoted by SYN 1 (VPA 1.5mM and ZEB 0.1mM) and SYN 2 (VPA 5mM and ZEB
0.3mM) for 24 hours. VPA was prepared at a concentration of 50mg/mL using distilled water as a
solvent, while ZEB was prepared at a concentration of 5mg/mL using DMSO as a solvent. Both
these drugs were then added to 10%‘/, FBS/DMEM:F12 to make up the two combination
treatments, SYN1 and SYN2, respectively. Carrier controls contained 10%"/, FBS/DMEM:F12 with
DMSO replacing ZEB only. No treatment controls contained only 10%"/, FBS/DMEM:F12 without
VPA or ZEB. Cells were treated at approximately 75%-80% confluency and were pelleted and

frozen as well as seeded to coverslips after 24 hours.
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2.3 Total RNA Isolation
RNA extractions were performed using the RNeasy Plus Mini kit (Qiagen) for cDNA synthesis and
primer optimisation, as well as the Nucleospin® RNA Il kit (Separations - Macherey Nagel) for final

experiments.

2.3.1 RNeasy plus mini kit
This kit is designed to purify RNA and has an additional step which eliminates whole genomic DNA

contamination, which is essential for relative quantification of gene expression.

RNA was isolated following the prescribed protocol from Qiagen. A 5mL solution of RLT buffer was
prepared and supplemented with reducing agent (B-mercaptoethanol (B-ME) (Sigma-Aldrich) at
10uL/mL. RLT buffer allows for the disruption of plasma membranes of cells and organelles to
release all RNA contained in the sample. Incomplete disruption may result in inefficient lysis and
reduced RNA yields. 600uL of B-ME/RLT buffer was added to the pellet and this was resuspended
under a fume hood. The lysed cells were then frozen at -70°C. RNA is stable for 7 months after the
addition of B-ME/RLT buffer. When ready to proceed these lysates were thawed out at room

temperature (25°C) before the next step.

A 600uL volume (maximum volume 700uL) of cell lysate was pipetted directly into a QlAshredder
spin column placed in a 2mL collection tube and centrifuged at 14 000rpm for 2 minutes. The
homogenised lysate was then transferred to a gDNA Eliminator spin column placed in a 2mL
collection tube and subsequently centrifuged at 10 900rpm for 30 seconds. The column was
discarded and the flow-through was collected. One volume of refrigerated 70%"/, ethanol (600uL)
was added to the flow-through and mixed well by pipetting.

A maximum of 700pL of the sample was transferred each time to an RNeasy spin column placed in
a 2mL collection tube until the entire 1200puL volume was transferred (to maximise RNA yields).
Samples were centrifuged at 10 900rpm for 15 seconds after which the flow-through was discarded

and the column was retained.

700uL of buffer RW1 was added to the RNeasy column and samples were centrifuged at
10 900rpm for 15 seconds to wash the spin column membrane. The flow-through was discarded

and the column was retained.
500uL of buffer RPE was added to the RNeasy column and samples were centrifuged at

10 900rpm for 15 seconds to wash the spin column membrane. The flow-through was discarded

and the column was retained.
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500uL of buffer RPE was added to the RNeasy column and samples were centrifuged at
10 900rpm for 2 minutes to wash the spin column membrane. The flow-through was discarded and
the column was retained. The longer centrifiguation step allows the spin column membrane to dry
ensuring that no ethanol is carried over during RNA elution as downstream reactions may be
hindered by the presence of residual ethanol.

The RNeasy spin column was then carefully removed from the collection tube to prevent contact
with the flow-through, thus preventing the carry-over of ethanol. The RNeasy spin column was
placed into a new 2mL collection tube and centrifuged at 14 000rpm for 1 minute. The RNeasy spin
column was subsequently placed into a new 1.5mL collection tube, and 30uL of RNase-free water
was added directly to the spin column membrane. The sample was incubated at room temperature
(25°C) for 5 minutes and was then centrifuged thereafter at 10900rpm for 1 minute to elute the
RNA. The RNA was subsequently quantified.

2.3.2 Nucleospin® RNA Il kit
The Nucleospin® RNA 1l kit allows for the purification of RNA and isolates RNA of high integrity,
reducing the risk of degradation and DNA contamination as a result of the on-column digestion with

rDNase.

RNA was isolated following the protocol provided by Macherey-Nagel. Up to 5 x 10° cells could be
pelleted and lysed by 350uL of buffer RA1 supplemented with 3.5uL of reducing agent B-ME. A
total volume of 353.5puL of B-ME/RA1 was added to the cell pellet and vortexed vigorously. Cells
were frozen at -70°C as RNA is stable for 7 months after the addition of B-ME/RAL buffer. When
ready to proceed, these lysates were thawed out at room temperature (25°C) before the next step.

The entire quantity of lysate was filtered through a Nucleospin® filter placed in a collection tube to
reduce viscosity, and the mixture was centrifuged at 11000rpm for 1 minute. The Nucleospin® filter
was discarded and 350uL ethanol (70%'/,) was added to the homogenised lysate to adjust RNA
binding condtions. This was mixed by pipetting up and down about five times or by vortexing for
about 5-10 seconds. The addition of ethanol leads to a stringy appearance of the solution, which

needs to be disaggregated by mixing.

The total volume of ethanol was passed through a Nucleospin® RNA Il column placed in a
collection tube. Once the lysate was thoroughly mixed, it was loaded to the column and centrifuged

for 30 seconds at 11000rpm to allow the binding of RNA to the column.

The column was placed in a new collection tube to which 350uL of membrane desalting buffer
(MDB) was added and this was centrifuged at 11000rpm for 1 minute to allow the membrane to

dry. Salt removal allows for more efficient DNA digestion.
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The rDNase provided in a vial was reconstituted with 540uL RNase-free water. A DNase reaction
mixture was prepared in a sterile 1.5mL tube where 10uL of reconstituted rDNase was added to
90pL of reaction buffer for rDNase and was mixed by flicking the tube. Subsequently, 95uL of this
DNase reaction mixture was added directly to the centre of the silica membrane of the column.
This was incubated for 15 minutes at room temperature (25°C).

The silica membrane was subsequently washed and dried through three washes. The initial step
involved the addition of 200uL buffer RA2 to the Nucleospin® RNA Il column in order to inactivate
the rDNase. This was centrifuged at 11000rpm for 30 seconds. The column was then placed in a
new collection tube, to which 600uL of buffer RA3 was added to the column to wash away any
residual buffer added to the column in the previous wash, and this was centrifuged at 11000rpm for
30 seconds. The column was once again placed in a new collection tube to which 250uL of buffer
RA3 was added to wash away all residual buffer that may still be present on the column; and to dry
the membrane completely, this was centrifuged at 11000rpm for 2 minutes. The Nucleospin® RNA

Il column was then placed in a nuclease-free collection tube.

The last step involved the addition of 40uL RNase-free water to the column and this was incubated
at room temperature (25°C) for 5 minutes to allow absorption into the membrane. The sample was
then centrifuged at 11000rpm for 1 minute. Elution in a smaller volume of water allows a higher
yield of RNA, thus 40uL was used instead of the recommended 60uL. The RNA was subsequently
quantified.

2.3.3 RNA quantification

The quality of RNA was then assessed using a Nanodrop ND-1000 spectrophotometer which
measures the optical density of the sample RNA. RNA of good quality displays an OD 260/280
ratio of 1.8 to 2.1 (a ratio below this indicates protein contamination and a ratio above this suggests
the RNA has degraded) and an OD 260/230 ratio of 1.8 or greater (a ratio below this signifies salt
contamination). The ND-1000 also assesses the concentration of RNA within a sample where an

optimal concentration of 1000ng/uL or greater is generally used for relative quantification.

2.4 Total DNA Isolation
DNA extractions were performed using the QIAamp DNA Micro kit (Qiagen) for subsequent

methylated and hydroxymethylated DNA quantification, as described in Chapter 4.
2.4.1 QIlAamp DNA micro kit

This kit is designed to allow optimal purification of genomic and mitochondrial DNA from small

sample volumes and prevents cross contamination between samples.
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DNA was isolated following the protocol from Qiagen. 180uL buffer ATL was added to the pelleted
sample and was transferred into a 1.5mL tube and left to stand until it reached room temperature
(25°C), after which 20uL proteinase K was added and mixed by pulse-vortexing for 15 seconds.
The sample was placed in a heated orbital incubator and kept overnight at 56°C until the sample
was completely lysed.

Following lysis, 200mL buffer AL was added to allow optimal binding of DNA to the membrane and
mixed by pulse-vortexing for 15 seconds. The lysate was transferred into a QlAshredder spin
column and was centrifuged for 2 minutes at full speed (14000rpm). Subsequently, 200uL ethanol
(96%-100%) was added to the lysate and pulse-vortexed for 15 seconds and was incubated for 5
minute at room temperature (25°C). The tube was briefly centrifuged to remove liquid from the lid.
The lysate was transferred to a QIAamp MinElute column and centrifuged for 1 minute at 8000rpm.

The column was placed in a clean 2mL collection tube and the collection tube containing flow-
through was discarded, after which 500uL buffer AW1 was added to the QIAamp MinElute column
and centrifuged for 1 minute at 8000rpm. The column was placed in a clean 2mL collection tube
and the collection tube containing flow-through was discarded. Subsequently, 500uL buffer AW2
was added to the QlAamp MinElute column and centrifuged for 1 minute at 8000rpm. The column
was placed in a clean 2mL collection tube and the collection tube containing flow-through was
discarded. Both buffers AW1 and AW2 wash away any contaminants that may be bound to the

membrane.

The column was centrifuged at full speed (14000rpm) for 3 minutes to dry the membrane. The
MinElute column was placed in a clean 1.5mL microcentrifuge tube and the collection tube
containing flow-through was discarded. Subsequently, 30uL distilled water was carefully added to
the centre of the membrane and incubated at room temperature (25°C) for 1 minute, and was

centrifuged for 1 minute at full speed (14000rpm) to elute the DNA. The DNA was then quantified.

2.5 Methylated DNA Quantification

The MethylFlash™ Methylated DNA Quantification Kit (Epigentek) was used in conjunction with the
MethylFlash™ Hydroxymethylated DNA Quantification Kit (Epigentek) to accurately and rapidly
detect global DNA methylation status as well as DNA hydroxymethylation status (as described in
Chapter 4) using an immunospecific detection method on a 96-stripwell microplate. This was
achieved by measuring levels of 5-methylcytosine (5-mC) as well as 5-hydroxymethylcytosine (5-

hmC). These kits ensure no cross-reactivity to hydroxymethylcytosine and unmethylated cytosine.

2.5.1 MethylFlash™ methylated DNA quantification kit (colorimetric)
In this assay, strip wells have a high DNA affinity to allow the binding of DNA, and the methylated

portion of DNA is identified through the use of capture and detection antibodies and is then
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guantified through a colorimetric analysis by reading the absorbance of a spectrophotometer,
where the amount of methylated DNA is directly proportional to the OD intensity measured. An
optimal amount of DNA that may be used is 100ng per reaction. To prepare a standard curve,

buffer ME4 was diluted as seen in Table 2.1.

Table 2.1 Standard curve preparation using five different concentrations of ME4 buffer after diluted

to 10ng/uL
Tube ME4 (10ng/ul) IXTE Final ME4 Concentration
1 1.0pL 19.0pL 0.5ng/uL
2 1.0uL 9.0pL 1.0ng/pL
3 1.0pL 4.0pL 2.0ng/pL
4 2.5uL 2.5uL 5.0ng/uL
5 4.0pL 0.0pL 10.0ng/pL

All samples were performed in duplicate and DNA was bound to the strip wells. 80uL of binding
solution ME2 and 1pL of buffer ME3 was added to each strip well respectively. 1uL of diluted ME4
was subsequently added according to Table 2.1, after which 1uL-8uL of sample DNA was added at
100ng, and the solution was mixed by gently tilting the plate several times or lightly shaking it to
ensure the solution coated the bottom of the well evenly. The strip was then covered using
Parafilm® and incubated at 37°C for 90 minutes. The ME2 binding solution was then removed from
each well, which was washed three times with 150pL of diluted ME1 1X wash buffer.

To capture methylated DNA, buffer ME5 was diluted at a ratio of 1:1000 with diluted ME1, and 50ul
was added to each well and incubated at room temperature (25°C) for 60 minutes. Diluted ME5
was removed from each well which was washed three times with 150uL of diluted MEL1. Buffer
ME6 was diluted at a ratio of 1:2000 with diluted ME1, and 50ul was added to each well and
incubated at room temperature (25°C) for 30 minutes. Diluted ME6 was removed from each well
which was washed four times with 150pL of diluted ME1. Buffer ME7 was diluted at a ratio of
1:5000 with diluted ME1, and 50uL was added to each well and incubated at room temperature
(25°C) for 30 minutes. Diluted ME7 was removed from each well which was washed five times with
150uL of diluted MEL.

For signal detection, 100uL of buffer ME8 was added to each well and incubated at room
temperature (25°C) for 1 to 10 minutes in the absence of light. Colour changes were monitored in
both sample and control wells. The ME8 solution turned blue in the presence of ample methylated
DNA, and once the positive control turned medium blue, 50uL of buffer ME9 was added to each
well to stop the enzyme reaction. This generated a yellow colour change and the absorbance was
subsequently read on a plate reader (ELX 800 Universal Plate Reader) at wavelength of 450nm,
within 15 minutes of the reaction. Colour development for methylated DNA quantification can be

seen in Figure 2.1
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Figure 2.1 Schematic illustration of results demonstraing colour development associated with methylation (5-
mC) patterns. SW480 cells displayed a brighter colour change than DLD-1 cells, indicating a greater
probability of gene methylation.

2.5.2 MethylFlash™ hydroxymethylated DNA quantification kit (colorimetric)
The protocol for this assay was highly similar to the Methylated DNA Quantification kit. An optimal
amount of DNA that may be used is 200ng per reaction. To prepare a standard curve, buffer HC5

was diluted as seen in Table 2.2.

Table 2.2 Standard curve preparation using five different concentrations of HC5 buffer after diluted

to 10 ng/pL
Tube HC5 (10ng/pL) IXx TE Final HC5 Concentration
1 1.0uL 19.0uL 0.5ng/uL
2 1.0pL 9.0pL 1.0ng/uL
3 1.0uL 4.0uL 2.0ng/pL
4 2.5uL 2.5uL 5.0ng/pL
5 4.0pL 0.0pL 10.0ng/pL

All samples were prepared in duplicate and DNA was bound to the strip wells. Initially, 80uL of
binding solution HC2 was added to each well, followed by 1puL of buffer HC3 and 1pL HC4
respectively. Subsequently, 1uL of diluted HC5 was added according to Table 2.2. 1uL-8uL of
sample DNA was added at 200ng, and the solution was mixed by gently tilting the plate several
times or lightly shaking it to ensure the solution coated the bottom of the well evenly. The strip was
then covered using Parafiim® and incubated at 37°C for 90 minutes. The HC2 binding solution was
then removed from each well, which was washed three times with 150pL of diluted ME1 1X wash
buffer.

In order to capture hydroxymethylated DNA, buffer HC6 was diluted at a ratio of 1:1000 with diluted
HC1, and 50uL was added to each well and incubated at room temperature (25°C) for 60 minutes.
Diluted HC6 was removed from each well which was washed three times with 150uL of diluted
HC1. Buffer HC7 was diluted at a ratio of 1:1000 with diluted HC1, and 50uL was added to each
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well and incubated at room temperature (25°C) for 30 minutes. Diluted HC7 was removed from
each well which was washed four times with 150uL of diluted HC1. Buffer HC8 was diluted at a
ratio of 1:5000 with diluted HC1, and 50uL was added to each well and incubated at room
temperature (25°C) for 30 minutes. Diluted ME7 was removed from each well which was washed
five times with 150puL of diluted HC1.

For signal detection, 100uL of buffer HC9 was added to each well and incubated at room
temperature (25°C) for 1 to 10 minutes in the absence of light. Colour changes were monitored in
both the sample well and the control wells. The HC9 solution turned blue in the presence of
sufficient hydroxymethylated DNA, and once the positive control turned medium blue, 50uL of
buffer HC10 was added to each well to stop the enzyme reaction. This generated a yellow colour
change and the absorbance was subsequently read on a plate reader at 450nm within 15 minutes
of the reaction. Colour development for hyrdoxymethylated DNA quantification can be seen in

Figure 2.2

—> HC3 (-ve control)

—> HC4 (-ve control)

} HCS5 (+ve control)
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Figure 2.2 Schematic illustration of results showing colour development associated patterns with
hydroxymethylation (5-hmC) patterns. DLD-1 cells displayed a brighter colour change than SW480 cells,
indicating a higher likelihood of gene hydroxymethylation.
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2.6 Primer Design

PCR primers are oligonucleotide sequences which hybridise to opposite strands and flank the
gene region of interest within target DNA. When designing primers for PCR, it is crucial to ensure
that they do not contain complementary bases within themselves or with other primers. One should
evade 3’ end complementarity to prevent the formation of primer-dimers or primer-oligomers.
Primers are recommended to begin with ATG and end with either G or C bases as these are triple
bonded.

The essential gene sequences were derived from http://www.ensemble.org and the exonic gene
sequences were isolated from the complete sequence and confirmed using the BLAST program at
http://www.ncbi.nim.nih.gov and BLAT (http://genome.UCSC.edu/). These programs examine the
homology of the primer sequence and match it to the correct chromosome and gene. Once it was

confirmed that the primers only bind to the target gene they were mapped to the exonic gene
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sequences and their quality as a pair were analysed using PRIMER DESIGNER for Windows
Version 2.0 Serial # 53110. This program checks for the presence of hairpins, dimers and also
assesses whether the melting temperatures (T,,) match. The concentration of primers was

calculated by applying Equation 2.1.

(xOD/mL)X33.9/0D)= yg/mL

yed / mL

== — =znmole/ 4L
M .w.(da)

[Equation 2.1]
To calculate molecular weight (M.w.) Equation 2.3 was employed.

M.w. =[(A=x312.2)+ (G =<328.2)+ (C < 288.2)+ (T x303.2)] - 61
[Equation 2.2]

The T,, of each primer was calculated by applying Equation 2.3.

T,=4(G+C)+2(A+T)
[Equation 2.3]

Table 2.3 Primer sequences, melting temperatures, amplicon sizes and gene accession nhumbers
for the various genes used in this study

Gene Fwd Primer Rvs Primer T (Fwd & Rvs) REF Gene
5 -3) 5 -3) and Amplicon Accession
Size Number
B-actin GCACACTTAGCC AGGCGTACAGG 64°C Accand OTTHUMGO0
(ACTB) TTCTTTGCACTT GATAGCACAGC 172bp Okuliez, 000023268
TCT CTGGATAG 1995
KLF4 ACCAGGCACTAC GGTCCGACCTG 60°C ENSG000001
CGTAAACACA GAAAATGCT 79bp _ 36826
-catenin GCTGGGACCTT  ATTTTCACCAGG 60°C ENSGO000001
(CTNNB1) GCATAACCTT GCAGGAATG 86bp - 68036

2.7 Reverse Transcription
The Applied Biosystems TagMan® Reverse Transcription Reagents kit was used to perform all

reverse transcription reactions. The kit contained the reaction mix demonstrated in Table 2.4.
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Table 2.4 Reverse transcription reagents and volumes

Reagent 1x -RT
10x RT buffer 1uL 1uL
MgCl, 2.2uL 2.2uL
dNTPs 2uL 2uL
Random Hexamer 0.5uL 0.5uL
RNase Inhibitor 0.2uL 0.2uL
Multiscribe Reverse Transcriptase 0.25uL -
H,O
} 3.85uL } 4 1uL
RNA
TOTAL VOLUME 10uL 10pL

Reverse transcription:

1. 25°C for 10 minutes
2. 48°C for 30 minutes
3. 95°C for 5 minutes

4°C hold infinity

2.8 PCR Optimisation

For this study two types of PCR were performed, namely conventional PCR and real-time PCR.

2.8.1 Conventional PCR

Conventional PCR was performed to simply optimise primers and ensure they were effective. For

this the Applied Biosystems PCR Core Reagent kit was utilised containing the reaction mix in

Table 2.5 and a gradient PCR was carried out.

Table 2.5 PCR core kit master mix

Reagent 1x

10x buffer A 1uL

MgCl, (1.5mM) 1uL
dNTPs (10mM) 0.2uL

FWD primer (2 yM) 1uL

RVS primer (2 yM) 1uL
Taq polymerase (COnNc) 0.07uL

"0 } 5.73uL
cDNA
TOTAL VOLUME 10uL
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Commercially produced Sabax (Adcock Ingram) was used in 2mL vials. The template cDNA
reverse transcribed from an RNA template was of high quality and yield ranged from 200ng/uL to
400ng/uL. The PCR products were visualised and analysed using a 1.5%"/, agarose gel stained
with ethidium bromide (see recipe in Appendix 3). Gradient PCR followed the following series of

cycles:

1. 94°C for 10 minutes
94°C for 1 minute TN
Specified gradient for 45 seconds
(time can be reduced to 15 seconds to allow
for more specific primer binding)
> Repeat for 34 cycles
Eg. Lower temperature of 55°C
Upper temperature of 65°C
4. 72°C for 1 minute

4°C hold forever _

2.8.2 Real-time -PCR
Primers for Real-time (RT)-PCR were optimised and final experiments were performed on the

Applied Biosystems Informatics (ABI) 7500 real-time PCR machine. The reference gene of interest

used in all experiments was B-actin. SYBR® Green | dye (Applied Biosystems) was used to detect
PCR product. Amplification and dissociation curves (essentially replaces the end point gel, where
distinct melting curves characterise each PCR product) were performed for each sample. An
absolute quantification was carried out for primer optimisation while the final experiment was
performed using a relative quantification (plate) to assess the change in expression between the

treatment group and the untreated control for each sample.

Table 2.6 SYBR Green master mix

Reagent 1x

2 x PCR master mix 5uL
FWD primer (2uM) 1uL
RVS primer (2uM) 1pL
cDNA 3uL
TOTAL VOLUME 10uL

The amplification curve followed the cycle:
Hot start at 94°C for 10 minutes

1. 94°C for 1minute
2. 55°C for 45 seconds Repeat for 35 cycles
3. Appropriate primer melting temperature for 1 minute
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The dissociation curve followed the cycle:
1. 95°C for 15 seconds
2. 60°C for 1 minute Repeat for 1 cycle
3. 95°C for 15 seconds

2.9 Microscopy

2.9.1 Seeding cells onto coverslips

Prior to the experiment, glass coverslips were soaked in 70%"/, ethanol for a maximum of 30
minutes. Cells were cultured, harvested and pelleted as described previously. To resuspend the
pellet, 6mL of 10%"'/, FBS/DMEM:F12 was added, of which 1mL of the resuspended pellet was
diluted with approximately 8mL of 10%'/, FBS/IDMEM:F12. Each coverslip was held in a flame
using forceps, heat sterilising and placed within the centre of a sterile petri dish. The suspended
cells were then carefully transferred directly onto each coverslip to prevent spilling into the petri
dish. The petri dishes were stored in a 37°C incubator, providing an atmosphere of 5% CO, and
90% humidity, for the cells to attach to the coverslips. After approximately five hours, 10%"/,
FBS/DMEM:F12 was added to the petri dishes to ensure the submersion of each coverslip. Fresh
cell solution was prepared with the excess cells, which were transferred into two new culture flasks

and incubated at 37°C in an atmosphere of 5% CO, and 90% humidity.

2.9.2 Fixing cells to the coverslips

After approximately 24 hours, a 3%"/, formaldehyde/PBS solution was prepared from a 30%"/,
solution of formaldehyde (Univar) under a fume hood. The culture medium was removed and the
cells rinsed three times with PBS. The PBS was discarded into a waste container under the fume
hood and the 3%/, fixative solution was added to the coverslips at 1mL-1.5mL and kept at room
temperature (25°C) for 15 minutes. The fixative was then poured off and the coverslips were
washed three to four times with PBS. PBS was then added to the petri dishes containing the fixed
cells, after which the dishes were sealed with Parafilm® and were stored in the 4°C fridge until the

next step.

2.9.3 Immunofluorescence

2.9.3.1 Incubation of fixed cells with primary antibody.

A 0.5%"/, bovine serum albumin (BSA) solution was prepared in 100mL of PBS. 125uL of triton X
(Sigma-Aldrich) was added to 50mL of 0.5%"/, BSA/PBS to make up a 0.25%"/, solution of triton X.
PBS was discarded from the petri dishes containing coverslips with fixed cells, and the 0.25%"/,
triton X/BSA solution was added to the petri dishes for 10 minutes. Triton X is a detergent that
permeabilises the cell membrane and allows the primary antibody to enter the cell; thus one must

be cautious when working with this solution to prevent contact with skin. The triton X was then
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carefully discarded and 0.5%"/, BSA/PBS was added to each petri dish. The coverslips were then
drained of excess liquid and were subsequently transferred onto a dry labelled slide, with the cell
side uppermost. A 1:100 dilution of primary antibody was prepared with 0.5%"/, BSA/PBS and
100pL of each primary antibody solution was added to the coverslips. KLF4 rabbit polyclonal IgG
and purified mouse anti (B-catenin primary antibodies were used (information on antibodies in
Appendix 3). Slides containing coverslips were incubated overnight at 4°C in a moist container
lined with wet filter paper.

2.9.3.2 Incubation of cells with secondary antibody

After 24 hours, three 50mL beakers were filled with approximately 30mL of 0.5%"/, BSA/PBS.
Using fine forceps, each coverslip was removed from each slide and drained onto tissue paper to
remove excess liquid. The coverslips were then sequentially dipped approximately ten times into
each beaker containing 0.5%"/, BSA/PBS to remove any residual primary antibody. The coverslips

were then transferred back onto the slides, with the cell side facing upwards.

Alexa Fluor® 568 conjugated donkey anti-rabbit (KLF4) and Alexa Fluor® 568 conjugated donkey
anti-mouse secondary antibodies (see Appendix 3) were prepared in a 1:200 dilution with 0.5%"/,
BSA/PBS, after which 100uL of secondary antibody was added to each coverslip. Slides
containing coverslips were stored in a container lined with wet filter paper for 1 hour at room
temperature (25°C) in a dark cupboard. Each coverslip was then removed from each slide and

drained onto tissue paper to remove excess liquid and rinsed as described.

2.9.3.3 Fluorescent staining of the actin cytoskeleton and nucleus

The coverslips were then transferred back onto the slides, cell side up after drying and 100pL of
Phalloidin was added to each coverslip. A 1:20 dilution of Alexa Fluor® 488 Phalloidin conjugate
(Lonza) was prepared with 0.5%"/, BSA/PBS. Phalloidin is a green-fluorescent dye which binds
specifically at the interface between F-actin subunits securing adjacent subunits together. Slides
containing coverslips were incubated in a moist container for 30-45 minutes at room temperature
(25°C) in a dark cupboard, as Phalloidin is light sensitive. Each coverslip was then removed from
each slide and drained onto tissue paper. The coverslips were then dipped approximately ten times

into each beaker containing 0.5%"/, BSA/PBS to remove any residual Phalloidin.

The coverslips were then transferred back onto the slides cell side up and 100uL of DAPI
(Boehringer Mannheim) was added to each coverslip. A 1:10 000 dilution of DAPI was prepared
with PBS. DAPI or 4'6-diamidino-2-phenylindole is a blue-fluorescent nuclear stain which
preferentially stains double-stranded DNA and nuclei with little or no labelling of the cytoplasm.
Slides containing coverslips were stored in a container lined with wet filter paper for 30-45 minutes
at room temperature (25°C) in a dark cupboard as DAPI is light sensitive. Each coverslip was then

removed from each slide and drained onto tissue paper to dry. The coverslips were then dipped
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approximately ten times into each beaker containing 0.5%"/, BSA/PBS to remove any residual
DAPI. Coverslips were then mounted onto the slides cell side down using Gel Mount™ aqueous
mounting medium (Sigma-Aldrich). Coverslips were left to set and stored at 4°C until they were

ready to be viewed under the Olympus IX71 and Zeiss laser scanning microscope, using a 63X
objective (see software information in Appendix 3).
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CHAPTER 3
HISTONE MODIFICATIONS

3.1 Introduction

Tumourigenesis is a consequence of genetic mutations leading to a loss-of-function or gain-of-
function in cancer genes such as tumour suppressor or proto-oncogenes. In addition to this, there
has been evidence that epigenetics plays a role in tumour development and in this chapter, one
specific aspect of epigenetics will be discussed. Waddington originally defined epigenetics as “the
casual interactions between genes and their products, which bring the phenotype into being”,
implicating the effects of chromatin modifications on gene expression (Waddington, 1942). Post-
translational alterations in chromatin structure, in particular histone hyperacetylation and
deacetylation, are crucial in the regulation of gene expression, however they may also lead to the
inception of neoplasia (Archer and Hodin, 1999). These modifications may also include the
methylation, phosphorylation, acetylation and ubiquitination of histone N-termini (Jenuwein, 2001,
Wade et al., 1997; Shilatifard, 2006). Hyperacetylation of histones is associated with the active
transcription of genes leading to their expression, while hypoacetylation or histone deacetylation
may result in the silencing of genes (Kochbin et al., 2001; Gray and Ekstrom, 2001; Umov and
Wolffe, 2000; Marks et al., 2000).

