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Abstract

The role of epigenetics in disease, particularly cancer, has been an emerging
issue for the last decade. For disorders with a genetic component, it offers an
alternative mechanism by which disease can initiate and progress. The
involvement of epigenetic aberrations in malignancy is evident, with essentially
all tumour types displaying variation from a normal epigenetic pattern. A great
deal of knowledge can be gained by understanding the epigenetic processes
within cells, and manipulation of these mechanisms may lead to more effective

treatments and better outcome for individuals at risk of developing cancer.

Studies described in this thesis are aimed to better understand the processes of
epigenetic control on gene expression and how they relate to colorectal cancer.
Previous studies have identified a single nucleotide polymorphism in DNMT3B
which is thought to alter the age of disease onset in individuals susceptible to
colorectal cancer. The effect of this heritable genetic marker was examined in a
larger population size and was found to have no effect on the age of disease
onset. This study is described in Chapter 2, the results of which spawned an in-

depth analysis of epigenetic change in colorectal cancer cell lines.

The process of DNA methylation was examined, whereby 5-aza-dC was used to
demethylate DNA in cultured colorectal cancer cell lines. When the drug was
removed from growth medium, inhibition of methyltransferases ceased and
remethylation occurred. The resulting effect of gene expression was found to be

dependent on initial DNA methylation patterns, and is described in Chapter 3. A
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follow up study to this was undertaken to understand the interaction between
DNA methylation and histone modifications. The differences between short term
and long term reactivated genes after 5-aza-dC exposure depends on increased
Histone H3 acetylation and localised hypomethylation. This study is described in

Chapter 4.

An investigation of the gene expression profile changes in colorectal cancer cells
after 5-aza-dC exposure is described in Chapter 5. A pattern of gene expression
similar to healthy epithelial cells was not observed immediately, or ten days after
5-aza-dC treatment. A gene from the Protein Kinase C family was found to be
commonly down-regulated with drug treatment. This may have pro-apoptotic
effects however this may not be sufficient to induce cell death in these cells as 5-

aza-dC is not an effective treatment in solid tumours.

The information described in this thesis will contribute to understanding the
process of aberrant DNA methylation that is observed in tumour cells.
Information of this nature may identify individuals who are genetically
susceptible to the epigenetic inactivation of crucial genes. A complete
understanding of the co-ordination of the regulatory proteins will enable more

effective treatments against this aspect of malignancy.
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Chapter 1 — General Introduction

1.1 General Introduction

DNA is considered to be the blueprint of life. All of the information required for
life is encoded in the DNA by sequences of four nucleotides: adenine, cytosine,
guanine, and thymine. Approximately 20,000 clusters of nucleotides, called
genes, are spread across the human chromosomes [1]. For protein coding genes,
the order of the nucleotides within the genes governs the structure of proteins,
the functional products of genes. Mutations in the DNA sequence can lead to
changes in the corresponding protein, which in turn compromise the ability of
the protein to serve its correct function. A wide range of conditions are the result
of genetic mutations, and many diseases have been traced to a single genetic
origin. However this is not the case for complex diseases which may involve

several genetic and epigenetic factors.

As early as 1904 it was proposed by Wheeler & Johnson [2] that a modified
cytosine may occur in DNA, and in 1925 Johnson & Coghill demonstrated that a
methylated cytosine, 5-methylcytosine, was found naturally in the DNA of the
tubercule bacillus [3]. Some years later in 1948, this finding was supported by
the work of Hotchkiss who isolated 5-methylcytosine from calf thymus DNA [4].
Whilst it was identified that the function of 5-methylcytosine in bacterial cells
was to protect the DNA from host defences, in 1975 Holliday & Pugh proposed
that cytosine methylation in eukaryotes was involved with control of gene
expression in development [5]. In the past three decades this idea has been
thoroughly examined and it is well established that 5-methylcytosine plays a

crucial role in the epigenetic control of gene expression.
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The modern definition of epigenetics is the study of changes in gene function
that are mitotically and/or meiotically heritable and that do not entail a change in
DNA sequence [6]. The most common epigenetic modification in humans is
DNA methylation, where a methyl-group (CH3) is attached to cytosine. In
addition to this modification, there are various complex modifications present on
the histone tails with which the DNA has a close association. It appears that the
interplay between DNA methylation and histone modification is crucial to
normal chromatin organisation and gene expression. Larger functional RNAs
have been established and will be discussed shortly, but more recently, small
RNA molecules termed microRNAs, have been identified that are capable of
controlling gene expression, revealing yet another important level of epigenetic

control [7].

1.2 - DNA methylation and Methyltransferases (DNMT)

The process of DNA methylation involves the enzymatic attachment of a methyl
group (CHg3) to a cytosine residue (see figure 1). In eukaryotes, methylation
occurs on cytosines which are immediately followed by a guanine residue (5°-
CG-3°), in what is known as a CpG dinucleotide, where the ‘p’ refers to the
phosphodiester (phosphate group) bond between the nucleotides. Non-CpG
methylation is prevalent in human embryonic stem cells, however this disappears
upon induction of differentiation [8]. The methylation of cytosine residues is
catalysed by three DNA methyltransferases (DNMTs), namely DNMT1,
DNMT3A, and DNMT3B, using S-adenosyl-L-methionine as a substrate [9].

DNMT1 is primarily a ‘maintenance’ methyltransferase, due to its preference for
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a hemi-methylated DNA substrate [10]. DNMT1 has a unique N-terminal
sequence (see figure 2) that allows it to localise directly to the replication foci
during S-phase [11]. This is understood to restore the methylation patterns which
is mirrored on the complementary DNA strand. DNMT3A and 3B are believed

to be responsible for the de novo methylation of DNA.

NHZ NHQ
NQ\C DNMT A\C CH:

e |

o) N) ’ 0%\ N)

cytosine 5-methylcytosine

Figure 1 - The conversion of cytosine to 5-methyl-cytosine. DNMT enzymes
catalyse the transfer of the methyl group to cytosine. It is not yet understood

which protein(s) is responsible for the removal of the methyl groups.

Cys-Rich | IV VI VI IX X
DT I AT 1] | o
| IV VI VIIE XX
DNMT2 T THT 1T ]esta
Cys-Rich I VI XX
Cys-Rich I Vv XX
Cys-Rich

Figure 2 - Forms of Human Methyltransferase enzymes. DNMT1, DNMT3A and
DNMT3B have the Cys-rich region and the conserved sequences, whilst the
variants without methyltransferase activity lack these regions. Figure adapted

from Bestor [12].
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They exhibit a low level of expression in somatic cells which is in keeping with
their designated de novo methylation abilities. However, despite DNMT1 being
considered a maintenance enzyme, whilst 3A and 3B are de novo
methyltransferases, there appears to be some overlap, and even co-operation, in
how they function. Rhee et al. have demonstrated that double knock-out of
DNMT1 and DNMT3B results in a greatly reduced level of global DNA
methylation and methylation of repeated sequences, as well as loss of aberrant
methylation of the p16™“** tumour suppressor gene [13]. This observation
indicates DNMT3B is involved with maintenance of methylation. Similarly,
DNMT1 has been shown to stimulate a five-fold increase in de novo methylation
if both DNMT1 and DNMT3A are present [14]. These results suggest that the
methyltransferases do have preferences for a particular DNA substrate but are

likely to function in a broader manner than originally thought.

There are another two variants of DNA methyltransferase, but neither is regarded
as having a substantial methyltransferase capacity. DNMT3L lacks critical
domains that are present in the other functional methyltransferases, but appears
to enhance the activity of DNMT3A [15] and DNMT3B [16]. In early
development DNMTS3L is thought to stimulate the activity of DNMT3A and is
believed to be involved in the establishment of maternal genomic imprints [17]
as will be discussed shortly. There is evidence to suggest that DNMTS3L is able
to stimulate the activity of both DNMT3A and DNMT3B both in vitro [18] and

in vivo [19] via direct interaction.
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Unlike DNMT3L, DNMT2 contains all the characteristic amino acid motifs
found in the other DNMTSs, albeit with a shorter N-terminus, yet no significant
methyltransferase activity has been demonstrated. Hermann et al. [20] have
shown that the enzyme has some residual activity on cytosines within a
ttnCGga(g/a) consensus sequence, which might suggest the DNMT?2 variant has
a specialised purpose on particular DNA sequences. It has since been reported
that DNMT?2 is shown to be capable of methylating a cytosine within a tRNA
molecule [21], and in doing so offering a suggestion as to why the conserved

methyltransferase motifs are present in the DNMT2 protein.

Mutations within the DNMT3B gene have been described, and when both alleles
are affected, lead to a disorder termed Immunodeficiency, Centromeric region
instability and Facial anomalies (ICF) syndrome. Of the molecular changes
reported, hypomethylation of regions on chromosome 1, 9 and 16 are the most
consistent [22], along with hypomethylation of the X chromosome [23]. ICF is
the only human disease to be associated with DNMT mutations, although
mutations of DNMT1 have been detected as rare events in colorectal cancers

[24].
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1.3 - Imprinted genes & X-inactivation

Bi-allelic DNA methylation plays a crucial role in the control of individual gene
expression, as well as important regulatory functions associated with
development. Within the genome are a group of genes that are expressed in a
parental-specific manner, and these genes are termed imprinted genes [25].
Unlike other genes which are expressed from both alleles, normal imprinted
genes are inactive on one allele, but are active on the other. One closely studied
imprinted gene is the IGF2 gene, or Insulin Like Growth Factor 2. The IGF2
gene encodes a protein which is a growth factor involved with development and
growth, and is expressed exclusively from the paternal allele, whilst the maternal
allele is silenced [26]. Interestingly, another imprinted gene, H19 is located
approximately 100kb from IGF2, yet is expressed exclusively from the maternal
allele and is silenced on the paternal allele [27]. Both genes are crucial for the
normal placental development and foetal growth. Regulation of these genes
relies upon the methylation of nearby differentially methylated regions and an
enhancer region for correct expression [28, 29]. Bi-allelic expression of these
genes (from both maternal and paternal alleles) is known as loss of imprinting
and is commonly observed in cancer [30, 31], where epigenetic abnormalities are
frequent. Whilst the imprinting process is important, it is not understood why
some genes are controlled in this manner, and how the cell maintains the alleles

in their respective opposite states.

X-inactivation is similar to imprinting, but occurs on a chromosomal level. It
involves the suppression of an entire X chromosome, and is another example of

epigenetically controlled gene expression. As females inherit two copies of the X

7
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chromosome, one of the female X chromosomes is inactivated as a form of
dosage compensation. Although the male genotype is characterised by one X and
one Y chromosome, there are instances such as Klinefelters syndrome
(karyotype: 47,XXY) where males possess an extra X chromosome. The extra
genetic material results in developmental abnormalities, which do not eventuate
in females due to X inactivation. Chromosomal inactivation arises from the
expression of the XIST gene (X Inactive Specific Transcripts). This gene is
located on the X chromosome and does not code for a protein, rather a functional
RNA which initiates the exclusive silencing of the chromosome from which it
was expressed [32]. During fertilisation, the paternal X chromosome is active but
becomes suppressed with imprinted inactivation during the cleavage stage.
Shortly afterwards this is reversed as observed by a loss of repressive histone
modifications, and cells of the inner cell mass will give rise to the embryo where
random X-inactivation occurs [33], and for each cell there is an equal probability
of the maternal or paternal allele being inactivated [34]. However extreme
skewing is sometimes observed, such that up to 90% of cells express the same X
chromosome [35]. While healthy females may exhibit skewing, problems can
arise when the active chromosome carries a mutated allele and skewing has been

associated with recurrent abortion [36] and mental retardation [37].

1.4 - DNA packaging and Chromatin

The amount of DNA contained within each cell, if spread end to end, has been
estimated to span a length of approximately two metres [38]. To enclose this

much material into the nucleus of each cell requires a great deal of compression
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and regulation. This is achieved by the DNA wrapping around a group of histone
proteins to form a nucleosome, which represents the smallest unit of chromatin.
Within each nucleosome, ~147bp of DNA is packaged around an octamer of two
copies of each of the four core histone proteins, H2A, H2B, H3 and H4 [39]. The
DNA-histone protein complex is then super-coiled around itself and with the
assistance of a linker histone, H1, attached between the core particles, producing
a stable and high level of compaction [40]. Figure 3 shows the model of DNA
packaging best supported by data from biochemical and electron microscopy
[41]. It is understood the nucleosomes act to inhibit gene expression [42], and the
linker histone H1 may serve as a lock, holding the compacted chromatin together
[43]. However, the structure of chromatin is dynamic and there are several

factors which alter the conformation of the DNA, as discussed below.

Nucleosomes
\

Linker =
Histones

<& >

30nm fibre

Figure 3 — The proposed zig-zag model of the structure of chromatin. The DNA
is tightly associated with the histones and arranged in a manner that allows
efficient compaction of the nucleosomes. Linker histones appear to hold the
nucleosomes firmly in this position. This figure has been adapted from
Khorasanizadeh [44].
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1.5 - Epigenetic Requlation of Gene Expression

The conformation of the chromatin surrounding a gene plays a critical role in
ensuring its correct expression. There are numerous alterations which occur both
on the DNA and the corresponding chromatin which can alter the association
between DNA, nucleosomes and other cellular proteins such as transcription
factors or repressor proteins. DNA methylation is the predominant form of
epigenetic modification of DNA, whilst many modifications to certain amino
acids in the histone proteins are associated with either an active or a repressed

state of gene expression.

1.5.1 - DNA Methylation

The methylation of DNA serves an important function in the control of gene
expression, such as that seen in early development, but also forms the initial
framework for other proteins to attach and confer stability to the chromosome.
The bulk of non-coding DNA throughout the genome is methylated and
compacted, assisting in keeping those regions in a transcriptionally inert state
[45]. It is the co-ordination between DNA and several proteins that acts to
impede transcription. It is well established that DNA methylation is repressive of
gene transcription. The attraction of other protein factors to this methylated DNA
actually blocks transcriptional machinery access to the DNA, and it has been

argued that DNA methylation alone is not sufficient [46].

In 1989 a protein named Methyl-CpG binding protein 1, (MeCP-1), was
identified which bound to a variety of methylated DNA sequences [47]. It was

subsequently reported that transcription of methylated genes was allowed in the

10
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absence of MeCP-1 binding, and transcription was repressed with its
introduction [48]. Nowadays, it is commonly accepted that DNA methylation is
the initial step which attracts the binding of proteins to co-operatively silence

gene expression [49].

In addition to MeCP-1, a group of proteins belonging to a family of Methyl-CpG
Binding Domain Proteins can also restrict DNA access to the transcriptional
proteins. Members of this family are MBD1, MBD2, MBD3, MBD4 and
MeCP2, which all have a common methyl-CpG binding domain. Each of these
proteins, with the exception of MBD3, is able to bind to methylated DNA, and in
the case of MeCP2, is capable of recognising a single symmetrically methylated
CpG [50]. Interestingly MBD3 has been shown to bind only to un-methylated
promoters [51] suggesting some slight variation in function between MBD3 and
other family members. In addition to the binding of these proteins to repress
transcription, they are also able to recruit other factors, such as nucleosome
remodelling complex [52], which aid in converting the chromatin to an inactive
form. With the exception of MBD4, all members of this family form complexes
with Histone Deacetylase [53], a family of proteins which can alter the
chromatin structure in a way that is repressive to gene transcription, as will be
discussed shortly. Since the DNA methylation status of a gene strongly correlates
with gene expression, it would suggest that methylated DNA does not frequently
exist without the presence of methyl-CpG binding proteins, and detection of
DNA methylation at a promoter region would indicate epigenetic inactivation at

that locus.

11
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1.5.2 - Acetylation

Within the N-terminal amino acid sequence of the core histone proteins are a
subset of highly conserved lysine residues that can be subjected to acetylation
[54]. The acetylation of histone proteins is a reversible process catalysed by two
opposing families of enzymes. The Histone Acetyltransferases (HATS) catalyse
the transfer of an acetyl group from acetyl coenzyme A to the lysine residue,
whilst the Histone Deacetyltransferases (HDACSs) catalyse the removal from the

lysine, producing acetic acid as a by product, as shown in figure 4.

The main targets of acetylation are the lysine residues within histone H3 and H4,
although H2A and H2B can also carry the modification [55]. Acetylation of
lysine residues is associated with regions of active chromatin, whilst hypo-
acetylated regions are found surrounding transcriptionally silent genes [56]. The
introduction of an acetyl group neutralises the positive charge carried by the
lysine, weakening the association between the nucleosome and DNA [57] and
also the compaction of the chromatin [58]. The acetylation of core histone
proteins has also been shown to directly assist binding of a transcription factor to
model chromatin templates [59]. It would appear however, that DNA
methylation is a more dominant regulator of gene expression than histone
acetylation. Up-regulation of hyper-acetylated genes is observed when there is
no promoter DNA methylation, and acetylation has little or no effect on a

hypermethylated gene [60, 61].

12
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CH,
cC=0 C|H3
I c=0
S SH
| | |
NH,+ Coenzyme A  Coenzyme A NH

| HAT |
CH, CH,
(CH2)3 (CH2)3
| ;HDAC; |
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|
c=0
|
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I

Figure 4 - The acetyltransferase and de-acetyltransferase reactions. Histone
Acetyltransferase (HAT) catalyses the transfer of the acetyl group from acetyl
coenzyme A. Histone Deacetyltransferase (HDAC) catalyses the removal of
acetyl groups and in doing so converts water to acetic acid. Picture taken from
Kuo & Allis [62].

1.5.3 - Histone Methylation

In addition to DNA methylation and histone acetylation, the core histone proteins
can also be subject to methylation on arginine and lysine residues [63]. Similar to
acetylation, histone methylation frequently affects histones H3 and H4, while
H2A and H2B can also be modified [55]. A considerable proportion of the
literature focuses on the methylation of lysine in histone H3, and is perhaps one

of the more understood groups of histone modifications.

There are several lysine residues present in histone H3 protein which are able to
be methylated, and the major modifications occur at H3K4, H3K9, and H3K27.
In a fashion not unlike histone acetylation, the methylation is catalysed by
Histone Methyltransferases (HMT’s) [64], and demethylation can be catalysed

by several proteins, including Lysine Specific Demethylase 1 enzyme [65].
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Unlike DNA methylation, histone methylation has been associated with both
active and inactive DNA regions, although this depends on the lysine(s) that are
subjected to methylation. The methylation of Histone H3 Lysine 4 (H3K4me) is
commonly found surrounding active genes, as is the methylation of H3K36 and
H3K79, whilst methylation of H3K9 and H3K27 are associated with repression,
particularly on the X-chromosome, as reviewed by Sims [66]. The fact that the
methylation of two separate lysine residues can be only five amino acids apart
and yet are distinctly opposite with regard to chromatin status provides strong
evidence for the epigenetic code as a regulator of transcription. Lysine
methylation can be in the form of mono- di- or tri- methylation, and while the
significance of these is yet to be elucidated, specific modifications only appear
under certain conditions. Histone H3 Lysine 4 tri-methylation (H3K4me3) is not
usually present at a locus prior to transcriptional activation, whilst di-methylation

(H3K4me2) may be present prior to activation [67].

1.5.4 - Other modifications

There are a range of other modifications that occur on the histone tails, including
biotinylation, phosphorylation, ubiquitination and sumoylation. These
modifications are less thoroughly studied than acetylation and methylation, and
unlike the major modifications, appear to play specific roles not directly involved
with gene expression. Biotinylation has been shown to repress transposable
elements [68]; phosphorylation of linker histones appears to be involved with the
timing of replication [69]; and ubiquitination is involved in several cellular

processes such as the DNA damage response [70]. Histone sumoylation has been
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linked with the repression of expression [71], but also receives little attention in

the literature.

1.6 — DNA Methylation Patterns in Cancer and possible causes

Aberrant DNA methylation is one of the more frequent molecular changes in
tumour cells [72] and typically involves the reversal of normal DNA methylation
patterns (see Figure 5). Generally these changes involve genome wide
hypomethylation, including that of oncogenes, loss of imprinting, and
hypermethylation of tumour suppressor genes [73-75]. The precise set of events
that govern which CpG residues are methylated is not understood, nor is the

mechanism that causes DNA hypomethylation [76].

TRANSCRIPTION ALLOWED
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TRANSCRIPTION BLOCKED

2200 0999909 & 92990 0

Figure 5 - Patterns of normal and altered promoter methylation. Normal

transcription is allowed when little methylation is present surrounding the
promoter, despite some upstream methylation and heavy methylation within the
gene itself. Transcription becomes repressed when methylation surrounds the
promoter. In cancerous cells this increase in methylation surrounding the

promoter is accompanied by a decrease in methylation elsewhere in the gene.

In normal cells, repetitive elements such as long interspersed nucleotide elements

(LINE), Alu repeats and satellite sequences make up almost half of the genome
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and are methylated [77]. As these elements contribute largely to the level of
global DNA methylation, it is no surprise that these regions are most drastically
affected by hypomethylation, and as a result the stability that the DNA
methylation once conferred to the chromosomes is lost. Supporting this is strong
evidence that global hypomethylation plays a crucial role in causing genomic
instability in colorectal carcinogenesis [78]. Such hypomethylation is observed in
cancer cells and can be used as an indicator of genomic methylation levels [79].
Alternatively, gene specific DNA hypermethylation is another mechanism which
can initiate carcinogenesis. This mechanism of gene silencing is demonstrated by
the correlation of methylated gene promoters with a subsequent decrease in

corresponding gene expression [80].

It appears that aberrant DNA methylation patterns are a cause rather than a
consequence of the cancer as alterations can be identified in the early stages of
cancer development [81]. For this reason, the mechanisms which regulate the
methylation process have been highly sought after, yet remain elusive. There are
several possible causes for the aberrant patterns of methylation observed in

cancer and these are discussed below.

1.6.1 - DNMT expression

Among the most common explanations for the disturbance of regular
methylation patterns in cancer cells is the up-regulation of the methyltransferase
enzymes. It has been demonstrated that DNMT levels are elevated in several
forms of cancer such as colorectal (DNMT1 and 3B) [82], endometrial

(DNMT3B) [83], and general increase in methyltransferase activity has been
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detected in leukaemia [84] and lung cancer [85]. Theoretically, the over-
expression of methyltransferases could justify gene specific DNA methylation,
but it does not account for the paradoxical genome wide hypomethylation. Even
still, there is evidence to suggest that over expression of methyltransferases does
not lead to promoter hypermethylation. Eads et al. demonstrated that the
expression levels of DNMTL, 3A and 3B did not correlate with the frequency or
extent of hypermethylation of APC, ESR1, pl6 or MLH1 in colorectal
adenocarcinomas [86]. Whilst methyltransferases were up-regulated when
normalised with -actin or an RNA polymerase Il large subunit, they were not
significantly up-regulated when normalised with proliferation-dependent H3F2
or PCNA. This suggests that although the methyltransferase levels appear
increased in many cell types, they may in fact not be when they are normalised
with other proliferation dependent genes.

Conversely, it has been argued that the down-regulation of maintenance
methylation may lead to genome wide hypomethylation, however there is also
evidence to refute this. Kimura et al. have shown that DNMT1 methyltransferase
gene expression was not correlated with the extent of DNA hypomethylation in
transitional cell carcinomas; however, there was a decrease of DNMT1
expression relative to cell proliferation [87]. In the same study, the authors
addressed the hypermethylation of certain promoters, showing that DNMT3B
levels were higher than in corresponding normal tissue, although DNMT3A

levels were not.

Amid the evidence of altered levels and variations of expression levels,
sometimes within the same cell type [88], it would not seem logical that simple
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up or down regulation of one form of methyltransferase would cause site-specific
hypermethylation in parallel with a global decrease in methylation. A co-
ordinated breakdown involving both de novo and maintenance
methyltransferases is more likely to explain the aberrant methylation patterns

observed in cancer than methyltransferase expression levels.

1.6.2 - Subtle CpG Island Differences

Some CpG islands appear more frequently affected than others by methylation,
supported by the observation that a cluster of genes displays hypermethylation in
several forms cancer [89] that is absent in normal tissue. Not surprisingly the
affected genes have critical roles in cells, including the maintenance of genomic
integrity and tumour suppression. It would be reasonable to suggest that some
CpG islands may be more likely to succumb to methylation based on CpG island
size, GC content, CpG frequency, chromosomal location or promoter
association. In work carried out in 2003 by Feltus et al., the methylation status of
several CpG islands was examined in cells over-expressing DNMT1 [90]. The
majority of CpG islands tested were resistant to methylation, but a small
proportion (3.8%) was found to be hypermethylated by DNMT1. Using this
information, seven sequence patterns were identified that were capable of
discriminating between prone and resistant CpG islands with a success rate of
87%. These sequences would appear to confer some form of susceptibility or
resistance to methylation, possibly similar to the situation in which a non-
methylated imprinted allele is resistant to methylation. In this study, the number
of methylated CpG islands may have been biased, due to the over-expression of

the maintenance methyltransferase rather than the de novo forms. Therefore the
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hypermethylated regions in the study are in essence DNMT1 susceptible regions,
and it is possible that the number of methylated islands would be higher if de
novo methyltransferases were over-expressed. Another shortcoming of this study
is that sequences alone will not define the methylation status of a particular gene,

as non-methylated regions in normal tissue will also have the same sequence.

1.6.3 - Demethylation of DNA

The issue of active DNA de-methylation is currently an area of some controversy
in the field of epigenetics. Should a bona-fide demethylase be recognised, it
might provide explanations for many of the numerous epigenetic problems that
arise in malignancy. Several groups have identified proteins that may be putative
demethylases, however most of these have not been confirmed by data from
other laboratories. As yet there does not appear to be a candidate that has
profound demethylase activity without also having additional contradictory

functions.

Several instances of possible demethylases have been reported [91-93] but there
has been either little follow up or there is evidence to refute the original
observations [94, 95]. The most controversial demethylase debate has
surrounded the MBD2 gene, with one group claiming it has de-methylating
properties [96, 97] whilst others continue to find that it acts as a transcriptional
repressor [98, 99]. Perhaps the strongest evidence presented regarding MBD2
demonstrates that mice lacking any functional copy of MBD2 are viable and
show normal levels of genomic methylation [100], suggesting it is not necessary

for demethylation, or at the very least, plays a small role in DNA demethylation.
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More recently it has been reported that the DNA methyltransferases DNMT3A
and DNMT3B are actively involved in the cyclical methylation of an active
promoter, and that these enzymes exhibit deamination of methyl-cytosine [101,
102]. These two reports focus on the methylation and re-activation of the pS2
gene in cultured breast cancer cells. It was shown that after induction, the
promoter would undergo de-methylation and re-methylation within a 2 hour
period which correlated with gene expression and recruitment of the
methyltransferases to the promoters. Further studies are required to confirm these

findings, in particular the kinetics with which the reaction is proposed to occur.

It might be possible that all the proposed mechanisms have some demethylating
activity, but are only utilised by the cell under certain conditions. This might also
explain why replication of such experiments by separate laboratories

infrequently yields the same results.

1.6.4 - Dietary factors, including folate metabolism

There is a vast amount of evidence that nutrition obtained from dietary
components has a major influence on individual health status, and there are at
least two known pathways by which nutrient intake can affect DNA methylation.
Firstly, the supply of nutrients affects the supply of methyl groups required for
methylation. Numerous dietary components are known to influence DNA
methylation status, and folate, choline, and vitamin B;, feature highly in the
literature. Various forms of choline are converted into intermediates that are
ultimately converted to S-adenosyl-methionine, the chemical substrate from

which the methyltransferase enzymes obtain methyl groups for the attachment to
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the DNA [103]. The precise role of folate and the effects of folate deficiency are
complex, however it is thought to play an important function as a precursor
methyl-donor. Vitamin By, is a co-factor for many enzymatic processes leading
to the methylation of DNA. Rats fed a diet deficient in Vitamin By, but not
severe enough to cause illness, were observed to have hypomethylated genomic
DNA in colon tissue compared to appropriate controls [104], illustrating that a

diet deficient in Vitamin B12 can restrict DNA methylation.

The second mechanism by which diet can influence methylation relies on the
effects of trace dietary components interfering with the methyltransferase
process. A selenium deficiency has been shown to cause DNA hypomethylation
in rat colon DNA, while prolonged cadmium exposure also initiates
hypomethylation followed by hypermethylation, suggesting that a feedback loop
is involved [105]. Nickel [106] and alcohol [107] have also been observed to
affect DNMT activity in humans, although the precise mechanism of this is not

understood.

1.6.5 - Methylation Spreading

The expansion of existing DNA methylation to cover neighbouring un-
methylated sites is another hypothesis to explain aberrantly silenced genes. An
experiment by Tollefsbol & Hutchinson has shown that using synthetic
oligonucleotides, pre-existing methylation was able to spread to neighbouring
CpG islands [108]. It was found that this pseudo-DNA with partial CpG
methylation was more likely to undergo de novo methylation on non-affected

CpG’s than a control without pre-existing methylation. Interestingly, mammalian
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methyltransferases were the only proteins necessary to induce this state,
eliminating the notion that other factors are required for the expansion.

These results provide evidence which supports the spreading of methylation from
ordinarily methylated DNA regions to areas which would not usually be
methylated. The precise role that this plays in disease initiation is not known, and
methylation spreading has weaker justification for the aberrant methylation
observed in cancer, particularly global hypomethylation. However if spreading
of methylation to normally unaffected regions occurs in conjunction with another
mechanism, such as down-regulation of maintenance methylation, it could
provide a clearer pathway in which aberrant disease-causing methylation patterns

arise.

1.7 - Epimutations and the Two-hit Hypothesis

Knudson’s two-hit hypothesis requires that both alleles of a tumour suppressing
gene should be altered for disease progression to occur [109]. Germline
mutations commonly represent the first hit of one allele, whilst the second hit
typically arises from a sporadic mutation or loss of heterozygosity that affects the
second allele. With the increasing detection of methylated promoters,
refinements to Knudson’s hypothesis can be made to accommodate epigenetic
silencing. The MLH1 gene is widely studied and will be used in the following
examples. One such scenario of epigenetic silencing includes DNA methylation
acting as the second hit, in unison with a pre-existing mutation on the second
allele. This scenario has been detected on genes including RB1, VHL, MLH1 and
BRCA1 [110-113]. A typical example of this is evident in the colorectal cancer

cell line HCT116, which has a truncating mutation in one allele of the p16 gene.
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The wild-type allele is subjected to methylation whilst the mutated allele remains
unmethylated, showing how these two mechanisms cooperatively silence genes
[114]. A third mechanism involves both alleles, essentially the first and second
‘hits’, becoming deactivated by DNA methylation. Sporadic cases of colon
cancer can sometimes be the result of bi-allelic methylation of MLH1 [80].
Certain individuals have been shown to carry one methylated allele of a gene,
which has been termed an ‘epimutation’ as it confers a similar risk of disease as

if the allele were mutated [115].

The transmission of a methylated and repressed allele occurs mitotically
allowing inheritance of stable patterns of gene expression, however it has
recently been reported that a methylated allele can be transmitted from one
generation to another. Chan et al. have shown MSH2 epimutation can be
inherited trans-generationally [116], however these subjects were mosaics.
Interesting findings have been reported from Hitchins et al. who have identified
two women with mono-allelic soma-wide DNA methylation of the MLH1 gene
[117]. The phenotype of these individuals was reported to mimic that of
Hereditary Non Polyposis Colorectal Cancer (HNPCC), where germ line
mutations typically occur in MLH1 or MSH2 genes (when a mutation is present
in the mismatch repair system genes the condition is then referred to as Lynch
Syndrome [118]). The first of these women has two sons, one of whom had
inherited an identical haplotype to the mother, yet neither displayed the mono-
allelic methylation. In the second woman identified with an MLH1 epimutation,
it was found that one of her four sons carried a methylated MLH1 allele in
somatic cells. The epimutation was not present in sperm cells from the affected
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son, however, in a previous study it was reported that 1% of sperm from an
affected male carried the epigenetic mark [119]. It has been suggested that
epimutations might be more likely to arise or be maintained in oogenesis [117]
and there is some plausible reasoning that supports this idea [120]. Hitchins et al.
conclude that the transmission of the epimutation is likely the result of
incomplete erasure or by retention of an epigenetic memory, but don’t rule out
cis-acting, or trans-acting factors which may render an individual more

susceptible to epimutation.

1.8 - Epigenetic altering drugs

Given the control that epigenetic factors exert over the regulation of the genome,
and coupled with the identification that these processes are altered in several
disease states, components of the epigenetic pathway have become targets for
several therapies against disease. A potent inhibitor of DNA methylation, 5-aza-
2’-deoxycytidine, and a potent Histone Deacetylase Inhibitor, Trichostatin A are

discussed here.

1.8.1 - 5-aza-2’-deoxycytidine (5-aza-dC)

5-aza-dC is an analogue of cytosine and is a strong inhibitor of DNA methylation
(see figure 6). To exert its effect, the drug must first be incorporated into the
DNA [121] during replication. 5-aza-dC is first transported into the cell by the
facilitated nucleoside transport system [122] and then phosphorylated into a form
which is then incorporated into DNA during replication [123]. Whilst attempting
to methylate the 5-aza-dC substituted DNA, the methyltransferases form
covalent adducts with the DNA and are firmly bound, with no detectable

dissociation after 72 hours [124]. The amount of available methyltransferase
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within the cell is then reduced, which in turn causes a reduction in genomic DNA
methylation [125]. 5-aza-dC differs from cytosine at the carbon 5 position where
a carbon is replaced by a nitrogen atom.

For some time it was unknown exactly why 5-aza-dC was toxic to cells and it
was hypothesised that the inhibition of DNA methylation and subsequent
induced hypomethylation may be responsible [126]. It was later proposed that
re-expression of silenced genes involved with differentiation could result in
terminal differentiation of leukaemic cells and may prove useful in therapy

[127]. In 2005 it was reported that adducts created by the binding of de novo
methyltransferases were stronger inducers of apoptosis than adducts formed by
Dnmtl binding [128], and is the most commonly accepted mechanism of 5-aza-

dC toxicity.
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Figure 6 - The structural formula of 5-aza-dC. The carbon-5 position is

highlighted showing the nitrogen atom in place of the carbon.

There are a number of tumour types where methyltransferase-inhibitor treatment
may be beneficial, including bladder [129], breast [130], colon [131], lung [132],
pancreas [133] and melanoma [134, 135]. The most promising outcomes have
been displayed in the haematological malignancy myelodysplastic syndromes

(MDS), whilst responses in solid tumour types have been below expectations
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[136]. Effectiveness may be due to sensitisation to other reagents or re-activation
of silenced genes which have an apoptotic effect. 5-aza-dC is marketed under the
name Dacogen® for the treatment of MDS. In this setting, it is proposed that the
drug can aid in normal bone marrow functioning and improve the symptoms of

MDS [137].

1.8.2 - Trichostatin A (TSA)

Histone Deacetylase inhibitors have been touted as possible new anti-cancer
therapies for over a decade [138, 139]. Trichostatin A is a potent inhibitor of
Histone Deacetylase (HDAC) via binding to the catalytic domain [140] and was
originally developed in 1976 as an antifungal agent [141] (see figure 7). In 1990
it was observed that treatment of cells with TSA lead to the accumulation of
acetylated histones via inhibition of HDAC [142]. More recently, studies have
shown that TSA affects the acetylation of histone H3 with little effect on histone
H4, and is capable of inducing apoptosis through mechanisms which are now
only beginning to be understood [143]. The apoptosis-inducing ability of TSA
makes it useful as a cancer treatment, and although the mechanism of action
remains unknown, it has been postulated that it acts via the reactivation of
transcriptionally silent tumour suppressor genes, or modifying the expression of
angiogenesis, apoptosis or cell cycles genes [144]. It has also been proposed that
TSA may be useful in conjunction with other therapeutic agents such as
Tamoxifen in oestrogen receptor a-negative breast cancer cells [145] or TRAIL
in osteosarcoma cells [146]. Similarly there has been a synergistic effect related
to treatment of cells with both 5-aza-dC and TSA with regard to particular gene
expression, [60, 147, 148] but the effect is not as profound at a genome wide

level [148].

26



Chapter 1 — General Introduction

.OH

Figure 7 - The Structural formula of Trichostatin A.

1.9 - Rationale and Aims of this Study

Epigenetic control of gene expression is a complex process involving the co-
ordination of several groups of proteins which function in a tightly regulated
manner to ensure the appropriate genes are activated. The deregulation of correct
epigenetic functioning displayed in tumor cells represents a major pathway in the
initiation and progression of cancer. Despite an increasing knowledge of the
proteins responsible for epigenetic modifications, there are numerous questions

that remain unresolved.

The paradoxical DNA hypermethylation at promoter CpG islands whilst there is
a concurrent genome wide hypomethylation at other regions remains difficult to
explain. In addition the observation that this occurs in the majority of tumors

suggests a common fault across all tumor types, and is yet to be elucidated.

The demethylating agent 5-aza-dC is an effective treatment of Myelodysplastic
Syndrome. Whether the mode of action of this drug is due to the demethylating
properties or cytotoxicity is unclear, as is its greater effectiveness on

haematologic disorders in preference to other malignancies.
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Long term exposure to 5-aza-dC is not a viable course of treatment, and the
effect of the removal of the drug has not been adequately described. Importantly,
the epigenetic components (including histone protein modifications) which are
altered after 5-aza-dC and confer long term reactivation of a gene have not been
identified.

Given that much remains unknown regarding the epigenetic control of gene

expression, the aims of the studies described in this thesis include:

e Assess the role of a genetic variant which may influence DNA
methylation and disease onset in individuals with Lynch Syndrome,

e To identify the role of DNA methylation patterns in expression of
specific genes,

e To examine the effects of epigenetic altering drugs on genome wide and
individual gene expression,

e To examine how DNA methylation levels and histone protein
modifications respond during drug treatment to regulate gene expression

e Assess the gene pathways affected by 5-aza-dC exposure, and

e To identify which epigenetic modifications are important in maintaining

the repressed or reactivated state of gene transcription.

It is anticipated that an increased understanding of the epigenetic regulation of
gene expression will contribute in part to further comprehension of the molecular

basis of diseases such as cancer, and identify novel targets for new treatments.
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Chapter 2

The -149C>T SNP within the ADNMT3B gene is not
associated with early disease onset in Hereditary Non-
Polyposis Colorectal Cancer
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STATEMENT I

This statement explains the contribution of all authors in the article listed below:

Reeves, S.G., Mossman, D., Meldrum, C.J., Kurzawski, G., Lubinski, J., and

Scott, R.J., (2008) The -149C>T SNP within the ADNMT3B gene is not
associated with early disease onset in hereditary non-polyposis Colorectal

Cancer. Cancer Letters, 265(1):39-44.

Table I: Author contribution Percentage and Description of Contribution to the

article listed above.

Author

Contribution
(%)

Description of
Contribution to Article

Signature

Stuart G. Reeves

45%

Experimental design,
executed the experiment,
co-performed statistical
analysis. Co-wrote the
manuscript.

David Mossman

40%

Experimental design,
executed the experiment,
co-performed statistical
analysis. Co-wrote the
manuscript.

CIliff J. Meldrum

2.5%

Provided samples and
clinical information.

Grzegorz Kurzawski

2.5%

Provided samples and
clinical information.

Janina Suchy

2.5%

Provided samples and
clinical information.

Jan Lubinski

2.5%

Provided samples and
clinical information.

Rodney J. Scott

5%

Designed the study,
provided the concept and
corrected the manuscript.
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Chapter Introduction:

During 2006, a report by Jones et al. was published claiming that a single
nucleotide polymorphism within the DNMT3B gene influenced the age of onset
of colorectal cancer in a group of individuals with a predisposition to Hereditary
Non-Polyposis Colorectal Cancer. This was of particular interest as it
specifically implies that an alteration to the DNA methyltransferase ADNMT3B
gene is altering disease expression, although a specific epigenetic alteration was
not identified in the original paper by Jones et al. The ADNMT3B SNP may
represent a mechanism by which DNA methylation may act as a modifier of
disease development. We sought to investigate the findings of Jones et al. as it
may contribute to the understanding of epigenetic regulation of gene expression

and is therefore of relevance to the overall aims of this thesis.

Our experimental findings did not support previous studies that a ADNMT3B
SNP could alter the age of onset on HNPCC. We concluded that a Type | error
was responsible for reported effect observed by Jones el al. that was not

observed in our experiment due to the larger sample size.

This study was performed jointly by myself and Stuart Reeves. My role in this
study was to identify the exact genomic loci in question, as none of the previous
reports concerning this SNP used the same gene name variant, despite reference
to the previous studies. In the laboratory component, | performed an equal
amount of the PCRs, enzymatic digestions, gel electrophoresis and data
interpretation. However, Stuart performed a greater proportion of the statistical
analysis and as a result is entitled to a greater share of the authorship of this

manuscript.
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Abstract

Hereditary non-polyposis colorectal cancer (HNPCC) is an autosomal dominantly inherited syndrome caused by germ-
line mutations in mismatch repair (MMR) genes. HNPCC patients have a lifetime risk of 80% of developing colorectal
cancer (CRC); however the likely age of onset is difficult to predict. A single C>T polymorphism located within the pro-
moter region of the ADNMT3B gene has recently been reported to be associated with a significant increase to the risk of
carly onset CRC. In this study we determined the ADNMT3B genotype in 404 confirmed HNPCC participants (total of
194 CRC cases) from Australia (203) and Poland (201). From the total number of participants there were 194 diagnosed
cases of CRC and 210 healthy MMR gene mutation carriers. The study was undertaken to assess whether the reported
effect observed in a previous study of 146 HNPCC patients is consistent in a larger separate and unrelated participant
cohort. Through the statistical tests of Kaplan-Meier survival analysis and Cox hazard regression models we did not
observe any significant association between the ADNMT3B C>T SNP and early onset CRC in HNPCC patients.
© 2008 Elsevier Ireland Ltd. All rights reserved.

Keywords: DNMT3B; Hereditary non-polyposis colorectal cancer; Disease expression; Epidemiology

1. Introduction colorectal cancer (CRC), accounting for approxi-
mately 2-5% of all CRC cases [1]. The discase is

Hereditary non-polyposis  colorectal cancer due to either a loss or reduced function of one of
(HNPCC) is the most common form of hereditary the DNA mismatch repair (MMR) genes MLHI,

MSH2, MSH6 or PMS2 [2]. A reduction in the fidel-

—_— o o ity of MMR results in an increased likelithood of
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Medical Research Institute, NSW, Australia. epithelial malignancies [3]. Thc MMR  genes
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however, insult to these genes is not limited to
HNPCC. Approximately 15-20% of sporadic can-
cers display features that are suggestive of MLHI
silencing [4] likely to have arisen from aberrant
DNA methylation.

Three  methyltransferase  enzymes, namely
DNMTI, 3A and 3B catalyse the DNA methylation
process in humans. The DNMT1 form is largely
responsible for duplicating the methylation pattern
on the newly synthesized DNA strand following
replication. The de novo methyltransferases,
DNMT3A and 3B. however are thought to establish
and co-ordinate methylation during times of devel-
opment and in imprinting [5]. Due to their mecha-
nism of action, it is thought that the de novo
methyltransferases are responsible for the aberrant
methylation of promoters. Expression of DNMT3A
and 3B is elevated in multiple forms of cancer [6-8],
and the DNMT3B methyltransferase levels have
been shown to be 3.7-fold greater in colon tumour
tissue compared to normal surrounding tissue [9].

Four enzymatically active variants of the
DNMT3B gene have been identified namely,
DNMT3BI, 3B2, 3B3 and 3B6. In 2006, a new iso-
form, ADNMT3B, has been identified and has been
shown to be the predominant form of DNMT3B
expressed in non-small cell lung cancer cell lines
[10]. Tt is stated that the ADNMT3B version uses
an alternate promoter located within intron 4 and
exon 5 of the DNMT3B gene.

In 2004 it incorrectly reported that a C>T single
nucleotide polymorphism (SNP) was present within
the promoter of DNMT3B6 [11], as the SNP does
not fall within the promoter region of DNMT3B6
(Accession No. NM_175850.1). In 2006 the same
SNP was again incorrectly reported to fall within
the promoter of DNMT3B [12] but this does not
match the Genbank record for DNMT3B (Acces-
sion No. NM_006892.3). Both of these reports are
referring to the same SNP that is within the pro-
moter of the ADNMT3B isoform (located at posi-
tion 1570351, Accession No. NT_028392),
—149 bp from the ftranscription start site
ADNMT3B, which falls on intron 4 of the regular
DNMT3B gene. The T variant of this SNP has been
associated with a 2-fold increase in promoter activ-
ity [13], and the ADNMT3B C>T SNP has been
reported to play a role in the age of onset of colorec-
tal cancer [12], where it has been proposed that the
T variant allele results in increased ADNMT3B
expression, and aberrant de nove methylation,
which 1s expressed as an earlier age of cancer onset.
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In this study we have further investigated the role
of the ADNMT3B SNP and its association with the
age of colorectal cancer onset in 404 MSH2 and
MLHI mutation positive participants. Using
restriction fragment length polymorphism analysis,
Kaplan Meier statistics and Cox hazard regression
models we re-assessed the correlation between the
ADNMT3B C>T SNP and early onset CRC in
HNPCC patients.

2. Methods

2.1. Patients

All participants included in this study were enrolled
after they had been evaluated at a family cancer clinic
and were diagnosed with HNPCC. The selection criteria
used for enrolment into this study was strictly defined
on the basis of a molecular diagnosis of this syndrome
due to the presence of a causative germline mutation in
a DNA mismaltch repair gene. Our study included a total
of 404 participants (194 CRC cases) including 203 Austra-
lian and 201 Polish cases of which therc were 143 unre-
lated probands and 261 patients from 69 families all
with confirmed hMLHI1 or hMSH2 germline mutations.
The Institutional Ethics review boards of the Pomeranian
Academy of Medicine and the Hunter New England
Health Service approved the study. All participants gave
written informed consent for the DNA samples to be used
for research into HNPCC.

The clinical and demographic characteristics of the
participants used in this study are shown in Table 1.

2.2. PCR conditions and C>T SNP analysis

The region containing the C>T SNP located —149 bp
from the transcription start site of ADNMT3B were geno-
typed using the same primers as described previously by
Jonesetal. [12]. A 376 bp fragment spanning the region sur-
rounding the SNP was generated using Polymerase Chain
Reaction (PCR). Reactions were performed using 50 ng
of genomic DNA, 1 x PCR buffer, 0.2 mM dNTP, | mM
MgCl,, 1.2 uM of each primer and 0.2 U of Platinum Taq
Polymerase (Invitrogen). Thermal cycling conditions
involved a denaturation step at 94 °C for 5 min, 14 cycles
of 94 °C for 30s, 63 °C for 45 s (decreasing by 0.5 °C per
cycle to 56.5 °C), 72 °C for 1 min then 20 cycles at theabove
conditions with an annealing temperature of 56 °C. This
was followed by a final extension step at 72 °C for 10 min.

PCR products were digested for 16 h at 37 °C with the
restriction enzyme Avrll (New England Biolabs) before
being run on a DNA electrophoresis gel to determine
results. Digestions were performed using 3 ul PCR prod-
uct, 1x buffer (50 mM NaCl, 10 mM Tris-HC1, 10 mM
MgCl>. 1| mM dithiothritol), and 0.6 U of AvrIl. This
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Table 1
Clinical and demographic characteristics of study participants
Characteristic Colorectal No colorectal Total
cancer cancer n =404

Population

Australian 98 105 203

Polish 96 105 201
Gender

Female 113 139 252

Male 81 71 152
Age

Mean - 46.5 46.5

Range - 18-95 18-95
Age of CRC

Mean 42.7 - 42.7

Range 16-78 - 16-78
Proband

Yes 87 56 143

No 109 152 261
MMR mutation

MLHI 108 128 236

MSH2 86 82 168
Mutation type

Truncation/ 171 173 344

deletion

Missense 23 37 60

“All missense mutations included were deemed to be pathogenic
through previous functional assay studies. Age for participants
without colorectal cancer is defined as age at last follow up.

cut the 376 bp PCR product only when the C>T SNP was
present, producing two bands (136 bp and 240 bp) for a
homozygote C>T change or three bands (376 bp, 240 bp
and 136 bp) if a heterozygote change was present. For
wild-type C/C genotypes the 376 bp product remained
intact. Genotyping was repeated in a total of 5% of partic-
ipants to confirm the original analysis; re-genotyping
revealed a concordance rate of 100%.

2.3. Statistical analysis

All statistical analyses were completed using Intercool
Stata 8.2 (Stata Corp, College Station, TX).

Kaplan-Meier (KM) analysis was initially used to con-
duct univariate analysis with models including MMR
mutation type, and gender compared to the age of clinical
onset of CRC in relation to the ADNMT3b C>T SNP
genotype. Through several statistical tests including the
long rank test, KM was able to identify the proportion
of the patient population that are cancer free at the age
of evaluation compared to those patients who have devel-
oped disease.

Cox proportional hazard regression models were
employed to determine the association of early onset colo-
rectal cancer risk with multiple variables. These models

34

41

allowed us to take into consideration the variables of: gen-
der, MLHI/MSH2 mutation group, ethnicity and
ADNMT3b genotype in regards to family clustering (i.e.
groups of participants belonging to the same family).
p-Values generated through Cox modelling were sup-
ported with hazard ratios (HR) and 95% confidence inter-
vals (CI) giving an overall more robust model.