3.1.1 An overview of histone modifications

3.1.1.1 The structure and organisation of chromatin

Chromatin is organised in two types of structures which is determined according to the
posttranslational modification. Loosely packed chromatin known as euchromatin is associated with
actively transcribed genes, while compact chromatin contains silenced genes, as transcription
factors are blocked from attaching and is known as heterochromatin (Jenuwein and Allis, 2001;
Zheng and Hayes, 2003; Elgin, 1996). Heterochromatin is characterised by its low density of genes
and abundance of repetitive sequences (Thiagalingam et al., 2003). Chromatin is composed of
building blocks known as nucleosomes, which are octamers of four core histone proteins, namely a
tetramer of H3 and H4, as well as dimers of H2A and H2B, where each octamer is surrounded by a
146bp stretch of DNA as seen in Figure 3.1 (Strahl and Allis, 2000; Luger and Richmond, 1998).
Histones generally comprise of two domains, a globular domain and an N-terminal tail that projects

from the nucleosome that is post-translationally altered (Jenuwein and Allis, 2001).
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Figure 3.1 Schematic view of a nucleosome. Histones are indicated in pink, green represents the histone tail
and purple shows DNA wound around the nuclesome. The histone tail of the nucleosome is acetylated, thus
the chromatin structure is loosened which is characteristic of euchromatin. Histones H3 and H4 and their
acetylated lysine residues are displayed (revised from De Ruiter et al., 2003).

3.1.1.2 Histone acetylation and deacetylation

The most important chromatin modifications involved in the regulation of gene transcription, cell
cycle progression as well as DNA replication, are acetylation and deacetylation of histone proteins
(Wolffe and Guschin, 2000; Marzio et al., 2000; lizuka and Stillman, 1999). Histone acetylation
involves the transfer of acetyl groups to the e-amino group of histone lysine residues that are highly
conserved and positively charged. This is catalysed by HATs, while HDACs restore the positive
charge of histones by removing acetyl groups from lysine side chains in a reaction known as
deacetylation (Shankar and Srivastavar, 2008; De Ruiter et al., 2003). Histone H3 may be
acetylated at the two lysine positions, K9 and K14, whereas H4 acetylation takes place at positions
K5, K8, K12, and K16 as displayed in Figure 3.1 (Bjerling et al., 2002). Histone hyperacetylation is
associated with enhanced gene transcription while deacetylation results in chromatin condensation
and thus the silencing of target genes, such as tumour suppressors which may lead to
tumourigenesis (Johnstone and Licht, 2003; Strahl and Allis, 2000).

3.1.1.3 Characterisation of histone deacetylases

There are eighteen HDACSs in total that are divided into several different classes, distinguishable by
their structural properties as well as their homology to yeast proteins. HDACs 1, 2, 3 and 8 are
Class | HDACs and are localised in the nucleus of all human tissues. Class Il HDACs are divided
into Class lla (HDAC 4, 7 and 9) and Class IIlb (HDAC 6 and 10) and are localised in both the
nucleus and the cytoplasm; and HDAC 11 is classified as a Class IV HDAC. Class Ill HDACs are
also known as sirtuins (SIRT1-7) (Pollock and Richon, 2009). Class I, Il and Ill HDACs display
homology to yeast proteins Rpd3, Hdal and Sir2 respectively (Pollock and Richon, 2009). Class I,
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Il and IV HDACs are dependent on co-factors binding to their active site, in this case this is Zn*?,
and are suppressed by Zn*?-binding inhibitors such as Trichostatin A (TSA) and Vorinostat
(SAHA), while Class Ill HDACs require the binding of NAD" as a co-factor (Blander and Guarente,
2004). Figure 3.2 displays several isoforms of the different HDAC proteins.

Structure Length Cellular localisation
Class |
HDACL [ 482 aa
HDAC2 [ 488 aa
HDAC3 [ 428aa Nucleus
HDACS [y 377aa
Class lla
HDAC4 || | 1084 aa
HDAC5 | S| 1122 aa
Nucleusand
HDAC7 [N [ 855aa cytoplasm
HDACY9 [ 1011 aa
Class lIb
HDACG6 l [ | l 1215aa Nucleusand
HDAC10 | | 669aa cytoplasm
Class IV
HDAC11 ([ 347 aa Nucleusand
cytoplasm

Figure 3.2 Schematic view of Zn*? dependent Class |, Il and IV HDACs (Class Ill HDACs being sirtuins),
illustrating their varying lengths and localisation. The green areas represent the catalytic domains containing
Zn*? and the red regions are nuclear localisation sequences (NLS) (Kim and Bae, 2011; De Ruiter et al.,
2003).

3.1.1.4 Histone deacetylases in cancer

Histone modifications such as acetylation are often found to repress cancer, and tumourigenesis is
characterised by a loss of histone acetylation, a frequent case in most cancers is the loss of K16
acetylation (Fraga et al., 2005). There is some evidence that altered HDAC expression may lead to
cancer, where several studies show that an increase in HDAC 1, HDAC 3 and HDAC 6 activity
may lead to the induction of colon and breast cancer (Wilson et al., 2006; Zhang et al., 2005). An
overexpression of HDACs in tumour suppressor genes at the promoter may block these regions
from the binding of transcription factors leading to the onset and progression of cancer as seen in
Figure 3.3 (Gui et al., 2004). It was also found that a mutation in HDAC 2 leading to its loss of
expression resulted in hereditary non-polyposis colorectal carcinoma (Ropero et al., 2006). There
has also been evidence that SIRT1 of the Class Ill HDACs has been down-regulated in colon
cancers thereby displaying loss of acetylation of K9 of H3 and K16 of H4 which are substrates of
SIRT1 (Ozdag et al., 2006; Fraga et al., 2005).
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Figure 3.3 Mechanism of action of HDACs and HATs. A higher expression of HDACs may lead to the onset
and progression of tumour growth. However, a lower concentration of acetyl groups on histone proteins may
lead to the inhibition of tumour growth and thus apoptosis and cell cycle arrest (adapted from Marks et al.,
2000).

3.1.2 Epigenetic therapy by histone deacetylase inhibitors

In cancer, low levels of acetylation are associated with neoplasia, in particular tumour growth and
metastasis, where reduced levels of H4 acetylation was found to be an important feature of gastric
cancer (Song et al., 2005; Toh et al., 2004). This is a result of histone deacetylation via the action
of HDACs, which seems to be linked to tumourigenesis (Yasui et al., 2003). Epigenetic treatment
by means of histone deacetylase inhibitors (HDACi) may induce cell differentiation, cell cycle arrest
as well as apoptosis by inhibiting metastasis of cancer cells, and functions by inhibiting HDACs
thus increasing the number of acetylated proteins, especially histones. This in turn up-regulates
epigenetically silenced tumour suppressor genes thus exerting anti-proliferative effects on cells
(Joseph et al., 2004). HDAC inhibitors also function through the inhibition of angiogenesis by
suppressing pro-angiogenic genes and inducing the transcription of anti-angiogenic genes (Kim et
al., 2001).

3.1.2.1 Classification of HDAC inhibitors

There are five distinct classes of HDAC inhibitors that are structurally classified, namely
hydroxamic acids, short-chain fatty acids, cyclic tetrapeptides, cyclic peptides and benzamides
(Marks et al., 2001). Examples of hydroxamic acid based inhibitors are TSA, the first natural
hydroxamic inhibitor of HDACs, and Vorinostat (SAHA), the first HDAC inhibitor approved for
clinical use by the Food and Drug Administration (Yoshida et al., 1990; Duvic et al., 2007). Both
are highly potent and known to inhibit Class | and Il HDACs (Marks and Breslow, 2007). Short-
chain fatty acids are the butyrates, such as sodium butyrate, however are an unfavourable choice
due to their low potency and their lack of specificity (Newmark, et al., 1994; Carducci et al., 1997).

Another class of compounds, the cyclic tetrapeptides contain a 2-amino-8-0x0-9,10-epoxy-
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decanoyl (AOE) moiety, while cyclic peptides do not. Trapoxin is a cyclic tetrapeptide that binds to
HDACSs via the epoxide group and so inhibiting HDAC activity; while Apicidin, a cyclic peptide,

[VAFUCPL and leads to an abundance of

induces cell cycle arrest by up-regulating p2l
hyperacetylated histone H4. Both inhibitors are a product of fungal metabolism (Yoshida and
Horinouchi, 1999; Kim et al., 2000; Han et al., 2000). Yet another modulating agent is MS-27-275,

a benzamide that leads to an accumulation of hyperacetylation of histones H3 and H4 (Lee, 2001).

3.1.3 Valproic acid as a histone deacetylase inhibitor

VPA (N-dipropylacetic acid) also known as valproate was initially synthesised in 1882 by Burton
and was found to display antiepileptic properties by Eymard in 1963 (Burton, 1882; Meunier et al.,
1963). Since then it has been used to treat a number of disorders such as bipolar syndrome and
migraines (Rosenberg, 2007). As illustrated in Figure 3.4, VPA is an eight branched short-chain
fatty acid that is highly stable in organic solvents at room temperature (25°C) and is easily
transported to its target cells (Balbi et al., 1991). It quickly distributes itself throughout the organism
in vivo and binds to over 90% of plasma proteins (Johannessen and Johannessen, 2003). VPA has
been found to exhibit strong antitumour effects by inhibiting GSK-3f activity by phosphorylating
Ser9 thereby suppressing B-catenin and activating the Wnt pathway (Gould et al., 2004; Gould and
Manij, 2002; Bug et al., 2005; Doble and Woodgett, 2003).

O\ OH

H;C CHj
Figure 3.4 Chemical structure of VPA (2-propylpentanoic acid), an eight branched short-chain fatty acid
(Hrebackova et al., 2010).

VPA also promotes anti-tumourigenesis through the inhibition of HDACs Classes | and I,
specifically HDACs 1, 2, 3, 4 and 8 (Phiel et al., 2001). It binds to the catalytic domain of HDACs
leading to the hyperacetylation of histone proteins H3 and H4 (Gottlicher et al., 2001; Carew et al.,
2008). VPA was discovered to inhibit HDAC1 dose-dependently in vitro, where it inhibits all Class |
HDACs (1-3) at a lower dose, while inhibiting Class lla HDACs (4, 5 and 7) at higher doses and
has no effect on Class IIb (6 and 10) HDACs whatsoever (Gurvich et al., 2004). It therefore
suppresses tumour growth by inducing cell differentiation and cell cycle arrest, as well as inhibiting
angiogenesis (Gurvich et al., 2004). This evidence suggests that VPA is a valuable epigenetic

therapy in the prevention of cancer.

3.1.4 Experimental approach
The purpose of this chapter was to evaluate the expression levels of KLF4 and CTNNB1 following

the epigenetic modulation of chromatin. Here, the early and late stage colorectal, as well as the
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breast adenocarcinoma cell lines were treated with two doses of VPA for approximately 24 hours,
and a relative quantification of KLF4 and CTNNB1 expression was performed applying the 2744
method to analyse relative gene expression. Subsequently, KLF4 and (-catenin protein expression
patterns were investigated through the utilisation of immunofluorescence techniques, where the

results were later viewed under a confocal microscope.

3.2 Results

3.2.1 Relative quantification of gene expression

The 3 cell lines (SW480, DLD-1 and MCF7) were cultured as previously described, and from which
RNA was isolated and reverse transcribed into cDNA to prepare for the relative quantification of
gene expression through RT-PCR (Chapter 2.1, 2.2, 2.3, 2.6, 2.7, 2.8). For all treatments, C;
values were reviewed and a paired Students t-test was performed to compare sample means

-AACt
2

before and after treatment. The method, as described in Appendix 5, was used to analyse

relative gene expression in this study (Livak and Schmittgen, 2001).

3.2.1.1 The effects of Valproic acid treatment on early stage colorectal adenocarcinoma cells
(SW480)

Colorectal cancer cells of an early stage were cultured as in Chapter 2.1, and treated with VPA as
described in Chapter 2.2.1. A cell viability assay was performed (Chapter 2.1.5) to quantify SW480
cells before and after a low and high dose treatment with VPA. The viability of ‘no treatment’
control cells lay in the 95%-99% bracket, with a significant decrease observed when cells were
treated with 1.5mM VPA (~94% live cells) and an even further reduction in numbers after treatment
with a higher dose of VPA (~90% live cells) as seen in Figure 3.5 (SD= 0.02). As VPA was
solubilised in water, there were no effects due to drug carriers, providing evidence that cell death

could purely be a result of the drug treatment.
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Figure 3.5 SW480 cell susceptibility to HDACI. Cells were treated with a low (1.5mM) and high dose (5mM)
of VPA for 24 hours. Cell mortality possibly increased with an increase in VPA concentration (SD= 0.02).
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Cells were prepared for confocal imaging as described in Chapter 2.9. Protein localisation and
SW480 cell morphology before treatment is illustrated in Appendix 6 (Figure A6.1). Untreated
SW480 cells retained an overall elongated and irregular shape, with prominent F-actin fibres. The
nuclei appear to be large relative to the size of the cells and the cytoplasm appears to be scarce.
KLF4 protein is clearly localised in the nucleus, supporting its role as a transcription factor. There is
also a greater intensity of protein surrounding the nucleus and a low concentration within the
cytoplasm. B-catenin is highly intense at the nuclear periphery, however its distribution throughout
the nucleus and the cytoplasm is minimal. In comparison, there is a higher concentration of (3-
catenin than KLF4 within the cytoplasm of SW480 cells.

SW480 cells were treated with two concentrations of VPA, and its effect on KLF4 expression can
be seen in Figure 3.6. When compared to the untreated samples, the mean increase in C, value
(M= 16.08, SD= 0.34, N= 3) was found to be significantly greater than zero where t(2)= 80.90, two-
tailed p= 0.0001, providing evidence that treatment with 1.5mM VPA was effective in down-
regulating KLF4 gene expression. The same overall result was seen with 5mM VPA, where t(2)=
4.23 and p= 0.0400 (M= 1.21, SD= 0.49, N= 3). Applying the 2”*“* method revealed that treatment
with 5mM VPA showed a less than one-fold difference in KLF4 up-regulation when compared to
the lower dose treatment. Thus it is evident that treatment with both concentrations of VPA
reduced KLF4 expression relative to the untreated samples, while the higher dose was effective in

KLF4 up-regulation relative to the lower dose treatment.
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Figure 3.6 The effect of VPA on KLF4 expression in SW480 cells. [A] Confocal microscopy images after
treatment with 1.5mM VPA (63x). [B] Confocal microscopy images after treatment with 5mM VPA (63x).
Nuclei= blue, actin filaments= green, KLF4= red, co-localisation= pink. Nuclear content of potentially
apoptised cells are clearly evident in the cytoplasm of cells treated with a high dose of VPA (arrowed). [C]
Gene expression analysis of 1.5mM VPA (p= 0.0001, SD= 0.34) vs 5mM VPA (p= 0.0400, SD= 0.49) using
the 2**““method, relative to untreated controls.

The microscopy images shown in Figure 3.6 are similar to those seen in the untreated controls,
however slight differences are evident. Both concentrations show distinct morphological changes
from an irregular to a more oval cellular shape with a lower cytoplasmic to nuclear ratio, although
this is more apparent in the lower dose cells. This could well be a result being the onset of
programmed cell death. KLF4 localisation was most intense in the nucleus as seen previously,
however treatment with 5mM VPA exhibited a greater localisation of protein in the cytoplasm than
seen in the untreated controls. Also, nuclear content is evidently distributed throughout the
cytoplasm of cells treated with a higher dose of VPA, as indicated by arrows (Figure 3.6B),

confirming apoptosis.

SW480 cells were then treated with two concentrations of VPA to observe its effect on CTNNB1,
which is illustrated in Figure 3.7. The mean increase in C; value (M= 1.19, SD= 0.26, N= 3) from
the untreated control was also found to be significantly greater than zero where t(2)= 7.97, two-
tailed p= 0.0100, providing evidence that treatment with 1.5mM VPA effectively down-regulated
CTNNB1 gene expression. A similar result was seen with 5mM VPA, where t(2)= 47.15 and p=
0.0004 (M= 17.40, SD= 0.63, N= 3). It was found here that treatment with a high dose of VPA was
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more effective than a low dose in the down-regulation of CTNNB1, with a fourteen-fold reduction in

its response. This result is antagonistic to that seen with KLF4.
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Figure 3.7 The effect of VPA on CTNNB1 expression in SW480 cells. [A] Confocal microscopy images after
treatment with 1.5mM VPA (63x). [B] Confocal microscopy images after treatment with 5mM VPA (63x).
Nuclei= blue, actin filaments= green, p-catenin= red, co-localisation= pink. High protein intensity is seen at
the nuclear periphery of both treatments (arrowed). [C] Gene expression analysis of 1.5mM VPA (p= 0.0100,
SD=0.26) vs 5mM VPA (p= 0.0004, SD= 0.63) using the 222 method, relative to untreated controls.

Morphological changes in SW480 cells are comparable to those highlighting KLF4 expression with
regards to cell shape, where it was observed to be less irregular and more oval, a possible result of
the onset of apoptosis. A reduction in cell volume can also be seen, however the nuclear
membrane is intact and the cytoplasm is free of nuclear content, as compared to Figure 3.6B. [3-
catenin localisation is once again evident in low concentrations throughout the cell with an intense
signal evident at the outer periphery of the nuclear membrane, as indicated by arrows (Figures
3.7A and B). If apoptosis is a result of an increased VPA concentration, then the down-regulation
of CTNNB1 seen in the gene expression data is validated. An opposing observation is the
indication of mitotic behaviour, where both VPA concentrations seem to result in the nuclear

division and subsequent cell division illustrated in Figures 3.7A and B.

3.2.1.2 The effects of Valproic acid on late stage colorectal adenocarcinoma cells (DLD-1)
Colorectal cancer cells of a late stage adenocarcinoma (Stage C) were cultured as in Chapter 2.1,
and treated with VPA as described in Chapter 2.2.1. A cell viability assay was performed (Chapter

2.1.5) to quantify DLD-1 cells before and after a low and high dose treatment with VPA,
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respectively. The viability of ‘no treatment’ control cells lay in the 95%-99% bracket, with a
significant decrease after cells were treated with 1.5mM VPA (~93% live cells) and an even further
reduction in cell count after treatment with a higher dose of VPA (~87% live cells) as seen in Figure
3.9 (SD= 0.04). Cell mortality proved to be greater in DLD-1 cells when compared to SW480 cells
after drug administration. As VPA was solubilised in water, there were no effects due to drug
carriers, providing evidence that cell death could purely be a result of the HDACi drug treatment.
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Figure 3.8 DLD-1 cell susceptibility to HDACI. Cells were treated with VPA (1.5mM and 5mM) for 24 hours.
Cell mortality possibly increased with an increase in VPA concentration (SD= 0.04).

Cells were prepared for confocal imaging as described in Chapter 2.9. Protein localisation and
DLA-1 cell morphology before treatment is illustrated in Appendix 6 (Figure A6.2). Untreated DLD-
1 cells displayed an unusual and irregular shape, with prominent F-actin fibres and a relatively
large nuclear to cytoplasmic ratio. KLF4 protein is clearly localised in the nucleus of DLD-1 cells as
also seen in SW480 cells, reflecting its role as a transcription factor. Figure A6.2A shows a high
concentration of KLF4 within the cytoplasm, with discreet aggregations to the nuclear periphery,
indicating the localisation of KLF4 protein within Golgi bodies or ER. B-catenin is distributed
throughout the nucleus and the cytoplasm at minimal intensity with a seemingly high concentration
of protein localised at the cell and nuclear membrane. Once again, there is a higher concentration

of B-catenin than KLF4 within the cytoplasm.

DLD-1 cells were treated with two concentrations of VPA, and its effect on KLF4 is illustrated in
Figure 3.9. The mean increase in C; value when evaluated against the untreated controls (M=
10.11, SD= 0.13, N= 3) was significantly greater than zero where t(2)= 127.02, two-tailed p=
0.00006, providing evidence that treatment with 1.5mM VPA was effective in down-regulating KLF4
gene expression. A similar result was seen with 5mM VPA, where t(2)= 13.64 and p= 0.00500 (M=
0.59, SD= 0.07, N= 3). Treatment with 5mM VPA displayed a less than one-fold increase in KLF4

expression relative to the 1.5mM treatment.
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Figure 3.9 The effect of VPA on KLF4 expression in DLD-1 cells. [A] Confocal microscopy images after
treatment with 1.5mM VPA (63x). [B] Confocal microscopy images after treatment with 5mM VPA (63x).
Nuclei= blue, actin filaments= green, KLF4= red, co-localisation= pink. A high protein localisation was seen
in nuclei and Golgi bodies or ER (arrowed) [C] Gene expression analysis of 1.5mM VPA (p= 0.00006, SD=
0.13) vs 5mM VPA (p= 0.00500, SD= 0.07) using the 222 method, relative to untreated controls.

Microscopy images show minor morphological changes when compared to the untreated controls,
where the overall shape is slightly altered to a more oval structure as the concentration of VPA
treatment is increased. KLF4 expression is again highly localised in the nucleus, with a
predominant localisation around the nuclear periphery, with low to no localisation in the remaining
cytoplasm. Another observation is the possible confinement of KLF4 in Golgi bodies throughout the
cell, which can be seen by the continuous network they create around the nucleus, as indicated by
arrows (Figures 3.9A and B) (Alberts et al., 2002). This observation of increased KLF4 levels
supports the relative gene expression data showing an up-regulation in KLF4 expression relative to

low dose treatment.

DLD-1 cells were also treated with two concentrations of VPA, and its effect on CTNNBL1 is
illustrated in Figure 3.10. The mean increase in C; value (M= 3.62, SD= 0.29, N= 3) was found to
be significantly greater than zero where t(2)= 21.16, two-tailed p= 0.00200, providing evidence that
treatment with 1.5mM VPA was effective in down-regulating CTNNB1 gene expression. A similar
result was seen with 5mM VPA, where t(2)= 127.14 and p= 0.00006 (M= 10.20, SD= 0.14, N= 3).
Treatment with both concentrations of VPA produced similar results in their effect on DLD-1 cells,
with a high dose VPA displaying only a two-fold difference when compared to the low dose

treatment. However, much like all previous results seen here in the colorectal cancer cell lines, the
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5mM concentration of HDACI displayed a greater down-regulation of CTNNB1 than the loser dose

treatment.
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Figure 3.10 The effect of VPA on CTNNB1 expression in DLD-1 cells. [A] Confocal microscopy images after
treatment with 1.5mM VPA (63x). [B] Confocal microscopy images after treatment with 5mM VPA (63Xx).
Nuclei= blue, actin filaments= green, B-catenin= red, co-localisation= pink. B-catenin localisation seen at
nuclear periphery (arrowed). [C] Gene expression analysis of 1.5mM VPA (p= 0.00200, SD= 0.29) vs 5mM
VPA (p= 0.00006, SD= 0.14) using the 222% method, relative to untreated controls.

Figures 3.10A and B demonstrate a reduction in cell volume relative to the untreated control as the
cytoplasm is reduced in size and in volume, as well as its inconsistent shape where some cells
retain their irregular shape. The nucleus is also observed to be enlarged relative to the controls
(See Figure A6.2B). B-catenin is concentrated at the nuclear periphery (see arrowed Figures 3.10A
and B) at a higher intensity after treatment with 5mM VPA than that seen with 1.5mM VPA, while
distributed throughout the cytoplasm and certain areas of the nucleus at lower intensities. Cells
appear to be more compact when treated with a high dose of VPA than a low dose, although there

are not many apparent changes between the two treatments.

3.2.1.3 The effects of Valproic acid on breast adenocarcinoma cells (MCF-7)

Breast cancer cells used as a positive control for KLF4 expression, were cultured as in Chapter
2.1, and treated with VPA as described in Chapter 2.2.1. A cell viability assay was performed
(Chapter 2.1.5) to quantify MCF-7 cells before and after a low and high dose treatment with VPA.
The viability of ‘no treatment’ control cells lay in the 95%-99% bracket, with a significant decrease

observed when cells were treated with 1.5mM VPA (~94% live cells) and an even further reduction
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in numbers after treatment with a higher dose of VPA (~77% live cells) as seen in Figure 3.11
(SD= 0.12). Cell mortality proved to be greater in breast cancer cells when compared to colorectal
cancer cells after drug administration, thus MCF-7 cells showed a higher susceptibility to the drug.
VPA was solubilised in water and not DMSO, providing evidence that cell death could essentially
be an effect of the drug treatment.
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Figure 3.11 MCF-7 cell susceptibility to HDACI. Cells were treated with concentrations of 1.5mM and 5mM
VPA for 24 hours, respectively. Cell mortality possibly increased with an increase in VPA concentration (SD=
0.12).

Cells were prepared for confocal imaging as described in Chapter 2.9. Protein localisation (KLF4
and B-catenin) and MCF-7 cell morphology before treatment is illustrated in Appendix 6 (Figure
A6.3). Untreated MCF-7 cells also exhibited an irregular structure with prominent F-actin fibres, as
well as enlarged nuclei size and lack of cytoplasm. KLF4 protein is clearly localised in the nucleus
of MCF-7 cells as seen in both colorectal cancer cell lines, verifying its role as a transcription factor
in breast cancer. The staining intensity for KLF4 is greater at the nuclear periphery (Figure A6.3A)
with a low concentration seen within the cytoplasm, when compared to that observed in the
nucleus. However, it is clear that KLF4 is found at a higher intensity in the cytoplasm relative to the
colorectal cancer cell lines. B-catenin is distributed throughout the nucleus and the cytoplasm at
minimal intensity with a seemingly high concentration of protein localised at the cell membrane

(arrowed in Figure A6.3B).

MCE-7 cells were treated with two concentrations of VPA, and its effect on KLF4 is demonstrated
in Figure 3.12. The mean decrease in C, value compared to the untreated controls (M= 0.35, SD=
0.36, N= 3) was found to be greater than zero where t(2)= 1.67, two-tailed p= 0.23, providing
evidence that treatment with 1.5mM VPA was effective in up-regulating KLF4 gene expression
(n.s.). A similar result was seen with 5mM VPA, where t(2)= 8.11 and p= 0.01 (M= 1.87, SD= 0.39,
N= 3). Treatment with 5mM VPA showed a five-fold difference in up-regulation when compared to

the 1.5mM treatment. This result opposes that seen with the colorectal cancer cells, although the
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commonality arises where the higher dose VPA treatment showed a stronger signal when

compared to the lower dose VPA treatment in all three cell lines.
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Figure 3.12 The effect of VPA on KLF4 expression in MCF-7 cells. [A] Confocal microscopy images after
treatment with 1.5mM VPA. [B] Confocal microscopy images after treatment with 5mM VPA. Nuclei =blue,
actin filaments =green, KLF4= red, protein co-localisation= pink. High intensity of KLF4 enclosed in nuclei
and Golgi bodies (arrowed). [C] Gene expression analysis of 1.5mM VPA (p= 0.23, SD= 0.36, n.s.) vs 5mM
VPA (p=0.01, SD= 0.39) using the 222% method, relative to untreated controls.

Microscopy images show a defined oval shape of cells when compared to the untreated cells, as
well as a low cytoplasm to nuclear ratio. Both treatments show few differences, and KLF4 is found
at high intensities in the nucleus and surrounding the nuclear membrane. There is little to no
protein in the cytoplasmic cavity. KLF4 is also seen in structures adhering to the nucleus that could
potentially be Golgi bodies or ER, as indicated by arrows (see Figures 3.12A and B). The
occurrence of Golgi bodies supports the gene expression data, showing an up-regulation in KLF4,

relating to the increased production and storage of KLF4 protein.

MCEF-7 cells were treated with two concentrations of VPA, and its effect on CTNNBL1 is seen in
Figure 3.13. The mean increase in C; value (M= 1.07, SD= 0.27, N= 3) was significantly greater
than zero where t(2)= 6.68, two-tailed p= 0.02, providing evidence that treatment with 1.5mM VPA
was effective in down-regulating CTNNB1 gene expression. Alternatively treatment with 5mM VPA
where t(2)= 3.16 and p= 0.02 showed an overall mean decrease (M= 1.11, SD= 0.61, N= 3),
indicating that a higher dose of VPA was effective in up-regulating CTNNB1 expression. This is a

unique finding, where the 1.5mM VPA produced a reduced CTNNB1 signal, while 5mM VPA
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increased this signal two-fold, thus both concentrations had opposing effects on CTNNB1

expression.
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Figure 3.13 The effect of VPA on CTNNBL1 expression in MCF-7 cells. [A] Confocal microscopy images after
treatment with 1.5mM VPA. [B] Confocal microscopy images after treatment with 5mM VPA. Nuclei= blue,
actin filaments= green, [B-catenin= red, co-localisation= pink. High intensity of B-catenin is evident in
nucleosomes within nuclei (arrowed). [C] Gene expression analysis of 1.5mM VPA (p= 0.02, SD= 0.27) vs
5mM VPA (p= 0.02, SD= 0.61) using the 2*““* method, relative to untreated controls.

Figures 3.13A and B demonstrate that the shape of cells range from oval to irregular, with a high
volume of cytoplasm observed when compared to the colorectal cell images (see Figures 3.6 to
3.10). Nuclei are oval to round in shape and eccentrically localised, and there appears to be a high
intensity of B-catenin in nucleosomes (arrowed Figures 3.13A and B) representing transcriptional
“hotspots”. These images are very different to those observed in the colorectal cell lines. Here,
protein is found at high intensities at the nuclear periphery as well as in the nucleus and throughout
the cytoplasm. Unlike the colorectal cells (see Figures 3.7 and 3.10) there is no evidence here of a

specific localisation of B-catenin adjacent to the nucleus in Golgi complexes.