The age of diagnosis was defined as the patient’s age at
the time of colorectal cancer diagnosis, whereas the age
for unaffected MMR gene carriers was determined by
using their date of birth and disease free status at last fol-
low-up, which was treated as censored in the analysis.

3. Results

Utilising the technique of PCR a 376 bp fragment was
generated. Restriction enzyme digestion followed by aga-
rose gel electrophoresis  allowed three different
ADNMT3B genotypes (CC, CT, TT) to be identified as
shown in Fig. 1.

Participants were genotyped for ADNMT3B by this
method before results were tabulated. Table 2 shows a
summary of the patient demographics included in the
study, including CRC status, gender, mismatch repair
mutation and type, ethnicity and allele frequency by
ADMNT3B genotype. Both populations were assessed
separately and found to be in Hardy—Weinberg Equilib-
rium (HWE). When analysed as a single population, the
allele frequencies remained in HWE (p = 0.18).

KM analysis was performed on all genotypes gener-
ated to determine whether any significant differences
between the ADNMT3B C>T SNP and carly onset dis-
case were present. P values were determined using the
Log Rank (LR) test, which gives equal weight to all fail-
ures, Wilcoxons (W) test, which emphasises observations
from early onset patients, and finally the Taron—Ware
(TW) test that gives an intermediate of the LR and W
tests. Table. 3.

The three different ADNMT3B genotypes (CC, CT,
TT) were first individually tested for all participants how-
ever no significant result was found overall (LR, p = .83),
(W, p=.82) and (TW, p=.77). We then divided the
patient data into two more general groups namely wild-
type homozygous (CC) and combined heterozygous/
homozygous (CT or TT) SNP. This again however

cC

CT

TT

Fig. 1. DNMT3b genotypes (CC, CT, TT) generated by Avrll
restriction enzyme digestion.



Chapter 2 — DNMT3B SNP is not associated with early disease onset in HNPCC

42 SG
Table 2
Patient demographics by DNMT3B genotype
CC, CT, TT. Total
n (%) n (%) n (%)

Colorectal cancer

Yes 57(29.4)  91(47.0) 46(23.6) 194

No 63(30.0)  97(46.2) 50(23.8) 210
Gender

Male 48(31.6)  70(46.0) 34(22.4) 152

Female 72(28.6) 119(47.2) 61(24.2) 252
MMR gene

MLHI 68(28.8) 111(47.0) 57(24.2) 236

MSH2 52(31.0)  77(45.8) 39(23.2) 168
MMR mutation type

Truncation/ 106(30.8) 157(45.6) 81(23.5) 344

deletion

Missense 14(23.3)  31(51.7) 15(25.0) 60
Ethnicity

Australian 61(30.0) 93(45.8) 49(24.2) 203

Polish 59(29.3) 95(47.3) 47(234) 201
Allele frequency

C allele 0.5347

T allele 0.4653
Table 3

Hazard ratios and 95% confidence intervals by ADNMT3B
genotype

Genotype HR 95% CI p-value
CT 094 [0.66, 1.31] 0.70
T 094 [0.63, 1.42] 0.78
CT+TT 0.94 0.68, 1.29] 0.70
Per allele dose model 097 [0.79, 1.12] 0.77

Reference group for CT, TT and CT+ TT is CC.
Per allele dose model refers to the individual CC, CT and TT

genotypes.

showed no significant p-values for early onset disease
associations (LR, p=.54), (W, p=.63), (TW, p=.51).
Kaplan-Meier plots of these results are shown below in
Fig. 2.

No significant difference was also observed in the sep-
arate population groups (Australian vs. Polish) or in the
specific MMR mutation groups (MLHI vs. MSH2), data
not shown.

Cox regression models were then used to verify results
shown by KM as well as to take into account any vari-
ables that may prove to be significant. Cox analysis on
the individual genotypes (CC, CT, TT) along with the het-
erozygote, homozygote and combined heterozygote/
homozygote forms were tested using the wild-type allele
as a reference. All models included in this analysis con-
tained gender and family clustering as additional variables
resulting in non-significant p-values with hazard ratios
pointing in the opposite direction as opposed to Jones
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Fig. 2. Kaplan—-Meier survival analysis by ADNMT3B genotypes
The plots show the non-significant effect of the ADNMT3B
genotype on age of onset for CRC in HNPCC patients. (A) By
specific genotype and (B) by CT and TT genotypes compared to
CC wild-type.

et al. [12] Additionally, dividing participants into groups
of <40 vs. =40 did not alter this non-significant associa-
tion for either individual (CC, CT, TT) or combined
(CC vs. CT/TT) genotypes. Individual gender affects
along with separate populations and MMR mutation
groups were also included in additional Cox models.
These also confirmed the initial KM results showing no
significant association overall.

4. Discussion

We have analysed the ADNMT3B C>T SNP in
404 HNPCC participants to determine if the geno-
type correlates with the age of onset of colorectal
cancer. Our results suggest no association between
this SNP and age of CRC onset in our study
populations.

This 1s inconsistent with the results published by
Jones ct al. [12] where a significant difference in age
of onset between wild-type, heterozygous and
homozygous mutant carriers in the ADNMT3B
gene was reported. We utilised KM survival analysis
and Cox hazard regression models to assess for dif-
ferences amongst the three genotypes and addition-
ally to compare wild-type against the combined
heterozygotes and homozygote forms. Our results
show the ADNMT3B C>T SNP did not alter age
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of onset in either the Australian or Polish popula-
tion, and no eflect was observed when patients were
grouped based on the type of MMR mutation they
harboured (i.e. MLH1 or MSH?2). The LR, W and
TW tests were all used to assess for significant difler-
ences at different time points of the KM survival
curves. The results of these tests however suggested
no significant association for earlier disease onset
age.

Cox regression modelling that included gender,
MMR group and family clustering as variables also
confirmed the KM results for no significant associa-
tion for each individual genotype or for the homo-
zygous/heterozygous C>T SNP versus wild-type.
This was found to be the case for individual popula-
tion groups (Australia and Poland) and additionally
when both groups were combined together.

The ADNMT3B promoter SNP lies within an
intronic region between the fourth and fifth tran-
scribed exons of the longest isoform of the
DNMT3B gene (DNMT3BI). It has been demon-
strated that this SNP causes an increased level of
expression of the ADNMT3B gene [13]. and whilst
it has been proposed that this SNP causes an earlier
age of disease onset in HNPCC patients, our results
provide evidence to suggest this is not the case. It is
plausible however, that basic expression of
ADNMT3B, rather than the presence of the
ADNMT3B C>T SNP, is related to earlier age of
disease onset. Wang et al. [10] reported that
ADNMT3B is the predominant form of DNMT3B
expressed in non-small cell lung carcinoma, and that
a smaller percentage of matched healthy tissues
express the ADNMT3B form of the gene. In this
case, a patient who carries the ADNMT3B T allele
may not develop disease any earlier than a patient
with the C allele, as the ADNMT3B form is not
expressed. This may also explain the discrepancies
between our results and that of Jones et al. [12].

Considering the 3-fold larger participant size in
this study, it is likely that a type 1 error may account
for the discrepancy of results between these two
studies. Jones et al. included only 12 confirmed
CRC patients who carried the CC wild-type allele,
45 with a heterozygote CT and 17 patients with
the homozygote TT allele. Statistical tests on such
few patients in each category are therefore more
likely to give an erroneous result due to the small
sample size. Our cohort however contained 57 CC,
91 CT and 46 TT genotypes in patients with CRC;
therefore the larger sample size supports greater
strength to our statistical analysis.
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Potential limitations of the current study may
include population stratification however; we
believe this should not affect overall outcomes as a
true modifying polymorphism will affect disease
expression in all HNPCC patients independent of
population group. Additionally, no significant effect
was observed for this SNP in cither the Australian
or Polish population by Cox analysis (results not
shown) providing support of limited population
stratification confounding effects. Different environ-
mental influences on CRC onset age between the
two countries, could potentially affect the results,
but again this is unlikely as the average age of onset
for the Australian and Polish groups were 42.8 and
43.5 years, respectively. The potential for individual
environmental effects however cannot be entirely
ruled out. Another limiting factor in this study is
the reduced power to detect any small moderate
effects that may be occurring. Despite being one of
the larger HNPCC participant cohort studies, it
would be beneficial to examine larger HNPCC pop-
ulations thereby providing greater statistical rigour.

In conclusion, we have found no significant asso-
ciation for earlier cancer onset age in the Australian
and Polish HNPCC populations or in a combined
population cohort of 404 participants. Our findings
lead us to conclude that there is no distinct correla-
tion between the C=>T SNP in the ADNMT3B pro-
moter and early onset CRC in HNPCC patients and
believe previous results reporting a positive associa-
tion may be due to a type | error.
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Chapter Introduction:

The ADNMT3B SNP studied in Chapter 1 did not appear to modify the age of
disease onset in HNPCC mutation carriers, so alternative methods to investigate
the process of DNA methylation were developed with a cell line model. In the
experiments described in Chapter 2, we sought to investigate how the levels of
genomic and gene specific DNA methylation would return after treatment with
the methyltransferase inhibitor 5-aza-dC in colorectal cancer cell lines. We were
also able to assess genome wide changes in gene expression and correlate this
with the methylation of specific genes, and identify methylation patterns which
affect gene expression. The treatment of solid tumours with methyltransferase
inhibitors is less effective than anticipated, and this work identifies a DNA
methylation pattern that may govern whether a particular gene is reactivated
transiently or more long term after drug treatment. This may represent a type of
biomarker which can predict whether a methylated and suppressed gene can be
successfully reactivated long term with drug treatment. The conclusions of this
study highlighted that demethylation induced by 5-aza-dC exposure caused little
change in the DNA methylation of specific genes despite a large increase in
transcription and that the pattern of pre-existing DNA methylation may play an

important role in gene reactivation.
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Demethylation by 5-aza-2'-deoxycytidine in
colorectal cancer cells targets genomic DNA whilst
promoter CpG island methylation persists

David Mossman', Kyu-Tae Kim'Z and Rodney J Scott*123

Abstract

Background: DNA methylation and histone acetylation are epigenetic modifications that act as regulators of gene
expression. Aberrant epigenetic gene silencing in tumours is a frequent event, yet the factors which dictate which
genes are targeted for inactivation are unknown. DNA methylation and histone acetylation can be modified with the
chemical agents 5-aza-2'-deoxycytidine (5-aza-dC) and Trichostatin A (TSA) respectively. The aim of this study was to
analyse de-methylation and re-methylation and its affect on gene expression in colorectal cancer cell lines treated with
5-aza-dC alone and in combination with TSA. We also sought to identify methylation patterns associated with long
term reactivation of previously silenced genes.

Method: Colorectal cancer cell lines were treated with 5-aza-dC, with and without TSA, to analyse global methylation
decreases by High Performance Liquid Chromatography (HPLC). Re-methylation was observed with removal of drug
treatments. Expression arrays identified silenced genes with differing patterns of expression after treatment, such as
short term reactivation or long term reactivation. Sedium bisulfite sequencing was performed on the CpG island
associated with these genes and expression was verified with real time PCR.

Results: Treatment with 5-aza-dC was found to affect genomic methylation and to a lesser extent gene specific
methylation. Reactivated genes which remained expressed 10 days post 5-aza-dC treatment featured hypomethylated
CpG sites adjacent to the transcription start site (TSS). In contrast, genes with uniformly hypermethylated CpG islands
were only temporarily reactivated.

Conclusion: These results imply that 5-aza-dC induces strong de-methylation of the genome and initiates reactivation
aof transcriptionally inactive genes, but this does not require gene associated CpG island de-methylation to occur. In
addition, for three of our selected genes, hypomethylation at the TSS of an epigenetically silenced gene is associated
with the long term reversion of gene expression level brought about by alterations in the epigenetic status following 5-
aza-dC treatment.

Background

DNA methylation is an epigenetic modification that
occurs on cytosine residues in the sequence context 5'-
CG-3". It is well established that DNA methylation acts as
a transcriptional repressor of gene expression via recruit-
ment of repressive proteins. These include the Methyl-
CpG Binding Protein 1 (MeCP1) and proteins with a
methyl-binding domain, such as MBD1, MBD2, MBD3,
MBD4 and MeCP2. These proteins hinder transcription

* Correspondence: rodney.scott@newcastle eduau
! Discipline of Medical Genetics, School of Biomedical Sciences, Faculty of

Health, University of Newcastle, Australia
Full list of author information is available at the end of the article

through the recruitment of other factors such as
nucleosome remodelling complex [1]. In the case of
MeCP2, the protein is capable of binding to a single sym-
metrically methylated cytosine and contributing to the
long-term repression of transcription [2]. The binding of
these additional protein factors leads to condensation of
DNA and confers stability to the chromosome.

In normal cells, repetitive elements such as long inter-
spersed nucleotide elements, Alu repeats, transposable
elements, and satellite and non-satellite sequences which
together make up almost half of the genome, are methy-
lated [3-5]. Methylation of these regions largely contrib-

©2010Mossman et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons

( ) BioMed Central Attribution License (http:/creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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utes to the level of global methylation, and it is likely that
these regions are most drastically affected by aberrant
hypomethylation and the stability that the methylation
once conferred to the chromosomes is lost. Aberrant
methylation is one of the more frequent molecular
changes observed in tumour cells [6] and typically
involves the reversal of normal methylation patterns. It
has been known for some time that common changes
involve genome wide hypomethylation, which impinges
on the expression of oncogenes [7], loss of imprinting and
hypermethylation of tumour suppressor genes [8]. These
are believed to be a cause rather than a consequence of
the malignant process as they arise early in disease devel-
opment [9]. Supporting this is strong evidence that global
hypomethylation plays a crucial role in causing genomic
instability in colorectal carcinogenesis [10]. Alternatively,
gene specific hypermethylation is another mechanism
which can initiate carcinogenesis. This mechanism of
gene silencing has been shown by the correlation of
methylated promoters with a subsequent decrease in cor-
responding gene expression. The precise set of events
that govern which CpG residues are methylated are not
understood, nor is the mechanism that causes hypometh-
ylation [11].

5-aza-2'-deoxycytidine (5-aza-dC) is a strong inducer
of DNA de-methylation. It is an analogue of cytosine, that
when incorporated into DNA, irreversibly binds the
methyltransferase enzymes as they attempt to methylate
the cytosine analogue. This depletion of methyltrans-
ferase in the cell results in passive de-methylation, which
is known to reactivate epigenetically silenced genes [12].
5-aza-dC has demonstrated its most positive effect in the
treatment of hematologic malignancy such as myelodys-
plastic syndromes [13]. In this scenario, its effectiveness
may be due to sensitisation to other reagents or the re-
activation of silenced genes which have an apoptotic
effect. Another agent which affects the epigenetic status
of genes is Trichostatin A (TSA). TSA was originally
developed as an antifungal agent [14], but was also found
to lead to the accumulation of acetylated histones via the
inhibition of Histone Deacetylase [15]. The presence of
an acetyl group on a lysine amino acid in the N-terminal
end of core histone proteins neutralises the positive
charge carried by the lysine, weakening the association
between the nucleosome and DNA [16] to favour tran-
scriptional activity. Reports have demonstrated a syner-
gistic effect of TSA with 5-aza-dC in the re-expression of
epigenetically silenced genes [17-20]. Currently it is not
known how methylation patterns are altered with 5-aza-
dC, and how or if these patterns can be restored when
drug treatment ceases.

The aim of this study was to examine patterns of DNA
methylation in several colorectal cancer (CRC) cell lines,
to assess how these patterns are affected by drugs which
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alter epigenetic status, and profile the re-methylation
process at both a genome-wide and gene specific level.
Currently, the process of re-methylation following 5-aza-
dC is not well documented.

Methods

Cell Culture

Colorectal cancer cells HCT116, SW48, SW480, HT29
and a fibroblast cell line derived from a healthy donor
were all cultured in DMEM supplemented with 10% Foe-
tal Calf Serum (Sigma-Aldrich, St Louis, MO) at 37°C and
5% CO,. De-methylation was induced with 5-aza-dC
(Sigma-Aldrich) treatment at a pre-determined concen-
tration that induced maximal de-methylation of the DNA
without killing the cells. Culture media for LoVo and the
fibroblast cells contained 10 uM 5-aza-dC, whilst all
other cells were treated with 15 pM. Cells were incubated
for 72 h with 5-aza-dC with the culture media being
replaced every 24 h with fresh media containing 5-aza-
dC. DNA and RNA were extracted before drug treatment
and after 72 h of drug treatment. Immediately following
drug treatment (72 h), a fraction of the cells were washed
twice with PBS and allowed to continue growing under
regular drug-free conditions. At every two days following
cessation of treatment, DNA and RNA were extracted
while a fraction of the cells continued to be incubated
until ten days of drug free growth. The experiment was
also performed on HCT116 cells continuously exposed to
150 nM Trichostatin A (Sigma-Aldrich) during the treat-
ment and re-methylation period to assess the affect of
histone acetylation on DNA re-methylation. This concen-
tration chosen has previously been shown to cause hyper-
acetylation in the HCT116 cell line [21].

Cytotoxicity and Apoptosis testing

The assessment of cytotoxicity and apoptosis was under-
taken using pooled cell cultures as per the assay protocol
provided with the detection kits. For practicality, the
HCT116, SW480 and LoVo cell lines were assayed. Cyto-
toxicty was quantified using Cytotoxicty Detection Kit
(Roche Diagnostics, Mannheim, Germany) according to
manufacturer's instructions. Apoptosis was determined
using an Annexin V Apoptosis Detection Kit from BD
Biosciences and analysed on a BD FACSCantoll flow
cytometer (Becton Dickinson, Franklin Lakes, NJ) follow-
ing the manufacturer's instructions.

High Performance Liquid Chromatography (HPLC) Analysis
of Global Methylation Levels

50 pg of DNA was treated with 5 puL. RNAse Cocktail
(Ambion, Austin, TX) to remove any residual RNA which
would interfere with HPLC analysis. DNA was then phe-
nol-chloroform extracted and resuspended in sterile
water. DNA aliquots of 3 pg were digested with 1.5 U of
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Nuclease P1 (US Biological, Swampscott, MA) and incu-
bated at 37°C for 16 h. Following digestion, 2 uL of Calf
Intestinal Alkaline Phosphatase (Promega, Madison, WT)
was added and incubated at 37°C for a further two hours.
Separation of nucleosides was performed on a Varian Star
Chromatography workstation with a Supelcosil LC-18-
DB column (Sigma-Aldrich) over 30 min at 35°C with
absorbance monitored at 278 nm. Peak areas were quan-
tified with Star Reviewer Software (Varian, Palo Alto,
CA) and the 5-methylcytosine content was expressed as a
percentage of the total cytosine pool after correction for
extinction co-efficients. Standard deviations were calcu-
lated and a T-test was employed to compare expression
levels in drug treated cells against untreated cells. P-val-
ues less than 0.05 were considered to be statistically sig-
nificant.

lllumina arrays and Analysis

[llumina Human Ref-8 expression arrays (Illumina, Hay-
ward, CA) were used to measure genome wide gene
expression at four chosen time points; untreated cells,
treated cells (day O of re-methylation), and at four (d4)
and ten days (d10) of drug free growth and re-methyla-
tion. These time points were selected based on global
methylation levels at these time points. Untreated and
treated cells were used to identify changes caused by 5-
aza-dC, whilst day 4 would allow an intermediate and day
10 a final assessment of the changes in gene expression
during re-methylation. Data analysis was performed in
Genespring 7.3.1. software (Agilent, Foster City, CA).
Genes were classified according to their expression pat-
tern, and were selected with the aim of comparing methy-
lation patterns in genes temporarily reactivated and those
still expressed after 10 days of drug free growth. The
genes selected for analysis were CDOI, HSPCI0S,
MAGEA3, RNF113B., ZFP3 and two colorectal cancer
related genes CDKN2A and MLHI. These genes dis-
played different expression patterns in the HT29, SW4.80,
SW48 and HCT116 cell lines that could be further exam-
ined.

Bisulfite conversion, PCR and direct sequencing

DNA was converted in duplicate using a Qiagen Epitect
Bisulfite conversion kit (Qiagen, Valencia, CA) using 2 pg
of phenol-chloroform purified DNA. Samples were
eluted in 30 pL of elution buffer and an aliquot was
diluted 1:3 prior to PCR and stored at 4°C, whilst the
remaining fraction was stored at -20°C. Cp@G islands sur-
rounding the transcription start site of genes were tar-
geted in PCR analysis using the primers listed in
Additional File 1: Table S1. Primers included a non-CpG
cytosine at the 3' end in order to preferentially amplify
converted DNA sequences. Amplified products were
purified with Ampure magnetic bead clean-up system
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(Agencourt, Beverly, MA). Big Dye Terminator Version
3.1 sequencing mastermix was used with the forward
PCR primer and reactions were purified with CleanSEQ
magnetic clean-up system (Agencourt). Sequencing was
performed in duplicate on an ABI 3730 sequencer and
data analysis was carried out using Sequence Scanner
software (Applied Biosystems, Foster City, CA). The per-
centage methylation at each CpG was determined by
dividing the cytosine peak by the combined heights of the
cytosine and thymine peaks as described previously [22].

mRNA expression analysis

Extracted RNA was converted to cDNA using Super-
script I (Invitrogen, Carlsbad, CA). Real time PCR was
performed using an ABI 7500 real time PCR machine and
SYBR green mastermix (Applied Biosystems) and prim-
ers listed in Additional File 1: Table T1. Reactions were
carried out in triplicate and the fold change in expression
was normalised to the B-actin housekeeping gene using
the 2-24Ct method. For the purpose of calculating fold
changes in expression, genes with no detectable expres-
sion were assigned a Ct value of 40. Standard deviations
were calculated and a T-test was employed to compare
expression levels in drug treated cells against untreated
cells. P-values less than 0.05 were considered to be statis-
tically significant.

Ethical Approvals

This study was deemed exempt from ethics approval
from the University of Newcastle, and consent was not
required due to use of cell lines.

Results

Global Methylation levels

Quantitative HPLC indicated that global methylation was
lower in all CRC cell lines in comparison to the fibroblast
cell line, with a difference of at least 2% in total methy-
lated cytosine (Figure 1). Whilst all cancer cell lines dis-
played hypomethylation, there were differences in global

Global Re-methylation Patterns

% Global Methylation
0 w =

i st ey b [ Dy Do Dy B 101
Diays of Re-mathylation

Figure 1 Global re-methylation in cell lines. All cells exhibited dem-
ethylation after 5-aza-dC treatment, and re-methylation occurred over
the 10 days of drug free growth.
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methylation levels indicating these cells exhibit unique
methylation profiles. The cancer cell line HT29 displayed
the largest difference in methylation levels compared to
the control fibroblast cell line with a total methylated
cytosine content difference of 3.75%.

Global methylation response to 5-aza-dC and re-
methylation

Following treatment of cells with 5-aza-dC over 72 hours,
there was a substantial decrease of genomic DNA methy-
lation. The decrease in global methylation in the SW48,
SW480, HCT116 and LoVo cell lines was greater than
50%, whilst the decrease in fibroblast and HT29 cell lines
were not as extensive (Figure 1). Nonetheless, all treated
cells had significantly lower levels of methylation com-
pared to untreated cells (p < 0.01). By the tenth day of
drug free growth, global methylation levels approached
those observed prior to drug treatment, and the HT29
cell line had reached pre-treatment levels by Day 8. This
observation suggests there is remodelling of the chroma-
tin state. Cytotoxicity was monitored and found to be ele-
vated following drug treatment, which subsequently
receded as growth was continued in drug-free media
(Additional File 2: Figure S2). Similarly, an increase in
apoptosis was induced by 5-aza-dC exposure, which
gradually diminished during the drug free growth period
(Table 1).

Global methylation response to combined 5-aza-dC and
TSA and re-methylation

Combined TSA and 5-aza-dC treatment was performed
on the HCT116 cell line to observe whether histone
acetylation would influence the process of DNA re-meth-
ylation. Measurement of genomic methyl-cytosine levels
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revealed no synergistic effect of combined TSA and 5-
aza-dC treatment on the de-methylation and no influence
of acetylated histones on the re-methylation process in
these cells (Table 2).

Gene-expression analysis

Numerous silenced genes were reactivated after 72 h
treatment with 5-aza-dC in each cell line as determined
by Illumina expression microarrays. In the cancer cell
lines, eight genes were commonly reactivated (Table 3)
and a greater number of these remained expressed 10 d
post treatment, whilst more short term reactivation was
observed in the fibroblasts (Table 4). Hyper-acetylation
induced by TSA in HCT116 cells resulted in an increased
number of long term and fewer short term reactivated
genes compared with 5-aza-dC treatment alone. Of the
511 genes temporarily reactivated with 5-aza-dC in
HCT116 cells, 165 were re-expressed in enduring manner
when also subjected to 5-aza-dC and TSA combination
treatment, suggesting a role of histone acetylation in long
term reactivation.