3.3 Discussion

Post-translational alterations in chromatin structure, particularly histone modifications, are crucial in

gene regulation; however under adverse epigenetic conditions, they may lead to tumourigenic

activity due to inactivation of tumour suppressor genes (Archer and Hodin, 1999). This chapter

discusses the significance of these alterations on the expression of two vital genes implicated in
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both colorectal and breast cancer cell lines. Here, this is considered in relation to colorectal and
breast cancer derived cell lines, and in the particular effects of inhibitors on gene regulation.
Typically, low levels of histone acetylation are associated with tumour development, and this is
attributable to HDAC activity leading to their deacetylation (Yasui et al., 2003). VPA was chosen as
an HDACI in this study, due to its anti-tumour activity, as well as its high stability at room
temperature (25°C) and favourable solubility properties (Gould et al., 2004; Duenas-Gonzales et
al., 2008).

3.3.1 The effect of Valproic acid on cell viability

Cell viability assays for all cell lines (colon and breast) demonstrated a general pattern of increased
cell death that was directly proportional to the concentration of VPA; therefore as the dose
increased so did cell death. For all treatments performed, water was used as a solvent, thus
minimising any toxicity that may ordinarily be caused by the solubilising agent. The breast cancer
cell line showed the greatest susceptibility to HDAC inhibition, demonstrating the highest
cytotoxicity of all three cancer cell lines. The change of cell shape from an irregular to oval
structure may also signify the apoptotic behaviour. It may be assumed that cell death was solely an
outcome of treatment with VPA, and may lead to a reduction in cell proliferation preventing
tumourigenesis, however the induction of cell death would need to be validated through the use of
apoptotic markers such as Bcl-2 and Bax. Thus VPA dose-dependently reduced the viability of

adenocarcinoma cell lines.

3.3.2 Valproic acid on gene expression in colorectal cancer cells

HDAC inhibition in early stage (Dukes’ type B colorectal adenocarcinoma) colon cancer cells
displayed dose-dependent gene regulation of KLF4 and CTNNB1, and all treatments were
administered for 24 hours only. An evaluation of the relative gene quantification results indicated
that KLF4 and CTNNBL1 displayed an inverse relationship in their expression. Both low and high
dose VPA treatments down-regulated KLF4 expression, however the expression of KLF4 was
higher after high dose treatments relative to the low dose treatments, and KLF4 expression was
still lower than the untreated controls. The reverse was seen for CTNNB1, where a low dose
treatment down-regulated expression but a high dose treatment had a greater effect on transcript
down-regulation. The same was observed in late stage cancer cells, however the fold increase and
decrease monitored in both KLF4 and CTNNBL1 respectively after high dose treatment was greater
in SW480 cells. Image capturing provided evidence that DLD-1 cells clearly displayed the
appearance of KLF4 protein in Golgi bodies adjacent to the nuclear periphery, representing their
storage after production in the ER. However, this would need to be confirmed through the
identification of Golgi-specific and ER-specific markers, such as RCAS1 (anti-Golgi) and Calnexin
(anti-ER) antibodies respectively. RCAS1 is a type Il transmembrane protein that is involved in

Golgi functioning, while Calnexin is a chaperone protein localised in the ER membrane
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(Engelsberg et al., 2003; Bergeron et al., 1994). The inhibition of the trans-Golgi Network (TGN)

must also be taken into consideration, which may result in a blockade of KLF4 release.

A high intensity of protein is especially observed after high dose treatment, and when KLF4
expression is evidently up-regulated relative to the low dose treatment, suggesting an increase in
protein production as a result of HDAC inhibition. KLF4 protein in both early and late stage cancer
was localised in the nucleus and B-catenin was detected around the nuclear periphery. This is
evidence substantiating the role of KLF4 as a transcription factor in the nucleus. 3-catenin however
translocates to the nuclear periphery where it associates with transcription factors, such as KLF4
and Wnt proteins (Zhang et al., 2006). Confocal imaging here certainly illustrates that both these
proteins concentrate within the nucleus and at the nuclear periphery where they may interact either
directly with each other or indirectly through other transcription factors.

Data derived from the gene expression profiles in the present study, revealed that although the
differential expression of KLF4 and CTNNBL1 in colon cancer displayed aberrant transcript levels in
both the early and late stage colorectal cancer cell lines, the pattern of gene regulation in both
stages were very much alike. As described by Evans and colleagues, it is possible here that KLF4
maintains an inverse relationship with 3-catenin, and that KLF4 is involved in the direct or indirect
inhibition of B-catenin (see Evans et al., 2010). Moreover, it has been previously reported by Xu et
al. (2008) that loss of KLF4 expression is related to the progression of colon cancer; thus the up-
regulation of KLF4 through HDACI activity strongly reduces the malignant phenotype of colon
cancer cells. Furthermore, as indicated in the current study, the inverse expression of both these
genes in colon cancer cells directly supports the cell viability data, that this transcriptional pattern
may lead to apoptotic events. This notion is validated by other studies wherein the inhibition of 3-
catenin in colon cancer may contribute to apoptosis (Kim et al., 2005; Han et al., 2008). As B-
catenin is an active member of the Wnt pathway, its down-regulation could result from the inhibition
of the Wnt pathway, thereby leading to an increased risk of cell death (Watson, 2004; Yeh et al.,
2011).

3.3.3 The effects of Valproic acid on gene expression in breast cancer cells

The effect of VPA on breast cancer cells supported the theory that KLF4 and CTNNB1 regulate
one another, and also that the expression of CTNNB1 may be dependent on that of KLFA4.
However, gene expression profiles conflicted with the pattern attained in colon cancer gene
regulation. KLF4 in contrast, was consequentially up-regulated following HDAC inhibitor treatment,
and the higher dose treatments showed a greater up-regulation of gene expression. CTNNB1,
notably displayed unusual results, wherein the lower dose VPA treatment down-regulated gene

expression, after which it increased with the high dose treatment.
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HDAC inhibition in breast cancer cells portrayed similar patterns of protein localisation as observed
in late stage colon cancer cells, where KLF4 was contained at high levels in the nucleus and
nuclear periphery, within Golgi bodies and ER. [B-catenin however was found at greater intensity
throughout the cytoplasm when compared to the early and late stage colon cancer cells. The high
intensity of B-catenin localisation within nucleosomes demonstrated its high transcriptional activity.
This would however need to be confirmed through the use of anti-nucleosome antibodies. Here, its
nuclear localisation supports the gene expression data that demonstrates that CTNNB1 was up-
regulated as a result of VPA treatment. This increased expression may affect its involvement in the
Wnt pathway, where the [-catenin protein may form complexes with nuclear proteins such as

TCF/LEF that are involved in breast cancer development.

The data produced could signify that a lower dose VPA treatment has a greater anti-tumourigenic
effect on breast cancer cells than the high dose treatment, opposing results obtained from both
colon cancer cell lines. The results display that a higher dose VPA treatment may lead to an
increase in expression of both KLF4 and CTNNB1 possibly contributing to apoptosis, thus
supporting the cell viability assay results produced. A related study performed on a range of cancer
lines, using a non-steroidal anti-inflammatory drug (NSAID) known as Sulindac, generated similar
results; Sulindac suppressed B-catenin in MCF-7 cells thereby inhibiting apoptosis, thus validating
that its overexpression would result in cell death (Han et al., 2008). Hence it would seem that
overexpression of B-catenin may only be a product of an overactive Wnt pathway (He et al., 2004).
KLF4 in breast cancer cells is regulated in a manner unlike that which is evident in colon cancer,
where it serves as an oncogene. Thus, an increase in KLF4 expression in MCF-7 cells is related to
a more malignant phenotype (Foster et al., 2000; Yu et al., 2011). Currently, with regards to this
report, a low dose treatment caused a slight increase in expression compared to the untreated
control, while a higher dose HDACI treatment could either be related to tumourigenic activity, or

apoptosis when its relationship with B-catenin is taken into consideration.

3.3.4 Histone deacetylase inhibition by Valproic acid

A total of eighteen HDACS, divided into four classes, have been isolated. There is evidence that an
increase in HDACs 1 and 3 (Class 1) and HDAC 6 (Class llb) activity may induce tumourigenesis in
both colon and breast cancer. VPA has been found to dose-dependently inhibit HDAC1 in vitro,
specifically blocking activity of nuclear Class | HDACs (1-3) at low doses, while inhibiting Class Ilb
HDACs (4, 5 and 6) at higher doses, but however has no effect HDACs 6 and 10 (Gurvich et al.,
2004). It does so by acting on the catalytic domain or N-terminal tails of histones H3 and H4,
stimulating their hyperacetylation (Gottlicher et al., 2001; Carew et al., 2008). In addition to this,
VPA has been found to induce the proteosomal degradation of HDAC2, a Class | HDAC (Kramer
et al., 2003). VPA was subsequently discovered to modify the expression of genes involved in the
maintenance of chromatin structure, such as SMC proteins, DNA methyltransferases, and

heterochromatin proteins in breast cancer (Marchion et al., 2005).
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Class | HDACs (HDACs 1, 2, 3 and 8), with the exception of HDAC 3, are localised in the nucleus
(Yang et al., 2002; Taplick et al., 2001). As noted in the present study, the greatest intensity of
KLF4 protein was found in the nucleus of all cell lines, there is a distinct possibility that HDACs 1, 2
and 8 are involved in the deacetylation of KLF4 associated histones. Therefore high dose VPA
could cause histone hyperacetylation of the KLF4 gene, thereby inducing KLF4 expression. A
related study performed in colon cancer cells using another short-fatty acid inhibitor, sodium
butyrate, displayed similar results. Here, KLF4 was stimulated at a dose- and time-dependent
manner, where the promoter region of the gene contains a butyrate-response element at a Spl
binding domain with which butyrate interacts (Chen et al., 2004). In the same report TSA, a
hydroxamic acid based inhibitor that mimics the activity of VPA, was discovered to specifically
inhibit HDAC1 (Chen et al., 2004). VPA alters the Wnt pathway by affecting certain members
involved in its regulation. This HDACI has been found to activate GSK-3 in colon cancer following
its phosphorylation, leading to a series of the downstream effects such as the degradation of [3-

catenin resulting in its down-regulation (Vene and Tosetti, 2010).

VPA suppresses tumour growth by inducing cell differentiation as well as inhibiting angiogenesis
(Gurvich et al., 2004). It does so within the first 16 hours of treatment by stimulating GO/G1 cell
cycle arrest and sometimes G2/M arrest when cells are exposed to high dose treatments; this
occurs through the HDAC-mediated induction of tumour suppressor p21 and inhibition of cyclin A
(Heerdt et al., 1997; Xu et al., 2005; Archer et al., 1998; Li et al., 2005; Chen et al., 2004). VPA
also plays a role in the instrinsic or extrinsic induction of apoptosis in breast cancer, while it is
involved only in the instrinsic pathway in colon cancer cells (Insinga et al., 2005). It is thought to
transcriptionally alter the expression of members of the Bcl-2 family of proteins, by either the
induction of the pro-apoptotic Bak protein or the inhibition of anti-apoptotic protein BclX, (Hague et
al., 1997). Another important tumour suppressor gene involved in apoptosis is p53, which was
found to be hyperacetylated through VPA activity, but via non-histone proteins (Phiel et al., 2001).
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CHAPTER 4
DNA METHYLATION

4.1 Introduction

Since its discovery in 1983 by two renowned researchers from the John Hopkins University, the
study of epigenetics has flourished, especially the field of DNA methylation and its involvement in
tumourigenesis (Feinberg and Vogelstein, 1983). DNA methylation is a biochemical reaction in
eukaryotes that involves the transfer of a methyl group to the fifth carbon of a cytosine ring (Singal
and Ginder, 1999). It is known to be exceptionally important in the regulation of gene expression
where a high frequency of methylation in the promoter region leads to a decrease in expression of
the associated gene or to gene silencing resulting in cancer if said gene is a tumour suppressor;
however it may affect the gene irregularly if methylation takes place within the transcribed region
(Tate and Bird, 1993). DNA methylation is also involved in the regulation of transcription by
preventing adhesion of transcription factors to regions of the DNA due to blocked sites (Bhaumik et
al., 2007). Although two major types of methylation involved in oncogenesis have been widely
investigated, namely genome-wide hypomethylation and site-specific hypermethylation at
promoters, this study focuses on the latter being the main culprit involved in cancer-related gene
silencing (Esteller, 2008).

4.1.1 An overview on DNA methylation

4.1.1.1 DNA methyltranferases (DNMTSs)

Enzymes involved in the transfer of methyl groups to the cytosine ring are known as DNA
methyltransferases, and there are three known active DNMTSs all highly expressed in cancer tissue,
namely DNMT1, which was the first discovered, also known as maintenance DNMTSs, as well as
DNMT3a and DNMT3b, these being commonly known as de novo DNMTs (Bestor, 2000; Bestor et
al., 1988; Kanai and Hirohashi, 2007; Lei et al., 1996). DNMT3a and DNMT3b are involved in
developing a pattern of methylation during embryogenesis and tend to display a greater affinity to
unmethylated DNA, while DNMT1 is involved in maintaining this pattern of methylation throughout
the development of the organism after DNA replication and has been shown to exhibit a preference
for partially methylated DNA (McCabe et al., 2009).

As depicted in Figure 4.1, DNMT1 is composed of a C-terminal portion or catalytic domain that
shows great homology to prokaryotic restriction methyltransferases, and is also seen to make up
the majority of the structure for DNMT2 (Bestor et al., 1988). The catalytic domain is comprised of
conserved motifs found in all DNMTs (Robertson, 2001). The N-terminal is the regulatory domain
and is homologous throughout eukaryotes containing only specialised functions, such as the
domain targeting replication foci which are subnuclear sites displaying continuous DNA replication,
hence the term “maintenance” enzyme (Bestor and Verdine, 1994; Leonhardt et al., 2000). Another
portion contained in the N-terminal of DNMT1, DNMT3a and DNMT3Db is the cysteine-rich domain
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that binds zinc atoms, although its function remains to be unknown (Goll and Bestor, 2005). The N-
terminal portion is seen to be lacking from DNMT2, this enzyme is characterised by its weak nature

and possesses tRNA methyltransferase activity (Goll et al., 2006; Hermann et al., 2003).
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Figure 4.1 Structural analysis of three DNA methyltransferase (DNMT) families. All DMNTSs include the
catalytic domain in the C-terminal region that is comprised of conserved methyltransferase motifs I, IV, VI, IX
and X. [a] DNMT1 contains a large regulatory section within its N-terminal region, exhibiting domains vital for
maintaining methylation after DNA replication. [b] DNMT2 lacks this regulatory domain. [c and d] Both
DNMT3a and DNMT3b contain regulatory domains that are divergent, however, their catalytic domains are
homologous to each other and the rest of the DNMTs (Robertson, 2001; Bestor, 2000).

4.1.1.2 CpG island methylation

DNMTs are key enzymes involved in catalysing the major epigenetic modification, cytosine
methylation (Worm and Guldberg, 2002). As seen in Figure 4.2, they function by adding a methyl
group to the fifth carbon of the cytosine ring forming 5-methylcytosine, wherein S-
adenosylmethionine (SAM) is used as a substrate in this reaction (Singal and Ginder, 1999; Worm
and Guldberg, 2002). In mammals, this modification takes place mainly in the event of the
occurrence of the sequence 5- CG -3’, that are commonly known as CpG dinucleotides or islands,
where the “p” denotes a phosphate bond between the deoxycytidine and deoxyguanosine (Bird,
1986). The human genome contains approximately 29000 CpG islands, where most are generally

unmethylated in normal tissues (Bird, 1986; Venter et al., 2001, Lander et al., 2001).
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Figure 4.2 Schematic view of DNMT adding a methyl group to the fifth carbon of cytosine forming 5-
methylcytosine. S-adenosylmethionine (SAM) is used as a substrate in the reaction and S-
adenosylhomocysteine (SAH) is a by-product (Singal and Ginder, 1999; Worm and Guldberg, 2002).

CpG islands are localised within the 5" end of all housekeeping genes and most genes of somatic
cells where they are found to be associated with exons and introns, as well as the 3’ end of genes
of some somatic cells, where they are associated with exons only (Gardiner-Garden and Frommer,
1987). As illustrated in Figure 4.3, methylation in non-cancerous cells is crucial for normal cellular
development where global methylation of CpG dinucleotides is evident, however islands found in
the 5’ end of genes are unmethylated. The reverse is true in tumourigenic cells, where CpG islands
residing in the 5’ regions of the gene such as the promoters are hypermethylated and those within
the remainder of the gene are unmethylated or less methylated (Gal-Yam et al., 2008). The
methylation frequency is inversely proportional to the transcriptional activation of the gene in
question, thus a high level of methylation is related to gene silencing and vice versa (Worm and
Guldberg, 2002).
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Figure 4.3 Schematic illustration of DNA methylation in normal and tumourigenic cells. [a] In normal cells,
CpG islands in the 5’ region are unmethylated while the opposite is seen in [b] cancer cells, where most CpG
islands in the 5’ region are hypermethylated (Gal-Yam et al., 2008).

According to Garden-Gardiner and Frommer, in order to characterise a CpG island, one needs to
follow three simple criteria, namely that CpG islands must be at least 200bp long, they must
contain a GC content of 50%, and the observed CpG over the expected CpG (O/E) ratio must be
greater than 0.60 (60%), where the O/E is a measure of the number of CpG islands in a particular
region (Gardiner-Garden and Frommer, 1987). Takai and Jones (2002) found that DNA stretches
exceeding 500bp, exhibiting a GC content of more than 55% and an O/E ratio of 0.65 (65%) or
more, are possibly CpG islands associated with the 5’ ends of genes, this definition excludes all
Alu repeat sequences that are also GC rich (Takai and Jones, 2002). The O/E ratio is calculated as

in Equation 4.1, where N represents the number of nucleotides in the sequence in question.

Observed CpG — Numberof CpG < N
Expected Numberof C < Numberof G [Equation 4.1]

4.1.1.3 DNA methylation and gene silencing

As mentioned earlier, the nature of the relationship between methylation and transcriptional
activation is inversely proportional, leading to the belief that DNA methylation operates as a
negative regulator or an inhibitor of gene transcription (Singal and Ginder, 1999). DNA methylation
is accountable for the repression of transcription for several reasons, one being the blockage of
binding sites by methylation, preventing the association of transcription factors with promoter
regions (Tate and Bird, 1993). Other instigators are protein repressors of transcription, namely
MeCP-1 (methyl cytosine binding protein 1) and MeCP-2 (methyl cytosine binding protein 2), both
of which bind to CpG dinucleotides and inhibit transcription (Rountree and Selker, 1997). MeCP-1

binds to sites containing several methylated CpG islands and prevents the association of
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transcription factors and polymerases (Meehan et al., 1989). MeCP-2 is however found in greater
numbers in mammals than MeCP-1 and binds to a single CpG island with an additional methyl
group (Meehan et al., 1992). MeCP-2 was found to play a role in histone deacetylation as well as
DNA methylation, and represses transcription similarly to MeCP-1 through the inhibition of
transcription factors and polymerases (Nan et al, 1998; Jones et al., 1998). This raises
possibilities for other mechanisms of repression via MeCP-2 activity, such as through the
modification of chromatin structure (Keshet et al., 1986). Thus a factor to consider with regards to
DNA methylation is whether it actually occurs as a result of gene activity; it may even occur before
or in some cases as an effect of gene transcription (Singal and Ginder, 1999).

4.1.1.4 Gene silencing and cancer

As discussed previously, cancer cells are known to exhibit genome-wide hypomethylation as well
as hypermethylation of promoter regions (Esteller, 2009). The hypermethylation of tumour
suppressor genes may lead to their inactivation in cancer, and the first ever such gene to be
discovered with a hypermethylated 5’ end was the retinoblastoma (Rb1) gene (Greger et al., 1994).
With regards to the present study that will look at the methylation status of KLF4 and CTNNB1, as
well as the effects of DNA methyltransferase inhibitors on the expression of KLF4, previous work
performed on several colon cancer cell lines showed that KLF4 is a possible tumour suppressor

gene and displays high levels of hypermethylation in its 5’ untranslated region (Zhao et al., 2004).

4.1.1.5 Hydroxymethylated DNA

A newly discovered nucleotide that is a result of an oxidation reaction, was initially found in
bacteriophages in 1952 and has recently been identified in mouse brain and embryonic stem cells
(Kriaucionis and Heintz, 2009; Wyatt and Cohen, 1952; Tahiliani et al., 2009). The nucleotide
known as 5-hydroxymethylcytosine (5-hmC), is created through a reaction catalysed by Tet
enzymes and involves the conversion of 5-methylcytosine through the gain of an oxygen atom
(Tahiliani et al., 2009). Its oxidated chemical structure can be seen in Figure 4.4. This modified
base comprises approximately 40% of methylated bases within CpG islands of Purkinje neurons of
the cerebellar cortex (Kriaucionis and Heintz, 2009). It was also discovered that the change from 5-
mC to 5-hmC reduced binding affinity of MBD proteins to methylated DNA, therefore while it is
possible that it may play a role in the regulation of methylation and gene expression, similar to its

modified counterpart 5-mC, its function is still undefined (Valinluck et al., 2004).
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Figure 4.4 Differences in chemical structure of methylated DNA. The oxidised version of 5-methylcytosine
(5-mC) can be seen as 5-hydroxymethylcytosine (5-hmC) (revised from Valinlick et al., 2004).

4.1.2 Epigenetic therapy mediated by DNA methyltransferase inhibitors

As these epigenetic changes, unlike genetic mutations, must be maintained through the activity of
DNMTSs, their reversible nature makes them appealing targets for therapeutic agents (Egger et al.,
2004). DNA methyltransferase inhibitors, also referred to as demethylating agents or
hypomethylating agents, have been found to reverse the methylation status of DNA, thereby
reinstating gene activity of silenced tumour suppressor genes and reducing cell proliferation, thus
reducing tumour growth (Suzuki et al., 2002; Baylin, 2004). The most widely studied DNMT
inhibitors are commonly known as nucleoside analogues, with the ribose nucleoside 5-aza-CR
being highly recognised in this category and functions as a mechanism-dependent suicide inhibitor
(Santi et al., 1984). During replication, it transforms itself to deoxynucleoside triphosphate and
incorporates within the DNA structure instead of cytosine, where it binds to DNMTs preventing it
from completing the methylation process (Michalowsky and Jones, 1987; Santi et al., 1984).
However, due to its ribose nature it must undergo several biochemical alterations before its
complete incorporation into DNA, thus more readily incorporated analogues have been developed.
In particular, 5-aza-CdR is a more effective deoxyribose analogue as it does not require any prior

moadifications for incorporation into DNA (Jones, 1985; Stresemann et al., 2006).

Both these inhibitors have proven to be highly effective in numerous investigations in clinical trials
and have acquired FDA approval for the treatment of myelodysplastic syndrome and acute myeloid
leukaemia, with 5-aza-CR making headlines as the first epigenetic drug developed (Silverman et
al., 2002; Mund et al., 2006). These compounds however are distinguished for their high levels of
toxicity and low stability in solvents (Jutterman et al., 1994). These adverse factors can be
overcome by the use of a nucleoside inhibitor known to exhibit little toxicity and displaying a high
stability, as well as affecting tumour cells directly (Zhou et al., 2002; Cheng et al., 2003; Cheng et
al., 2004).
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4.1.3 Zebularine as a demethylating agent

As mentioned, agents such as 5-aza-CR and 5-aza-CdR are extremely effective in the eradication
of tumour cells through the demethylation of DNA and thereby subsequent reactivation of tumour
suppressor genes, however they exhibit poor stability and extreme toxicity in cells. Peter Jones of
the Comprehensive Cancer Centre in Los Angeles discovered Zebularine, a useful inhibitor of DNA
methylation, a decade ago. ZEB is a cytidine analogue that presented an original design primarily
intended for the inhibition of cytidine deaminase (Cheng et al.,, 2004). Other than exhibiting
properties such as its long half life in aqueous solution, ZEB was found to be the first active
demethylating agent when administered orally in mice (Cheng et al., 2003). It was shown to inhibit
cancer cell growth at a more advanced rate when compared to other drugs as well as reduce
DNMT1 numbers and was advantageously highly selective towards cancer cells, while being less
receptive to normal cells. All these factors as well as its ability to maintain demethylation through

constant administration deems this drug a favourable demethylating agent (Cheng et al., 2004).

ZEB is a 2-(IH)-pyrimidinone ribonucleoside where the pyrimidine ring lacks an amino group at the
fifth carbon, as demonstrated in Figure 4.5 (Cheng et al., 2003; Cheng et al., 2004). It displays a
very similar mode of action to the other cytidine analogues, 5-aza-CR and 5-aza-CdR. During DNA
synthesis, they are taken up and incorporated into the DNA after phosphorylation. During
methylation, DNMT1 binds covalently to the sixth carbon of cytosine as well as the pyrimidinone
ring of ZEB. Normally the transfer of the methyl group from SAM to cytosine frees DNMT1 from
cytosine, however when the 2-(IH)-pyrimidinone ring replaces cytosine the transfer is blocked and
the methyltransferase is trapped, leading to a reduction in methylation as the replication fork
proceeds without the DNMT (Wu and Santi, 1985).
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Figure 4.5 Structural differences between cytosine and 5-methylcytosine, and cytidine and its analogues. 5-
aza-CR and 5-aza-CdR both contain a nitrogen at their fifth position, while ZEB contains a 2-(1H)-
pyrimidinone ring. All three ring structures associate covalently with DNMTs once they are incorporated into
DNA to trap them (Santini, Kantarjian and Issa, 2001; Zhou et al., 2002; Cheng et al., 2003).

4.1.4 Experimental approach

As a first approach here, a number of methylation specific bioinformatic tools were used to
interrogate and analyse the gene sequences for KLF4 and CTNNB1, to evaluate the degree of
methylation. For purposes of clarity, a background to each of the computational approaches is
presented below to facilitate an understanding of the results obtained. Further, in order to gain
some consensus with such methylation patterns, it is advisable to use a series of different
predictive tools to obtain an overall view of the methylation status of the genes studied. In the next
phase of this chapter, the global methylation status, and 5-hydroxymethylation levels are assessed
in the colorectal adenocarcinoma lines studied here through the application of an ELISA based
assay. Following this, the early and late stage colorectal, as well as the breast adenocarcinoma
cell lines were treated with two doses of ZEB for approximately 24 hours, and a relative

288Ct method to

guantification of KLF4 and CTNNB1 expression was performed applying the
analyse relative gene expression. Lastly, KLF4 and B-catenin protein expression patterns were
investigated through the utilisation of immunofluorescence techniques, where the results were later

viewed under a confocal microscope.
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4.2 Results

4.2.1 Bioinformatics

The identification of methylated sites within specific regions of DNA may be achieved by carrying
out painstakingly long experiments, however their identification through the application of
computational techniques is a growing field making the process more appealing (Bhasin et al.,
2005). There are various tools available online for the detection and analysis of DNA methylation in
regions of the DNA sequence, the most common being those involved in identifying sequences rich
in CpG dinucleotides. Three programs were used to determine the methylation status of the KLF4
and CTNNB1, namely ‘CpG Island Searcher’ developed by Takai and Jones from the University of
Southern California (Takai and Jones, 2002), ‘MethyCancer’ by He and colleagues at the Graduate
University of the Chinese Academy of Sciences (He et al., 2007), and ‘Methylator’ by Basin and
Reche from Harvard University (Bhasin et al., 2005).

4.2.1.1 CpG Island Searcher

The ‘CpG Island Searcher (http://cpgislands.usc.edu/) predicts the positions of dinucleotide
clusters using an algorithm developed in previous work and is created to exclude other GC-rich
sequences such as Alu repeats (Takai and Jones, 2003). This program is performed by PERL
COMPILER (ActiveState, Vancouver, http://www.activestate.com/) using PERL SCRIPT created by
D. Takai (Takai and Jones, 2002). The CpG island extraction algorithm, as described in Figure 4.6,
applies a “sliding and jumping” window of 200bp that is placed at the start of a contig where the
percentage (%) GC and Obscyc/EXpcpe is calculated according to three major CpG criteria met by
Gardiner-Garden and Frommer, namely (a) the length of CpG islands must be greater than 200bp,
(b) the GC content must be greater than 50% and (c) the expected over observed ratio must be
greater than 0.60 (Gardiner-Garden and Frommer, 1987). The window is then shifted 1bp until it
meets the appropriate CpG criteria, after which the window is repeatedly shifted a further 200bp
until the window fails to meet the criteria. The window is shifted back to the 5’ end until it reaches
the criteria again, thereby defining a start and end point. The total %GC and Obscye/EXpcpe IS then
calculated, and if a large CpG island is created that does not meet the criteria then 1bp of each
side is removed until it does. If two CpG islands are separated by 100bp or less, then they are
attached to form one large CpG island and %GC and Obsc,c/Expcyc are recalculated (Takai and
Jones, 2002). Takai and Jones then improved on this and redefined the criteria to exclude Alu
repeat elements as the following, (a) the length of CpG islands must be at least 500bp, (b) the GC
content must be greater than 55% and (c) expected over observed ratio must be greater than 0.65
(Takai and Jones, 2002).
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Figure 4.6 The CpG island extraction algorithm. (a) A 200bp window is positioned at the start of the contig
and shifted until the region within the window meets the CpG island criteria. (b, c, d, €) The window is
repeatedly shifted 200bp until it neglects to meet the criteria. (e and f) The last window is then shifted 1bp in
the opposite direction until the criteria are met. (g and h) 1bp is removed from both sides of this long CpG
island until the criteria are met (Modified from Takai and Jones, 2002).

Table 4.1 CpG Island Searcher results

Input Sequence Start End %GC Observed CGl

length (bp) Cpg/Expected CpG length

KLF4 3662 1 2418 67.2 0.845 2418
CTNNB1 6609 520 1204 55 0.895 685

Table 4.1 illustrates results from the “CpG Island Searcher”. Within the entire KLF4 gene of
3662bp, a CpG island (CGI) was located between Exon 1 and Exon 2418 with a CGI length of
2418bp, occupying 66% of the total genome length. Total GC content was found to be 67.2% and
the observed over expected CpG ratio (O/E ratio) was 0.845 (85%). The CTNNB1 gene of 6609bp
however displayed a CGI of 685bp located between Exon 520 and Exon 1204 that constitutes 10%
of the genome, which is evidently smaller when compared to KLF4. The total GC content here was
55%, hence the lower frequency of CpG islands within the gene, and the O/E ratio was 0.895
(90%).
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The results for both genes analysed clearly meet Takai and Jones criteria (Takai and Jones, 2002)
therefore it follows that there is a greater chance that these CGls are associated with the 5’ regions
of KLF4 and CTNNB1, and exclude Alu-repetitive elements. Another observation is that the
localisation of both CGIs within the first 2kb of the gene is additional evidence that they could be
associated with the &' region and thus might be contained within the promoter. It has been
proposed that CpG islands residing in the 5’ regions of genes are generally hypermethylated and
linked to tumourigenicity (Gal-Yam et al., 2008). The O/E ratios for both genes were considerably
greater than 0.60, thus the observed frequency of CpG islands in both genes were comparatively
larger than the expected frequency. It is clear however that the CGI found in KLF4 was almost 2kb
larger than that found in CTNNB1. However, despite the larger CGI and higher frequency of CG
dinucleotides found in KLF4, the O/E ratio of CTNNB1 was closer to 1.0 and slightly greater than
that of KLF4, demonstrating a high methylation frequency in a smaller fragment of DNA.

4.2.1.2 MethyCancer

A growing set of about 20000 CpG island (CGI) clones were created through the sequencing of a
CGl library to analyse CGls within the human genome, as well as to evaluate methylation of DNA
within promoter regions and others (Cross et al., 1994; He et al., 2007). These were integrated with
approximately 17132 CGI clones extracted from the UHN Human CpG Island Microarray
Database, thus “MethyCancer’ archives up to 34738 CGI clones (Heisler et al., 2005). The
CpGil30 tool together with data from USCS (http://methycancer.psych.ac.cn/CpG130.do) was
used for CGI prediction based on the following default conditions, (a) the length of the input
sequence must be greater than 500bp, (b) the GC content must be greater than 55%, and (c) the
ratio of the observed over expected ratio of CpG islands must not be less than 0.65 (Takai and
Jones, 2002; Kuhn et al., 2007; He et al., 2007). Table 4.2 displays results of CpGi130 program in
the search for CpG islands.

Table 4.2 CpGil30 results

Input Sequence Start End %GC Observed CGl

length (bp) Cpg/Expected CpG length

KLF4 3662 1 2406 67.2 0.847 2406
CTNNB1 6609 518 1206 55 0.895 689

Table 4.2 displays results from the CpGil30 program that are almost identical to the results
produced by the “CpG Island Searcher”. A CGl of length 2406bp was located between Exon 1 and
2406 of KLF4 composing 66% of the total genome. Total GC content and observed over expected
CpG ratio (O/E ratio) were 67.2% and 0.847 (85%) respectively. The CTNNB1 gene however
contained a CGI of 689bp located between Exon 518 and Exon 1206 that constitutes 10% of the
genome, which is once again evidently smaller when compared to KLF4. Total GC content was

55%, hence the lower frequency of CpG islands, and O/E ratio was 0.895 (90%).
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The O/E ratios for both genes were yet again considerably greater than 0.60, thus the observed
frequencies of CpG islands in both genes were comparatively larger than the expected frequency.
It is once again clear that the CGI found in KLF4 was almost 2kb larger than that found in CTNNB1
and despite the larger CGI and higher frequency of CG dinucleotides found in KLF4, the O/E ratio
of CTNNB1 was closer to 1.0 and slightly greater than that of KLF4, demonstrating a high
methylation frequency in a smaller fragment of DNA. The CGIs within both genes met Takai and
Jones criteria (Takai and Jones, 2002) and were localised within the first 2kb, validating the theory
that they could be associated with the 5’ region and might be contained within the promoter and

may exclude Alu-repetitive elements.

ChroView was then used to analyse each chromosome to generate a summary of %GC and
MethyCancer clusters, providing methylation data.

%GC MethyCancer clusters

_ Chromosome 9
Repeats Data from experiments

q31.2

Figure 4.7 ChroView on human chromosome 9 focusing on position 9931.2 illustrating the location of gene
KLF4.

Figure 4.7 illustrates the results from the ChroView program for chromosome 9, and the position of
KLF4 is highlighted on the g-arm. GC content at this position is approximately 50% and the number
of repeats is slightly above average. However, the MethyCancer clusters associated with this
region is observed to be below average, with experimental data being exceptionally low. It is likely
that the incidence of MethyCancer clusters is low due to the lack of experimental data relating to
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this area. It has been discovered that the light chromosomal bands, much like the region containing
KLF4, are generally early-replicating, euchromatic and GC-rich, and thus abundant in genes
(Speicher and Nigel, 2005). From this analysis, it is possible that KLF4 is only slightly methylated

and minimally expressed in human cells.

%GC MethyCancer clusters

) Chromosome 3
Repeats Data from experiments

Figure 4.8 ChroView on human chromosome 3 focusing on position 3p22.1 illustrating the location of gene
CTNNB1.

Figure 4.8 illustrates the results from the ChroView program for chromosome 3, and the position of
CTNNBL1 is highlighted on the p-arm. GC content at this position is approximately 50% and the
number of repeats is about average. The MethyCancer clusters as well as the experimental data
associated with this region are observed to range between low to average. The chromosomal
banding here appears to be darker than the area containing KLF4, and these areas are generally
composed of genes that are later-replicating, heterochromatic and AT-rich (gene poor) (Speicher
and Nigel, 2005). It is therefore likely that there is a higher frequency of methylation within this
region than within KLF4 as a result of greater levels of heterochromatism, and it is possible that

this is due to the lack of experimental data associated with KLF4.

4.2.1.3 Methylator

The first ever algorithm for pattern recognition was developed over 70 years ago by R. A. Fischer
(Fischer, 1936) and since then this algorithm has been manipulated for its application in several
different fields including recognition of handwriting and objects as well as face detection, among

others. Present day algorithms include the support vector machine (SVM) which has been used in
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computational biology to recognise patterns in proteins as well as DNA (Noble et al., 2004). A SVM
is capable of processing different sequence lengths including biological data that is generally high-
dimensional and noisy (Noble et al., 2004). In order to classify a SVM, one has to understand four
concepts, (i) the separating hyperplane that separates the classes, (i) the maximum-margin
hyperplane that has the greatest margin between two classes, (iii) the soft margin to separate
classes when data is noisy and outliers are present, and (iv) the kernel function that adds an extra
dimension to the data when two classes are non-separable (Noble, 2006).

An SVM was used to predict methylation sites using a program known as “Methylator”
(http://bio.dfci.harvard.edu/Methylator/). The nucleotide sequence, limited to 10000 per query, was
entered in a plain format. The SVM was employed using a non-commercially available package
SVM_light (http://www.joachims.org) which is capable of defining a kernel as well as placing limits
on the defined kernel. Training sets for the SVM are composed of vector inputs (N fragments) {x,
X2, X3,.... Xi ,...., Xy} and labels for each {yi, v¥», V3, ...., Vi,...., Yn}. These labels denote the
methylation status of each fragment (y; {+1;-1}). Each nucleotide is represented using five binary
sparse coding, for instance adenine is symbolised by 10000, cytosine by 01000 until all nucleotides
have been represented, and this is characterised by the x;.. Equation 4.2 is used by the SVM to
assign an x value to each fragment during training, where Kk is the kernel function, b the bias value
and i provides the maximum margin hyperplane. A score ranging from -1.5 to 1.5 will be generated
by the SVM and if the calculated score is greater than the threshold, then the cytosine residue is
deduced to be methylated (Bhasin et al., 2005).

N
) = sign( 2V, k(%, %) +b) [Equation 4.2]
i=1

The specificity of the results are directly proportional to the threshold value. At a low threshold
value, results may reflect false positives, therefore an optimum threshold of -0.455 is used by

default as the specificity and sensitivity are the same as seen in Figure 4.9.
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Figure 4.9 Graph displaying the threshold value and specificity of results are directly proportional to each
other. The threshold value varies between -0.5 and 0.5, where an optimum value of -0.455 is preferred as
this is where the specificity and sensitivity is the same (Methylator, 2011).

Output results for KLF4 and CTNNB1 show methylation predictions of CpG islands and can be
seen in Appendix 7 and Appendix 8. There is a total of 254 methylated cytosines in the KLF4 gene,
most of which are confined to the first 2kb of the gene. Similarly, the CTNNB1 gene comprises of
115 methylated cytosines, the majority of which are localised in the first 1kb of the gene. Once
again, KLF4 displays a higher frequency of CpG islands and possible methylation, validating
results from the “CpG Island Searcher” and “CpGi130”.

4.2.2 Global methylated DNA quantification

4.2.2.1 Quantification of methylated DNA in the SW480 and DLD-1 cell lines

The content of 5-mC otherwise known as methylated DNA was quantified using the MethylFlash™
Methylated DNA Quantification Kit (Epigentek) following the manufacturer’s protocol (See Chapter
2.5.1). In this ELISA based assay, DNA is immobilized to wells coated with a DNA affinity
substrate. The methylated fraction of DNA is recognized with a 5-methylcytosine antibody which
contains a substrate that is hydrolysed to produce a colour reaction. The absorbance of this
reaction is measured at 450nm. Similarly, 5-hydroxymethlated DNA derived from SW480 cells and
DLD1 cells was quantified using the MethylFlash™ Hydroxymethylated DNA Quantification Kit
(Epigentek) following the manufacturer’s protocol (See Chapter 2.5.2), where the 5-hmC portion of

DNA was recognised with an antibody to 5-hydroxymethylcytosine.

The colour changes associated with 5-mC can be observed in Chapter 2.5.1 (See Figure 2.1),
where the darker the blue generated, the greater the level of methylation. The most methylated
samples were the positive controls and least were the negative controls, ME4 and ME3
respectively. SW480 and DLD-1 were both paler than the positive control but darker than the
negative control illustrating the possibility of methylation, however DNA from SW480 cells

displayed a much deeper blue than DLD-1 derived DNA, proving that the methylation frequency
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was higher than that found in DLD-1. As described in Table 2.1 (Chapter 2.5.1), a standard curve

seen in Appendix 9 (Figure A9.1) was generated from a dilution series of ME4 buffer.

Table 4.3 Global DNA methylation status of two colorectal cancer cell lines

SW480 (Stage A) DLD-1 (Stage C)
Average sample OD 0.471 0.281
5-mC (ng) 0.355 0.145
5-mC (%) 0.36 0.15

Utilising the MethylFlash™ Methylation assay, the content of 5-mC was determined in SW480 and
DLD-1 cell lines. As seen in Table 4.3, there were significant variations observed between these
two cell lines, as 5-mC was more abundant in SW480 cells (0.36%) than in DLD-1 cells (0.15%).
An overall mean difference of 0.168 was determined between the early and late stage cell lines
(M=0.168, SD= 0.060, N= 2), where t(1)= 3.680, two-tailed p= 0.030.

The colour changes associated with 5-hmC is demonstrated in Chapter 2.5.2 (See Figure 2.2),
where the darker the blue generated, the greater the level of hydroxymethylation. The most
methylated samples were the positive controls and least were the negative controls, HC5, HC3 and
HC4 respectively. SW480 and DLD-1 were both much paler than the positive control, with DLD-1
displaying a slightly brighter blue than SW480, and SW480 and negative controls HC3 and HC4
were very similar in colour. Thus both samples displayed a much lower hydroxymethylation
frequency when compared to their methylation frequency, although unlike its 5-mC levels, DLD-1
exhibited a higher 5-hmC frequency than SW480. As described in Table 2.2 (Chapter 2.5.2), a
standard curve seen in Appendix 10 (Figure 10.1), was generated from a dilution series of HC5
buffer.

Table 4.4 Global DNA hydroxymethylation status of two colorectal cancer cell lines

SW480 (Stage A) DLD-1 (Stage C)
Average sample OD 0.128 0.15
5-hmC (ng) 0.0092 0.017
5-hmC (%) 0.0046 0.0085

The MethylFlash™ Hydroxymethylation assay was used to assess the 5-hmC content in SW480
and DLD-1 cell lines. As seen in Table 4.4, there was a negligibly low percentage of 5-hmC in
DLD-1 cells and an even smaller percentage in SW480, both less than 0.01%. Both early and late
stage cell lines displayed a significant mean difference of 0.022 (M= 0.022, SD= 0.001, N= 2),
where t(1)= 22, two-tailed p= 0.020.
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Figure 4.10 Graph exhibiting the difference between global 5-mC and 5-hmC in SW480 (N= 2, SD= 0.07, p=
0.04) and DLD-1 (N= 2, SD=0.01, p= 0.03) cell lines.

It is clear from both the colour development assay and the colourimetric results, that the global
methylation status in SW480 cells (t(1)= 5.88, two-tailed p= 0.04), is approximately two-fold greater
than that of DLD-1 cells (t(1)= 16.38, two-tailled p= 0.03), however by comparison the
hydroxymethylation status of both colorectal cancer cell lines is negligible, although the late stage
cancer cells displayed higher levels of hydroxymethylated DNA than the early stage cancer cells.
Thus, the early stage colon cancer cells exhibited a higher frequency of globally methylated DNA
than the late stage colon cancer cells, and both early and late stage colon cancer cell lines
contained a greater overall frequency of methylated DNA than hydroxymethylated DNA.

4.2.3 Relative quantification of gene expression

For all treatments, C; values were reviewed and a paired Students t-test was performed to
compare sample means before and after treatment. The 22 method was used to analyse relative
gene expression in this study (Livak and Schmittgen, 2001). The C; of the target gene was first
normalised to that of the reference gene (in this case f—actin) for both test and calibrator samples
following Equations A5.1 and A5.2 explained in Appendix 5. The C; of the test sample was then
normalised to the C; of the calibrator as seen Equation A5.3. As a result, the ratio of the target
gene in the test sample to the calibrator sample was obtained and normalised to the reference
gene. The expression ratio may be calculated following Equation A5.4 in Appendix 5. All treated

sample results are relative to the untreated samples.

4.2.3.1 The effects of Zebularine on early stage colorectal adenocarcinoma cells (SW480)
Colorectal cancer cells of an early stage were cultured as described in Chapter 2.1, and treated
with ZEB as explained in Chapter 2.2.1. A cell viability assay was performed (seen in Chapter
2.1.5) to quantify SW480 cells before and after treatments with 1.5mM and 5mM concentrations of
demethylating agent. The viability of ‘no treatment’ control cells rested in the 95-99% bracket.
Results here proved to be very similar to that observed with the HDACI treatments, where a
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significant decrease was observed after low dose treatment (94% live cells) and a higher dose
treatment confirmed a greater drug susceptibility leading to a higher cell death (90% live cells), as
illustrated in Figure 4.11 (SD= 0.02).
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Figure 4.11 SW480 cell susceptibility to HDACI. Cells were treated with concentrations of 1.5mM and 5mM
ZEB for 24 hours. Cell mortality possibly increased with an increase in ZEB concentration (SD= 0.02).

SW480 cells were treated with two concentrations of ZEB (0.1mM and 0.3mM respectively), and its
effect in KLF4 is presented in Figure 4.12. When compared to the untreated samples, the mean
increase in C, value (M= 10.43, SD= 0.28, N= 3) was seen to be significantly greater than zero
where t(2)= 63.75, two-tailed p= 0.0002, providing evidence that treatment with 0.1mM ZEB was
effective in down-regulating KLF4 gene expression. The same overall result was seen with 0.3mM
ZEB, where t(2)= 42.69 and p= 0.0005 (M= 1.95, SD= 0.07, N= 3). Applying the 22°* method
revealed that treatment with 0.3mM ZEB demonstrated a less than one-fold up-regulation in KLF4
expression when compared to the low dose treatment. It is therefore statistically significant that
treatment with both concentrations of VPA reduced KLF4 expression relative to the untreated
samples, while the higher dose treatment was effective in up-regulating KLF4 relative to the lower

dose.
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Figure 4.12 The effect of ZEB on KLF4 expression in SW480 cells. [A] Confocal microscopy images after
treatment with 0.1mM ZEB (63x). [B] Confocal microscopy images after treatment with 0.3mM ZEB (63x).
Nuclei= blue, actin filaments= green, KLF4= red, co-localisation= pink. Arrows indicate KLF4 localisation at
nuclear periphery. [C] Gene expression of KLF4 after treatment with 0.1mM ZEB (p= 0.0002, SD= 0.28) vs
0.3mM ZEB (p= 0.0005, SD= 0.07) relative to untreated controls.

Although the microscopy images captured here were almost identical to the untreated controls
seen in Figure A6.1 (refer to Appendix 6), there are however minor modifications evident. The
overall irregular shape is preserved with both treatments, with a low cytoplasmic to nuclear ratio
possibly associated with apoptosis. Here, though KLF4 localisation was mostly concentrated in the
nucleus as observed in the untreated controls (see Figure A6.1), the intensity of the KLF4
localisation was much greater after treatment with both low and high doses of ZEB. KLF4 was also
seen to be scattered throughout the cytoplasm and clustered at the nuclear periphery, as indicated

by arrows (Figures 4.12A and B).

SW480 cells were also treated with two concentrations of ZEB to assess the effects on and to
quantify the expression of CTNNB1. The mean increase in C, value (M= 5.63, SD= 0.37, N= 3)
from the untreated control was also found to be significantly greater than zero where t(2)= 25.78,
two-tailed p= 0.0010, substantiating that treatment with 0.1mM ZEB was effective in down-
regulating CTNNB1 gene expression. The same overall result was observed with 0.3mM ZEB,
where t(2)= 35.78 and p= 0.0008 (M= 8.76, SD= 0.42, N= 3). Of particular note here, was that
treatment with a higher dose of demethylating agent resulted in a two-fold down-regulation in
CTNNB1 expression as compared with the lower dose treatment. This result is very similar to that

observed with the HDACI treatments.
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Figure 4.13 The effect of ZEB on CTNNBL1 expression in SW480 cells. [A] Confocal microscopy images after
treatment with 0.1mM ZEB (63x). [B] Confocal microscopy images after treatment with 0.3mM ZEB (63x).
Nuclei= blue, actin filaments= green, B-catenin= red, nuclear associated protein B-catenin= pink. High -
catenin intensity seen at nuclear periphery (arrowed). [C] Gene expression of CTNNBL1 after treatment with
0.1mM ZEB (p= 0.0010, SD= 0.37) vs 0.3mM ZEB (p= 0.0008, SD= 0.42) relative to untreated controls.

Morphological changes are very similar to those depicted in Figure 4.12, where a low nuclear to
cytoplasm ratio was observed. 3-catenin localisation is highly comparable to the untreated controls
in Appendix 6 (refer to Figure A6.2), where protein is evidently distributed throughout the
cytoplasm, with a higher intensity at the cell membrane and nuclear periphery (arrowed Figures
4.13A and B).

4.2.3.2 The effects of Zebularine on late stage colorectal adenocarcinoma cells (DLD-1)

Colorectal cancer cells of a late stage were cultured as described in Chapter 2.1, and treated with
ZEB as seen in Chapter 2.2.2. A cell viability assay was performed (refer to Chapter 2.1.5) to
quantify DLD-1 cells before and after treatment with the demethylating agent. The viability of ‘no
treatment’ DLD-1 control cells remained in the 95%-99% bracket, with a significant decrease after
cells were treated with 0.1mM VPA (~93% live cells) and an even further reduction in cell count
after treatment with a higher dose of VPA (~89% live cells) as seen in Figure 4.14 (SD= 0.02).
DLD-1 cells notably displayed a greater propensity to cell mortality than the SW480 cells after drug

administration, indicating that DLD-1 cells were possibly more susceptible to drug treatments.
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Figure 4.14 DLD-1 cell susceptibility to HDACI. Cells were treated with concentrations of 1.5mM and 5mM
ZEB, respectively, for 24 hours. Cell mortality possibly increased with an increase in ZEB concentration (SD=
0.02).

DLD-1 cells were treated with two concentrations of ZEB, and its effect on KLF4 is illustrated in
Figure 4.15. The mean increase in C; value (M= 1.10, SD= 0.08, N= 3) when evaluated against the
untreated controls was significantly greater than zero, where t(2)= 23.96, two-tailed p= 0.001,
providing evidence that treatment with 0.1mM ZEB was effective in down-regulating KLF4 gene
expression. Alternatively treatment with 0.3mM ZEB, where t(2)= 10.68 and p= 0.008
demonstrated an overall mean decrease in the C; value (M= 0.28, SD= 0.04, N= 3) showed that a
higher dose of ZEB was effective in up-regulating KLF4 gene expression. Treatment with a higher
dose of ZEB exhibited approximately a six-fold increase in KLF4 expression when compared to the

low dose treatment.
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Figure 4.15 The effect of ZEB on KLF4 expression in DLD-1 cells. [A] Confocal microscopy images after
treatment with 0.1mM ZEB (63x). [B] Confocal microscopy images after treatment with 0.3mM ZEB (63x).
Nuclei= blue, actin filaments= green, KLF4= red, nuclear localised KLF4= bright pink. High KLF4 intensity
within nucleosomes (arrow A) and Golgi bodies (arrow B) [C] Gene expression of KLF4 after treatment with
0.1mM ZEB (p=0.001, SD= 0.08) vs 0.3mM ZEB (p= 0.008, SD= 0.04) relative to untreated controls.

Confocal imaging demonstrated minor morphological changes with regards to the cell shape,
where treatment with both doses of ZEB effected little or no morphological changes, when
compared to the untreated controls in Appendix 6 (Figure A6.3). The cytoplasmic to nuclear ratio is
once again low, suggesting apoptotic activity. KLF4 protein is clearly localised in nucleosomes, as
indicated in Figures 4.15A and B by arrow A, thereby signifying transcription sites for KLF4
production. Protein is also intensely localised in the nucleus and periphery, and it evidently
observed in Golgi bodies as seen by the C-shaped structures adhering to the nucleus (arrow B in
Figures 4.15A and B). These observations support the gene expression data showing an up-

regulation in KLF4 expression relative to low dose treatment.

DLD-1 cells were also treated with two concentrations of ZEB to quantify the effects of this
demethylating agent on the expression of CTNNB1. The mean decrease in C, value (M= 3.64, SD=
0.07, N= 3) was found to be significantly greater than zero where t(2)= 86.60, two-tailed p= 0.0001,
providing evidence that treatment with 0.1mM ZEB was effective in up-regulating CTNNB1 gene
expression. Alternatively, a higher dose treatment with ZEB displayed an overall mean increase in
the C,; value, where t(2)= 12.59 and p= 0.0060 (M= 4.88, SD= 0.67, N= 3), demonstrating that
0.3mM ZEB effectively down-regulated CTNNB1 expression almost two hundred-fold, relative to

the low dose treatment. The results obtained here contradict those seen previously (see Figure
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4.12) and are completely antagonistic to the gene expression data obtained with KLF4 (see Figure
4.15C).
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Figure 4.16 The effect of ZEB on CTNNB1 expression in DLD-1 cells. [A] Confocal microscopy images after
treatment with 0.1mM ZEB (63x). [B] Confocal microscopy images after treatment with 0.3mM ZEB (63x).
Nuclei= blue, actin filaments= green, B-catenin= red. B-catenin is intensely localised at the nuclear periphery.
Note: there is no B-catenin protein observed in the nucleus [C] Gene expression of CTNNBL1 after treatment
with 0.1mM ZEB (p= 0.0001, SD= 0.07) vs 0.3mM ZEB (p= 0.0060, SD= 0.67) relative to untreated controls.

Figures 4.16A and B display an overall irregular cellular shape, however the cell volume seems
less than that observed in the untreated controls (Figure A6.3). B-catenin is highly concentrated at
the nuclear periphery (arrowed Figures 4.16A and B) and is scarcely distributed throughout the
cytoplasm. There is no evidence of B-catenin within the nuclei. Cells appear more compact and
oval in shape after high dose treatment (Figure 4.16B) with ZEB than compared to the low dose
treatment (Figure 4.16A).

4.2.3.3 The effects of Zebularine on MCF7 breast adenocarcinoma cells

Breast cancer cells were cultured as described in Chapter 2.1, and treated with ZEB (see Chapter
2.2.2). A cell viability assay was performed (Chapter 2.1.5) to quantify MCF-7 cells before and after
a low and high dose treatment with ZEB. The viability of ‘no treatment’ control cells lay in the 95%-
99% range, with a significant decrease observed when cells were treated with 0.1mM ZEB (~97%
live cells) and an even further reduction in numbers after treatment with a higher dose of ZEB

(~79% live cells) as illustrated in Figure 4.17 (SD= 0.13). Cell mortality proved to be greater in
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breast cancer cells when compared to colorectal cancer cells after drug administration, thus MCF-7

cells proved to show a greater susceptibility to this drug.
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Figure 4.17 DLD-1 cell susceptibility to HDACI. Cells were treated with concentrations of 1.5mM and 5mM
ZEB, respectively, for 24 hours. Cell mortality possibly increased with an increase in ZEB concentration (SD=
0.13).

MCF-7 cells were treated with two doses of ZEB, and its effect on KLF4 expression was observed
(Figure 4.18). The mean decrease in C; value (M= 3.38, SD= 0.12, N= 3) was found to be greater
than zero where t(2)= 48.96, two-tailed p= 0.0004, providing evidence that treatment with 0.1mM
ZEB was effective in up-regulating KLF4 gene expression. Treatment with 0.3mM ZEB where t(2)=
16.11 and p= 0.0030 (M= 4.90, SD= 0.52, N= 3) also showed an overall mean decrease,
illustrating that a higher dose of ZEB was two-fold more effective in up-regulating KLF4 gene

expression, than a low dose treatment in breast cancer cells.
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Figure 4.18 The effect of ZEB on KLF4 expression in MCF-7 cells. [A] Confocal microscopy images after
treatment with 0.1mM ZEB (63x). [B] Confocal microscopy images after treatment with 0.3mM ZEB (63x).
Nuclei= blue, actin filaments= green, KLF4= red, co-localisation= pink. Membrane blebbing was observed in
late stage breast cancer cells (arrowed). [C] Gene expression of KLF4 after treatment with 0.1mM ZEB (p=
0.0004, SD=0.12) vs 0.3mM ZEB (p= 0.0030, SD= 0.52) relative to untreated controls.

Confocal imaging displayed a change in cell shape from irregular to oval with a low cell volume.
This was most evident in the high dose ZEB treatment, where the cytoplasmic to nuclear ratio was
minimal and membrane blebbing was observed (see arrowed Figure 4.18B), suggesting apoptosis.
Protein localisation remained at the nuclear periphery, with low concentrations scattered
throughout the cytoplasm. Nuclei appear to be enlarged, which may potentially be a result of an
alteration in chromatin status after ZEB treatment, thereby leading to DNA demethylation and an

increase in KLF4 transcription levels.

MCEF-7 cells were also treated with two doses of ZEB to examine its effect on CTNNB1 expression.
The mean increase in C; value (M= 0.57, SD= 0.83, N= 3) was found to be significantly greater
than zero where t(2)= 1.20, two-tailed p= 0.17, providing evidence that treatment with 0.1mM ZEB
up-regulated CTNNB1 gene expression (n.s.). Alternatively, treatment with 0.3mM ZEB
demonstrated a mean decrease, where t(2)= 4.91 and p= 0.03 (M= 1.16, SD= 0.40, N= 3). Thus,
as understood in Chapter 3.3.1.3 with the HDACI treatments, the higher dose ZEB resulted in a

three-fold increase in CTNNB1 expression when compared to the low dose treatment.
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Figure 4.19 The effect of ZEB on CTNNBL1 expression in MCF-7 cells. [A] Confocal microscopy images after
treatment with 0.1mM ZEB (63x). [B] Confocal microscopy images after treatment with 0.3mM ZEB (63x).
Nuclei= blue, actin filaments= green, B-catenin= red, co-localisation= pink. High peri-nuclear intensity of -
catenin is indicated by arrows. [C] Gene expression of CTNNBL1 after treatment with 0.1mM ZEB (p= 0.17,
SD=0.83, n.s.) vs 0.3mM ZEB (p= 0.03, SD= 0.40) relative to untreated controls.

Figures 4.19A and B illustrate that the shape of cells range from oval to irregular, and the volume
of cytoplasm is relatively low. Here, B-catenin protein displays a high intensity of peri-nuclear
(arrowed Figures 4.19A and B) and cytoplasmic localisation, as well as traces of nuclear
localisation. The peripheral pattern of localisation may relate to the relaxation of chromatin post

treatment, allowing for peripheral transcription.

4.3 Discussion

Although DNA hypermethylation is a recurrent anomaly in several malignancies, it is possible to
reverse the effects of methylation on gene segments creating a multitude of possibilities in the field
of gene therapy (Das and Singal, 2004). This chapter discusses the significance of DNA
hypermethylation on the expression of two key genes in colorectal and breast cancer cell lines, and
the effects of inhibitors on gene regulation. DNA hypermethylation is associated with neoplasia,
while the opposite, hypomethylation, is found in benign tissue (Esteller, 2008). The methylation
patterns in KLF4 and CTNNB1 genes were analysed through the execution of computational
techniques, and related to the methylation status of early and late stage cancer cells. ZEB was
selected here as the demethylating agent of choice as a result of its low toxicity and high stability in
solution (Cheng et al., 2004). ZEB drug concentrations of approximately 0.2mM to 0.4mM proved

to inhibit DNMT activity optimally, while all concentrations less than that displayed minimal DNMT
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inhibition, as seen in previous studies, thus most favourable concentrations of 0.1mM and 0.3mM
were selected (Billam et al., 2009; Cheng et al., 2003).