Differences were observed in the resulting level of
expression of reactivated genes between cell lines in the
days following removal of 5-aza-dC. Filtering of the data
allowed categorization of two groups of reactivated
genes; those that remained highly expressed 10 d post
treatment, and those which reverted to an inactive or
lowly expressed state (Figure 2). Lists of genes which were
expressed according to these opposing groups in two dif-
ferent cells lines were generated. Genes associated with a
CpG island were randomly selected for bisulphite
sequencing analysis to allow comparisons between long
and short term reactivated genes.

Table 1: Cell Death induced by 5-aza-dC and during recovery period.

CellLine Time Point Viable (%) Necrotic (%) Apoptotic (%)
HCT116 Untreated 94.6 5.2 0.2
5-aza-dC treated 94.0 5.5 0.5
4 d post treatment 89.8 9.9 03
10 d post treatment 94.0 5.6 0.4
Sw4so0 Untreated 99.8 0.1 0.1
5-aza-dC treated 80.3 14.2 5.5
4 d post treatment 90.5 87 14
10 d post treatment 92.6 6.2 1.2
LoVo Untreated 784 9.4 12.2
5-aza-dC treated 67.2 7.0 258
4d post treatment 67.0 10.7 223
10 d post treatment 776 1.3 11.1

Necrosis and cells undergoing apoptosis increased after 5-aza-dC exposure. The number of necrotic cells remained elevated ten days post
treatment in SW480 and LoVo whilst apoptosis was decreasing in all cell lines ten days post treatment.
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Table 2; Genomic methylation of cells treated with 5-aza-dC alone and in combination with TSA.

Time after 5-aza-dC 5-aza-dC & TSA 5-aza-dCalone p-value
day 0 1.52% 1.18% 0.06
day 2 1.55% 1.52% 0.82
day 4 2.29% 2.32% 0.60
day 6 2.29% 2.37% 0.14
day 8 2.31% 2.38% 0.31
day 10 241% 2.39% 0.76

Global methylation levels decreased with 5-aza-dC treatment and were gradually restored. T-test p-values indicate there is no synergistic
effect caused by histone acetylation in the demethylation of genomic DNA.

Gene methylation and expression in response to 5-aza-dC
Bisulfite sequencing of seven individual gene promoter
regions revealed that de-methylation and re-methylation
changes observed at the genome-wide level were not
reflected in CpG Island (CGI) methylation levels of the
seven genes examined. Global levels decreased by over
50% in some cell lines, however the reduction of methyla-
tion at specific gene CGIs was significantly less. The
highest de-methylation observed at a specific gene was
~25% at the RNF113B CGI in the HT29 (See Additional
File 3: Figure S3), SW480 and HCT116 cell lines.

Up to 400 bp of sequence data was analysed by bisulfite
sequencing of the CGIs surrounding the Transcription
Start Site and where possible, the ATG start codon of the
respective gene. Several genes revealed the presence of
hypomethylated cytosines within an otherwise hyperm-
ethylated CGI, and frequently the hypomethylated cyto-
sines would lie in close proximity to the TSS. Genes
demonstrating this feature were the MAGEA3
(NM_005362.3) (Figure 3), CDOI (NM_001801.2) and
HSPC105 (NM_145168.2) in SW480 cells, MAGEA3 and
CDOI1 in HT29 cells (Additional File 4: Figure S4) and
MLHI (NM 000249.2) in SW48 cells (Additional File 5:

Table 3: Commonly reactivated genes in 5-aza-dC treated
colorectal cancer cells

Figure S5). These genes all appeared to be epigenetically
silenced in untreated cells and were reactivated and
highly expressed 10 days after 5-aza-dC removal.

Partial methylation was detected in the CGI of
MAGEA3 and HSPC105 genes that were actively tran-
scribed in untreated cells however no methylation was
detected in the CGI associated with the beta-actin house-
keeping gene in any of the cell lines tested. The MAGEA3
and HSPC105 genes in HCT116 and HT29 cells respec-
tively, were both expressed and with CGI methylation of
~50-60% suggesting only one allele was hypermethylated.

HCT116 and SW48 cells are of particular interest since
the hypermethylation of the promoter regions of
CDKN2A (NM 000077.3) and MLHI1 respectively are
considered to result in the repression of these genes'
expression. In the HCT116 cells, the CDKN2A CGI dis-
played a region of 50% methylation in the vicinity of the
TSS that spanned at least 100 bp (Additional File 6: Figure
$6). Consequently, CDKN2A expression was detected at
all times points in these cells. With the exception of
SW48, MLH1 was expressed in all cells, and no methyla-
tion was detected in MLH1 CGI. After 10 days of drug
free growth, MLHI was still expressed in SW48 cells, but

Table 4: Expression patterns of reactivated genes.

Accession No. Gene Name

NM_203339.1  Clusterin

NM 176791.3 Gametocyte specific factor 1-like

NM 173357.2 Synovial sarcoma, x breakpoint 6 (Pseudogene)
NM 144701.2 Interleukin-23 receptor

NM_080618.2  CCCTC-binding factor (zinc finger protein)-like
NM 032598.3  Spermatogenesis associated 22

NM 0122532  Transkelotase-like 1

NM 006001.1 Tubulin alpha 3C

Cell Line Short Term Long Term Other
Fibroblasts 626 453 356
HCT116 51 702 244
HCT116 + TSA 354 943 134
Swaso 383 650 246
SWas 525 778 248
HT29 551 670 257
LoVo 1116 597 185

Eight genes were commonly reactivated across the five cell lines
exposed to 5-aza-dC for 72 h.

Short term genes were transiently reactivated with 5-aza-dC
whilst long term genes were still expressed 10 d post treatment.
Other refers to any pattern other than short or long term re-
exprassion.
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Figure 2 Selection of genes for bisulphite sequencing analysis.
Shown in the heatmap are the genes reactivated in the SW480 cell line.
Filters were applied to select silenced genes that were reactivated
upon 5-aza-dC treatment. Genes demaonstrating differential expres-
sion between cell lines were chaosen for further analysis.
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this did not correlate with the methylation status of the
MLH1 CpG island, which was hypermethylated.

While some genes were still highly expressed 10 days
after 5-aza-dC treatment, there were a group of genes
which were temporarily up-regulated or re-expressed but
were expressed at low levels after 10 days of drug free
growth. Genes in this category that were studied include

MLGEAZ GGl mathylation In SWI0 colls SIS et m SWAAG culls

=l

Tima Pont

Foid Changs comparsilic Usivaated
3
E

i persition selative e TS5

TFP1 CGI mathylation In HTI8 calls ZPP3 ewRHA in HT20 alls

w0
R
£

P Charme comparad 4 Urvatidl

- o = s " o0 ——

o Paukion Reiive m T35 Time Pesint

Figure 3 MAGEA3 and ZFP3 CGl methylation and expression with
5-aza-dC treatment. Figure 3A illustrates hypormethylated cytosines
at the TS5 in otherwise hypermethylated CpG island and the corre-

sponding expression (B). Figure C and D shows CGI hyper-methylation
and expression of the temporarily reactivated ZFP3 gene in HT29 cells.
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the ZFP3 (NM_153018.1) (Figure 3) and RNF113B
(NM_178861.3) genes in the HT29 cell line. De-methyla-
tion was observed at the RNF113B CGI after 5-aza-dC
exposure and this level returned to normal levels 10 days
after removal of the 5-aza-dC. Genes classified as tempo-
rarily reactivated by 5-aza-dC had uniform levels of
hypermethylation, unlike those classified as ‘permanently’
reactivated which carried hypomethylated CpG sites.

Discussion and Conclusions

The involvement of epigenetic factors, particularly DNA
methylation on the regulation of gene expression has
been recognised for quite some time, however it is a pro-
cess not totally understood. The events which underlie
genomic hypomethylation and hypermethylation of
tumour suppressor genes in malignant cells and why
these types of genes are targeted remain unresolved.
HPLC analysis of genomic DNA was performed to assess
the level of total methylation content present in several
types of CRC cells. Genome wide hypomethylation was
observed in all the CRC cell lines analysed when com-
pared with the fibroblast cell line, and the lower levels of
global methylation in the LoVo and HT29 cell lines may
contribute to the genomic instability observed in these
cell lines. This finding is consistent with previous reports
that malignant cells have lower levels of genomic DNA
methylation when compared with healthy tissues [23,24].
The de-methylation observed on a global level did not
correlate with that found at specific CGls, and conse-
quently, expression was observed from genes associated
with a hypermethylated promoter. The discrepancy
between global and specific gene methylation levels can
be explained by the reduced methylation level of Alu ele-
ments and LINE methylation. Yang and colleagues [25]
demonstrated Alu elements and LINE methylation is
reduced by 16% and 60% respectively in colorectal cancer
cell lines treated for 72 h with 5-aza-dC. Repetitive
regions are likely to fall within compacted heterochroma-
tin where methyltransferase access to the DNA is limited
and as a result these sequences become more readily
hypomethylated. Furthermore, methylation reductions in
a combination of transposable elements [5], satellite
repeats [26] and other methylated GC rich areas of the
genome which do not form bona fide CpG islands [27]
may also contribute to this difference.

Global methylation levels and response to 5-aza-dC and
TSA

In all cell lines studied significant genome-wide de-meth-
ylation was observed, and a greater than 50% reduction
was observed in SW48, SW480 and HCT116 cells, indi-
cating significant DNA de-methylation. Amongst the
cancer cells, higher pre-treatment levels of global methy-
lation appeared to correlate with a larger decrease in
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global methylation levels. Even with exposure to a high
concentration of 5-aza-dC, global methylation levels fol-
lowing treatment averaged ~1.2% in the colorectal cancer
cell lines. This may be interpreted to suggest that if total
methylation levels fall below this point, cell death may be
induced either through de-methylation, or toxicity from
excessive DNMT binding to DNA. Further analysis of
DNA with genome wide methylation arrays might reveal
regions that are common to all cell lines which are resis-
tant to DNA de-methylation induced by 5-aza-dC. This
possibility was not examined in the current study.

By the tenth day of drug free growth, the global methy-
lation of all cell lines had increased and was nearing pre-
treatment levels. The rate of re-methylation was steady in
the SW480, LoVo, HT29 and fibroblast cell lines, whilst
periods of rapid re-methylation were observed in
HCT116 and SW43 cell lines (Figure 1). Despite genomic
methylation increasing, the rate was reduced dramati-
cally after this point which may suggest levels have, or
could, plateau below the original level. This scenario
could be indicative of an altered pattern of gene expres-
sion following 5-aza-dC treatment. The HCT116 and
SW48 cell lines are known to harbour epigenetic changes,
and were among the most affected by 5-aza-dC which
may suggest regulation of DNA methylation in these cell
lines is different from the others studied.

Continual exposure of the HCT116 cells to Trichostatin
A was performed in combination with regular 5-aza-dC
treatment to investigate whether altering histone acetyla-
tion and chromatin conformation could affect the DNA
methylation process and subsequent gene expression pat-
terns. TSA is an inhibitor of Histone Deacetylase and
leads to histone hyper-acetylation. Histone acetylation is
associated with regions of active chromatin [28] and has
been shown to assist the binding of a the TFIIIA tran-
scription factor to chromatin templates [29]. With this
knowledge, an investigation into whether global de-meth-
ylation could be enhanced and if re-methylation could be
restricted by histone hyper-acetylation was undertaken.
Our results show that at a genome wide level, TSA did
not enhance the de-methylation process in HCT116 cells,
and continual exposure to TSA for ten days did not sig-
nificantly alter the re-methylation process (Table 2) in the
HCT116 cell line. The p-value of 0.06 indicates the largest
difference is at the dO time point, however at this time the
TSA treated cell line had a greater level of global methyla-
tion, and therefore did not enhance de-methylation.
Based on these observations, DNA methylation is not
hindered by histone acetylation. This notion does not
conflict with previous findings that 5-aza-dC and TSA
have a synergistic effect on gene expression [17,30] rather
it indicates methyltransferase enzymes are not deterred
from hyper-acetylated DNA.
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Expression arrays were conducted with the aim of iden-
tifying reactivated genes that were differentially
expressed between the cell lines and could be subjected
to bisulfite sequencing analysis. In addition, the influence
of TSA on expression patterns could be observed. Com-
bined treatment of TSA with 5-aza-dC did not cause an
increase in the number of reactivated genes which is in
accordance with its minor influence on genomic methyla-
tion levels. Again, this does not conflict with previous
reports of a synergistic effect of the two drugs, but indi-
cates DNA methylation plays a greater role than histone
acetylation in reactivating silenced genes on a genome
wide level [20]. The synergistic effect of TSA was
observed with prolonged expression of 165 genes deemed
temporarily reactivated with 5-aza-dC alone, implicating
TSA treatment as a valuable tool for maintaining expres-
sion of genes reactivated with 5-aza-dC.

The combined use of 5-aza-dC and TSA may be advan-
tageous in overcoming poor outcomes in tumour types
that do not respond to 5-aza-dC alone. A 'maintenance’
administration of TSA following a 5-aza-dC treatment
cycle may assist with prolonged gene expression without
the cytotoxic effects of 5-aza-dC. Furthermore, identifi-
cation of the pre-existing methylation patterns at genes
targeted for reactivation could determine whether that
gene will respond to treatment and whether a particular
patient is suitable for this type of therapy.

Bisulphite sequencing of CpG islands

Bisulphite conversion of DNA followed by PCR and
direct sequencing across a CGI permits quantification of
the methylation at individual CpG sites and allows for the
establishment of a methylation profile of CpG islands.
The genes studied displayed varying levels of responsive-
ness to 5-aza-dC treatment, as observed by a decreased
CGI methylation, however the decrease was not consis-
tent with that observed on a genome wide level. The larg-
est decrease in gene specific methylation was in the
RNF113B gene. After treatment, CGI methylation levels
dropped by over 20% in the HT29 cell line with an associ-
ated increase in gene expression. By the tenth day of
drug-free growth the CGI methylation returned to pre-
treatment levels, which correlated with the return of nor-
mal levels of gene expression.

Sequencing of CGIs allowed the detection of several
instances where a small cluster of cytosines were hypom-
ethylated amongst an otherwise hypermethylated CpG
island in a non-expressed gene. These hypomethylated
cytosines appear at a CpG site adjacent to the TSS of a
gene, as seen in the MAGEA3 CGI in SW480 cells. Upon
culturing the cells for a further four and ten days in drug
free media, these cells were found to still be expressing
the previously silenced MAGEA3 gene, suggesting the
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transcriptional status of this gene had been permanently
reversed. In comparison, the HCT116 cell line expressed
these two genes constitutively. The only common methy-
lation pattern amongst the two cell lines was <50% meth-
ylation at the CpG sites 1 bp upstream and 10 bp
downstream of the TSS in the MAGEA3 gene. This kind
of reactivation was also observed in CDO1, and HSPC105
genes in SW480 cells which also carried hypomethylated
CpG sites.

To investigate the possibility that the enduring reactiva-
tion of genes was due to continued cytotoxicity or apop-
tosis, we monitored these levels over the corresponding
time period. Both cytotoxicity and apoptosis levels were
elevated by 5-aza-dC, but decreased when the drug was
removed. This indicates gene expression variation is a
result of changes in genomic methylation rather than
activation of apoptotic pathways. The fraction of necrotic
cells remained higher than in untreated cells which are
likely to represent reactivated genes that orchestrate cell
death or cells that died in the time prior to the measure-
ment of apoptosis.

Treatment of cells with 5-aza-dC caused the reactiva-
tion of numerous genes, although de-methylation within
the CGI of specific genes did not correlate with genomic
levels (as discussed earlier) or transcription levels. Conse-
quently we observed that 5-aza-dC induced expression
can be driven from a largely methylated promoter with
localised demethylation at the TSS. One such example is
the CDO1 gene in SW480 cells (Additional File 7: Figure
§7), where ~10% de-methylation (ie 10% of all alleles) at
three CpG sites caused a greater than 1000-fold up-regu-
lation of CDO1 mRNA.

We envisage the significant increase in expression of
CDO1 is inflated due to non-existent expression in
untreated cells, and that modest expression is permitted
due to hypomethylation in a small proportion of cells at
the TSS. As methylation of surrounding CpG sites was
largely unaltered, demethylation of three CpG sites in a
50 bp region surrounding the TSS is permissive of tran-
scription, and does not require hypomethylation of the
entire allele. A similar finding has been previously
reported in CDKN2A in cervical carcinogenesis [31] and
also in the CDH1 gene in [32]. The minor demethylation
of CDH1 in conjunction with large increase of gene
expression may suggest that DNA methylation does not
repress transcription, and gene up-regulation could be
due to either a secondary effect or the involvement of
other factors which are also modified by 5-aza-dC treat-
ment.

Clusters of CpG sites were identified in some genes that
showed a region of hypomethylation, such as MAGEA3
in HT29 cells (Additional File 4: Figure S4) and ZFP3 in
the SW480 cells (Additional File 8: Figure 58). Expression
of these genes was detected before 5-aza-dC treatment,
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demonstrating the importance of methylation in the CpG
sites around the TSS, and how a region of hypomethyla-
tion is permissive of transcription. Methylation of ~50%
was detected at some CGIs including CDKN2A in
HCT116 cells. These genes are likely to show mono-
allelic methylation which has been reported previously
[33,34], where all expression is from one non-methylated
allele.

The MLH1 gene is silenced by methylation on both
alleles in SW48 cells [35]. Following 5-aza-dC treatment,
de-methylation was induced and the gene was re-
expressed and by the tenth day of drug free growth, the
gene was still expressed despite methylation returning to
pre-treatment levels. The expression level of MLHI at
day 10 may be due to lower methylation at a CpG site 32
bp downstream from the TSS, which is similar to the long
term reactivation in the CDOI1, MAGEA3 and HSPC105
genes in SW480 cells. The analysis undertaken suggests
that genes thought to be under control of epigenetic
modifications such as CDKN2A and MLH1 were not
shown to have significantly altered patterns of CpG
methylation following 5-aza-dC treatment, although an
increase in expression was observed.

In non-expressed genes, the identification of regions of
hypomethylated cytosine in a generally hypermethylated
CpG island raises the question of how these cytosines are
maintained in a hypomethylated state. As the region of
hypomethylated cytosines in these genes is less than 146
bp - the length of DNA associated with a nucleosome, it
would suggest in this scenario at least, an absent
nucleosome is not a factor in assisting transcription as
previously described [36]. It would appear 5-aza-dC can
induce an irregular nucleosomal conformation that per-
mits expression from methylated genes. It is also possible
that 5-aza-dC reduces repressive histone tail marks or
initiates the gain of active marks in the area surrounding
the hypomethylated cytosine following 5-aza-dC expo-
sure. The methylation of Histone H3 Lysine 9 is a modifi-
cation associated with inactive chromatin and has been
shown to be rapidly lost with 5-aza-dC treatment [37]. It
is possible that a loss of H3K9 methylation may have been
induced by 5-aza-dC in the current study, which may
allow binding of transcriptional proteins, which in turn
enhance transcriptional reactivation.

Hypomethylated CpG sites which exert control on gene
expression may have implications for methods such as
methylation-specific PCR and array technologies which
rely on the methylation status of a small number of CpG
sites in order to determine a given genes methylation sta-
tus. The observation that a single or small group of CpG
sites could affect expression may have greater implica-
tions should a polymorphism exist at the site. A polymor-
phism at the CG dinucleotide will deny methyl-group
attachment which would be advantageous to individuals
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with that change by conferring a protective effect against
epigenetic inactivation, particularly in genes such as
MLH1.

Our results show that 5-aza-dC induces gene expres-
sion, but is not necessarily dependant on DNA de-methy-
lation. The pre-existing level of methylation surrounding
the transcriptional start site of a gene appears important
in long term reactivation. This was demonstrated as the
transcriptional status of silenced genes could be reversed
with 5-aza-dC and for up to ten days after its removal in
genes with hypomethylated cytosines despite minimal
CpG de-methylation. In CGIs which exhibited a uniform
level of hypermethylation, transcription could be induced
for a short term only. The acetylation of histones was not
found to alter the de-methylation or re-methylation pro-
cess and was therefore not expected to cause a change in
the gene expression profile. Although constitutively
expressed genes demonstrate hypomethylation, 5-aza-dC
treatment was found to force expression from genes with
hypermethylated CGls, suggesting that 5-aza-dC is capa-
ble of influencing other factors involved with gene
expression, such as proteins with a methyl-binding
domain or histone modifications.

Additional material

.

Additional file 1 Table 51. Primer sequences used in Bisulfite PCR/
Sequencing and gPCR.
Additional file 2 Figure 52. 5-aza-dC induced cytotoxicity levels and
recovery. Cytotoxicity was elevated immediately following treatment. By
day 10 of the recovery period these levels had subsided to at least half of
the initial value.

Additional file 3 Figure S3. RNF113B methylation in HT29 cells. The
RNF113B gene is methylated (A) and lowly expressed (B) in HT29 cells. 5-
aza-dC induces de-methylation of up to 30% which corresponds with an
increase in expression of the gene. Methylation of the RNF113B CGl and
expression at day 10 approach levels observed in untreated cells.
Additional file 4 Figure 54. MAGEA3 and CDO1B CGI methylation in
HT29 cells. Both of these CGls demonstrate hypomethylation at the TS5 (A
and C). Following 5-aza-dC treatment both genes were still expressed after
10 days of drug free growth (B and D).
Additional file 5 Figure S5. MLH1 CGI methylation in SW48 cells. The
methylation of SW48 does not change dramatically with 5-aza-dC treat-
ment (A), but expression is reactivated and remains high after ten days of
drug free growth (B).
Additional file 6 Figure 56. CDKN2A CGI methylation in HCT116 cells.
Methylation of the COKN2A CGl is approximately 50% surrounding the TSS
(). Expression is detected in untreated cells and becomes up-regulated
after 5-aza-dC treatment (B).
Additional file 7 Figure S7. CDO1 CGI methylation in SW480 cells. A
decrease of ~10% of promter methylation in the CDO1 promoter region
results in an 1000 fold increase in expression.
Additional file 8 Figure 58. ZFP3 CGI methylation in SW480 cells. A
cluster of hypomethylated cytosines are present at the TSS but a greater
level of methylation is observed adjacent to this region. Expression is up-
regulated and remains high after ten days of drug free growth.
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Abbreviations

CGl: CpG Island; CRC Colorectal Cancer; DNA: deoxyribonucleic acid; 5-aza-dC:
5-aza-?-deoxycytiding; HPLC: High Performance Liquid Chromatography;
MeCP: Methyl-CpG binding Protein; PBS: Phosphate Buffered Saline; PCR: Poly-
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merase Chain Reaction; RMA: ribonucleic acid; TSA: Trichostatin A; T5S: Tran-
scription Start Site.
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Additional File 1: Table S1 — Primer sequences used in bisulphite PCR /

Sequencing and qPCR.

Gene Bisulfite PCR and Sequencing (5°-3”) qPCR (5’-3’)
(Accession

Number)

GAPDH F: GTTGGGATTGGTTGAGTT n/a

(NM_002046.3)

R: CCAAACCTCCATACCCAAC

ACTB

(NM_001101.2)

n/a

F: TGTGGCATCCACGAA ACTACC

R: ACATCTGCTGGAAGGTGGACA

CDO1

(NM_001801.2)

F: TTAAAGTGGGGGAGAGATTG

F: GAGGGAAAACCAGTGTGCCTAC

R: AACCTACACCTCCTCTACATTA

R: GCTCACAGCAGGTTCCGTATG

HSPC105

(NM_145168.2)

F: GTGAAAGTTTAAAAGTAGATAT

F: GTGTCCTCATTACAGGAGG

R: CATTCTAAAAAACCAAACTAC

R: GCTTTCTCTACGTCAGACAGG

MAGEA3

(NM_005362.3)

F: GGATTTATAGTTTTAGGAT

F: ATCTGCCAGTGGGTCTCCATT

R: CACATTAAACTCTATCCCCAAAA

R: TCTGCTCAAGAGGCATGATGA

RNF113B

(NM_178861.3)

F: GGTTAGGTTGGTTTTAAATTGTTGATT

F: GTGTTTCATATGTCGCCAGGCC

R: CTAAAACCTACAACCCCTTTC

R: CGGTTGGCTGGTCACAGATG

ZFP3

(NM_153018.1)

F: GAGTTTTTGAGTTTAGAGTAATGT

F: CTTCGGGCAGAGTTCTGAGC

R: CATAAACTTCAAAATCACACAAC

R: CTGAGTTCCCCCTGAAGGCC

CDKN2A

(NM_000077.3)

F: GATTTTAGGGGTGTTAT

F: GTCGGAGGCCGATCCAGGTCATG

R: CTCATTCCTCTTCCTTAAC

R: AGCGTGTCCAGGAAGCCCTC

MLH1

(NM_000249.2)

F: AGATTATTTTAGTAGAGG

F: AGCTGATGGAAAGTGTGCATACA

R: AAAAAACCTAACTAACA

R: CGTGATCTGGGTCCCTTGA
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5-aza-dC cytotoxicity
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Additional File 2: Figure S2 - 5-aza-dC induced cytotoxicity levels and
recovery. Cytotoxicity was elevated immediately following treatment. By day 10
of the recovery period these levels had subsided to at least half of the initial

value.

RNF113B CGI methylation in HT29 cells RNF113B in mRNA in HT29 cells
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Additional File 3: Figure S3 - RNF113B methylation in HT29 cells. The
RNF113B gene is methylated (A) and lowly expressed (B) in HT29 cells. 5-aza-
dC induces de-methylation of up to 30% which corresponds with an increase in
expression of the gene. Methylation of the RNF113B CGI and expression at day

10 approach levels observed in untreated cells.
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CDO1 mRNA in HT29 cells

CDO1B CGI methylation in HT29 cells
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Additional File 4: Figure S4 - MAGEA3 and CDO1 CGI methylation in HT29
cells. Both of these CGls demonstrate hypomethylation at the TSS (A and C).
Following 5-aza-dC treatment both genes were still expressed after 10 days of

drug free growth (B and D).
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MLH1 CGI methylation in SW48 cells MLH1 mRNA in SW48 cells
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Additional File 5: Figure S5 - MLH1 CGI methylation in SW48 cells. The
methylation of SW48 does not change dramatically with 5-aza-dC treatment (A),

but expression is reactivated and remains high after ten days of drug free growth
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Additional File 6: Figure S6 - CDKN2A CGI methylation in HCT116 cells.
Methylation of the CDKN2A CGI is approximately 50% surrounding the TSS
(A). Expression is detected in untreated cells and becomes up-regulated after 5-

aza-dC treatment (B).
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CDO1 CGI methylation in SW480 cells CDO1 mRNA in SW480 cells
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Additional File 7: Figure S7 - CDO1 CGI methylation in SW480 cells. A
decrease of ~10% of promter methylation in the CDO1 promoter region results

in a 1000-fold increase in expression.
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Additional File 8: Figure S8 - ZFP3 CGI methylation in SW480 cells. A cluster
of hypomethylated cytosines are present at the TSS but a greater level of
methylation is observed adjacent to this region. Expression is up-regulated and

remains high after ten days of drug free growth.
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Chapter 4

Molecular responses of colorectal cancer cells to

5-aza-2’-deoxycytidine
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STATEMENT 111

This statement explains the contribution of all authors in the article listed below:

Mossman, D. and Scott, R.J., (2009) Molecular responses of colorectal cancer
cells to 5-aza-2’-deoxycytidine. Submitted to Mutagenesis and Carcinogenesis,
July 2011.

Table 111: Author contribution Percentage and Description of Contribution to the
article listed above.

Author Contribution Description of Signature
(%) Contribution to
Avrticle

David Mossman 90% Executed the study.
Analysed and
interpreted the data.
Worote the manuscript.

Rodney J. Scott 10% Designed the study,
provided the concept
and corrected the
manuscript.
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Chapter Introduction:

Epigenetic aberrations are a common event in tumour tissues which include
hypermethylation of critical genes and generalised decrease in global
methylation which may also lead to the activation of proto-oncogenes. Despite
the known toxicity of 5-aza-dC, the use of DNA methyltransferase inhibitors is
largely ineffective against solid tumours but has given promising results in
haematological disorders. In this study we analysed the gene expression patterns
after treatment of 5-aza-dC on colorectal cancer cell lines to understand the
molecular response in colorectal cancer cells. This study was undertaken to
identify patterns of gene expression before, during and after 5-aza-dC treatment
to characterise the response to drug treatment that may identify shortfalls or
avenues for potential new therapies. The combined use of DNA
methyltransferase and histone deacetylase inhibitors were investigated, along
with a recently described re-setting of gene expression by drug treatment, where
patterns of expression resemble that of a different cell type. Overall these results
show that the apoptotic effect generated does not appear sufficient to kill all cells
and suggest that combined therapeutic treatments against solid tumours may lead

to more successful treatment strategies.
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Molecular responses of colorectal cancer cells to 5-aza-2’-deoxycytidine
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Abstract

A wealth of evidence implicates epigenetic aberrations in virtually all forms of
malignancy, yet a clear understanding of how this is established or how it can be
successfully treated remains elusive. Therapies to counteract epigenetic
anomalies include 5-aza-2’deoxyvcytidine and Trichostatin A but their
effectiveness is limited to certain tumour types.

In this study we have treated colorectal cancer cell lines with both agents to
examine their influence on genome wide gene expression. RNA was extracted
and expression was measured with Illumina Human Ref-8 arrays.

Large-scale similarity was not detected between cell lines after 5-aza-dC
exposure and expression profiles of each cell line remained similar at each time
point of treatment. Furthermore, a pattern of expression resembling that of
healthy epithelial cells was not induced in the cancer cell lines by 5-aza-dC
treatment. Two subsets of genes were identified in each cell line that showed
either transient or lasting reactivation. In HCT116 cells, co-treatment with TSA
resulted in higher levels of long term reactivation compared with 5-aza-dC alone.
In terms of specific genes. a down-regulation of PRKACB was commonly
identified following drug treatment, which may have pro-apoptotic downstream
effects. however this mechanism does not appear to be sufficient to initiate cell
death in these cells.

Our results suggest treatment with 5-aza-dC followed with maintenance
Trichostatin A exposure enhances long term re-expression of genes, regardless of
whether the gene is associated with a CpG island. Responses to treatment were
complex and although the apoptotic pathway was not directly affected, there is

evidence that genes from this pathway were altered.
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Introduction

Epigenetic control of gene expression is mediated by DNA methylation and
histone protein modifications. Aberrant DNA hvpermethylation and histone
hypo-acetylation are frequent events in malignancy which co-operatively silence
critical genes. For this reason, these pathways are suitable targets for therapy
against malignancy. Two classes of chemical agents exist which are capable of
modifying the epigenetic status. 5-aza-2’-deoxvcytidine (5-aza-dC) is a powerful
inhibitor of DNA methylation that exerts its effect via the irreversible binding of
DNA methyltransferase to 5-aza-dC substituted DNA, thereby depleting the cell
of available methyltransferase. However, the clinical benefits of this agent are
below expectations for solid tumour types and its effectiveness appears to be
limited to myelodysplastic syndromes [1-3]. The second agent, Trichostatin A
(TSA)is a potent inhibitor of histone de-acetylation. Whilst originally developed
as an antifungal agent, TSA causes an accumulation of acetylated histones via
the inhibition of histone de-acetylase [4] and results in actively expressed

transcripts of affected genes [5].

These treatments appearto have varied effects on gene expression. 5-aza-dC is a
well known activator of gene expression, and TSA has a similar effect but
predominantly on genes not affected by hypermethylation [6, 7]. There is
evidence to show that tRNA genes can be re-expressed with either 5-aza-dC or
TSA [8]. In this instance, combined treatment with both agents did not result in
additional re-expression, however other studies have observed a synergistic
effect with 5-aza-dC and TSA [9]. Combinations of treatments may prove useful

in eliciting responses with a view to a more positive outcome in particular
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fumour tvpes, but may require clear identification of the gene pathways to be

targeted.

A resetting effect of gene expression profiles has previously been described in
which fibroblast cells were reprogrammed to a pluripotent state with 5-aza-dC
and TSA [10]. Tumour cells exposed to 5-aza-dC may also experience a resetting
effect whereby thev display a pattern of expression similar to that of healthy
tissue. To date, the changes in genomic methylation patterns and gene expression
after 5-aza-dC treatment remain poorly characterised. and the resulting
expression profiles after such treatments as 5-aza-dC and TSA may reveal
pathways that lead to favourable outcomes in some tumour types but not others.
In this study we have used several colorectal cancer (CRC) cell lines which are
known to carry many epigenetfic aberratfions.

We aimed to assess gene pathways that were altered after 5-aza-dC treatment to
investigate the molecular response induced with drug treatment. We also sought
to identify the extent of similarity between treated cancer cell lines and healthy

fibroblasts, which may suggest a reversion of phenotype. To further aid the

understanding of 5-aza-dC in fumour cells, we endeavoured to idenfify
commonly affected genes which may play a role in the efficacy of 5-aza-dC in
tumour cells. Characterisation of the molecular changes and effects of 5-aza-dC
on colorectal fumour types may identifv pathways which allow sensifisation to

other cytotoxic agents and more effective treatments.
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Methods

Cell Culture

All cell lines were cultured with DMEM media supplemented with 10% FCS at
37°C and 5% COs. Colorectal cancer cells HCT116, SW480, SW48, LoVo and
HT29 were originally obtained from the American Type Culture Collection.
GMO03652 fibroblasts representative of healthy epithelial cells were obtained
from Coriell Cell Repository. 5-aza-dC (Sigma-Aldrich) was added at 15uM. or
10pM for LoVo and fibroblast cell lines, which have previouslv been used to
induce maximal DNA de-methvlation [11]. The extent of apoptosis and
cvtotoxicity induced by 5-aza-dC in these cells have also been previously
reported [11]. 5-aza-dC treatment occurred over 72 h, with media replaced every
24h. DNA and RNA were extracted from untreated cells and after 72h of 5-aza-
dC exposure (‘treated’ time point). After 72 h of treatment, the cells were
washed with PBS to remove any residual 5-aza-dC, and confinued to grow for a
further 10 days in drug free media. During this time, DNA and RNA were
extracted after 4 and 10 days of drug free growth (d4 and d10), which represent 4

and 10 days of re-methylation. This method was then repeated in the widely

studied HCT116 cells. which were confinually treated with 150nM TSA (Sigma-
Aldrich), with a maximum of two days between media changes. This

concentration has been previously shown to cause histone acetylationin HCT116

cells [12].

Expression Analvsis

Numina Human Ref 8§ Version 2 BeadChips were used to quantify changes in
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version 3.0 where values for each sample were subjected to cubic spline
normalisation, and the t-test error model was applied to all samples. Data were
then imported to GeneSpring Software version 7.3.1 (Agilent) and normalised to
the 50th percentile on a ‘per chip’ basis to control for intensity variations across
the arrays. and a second ‘per gene’ normalisation was used to control for the
variation in detection efficiency between gene signals. Significant changes in
expression were determined with an unpaired t-test and lists of genes displaying
particular patterns of expression (i.e. reactivation, down-regulation etc) were
generated. Expression data obtained for day 4 after drug treatment was used as
an intermediate time point to confirm long term re-expression. Significant
pathways were identified using the DAVID Functional Annotation Tool and

KEGG pathway [13].
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Results

Characteristic features of cancerous cells include genomic DNA
hypomethylation and gene specific hypermethvlation. resulting in altered
patterns of gene expression in comparison to healthy cells. The cancer cell lines
examined here have all been previously reported to possess epigenetic
aberrations which are likely to lead to abnormal gene expression patterns [14,
13]. Unsupervised cluster analysis was performed from all data points and all
cell lines (Figure 1). Each cell line displays a unique expression profile, and
following 5-aza-dC there is a high similarity to expression profiles from other
time points of the same cell type. There is limited or no relatedness between cell
lines at certain time points, such as immediately after treatment. Additionally
there appears to be segregation between untreated / treated and day 4 / day 10
expression patterns which is evident across all the tested cancer cell lines,

indicating sub-groups of expression patterns occur at these fimes.

Influence of 3-aza-dC on gene expression

To assess the extent of genome wide changes after treatment and similarity
between untreated fibroblasts and treated cancer cells, the expression profiles of
cancer cells were compared with those of the fibroblasts. Fibroblasts are
representative of healthy epithelial cells and we aimed to identifv if there was
any reversion of cancer cell expression profiles to those of normal epithelial
cells. The level of expression of the cancer cells (untreated. treated and d10 post
treatment) was subtracted from baseline expression observed in the fibroblasts to
identify different expression levels. These were then ordered according to the
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Figure 1 — Heatmap of expression levels at all time point of all cells. Differences

were detected between cell lines, and expression profiles within a particular cell

line were similar at all time points of treatment.
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level of difference from highest to lowest in the untreated cancer cell lines.
Graphs were generated to visually demonstrate the differences in expression in
untreated cells and changes in expression after 72h treatment and d10 after
cessation of treatment (Figure 2). A flat line would indicate 100% correlation
between fibroblast and cancercell expression. Genesat the left end of the graph
in the ‘A’ panels are highly expressed in fibroblasts but lowly or not expressed in
the cancer cell line. Genes to the right are highly expressed in cancer cell line but
lowly or not expressed in the fibroblasts. Upon treatment of cancer cell lines (B
panels) many genes became largely up and down-regulated as shown by
downward and upward peaks respectively. By the tenth day of drug free growth
(C panels). numerous genes have remained up-regulated in comparison with
untreated and treated time points which is indicative of long term changes in
gene expression. Large scale changesare induced such that numerous genes are
reactivated or up-regulated in cancer cells to levels beyond that of fibroblast
cells. Unlike the other cell lines, large changes in expression appeared to be
transient in the HCT116 cell line as fewer distinct peaks were present at day 10
than after treatment. These graphs demonstrate that many small and several large
changes are elicited in particular genes, but the expression profiles largely revert

to pre-drug treatment state.
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normal epithelial cells.
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Table 1 — Reactivated genes in colorectal cancer cell lines that constitutively
expressed in untreated Fibroblast cells. More than half of the genes in each

category are associated with a CpG island.

CpG
Time point Islg}.nd HCT116 SW4R0D HT29 LoVo SW48
After Total 393 313 394 863 417
3-aza-dC CpG+ 324 162 201 343 229
treatment CpG- 271 151 193 322 188
4d post Total 613 457 427 RE7 796
3-aza-dC CpG+ 341 253 220 303 474
treatment CpG- 272 204 207 304 322
10d post Total 603 459 431 320 484
3-aza-dC CpG+ 307 238 223 293 278
treatment CpG- 296 221 208 227 216

As predicted in figure 2. 5-aza-dC induced numerous increases in gene
expression, and many small yet long-term changes in the cancer cell lines were
observed d10 post treatment. To assess the expression statusof reactivated genes
d10 post treatment, genes were categorised as short term or long term
reactivated. With the exception of LoVo cells, more CpG- genes were transiently
affected due to 5-aza-dC suggesting that many reactivations were secondary

events in response to drug treatment.
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Table 2 — Gene expression responses after 5-aza-dC exposure. Many continually
expressed genes are associated with a CpG island and more than half of the
genes not expressed at any time point do not have a CpG island. Over 1000
previously non-expressed genes were reactivated upon 72h 5-aza-dC treatment.
Approximately equal numbers of genes with or without CpG islands were

reactivated. 3-fold up or 3-fold down regulated.

Cell Line Iﬁ;ﬁi A'::}-S A':;.:;}-S Reactivated 3X up-reg 3X down-reg
Total 15120 777 1435 2287 2331
Fibroblast CpG + 11431 341 707 1143 1166
CpG - 3689 436 728 1144 1165
Total 15938 924 1472 2538 2468
HCTI116 CpG + 12181 340 739 1311 1296
CpG - 3757 584 733 1217 1172
Total 16752 1402 1431 2286 2238
H+E:TT51A16 CpG + 12601 362 672 11086 1074
CpG - 4151 840 759 1180 1164
Total 16080 1110 1279 2219 1988
SWA4E0 CpG + 11740 432 638 1168 1342
CpG - 4340 638 641 1051 646
Total 15368 691 15351 2751 2648
SW48 CpG + 11754 279 806 1334 1304
CpG - 3614 412 745 1217 1344
Total 15867 899 1478 2370 2240
HT29 CpG + 11960 395 782 1290 1090
CpG - 3907 504 696 1080 1150
Total 15137 775 1898 4725 4781
LoVo CpG+ 11574 258 1053 3061 2022
CpG - 3563 517 845 1664 1859
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Combined treatment of 5-aza-dC and TS5A

allow comparisons and determine synergistic effects on gene reactivation. The
HCT116 cell line was chosen as it is a widely studied cell line and the inhibition
of histone deacetylase with TSA in these cell lines has been thoroughly described
[12]. Combining TSA with 5-aza-dC did not result in greater numbers of gene
reactivationin HCT116 cells, however the constant TSA exposure resulted in
more genes remaining expressed in the ten day period after 5-aza-dC than
without TSA. When co-treated with TSA a synergistic effect on expression was
observed in 404 genes. KEGG pathway analysis on these genes identified five
significantly affected pathways; primary bile acid biosynthesis, PPAR signalling
pathway, tight junction, insulin signalling pathway and synthesis of unsaturated
fatty acids. Many of these involvereactivation of silenced tissue specific genes.
The AKT protein (part of the tight junction pathway) associated with
proliferation became highly over-expressed with co-treatment of 5-aza-dC and
TSA. The Akt protein is involved with several pathways including the Apoptosis

pathway and may be altered in response to drug treatment in these cells.

Pathway Analysis

The limited efficacy of 5-aza-dC to certain tumour types suggests different
pathways of genes are activated, resultingin divergent outcomes. Therefore we
sought to identify the pathways affected in colorectal cancer cells following 5-
aza-dC treatment.

Genes that experienced a three-fold or greater increase in expression after

treatment were analysed to identify pathways altered in three or more cancer cell
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up-regulation of related genes as compensation. The Protein Kinase A family is
involved in numerous pathways and was found to be significantly altered within
the Olfactory transduction pathway of SW48 cells. Although its role in this
pathway is likely unrelated to 5-aza-dC treatment, there is a more direct link for
the role of PKA within the apoptosis pathway. At least one variant of PRKACE
gene not expressed in fibroblast cells is down-regulated to non-detectable levels

in HT29, SW48 and LoVo cells with 5-aza-dC treatment.
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Table 3 — Gene expression patterns 10d post 5-aza-dC treatment. All genes were
not repressed in untreated cells. Short term genes reverted to low or non-
detectable expression 10d after treatment. Long term genes remained highly
expressed 10d after 5-aza-dC treatment. Other refers to any other irregular

pattern of expression.

Cell Line CpG Short Term Long term Other
Island
Fibroblasts T4 626 453 356
CpG+ 272 247 188
CpG- 354 206 168
HCTI116 Total 511 702 244
CpG+ 239 380 111
CpG- 272 322 133
HCT116é Total 354 943 134
+TSA CpG+ 166 439 67
CpG- 188 504 67
SW480 Total 383 650 246
CpG+ 161 357 120
CpG- 222 203 126
SW48 Total 525 778 248
CpG+ 230 471 105
CpG- 295 307 143
HT29 Total 551 670 257
CpG+ 272 385 125
CpG- 279 285 132
LoVo Total 1116 597 185
CpG+ 644 309 103
CpG- 472 291 82
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Table 5 - Significantly altered pathways containing genes three-fold down-regulated in at least

three cancer cell lines upon 5-aza-dC treatment. Shown are the numbers of genes altered and

the percentage of those genes which are within a specific pathway. P-values were generated

from the DAVID Functional Annotation tool. None of these pathways were altered in the

SW480 cell line.

Pathway

HCT116

Count (%) P-value

SW48

Count (%) P-value

HT29

Count (%) P-value

LoVo

Count (%) P-value

Cytokine-cytokine receptor

Hedgehog signalling pathway

Allograft rejection

Neuroactive ligand receptor

interaction

Olfactory transduction

Asthma

53 (2.6) 0.0003
21(1.0) 1.1x10°%
11(0.5) 0.0136
3323 0.0003
86 (4.1) 8.8x10%
10(0.5) 0.0089

54(24) 0.0015
15 (0.7 0.0154
10 (0.5} 0.0475
[LRERY 4.8x10°
92(4.1) 9.0x10°
11(0.5) 0.0036

Not significant

Mot significant

Mot significant

3729 1.3x10-°
100 (3.1} 3.5x10°1¢
8(04) 4.48 210

73(0.1) 0.0408
24 (04 0.0025
17 (0.0 0.0025
82(0.1) 0.0007
112 (0.1) 0.0011
17 (0.0 0.0002
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Olfactory receplor newron

Key. ¥ 3-fold increased v¢ 3-fold decreased ¥ up & down regulated

Figure 3 - Affected genes in the Olfactory transduction pathway in SW48 cells.
Marked on the KEGG pathway with blue stars are classes of genes affected in
both 3-fold up and down regulated with 5-aza-dC treatment. Marked with red
stars are genes which were 3-fold up regulated only, green stars are 3-fold down-
regulated only and categories with blue stars were affected by bothup and down

regulated genes.
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Discussion

Epigenetic aberrations are a common event in colorectal cancer and include
genome wide DNA hypomethylation and site-specific methylation of tumour
suppressor genes. Reactivation of silenced genes could prove useful in therapies
against such tumours, yet the effectiveness of DNA demethylating agents
appears limited to certain tumour types. The success of 5-aza-dC as a treatment
of malignancy relies upon its ability to alter patterns of gene expression. When
key genes are reactivated, appropriate control mechanisms are re-activated which
lead to cell death. As such, we have sought to identify the cellular responses of
several colorectal cancer cell lines to treatment with 5-aza-dC and the resulting

gene expression profiles.

Genome wide expression changes due to 5-aza-dC exposure

Cellular reactions to 5-aza-dC appear complex and varied between cell types.
Exposure to 5-aza-dC does not appear to elicit a certain pattern of gene
expression that is common to treated cells on a genome-wide scale. Rather, the
genes expressed following treatment appear to be highly dependent on the pre-
existing state as several untreated/treated pairs cluster together in an
unsupervised analysis. Similarly, d4 and d10 post treatment samples frequently
show resemblance, suggesting that the expression pattern changes occur in
gradual increments and genome-wide patterns of expression do not necessarily
revert to pre-existing levels. Localised changes in DNA methylation can attract
further modifications such as histone acetylation, which assist with prolonged
reactivation of expression [11]. These patterns may arise from deregulation of

the methyltransferase genes. As greater than 95% of methyltransferase activity in
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colorectal cancer cells is attributed to the co-operation between DNMT1 and
DNMT3B [16], fluctuations in expression of either of these enzymes may
dramatically alter the DNA methylation landscape. Additionally, cytotoxicity of
5-aza-dC in mice is mediated by expression of Dnmt3a and Dnmt3b [17], which
may account for cell line differences, and also effect resulting gene expression

profiles.

Gene expression and CpG islands

A comparison of the gene expression patterns with regard to CpG island status is
shown in Table 2. As previously shown, a large number of constitutively
expressed genes were associated with a CpG island [18, 19], indicative of DNA
hypomethylation- even in the cancer cell lines. Interestingly, approximately half
of the genes reactivated with 5-aza-dC are not associated with a CpG island, and
a proportion of genes already expressed underwent 3-fold or greater increase in
expression. The numbers of this type of expression were consistent across the
cell lines assessed. Together, the reactivation of CpG island negative genes and
up-regulation of already expressed genes indicates that methylation independent
mechanisms [20] such as secondary effects of other reactivated genes are

common events in cells exposed to 5-aza-dC.

Alteration of gene expression patterns

Epigenetic modifying agents have previously been used to alter the fate of
several particular cell types [10, 21, 22] by inducing changes to gene expression
patterns. The expression profiles of untreated fibroblast cells are representative

of healthy epithelial cells [23, 24], and comparisons to the treated cancer cell
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lines are shown in Figure 2. Gene expression after treatment and 10d post
treatment in the cancer cell lines do not resemble that of fibroblasts and suggest
that expression levels are still changing 10d after the treatment period. Up to 600
genes reverted from a transcriptionally inactive to active state, equivalent to
fibroblasts, but many other genes remained differently expressed and the pattern
and level of expression remains complex, particularly in SW48 and LoVo cell
lines. Down-regulated genes were abundant, but the magnitude of these changes
is more modest than observed in the up-regulated genes. Expression of four
transcription factors has recently been associated with a gain of pluripotency [25-
27]. Expression of these may be required for a reversion of cancer cells to a
normal epithelial cell type and a review of the expression of these genes in our
cell line data shows their expression was not co-ordinated which may account for

a lack of similarity of expression profiles at any time point.

Generally, with a few exceptions, 5-aza-dC induced more long term reactivation
than transient reactivation. Transiently reactivated genes were less often
associated with a CpG island, whilst long term reactivated genes were more
frequently associated with CpG islands. Reactivation of non-CpG genes with 5-
aza-dC signifies a secondary effect, which may render them more susceptible to
transient reactivation. As secondary effects are common, 5-aza-dC may
indirectly alter gene pathways without epigenetic abnormalities, or pathways not
associated with treatment of the targeted disease. Prolonged Trichostatin A
treatment in combination with 72h 5-aza-dC exposure caused increased numbers
of genes to remain expressed 10d after removal of the demethylating agent.