4.3.1 Analysis and quantification of methylation patterns

Methylation through the action of DNA methyltransferases (DNMTs) commonly takes place at CpG
dinucleotides, via the addition of a methyl group to the fifth carbon of the cytosine ring (refer to
Figure 4.2) (Singal and Ginder, 1999; Bird, 1986). The ‘CpG Island Searcher and ‘CpGi130’
programs were utilised to predict the positions of CGls in KLF4 and CTNNB1 using two slightly
different approaches. The ‘CpG Island Searcher applied the “sliding and jumping” window
technique explained in Figure 4.6, relating to the initial criteria met by Gardiner-Garden and
Frommer (Gardiner-Garden and Frommer, 1987). The ‘CpGi130’ tool from MethyCancer identified
CGls based on the revised criteria met by Takai and Jones from sequence clones derived from the
Sanger Institute (Takai and Jones, 2002).

Both of these bioinformatic tools generated consistent results for KLF4 and CTNNB1, and
excluded the potential occurrence of Alu-repeat sequences. The O/E ratios for both genes were
always considerably greater than 0.60. Although the CGI discovered in KLF4 was clearly
approximately 2kb larger than that observed in CTNNBL1, the O/E ratio of CTNNB1 was closer to
1.0 and slightly greater than that of KLF4, demonstrating a high methylation frequency in a smaller
fragment of DNA. Both genes contained CGls that abided by the Takai and Jones criteria (Takali
and Jones, 2002) and were localised within the first 2kb of the gene, confirming the hypothesis that
they could most certainly be associated with the 5’ region and might well be contained within the
promoter and could thereby pose a valid target of hypermethylation. It must be said however, that
there is a greater chance that this is more likely to be true of KLF4.

The ChroView results from MethyCancer demonstrated that the CTNNB1 gene was more
heterochromatic than KLF4 and therefore contained a greater frequency of silenced genes,
although this may be a result of a lack of experimental data in KLF4 research. On the other hand,
ChroView did provide evidence that KLF4 was rich in GC content, which proved to be consistent
with the CpG island predictor programs relating to the high frequency of CpG islands. The
Methylator program utilised a support vector machine (SVM) to predict CGI localisation through
pattern recognition systems, revealing that KLF4 contained a higher frequency of methylated
cytosines that was confined within the 5’ portion of the gene, validating results from both the “CpG
Island Searcher” and “CpGi130”. It is therefore evident that KLF4 contains a larger CpG island in
the 5’ region than CTNNB1 that may be prone to methylation.

Recent studies have expanded on the analysis of methylation in mammalian cells, and the
discovery of 5-hydroxymethylation has initiated new interest in this field. An assay was performed

to measure the amount of whole DNA hydroxymethylation as opposed to DNA methylation in early
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and late stage colorectal cancer cell lines. As a result, it was found that the global methylation
status of SW480 cells was two-fold greater than that observed in DLD-1 cells, thus the earlier
stage cells displayed a higher frequency of methylation when compared to the advanced stage
cells. The hydroxymethylation status of both early and late cells were negligible, even though the
late stage cells displayed a slightly greater level of hydroxymethylation, validating the theory that 5-
hmC is found at low levels in colorectal cancer and higher levels in other non-cancerous tissues

such as the brain, liver, kidney as well as the colon (Li and Liu, 2011).

The reduced frequency of 5-hmC in colon cancer cells as opposed to normal intestinal tissue may
be a result of several contributing factors, although the major instigator is still unknown. A reduction
in Tet enzyme production or a mutation in the gene encoding the enzyme may bring about these
changes (Delhommeau et al., 2009; Ko et al., 2010). A decrease in 5-hmC may also be a result of
increased levels of 5-hydroxymethylcytosine DNA-glycosylase that acts on DNA by removing the
5-hmC unit (Cannon et al., 1988). The authenticity of these results was determined through ruling
out the existence of 5-hmC, thus the status of methylation in the colorectal cells exploited was

purely of a 5-mC nature.

4.3.2 The effect of Zebularine on cell viability

Cell viability assays for all cell lines demonstrated a general pattern of increased cell death that
was proportional to the concentration of ZEB; therefore as the dose increased so did the cell death.
The breast cancer cell line showed the greatest susceptibility to demethylation with the highest
cytotoxicity of all three cancer cell lines. The change of cell shape from an irregular to oval
structure in certain cases may also signify the apoptotic behaviour. Thus ZEB dose-dependently

reduced the viability of both colon and breast adenocarcinoma cell lines.

It is possible that cell death was a sole consequence of ZEB treatment, even though DMSO was
used as a solvent for all treatments administered. DMSO has been reported to induce apoptosis in
cancer cells, as well as to stimulate cell differentiation and alter cell morphology (Kim et al., 1980;
Tsao et al., 1982; Grunt et al., 1991; Ossowski and Belin, 1985). While this solvent does not modify
genetic material, it does however remove free radicals produced by damaged tissues that
generally damage DNA and cell membranes, aiding in the transformation of their respiratory
system from aerobic to anaerobic. This process in turn preserves the normal state of cells for an

adequate period of time to allow them to undergo apoptosis (Warburg, 2012).

4.3.3 The effects of Zebularine on gene expression in colorectal cancer cells

Demethylation in early stage colon cancer cells displayed very similar results to that observed in
cells treated with the HDAC inhibitor. Cells displayed dose-dependent gene regulation of KLF4 and
CTNNB1 after 24 hour treatments. An analysis of the relative quantification results proved that

KLF4 and CTNNB1 displayed an inverse relationship, much like that seen in Chapter 3. Low dose
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ZEB treatments down-regulated KLF4 expression in SW480 cells, however treatments with a
higher concentration demonstrated patterns of up-regulation, even though KLF4 expression was
somewhat still less than the untreated controls. The reverse was seen for CTNNB1 in SW480 cells
where a low dose treatment down-regulated expression but a high dose treatment had a greater
effect on transcript down-regulation. The late stage colon cancer cells however displayed extreme
results, where the low dose treatments were consistent with that seen in the early stage cells for
KLF4, yet the higher dose treatments up-regulated KLF4 gene expression six-fold relative to the
low dose treatment. In contrast, CTNNB1 was up-regulated as a result of low dose ZEB
treatments, and down-regulated almost two hundred-fold following a high dose treatment. Thus,
ZEB had a greater effect on regulating the expression of KLF4 and CTNNBL1 in late stage colon

cancer cells.

Confocal microscopy clearly demonstrated the appearance of KLF4 protein in Golgi bodies as well
as ER in DLD-1 cells, representing their storage after production. However, this would need to be
confirmed through the identification of Golgi-specific and ER-specific markers, such as RCAS1
(anti-Golgi) and Calnexin (anti-ER) antibodies respectively. RCAS1 is a type Il transmembrane
protein that is involved in Golgi functioning, while Calnexin is a chaperone protein localised in the
ER membrane (Engelsberg et al., 2003; Bergeron et al., 1994). A higher intensity of protein is
observed after high dose treatment where KLF4 expression was increased relative to the low dose
treatment, suggesting an increase in transcription and translation as a potential result of DNA
demethylation. KLF4 protein in both early and late stage cancer was localised in the nucleus while
B-catenin was detected around the nuclear periphery. However a greater concentration of [3-
catenin was observed in the nucleus of SW480 cells after low dose treatment than that seen with
high dose treatment, exhibiting consistency in results as seen in the gene expression data, as the
expression of B-catenin decreased with a higher dose treatment. This is evidence substantiating

the role of KLF4 as a transcription factor.

B-catenin translocates to the nuclear periphery where it associates with transcription factors, such
as KLF4 and Wnt proteins (Zhang et al., 2006). Confocal imaging illustrates that both these
proteins colocalise within the nucleus and at the nuclear periphery where they interact either
directly with each other or indirectly through other transcription factors. The high intensity of B-
catenin localisation in early stage cancer cells, suggests a greater nuclear interaction of 3-catenin
with KLF4. ZEB treatments resulted in nuclei enlargement, which may potentially be the result of a
shift in chromatin status, thereby leading to DNA demethylation and thus an increase in KLF4
transcription levels. This was validated by the increase in KLF4 protein within nucleosomes after
ZEB treatment in DLD-1 cells, however this would need to be confirmed through the use of anti-

nucleosome antibodies.
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It was also highly evident that SW480 cells retained their overall irregular morphology after ZEB
treatments, however DLD-1 and MCF7 cells displayed an overall change to a more rounded
structure, reducing the adhesive abilities of cells and resulting in cellular detachment, indicating
potential apoptotic events (Bonnotte et al., 1998; Agarwal et al., 2002; Ramasamy et al., 2012). In
addition to this, ZEB treatment led to alterations of the cytoskeletal structure as observed in MCF7
cells, where membrane blebbing was observed. As this is dependent on caspase-3 levels in the
cells, there is a possibility that the typically caspase-3 deficient MCF-7 cells underwent a
reconstitution of caspase-3 after ZEB treatment, thereby increasing the chances of apoptosis (Mills
et al.,, 1999; Devarajan et al., 2002; Andrade et al.,, 2010). This however would need to be
confirmed through the use of caspase-3 antibodies, or other pro-apoptotic markers, namely Bax or
Bcl-2 (Oltvai et al., 1993).

Data from the gene expression profiles revealed that the differential expression of KLF4 and
CTNNB1 in colon cancer displayed aberrant transcript levels in early and late stage cell lines,
however gene expression in both stages were highly similar with slight differences. It is evident that
KLF4 maintains an inverse relationship with 3-catenin, and that KLF4 is involved in the direct or
indirect inhibition of B-catenin (Evans et al., 2010). It was recently discovered that the loss of KLF4
expression is related to the tumourigenic activity in colon cancer, thus the up-regulation of KLF4
through DNA demethylation reverses the malignancy of colon cancer cells by inducing
differentiation (Xu et al., 2008). The inverse expression of both these genes in colon cancer cells
supports the cell viability assay data obtained here, that this transcriptional pattern of genes may
lead to apoptotic events. Several other studies validate this statement, providing evidence that the
inhibition of B-catenin in colon cancer may contribute to apoptosis (Kim et al., 2005; Han et al.,
2008). As B-catenin is an active member of the Wnt pathway, the down-regulation of B-catenin
could result from the inhibition of the Wnt pathway, leading to an increased tendency of cell death
(Watson, 2004; Yeh et al., 2011).

KLF4 expression within the normal gastrointestinal epithelium is known to be elevated, therefore
making it possible that its expression may be higher in early stage colon cancers than late stage
colon cancers, in its progression to a more malignant phenotype (Flandez et al., 2008).
Hypothetically, early stage cancer cells would exhibit the lowest incidence of methylation, deeming
ZEB less effective when compared to its activity in advanced stage cancer cells. ZEB reduced
KLF4 expression in early stage cells after low dose treatments, after which high dose treatments
increased expression levels relative to this; however the expression of KLF4 remained lower than
that of the ‘no treatment’ control. It is most likely that the KLF4 gene in late stage cancers presents
a greater frequency of hypermethylation than early stage cancers, and is thereby either expressed
at lower levels or is completely silenced. Treatments with high dose ZEB largely elevated

expression levels of KLF4, validating this theory.
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4.3.4 The effect of Zebularine on gene expression in breast cancer cells

The effect of DNA demethylation on KLF4 and CTNNB1 expression in breast cancer cells was
consistent with the results observed involving HDAC inhibition. It has been determined that these
genes work in accordance with one another in both breast and colon cancer cell lines (Zhang et al.,
2006), however gene expression profiles obtained in this study presented data that disputed colon
cancer regulation. KLF4 was up-regulated following DNA methyltransferase inhibition by ZEB,
which proved to be more effective with the higher dose treatments. The extent of the up-regulation
observed here was nevertheless greater than that observed with the HDACI treatments. The
transcription of CTNNB1 once again displayed unusual results, where the lower dose ZEB
treatment down-regulated gene expression after which it was increased with a high dose
treatment, relative to the untreated controls.

Localisation of KLF4 and B-catenin protein in breast cancer cells was consistent with results seen
in the previous chapter. KLF4 demonstrated nuclear localisation as well as a high concentration at
the nuclear periphery and within Golgi bodies. B-catenin was found at high intensities throughout
the cytoplasm in its translocation to the nucleus, and was scattered at low frequencies within the
nucleus. Its nuclear localisation validates data generated from the gene expression profiles that
CTNNB1 was up-regulated following ZEB treatment. Thus its expression through DNA
demethylation supports its role in the Wnt signalling pathway, where B-catenin protein may form

complexes with nuclear proteins like TCF/LEF that are involved in breast cancer development.

ZEB treatment has illustrated that a lower dose has a greater anti-tumourigenic effect on breast
cancer cells than the high dose treatment, contradicting results obtained from the colon cancer cell
lines. The higher dose treatment results in the overexpression of both KLF4 and CTNNB1, more
than likely contributing to apoptosis and thereby confirming the cell viability assay results. This was
observed by membrane blebbing seen in cells treated with a high dose ZEB, however this would
need to be confirmed through the application of blebbing markers, such as antibodies to DAPK and
DRP-1 proteins (Inbal et al., 2002). As explained previously, a related study performed on a
several cancer cell lines treated with Sulindac, a non-steroidal anti-inflammatory drug (NSAID),
generated similar results, where this NSAID suppressed (3-catenin in MCF-7 cells thereby inhibiting
apoptosis, thus validating that its overexpression would result in cell death (Han et al., 2008). As a
result, overexpression of B-catenin can only be a product of an overactive Wnt pathway (He et al.,
2004). KLF4 is uniquely regulated in breast cancer cells, where it plays a role as an oncogene.
Thus, an increase in KLF4 expression in MCF-7 cells is related to a more malignant phenotype
(Foster et al., 2000; Yu et al., 2011). A low dose treatment thereby displayed a slight increase in
KLF4 gene expression relative to untreated control, while a higher dose HDACI treatment could
either be associated with tumourigenic activity, or apoptosis, when its relationship with 3-catenin is

taken into consideration.
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4.3.5 DNA methyltransferase inhibition by Zebularine

DNA methylation is an essential mechanism involved in the regulation of gene expression through
the hypermethylation or hypomethylation of DNA segments (Tate and Bird, 1993). Gene silencing
is associated with hypermethylation of promoter regions, and acts by preventing the adhesion of
transcription factors to DNA segments due to blocked sites, thereby leading to oncogenic activity
(Bhaumik et al., 2007). This was clearly the case with KLF4, as the analysis of the gene structure
through bioinformatics provided substantial evidence that the large CGI produced here followed the
criteria proposed by Takai and Jones and was located within the first 2kb of the gene segment,
composing more than 60% of the entire KLF4 gene (Takai and Jones, 2002).

DNA methylation is a biochemical reaction in eukaryotes that involves the transfer of a methyl
group to the fifth carbon of a cytosine ring, catalysed by DNA methyltransferases (Singal and
Ginder, 1999). There are four known DNMTSs, three of which are actively expressed in colon and
breast cancer tissue, namely DNMT1, DNMT3a and DNMT3b (Bestor, 2000; Bestor et al., 1988;
Kanai and Hirohashi, 2007; Lei et al., 1996). DNMT3a and DNMT3b, commonly known as de novo
DNMTSs, are involved in developing a pattern of methylation during embryogenesis, while DNMT1
plays a role in maintaining this pattern of methylation throughout the development of the organism
after DNA replication (McCabe et al., 2009).

ZEB is a 2-(IH)-pyrimidinone ribonucleoside that is taken up during DNA synthesis and is
incorporated into the DNA after post-transcriptional modifications (Cheng et al., 2003; Cheng et al.,
2004). It is primarily involved in the total inhibition of DNMT1 activity, and the fractional inhibition of
the DNMT3a and DNMT3b population, all three of which are relevant in colon and breast cancer
(Cheng et al., 2004). ZEB has no effect on DNMT?2 as this weak enzyme lacks a regulatory domain
and possesses only tRNA methyltransferase activity (Goll et al., 2006; Hermann et al., 2003). It is
essentially active during methylation, where DNMT1 binds covalently to the sixth carbon of
cytosine as well as the pyrimidinone ring of ZEB. Normally the transfer of the methyl group from
SAM to cytosine frees DNMT1 from cytosine, however when the 2-(IH)-pyrimidinone ring replaces
cytosine the transfer is blocked and the methyltransferase is trapped leading to a reduction in

methylation, as the replication fork proceeds without the DNMT (Wu and Santi, 1985).

ZEB thereby acts on the promoter region of KLF4 in colon cancer by inhibiting DNMTs associated
with this gene, namely DNMT1, and possibly DNMT3a and DNMT3b to a lower degree. Several
other cancers have displayed similar epigenetic activities with KLF4. An investigation of KLF4 in
gastric cancer produced results that confirmed the hypermethylation of the promoter leading to its
depletion, although this is more commonly reported in colon cancers (Cho et al., 2007; Wei et al.,
2005; Wei et al., 2006). The KLF4 promoter in medulloblastoma cell lines were also discovered to
contain a high frequency of CpG hypermethylation thereby suppressing the gene (Nakahara et al.,

2010). Another study examined the expression of KLF9 in endometrial carcinomas, where an up-
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regulation of this Kruppel-like factor was accompanied by the down-regulation of DNMT1 as well
as the increased expression of KLF4 (Simmons et al., 2011). ZEB affects the Wnt pathway by
activating the expression of negative Wnt regulators that have been silenced in cancer cells
through their promoter methylation, such as WNT7A in pancreatic cancer and WNT9A in colon
cancer (Sato et al., 2003; Shu et al., 2006). This subsequently down-regulates (B-catenin, inhibits
cell proliferation and activates apoptotic proteins (Baylin and Ohm, 2006).

ZEB has been discovered to preferentially inhibit the growth of colon cancer cells, by up-regulating
1WAF1

p53-mediated p2 MRNA levels leading to cell cycle arrest in the G1 phase (Cheng et al.,
2004; Waga et al., 1994). p27<"*, another CDK-inhibitor protein, was unaffected by demethylation
(Cheng et al., 2004). A further key observation made in the same study was the demethylation of
pl6 after drug treatment, this being a CDK-inhibitor containing a high frequency of &
hypermethylation. ZEB was found to induce the expression of this gene leading to cell cycle arrest
(Cheng et al., 2004). Studies done on pancreatic cancer cell lines revealed that treatment with ZEB
strongly up-regulated the pro-apoptotic protein Bax and reduced the expression of anti-apoptotic
protein Bcl-2 leading to apoptosis (Neureiter et al., 2007). The methylation status of DAPK and
Caspase 8 was also altered resulting in their activation leading to apoptotic events (Pompeia et al.,

2004; Kissil et al., 1997).

ZEB in breast cancer induces the expression of p21 and reduces cyclin-D levels, consequently
arresting the cell cycle in S-phase. At higher doses, ZEB was capable of increasing pro-apoptotic
protein expression of Bax (Billam, Sobolewski and Davidson, 2009). ZEB is also known to target
several aspects of epigenetic therapy other than increased cell cycle arrest and apoptosis in
cancer cells. An example of such is the removal of methyl groups from the promoter region of
MLH1, thereby reactivating the gene and increasing sensitivity to chemotherapy (Plumb et al.,
2000). In vivo studies proved that ZEB actively prevents intestinal tumours in mice through oral
administration, but however had no effect when presented to monkeys (Holleran et al., 2005; Yoo
et al., 2008).
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CHAPTER 5
COMBINATION THERAPY

5.1 Introduction

As discussed in the previous chapters, there is evidence that cancer is a result of various
epigenetic modifications, and thus in the case of this study two highly stable therapeutic epigenetic
modifying agents have been assessed. VPA has been found to induce differentiation and cell cycle
arrest through the inhibition of HDACs, while ZEB is capable of reactivating silenced genes through
the demethylation of tumour suppressors (Gottlicher et al., 2001; Gurvich et al., 2004; Cheng et al.,
2004). Individually these anticancer agents have shown great success in their in vitro and in vivo
activities, and there is further evidence that these drugs may be used in combination to enhance
their overall therapeutic effects on cancer cells.

5.1.1 Synergistic activity of HDAC inhibitors and demethylating agents

There is a mutual physical and functional relationship between chromatin structure and methylation
of DNA sites, where inactive or heterochromatin contains hypermethylated DNA sites and active or
euchromatin contains hypomethylated DNA (Razin and Cedar, 1977). It is apparent that the
solitary treatment with either an HDAC inhibitor or demethylating agent may be efficient in the
treatment of cancer cells. However, there may be cases where this has minimal effect on the
reactivation of silenced genes, whereas a combined treatment may lead to a more successful anti-

proliferative outcome (Cameron et al., 1999).

Other than there being a physical link between these two epigenetic states, it has been discovered
that the drugs involved in targeting HDACs and those affecting methylation status are also well
associated. As illustrated in Figure 5.1, HDAC inhibitors play an additional role in DNA
demethylation that is independent of replication, such as in the demethylation of brain or heart
tissues that are no longer mitotic (Cervoni and Szyf, 2001). ZEB is a replication-dependent DNMT
inhibitor that functions at the replication fork and would be non-functional in brain and heart tissue,
while VPA is an HDAC inhibitor that induces ectopic demethylation that is independent of
replication, and has been reported to demethylate the reelin gene in the mouse model, mainly in
the brain (Detich et al., 2003; Milutonovic et al., 2007; Tremolizzo et al., 2002).
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Figure 5.1 Schematic diagram illustrating the effects of HDAC inhibitors on DNA methylation. DNA is
demethylated through the acetylation of target genes via HDAC inhibitors such as VPA (Szyf, 2009).

There are several synergistic mechanisms of action that are responsible for the anti-cancer effects
brought about through the use of HDAC inhibitors and DNMT inhibitors. One is via the induction of
apoptosis, for example studies showed the use of TSA in cells was highly cytotoxic and this was
augmented when cells were first treated with 5-aza-CdR. These results were either accountable to
the demethylation or acetylation of apoptotic genes leading to their activation (Weiser et al., 2001).
Another mechanism is through the induction of genes involved in cellular differentiation as well as
cell cycle regulatory genes such as those transcribing cyclin dependent kinases (Guan et al., 2000;
Cameron et al., 1999). HDAC inhibitors and DNMT inhibitors may work in synergy to enhance the
reactivation of specific genes that have undergone epigenetic silencing (Kikuchi et al., 2002; Yang
et al., 2001).

5.1.2 Combination therapy in clinical practice

The first study to demonstrate the combined effect of an HDAC inhibitor and DNMT inhibitor, in this
case sodium butyrate and 5-aza-CR, was conducted by Jahanageer and colleagues and was
found to up-regulate the B-adrenergic receptor in HeLa cells (Jahangeer et al., 1982). This was
followed by a multitude of investigations, using the same combination or a range of different
inhibitors, an example being the effect of TSA and 5-aza-CdR on cell lines in the search to
discover any new tumour suppressor genes (Cameron et al., 1999; Suzuki et al., 2002; Yamashita
et al., 2002). Numerous clinical trials are underway to test the efficacy of these combinations in
human subjects, which are capable of targeting separate epigenetic modifications simultaneously.
A study demonstrating the effect of VPA and 5-aza-CR in patients with advanced cancers was
found to exhibit genome-wide demethylation as well as an overall increase in histone acetylation,
and another investigating synergy between VPA and 5-aza-CdR in leukaemia patients showed
similar results with p15 reactivation (Braiteh et al., 2008; Garcia-Manero et al., 2006; Soriano et al.,
2007). Therefore it can be seen that the synergy between these two modifications are highly

complex and require the activity of several other factors.

5.1.3 Experimental approach

The purpose of this chapter was to evaluate the expression levels of KLF4 and CTNNB1 following

the epigenetic modulation of both chromatin and methylation patterns. Here, the early and late
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stage colorectal cell lines were treated synergistically with two doses of VPA and ZEB for
approximately 24 hours, and a relative quantification of KLF4 and CTNNB1 expression was

2—AACt

performed applying the method to analyse relative gene expression. Subsequently, KLF4
and [-catenin protein expression patterns were investigated through the utilisation of
immunofluorescence techniques, where the results were later viewed under a confocal

microscope.

5.2 Results
5.2.1 Relative quantification of gene expression
For all treatments, Ct values were reviewed and a paired Students t-test was performed to

compare sample means before and after treatment. The 224

method was used to analyse relative
gene expression in this study (Livak and Schmittgen, 2001). The C; of the target gene was initially
normalised to that of the reference gene (in this case f—actin) for both test and calibrator samples
following Equations 3.1 and 3.2 (Chapter 3.3.1). The C, of the test sample was then normalised to
the C; of the calibrator as seen in Equation 3.3. As a result, the ratio of the target gene in the test
sample to the calibrator sample was found, which was normalised to the reference gene. The
expression ratio can be calculated following Equation 3.4 (Chapter 3.3.1). All treated sample

results are relative to the untreated samples.

5.2.1.1The effects of low and high dose synergistic treatments on early stage colorectal
adenocarcinoma cells (SW480)

Colorectal cancer cells of an early stage were cultured as in Chapter 2.1, and treated
synergistically with low and high doses of VPA and ZEB as described in Chapter 2.2. A cell viability
assay was performed (Chapter 2.1.5) to quantify SW480 cells before and after a low and high dose
treatment with both synergistic treatments. The viability of ‘no treatment’ control cells lay in the
95%-99% bracket, with a negligible decrease observed when cells were treated with SYN1 (~98%
live cells) and a further decline in numbers after treatment with a higher dose of treatment (SYN 2)
(~96% live cells) as seen in Figure 5.2 (SD= 0.01). These results proved that early stage cancer

cells exhibited minimal susceptibility to both these combination treatments.
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Figure 5.2 SW480 cell susceptibility to HDACI. Cells were treated with concentrations of 1.5mM VPA +
0.1mM ZEB (SYN 1) and 5mM VPA + 0.3mM ZEB (SYN 2) for 24 hours. Cell mortality possibly increased
with an increase in VPA and ZEB concentration (SD= 0.01).

SW480 cells were treated with two combinations of HDACi and demethylating agent and its effect
on KLF4 was examined, as seen in Figure 5.3. Relative to the untreated samples, the mean
increase in C; value (M= 0.91, SD= 0.03, N= 3) was found to be greater than zero where t(2)=
34.09, two-tailed p= 0.0009, providing evidence that treatment with 1.5mM VPA + 0.1mM ZEB was
effective in down-regulating KLF4 gene expression. The same overall result was seen with 5mM
VPA + 0.3mM ZEB, where t(2)= 2.27 and p= 0.1500 (M= 0.07, SD= 0.05, N= 3, n.s.). Applying the
222 method revealed that treatment with the SYN 2 combination displayed a less than one-fold
up-regulation in KLF4 expression when compared to the low dose combination treatment. Thus it is
statistically significant that treatment with both combinations reduced KLF4 expression, while the
SYN 2 combination treatment was effective in up-regulating KLF4 expression relative to the SYN

combination treatment.
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Figure 5.3 The synergistic effect of VPA and ZEB on KLF4 expression in SW480 cells. [A] Confocal
microscopy images after treatment with 1.5mM VPA and 0.1mM ZEB (63x). [B] Confocal microscopy images
after treatment with 5mM VPA and 0.3mM ZEB (63x). Nuclei= blue, actin filaments= green, KLF4= red, co-
localisation in nuclei= pink. High intensity of KLF4 protein is observed within the nucleus and nuclear
periphery (arrowed). [C] Gene expression of low dose VPA + ZEB (SYN 1) (p= 0.0009, SD= 0.03) vs. high
dose VPA + ZEB (SYN 2) (p= 0.1500, SD= 0.05, n.s.) relative to untreated controls.

Confocal imaging shown in Figures 5.3A and B, illustrates that both combination treatments have
minimal effect on the cell morphology, although the higher dose treatments display a low
cytoplasm to nuclear ratio with a low cytoplasmic volume suggesting apoptosis. Both treatments
show similar protein localisation to that observed in the untreated controls from Figure A6.1
(Appendix 6), with a high nuclear concentration of KLF4 as well as its accumulation at the nuclear

periphery (arrowed in Figures 5.3A and B) and its uniform distribution throughout the cytoplasm.

SW480 cells were then treated with the SYN 1 and SYN 2 combinations to examine its effect on
CTNNBL1 as seen in Figure 5.4. The mean increase in C; value (M= 2.44, SD= 0.26, N= 3) relative
to the untreated samples was found to be significantly greater than zero where t(2)= 16.61, two-
tailed p=0.0030, providing evidence that treatment with 1.5mM VPA + 0.1mM ZEB was effective in
down-regulating KLF4 gene expression. The same overall result was seen with 5mM VPA +
0.3mM ZEB, where t(2)= 32.02 and p= 0.0009 (M= 4.42, SD= 0.24, N= 3). Of particular note,
treatment with the SYN 2 combination of high dose treatments was almost two-fold more effective
in down-regulating CTNNB1 expression, relative to the low dose combination treatment. These

results are antagonistic to that observed in Figure 5.3 with KLF4.
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Figure 5.4 The synergistic effect of VPA and ZEB on CTNNB1 expression in SW480 cells. [A] Confocal
microscopy images after treatment with 1.5mM VPA and 0.1mM ZEB (63x). [B] Confocal microscopy images
after treatment with 5mM VPA and 0.3mM ZEB (63x). Nuclei= blue, actin filaments= green, (3-catenin= red,
protein co-localisation= pink. High B-catenin protein intensity at cell membrane periphery (arrowed). [C] Gene
expression of low dose VPA + ZEB (p= 0.0030, SD= 0.26) vs. high dose VPA + ZEB (p= 0.0009, SD= 0.24)
relative to untreated controls.