Despite this, the number of reactivated genes previously silenced was not greatly
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altered with TSA in the colorectal cancer cells, as previously observed in liver
cells [28]. Previous results from our lab have shown that localised
hypomethylationat transcription start sites allows long term reactivation [11] and
is caused by an increased acetylation of histone H3 (refer to Chapter 5).
However, sustained exposure to TSA resulted in increased numbers of long term
reactivation of genes when compared with cells treated with 5-aza-dC only,
indicating that 5-aza-dC alone may not be sufficient to induce an increased
enrichment of H3Ac at genes. The lack of initial genome wide reactivation along
with better long term reversion of expression from combined drug treatment
suggests a more successful strategy may be to follow up 5-aza-dC treatment with
a maintenance course of TSA to extend the period with which reactivated genes

can initiate appropriate control mechanisms.

Gene pathway analvsis

The identification of specific gene pathways that are affected by 5-aza-dC in
colorectal cancer cells may reveal information on the pathways that are
associated with effective or non-effective methyltransferase inhibitor treatment.
Pathways down-regulated following 5-aza-dC are poorly defined in the literature
and may offer an explanation for the lack of effectiveness in solid tumour types.
Twenty two genes were observed to become down-regulated as a result of 5-aza-
dC treatment, however they appear to be predominantly unrelated in function.
Non-specific effects or secondary effects are likely to be responsible for some
pathways whilst the Hedgehog Signalling (Wnt proteins) and Cytokine-Cytokine
interaction pathways are more relevant to these cells. An insufficient number of

transcripts from the apoptosis pathway were affected to render the pathway
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significant, but several members of this pathway were commonly affected. A
frequent down-regulation of PRKACB variants in the HT29, SW48 and LoVo
cell lines was observed whilst these variants are not expressed in the fibroblasts
(NM_207578.1 and NM-182948.2). PRKACB is involved with the
phosphorylation of BCL2, an agonist of cell death, within the apoptotic pathway,
which subsequently leads to cell survival [29, 30]. Similarly BCL2 is an
important factor in chemo-resistance [31, 32]. Although in vifro evidence
suggests apoptosis is induced by 5-aza-dC in colorectal cancer cells [33, 34], it
remains ineffective in vivo. We detected a pro-apoptotic down-regulation of
PRKACB in some cell lines, yet understanding why apoptosis is not actually
induced in these tumours in vivo poses a challenging task and involves by-

passing of this mechanism of cell death.

A previous study in melanoma cells found that six genes implicated in malignant
potential were down-regulated by 5-aza-dC [35], but none of these genes
correlated with our results indicating this type of response is cell type specific.
Data in this study reveals no down-regulated genes related to expected pathways
such as cell survival or metastasis that could be used as a general control marker
for 5-aza-dC treatment, although the genes in Table 5 are candidates within

colorectal cancer cells.

The molecular responses of colorectal cancer cells to 5-aza-dC are complex and
appear to be cell line specific. On a genome wide level we did not observe any
common pattern of expression, nor did we identify a common biological pathway

affected with treatment. Somewhat conflicting is the lack of influence on
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apoptotic pathways or cell cycle pathways, but also in concordance with the
limited specificity of 5-aza-dC to certain tumours. The down regulation of the
PRKACB transcripts was commonly observed and these changes are likely to
have influenced the phosphorylation of BCL2, which reduces its interaction with
apoptosis proteins, yvet this mechanism does not appear sufficient to successfully
cause cell death in this type of tumour. Interestingly we noted the change in
expression of many genes not associated with a CpG island, indicating 5-aza-dC
may be able to regulate genes not affected by epigenetic aberrations. The
combined reactivation potential of TSA and 5-aza-dC was noted and may be
useful for long term reactivation of silenced genes which is required to initiate

cell death in particular tumour types.
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Supplementary Table 1 — Previously silenced genes from cancer cell lines that were expressed after 5-aza-dC treatment to match expression as
observed in untreated fibroblasts.

Genss in HCT 116 whoss expression is squivalant to fibroblast expression after 5-aza-d8C treatment

(rznz Accassion Mo, Mormalisad Exp. Fibroblasts (rznz Accassion Mo, Normalisad Exp. Fibroblasts (rznz Accassion Mo, Mormalisad Exp. Fibroblasts
ABL2 WNM_005158.3 1.42 5.08 CEFR1 WMh_005454 .2 1.28 1.8 FLI44048 WM 2074822 1.85 0.55
ACPS NM_001611.2 0.7% 1.53 CFL2 MM _021914.5 0.57 347 FOXL2 M 001131060.1 124 5.13
ADAN2 Nh_001464 3 0.67 1.52 CHGEL WAh_001287 .3 144 1.08 FPGE WA_001018078.1 1.30 1.37
AGHT Wh_000030.1 431 0.61 CHP MK 033133 4 0.33 378 GG NM_152657 3 0.33 1.30
ATOX12 WMh_000697 2 450 0.78 CNTFR Wh_147164.1 156 1.949 GGTE WK 1533381 330 054
ANEED1 WM 0143912 147 10.85 COL11A1 WM 001354 3 1.08 142 GIMADS WA 0133843 192 1.30
APEBIIF WA 019043 3 3.52 G254 COLBAS WM 0571652 1.17 67.90 GLEE WNM_000324 2 575 8742
ARHGEF7 WMh_145735.1 2.30 1.28 CoX7Al WM 0013642 3.04 8451 GPHT WM 0156563 1.40 25.10
ARMCEH] NM_016608.1 4.40 132.40 CEMLPL WM_001014308.1 16.15 142 GEIK1 NM_175611.2 0.51 2.01
ARMCH2 Wh_1775845.1 1.30 35.82 CRYGC WAh_0205958%.2 0.55 3.16 GRE4 WA 001004056.1 0.93 340
ARRDC2 WA_001025604.1 142 1.88 C5M2 WK 0013911 162 241 GSPT2 WA_013004 2 o.08 3136
ATPI0A WhI_0244902 1.30 0.87 C5T11 WhI_080330.2 0.56 148 HIWGFREP3 WA_016073 2 334 14.15
ATPEB2 WM 0204522 0.66 7.149 CTAG2 WMh_0205504 2 7.30 1.29 HEATES WM 18258222 0.72 1.44
BASPL WM 0063173 232 587.79 CYP4Al11 WM O00778.2 0.37 0.57 HIST1HZEBE WM 0035232 1.08 0.85
BCATI1 WNM_005504 4 3.35 15.03 DARC WM_002036.2 0.55 3.02 HIST1H4H WNM_003543 3 1.07 1.20
BHMT?2 NM_017614.3 8.87 3454 DIl NM_001001711.2 1.12 1.65 HOMI TES-103 NAM_015438.1 0.63 0.77
BEREDT WNAK_207183.1 13.73 181 DGEA NA_2014451 0.64 326 HOXC10 NA_017409 3 1.06 1.11
C100RF39 WA_001031709.1 1553 570 DHH WR_021044 2 1.72 0.62 HRASLS WA_0203862 1.10 0.69
C100RF32 WhI_144661 2 252 0.69 DHEES WA 1992041 1.63 091 HE38T4 MM 00113221211 0.33 1.17
C110FRF41 WM 0121541 2.33 8554 DMNAHIL WM 0037773 1.40 22 HED17BL NM_000413.1 3.34 0.81
C150RF2 WM 01859582 0.81 1.81 DINALIL WNMh_003462.3 144 10.11 HIPB& WM 1446171 1.46 169.13
C150RF43 Nh_1524481 331 2.06 DOCE LD NMh_014635.2 425 152.88 HTF&C WM_0227274 2.36 1.24
C10RF31 Wh_1446587 2 1.47 1636 DOCE2 Wh_004546.1 136 2645 HTEIF WM_000366.3 1.13 373
C20RF33 WAh_178553 3 0.78 1.04 DPPAZ MhI_1333152 975 0.59 HTRAL WA 0027753 1.87 43375
Cc3 W_000064 2 0.33 1.03 DEEL MNAK_032160.2 0.3l 124 36 IGFEPT WA 0015531 124 6993
C&0RF105 WL 032744 2 0.37 3.58 DUSPLS WM 0306113 0.35 1.14 Im24 WM_006350.2 2.10 1.85
C&0RF150 WM 1334412 1.08 1.52 DYSFIP1 WM 00100753353 2.05 0.56 IL28A WM 1721381 0.72 1.43
CRORF42 WM_175075.3 3.18 8.350 EEAL NM_003566.3 0.78 392 IL&R WM_000565.2 144 0.96
CRORFTS WA_001038462.1 2.02 0.55 ELA2 WAh_0015972.2 3435 3.38 IELE WM_0053453 1.02 17222
CACHE4 Wh_000726.2 2.74 1.08 ELOVL4 MW 0227262 25.87 35580 ITGA4 WM_000385 .4 0.63 77.53
CART1 WMh_006982.1 2.00 1.77 FANI123BE WAh_0250232 1.08 0.62 ITIHS WA_030569 4 236 0.96
CCDC36 WAK_1781732 1.69 0.83 FANSSA MNM_1523151 060 128 ITIHSL WA_193510.1 298 274
CD3E WMh_000733 .2 1.19 1.46 FBIN2 WNMh_001555.3 2455 15.13 ECHE4 WM 0333102 1.59 5.78
CD7%B NM_0010385833.1 4.58 0.64 FGA WM 000508.3 1.12 1.31 ECHI2 WM 021614 2 0.70 0.85
CECE1 WK 177405.1 3.749 G.o4 FLI35801 WK 1530441 1.40 2.2 ELAAQ4GS WA 2073062 1.54 20.37
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Gane Apcesston No. Normalised Exp. Fibroblasts Gene Accesston MNo. MNormalised Exp. Fibroblasts Gans Apcession No. Normalised Exp. Fibroblasts
KIT NM_001093772.1 0.79 46.85 OTOF WM_154323.1 2.77 1.14 STON1 NM_(06873.2 1.58 18.59
KLC4 NM_201522. 1.28 0.77 PIRY1 NM_002563.2 1.58 1.77 S§TXEP] NM_(03163.1 0.83 1.33
KLHL3 WM 0174131 0.76 7.65 PAQRS WM_158504.2 1.50 2.03 TAARS WM 0532781 1.17 0.%6
KRTAPLT-1 WM _031564.1 2.39 0.659 PARNG WM 0221414 1.47 0.76 TACR2 MM 001057.1 320 156
LAYN WM_178834.3 1.33 309.55 PENK NM_006211.2 220 28.59 TEPP Nh_1994356.2 234 1.68
LEH EM_001132517.1 0.55 2298 PHF21B WNM_133415.2 2.38 0.62 THBS2 NhI_(03247.2 1.75 107.03
LINGO4 WM_001004432.2 1.5 0.57 PLEC1 WM_201383.1 1.4% 0.66 THB:4 Nh_(03248.3 201 1.34
LMO3 NM_(01001395.1 1.66 144 PNMAS WM 0133644 3.52 1.08 THPO Nh_000460.2 303 0.85
LOC340156 WM_001012418.2 1.03 1.03 PPAPDCLA WNM_001030058.1 0.75 4.38 THFRAPI NMB_(05121.2 0.73 0.74
LOC401620 WM_001013688.1 1.02 1.69 PPPIR12B WM_032103.1 1.69 1.10 THSD1 NM_018676.2 0.98 1.67
LOC51148 NM_016173.3 0.80 0.58 PPYR1 WM_003872.3 1.11 1.77 THY1 Nh_(06288.2 6.01 342.86
LOCT2826% WM_001080780.1 1.56 0.52 PRiG-3 NM_017753.2 1.03 1.66 TMEMI10 NM_198363.1 1.27 2.10
LOCT28343 HEM_001127360.1 0.81 1.58 PRNT NM_177548.2 0.50 0.51 TMEMI11% WM 1817241 0.66 8383.44
LOXL4 NM_032211.6 0.83 16.38 PYY2 NM_021093.1 0.80 1.34 TMEMS31 NMh_182541.2 1.34 054
LN NM_020169.2 145 462 FABl4 NM_016322.2 0.98 286 TMEME4S NM_173610.1 1.31 3.05
MMAGEALL NM_001011544.1 4.30 0.77 FAB42 WM_132304.1 1.22 1.14 TNFAIP6 NM_(07115.2 1.67 3.86
MMAGEALZ WM 0033674 0.81 0.63 RGE20 WM _003702.2 1.47 1.16 THNNT3 WNM_001042780.1 368 143
MAGEC2 WM _016245.2 144 0.68 FHBDL2 WM _017821.3 0.5 3.52 TPT3L NMh_(03722. .54 1.21
MAPIK TIP3 WM_152787.3 131 1.00 FLN1 NM_006911.2 1.09 064 TRH NMh_013381.1 3.39 321
MDM2 NM_006880.2 0.75 4.16 RINF212 NM_154435.1 1.23 3.56 TRHDE NM_013381.1 4582 321
MEGF11 WNM_032443.1 2.00 2.2 SERPINE2 NM_002573.1 088 140.75 TRIM22 Nh_006074.3 0.83 3321
MMP21 NM_147191.1 1.69 2.35 SFRP1 WM_003012.3 243 34.20 TUBA3E NM_207312.1 4.26 1.14
MEMI WM_024864.3 1.02 0.86 SLC15A3 NM_016582.1 0.71 3.23 TUBBIB NM_178012.3 1.69 0.65
MERB3 NM_001031678.1 287 16.50 ELC25A24 NM_213651.1 0.68 1.86 UCHL1 Nh_(04181.3 483 529
NAATAD2 WM_005467.2 1.835 0.8% SLC26A10 WM_133488.2 .38 1.1% USP26 Nh_031%07.1 2.38 1.26
WATZ2 WM 0000152 2.74 0.8% SLC2AS WM_003038.1 4.58 4.58 VAV3 WM 061134 1.07 0.73
WD WM 0024872 0.51 181.12 SLC3%AS NM_173596.1 1.76 1.77 YPS13B WM 0152432 0.77 1.71
WFARC WM_001005388.1 0.52 48.87 SLC6A1S WM_018057.4 0.77 1.33 WISP2 NMh_(03881.2 0.63 16.63
WPFFR2 WM_004885.1 1.63 1.18 SLITRE4 WM_173078.2 1.66 1.08 ZFP3 NMh_153018.2 289 7.50
NPTX1 NM_(02522.2 143 13.70 EMARCC2 WM_135067.1 1.02 1.24 ZNF320 NM_207333.2 146 2.71
WRCAM WM 0050103 2.11 23.87 5017 WM 0224543 22 1.16 ZNF334 WK 1554411 1.35 302
OLFM4 NM_006418.3 0.73 1.37 SPAST WM_014546.3 0.65 1.03 ZNF415 NM_(18355.2 1.63 55.35
OLIG3 WM_175747.2 0.75 0.80 SPESP1 WM_145658.2 288 11.10 ZNF32 NM_(020951.2 1.59 22.83
OLE1 WNM_002543.3 0.72 3.02 STHEIAZ NM_006011.3 1.92 1.58 ZNF606 NM_025027.3 0.88 11.16
OR10AGL WM_001003481.1 2.60 364 STAR. WM_135164.1 0.62 247 ZNF662 Nh_207404.2 0.8% 3.23
DSCAFR. WM 1307713 2.18 1.33 STNINZ WM 007028.2 B.66 265.24 ZPBP2 WKL 1583442 0.70 1.69
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SW43 Accession Wo. Mormalised Exp. Fibroblasts SW43 Acceszion Mo, Mormalizad Exp. Fibroblasts SW43 Accession No. MNormalised Exp. Fibroblasts
ADAMTELS NM_1359055.1 1.51 1.46 CECE1 Wh_177405.1 0.38 594 HOGS WM_005844.2 Lo4 1.43
ADHIC NM_000669.3 0.63 1.73 CENTEL WM 0147162 1.61 4.24 HISTIHID WM_005320.2 1.32 0.5%
AEBP1 NM_001128.3 0.97 11553 CER1 WM_005454.2 344 1.359 HIST1H2AD NM_021065.2 LG 2.2
AKS NM_174858.1 0.835 57.3% CHODL WA_024544 2 1.40 051 HPX WNM_000613.1 0.62 0.77
ALOX12 WM 0006572 0.53 0.73 CHRMS WM 0121252 0.38 1.359 HEPBE& NM_144617.1 1.38 169.138
ANBDS NAL_(01025390.1 0.60 124 CMIP NA_030628.1 1.05 1.54 20 NM_018724 5 0.59 0.63
ANERDM2 NM_1826032 051 438 COL135A1 NAL_(018553 0.54 3838 [FAKS NM_007183.1 1.36 15 89
ARSE WML 0000462 1.49 11.13 COL9A2 NA_(018523 0.59 051 IELE NM_005545 3 1.35 17222
ASE4 MM_145872.1 593 248 CREE3L3 NA_032607.1 0.77 0.63 KCNEL2 NM_022055.1 1.00 0.73
BEZ12 MM_152618.2 0.58 327 CET11 NA_0B0E302 112 148 KIAALTT2 MM_0240352 0.50 14.17
BCHE WM 0000552 0.31 315 CTF1 WAL (013302 0.97 17.58 KIF12 WM 1384241 1.18 0.52
BHMT?2 WM 0176143 1.04 3404 CTEG WA (018112 125 1.71 KTF13A WM 0221135 L.o0 312
BPGLI MM _199186.1 0.949 257 LD WA 0040181 1.34 751 KLE13 MM 0155961 22 131
BRIP1 WM 0320431 232 1.13 DPY19L3 WA 2073251 131 0.37 ERBAL WM 0323342 093 12 46
BST1 WM 0043341 148 2625 ECE2 NM_001037324 2 0.32 242 LMERD2 NM_01007527.1 165 336
CL00BRF&3 NM_024688.1 0.61 2.29 ELOVL4 WM 0227262 1.15 35.90 LOC340156 NnI 001012418.2 345 1.03
CL00BF35 WM (010127112 332 1.51 EVC2 Wh_1471273 3.34 1.19 LOC389334 NhI 001013655.1 0.76 1.1%
C130BF30 MM _132508.1 0.76 1.00 FEZF2 WA 0180032 1.38 1.81 LOC441426 NM_01013727.1 5.7 0.96
C140FF173 MM 17480432 2.35 211 FILIP1 WM 0156372 0.55 1.32 LOCE19208 Nh_(01033564.1 £.54 26.12
C130FF5 R 0179771 1.35 341 FL143806 WM 2016231 2.36 1.35 LERRC2 WM_024512.2 1.56 13.60
clD NM_006333.2 2.32 2.31 FL145337 WM_0010017059.1 0.61 1.56 MAWNT2 WM_032427.1 416 374
C20RF32 WM 1735132 2.1% 3.01 FLIML3 WhI_198500.2 2.11 0.33 MATI3 WM_002381.4 0.73 2.30
C30FF15 NM_033364.3 0.50 1.50 FSIF1 W 1525974 0.31 3.63 MGC16824 WM_020314.4 2.50 10.52
C30RF25 WM_207307.1 4.08 0.5 I WA 000144 3 2.18 0.78 MGL34761 WM_17361%.2 1.13 1.01
CH0ORF123 NM_145316.2 3.01 2.80 GAL3STS WM _033036.2 2.83 2.16 MGC42105 NM_153361.2 0.83 22.04
CHORF25 NM_133276.1 1.36 1.12 GALNTL1 NA_020692.1 292 0.56 MGC45800 HR 0177301 705 337
CHORF53 WA_001010%05.1 327 0.35 GDF3 NAM_020634.1 1.47 2.08 NDUFEL WNM_004545.3 L.05 1.84
CS0RF133 NM_153707.1 202 0.65 GEFT NAh_1328472 1.03 6.97 NLEF1 WNM_014522. 1.29 0.33
CSORF3g NM_017738.2 1.38 4.65 GMFG WNA_004877.1 1.04 3.02 NPM2 MNM_132795.1 0.51 0.51
COSORF43 NM_152786.1 1.53 145 GRS WA 0001742 2.0% 4.08 NTS NM_006183.3 3.37 1.15
CACNEL WM 0007233 0.90 1.8 GPR103 NA_198179.1 128 0.50 NXPH1 MM_1527452 1.08 128
CAST MM 173062.1 0.71 127 GPESE NAL_(03485 3 278 5314 OFR2T1 NM_030004.1 08l 0.60
CCDCE3 MM 1525811 1.10 0.86 GRXE NA_182701.1 1.01 1.12 OF2W3 NM_(01001957 2 0.88 1.09
CCDCES MM 0331243 054 1.07 GEPT2 NAL_018094 2 0.53 31.38 PADI MM_013358.2 260 0.69
CCDCO6 MM 1533762 1.53 1.75 HAMD WAL 0211752 0.71 0.97 BARVG N 022141 4 0.83 0.76
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W43 Acpcession No. Mormalized Exp. Fibroblasts 3W43 Apcession No. Normalised Exp. Fibroblasts
DPELD NhI 0010330331 1.51 1.10 TRINSS NhI 1840351 297 1.02
BCDHE12 MhI_0188323 384 3.70 TRINE2 MM 0182071 0.87 1.07
PDESA MM_173457.1 0.70 0.85 TEPVLS MM 0335122 0.68 52.40
PDIAZ NI 0063452 0.73 1.60 TTC30B WM 1525172 2.54 3.30
PIHID2 NI 0010826191 237 1.02 TELNB WM 1532352 1.02 451
PHMIAS WA 013364 4 243 1.08 UKIOD WM (03361.2 1.03 1.26
PPT2 WM 138717.1 1.11 1.14 UsP20 WM _001008563.1 0.69 (.66
RV NM_(027223 071 135 WDETT WM 024102 2 096 1.50
DRB1 NhI_199334.1 0.93 0.75 WFDLC10B NM 1720062 0.51 1.47
FARAT2 NI 0043412 201 3.19 FFHH2 Nhi 0334001 1.25 1.92
RInEL WM 0148853 1.12 T.83 ZIc4 WM 0321533 0.78 152.37
RMF15( W 0207241 0.66 70.83 ZNF222 N 013360.1 0.74 22
RPH3A WhI_ 0148542 1.35 0.55 ZWF454 NhI 1823841 211 1.43
BCM2A MM 0010401421 1.45 0.52 FMFB33 MM 001009836.1 2,75 1.21
SCMM1B NMh_000336.2 0.72 0.95 ZSCANI12 MM 001039643.1 1.37 1.56
SCRIN3 NhI_ 0245832 2.58 433
SERPINF1 WM_(02615.4 0.57 13.77
SFT2D2 WhI_ 1553441 1.04 053
SEIL WhI_ 0054142 0.50 0.35
SLAMFE MM 0328313 1.07 141
SLC16A6 NhI_ 0046943 7.67 0.53
SLC30A4 WA 0133094 12 7.11
SLC3SE2 WhI_132833.1 1.13 22
SLCBAL WA 0030422 0.79 1.32
SLCOsAL WhI_173488.3 0.62 0.659
SOHLH2 NM_017826.1 0.62 0.75
SPATAS NM_031952.2 0.75 222
SPOCDL WM 1445654 0.52 11.17
SYCP2 WM 0142582 0.37 1.54
TMEW4T WhI 0314422 14.16 14 62
THNC2 NMh_0032702 1.20 1.33
THER MM 0188082 124 0.8
TRH NM_007117.1 0.30 2.00
TRIML7 NM_016102.2 1.60 212
TRIMS( MK 1781252 2.55 0.74
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Genss in BW430 whoss exprassion is sguivalent to fibroblast expression after 5-aza-dC treatment

SW4E0 Accession No. Normalissd Exp. Fibroblastz SW450 Accezzion No. Normalissd Exp. Fibroblasts SW4E0 Arocaszion Mo, Normalizsd Exp. Fibroblasts
ACOT? NM_181865.2 0.70 1.30 FAMI2TA NM_001078171.1 0.82 10.51 MEST NM_002402.2 0.63 1.15
ANGPT2 NM_001147.1 0.98 1.02 FFAR1 NM_005303.1 242 2.06 MGC20983 WML 1450454 1.16 1.82
ANGPTL2 NM_012098.2 2.18 123.42 FILIP1 NM_0135687.2 167 1.82 MGC33336 NM_001004307.1 3.96 0.38
APBEIIP NM_019043.3 0.39 52.34 FLI10781 NM_018213.2 6.79 244 MIZF NM_015517.3 1.11 4.03
AQPI12A NM_198%93.1 123 0.56 FLI32063 NA 1530321 0.57 2.38 MWP23A NM_004655.1 0.33 344
ART4 NM_021071.2 0.68 1.73 FLI35854 XM 0011311991 0.9% 0.80 MTI1M NM_176870.2 4.78 13.09
BASP1 NM_006317.3 470 387.79 FLI36031 NM_173884.3 2.37 3.02 MYHT? NM_000257.2 0.63 22
BCL2L10 NM_020396.2 455 0.54 FLI44136 N 198508.1 1.05 1.00 MYLC2PL WM 1384033 22 346
BHMT?2 NM_017614.3 1.15 34.94 FLI435202 NM_2073507.1 0.93 1.13 MYOLG NM_033034.1 0.31 0.83
C100FF72 NM_001031746.2 0.78 25.09 FPRL1 NM_001005738.1 1.38 3.38 WNAATADL] NM_005468.2 2.19 28.73
C1350RF43 NM_152443.1 0.86 2.96 GABER2 N 00543585 1.38 680.99 NEURL NM_004210.3 0.58 0.57
C130RF2 NM_031416.1 0.53 243 GABRA4 N 0008092 0.85 3.28 NOXS NM_024505.2 1.47 3.87
C10FF100 NM_001012570.1 2.68 1.29 GALC NM_000133.2 2.18 114.30 OF2T11 NM_001001964.1 0.71 0.52
C10RF2 NM_006589.2 144 1.44 GCE NM_033508.1 5.08 2.06 OR2T33 NM_001004695.1 0.57 0.63
C1ORF51 WM 1446872 282 16.36 GCM2 N 0047522 0.55 231 ORS2I2 NM_001005170.1 2.14 1.39
C&ORF78 NM_153036.1 0.62 1.21 GGTL3 NM_178023.1 1.00 1.58 OF.3M1 NM_001004740.1 0.82 2.87
C&ORF73 NM_022102.1 0.70 2.56 GML NM_002066.1 1.04 0.61 OXT NM_000815.2 1.03 0.98
CANP WM 0043453 1.15 0.33 GPR103 N 1881791 120 0.59 PHACTR1 NM_030943.1 1.08 12.51
CD7 NM_001035533.1 1.68 0.64 GSPT2 NM_018094.2 0.52 31.36 PLAR2 NM_173206.2 0.53 2.10
CLEClA NM_016511.2 0.51 1.11 HISTIH2AD NM_021063.2 2.19 22 POMIC NM_001035236.1 25.22 2.93
COL3A2 NM_001852.3 0.83 0.51 HISTIH3E N 0035322 131 0.74 PPAPDCS NM 0327282 0.67 42.59
COMP NN 0000952 1.08 326.39 HR NM_ 005144 3 0.99 1.52 PPPIR3A NM 0027112 0.59 1.43
CORIN NM_006587.2 0.83 1.27 ICOos NM_012092.2 054 1.36 PTGER1 NM_000855.2 3.08 1.58
CRYAA NN 0003942 1.03 0.53 IGEF2 N 0042582 1.06 2.16 RAB34 WM 0318343 3.60 27.62
CTAGLIA NM_139250.1 2.34 0.73 KLK15 NN 1385641 14.59 0.93 FASGRP2 NM_153819.1 0.76 0.50
CTSF NM_003783.3 1.38 18.10 KFBAl NM_032334.2 2.36 12.46 RGME NM_173670.2 1.04 13.53
CUGEP2 N 0010230772 0.39 0.36 KREMEN1 Nh 0320453 0.93 0.935 RINASE4 WM 1944311 0.35 3.30
CYP27C1 NM_001001665.2 1.82 5.53 L1TD1 N 0180792 5.07 183 RMF136 NM_019062.1 0.63 0.54
DENND2A NM_015688.2 1.29 2,45 LCTL NM_207338.2 150 3.63 SBESN NM_188538.1 1.00 0.81
DIP2A NM_206888.1 0.24 1.04 LDLRAD2 NM_001013693.1 0.94 0.82 SCNN1G NM_001035.3 1.15 0.77
DMALTL NM_003462.3 1.07 10.11 LHFPL4 N 1985602 0.97 0.93 SERPINE12 WM 0804741 0.63 145
DFF3 NM_012074.2 245 2.2 LOC388284 NM_001012584.2 1.29 13.18 BLC15AS3 NM_016582.1 0.69 3.23
EEI2 NM_004831.3 1.34 2.36 LOC441478 NM_001004353.2 2.38 1.40 SLC28A2 NM_004212.2 1.52 1.26
EMILINL NM_007046.1 184 58.38 MAGEH1 N 0140613 1.09 13.45 SBLC2AS NM_003035.1 4.57 458
ENG NM 000118.1 1.06 20.63 MASP1 NM 001031845.1 1.5 13.04 SP140 NM 007237.3 0.66 1.03

90



COMNT. Genes in 8W430 whoss exprassion is equivalent to fibroblast expression after 5-aza-dC treatment

SW430 Apcession Mo. Mormalisad Exp. Fibroblasts
SPON1 NM_006108.2 315 1.11
ETREIAZ WM 006011.3 1.62 1.58
TAFTL NI 02488352 1145 1.15
TAFR MM 001003806.1 0.74 .33
TCP11 Wh_001093728.1 201 1.66
TEFF Nh_19594356.2 2.87 1.68
THAPS NM_152638.2 2.33 4.33
THY1 WM 0062382 6225 342.36
TLAM2 WAL 0124543 1.25 1.35
TNFAIPSL3 WM 207381.2 0.51 1.33
THMC2 N 00327592 1.00 1.33
TRIM34 NhI_130380.1 1.23 .91
TRIMS0 WM 17812352 14.10 0.74
TRIMSS NhI_184085.1 3.04 1.02
TSHZ2 NM_173483.4 1.359 65.91
TEES NI 0217331 754 3.04
TUB WML 0060011 4833 7514
UGCGLL MM 0010257771 1.61 1.37
ZNF236 WM 0037732 4385 21.34
ZNF2854 NI 1523343 0.39 152
ZNF667 WM _022103.2 .63 1443
ZNFI172 MNM_0010245%96.1 3.12 10.04
ZNF176 NM_173632.2 .82 1.23
ZNF731 N 1526032 465 2.50
ZRCANI1S WAL 023526.3 1.17 161.97
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Chapter 4 — Molecular responses to 5-aza-dC

Gensz in LoVo whoss sxprassion is squivalent to fibroblast expression after 5-aza-gC treatment

LoVo Arcassion No. WNormalisad Exp. Fibroblasts LoVo Apcassion No. MNormalisad Exp. Fibroblasts LoVo Apcassion No. WNormalisad Exp. Fibroblasts
ARCAL NM_003302.2 0.74 2.39 DSEL NM_032160.2 0.83 12456 LOCT28546 XM _001128870.1 0.51 82.69
ABCAL3 NM_152701.2 3.03 8.32 DYNLEB2 NM_130857.1 0.68 11.3% LRRC43 WNM_152735.4 3.50 2.78
ABCASG NM_080284.2 2.05 534 EPHB1 WML 0044413 1.05 27.39 LUM WM 0023453 27.21 240992
ADANMI2 NM_021641.2 1.07 5.09 EPYC NM_004830.3 2.16 1.87 LYPD2 NM_2055435.1 0.81 0.73

ADANTSL1 NM 1382381 1.73 3.16 FELNW1 NM_006487.2 1.00 6.19 MFSD7 XM 001127310.1 1.04 6.76

AFBP1 NM 0011293 0.70 11598 FGF2 NM_002006.4 25.09 51.57 MTIE N 1756172 1.05 1.08
AMOTL1 NM_130847.1 1.29 243 FLI37386 NM_173671.1 1.00 0.52 MYHT NM_000237.2 1.09 22
ANGPTI1 NM 0011463 511 102.32 FLRT1 NM 0132804 0.69 2.37 NAATADL1 N 005468.2 1.10 28.73
ANPEP NM 00113501 1.85 7341 FOXL2 NM_023067.2 1.30 1223 NFARC NM_001005388.1 2.17 22
AP3B2 WNM_0045644.3 1.55 1.75 GABFB3 NM_000814.4 1.75 6.69 NPTX1 NM_0023522.2 18.31 13.70

ATPSVICI NM 001695 .4 2.61 1.20 GALC NM_000153.2 2.01 11450 NR3C1 MNM_001020825.1 0.55 1454
AVIL NM_006576.2 1.95 1.86 GPR6S NM_003483.3 1.44 3314 OF10AGL NM_001005451.1 3.30 .64
BHMT?2 NM_017614.3 4.67 34.54 GPET NM_0135696.3 1.50 25.10 OR1Q1 NM_012364.1 1.95 0.77
C110RF70 NM 0328301 1.2 15.04 GRIAS NM_000828.3 3.28 39.04 ORSGS NM_001013358.1 2.39 1.26
Cl30FF21 NM_001010887.1 0.93 3348 HECW2 NM_020760.1 1.19 33.11 PDZK1 FM_001126710.1 0.76 2.32
Cle0RF73 NM_152764.1 1.43 0.79 HHIP NM_022475.1 0.59 1.43 PDZFN3 HM_001133042.1 1.25 35.79
C200RF102 WM 0806072 0.68 3.38 HOXD10 NM 0021483 5.01 17.33 PED2 N 0002972 0.78 18.11
C200RF179 NM_001014577.2 1.54 0.83 HSD17B1 NM_000413.1 0.78 0.81 PRDMS3 NM_0186595.2 1.48 3.47
C210RF42 NM 0581841 0.58 1.40 HTRIF NM_000866.3 1.59 3.73 PECA NM_005672.3 0.33 0.51
C20RF33 NM 17853533 0.61 1.04 IGFALS NM_004970.1 0.39 1.44 PRG3 N 0210163 1.64 195.06
CE0ORF47 NM_173345.1 0.73 1.14 IGEF10 NM_178822. 1.95 0.67 PTPRC NM_080823.2 2.92 1.75
CS0RF121 WM 1452831 0.835 6.52 ML13RA2 NM_000640.2 1.59 23.09 PHDNL N 1446512 1.67 2.65
CCDCET NM_ 1816453 0.37 0.79 ma NM 0327272 10.77 3.33 RAB34 NM 0319343 1.19 27.62

CDHI11 NM_014322.1 1.24 360.72 IRAKS NM_007199.1 0.57 15.89 REPME NM_006867.2 1.01 18.36

CDH2 NM_001792.2 1.61 491 96 ITGBS NM 0022142 9.02 211 RLBPIL1 N 1735191 1.69 1.07
CECR1 NM_1774035.1 2.06 5.84 KCWE1S NM_0321135.2 0.36 1.50 RMF130 NM_020724.1 1.84 70.08
COPZ2 NM_016425.2 0.70 141.76 KI4A115% NM_018685.1 0.74 17.73 RMF212 NM_184435.1 0.81 3.86
COXEAZ NM_005205.2 2.7 3.06 KIT NM_001083772.1 127 46.85 RTN4 N 0070082 242 2.15

CTGF NM_001%01.1 1.02 22.73 KRT334A NM_004138.2 1.83 1.54 S100A12 NM_0035621.1 2.71 1.45
CTHRC1 NM_1384355.2 1.00 12.70 LOC1%6549 NM_145293.2 0.95 5.05 S100A7 NMh_002963.3 0.62 222

CYLD WM 0010424121 0.63 5.98 LOC338963 NM_001013648.3 447 0.38 SHBG N 0010402 2.36 3.63
CYSLTR2 NM_020377.2 1.72 1.87 LOC441426 NM 001013727.1 1.16 0.96 SHC4 WM 2033452 1.74 4.03

DEP2 NM 0019392 2.32 1.57
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CONT. Genss in LoVo whose exprassion iz eguivalent to fibroblast expression after 3-aza-gC treatment

LoVo Acceszion No. MNormalized Exp. Fibroblasts
SLC28A2 WL 0042122 £.34 126
SPESP] WA 1456582 1.70 11.10
EPRYDS WAL 0326811 306.00 153
STOM MR 004000 4 (.03 427
SULTIC3 WhI_ (010087431 1.59 143
TBX15 WKL 1523802 0.75 5848
TCEALZ WAL 0303903 0.84 1.15
TCEALT WM 1522782 1.59 4245
TCPI1 WM (01053728.1 1.04 1.66
TMEMSI1 WhI_182341.2 (.54 (.54
TEIM3S WLI_184083.1 0.69 1.02
T3PYL2 MM 0221171 0.62 1.04
TUEC] WhI_ (010041252 143 31.33
TYROBP WM 0033322 0.75 1.09
UsH2A WA 2069331 0.53 2.06
VIPR2 WM 0033823 1.54 1.3%
WDFY3 WKL 17853851 (.95 (.60
ZFP3 WAL 1530182 2.65 T.50
ZIC4 WM 0321533 1.20 152.37
ZIK1 WM (010108792 0.79 563
ZMF233 MM 181736.1 0.51 4.63
ZMF483 WAL 1738104 1.13 3.7
ZMNFB26 MM 1452073 128 2515
ZECANI1S MM 0235263 1.59 161.97
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Chapter 4 — Molecular responses to 5-aza-dC

Genss in HT29 whose exprassion is squivalent to fibroblast expression after 5-aza-gC treatment

HT25 Accession No. Normalissd Exp. Fibroblasts HT25 Accezzion No. Normalised Exp. Fibroblasts HT25 Aocaszion Mo, Normalizsd Exp. Fibroblasts
ABCAS NM_018672.2 1.11 5.25 EN2 NM_001427.3 0.9% 0.60 PCTE2 NM_0025%5.2 0.51 1.34
ACVEIB NM_020327.2 1.38 1.46 EVA4 N 1721052 1.54 0.69 PDZRN3 HN_001133042.1 4.06 35.7¢
AGL NM_000028.2 0.52 0.95 G3BP2 N 0122973 143 1.83 PLEKHB2 NM_001031706.1 1.07 229
AGTR1 NM_000685.4 1.30 13.39 GARNL4 NM_0135083.3 0.87 0.83 POMIC NM_001035236.1 1.14 2.93
ATF1 NM_032835.1 1.26 0.63 GOLGASE NM_001023567.1 3.30 0.83 POPDC2 NM_022135.2 0.70 4.26
AKAPYL NM_139289.1 1.66 1.67 GTPEP1 WM 0042864 0.93 1.02 PPPIRIE WM 181676.1 3.79 5.38
ANGPT2 NM_001147.1 1.40 1.02 GTPEP3 NM_133644.1 1.37 1.03 RARA NM_000%964.2 0.50 0.34
ANGPTL4 NM_139314.1 1.01 2.98 IFIT3 NM_001031683.1 1.06 4.07 RDHS NM_015725.2 0.52 0.57
AOQX1 NM_001158.3 1.04 51.48 IGEF2 NM_004258.2 1.36 2.16 REG3IA NM_138933.1 1.00 1.54
ARMC4 NM_018076.2 0.24 3.30 IQUB N 1783273 2.89 0.92 RFPL3 NM_001088535.1 2.50 1.11
ABCL1 NM_004316.2 3.23 2.77 KCNG1 NM 1723182 0.67 1.20 RHOJ NM_020663.3 2.03 63.09
ASL NM_006477.3 1.10 1.51 KIaa1822 NM_0247456.3 0.33 1.77 ROBO1 NM_133631.1 0.59 32.96
AURKC N 0010158791 321 0.50 KIF25 N 0053553 0.34 1.14 RTI4 NM_007003.2 0.30 215
BCL2L14 NM_030766.1 124 1.76 KLF3 N 00723503 0.98 1.80 SERHL NM_1706%94.1 1.38 343
BPIL1 NM_025227.1 1.54 1.51 KFEMEN1 NM_032043.3 0.82 0.83 SERFINF1 NM_002615.4 0.59 13.77
BTN3Al NM_007048.4 0.33 1.00 LEP NM_004135.2 L.75 2.12 B3GCG NM_000231.1 1.11 5.83
C130RF16 NM_152324.1 1.19 0.35 LOC1476350 N 2073241 0.93 0.81 B0X35 NM_ 1528892 121 164
C170RF42 NM_024683.2 1.16 2.10 LRCH2 N 0208713 0.67 14.43 S0X6 NM_017508.1 1.59 1.07
CI00FF73 NM_152611.2 1.72 0.58 LERC10 NM_201530.2 138 22 gvaC NM_014875.1 3.07 0.68
CBOFRF31 NM_173687.2 L.07 5.53 LESAMI1 NM_138361.3 1.62 0.87 TIGD7 NM_033208.2 1.85 222
CACWALA NM_000068.3 1.12 5.12 MAGEH1 N 0140613 1.00 13.45 TMSLS NM 0219922 3.04 0.61
CD30ME NM_181448.1 0.93 2.00 MORN3 NN 1738353 1.74 22 TWNT3 NM_001042780.1 1.40 145
CDC14B NM_033332.1 0.33 2.55 MFAS NM_032348.2 0.96 74.10 TRAMILL NM_152402.2 1.45 3.16
CGO18 NM_001079691.1 0.53 3.76 MYOLG NM_033034.1 0.80 0.83 TREFF1 NM_033502.1 0.52 1.06
CLETN3 NM_014718.3 1.38 0.54 NLGN3 N 0189772 0.96 0.74 VEGFA NM_001025366.1 1.35 0.76
COL44l NM_001845.4 1.14 107.06 NPAR4 NM_ 1782642 2.48 0.52 FFP28 NM_020823.1 0.62 6.29
COL3A2 NM_001832. 0.50 0.51 NF2E1 NM_0032659.2 0.67 1.13 ZIK1 NM_0010108759.2 1.48 3.63
CTRB2 Nh_001025200.3 0.83 1.36 NR3C1 NM_001018077.1 2.73 1.13 ZMF439 NM_152262.2 1.02 21.56
CHORF33 XR_017698.1 0.63 0.58 NHPH3 N 0072251 1.85 3.02 ZNF321 NM 0154611 2.65 306.16
DEX2 NM_001004325.1 1.06 0.80 OPM1SW NM_001708.1 1.30 243 ZNF341 MNM_032235.1 1.05 0.83
DGEZ NM_201532.1 22 1.70 OF.32ES NM_001005168.1 1.00 0.54 ZNF3T71 NM_016536.2 2.19 0.79
DIP2A NM_206891.1 0.97 0.32 OR6CTO NM_001005499.1 0.77 0.64 ZNFT50 WM 0247022 1.35 129
DMALTL NM_003462.3 0.935 10.11 OR&GE NM_001013358.1 191 1.26 ZPBP WM 1983442 0.55 1.69
DFD4 WML 000787.2 1.18 0.72 PCDHGAILD NM 018813.2 1.50 2.02 ZHDA NM 0071563 2.73 2.08

94



Chapter 5 — Long term gene reactivation requires DNA hypomethylation &
acetylation

Chapter 5

Long term transcriptional reactivation of epigenetically
silenced genes in colorectal cancer cells requires both
DNA hypomethylation and histone acetylation
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STATEMENT IV

acetylation

This statement explains the contribution of all authors in the article listed below:

Mossman, D. and Scott, R.J., (2009) Long term transcriptional reactivation of
epigenetically silenced genes in colorectal cancer requires both DNA
hypomethylation and histone acetylation. Submitted to The International Journal
of Cancer, October 2010.

Table IV: Author contribution Percentage and Description of Contribution to the
article listed above.

Author Contribution Description of Signature
(%) Contribution to
Article
David 90% Executed the study.
Mossman Analysed and
interpreted the data.
Wrote the
manuscript.
Rodney J. 10% Designed the study,
Scott provided the concept

and corrected the
manuscript.
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Chapter Introduction:

This study was a follow up to the work presented in Chapter 3 in order to
characterise the histone protein modifications that are associated with the
expression level of a reactivated gene. Our previous study found that after 5-aza-
dC exposure there was very little change to DNA methylation of specific genes
despite a dramatic increase in expression, and that the DNA methylation pattern
could not adequately explain gene expression levels following drug treatment.
Here we analysed changes in histone protein modifications that combine with
DNA methylation patterns to determine expression levels after 5-aza-dC
exposure. The results indicated that genes with localised hypomethylation at the
transcription start site were expressed for ten or more days after 5-aza-dC
exposure. Elevated expression was due in part to a decrease of the repressive
histone 3 lysine 9 and 27 trimethylation protein modifications, but also an
increase in the transcriptional-permissive acetylation of histone H3. The
reactivation of genes in this study demonstrate how DNA methyltransferase and
histone deacetylase inhibitors may have synergistic effects in the reactivation of
epigenetically silenced genes, which assist with the development of targeted

treatments of malignancy.
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Long term transcriptional reactivation of epigenetically silenced genes in

colorectal cancer cells requires DNA hypomethylation & histone acetylation
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Abstract

Epigenetic regulation of genes involves the coordination of DNA methylation and
histone modifications to maintain transcriptional status. These two features are
frequently disrupted in malignancy such that critical genes succumb to inactivation. 5-
aza-2'-deoxycytidine (5-aza-dC) is an agent which inhibits DNA methyltransferase,
and holds great potential as a treatment for cancer, vet the extent of its effectiveness
varies greatly between tumour types. We aimed to identify epigenetic changes
involved with short and long term gene reactivation following 5-aza-dC exposure.
Two colorectal cancer cell lines, HCT116 and SW480, were treated with 5-aza-dC
and then grown in drug-free media to allow re-methylation. Bisulfite sequencing and
Chromatin Immuno-Precipitation analysis were performed on reactivated genes to
characterise the epigenetic changes associated with transcription. Increased H3
acetylation, H3K4 tri-methylation and loss of H3K27 tri-methylation were associated
with reactivation. Three reactivated genes studied, CDOI, HSPC105 and MAGEA3,
which were still expressed 10 days post 5-aza-dC treatment displaved localised
hypomethylation at the transcriptional start site and also an increased enrichment of
histone H3 acetylation. Hypermethylated genes that did not show increased
acetylation were transiently expressed with 5-aza-dC treatment before reverting to an
inactive state. These observations suggest that Histone H3 acetyvlation and localised
hvpomethyvlation must occur for long term reversion of these epigenetically silenced
genes and demonstrate how DNA methyltransferase and histone deacetylase inhibitors

cooperate to reactivate silenced genes.
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Introduction

The human genome contains several million base pairs of DNA that require strategic
packaging into a compact, vet dynamic structure. Condensation is achieved with the
supercoiling of ~147 bp DNA around an octamer of histone proteins (two copies of
each H2A, H2B, H3 and H4) to form a nucleosome [1] which impedes accidental
gene expression and increases the dependence of franscriptional activators [2].
Transcriptional controlis primarily mediated by DNA methylation and is assisted by
extensive modifications at highly conserved lysine residues on the tails of histone
proteins. Lysine acetylation facilitates transcription by weakening the association of
the histone and DNA [3] and allows transcription factor binding [4]. Lysine
methylation is more complex and can be associated with both active and repressed
regions of DNA, and may be present in mono-, bi-, and tri-methylated forms [5]. For
instance, trimethylation of histone H3 lysine 4 (H3K4me3) is an active mark [6]
whilst methylation of H3K9 and H3K27 appears at transcriptionally silent gene
promoters [6, 7].

Aberrant epigenetic silencing of genes can initiate malignancy and frequently appears
in addition to genetic alterations, contributing to disease progression in several forms
of cancer [8-10]. Reduced expression of numerous genes due to epigenetic silencing
correlates with poor prognosis in many forms of malignancy such as lung [11],
melanoma [12], breast [13], gastric [14] and colon [15]. Rare instances of soma-wide
mono-allelic methylation of MLHI have been shown to arise via germline
transmission [16]. In addition, heritable copy-number wvariations can result in
transcriptional read through and in-cis methylation when adjacent to key genes [17].
These mechanisms offer an explanation of why some families are at a higher risk of

disease development despite not carrving an underlving genetic mutation of crucial

100



Chapter 5 — Long term gene reactivation requires DNA hypomethylation &

acetylation
genes. Individuals within such families could benefit from early detection of aberrant
epigenetic marks at genes which confer an elevated risk of a particular disease. With
an increasing awareness of epigenetic abnormalities in disease, counteracting these
changes with methyltransferase inhibitors such as 5-aza-2’-deoxycytidine (5-aza-dC)
would appear to bea potentially effective treatment. In reality, this treatment effective
in a specific group of tumour types [18]. which may be due to reactivated genes

reverting to a silenced state upon cessation of treatment.

We have previously identified the reactivation of numerous genes in colorectal cancer
(CRC) cell lines following treatment with the demethylating agent 5-aza-dC [19].
Upon removal of the drug and ten days of growth. some of these genes remained
highly expressed, suggesting a reversal of the transcriptional status of these genes.
Although reduced by 5-aza-dC, the changes in DNA methylation did not correlate
with the levels of expression in the group of genes analysed, indicating other
epigenetic modifications were controlling transcription. In this study we characterised
the changes of DNA methylation and chromatin state which allow for either a long or

short term reactivation of expression following 5-aza-dC exposure.
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Results

Genomic DNA Methvilation with 5-aza-dC freatment

Global methylation levels decreased following 5-aza-dC treatment by 53% and 59%
in the HCT116 and SW480 cell lines respectively (figure 1). This represents a
significant decrease compared with cells that were mock treated which did not
undergo demethylation (HCT116 p-value=0.003, SW480 p-value=0.017). Continued
incubation of cells for a further ten days after treatment in drug free media allowed re-
methylation and genomic levels increased, but did not return to pre-treatment levels in

this period.