Morphological changes observed in Figures 5.4A and B are negligible, where the elongated and
irregular shape of the cells is retained after treatment, although the cell volume has evidently
decreased relative to the untreated controls (Figure A6.1). B-catenin is localised throughout the cell
at great intensity, although its sub-nuclear containment as well as its concentration at the
membrane periphery (arrowed Figures 5.4A and B) is higher than that observed previously (see
Figure 4.13 in Chapter 4 and Figure 3.7 in Chapter 3).

5.2.1.2The effects of low and high dose synergistic treatments on late stage colorectal
adenocarcinoma cells (DLD-1)

Colorectal cancer cells representing a late stage colorectal adenocarcinoma (stage C) were
cultured as in Chapter 2.1, and treated synergistically with low and high doses of VPA and ZEB as
described in Chapter 2.2. A cell viability assay was performed (Chapter 2.1.5) to quantify DLD-1
cells before and after a low and high dose treatment with both synergistic treatments. The viability
of ‘no treatment’ control cells lay in the 95%-99% bracket, with a substantial decrease in cell
viability when cells were treated with SYN 1 (~93% live cells) and a further decline in numbers after

treatment with a higher dose of combination treatment (SYN 2) (~89% live cells) as seen in Figure
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5.5 (SD= 0.03). These results established that late stage cancer cells exhibited a greater

susceptibility to both these combination treatments when compared to early stage cells.
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Figure 5.5 DLD-1 cell susceptibility to HDACI. Cells were treated with concentrations of 1.5mM and 5mM
VPA, respectively, for 24 hours. Cell mortality possibly increased with an increase in VPA and ZEB
concentration. Also treated with ZEB at concentrations of 0.1mM and 0.3mM (SD= 0.03).

DLD-1 cells were treated with two combinations of VPA and ZEB, and its effect on KLF4 was
investigated. Relative to the untreated samples, the mean increase in C, value (M= 3.77, SD= 0.18,
N= 3) was found to be significantly greater than zero where t(2)= 37.08, two-tailed p= 0.00070,
providing evidence that treatment with 1.5mM VPA + 0.1mM ZEB was effective in down-regulating
KLF4 gene expression. Alternatively, a mean decrease in C, value was observed with 5mM VPA +
0.3mM ZEB, where t(2)= 124.96 and p= 0.00006 (M= 1.19, SD= 0.02, N= 3). Treatment with SYN
2 displayed a massive twenty two-fold increase in KLF4 expression relative to the low dose

treatment.
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Figure 5.6 The synergistic effect of VPA and ZEB on KLF4 expression in DLD-1 cells. [A] Confocal
microscopy images after treatment with 1.5mM VPA and 0.1mM ZEB (63x). [B] Confocal microscopy images
after treatment with 5mM VPA and 0.3mM ZEB (63x). Nuclei= blue, actin filaments= green, KLF4= red, co-
localisation in nuclei= pink. Arrows indicate possible membrane blebbing suggesting apoptosis. [C] Gene
expression of low dose VPA + ZEB (p= 0.00070, SD= 0.18) vs. high dose VPA + ZEB (p= 0.00006, SD=
0.02) relative to untreated controls.

While confocal imaging displays similar results as seen previously (see Figure 5.3), the cell shape
has however changed drastically following treatment with both the low and high combinations of
HDACIi and demethylating agent. Here the overall shape is oval to round, and the cell volume is
severely reduced, suggesting apoptosis. Also there is the possibility of membrane blebbing
indicated by arrows in Figure 5.6A. The KLF4 protein is once again contained within the nucleus as

well as the nuclear periphery and Golgi bodies are apparent bordering the nucleus.

DLD-1 cells were treated with both combinations of HDACi and demethylating agent, and its
effects on the expression of CTNNB1 were then analysed. The mean increase in C; value (M=
1.24, SD= 0.10, N= 3) was found to be significantly greater than zero where t(2)= 21.05, two-tailed
p= 0.002, providing evidence that treatment with 1.5mM VPA + 0.1mM ZEB was effective in down-
regulating KLF4 gene expression. The same overall result was seen with 5mM VPA + 0.3mM ZEB,
where t(2)= 20.92 and p= 0.002 (M= 1.29, SD= 0.11, N= 3). Treatment with the high dose
combination showed an almost two-fold down-regulation in CTNNB1 expression when compared
to the low dose combination treatment. Overall, results displayed in Figure 5.7 show that CTNNB1

expression is antagonistic to KLF4 expression.
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Figure 5.7 The synergistic effect of VPA and ZEB on CTNNB1 expression in DLD-1 cells. [A] Confocal
microscopy images after treatment with 1.5mM VPA and 0.1mM ZEB (63x). [B] Confocal microscopy images
after treatment with 5mM VPA and 0.3mM ZEB (63x). Nuclei= blue, actin filaments= green, (3-catenin= red,
protein co-localisation= pink. Peri-nuclear localisation of B-catenin indicated by arrows [C] Gene expression
of low dose VPA + ZEB (p= 0.002, SD= 0.10) vs. high dose VPA + ZEB (p= 0.002, SD= 0.11) relative to
untreated controls.

Figures 5.7A and B display similar results as those observed in Figure 5.5, where the cell structure
is more oval or rounded in shape, and the cell volume has significantly reduced. Cells seem to
have clustered and are overlapping, and this is a result of apoptosis. p-catenin is concentrated at
the nuclear periphery at high intensity (arrowed in Figures 5.7A and B), and is scarcely distributed

throughout the cell and nucleus.

5.3 Discussion

It has been established that alterations in chromatin structure as well as the methylation of discreet
regions of DNA leads to the reversible silencing of gene elements. VPA induces differentiation and
cell cycle arrest through the inhibition of HDACs, while ZEB is capable of reactivating silenced
genes through the demethylation of tumour suppressor genes (Gottlicher et al., 2001; Gurvich et
al., 2004; Cheng et al., 2004). This chapter discusses the effect of synergistic inhibition of these
epigenetic mechanisms on colon cancer cells through the use of high and low dose combination

therapies of an HDAC and a demethylation agent.

95



5.3.1 The effect of combination therapies on cell viability

Cell viability assays for each of the colon cancer cell lines SW480 and DLD-1 demonstrated a
general pattern of increased cell death that was proportional to the concentration of VPA and ZEB;
therefore as the dose of synergistic treatment increased, so did cell death. The early stage colon
cancer cell line exhibited the greatest susceptibility to treatment with the highest cytotoxicity of both
cancer cell lines. The change of cell shape from an irregular to oval structure in late stage colon
cancer cells may also validate this apoptotic behaviour. This however would have to be assessed
using a marker of apoptosis, such as Bax or Bcl-2. The combination treatments thereby dose-
dependently reduced the viability of colorectal adenocarcinoma cell lines.

It is possible here that cell death was a sole consequence of epigenetic treatment, even though
DMSO was used for all treatments administered, as a solvent for the demethylation agent. DMSO
was found to induce apoptosis in cancer cells in numerous investigations, as well as stimulate cell
differentiation and alter cell morphology (Kim et al., 1980; Tsao et al., 1982; Grunt et al., 1991;
Ossowski and Belin, 1985). Notably, while DMSO does not modify genetic material, it does
however remove free radicals produced by damaged tissues that destroy DNA and cell
membranes, aiding in the transformation of the cell respiratory system from aerobic to anaerobic,
thereby preserving the normal state of cells for an adequate period of time to allow them to

undergo apoptosis (Warburg, 2012).

5.3.2 Combination therapy on gene expression in colorectal cancer cells

Early stage colon cancer cells after treatment displayed very similar results to that observed in
cells treated solely with either VPA or ZEB. Cells displayed dose-dependent gene regulation of
KLF4 and CTNNB1 after 24 hour treatments. Relative quantification results were analysed and
displayed similar data to those seen in previous chapters, thereby supporting the theory that there
is a possibility of an inverse relationship between KLF4 and CTNNB1. Low dose combination
treatments down-regulated KLF4 expression in SW480 cells, and higher dose treatments
demonstrated patterns of up-regulation relative to this, even though KLF4 expression was lower
than that observed in untreated controls. The reverse was seen for CTNNB1 in SW480 cells,
where a low dose treatment down-regulated gene expression and a high dose treatment had a
greater effect on transcript down-regulation. The late stage colon cancer cells however displayed
extreme results, where the low dose treatments were consistent with that seen in the early stage
cells for KLF4, yet the higher dose treatments demonstrated an immense twenty two-fold up-
regulation, relative to the low dose treatment. CTNNB1 was evidently up-regulated as a result of
low dose treatments, and down-regulated two-fold after treatment with a higher dose. Thus, the
synergistic treatments had a greater effect on the expression of KLF4 and CTNNBL1 in late stage

colon cancer cells, as seen previously.
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Fluorescence imaging clearly demonstrated the appearance of KLF4 protein in Golgi bodies in
DLD-1 cells, possibly representing its storage site after synthesis. A high intensity of protein is
especially observed after high dose combination treatment (SYN 2), where KLF4 expression is
evidently up-regulated relative to the low dose (SYN 1) treatment, suggesting an increase in
protein production as a result of DNA demethylation. KLF4 protein in both early and late stage
cancer was localised in the nucleus, substantiating its role as a transcription factor. $-catenin was
detected around the nuclear periphery, where it translocates to and associates with transcription
factors, such as KLF4 and Wnt proteins. A greater concentration of (B-catenin was then again
observed in the nucleus of SW480 cells after low dose treatment than that seen with high dose
treatment, exhibiting consistency in results, as seen in the gene expression data, where the
expression of 3-catenin decreased with a higher dose treatment. Confocal imaging illustrates that
both these proteins concentrate at the nuclear periphery where they interact either directly with
each other or indirectly through other transcription factors. Another observation made follows upon
what is understood from with the cell viability assays carried out here; as the dose of treatment
increases in late stage cancer cells, so does cell cytotoxicity. This is validated through the change
in overall cell shape from irregular to round, while the cell volume is drastically reduced and cells
seem to cluster, suggesting the onset of apoptosis. Membrane blebbing was also observed in late
stage colon cancer cells, however this would need to be validated through the application of
blebbing markers, such as antibodies to DAPK and DRP-1 proteins (Inbal et al., 2002).

Data from the gene expression profiles revealed that the differential expression of KLF4 and
CTNNB1 in colon cancer displayed aberrant transcription levels in early and late stage cell lines,
however gene expression in both stages showed minimal change. It is evident that KLF4 maintains
an inverse relationship with B-catenin, and that KLF4 is involved in the direct or indirect inhibition of
B-catenin (Evans et al., 2010). It was recently discovered that the loss of KLF4 expression is
related to the tumourigenic activity in colon cancer, thus the up-regulation of KLF4 through DNA
demethylation reverses the malignancy of colon cancer cells by inducing differentiation (Xu et al.,
2008). The inverse expression of both these genes in colon cancer cells supports results produced
by the cell viability assays that this switch may indeed lead to apoptotic events. Several studies
validate this statement by providing evidence that the inhibition of B-catenin in colon cancer may
contribute to apoptosis (Kim et al., 2005; Han et al., 2008). As -catenin is an active member of the
Wnt pathway, the down-regulation of (3-catenin could result from the inhibition of the Wnt pathway,
leading to an increased risk of cell death (Watson, 2004; Yeh et al., 2011).

5.3.3 Epigenetic modulation through combination therapies
Due to their involvement in the establishment of neoplasms and their potential reversibility,
epigenetic therapies are fast becoming a more attractive field in the prospective treatment of

cancers. We have seen the success of solitary treatments with VPA and ZEB on colon cancer
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cells, therefore the efficacy of synergistic treatments on the expression of KLF4 and CTNNB1 will

be considered below.

Even though DNA methylation and histone deacetylation is performed separately and through the
catalytic activity of different enzymes, there is a strong physical and functional relationship between
chromatin structure and methylation of DNA sites, where inactive or heterochromatin contains
hypermethylated DNA sites and active or euchromatin contains hypomethylated DNA (Razin and
Cedar, 1977). Despite an accumulation of evidence supporting this association between both
epigenetic systems, there is no proof of which mechanism is more critical in the inception of gene
silencing and which follows, although it is clear that there is a definite cross-talk between DNA
methylation and histone modifications.

There are however several situations that may arise depending on the strength of either epigenetic
modification (Vaissiere et al., 2008). On this basis, gene silencing could solely be a result of DNA
methylation or histone deacetylation, or a combination of both. Another possible case is the loss of
gene activity due to histone deacetylation being the initial source, followed by DNA
hypermethylation through DNMTs within the same gene or region (Vaissiere et al., 2008). It has
been established through numerous investigations that these two epigenetic mechanisms are
capable of manipulating one another; one such example was explored with the treatment of
Neurospora with TSA, where this HDACIi enhanced the hypomethylation status of silenced genes
resulting in their activation (Selker et al., 2002; Cervoni and Szyf, 2001). Thus as HDAC activity
was inhibited, DNA found adjacent to acetylated histones was consequentially demethylated
(Cervoni and Szyf, 2001). Another study reported that 5-aza-CdR enhanced the acetylation of
histones H3 and H4 that was initially induced by the HDACi depsipeptide (Weiser et al., 2001; Zhu
and Otterson, 2003).

The first experiments investigating the association between HDACs and methylated DNA were
through the analysis of the MeCP-2 protein in the early development of Xenopus and mice species
(Jones et al.,, 1998; Nan et al., 1998). There are two types of transcriptional inhibition in gene
silencing, direct inhibition through the blocking of transcription factor binding sites and indirect
inhibition involving MeCP-2 methyl-binding proteins (Bird, 2002). The latter is considered to recruit
HDAC inhibitors to methylated DNA segments aiding in gene silencing (Jones et al., 1998; Nan et
al., 1998). Combined treatments with HDAC inhibitors and demethylating agents have been proven
to synergistically activate tumour suppressor genes that are epigenetically silenced at a higher rate
than sole treatment with either inhibitor, exerting an anti-neoplastic effect on cancer cells. An
example of such is the silencing of the COX-2 gene in gastric cancer due to promoter
hypermethylation, which was re-expressed after combined treatment with TSA and 5-aza-CdR

(Kikuchi et al., 2002). Another was the activation of the ER-a gene in breast cancer cells, that was
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re-expressed up to four hundred-fold after treatment with the same drug combination, relative to

separate treatments with either inhibitor (Yang et al, 2001).

In the present study, the KLF4 gene was greatly up-regulated after high dose combination
treatment with VPA and ZEB in late stage colon cancer cells, although it was clear in the previous
chapters that the latter had a greater effect on this up-regulation. Thus the major contributor to this
change in KLF4 expression was evidently the demethylating portion of the combination treatment.
Both ZEB and VPA affect the Wnt pathway by modifying key members involved in its regulation,
such as the activation of GSK-3 as well as the negative Wnt regulator, WNT9A (Vene and Tosetti,
2010; Shu et al., 2006). This may lead to a series of the downstream effects, ultimately down-
regulating B-catenin thereby inhibiting cell proliferation and activating apoptotic events (Baylin and
Ohm, 2006).

Several studies have produced data supporting the statement that combination treatments with
HDAC inhibitors and demethylating agents enhance apoptosis in cancer cells (Zhu et al., 2001). It
was reported that the sequential treatment of thoracic cancer cells with 5-aza-CdR and
depsipeptide respectively resulted in the induction of apoptosis at a more enhanced rate than with
single treatments (Weiser et al., 2001). Thus combination treatments may induce apoptotic activity
by demethylating or hyperacetylating genes that are involved in the induction of apoptosis, or these
mechanisms may work in unison to enhance this gene expression (Zhu and Otterson, 2003). It was
discovered that synergism of HDAC inhibitors and DNMT inhibitors lead to an overexpression of
p19™k*P (CDKN2D), which regulates cell growth and controls G1 progression (Zhu et al., 2001;
Okuda et al., 1996). Treatments were also found to induce silenced genes involved in cellular
differentiation, such as Drg-1 in colon cancer cells, as well as Pax 5 involved in B cell development
in the immunotherapy of cancer (Guan et al., 2000; Danbara et al., 2002). In summary, VPA and
ZEB in combination immensely up-regulated gene expression relative to sole treatments with either
epigenetic modulator, as the most evident up-regulation of KLF4 was observed with the high dose

synergistic treatment of the late stage cancer cells.
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CHAPTER 6
GENERAL DISCUSSION

Both VPA and ZEB displayed dose-dependent regulation on gene expression in early and late

stage cancer cells, as well as breast cancer cells. Supporting evidence by Evans et al. (2010) may
confirm that an antagonistic relationship exists between KLF4 and B-catenin in colon cancer cells,
although this was not apparent in breast cancer cells. KLF4 has been found to display tumour
suppressor properties in colon cancer and has oncogenic attributes in breast cancer. However,
after VPA and ZEB administration, there was a clear up-regulation of KLF4 in breast cancer cells.
Therefore the data obtained signifies that the lower dose treatments had a greater potential
tumourigenic effect on the cells. The higher dose treatments displayed an increase in apoptotic
events, as observed in the cell viability assays. The greatest up-regulation in KLF4 and CTNNB1
expression was seen with the higher VPA doses, when compared to that observed with ZEB. The
higher dose treatments were also related to a more malignant phenotype seen by the nuclear
localisation of KLF4, according to Pandya et al. (2004), as illustrated in the confocal microscopy

images.

All VPA treatments in colon cancer cells displayed an initial down-regulation in KLF4 expression
and an up-regulation with high dose treatment, providing evidence that all treatments were dose-
dependent. This was seen after ZEB treatment of early stage cancer cells, however late stage
cancer cells exhibited a far greater up-regulation of KLF4 relative to the untreated control and the
low dose treatment. This could be a result of hypomethylation of the KLF4 gene promoter region
after treatment. Thus there is a better chance that the KLF4 gene is more greatly affected by
methylation than by histone deacetylation. A higher dose of VPA may have had a greater effect on
the up-regulation of KLF4. The most evident up-regulation of KLF4 was observed with the high
dose synergistic treatment of the late stage cancer cells, thus both treatments immensely up-

regulated gene expression relative to sole treatments with either epigenetic modulator.

Due to the fact that KLF4 expression within the normal gastrointestinal epithelium is up-regulated,
it is therefore possible that its expression may be higher in early stage colon cancers than late
stage colon cancers, in its progression to a more malignant phenotype (Flandez et al., 2008). In
theory, early stage cancer cells would exhibit the lowest incidence of methylation and HDAC
activity, thus VPA and ZEB would not affect the expression levels at the degree at which these
treatments affect advanced stage cancer cells. Treatment with both VPA and ZEB initially reduced
KLF4 expression in early stage cells after low dose treatments, after which high dose treatments
increased expression levels relative to this; however the expression of KLF4 remained lower than
that of the untreated control. It is most likely that the KLF4 gene in late stage cancers presents a
greater frequency of hypermethylation and histone deacetylase activity than early stage cancers,

and is thereby either expressed at lower levels or is completely silenced. Treatments with high
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dose ZEB, and with VPA and ZEB in combination, largely elevated expression levels of KLF4, thus

validating this hypothesis.

CTNNB1 was greatly down-regulated after high dose treatment with VPA in late stage cells,
displaying a completely antagonistic effect when compared to KLF4. A pattern of down-regulation
was observed with CTNNB1 after all treatments, with high dose treatments displaying a greater
overall reduction in expression levels relative to low dose treatments. Thus all treatments played a
role in the down-regulation and potential suppression of the Wnt pathway, exerting an anti-
tumourigenic effect on the cells.

KLF4 protein localisation was found to be entirely nuclear, like most transcription factors, and has
been discovered to contain two strong and independent nuclear localisation signals (NLS) (Figure
1.5), one within the three zinc fingers and one adjacent to the first zinc finger (Shields and Yang,
1997). KLF4 binds to the consensus sequence 5-°/,°/,GG®/G®/;-3’ existing on several genes and
other transcription factors (Shields and Yang, 1998). B-catenin however was predominantly
localised at the nuclear periphery, and has no distinguishable NLS (Fagotto et al., 1998;

Henderson and Fagotto, 2002).

6.1 KLF4/B-catenin cross-talk and its involvement in the Wnt pathway

Levels of KLF4 in intestinal neoplasia display an inverse relationship to the size of the tumour, thus
it is strongly down-regulated in colon cancer cells (Dang et al., 2000). KLF4 has been discovered
at high levels in differentiated intestinal epithelial tissue, where it directly associates with 3-catenin
at the nuclear periphery, inhibiting this oncogenic gene product (Zhang et al., 2006). Focusing on
the biology of colonic epithelium (elaborated in Chapter 1.3), it has been established that there are
three lineages that the stem cells produced in the colon crypts may follow, namely enterocytes,
goblet cells and enteroendocrine cells (Chandler and Lagasse, 2010). As illustrated in Figure 6.1,
the expression of KLF4 decreases while CTNNB1 expression increases as the pluripotency of the
epithelial cells increases within the colonic crypts, exhibiting an antagonistic relationship between
the products of these two genes (Zhang et al., 2006). Thus the association between KLF4 and (3-

catenin are vital in the regulation and homeostasis of colonic epithelium.
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Figure 6.1 Linking the biology of colonic epithelium with the expression of KLF4 and CTNNB1. As KLF4
levels increase, B-catenin levels decrease along with the pluripotency of the cells (modified from Evans et al.,
2010; McConnell and Yang, 2010).

The mechanism of KLF4 action has been reviewed previously, in its inhibtion of B-catenin and
subsequent suppression of the Wnt pathway (Zhang et al., 2006; Evans et al., 2010). KLF4 binds
to the C-terminus of B-catenin and interacts with its transactivating domain, and does not associate
with the twelve ARM repeats (Evans et al., 2010). The essential region of KLF4 that is thought to
be involved in the association with B-catenin were amino acids 350-401 as well as the zinc finger
binding domains, as illustrated in Figure 6.2 (Evans et al., 2010). It was also determined that the C-
terminal region of endogenous KLF4 interacts directly with the HMG (high-maobility group) of TCF4,
which is a conserved DNA-binding motif (Figure 6.3) (Evans et al., 2010; Grosshcedl et al., 1994).
B-catenin contains a binding domain for the N-terminus of TCF4 at ARM repeat 3-10, while both B-
catenin and TCF4 bind to KLF4 independently of each other (Evans et al., 2010).
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Figure 6.2 Schematic diagram illustrating the association of KLF4 protein with B-catenin. Amino acids 350-
401 of KLF4 bind to the transactivation domain of 3-catenin within the C-terminal. The ARM repeat region of
B-catenin is not necessary in this relationship (Evans et al., 2010).

B-catenin has been identified as a possible contributor to the progression of tumourigenesis, with

approximately 15% of colon cancer tumours being a result of B-catenin mutations, and the rest are
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attributable to APC mutations (Maiti et al., 2000; Fearon, 2011). The nuclear interaction between -
catenin and KLF4 are crucial in the inhibition of the Wnt pathway, and KLF4 blocks TCF4 from
binding to its consensus sequence, as illustrated in Figure 6.3, thereby contributing to the anti-
tumourigenic activities of the cell (Evans et al., 2010). It was also established that KLF4 may
compete with p300/CBP, another Wnt regulator, for binding to the C-terminus of B-catenin, thus
inhibiting its recruitment (Evans et al., 2010). p300 and CBP are acetyltransferases known to
activate Wnt target genes such as the surviving gene via the acetylation of B-catenin, thereby
contributing to tumourigenicity (Ma et al., 2005; Hecht et al., 2000).

B-catenin N?IEC
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-

Figure 6.3 Schematic diagram demonstrating the nuclear association of KLF4 and -catenin with TCF4. The
ARM repeat region of B-catenin interacts directly with the N-terminus of TCF4, while the C-terminus of KLF4
associates with the HMG domain of TCF4. B-catenin and TCF4 however bind KLF4 independently of one
another. KLF4 inhibits the binding of TCF4 to its consensus sequence on Wnt target genes, thereby
repressing the Wnt signalling pathway (Zhang et al., 2006; Evans et al., 2010; Cho and Dressler, 1998).

6.2 The effect of KLF4 on the regulation of cell proliferation in colon cancer cells

KLF4 has been deemed a regulator of cell proliferation through several investigations. The
epigenetic modification of KLF4 in colon cancer cells has resulted in its activation, more so after
ZEB treatment. The up-regulation of KLF4 plays a major role in growth arrest through the inhibition
of DNA synthesis, thereby exerting an anti-proliferative role in colon cancer cells (Shields et al.,
1996). The induction of KLF4 through epigenetic modulation elevates the expression levels of
CDKNZ1A, involved in the induction of differentiation and cell cycle arrest, thereby encoding CDK
inhibitors p21"AF/®"* and p57""? (zhang et al., 2000; Chen et al., 2003). Several investigations
demonstrated that KLF4 activation subsequently inhibits the formation of cyclin/CDK complexes

through the repression of cyclin D1, cyclin D2, cyclin E and cyclin B1, thereby arresting the cell
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cycle (Figure 6.4) (Shie et al., 2000; Klaewsongkram et al., 2007; Yoon et al., 2005; Yoon and
Yang, 2004).
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Figure 6.4 KLF4 in cell cycle regulation and tumour suppression. The activation of KLF4 leads to the up-
regulation of CDKN1A which subsequently elevates p21 levels in the cell. This results in the inhibition of
cyclin B1, D1, D2 and E, arresting the cell cycle in G1/S-phase thereby reducing cell proliferation and tumour
formation (Zhang et al., 2000; Shie et al., 2000; Klaewsongkram et al., 2007; Yoon et al., 2005; Yoon and
Yang, 2004; Cheng and Yang, 2003; Chen et al., 2001).

KLF4 is involved in two major checkpoints of the cell cycle, namely the G1/S-phase and the G2/M-
phase. The inducible expression of KLF4 plays a role in cell cycle arrest at the G1/S-phase through
p21 activation (Yoon and Yang, 2004; Yoon et al., 2003; Chen et al., 2001). In addition arresting
the cell cycle G1/S-phase, high levels of KLF4 have been discovered to inhibit the expression of an
enzyme called ornithine decarboxylase that is involved in polyamine synthesis (Chen, et al., 2002).
Polyamines are compounds that bind to DNA segments, and their repression may lead to the
retardation of cell growth (Rato et al., 2011; Wang et al., 2003). KLF4 however binds to and inhibits
p53, thereby blocking apoptosis driven by DNA damage (Rowland et al., 2005). There is a
possibility however that treatment with VPA alone, or in synergy with ZEB, may hyperacetylate the
p53 gene thereby increasing its expression levels (Phiel et al., 2001). ZEB may also alter the
methylation status of DAPK and Caspase 8 leading to apoptotic events (Pompeia et al., 2004;
Kissil et al., 1997). A study performed on rats demonstrated that the inhibition of B-catenin and
TCF4 in cancer cells resulted in the activation of apoptotic genes leading to cell death (Chen et al.,
2001a).

6.3 KLF4 expression in breast cancer cells
Contradicting the results observed in colon cancer cells, KLF4 was detected at high levels in breast
adenocarcinoma cells and has been defined as an oncogene, thereby contributing to the

tumourigenicity of breast tumours (Foster et al., 2000). According to Pandya et al. (2004), it has
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also been established that high concentrations of KLF4 protein in the nucleus is linked to the
clinical outcome of a more tumourigenic phenotype through the effect of KLF4-induced neoplasia,
as was observed in the MCF-7 cells of the present study. The mechanism of action of KLF4 is
through its repression of p53, which is aberrantly overexpressed in breast cancer cells (Rowland et
al., 2005). KLF4 associates with Mucin-1 (MUC1) and binds to the PE21 element at the promoter
region of p53 (Figure 6.5), reducing levels of p53, thereby inhibiting apoptosis of malignant cells
(Wei et al., 2007; Roland et al., 2005). Thus, the lower expression of KLF4 observed in MCF-7
cells after low dose treatment with VPA as well as ZEB restores p53 levels, resulting in
programmed cell death. VPA may engage in the HDAC inhibition of p53, elevating its expression
level. MUCL1 transcription factor has also been discovered to bind securely to B-catenin, stabilising
this protein and leading to the downstream activation of Wnt responsive genes (Yamamoto et al.,
1997; Li et al., 1998; Huang et al., 2003).

PE21

Figure 6.5 KLF4 is involved in the regulation of p53 through its association with MUC1. The KLF4/MUC1
complex binds to the PE21 element of the p53 promoter and is involved in the recruitment of HDACs 1 and
3, thereby enhancing the deacetylation of p53 and inhibiting its expression (Adapted from Wei et al., 2007)

A link between KLF4 and the estrogen receptor-a (ERa) has been reported, where KLF4 binds to
ERa, which prevents ERa from binding to the promoter regions of its target genes, so inhibiting its
activity and reducing ERa-induced proliferation; this however occurs only in the presence of
estrogen (Akaogi et al., 2009). Notchl has also been monitored in breast cancer cells, and was
found to be activated by KLF4, thereby activating the Notch pathway contributing to the formation
of neoplasia (Lui et al., 2009). It was discovered that estrogen inhibits Notch signalling in an ERa
dependent manner (Rizzo et al., 2008). Moreover, treatment with low dose VPA and ZEB down-
regulated KLF4, thus reducing levels of Notchl leading to the repression of the Notch signalling
pathway, and contributing to an anti-neoplastic phenotype. Moreover, there is an association
between the Wnt and Notch signalling pathways, where an up-regulation of Wntl stimulates the
Wnt pathway and leads to the subsequent activation the Notch pathway, and this relationship

produces a malignant phenotype in breast cancer cells (Ayyanan et al., 2006).

105



6.4 Valproic acid and Zebularine in clinical trials

Several epigenetic modulators have been introduced to humans in Phase | and Phase Il clinical
trials in the therapy of cancer (Marks et al, 2001; Kramer et al., 2001). A Phase | investigation of
VPA involving twelve patients with cervical cancer was published, and displayed an overall of six
patients containing hyperacteylated histones, whereas eleven patients exhibited great levels of H3
acetylation and seven patients showed hyperacetylation of H4 (Chavez-Blanco et al., 2005).
Another Phase | trial involving Vaproic acid revealed that twelve out of sixteen patients with
advanced solid tumours demonstrated an increase in H3 and H4 acetylation, this however in a non
dose-dependent manner; and a reduction in HDAC?2 levels was also observed (Atamaca et al.,
2007). A Phase I/l study reported that advanced leukaemia patients treated with a combination of
VPA and 5-aza-CdR displayed global H3 and H4 hyperacetylation as well as transient DNA
hypomethylation (Garcia-Manero et al., 2006). An additional Phase I/Il clinical trial investigating the
effect of 5-aza-CR, VPA and all-trans retinoic acid (ATRA) on myeloid leukaemia patients showed
similar results (Soriano et al., 2007). A Phase Il trial exploiting VPA in combination with hydralazine
exhibited the same results as the Phase I/l trials with the addition of gene activation in breast
cancer tumours (Arce et al., 2006). There have been no human trials performed with ZEB to date,
however its long half-life in solution and low toxicity deems this DNMT inhibitor a favourable option

in its potential clinical applications (Cheng et al., 2003).
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CHAPTER 7
CONCLUDING REMARKS AND FUTURE DEVELOPMENTS

7.1 Concluding remarks

KLF4 is a complex transcription factor that has been discovered to regulate tumourigenesis in
colon cancer cells. Its role as a transcriptional activator and repressor, as well as its oncogenic and
tumour suppressor abilities renders this zinc finger protein a unique and valuable component in
cancer therapeutics. As the first study to observe the effects of VPA and ZEB on KLF4 expression,
several key details were highlighted here. KLF4 was differentially expressed in early and late stage
colon cancer cells as a tumour suppressor, as well as in breast cancer as an oncogene. All
treatments displayed dose-dependent gene regulation, and KLF4 induction was greater in late
stage colon cancer cells after treatment with ZEB as a demethylating agent, when compared to
VPA treatment. KLF4 was also induced at great levels after synergistic treatment with VPA and
ZEB in late stage colon cancer cells. KLF4 inhibition in breast cancer cells was highest after sole
treatments with lower concentrations of ZEB and VPA respectively. The expression levels of KLF4
and B-catenin were antagonistic to one another, as the induction of KLF4 led to its association with
B-catenin, and thereafter its subsequent inhibition of B-catenin. The down-regulation of 3-catenin
resulted in the reduction or inhibition of the Wnt pathway, thereby exerting anti-tumourigenic and

anti-proliferative properties on the cells.

Zebularine:
Hypomethylates
promoterregions

Valproic acid:
Hyperacetylates histones

*Inhibits Class | and
Classllb HDACs

*Inhibits DNMT1,
DNMT3a and
DNMT3b

Upregulates KLF4 Epigenetic Downregulates B-
expression treatment catenin
expression

Induces growth Inhibits Wnt

arrestand |r]h|t?|ts — pathway thereby
proliferation: Synergistic preventing

sIncreases p21 treatments tumourigenesis

activity enhanced overall

anti-tumourigenic
properties of colon
cancercells

Figure 7.1 The anti-tumourigenic effects of epigenetic treatments with VPA and ZEB

7.2 Future developments

Assessing the effects of the epigenetic induction of KLF4 in cancer cells opens doors for
prospective studies. To supplement this study, potential advancements may be to analyse the
induction and expression of apoptotic proteins through Western blotting, this to rule out other

factors contributing to cell death. Another crucial aspect is to determine whether all treatments are
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time-dependent, or whether sequential treatment with the demethylation agent followed by the
HDAC inhibitor affects KLF4 induction. In addition to this, a range of concentrations of VPA and
ZEB could be exploited to evaluate the dose-dependency of each treatment. Increasing the dose of
both these treatments in colon cancer cells may induce KLF4 expression. A comparison of KLF4
levels in colon cancer cells with a normal intestinal epithelium cell line is also appealing. Another
target would be to examine the changes of KLF4 and B-catenin gene expression, as well as other
genes involved in the Wnt signalling pathway through the application of pathway-focused PCR
arrays (Arikawa et al., 2011).

To determine patterns of DNA methylation within the KLF4 gene, bisulphite sequencing would be
an additional option to explore (Fraga and Esteller, 2002). Also, other strategies of sequencing,
besides bisulfite sequencing, may be investigated to assess the behaviour of the newly discovered
form of methylation mentioned in this study, namely 5-hydroxymethylation (Huang et al., 2010).
miRNA'’s, in particular miRNA-145 has been discovered to regulate the expression of pluripotent
markers including KLF4, thus a study on the effect of epigenetic modulation on miRNA-145 may be
of great interest (Xu et al., 2009). The treatment of cancer through immunotherapy is an expanding
field, and studies have shown that ZEB induces the expression of immune-related genes as a
result of hypermethylation (Liu et al., 2007). A crucial aspect of the Wnt signalling pathway in colon
cancer is the complexing of B-catenin with TCF4, therefore drugs that interrupt the association of
these two proteins, as well as the expression levels of TCF4, would be valuable in the therapy of

colon cancer (Graham et al., 2001).
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APPENDIX

Al Exonic sequence with mapped primers for KLF4
ACTCCTCTGGCCTTCTCTTGAGGCTCCCAGTTCACGCTGCACAGTGCTGGGCACTGCCTCCT
CTCCACACCCCTAGCGCCCCCCACCCCTCAGCAGAAGGGCCCGCGAGGAACCGTGCGAGGT
CAGGCCGAGCGCCGGCACCGCCACCGGCACTGGCGCTGAGCGACGAGAGCGGACTCCTGC
GAGCGCAGAGAGGGAGGGGGAGATGGAGGGCTGGATGAGTCACGCGGATAATCGCGCTCT
TCTCCAGCGCGCAGACAGCGCGGCAAGCGCGTATGCTAGCAGGGGTGCGGACGCGTGACC
GTGCCGCCCGCTGACCCCACCAGTCTTCGCGGGCTTCGAACCCAGGGAGCCGACAATGGCG
GGCAGTTTCCCGACCAGAGAGAACGAACGTGTCTGCGGGCGCGCGGGGAGCAGAGGCGGT
GGCGGGCGGCGGCGGCACCGGGAGCCGCCGAGTGACCCTCCCCCGLLCCTCTGGCCCCC
CACCCTCCCACCCGCCCGTGGCCCGCGCCCATGGCCGCGCGCGCTCCACACAACTCACCG
GAGTCCGCGCCTTGCGCCGCCGACCAGTTCGCAGCTCCGCGCCACGGCAGCCAGTCTCACC
TGGCGGCACCGCCCGCCCACCGCCCCGGCCACAGCCCCTGCGCCCACGGCAGCACTCGAG
GCGACCGCGACAGTGGTGGGGGACGCTGCTGAGTGGAAGAGAGCGCAGCCCGGCCACCGG
ACCTACTTACTCGCCTTGCTGATTGTCTATTTTTGCGTTTACAACTTTTCTAAGAACTTTTGTAT
ACAAAGGAACTTTTTAAAAAAGACGCTTCCAAGTTATATTTAATCCAAAGAAGAAGGATCTCGG
CCAATTTGGGGTTTTGGGTTTTGGCTTCGTTTCTTCTCTTCGTTGACTTTGGGGTTCAGGTGC
CCCAGCTGCTTCGGGCTGCCGAGGACCTTCTGGGCCCCCACATTAATGAGGAGGACCGGTG
GGACGCGCCGGAACGACGGCCGAAAGCCGCCCCTGACTCTCCTGTCTCCGCTCCCTGCCTT
GCTCGCAGGCAGCCACCTGGCGAGTCTGACATGGCTGTCAGCGACGCGCTGCTCCCATCTT
TCTCCACGTTCGCGTCTGGCCCGGCGGGAAGGGAGAAGACACTGCGTCAAGCAGGTGCCCC
GAATAACTTCTTCGACCCGGGAGTGGGCCGAGATTGCAGCGCTGGCGCCCTGGGTTCCCGG
GTGCTTCCTGCCTGACCAGTCCCCATGTCTGGGCGGTGCAGTCGCGCGTGGCCCGCCAGCA
CGTCAGTATGTCGGGTGGCAACAGGGGACCACCACTGACAGGTCTCTCCCGCCCTGTCCCC
GCAGCGCTGGCGGGAGGAGCTCTCCCACATGAAGCGACTTCCCCCAGTGCTTCCCGGCCGC
CCCTATGACCTGGCGGCGGCGACCGTGGCCACAGACCTGGAGAGCGGCGGAGCCGGTGCG
GCTTGCGGCGGTAGCAACCTGGCGCCCCTACCTCGGAGAGAGACCGAGGAGTTCAACGATC
TCCTGGACCTGGACTTTATTCTCTCCAATTCGCTGACCCATCCTCCGGAGTCAGTGGCCGCCA
CCGTGTCCTCGTCAGCGTCAGCCTCCTCTTCGTCGTCGCCGTCGAGCAGCGGCCCTGCCAG
CGCGCCCTCCACCTGCAGCTTCACCTATCCGATCCGGGCCGGGAACGACCCGGGCGTGGCG
CCGGGCGGCACGGGCGGAGGCCTCCTCTATGGCAGGGAGTCCGCTCCCCCTCCGACGGCT
CCCTTCAACCTGGCGGACATCAACGACGTGAGCCCCTCGGGCGGCTTCGTGGCCGAGCTCC
TGCGGCCAGAATTGGACCCGGTGTACATTCCGCCGCAGCAGCCGCAGCCGCCAGGTGGCG
GGCTGATGGGCAAGTTCGTGCTGAAGGCGTCGCTGAGCGCCCCTGGCAGCGAGTACGGCAG
CCCGTCGGTCATCAGCGTCAGCAAAGGCAGCCCTGACGGCAGCCACCCGGTGGTGGTGGC
GCCCTACAACGGCGGGCCGCCGCGCACGTGCCCCAAGATCAAGCAGGAGGCGGTCTCTTCG
TGCACCCACTTGGGCGCTGGACCCCCTCTCAGCAATGGCCACCGGCCGGCTGCACACGACT
TCCCCCTGGGGCGGCAGCTCCCCAGCAGGACTACCCCGACCCTGGGTCTTGAGGAAGTGCT
GAGCAGCAGGGACTGTCACCCTGCCCTGCCGCTTCCTCCCGGCTTCCATCCCCACCCGGGG
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CCCAATTACCCATCCTTCCTGCCCGATCAGATGCAGCCGCAAGTCCCGCCGCTCCATTACCA
AGGTCAGTCCCGGGGATTTGTAGCTCGGGCTGGGGAGCCCTGTGTGTGCTGGCCCCACTTC
GGGACACACGGGATGATGCTCACCCCACCTTCTTCACCCCTAGAGCTCATGCCACCCGGTTC
CTGCATGCCAGAGGAGCCCAAGCCAAAGAGGGGAAGACGATCGTGGCCCCGGAAAAGGACC
GCCACCCACACTTGTGATTACGCGGGCTGCGGCAAAACCTACACAAAGAGTTCCCATCTCAA
GGCACACCTGCGAACCCACACAGGTGAGAAACCTTACCACTGTGACTGGGACGGCTGTGGAT
GGAAATTCGCCCGCTCAGATGAACTGACCAGGCACTACCGTAAACACACGGGGCACCGCCC
GTTCCAGTGCCAAAAATGCGACCGAGCATTTTCCAGGTCGGACCACCTCGCCTTACACATGA
AGAGGCATTTTTAAATCCCAGACAGTGGATATGACCCACACTGCCAGAAGAGAATTCAGTATT
TTTTACTTTTCACACTGTCTTCCCGATGAGGGAAGGAGCCCAGCCAGAAAGCACTACAATCAT
GGTCAAGTTCCCAACTGAGTCATCTTGTGAGTGGATAATCAGGAAAAATGAGGAATCCAAAAG
ACAAAAATCAAAGAACAGATGGGGTCTGTGACTGGATCTTCTATCATTCCAATTCTAAATCCGA
CTTGAATATTCCTGGACTTACAAAATGCCAAGGGGGTGACTGGAAGTTGTGGATATCAGGGTA
TAAATTATATCCGTGAGTTGGGGGAGGGAAGACCAGAATTCCCTTGAATTGTGTATTGATGCA
ATATAAGCATAAAAGATCACCTTGTATTCTCTTTACCTTCTAAAAGCCATTATTATGATGTTAGA
AGAAGAGGAAGAAATTCAGGTACAGAAAACATGTTTAAATAGCCTAAATGATGGTGCTTGGTG
AGTCTTGGTTCTAAAGGTACCAAACAAGGAAGCCAAAGTTTTCAAACTGCTGCATACTTTGACA
AGGAAAATCTATATTTGTCTTCCGATCAACATTTATGACCTAAGTCAGGTAATATACCTGGTTTA
CTTCTTTAGCATTTTTATGCAGACAGTCTGTTATGCACTGTGGTTTCAGATGTGCAATAATTTGT
ACAATGGTTTATTCCCAAGTATGCCTTAAGCAGAACAAATGTGTTTTTCTATATAGTTCCTTGC
CTTAATAAATATGTAATATAAATTTAAGCAAACGTCTATTTTGTATATTTGTAAACTACAAAGTAA
AATGAACATTTTGTGGAGTTTGTATTTTGCATACTCAAGGTGAGAATTAAGTTTTAAATAAACCT
ATAATATTTTATCTGAA

Forward primer ACCAGGCACTACCGTAAACACA
Reverse primer GGTCCGACCTGGAAAATGCT

Protein sequence for KLF4
MRQPPGESDMAVSDALLPSFSTFASGPAGREKTLRQAGAPNNRWREELSHMKRLPPVLPGRPY
DLAAATVATDLESGGAGAACGGSNLAPLPRRETEEFNDLLDLDFILSNSLTHPPESVAATVSSSAS
ASSSSSPSSSGPASAPSTCSFTYPIRAGNDPGVAPGGTGGGLLYGRESAPPPTAPFNLADINDVS
PSGGFVAELLRPELDPVYIPPQQPQPPGGGLMGKFVLKASLSAPGSEYGSPSVISVSKGSPDGSH
PVVVAPYNGGPPRTCPKIKQEAVSSCTHLGAGPPLSNGHRPAAHDFPLGRQLPSRTTPTLGLEEV
LSSRDCHPALPLPPGFHPHPGPNYPSFLPDQMQPQVPPLHYQELMPPGSCMPEEPKPKRGRRS
WPRKRTATHTCDYAGCGKTYTKSSHLKAHLRTHTGEKPYHCDWDGCGWKFARSDELTRHYRKH
TGHRPFQCQKCDRAFSRSDHLALHMKRHF
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A2 Exonic sequence with mapped primers for CTNNB1
AGCAAAGAATCACCCCACACAAAGATGGCGCGTGCAGAATTTGTGAAAGCGAAAAAGAAGAC
GAAGGAGAAGCAAAGAGGGACGGAATACTGCAGTGCTAGGGTGACATAATTTTTTGTTTAAGA
TCCAGTAAGACTCCCTGTTTTTAATACATATAAAGCAACAGACATGTATATGTCGATAAACTGA
GGGTTTGCGTCCCTATTGCCTGGTGCAAGCTACAGCAAAAAACCGGTGATATCACATCTACAA
ATCTCAATGGATTCAAAAACAATATGAAAATTTTTAGCTGACAAGAACATGTCTGCTGCCTGCA
GTCCCTGCAATAGCTCACCATGTTGCCTACTAACCAAAAGATCAAAAATTATCGATTTCATGGC
GCTGCGAGGTCTGGAAAGAAAAGCTACTTTAAAATTTGCATTGTTTAAGAAATGACTTAAAAGA
AAAGAATCATTTTTTTTTCTGAATACTTTGGAAGGTGAAAATGGCTTGTTTTAATCTTATCCATG
ATTTACTATAATTCTATTATTTTTAGCAGCTGGAGTCCAGAAATGATTTTTTCGATGAATTTAGG
ATTTTGCCGCAGTATACATCTGCAGTCCCAGAATCCTCCGAGGTACTCCTAAGGACTTGTTGA
ATTGCGGGCTTGGCGCCCGTTCTACGGAGAGTTCACAGCCTTCGTGAGTGGGGACAGAAGG
CGGCTCGGCCCGGTGATTCAGGTCGAAATTCAAGCTGAACAGCCTGCTGAGAGGCTGCGCC
GGTGGCGGCAGGATACAGCGGCTTCTGCGCGACTTATAAGAGCTCCTTGTGCGGCGCCATTT
TAAGCCTCTCGGTCTGTGGCAGCAGCGTTGGCCCGGCCCCGGGAGCGGAGAGCGAGGGGA
GGCGGAGACGGAGGAAGGTCTGAGGAGCAGCTTCAGTCCCCGCCGAGCCGCCACCGCAGG
TCGAGGACGGTCGGACTCCCGCGGCGGGAGGAGCCTGTTCCCCTGAGAGTTGGGGTTCGG
GCGCTGAGGCAGAGACGCCACCCTAAGTCCCATCAGTCCTGGGGATCGGACCAGTGGACTT
TCTCTTAAGATTTCCTCTTTCATTCTTAAGAATAGAAGTGTTATTATTTTTTTTAATGCCCTGGCT
ATGTGAGTTTGAATCGAAGCAACTTTAAACCTTAGAGCAACTAAACTCTAAGTGCAGCGGGTG
CGATGCGTCAGTAGGGTGAGCACATAAAAAATCCATGTCTTGCACCTGTATTTTAGCGTACTA
TGCAGAAAATTTTCCTGAAGTGATTGGTAAGTTTTGGCTAATTGGGAGCACTAGAATTGGGCC
CTTAATGGTTGGCAGGGTGTGGTGGAGGAGAGACAGCCCTTAGTCCAAAGGCTCAGGCCAG
AAAAAGAAAGAGGAAGGCTTTCCTTTTCCTTTCCGGAGCAGGGTTCTGCCCTAGGTCTTGCTT
GGCAGTCTATTTGATTTCTTTAGCAGTTAATGCTCAGTTTTTTGGCATATGTGGATCTGCCTCC
AGAGCAGGTACAAGGGTATTTGAAGTATACCATACAACTGTTTTGAAAATCCAGCGTGGACAA
TGGCTACTCAAGGCTACCTTTTGCTCCATTTTCTGCTCACTCCTCCTAATGGCTTGGTGAAATA
GCAAACAAGCCACCAGCAGGAATCTAGTCTGGATGACTGCTTCTGGAGCCTGGATGCAGTAC
CATTCTTCCACTGATTCATTCTAAAAATATTTCAATGGGTCATATCACAGATTCTTTTTTTTTAAA
TTAAAGTAACATTTCCAATCTACTAATGCTAATACTGTTTCGTATTTATAGCTGATTTGATGGAG
TTGGACATGGCCATGGAACCAGACAGAAAAGCGGCTGTTAGTCACTGGCAGCAACAGTCTTA
CCTGGACTCTGGAATCCATTCTGGTGCCACTACCACAGCTCCTTCTCTGAGTGGTAAAGGCAA
TCCTGAGGAAGAGGATGTGGATACCTCCCAAGTCCTGTATGAGTGGGAACAGGGATTTTCTC
AGTCCTTCACTCAAGAACAAGTAGCTGATATTGATGGACAGTATGCAATGACTCGAGCTCAGA
GGGTACGAGCTGCTATGTTCCCTGAGACATTAGATGAGGGCATGCAGATCCCATCTACACAG
TTTGATGCTGCTCATCCCACTAATGTCCAGCGTTTGGCTGAACCATCACAGATGCTGAAACAT
GCAGTTGTAAACTTGATTAACTATCAAGATGATGCAGAACTTGCCACACGTGCAATCCCTGAA
CTGACAAAACTGCTAAATGACGAGGACCAGGTGGTGGTTAATAAGGCTGCAGTTATGGTCCAT
CAGCTTTCTAAAAAGGAAGCTTCCAGACACGCTATCATGCGTTCTCCTCAGATGGTGTCTGCT
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ATTGTACGTACCATGCAGAATACAAATGATGTAGAAACAGCTCGTTGTACCGCTGGGACCTTG
CATAACCTTTCCCATCATCGTGAGGGCTTACTGGCCATCTTTAAGTCTGGAGGCATTCCTGCC
CTGGTGAAAATGCTTGGTTCACCAGTGGATTCTGTGTTGTTTTATGCCATTACAACTCTCCAC
AACCTTTTATTACATCAAGAAGGAGCTAAAATGGCAGTGCGTTTAGCTGGTGGGCTGCAGAAA
ATGGTTGCCTTGCTCAACAAAACAAATGTTAAATTCTTGGCTATTACGACAGACTGCCTTCAAA
TTTTAGCTTATGGCAACCAAGAAAGCAAGCTCATCATACTGGCTAGTGGTGGACCCCAAGCTT
TAGTAAATATAATGAGGACCTATACTTACGAAAAACTACTGTGGACCACAAGCAGAGTGCTGA
AGGTGCTATCTGTCTGCTCTAGTAATAAGCCGGCTATTGTAGAAGCTGGTGGAATGCAAGCTT
TAGGACTTCACCTGACAGATCCAAGTCAACGTCTTGTTCAGAACTGTCTTTGGACTCTCAGGA
ATCTTTCAGATGCTGCAACTAAACAGGAAGGGATGGAAGGTCTCCTTGGGACTCTTGTTCAGC
TTCTGGGTTCAGATGATATAAATGTGGTCACCTGTGCAGCTGGAATTCTTTCTAACCTCACTTG
CAATAATTATAAGAACAAGATGATGGTCTGCCAAGTGGGTGGTATAGAGGCTCTTGTGCGTAC
TGTCCTTCGGGCTGGTGACAGGGAAGACATCACTGAGCCTGCCATCTGTGCTCTTCGTCATC
TGACCAGCCGACACCAAGAAGCAGAGATGGCCCAGAATGCAGTTCGCCTTCACTATGGACTA
CCAGTTGTGGTTAAGCTCTTACACCCACCATCCCACTGGCCTCTGATAAAGGCTACTGTTGGA
TTGATTCGAAATCTTGCCCTTTGTCCCGCAAATCATGCACCTTTGCGTGAGCAGGGTGCCATT
CCACGACTAGTTCAGTTGCTTGTTCGTGCACATCAGGATACCCAGCGCCGTACGTCCATGGG
TGGGACACAGCAGCAATTTGTGCTTCCTGAACTAATTGCAAGTTACGGGGAACTTCGGGTATA
TAATGTAAATAATTACAGTCTAATAATTGTTCCTCAAACTTTACAGAGGAGAATGCCCTGTTTGT
TAACCATGTTTCTTTTGGCAGGAGGGGGTCCGCATGGAAGAAATAGTTGAAGGTTGTACCGG
AGCCCTTCACATCCTAGCTCGGGATGTTCACAACCGAATTGTTATCAGAGGACTAAATACCAT
TCCATTGTTTGTGCAGCTGCTTTATTCTCCCATTGAAAACATCCAAAGAGTAGCTGCAGGGGT
CCTCTGTGAACTTGCTCAGGACAAGGAAGCTGCAGAAGCTATTGAAGCTGAGGGAGCCACAG
CTCCTCTGACAGAGTTACTTCACTCTAGGAATGAAGGTGTGGGTAAGTAAAAAGGAACCAAAG
CCTTTAGCAGATGTGTACATTGAAGTCTCAGTTTTTCCTCAAGGGCCTTTTTCTCCTTGTCTCT
TAGCGACATATGCAGCTGCTGTTTTGTTCCGAATGTCTGAGGACAAGCCACAAGATTACAAGA
AACGGCTTTCAGTTGAGCTGACCAGCTCTCTCTTCAGAACAGAGCCAATGGCTTGGAATGAG
GTAGGGAAATGTGAGCAGTTATTTATCTGGTAGTTTCCTAGAGCAGGTATGGCAGCTTGTTCT
TTCCTCTCAAAACACTTAGTACACATTCATTTGCATTGATGTTTCCCTGGCTTGAGTATTTCTTC
TTTATGCTGTCTAGCAACTGCTCTGAGGAAGAACTATAATACAAGCTTTAAAGAGTCTGTTCAG
AATCATTACAAATAAGTTGTGTTATTTAAAATTATAATTCATAAGGGAGAAAGATGAAAAATGTT
ACCAGATTAAAGAAGATTTTTCAAAAGGATGTAAGGAAAGAGGCAGTGTTAAACACTGTTAAG
AGGACAGTTTATCAGTATTTTTTACTAAACTTTAATAAAACTTTTCTATTTGAATTTCTGCTATGA
ATTTTTCTTCAGCATTTGTCCTCAGTACAGGTGGTTCCTTGAAACATTGTTTCTAATAAAACTAG
AACATCCTGATATTTTATCCATTCTATAGAGATCATTGATGGTACACAGACATACAGTGGATTA
TGTTTGTTGAGTGAATGGAAAGAGAGATTGTTAGGTTTACAACGATGCAGCTCTTGAGACCGG
AGTTTAAGATCAGCCTGGGCAACATAGTGAAACCCCATCTTTAGCTGGGCATGGAGATGGAT
GCCTATAGTCCTAGCTACTGGGGAGACGGGGGCAGGAGGATTGCTTGAACCCAGGAGTTAA
CAGACTGCACTCAGTGACAGAGCCAGACTCCAACACAAAAAAAAAAAAAAAAAAAAAACTGCT
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GATCTTGGACTTGATATTGGTGCCCAGGGAGAACCCCTTGGATATCGCCAGGATGGATCCTA
GCTATCGTTCTTTTCACTCTGGTGGATATGGCCAGGATGCCTTGGGTATGGACCCCATGATGG
AACATGAGATGGGTGGCCACCACCCTGGTGCTGACTATCCAGTTGATGGGCTGCCAGATCTG
GGGCATGCCCAGGACCTCATGGATGGGCTGCCTCCAGGTGACAGCAATCAGCTGGCCTGGT
TTGATACTGACCTGTAAATCATCCTTTAGGTAAGAAGTTTTAAAAAGCCAGTTTGGGTAAAATA
CTTTTACTCTGCCTACAGAACTTCAGAAAGACTTGGTTGGTAGGGTGGGAGTGGTTTAGGCTA
TTTGTAAATCTGCCACAAAAACAGGTATATACTTTGAAAGGAGATGTCTTGGAACATTGGAATG
TTCTCAGATTTCTGGTTGTTATGTGATCATGTGTGGAAGTTATTAACTTTAATGTTTTTTGCCAC
AGCTTTTGCAACTTAATACTCAAATGAGTAACATTTGCTGTTTTAAACATTAATAGCAGCCTTTC
TCTCTTTATACAGCTGTATTGTCTGAACTTGCATTGTGATTGGCCTGTAGAGTTGCTGAGAGG
GCTCGAGGGGTGGGCTGGTATCTCAGAAAGTGCCTGACACACTAACCAAGCTGAGTTTCCTA
TGGGAACAATTGAAGTAAACTTTTTGTTCTGGTCCTTTTTGGTCGAGGAGTAACAATACAAATG
GATTTTGGGAGTGACTCAAGAAGTGAAGAATGCACAAGAATGGATCACAAGATGGAATTTATC
AAACCCTAGCCTTGCTTGTTAAATTTTTTTTTTTTTTTTTTTAAGAATATCTGTAATGGTACTGAC
TTTGCTTGCTTTGAAGTAGCTCTTTTTTTTTTTTTTTTTTTTTTTTTGCAGTAACTGTTTTTTAAGT
CTCTCGTAGTGTTAAGTTATAGTGAATACTGCTACAGCAATTTCTAATTTTTAAGAATTGAGTAA
TGGTGTAGAACACTAATTCATAATCACTCTAATTAATTGTAATCTGAATAAAGTGTAACAATTGT
GTAGCCTTTTTGTATAAAATAGACAAATAGAAAATGGTCCAATTAGTTTCCTTTTTAATATGCTT
AAAATAAGCAGGTGGATCTATTTCATGTTTTTGATCAAAAACTATTTGGGATATGTATGGGTAG
GGTAAATCAGTAAGAGGTGTTATTTGGAACCTTGTTTTGGACAGTTTACCAGTTGCCTTTTATC
CCAAAGTTGTTGTAACCTGCTGTGATACGATGCTTCAAGAGAAAATGCGGTTATAAAAAATGG
TTCAGAATTAAACTTTTAATTCATTCGATTGGAAGTAGGAGTCAAAGTGACCCTTGTCTACTGT
GATGCTGAATTCATGACTAAGAGACTATTGGTGAACTTATCCTGGCTGTGATTACAGACGTCA
AGAGGGAGTATTCCAGCGACACTAAGAAAATAATGCAAGAGAACGCCAGCGAAGAGTGCCCA
GGCAACACTGACAGACTAGAAAAAAAATATCAGGAGATGAAGCTGACACAGTGAGAGCAGCC
CAGGTGCTTCTTGGTGCTTGTTATTACAGACACACACTTCACACAGGGGAGGATTATTTTAATT
CTGTGGCCTTCAGATCTCATAAATACAAGTAAAAACAAGCAGGTAACTATGATAACTTTACTTC
AGAGAGTTTAAATTTCAAAAATAAACCTATCCATCC

Forward primer GCTGGGACCTTGCATAACCTT
Reverse primer ATTTTCACCAGGGCAGGAATG

Protein sequence for CTNNB1
MATQADLMELDMAMEPDRKAAVSHWQQQSYLDSGIHSGATTTAPSLSGKGNPEEEDVDTSQVL
YEWEQGFSQSFTQEQVADIDGQYAMTRAQRVRAAMFPETLDEGMQIPSTQFDAAHPTNVQRLA
EPSQMLKHAVVNLINYQDDAELATRAIPELTKLLNDEDQVVVNKAAVMVHQLSKKEASRHAIMRSP
QMVSAIVRTMQNTNDVETARCTAGTLHNLSHHREGLLAIFKSGGIPALVKMLGSPVDSVLFYAITTL
HNLLLHQEGAKMAVRLAGGLQKMVALLNKTNVKFLAITTDCLQILAYGNQESKLIILASGGPQALVN
IMRTYTYEKLLWTTSRVLKVLSVCSSNKPAIVEAGGMQALGLHLTDPSQRLVQNCLWTLRNLSDA
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ATKQEGMEGLLGTLVQLLGSDDINVVTCAAGILSNLTCNNYKNKMMVCQVGGIEALVRTVLRAGD

REDITEPAICALRHLTSRHQEAEMAQNAVRLHYGLPVVVKLLHPPSHWPLIKATVGLIRNLALCPAN
HAPLREQGAIPRLVQLVRAHQDTQRRTSMGGTQQQFVEGVRMEEIVEGCTGALHILARDVHNRIV
IRGLNTIPLFVQLLYSPIENIQRVAAGVLCELAQDKEAAEAIEAEGATAPLTELLHSRNEGVATYAAA
VLFRMSEDKPQDYKKRLSVELTSSLFRTEPMAWNETADLGLDIGAQGEPLGYRQDDPSYRSFHS

GGYGQDALGMDPMMEHEMGGHHPGADYPVDGLPDLGHAQDLMDGLPPGDSNQLAWFDTDL
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A3 List of reagents and ingredients
10%"/, FBS/DMEM:F12

5mL fetal bovine serum (Invitrogen)
45mL DMEM:F12 (Invitrogen)

100uL 10 000U penicillin/mL 10 000ug
streptomycin/mL (Lonza BioWhittaker ®)

2.5%"/, FBS/DMEM:F12

20mL fetal bovine serum (GIBCO Invitrogen)
30mL DMEM:F12 (Lonza BioWhittaker ®)
100uL 10 000U penicillin/mL 10 000ug
streptomycin/mL (Lonza BioWhittaker ®)

50:50 Cyroprotective medium

5mL Cyroprotective medium (Lonza)
5mL DMEM:F12

10X TBE

108g Tris (Saarchem)
559 Boric acid (Sigma)
9.3g EDTA (Merck)
Prepared to 1L pH 8.3
1X TBE

100mL 10X TBE
900mL dH,O

Prepared to 1L

1.5%"/, Agarose gel

1.5g Agarose powder (Bio-Rad)
100mL 1X TBE
6.5uL Ethidium bromide (Promega)

200mL PBS
1X PBS tablet (Sigma-Aldrich)
200mL dH,0O

3%'/, Formaldehyde

16.5mL PBS (Sigma-Aldrich)
1.5mL Formaldehyde (Univar)

0.5%"/, BSAIPBS

0.5g bovine serum albumin (Sigma-Aldrich)
100mL PBS (Sigma-Aldrich)

0.25%"/, BSA/PBS/Triton X

50mL 0.5%"/, BSA/PBS (Sigma-Aldrich)
125uL Triton X (Lonza)

Primary antibody 1:100

1uL primary antibody (KLF4 and 3-catenin)
99uL 0.5%"/, BSA/PBS

GKLF (H-180)
Rabbit polyclonal IgG
200ug/mL

Santa Cruz

Cat. no. sc-20691

Purified mouse anti B-Catenin
MADb 50ug, 0.2mL, 250ug/mL
BD Transduction laboratories
Cat. no. 610153

Secondary antibody 1:200

1uL secondary antibody (Santa-Cruz)
199uL 0.5%'/, BSA/PBS

Alexa Fluor® 568 conjugated donkey anti rabbit
(KLF4)

0.5mL

Life Technologies

A10042

Alexa Fluor® 568 conjugated donkey anti mouse
(B-catenin)

0.5mL

Life Technologies

A10037

Alexa Fluor® 488 Phalloidin 1:20

5uL Alexa Fluor® Phalloidin (Lonza)
95uL 0.5%"/, BSA/PBS

DAPI 1:10 000

1uL DAPI (Boehringer Mannheim)
9 999uL/~10mL PBS

Microscope and software information

Olympus 1X71- inverted microscope with
epifluorescence

Software: analySIS FIVE, Olympus Soft Imaging
Systems, Germany

Zeiss Laser Scanning Microscope, LSM 780, ZEN
Software (2011)
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A4 Drug information

Valproic acid (P4543: Sigma-aldrich)

Empirical formula: CgH;sNaO,
Molecular weight: 166.19
Solubility: H,O — 50mg/mL

Zebularine (Z4775: Sigma-aldrich)

Empirical formula: CgH1,N,05
Molecular weight: 228.20
Solubility: DMSO — 16mg/mL
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A5 The 222 method

The 224" method was used to analyse relative gene expression in this study (Livak and
Schmittgen, 2001). The C, of the target gene was first normalised to that of the reference gene (in
this case B—actin) for both test and calibrator samples following Equations 3.1 and 3.2:

ACt(test) = Ct(test,targ et) C(ref Jtest) [Equation A5.1]
AC C C

t(calibraton — “t(test,calibrato)

(ref calibratop [Equation A5.2]

The C; of the test sample was then normalised to the C of the calibrator as seen below:

AACt(calibrator) = ACt(test) _Ac(calibrator) [Equation A5.3]

As a result, the ratio of the target gene in the test sample to the calibrator sample is found, which is
normalised to the reference gene. All treated sample results are relative to the untreated samples.
The expression ratio can be calculated as in Equation 3.4:

—AAC, _ - . .
2 = Normalised exp resssion ratio (Equation A5.4]
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A6 Microscopy control images
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Figure A6.1 Microscopy images of untreated SW480 cells representing protein localisation for [A] KLF4
(63x) and [B] B-catenin (63x). Nuclei= blue, actin filaments= green, protein= red, protein co-localisation=
pink. [A] KLF4 protein is highly condensed within nuclei, as indicated by arrows. [B] B-catenin is localised at
the nuclear periphery, as revealed by the arrows.
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Figure A6.2 Microscopy images of untreated DLD-1 cells representing protein localisation for [A] KLF4 (60x)
and [B] B-catenin (60x). Nuclei= blue, actin filaments= green, protein= red, protein localised in nuclei= pink.
[A] KLF4 protein is localised within Golgi bodies or ER at the nuclear periphery, as denoted by arrows. [B] -
catenin is found at high intensity at the cell membrane, as indicated by the arrows.
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Figure A6.3 Microscopy images of untreated MCF-7 cells representing protein localisation for [A] KLF4 (63x)
and [B] B-catenin (63x). Nuclei= blue, actin filaments= green, protein= red, protein localised in nuclei= pink.
[A] KLF4 protein is intensely localised within the nucleus, as well as throughout the cytoplasm, as indicated
by arrows. [B] B-catenin is found at high levels at the cell membrane, as denoted by the arrows.

Figure A6.4 Fluorescent images depicting negative control DLD-1 cells in which the secondary antibody is
omitted. [A] Represents the blue channel (DAPI), [B] represents the green channel (Phalloidin), [C]
represents the red channel (Alexa Fluor® 568) and [D] is the composite image of the three channels. The
blue fluorescent DAPI stain shows the presence of the nuclei. The Alexa Fluor® 488 Phalloidin (green)
conjugate stains the F-actin filaments. The lack of red fluorescence (Alexa Fluor® 568) (C and D) shows the
specificity of the primary antibody to -catenin; and similarly, primary antibody to KLF4 also detected with a
secondary antibody conjugated to Alexa Fluor® 568 was specific. The white arrow (A, D) indicates a nucleus
present in one of the cells.
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A7

101

201

301

401

501

601

701

801

901

1001
1101
1201
1301
1401
1501
1601
1701
1801
1901
2001
2101
2201
2301
2401
2501
2601
2701
2801
2901
3001
3101
3201
3301
3401

Methylator results for KLF4 (Red indicates methylated cytosines)

1 actcctctgg
gceegegagyg
gggagatgga
acecgtgcege
gggcgegegyg
gtggccegeg
cacctggecgg
aagagagcgc
ttttaaaaaa
tttggggttc
aagcegcccc
ctccacgtte
gctggegceccce
caacagggga
cecgcccectat
agagagaccg
cagecgtcagc
gggegtggeg
agcccctegg
gcaagttegt
ggtggtggtyg
ctcagcaatg
gcagggactg
ccegeegcete
accccacctt
ccgccaccca
ccactgtgac
aaatgcgace
gaattcagta
tgtgagtgga
gacttgaata
gaattccctt
gaagaaattc
aactgctgca

tatgcagaca

ccttctcttg
aaccgtgcga
gggctggatg
ccgctgaccce
ggagcagagg
cccatggceg
caccgccecge
agcceggcca
gacgcttcca
aggtgcccca
tgactctcct
gegtctggee
tgggttcceg
ccaccactga
gacctggegg
aggagttcaa
ctcctctteg
ccgggeggcea
gcggcttegt
gctgaaggeg
gcgccctaca
gccaccggce
tcaccctgcecce
cattaccaag
cttcacccct
cacttgtgat
tgggacggct
gagcattttc
ttttttactt
taatcaggaa
ttcctggact
gaattgtgta
aggtacagaa
tactttgaca
gtctgttatg

aggctcccag
ggtcaggceg
agtcacgcgg
caccagtctt
cggtggeggg
cgcgecgctcece
ccacecgccce
cecggacctac
agttatattt
gctgcttegg
gtctcegetce
cggcgggaag
ggtgcttcct
caggtctctc
cggcgacegt
cgatctcctg
tecgtegcecegt
cgggeggagyg
ggccgagctc
tcgctgageg
acggegggcece
ggctgcacac
ctgcegcectte
gtcagtcceg
agagctcatg
taecgegggcet
gtggatggaa
caggteggac
ttcacactgt
aaatgaggaa
tacaaaatgc
ttgatgcaat
aacatgttta
aggaaaatct

cactgtggtt

ttcacgctgce
agcgccggca
ataatcgegce
cgecgggctte
cggeggegge
acacaactca
ggccacagcc
ttactecgccet
aatccaaaga
gctgcecgagg
cctgecttge
ggagaagaca
gcctgaccag
ccgccecctgtce
ggccacagac
gacctggact
cgagcagcgg
cctcctctat
ctgecggccag
cccctggcag
gcegegcacyg
gacttcccce
ctcceggett
gggatttgta
ccacceggtt
gcggcaaaac
attegccege
cacctegcect
cttccegatg
tccaaaagac
caagggggtg
ataagcataa
aatagcctaa
atatttgtct
tcagatgtgce

acagtgctgg
ccgccaccgg
tcttcteccag
gaacccaggg
accgggagce
ccggagtceg
cctgegecca
tgctgattgt
agaaggatct
accttctggg
tcgcaggcag
ctgcgtcaag
tccccatgte
ccegcagege
ctggagagcg
ttattctctce
ccctgccage
ggcagggagt
aattggacce
cgagtacggc
tgccccaaga
tggggeggcea
ccatccccac
gctegggetg
cctgcatgcc
ctacacaaag
tcagatgaac
tacacatgaa
agggaaggag
aaaaatcaaa
actggaagtt
aagatcacct
atgatggtgc
tcecgatcaac
aataatttgt

gcactgccte
cactggegct
cgcgcagaca
agccgacaat
gccgagtgac
cgccttgege
cggcagcact
ctatttttge
cggccaattt
cccccacatt
ccacctggeg
caggtgccce
tgggeggtgce
tggcgggagg
gcggagcegyg
caattegctg
gcgccctcecca
ccgctccccece
ggtgtacatt
agccegtegg
tcaagcagga
gctccccagce
ccggggccca
gggagccctg
agaggagccc
agttcccatc
tgaccaggca
gaggcatttt
cccagccaga
gaacagatgg
gtggatatca
tgtattctct
ttggtgagtc
atttatgacc
acaatggttt

ctctccacac
gagcgacgag
gecgeggcaag
ggcgggcagt
cctccceege
cgccgaccag
cgaggcgace
gtttacaact
ggggttttgg
aatgaggagg
agtctgacat
gaataacttc
agtecgcgegt
agctctccca
tgeggcttge
acccatcctce
cctgcagcectt
tcecgacggcet
ccgcegcage
tcatcagegt
ggcggtctct
aggactaccc
attacccatc
tgtgtgctgg
aagccaaaga
tcaaggcaca
ctaccgtaaa
taaatcccag
aagcactaca
ggtctgtgac
gggtataaat
ttaccttcta
ttggttctaa
taagtcaggt

attcccaagt

ccctagegcec
agcggactcc
cgcgtatget
ttccegacca
ccctctggcece
ttecgcagctc
gcgacagtgg
tttctaagaa
gttttggctt
accggtggga
ggctgtcage
ttegaccegg
ggccegecag
catgaagcga
ggcggtagcea
cggagtcagt
cacctatcecg
cccttcaacc
agccgcagce
cagcaaaggc
tcgtgcaccc
cgaccctggg
cttcctgcce
ccccactteg
ggggaagacg
cctgcgaacc
cacacggggc
acagtggata
atcatggtca
tggatcttct
tatatcegtg
aaagccatta
aggtaccaaa
aatatacctg

atgccttaag

ccccacccect
tgecgagegca
agcaggggtyg
gagagaacga
ccccacccte
cgcgccacgg
tgggggacgce
cttttgtata
cgtttcttct
cgcgccggaa
gacgcgctgce
gagtgggceg
cacgtcagta
cttccccecag
acctggegcecc
ggccgccace
atcecgggceg
tggcggacat
gccaggtgge
agccctgacg
acttgggecgce
tcttgaggaa
gatcagatgc
ggacacacgg
ategtggccc
cacacaggtg
accgccegtt
tgacccacac
agttcccaac
atcattccaa
agttggggga
ttatgatgtt
caaggaagcc
gtttacttct

cagaacaaat

cagcagaagg
gagagggagyg
cggacgegtyg
acgtgtctge
ccaccecgcce
cagccagtct
tgctgagtgg
caaaggaact
cttegttgac
cgacggccga
tcccatettt
agattgcage
tgtegggtgg
tgcttccegg
cctacctegg
gtgtcctegt
ggaacgaccc
caacgacgtg
gggctgatgg
gcagccacce
tggaccccct
gtgctgagca
agccgcaagt
gatgatgctc
cggaaaagga
agaaacctta
ccagtgccaa
tgccagaaga
tgagtcatct
ttctaaatce
gggaagacca
agaagaagag
aaagttttca
ttagcatttt
gtgtttttct
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1400
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3501 atatagttcc ttgccttaat aaatatgtaa tataaattta agcaaacgtc tattttgtat atttgtaaac tacaaagtaa aatgaacatt ttgtggagtt 3600
3601 tgtattttgc atactcaagg tgagaattaa gttttaaata aacctataat attttatctg aa 3662
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A8

101

201

301

401

501

601

701

801

901

1001
1101
1201
1301
1401
1501
1601
1701
1801
1901
2001
2101
2201
2301
2401
2501
2601
2701
2801
2901
3001
3101
3201
3301
3401

Methylator results for CTNNB1 (Red indicates methylated cytosines)

1 agcaaagaat
gggtgacata
cctattgccet
atgtctgctg
aagctacttt
ttatccatga
cccagaatcc
gctecggeeceg
gctccttgtg
ctgaggagca
ggcgctgagg
tgttattatt
agtagggtga
agcactagaa
cttttccttt
cctccagagce
ctgctcactc
tccactgatt
cgtatttata
atccattctg
agggattttc
gacattagat
gcagttgtaa
ttaataaggc
catgcagaat
ggaggcattc
gagctaaaat
tcaaatttta
aaactactgt
ttcacctgac
ccttgggact
aagatgatgg
ttegtcatct
atcccactgg

cgactagttc

caccccacac
attttttgtt
ggtgcaagct
cctgcagtcc
aaaatttgca
tttactataa
tcegaggtac
gtgattcagg
cggcgccatt
gcttcagtcc
cagagacgcc
ttttttaatg
gcacataaaa
ttgggccctt
ccggagcagyg
aggtacaagg
ctcctaatgg
cattctaaaa
gctgatttga
gtgccactac
tcagtccttc
gagggcatgc
acttgattaa
tgcagttatg
acaaatgatg
ctgccctggt
ggcagtgegt
gcttatggca
ggaccacaag
agatccaagt
cttgttcagc
tctgccaagt
gaccagccga
cctctgataa

agttgcttgt

aaagatggeg
taagatccag
acagcaaaaa
ctgcaatagc
ttgtttaaga
ttctattatt
tcctaaggac
tcgaaattca
ttaagcctct
ccgcegagcee
accctaagtc
ccctggctat
aatccatgtc
aatggttggc
gttctgcect
gtatttgaag
cttggtgaaa
atatttcaat
tggagttgga
cacagctcct
actcaagaac
agatcccatc
ctatcaagat
gtccatcagc
tagaaacagc
gaaaatgctt
ttagctggtg
accaagaaag
cagagtgctg
caacgtcttg
ttctgggttce
gggtggtata
caccaagaag
aggctactgt
tegtgcacat

cgtgcagaat
taagactccc
accggtgata
tcaccatgtt
aatgacttaa
tttagcagct
ttgttgaatt
agctgaacag
cggtctgtgg
gccaccgcag
ccatcagtcc
gtgagtttga
ttgcacctgt
agggtgtggt
aggtcttgct
tataccatac
tagcaaacaa
gggtcatatc
catggccatg
tctctgagtg
aagtagctga
tacacagttt
gatgcagaac
tttctaaaaa
tegttgtace
ggttcaccag
ggctgcagaa
caagctcatc
aaggtgctat
ttcagaactg
agatgatata
gaggctcttg
cagagatggc
tggattgatt

caggataccc

ttgtgaaagce
tgtttttaat
tcacatctac
gcctactaac
aagaaaagaa
ggagtccaga
gcgggcettgg
cctgctgaga
cagcagecgtt
gtcgaggacg
tggggatcgg
atcgaagcaa
attttagegt
ggaggagaga
tggcagtcta
aactgttttg
gccaccagca
acagattctt
gaaccagaca
gtaaaggcaa
tattgatgga
gatgctgctc
ttgccacacg
ggaagcttcc
gctgggacct
tggattctgt
aatggttgcc
atactggcta
ctgtctgctc
tctttggact
aatgtggtca
tgcgtactgt
ccagaatgca
cgaaatcttg
agcgcegtac

gaaaaagaag
acatataaag
aaatctcaat
caaaagatca
tcattttttt
aatgattttt
cgccegttet
ggctgegeeg
ggcceggccec
gtcggactcc
accagtggac
ctttaaacct
actatgcaga
cagcccttag
tttgatttct
aaaatccagce
ggaatctagt
tttttttaaa
gaaaagcggc
tcctgaggaa
cagtatgcaa
atcccactaa
tgcaatccct
agacacgcta
tgcataacct
gttgttttat
ttgctcaaca
gtggtggacc
tagtaataag
ctcaggaatc
cctgtgcagce
ccttegggcet
gttegcettc
ccctttgtcece
gtccatgggt

acgaaggaga
caacagacat
ggattcaaaa
aaaattatcg
ttctgaatac
tcgatgaatt
acggagagtt
gtggeggcag
cgggagegga
cgeggcggga
tttctcttaa
tagagcaact
aaattttcct
tccaaaggct
ttagcagtta
gtggacaatg
ctggatgact
ttaaagtaac
tgttagtcac
gaggatgtgg
tgactcgagc
tgtccagegt
gaactgacaa
tcatgegttc
ttcccatcat
gccattacaa
aaacaaatgt
ccaagcttta
ceggctattg
tttcagatgce
tggaattctt
ggtgacaggg
actatggact

cgcaaatcat

gggacacagc

agcaaagagg
gtatatgtecg
acaatatgaa
atttcatgge
tttggaaggt
taggattttg
cacagcctte
gatacagcgg
gagegagggyg
ggagcctgtt
gatttcctct
aaactctaag
gaagtgattg
caggccagaa
atgctcagtt
gctactcaag
gcttctggag
atttccaatc
tggcagcaac
atacctccca
tcagagggta
ttggctgaac
aactgctaaa
tcctcagatg
cgtgagggct
ctctccacaa
taaattcttg
gtaaatataa
tagaagctgg
tgcaactaaa
tctaacctca
aagacatcac
accagttgtg
gcacctttge
agcaatttgt

gacggaatac
ataaactgag
aatttttagc
gctgegaggt
gaaaatggct
ccgcagtata
gtgagtgggg
cttctgecgeg
aggcggagac
cccctgagag
ttcattctta
tgcagecgggt
gtaagttttg
aaagaaagag
ttttggcata
gctacctttt
cctggatgca
tactaatgct
agtcttacct
agtcctgtat
cgagctgcta
catcacagat
tgacgaggac
gtgtctgcta
tactggccat
ccttttatta
gctattacga
tgaggaccta
tggaatgcaa
caggaaggga
cttgcaataa
tgagcctgec
gttaagctct
gtgagcaggg
gcttcctgaa

tgcagtgcta
ggtttgegtc
tgacaagaac
ctggaaagaa
tgttttaatc
catctgcagt
acagaaggcg
acttataaga
ggaggaaggt
ttggggtteg
agaatagaag
gcgatgegtce
gctaattggg
gaaggctttc
tgtggatctg
gctccatttt
gtaccattct
aatactgttt
ggactctgga
gagtgggaac
tgttccctga
gctgaaacat
caggtggtgg
ttgtacgtac
ctttaagtct
catcaagaag
cagactgcct
tacttacgaa
gctttaggac
tggaaggtct
ttataagaac
atctgtgctc
tacacccacc
tgccattcca

ctaattgcaa

100

200

300

400

500

600

700

800

900

1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
2400
2500
2600
2700
2800
2900
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3100
3200
3300
3400
3500
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3501
3601
3701
3801
3901
4001
4101
4201
4301
4401
4501
4601
4701
4801
4901
5001
5101
5201
5301
5401
5501
5601
5701
5801
5901
6001
6101
6201
6301
6401
6501
6601

gttacgggga
tttggcagga
actaaatacc
gaagctgcag
cctttagcag
ctgaggacaa
tgagcagtta
ggcttgagta
tgttatttaa
actgttaaga
tacaggtggt
attatgtttg
cccatcttta
tcagtgacag
ccaggatgga
ccctggtgcet
tttgatactg
gttggtaggg
tttctggttg
taaacattaa
tggtatctca
caatacaaat
tttttttttt
tttaagtctc
ctaattaatt
ttaaaataag
ttttggacag
ttaaactttt
ggctgtgatt
gaaaaaaaat
ttttaattct

atccatcca

acttegggta
gggggtcegce
attccattgt
aagctattga
atgtgtacat
gccacaagat
tttatctggt
tttcttettt
aattataatt
ggacagttta
tccttgaaac
ttgagtgaat
gctgggcatg
agccagactc
tcctagctat
gactatccag
acctgtaaat
tgggagtggt
ttatgtgatc
tagcagcctt
gaaagtgcct
ggattttggg
ttttttaaga
tcgtagtgtt
gtaatctgaa
caggtggatc
tttaccagtt
aattcatteg
acagacgtca
atcaggagat
gtggccttca
6609

tataatgtaa
atggaagaaa
ttgtgcagcect
agctgaggga
tgaagtctca
tacaagaaac
agtttcctag
atgctgtcta
cataagggag
tcagtatttt
attgtttcta
ggaaagagag
gagatggatg
caacacaaaa
cgttctttte
ttgatgggct
catcctttag
ttaggctatt
atgtgtggaa
tctctcttta
gacacactaa
agtgactcaa
atatctgtaa
aagttatagt
taaagtgtaa
tatttcatgt
gccttttatce
attggaagta
agagggagta
gaagctgaca

gatctcataa

ataattacag
tagttgaagg
gctttattct
gccacagctc
gtttttcctc
ggctttcagt
agcaggtatg
gcaactgctc
aaagatgaaa
ttactaaact
ataaaactag
attgttaggt
cctatagtcc
aaaaaaaaaa
actctggtgg
gccagatctg
gtaagaagtt
tgtaaatctg
gttattaact
tacagctgta
ccaagctgag
gaagtgaaga
tggtactgac
gaatactgct
caattgtgta
ttttgatcaa
ccaaagttgt
ggagtcaaag
ttccagegac
cagtgagagc

atacaagtaa

tctaataatt
ttgtaccgga
cccattgaaa
ctctgacaga
aagggccttt
tgagctgacc
gcagcttgtt
tgaggaagaa
aatgttacca
ttaataaaac
aacatcctga
ttacaacgat
tagctactgg
aaaaaaaact
atatggccag
gggcatgccc
ttaaaaagcc
ccacaaaaac
ttaatgtttt
ttgtctgaac
tttcctatgg
atgcacaaga
tttgcttgct
acagcaattt
gcctttttgt
aaactatttg
tgtaacctgc
tgacccttgt
actaagaaaa
agcccaggtg

aaacaagcag

gttcctcaaa
gcccttcaca
acatccaaag
gttacttcac
ttctecttgt
agctctctct
ctttcctctc
ctataataca
gattaaagaa
ttttctattt
tattttatcc
gcagctcttg
ggagacgggyg
gctgatcttg
gatgccttgg
aggacctcat
agtttgggta
aggtatatac
ttgccacagc
ttgcattgtg
gaacaattga
atggatcaca
ttgaagtagc
ctaattttta
ataaaataga
ggatatgtat
tgtgatacga
ctactgtgat
taatgcaaga
cttcttggtg
gtaactatga

ctttacagag
tcctagcteg
agtagctgca
tctaggaatg
ctcttagega
tcagaacaga
aaaacactta
agctttaaag
gatttttcaa
gaatttctgc
attctataga
agaccggagt
gcaggaggat
gacttgatat
gtatggaccc
ggatgggctg
aaatactttt
tttgaaagga
ttttgcaact
attggcctgt
agtaaacttt
agatggaatt
tectttttttt
agaattgagt
caaatagaaa
gggtagggta
tgcttcaaga
gctgaattca
gaacgccage
cttgttatta
taactttact

gagaatgccc
ggatgttcac
ggggtcctct
aaggtgtggg
catatgcagc
gccaatggct
gtacacattc
agtctgttca
aaggatgtaa
tatgaatttt
gatcattgat
ttaagatcag
tgcttgaacc
tggtgcccag
catgatggaa
cctccaggtg
actctgccta
gatgtcttgg
taatactcaa
agagttgctg
ttgttctggt
tatcaaaccc
tttttttttt
aatggtgtag
atggtccaat
aatcagtaag
gaaaatgecgg
tgactaagag
gaagagtgcc
cagacacaca

tcagagagtt

tgtttgttaa
aaccgaattg
gtgaacttgc
taagtaaaaa
tgctgttttg
tggaatgagg
atttgcattg
gaatcattac
ggaaagaggc
tcttcagcat
ggtacacaga
cctgggcaac
caggagttaa
ggagaacccc
catgagatgg
acagcaatca
cagaacttca
aacattggaa
atgagtaaca
agagggcteg
cctttttggt
tagccttgct
tttttttgca
aacactaatt
tagtttecctt
aggtgttatt
ttataaaaaa
actattggtg
caggcaacac
cttcacacag

taaatttcaa

ccatgtttct
ttatcagagg
tcaggacaag
ggaaccaaag
ttcecgaatgt
tagggaaatg
atgtttccct
aaataagttg
agtgttaaac
ttgtcctcag
catacagtgg
atagtgaaac
cagactgcac
ttggatatecg
gtggccacca
gctggcctgg
gaaagacttg
tgttctcaga
tttgctgttt
aggggtgggce
cgaggagtaa
tgttaaattt
gtaactgttt
cataatcact
tttaatatgc
tggaaccttg
tggttcagaa
aacttatcct
tgacagacta
gggaggatta
aaataaacct

3600
3700
3800
3900
4000
4100
4200
4300
4400
4500
4600
4700
4800
4900
5000
5100
5200
5300
5400
5500
5600
5700
5800
5900
6000
6100
6200
6300
6400
6500
6600
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A9 Standard curve for MethylFlash™ methylated DNA quantification kit (colorimetric)

Methylation
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Figure A9.1 Standard curve of OD 450nm values versus the amount of ME4 buffer at each concentration
point. The slope of the standard curve was calculated as y= 0.4529x.

The absolute amount and percentage of methylated DNA (5-mC) in total DNA was determined

using Equation A9.1 and Equation A9.2:

Sample OD - ME3 OD
Slope < 2> [Equation A9.1]

5-mC(ng) =

5—-mC Amount (ng)
S

5-mC % = =< 100%0

[Equation A9.2]
Where ME3 OD is the optical density of the negative control measured at 450nm and S is the
amount of input sample DNA (100ng).

* 2 is a factor to normalise 5-mC in the positive control to 100%, as the positive control contains
only 50% of 5-mC.
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A10 Standard curve for MethylFlash™ hydroxymethylated DNA quantification kit

(colorimetric)

HydroxyMethylation
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Figure A10.1 Standard curve of OD 450nm values versus the amount of HC5 buffer at each concentration
point. The slope of the standard curve was calculated as y= 0.5872x.

The absolute amount and percentage of hydroxymethylated DNA (5-hmC) in total DNA was
determined using Equation A10.1 and Equation A10.2:

Sample OD - HC4 OD

5—hmC(ng) =
Slope x5>* [Equation A10.1]

5—hmC Amount (ng) <100%

5—hmC % =
S [Equation A10.2]

Where HC4 OD is the optical density of the negative control measured at 450nm and S is the

amount of input sample DNA (200ng).
* 5 is a factor to normalise 5-hmC in the positive control to 100%, as the positive control contains

only 20% of 5-hmC.
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