Global Re-methylation

35 O HCT118
B 5W480

3.0

25

204

15

% Global Methylation Level

Untreated 72h S-aza-dC Day 4 Day 10
Days of Re-methylation

Figure 1 - Genome wide methylation levels and 5-aza-dC treatment. Genomic
methylation levels decreased significantly in both cell lines following 5-aza-dC

exposure. Levels were gradually restored over the next ten days of drug-free growth

and were approaching pre-treatment levels.

Gene Specific methviation and re-expression with 3-aza-dC freatment

Using genome wide expression arrays we have previously identified patterns of
transient and long term gene reactivation following 5-aza-dC treatment [19]. The
same genes were again examined in this study to allow characterisation of histone
modifications. In this experiment, expression was determined with quantitative PCR

and genes were then classified into four categories; always-expressed, up-regulated,
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short term reactivated or long term reactivated. as listed in Table 1. Genes were
previously selected to allow comparison of short or long term expression against
genes with an ‘always-expressed’ or ‘up-regulated’ expression pattern. Criteria for
long term reactivated genes were as follows; not expressed in untreated cells,
detectable expression following treatment and four days post-treatment, and day 10
post treatment expression >=100-fold higher than untreated (based on a Ct value of 40
for undetectable transcripts). Criteria for short term expressed genes was similar, with
the exception of day ten expression, which was required to be <100-fold above the

level of untreated cells.

The three genes which were reactivated for a short period only (CXCL6 and ZFP3 in
HCT116 cells and CDKN?4 in SW480 cells) were all hvpermethylated across the
assaved region of their CpG islands. The expression pattern of these genes was
markedly different in the other of the two cell lines; here, these genes showed very
little or low methylation at the transcriptionstartsite (TSS) and were either expressed
continually or became up-regulated (figure 2). The genes which remained highly
expressed after reactivation (CDOI, HSPCI035, MAGEA3) displaved unique
methylation profiles and featured a hypomethylated CpG site adjacent to the
transcription start site (TSS) as shown in figure 3. The CpG island specific
demethylation after treatment was minimal compared to the genomic demethylation
as previously observed [19], therefore only untreated methylation patterns are shown

in Figure 2 and 3.
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Table 1: Generalised epigenetic events that occur in the four main groups of gene

expression.
Continuously Up-regulated Short Term Long Term
Expressed Genes Genes Reactivated genes Reactivated
genes

Genes: CXCL6 ZFP3 (SW480), CDKNZA CDOI,
(SW480), CDQOI (SW480), HSPCI05,
CDEN2A, (HCT116) CXCL6, ZFP3 MAGEA3
HSPCI03, (HCT116) (SW480)
MAGEA3
(HCT116)

Untreated Expressed. Lowly expressed Not  expressed. Not expressed.

cells Widespread in untreated Uniform Unique
hypomethylation cells. Varied hypermethylation. hypomethylation
or levels of DNA H3K4me3 and at TSS. Varied
hypomethylation methylation. H3K9me3 amounts of
near the TSS. Varied  levels predominant. active
H3Ac and active/repressive repressive
H3K4me3 are modifications. modifications.
predominant
modifications.

Treated Stable or Increased Expression Expression

cells increased expression. detected. Minimal detected.

(72 h) expression. Minimal demethylation. Minimal
Minimal demethylation. Stable or non- demethylation.
demethylation. Increased H3Ac. significant Increased H3Ac,
Stable orslightly H3K4me3 and increasein H3Ae. H3K4me3 and
increased H3Ac H3K9me3. Increased H3K9me3.

& H3K4mes3. H3K4mes3.
Increased or
stable H3K9me3.

Ten  days Stable Elevatedand/ or Expression down- Expression

post expression. receding regulated or remains  high.

5-aza-dC Promoter expression. approaching pre- Promoter
treatment methylation at Promoter treatment levels. methylation at

pre-treatment
level. Increased
or stable H3Ac
and H3K4me3.
Decreased H3K
H3K27me when
present.

methylation at
pre-treatment
level and pattem.
Increased
H3K4me3.
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Promoter
methylation  at
pre-treatment
levels. H3K4me3
stable or remains
elevated.

pre-treatment
level. H3K9me3
stable. Increased
H3K4me3
H3Ac.
H3K27me3
reduced (if high
in untreated
cells).
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Figure 2 — CpG island methylation of short term reactivated genes with respect

to different expression types. A — CXCL6 CpG island methyvlation; short ferm v
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always-expressed. SW480 displaved hvpomethvlation and was expressed at all time
points (B).Uniform hypermethylation of the HCT116 cell line was associated with a
short term reactivation of expression (C). D — CDKNZA4 CpG Island methylation;
short term v monoallelic expression SW480 cells display hvpermethylation and were
temporarily re-expressed (E). whilst HCT116 are ~50% methylated at CpG sites near
the TSS, and were expressed at all time points (F). G — ZFP3 CpG Island
methylation; short term v lowly expressed. SW480 cells showed hypomethylation at
CpG sites near the TSS and expression was up-regulated after 5-aza-dC treatment (H).
HCT116 remains hypermethylated and was temporarily reactivated with 5-aza-dC (I).
J — Significant changes to histone modifications compared with untreated cells

(p<0.05).
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Figure 3 — Promoter CpG Island methylation of long term reactivated genes. A —

CDQOI1 CpG Island methylation; long term v short term expressed. Sequencing
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analysis revealed CpG sites near the TSS in SW480 cells have lower methylation and
long term expression (B) compared with HCT116 cells which are uniformly
hypermethylated and short term expressed (C). D HSPC105 CpG Island methylation;
always-expressed v long term expressed. The SW480 cell line shows localised
hypomethvlation at the TSS and can remain expressed ten days post treatment (E).
The HCT116 cell line is hypomethylated at the HSPCI 035 promoter and is continually
expressed (F). G — MAGEA3 CpG Island methylation; always-expressed v long term
re-expressed. SW480 cells show localised hypomethylation at the TSS and are
expressed ten days post treatment (H). HCT116 cells show ~50% methylation at the
TSS and MAGEAS3 is expressed at all time points (I). J — Significant changes to

histone modifications compared with untreated cells (p=<t0.05).

Genes determined to be ‘always-expressed’ displayved a maximum of 50%
methylation at the TSS which is indicative of mono-allelic methylation, and up-
regulated genes displayved varving patterns of methylation. The MLHI gene was
expressed in both cell lines and methylation was not detected in the TSS associated
CpG island. CDKN?4 was expressed in HCT116 and showed partial methylation at
the TSS. The corresponding region in SW480 cells was hypermethylated and
expression was classified as short term reactivated after treatment.

Continued incubation of cells in drug free media allowed re-methylation, which
returned to pre-treatment levels at promoter CpG islands. Gene expression was not
necessarily affected by the return of promoter methylation however, and expressionof
the CDOI1, HSPCI105 and MAGEA3 genes in SW480 cells remained high ten days
after 5-aza-dC treatment. These genes displayed unique CpG island methylation
patterns that feature hvpomethvlated CpG sites adjacent to the TSS. As methylation

levels at promoter CpG islands did not accurately reflect the expression of the genes
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studied, we sought to examine the patterns of histone modifications at the respective

CpG islands that may account for high levels of expression.

Chromatin modifications with j-aza-dC

Chromatin Immunoprecipitation and gq-PCR revealed that Histone H3Ac and
H3K4me3 were features associated with expressed genes such as GAPDH and MLH]
and repressed genes were associated with H3K9me3 and less frequently H3K27me3.
Repressive marks were absent from constitutively expressed genes, however H3K4
trimethylation which is commonly associated with activated genes was also present in
genes that were not actively transcribed. ChIP results are summarised in Figure 2 and
3., with p-values listed in Table 2. Specific changes in chromatin modification are
shown in Supplementary figures 1-4.

Following 72 h of exposure to 3-aza-dC, increases of H3Ac, H3K4me3 and
H3K9me3 were observed. Decreases in H3K27me3 were observed when the feature
was present in untreated cells. Interestingly H3K9me3 increased after treatment;
however this level receded over the next ten days regardless of the level of resulting

gene expression. A comparison of histone modifications in untreated and ten days

post treated cells at short term reactivated genes revealed a significant increase of
histone H3K4me3 and decreased level of trimethyl-histone H3 lysine 9 and 27.
Despite this, transcription of these genes ten davs post treatment was at a similar to
untreated cells. The single most apparent difference between short and long term
reactivated genes was the H3Ac modification. Genes deemed to be ‘long term
reactivated” revealed an increase of H3Ac after treatment which persisted until ten
days after drug treatment. Long-term expressed genes also experienced a reduction in

the repressive H3K27me3 when present in untreated cells. Histone H3Ac and

109



Chapter 5 — Long term gene reactivation requires DNA hypomethylation &
acetylation

H3K4me3 levels at genes which were always-expressed or those which were up-

regulated were tvpically stable or increased slightly.

Table 2: P-values for changes to histone modifications in comparison to

untreated cells.

Gene Cell H3Ac H3Kd4me3 H3K%me3 H3K27me3
line do dl0 di dl0 di dlo dl dlo
CXCL6 HCT1l6 0.163 0.081 0.010 0.010 0.047 0.173 0122 0.368
SW480 0499 0.008 0.231 0.0035 0.829 0.622 0.365 0.636
CDKN24 HCTI116 0005 0.230 0.028 0.029 0014 0.005 0.006 0.001
SW430 0478 0.063 0.220 0.024 0.639 0.117 0.078 0.004
ZFP3 HCT116 1.000 0.194 0.033 0.006 1.000 0.000 0.036 1.000
SW480 0008 0.007 0.300 0.005 0.008 0.074 0286 0.061
choi HCT1l6 0.141 0.153 0.004 0.008 0.331 0.026 0.020 0.004
SW480 0066 0.006 1.000 0.005 0.007 0.047 0.003 0.001
HSPCI95 HCTI116 0004 0018 0.008 0.108 0.004 0377 0225 0.001
SW430 0031 0.016 0.046 0.069 0.243 0.068 0286 0.368
MAGEA43 HCTI116 0092 0.030 0.022 0.066 0.001 0.001 0.013 0.015
SW480 0368 0.013 0.039 0.033 0.012 0232 0.016 0.011
Discussion

The epigenetic control of gene expression is mediated by DNA methylation and

histone modifications. By altering the DNA methylation and up-regulating gene

expression we can identify patterns of change in histone protein modifications that

accompany the long and short term reactivation of epigenetically silenced genes. Of

particular relevance to this study was the apparent transcriptional up-regulation of

silenced genes that displayed minimal demethylation, where histone modifications are

likely to be involved in the regulation of gene expression in these instances.
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The effect of DNA methviation on eene expression

Regardless of the expression pattern during drug treatment, the extent of methylation
of particular CpGislands remained relatively unchanged compared to genomic levels
after 5-aza-dC exposure. This observation has been made previously, with
methylation of repeat sequences likely to contribute to this discrepancy [19, 20].
Constitutively expressed genes were hypomethylated on both alleles, or exhibited
CpG island methylation of 50% indicating mono-allelic methylation, such as the
CDKN2A gene in HCT116 cells. Slight demethylation of promoter CpG islands was
induced with 5-aza-dC, vet expression was not necessarily restricted in some genes
when the methylation returned to pre-treatment levels. High expression of long term
reactivated genes appeared to be dependent upon pre-existing hypomethylation at the
TSS regardless of whether the adjacent CpG sites were hypermethylated. This result
indicates the pattern of methylation rather than the general level of methylation across
the CpG island is crucial to re-activating silenced genes via interactions with other
epigenetic factors. Hypomethylated CpG sites within hypermethylated promoters have
been identified previously in the Oncostatin M receptor gene [21] but the effect of this
hypomethylation on transcription was not examined. Why expression of the long term
reactivated genes did not occur in the untreated cells which displayed a near identical
methylation pattern may be explained by changes in the modifications on the histone

proteins.

The effect of histone modifications on gene expression

A snapshot of factors governing gene expression was achieved with the compilation
of CpG island sequencing and chromatin immuno-precipitation results. Upon the

reactivation of numerous genes and classification of expression, we could distinguish
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between the genes based on the methylation and chromatin changes present. These
generalisations are summarised in Table 1. Prior to treatment, transcriptionally
inactive genes were characterised by higher levels of repressive modifications and
lower levels of activating marks. Upon treatment with 5-aza-dC there was generally
an increase to the levels of H3K4me3 and H3K9me3, whilst H3Ac increased only in
some of the genes. Reductions to H3K27me3 occurred in genes that initially displayed
this trait. With regards to chromatin modifications, it was during the drug free growth
period that histone acetvlation became the most distinguishable feature between short
and long term reactivated genes. Long term reactivated gene promoters became
increasingly associated with acetylation of histone H3 assisting with gene activation.
Temporarily reactivated genes did not attract this modification despite a brief period
of expression. It would therefore appear that the introduction of H3 acetylation is a
crucial factor in reversing transcriptional status of an epigenetically silenced gene
which is assisted by DNA hypomethylation. With the exception of an increase in
H3K4 trimethylation. long-lasting changes to epigenetic modifications were generally
not observed in the temporarily reactivated genes.

The up-regulation of lowly expressed genes was associated with increased H3
acetylation and H3K4me3, such as the ZFP3 gene in SW480 cells. Methylation
profiles such as this may indicate an intermediate between always-expressed genes
and the long term reactivated genes. Co-existing active and repressive marks may
allow a restricted level of transcription, suggesting the control of expression of these
genes is dependent on equilibrium of both types of modifications.

In the genes examined in this study. the roles of histone H3 acetylation and
H3K27me3 were apparent as activating and repressing marks respectively, however

the function of H3K4me3 and H3K9me3 were not as clearly linked to their proposed
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functions. Following 5-aza-dC exposure, H3K9me3 was frequently increased at
expressed genes which concurs with recent findings that it can also be coupled with
gene activation [20, 22, 23]. Similarly, H3K4me3 which associates with active
regions of the genome was found at inactive genes, albeit at a reduced level.
Observations of this nature highlight the dvnamic nature of chromatin and possibly
suggest an intermediate form of repression similar to bivalent chromatin surrounding

developmental genes [24].

Linking DNA methviation, chromatin modifications and gene expression

The patterns of expression of re-activated and up-regulated genes can be largely
explained with the combination of promoter methylation analysis and chromatin
immuno-precipitation assays (and are outlined in Table 1). By observation and
comparisonoflong and short term reactivated genes, our results show that genes with
a localised hypomethylation at the TSS can more readily facilitate an increase of
histone H3 acetylation than genes undergoing demethylation by 3-aza-dC.
Additionally we observed that expression was reactivated without major change in the
CpGisland methylation and this was independent of nearby hypermethylation within
the same CpG island as the TSS. Following 5-aza-dC treatment localised
hypomethylation is capable of initiating alteration of the chromatin structure to allow
transcription.

A sequence of events involved with epigenetic reactivation has been proposed by Lift
et al. [25]. The authors state that reactivation of the HPRT gene required hemi-
demethylation of the promoter, ‘opening’ of chromatin structure, transcription factor
binding and assembly of the transcription complex prior to synthesis of the HPRT

RNA. Based on our experiments, we can extend on this knowledge by suggesting that
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minor demethylation induced by 5-aza-dC and increased H3K4me3 allows initiation
of transcription. The role of H3K9 trimethyvlation is not clear but may be associated
with reactivation in some instances. A loss of repressive marks such as H3K27me3
can also further increase transcription. Although not proven, it is possible MBD2
binding could be lost at this point which would no longer deter histone
acetyltransferase from the region [26]. Transcription is prolonged if increased
acetylation of histone H3 occurs, otherwise expression is transient and gene

expression is likely to revert to an inactive state.

Methviltransferase Inhibitors in treatment of tumours

The efficacy of 5-aza-dC as a treatment is limited to certain tumour types, however,
what causes a favourable outcome from 5-aza-dC treatment is unknown. Its success
may lie with the methylation pattern at currently un-identified target genes and the
drugs ability to reactivate silenced genes over a longer period of time. Therefore, our
observations would support the use of combined methyltransferase / histone
deacetylase inhibitors in the treatment of malignancy. Histone deacetylase inhibitors
may increase acetylation at hypermethylated transcription start sites leading to long
term reactivation of anti-proliferative genes.

Analysis of the chromatin at the promoter of the genes in this study suggests that
existing hypomethylation following (but not necessarily induced by) 5-aza-dC
treatment, attracts histone H3 acetylation. The combination of hypomethylation of
CpG sites at the TSS and H3 acetylation result in stable gene reactivation. The results
of this study highlight the epigenetic features which need to be modified with regard

to the reversal of transcriptional status of genes in the treatment of disease. A more
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strategic approach will lead to the development of epigenetic therapies rather than use

of epigenetic-modifying drugs as cytotoxic therapies.

115



Chapter 5 — Long term gene reactivation requires DNA hypomethylation &
acetylation

Methods

Cell Culture

HCT116 and SW480 cells were grown in DMEM media supplemented with 10%
foetal calf serum (Sigma-Aldrich, St Louis, MO, USA) at 37 °C and 5% COx.
Cells were treated with 5-aza-2’-deoxycytidine (Sigma-Aldrich) as previously
described [19]. DNA and RNA were extracted from untreated cells, 5-aza-dC
treated cells (72 h of treatment), and at 4 and 10 days after cessation of treatment
(Day 4 and 10 of re-methylation). The cells were originally obtained from the
ATCC and were authenticated using the Identifiler DNA identification kit
(Applied Biosvstems, Foster City, CA, USA) according to manufacturer’s

instructions.

Global methviation

Global methylation was assessed as described previously [19]. Briefly. 50 ug of
DNA was enzyvmatically digested with Nuclease P1 (US Biological, Swampscott,
MA, USA) followed by chromatographic separation on a Varian Star
Chromatography workstation with a Supelcosil LC-18-DB column (Sigma-
Aldrich). Absorbance was monitored at 278 nm and peak areas were quantified
with Star Reviewer Software (Varian, Palo Alto, CA, USA). The S5-
methylcytosine content was expressed as a percentage of the total cytosine pool

after correction for extinction co-efficients.
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Bisulfite Sequencinge

DNA was converted in duplicate using a Qiagen Epitect Bisulfite conversion kit
(Qiagen, Valencia, CA, USA) using 2 ug of phenol-chloroform purified DNA.
Samples were eluted in 30 pL of elution buffer and an aliquot was diluted 1:3
prior to PCR and stored at 4 °C, whilst the remaining fraction was stored at

-20°C. CpG islands surrounding the transcription start site of genes were targeted
in PCR analysis using the primers listed in Supplementary Table 1. Sequencing
reactions were performed in duplicate and were analvsed on an ABI 3730
sequencer. Data analysis was carried out using Sequence Scanner software
(Applied Biosystems). The percentage methylation at each CpG was determined
by dividing the cvtosine peak bv the combined heights of the cvtosine and

thymine peaks as described previously [21].

Real Time PCR Analvsis of gene expression

RNA was converted to cDNA using Superscript II (Invitrogen) and random
primers (Promega) according to manufacturer’s instructions. Reactions were
performed in triplicate using primers listed in Supplementary Table 1, 2X SYBR
Green (Applied Biosystems) in an ABI PRISM 7500 PCR machine (Applied
Biosystems). Ct values were determined automatically by Sequence Detection
Software version 1.4 and final calculations were expressed as fold differences
compared to (-actin using the AACTt method. Genes with undetected expression

were assigned a Cr value of 40.
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Chromatin Immunoprecipitation (ChIP) and Analvsis

Briefly, the crosslinking of DNA with protein and cell 1ysis was performed using
the EZ-Magna ChIP A Kit (Upstate/Millipore) according to the manufacturer’s
instructions. Sonication was performed using 8 x 30-second cycles at 60% duty
cycle in an ice bath and samples were further cooled for 30 seconds in between
sonication cvcles. Chromatin Immunoprecipitation was performed as previously
described [27] with slight modifications. Antibodies used were all obtained from
Upstate with the exception of the Rabbit IgG non-specific antibody from Santa
Cruz Biotechnology. Antibody quantities per reaction were determined in
preliminary experiments and were 5 pL for a-acetyl H3. 5 uL for tH3K4me3, 4
uL for tH3K9me3, 4 uL for tH3K27me3 and 5 uL of Rabbit IgG was added to
negative control samples. Cross links were reversed with the addition of 20 uL.
Proteinase K (Promega) and incubated at 62°C for 3 h with shaking. Recovered

DNA was then purified using a PCR clean up kit (Qiagen, Valencia, CA, USA).

Real time PCR analvsis of immunoprecipitated chromatin

DNA was quantified using the DNA Quantitation System (Promega) according
to the manufacturer’s instructions, and measurements were taken using a TD
20/20 luminometer (Turner Designs, Sunnyvale, CA, USA). The real-time PCR
reactions were performed using 200 pg of DNA template with SYBR Green 2X
mastermix (Applied Biosystems) and primers listed in Supplementary Table 1.
Reactions were performed in triplicate and carried out using an ABI PRISM
7500 PCR machine (Applied Biosystems). Ct values were determined
automatically by Sequence Detection Software version 1.4 (Applied Biosystems)

and the final values were expressed as a percentage of the input fraction.
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Statistical Analysis

Standard deviations were calculated and a T-test was employved to compare
expression levels and histone modification levels in drug treated cells against
untreated cells. P-values less than 0.05 were considered to be statistically

significant.
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Supplementary Figure 1 - HCT116 chromatin changes at CDO1, HSPC105 and MAGEAS transcription start sites. Mock treatments are

plotted with white data points and 5-aza-dC treated cells are plotted with black data points. The y-axis values represent percentage input, whilst

x-axis values represent the four time-points of cell culture.
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plotted with white data points and 5-aza-dC treated cells are plotted with black data points. The y-axis values represent percentage input, whilst

x-axis values represent the four time-points of cell culture.




Chapter 5 — Long term gene reactivation requires DNA hypomethylation & acetylation

HCT116
H3Ac H3K4me3 H3K9me3 H3K27me3
300 70 14 18
260 60 12 - 18
50 14
200 : 1o 12
40 08 1.0
CDKN2A 150
30 * 06 0.8 .
100 20 04 06
55 0.4 "
L *
1.0 02 * 02 *
0.0 0.0 00 0.0
Untreated Treated Day 4 post tx Day 10 post b Untreated Tieated Day 4 post tx Day 10 post tx Untreated Treated Day 4 post be. Day 10 post be. Untreated Treated Day 4 post tx Day 10 post tx.
08 8.0
. 10 0.10
0.7 70 *
06 60 25
05 5.0 20
CXCL6 04 40 N 15 005
03 30 *
1.0
02 20
0.1 10 s
0.0 0.0 00+ 0.00 +
Untreated Treated Day 4 post b Day 10 post b Untrsatsd Treated Day 4 post tx Day 10 post e Untreated Treated Day 4 post tx. Day 10 post tx Untreated Treated Day 4 post t. Day 10 post tx
0.40 120 * 40 08 .
0.35 08
020 100 35 o
- 3.0 )
80 06
025 25 * gl
ZFP3 020 &g 20 04
015
40 15 03
0.10 10 *
A 0.2
20
005 —_—_— 05 01
Q.00 4 0.0+ 0.0+ 0.0+
Untreated Treated Day 4 post ix. Day 10 post b Untreated Treated Day 4 post b Day 10 post tx. Untreated Treated Day 4 post tx Day 10 post tx Untreated Treated Day 4 post tx. Day 10 post tx

Supplementary Figure 3 — HCT116 chromatin changes at CDKN2A, CXCL6 and ZFP3 transcription start sites. Mock treatments are
plotted with white data points and 5-aza-dC treated cells are plotted with black data points. The y-axis values represent percentage input, whilst
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MAGEA3 promoter methylation in HCT116 and SW480 cells
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Supplementary Figure 5 — Methylation at the MAGEAS3 Transcription Start
Site. A - Promoter methylation across the MAGEA3 CpG island. The red bar

c

iy

indicates the region of sequence shown in B and C. B — Methylation at the
MAGEA3 TSS in SW480 cells. Direct sequencing of bisulfite PCR products
causes dual C and T peaks at CpG sites, and are representative of methylated and
non-methylated alleles respectively. The CpG site adjacent to the TSS shows a
greater proportion of T alleles (representing unmethylated cytosine) indicating
hypomethylation, while nearby CpG sites show increased cytosine peaks and
higher methylation levels. Arrows indicate CpG sites, boxed T’s indicate
position of non-CpG cytosine and underlined sequence represents the
transcription start site. C — CpG sites in the HCT116 cell line are greater than
50% methylated.
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This series of experiments was performed with the broad aim of gaining a greater
understanding of the mechanisms involved in epigenetic inactivation and
regulation of gene expression in colorectal cancer. In particular this work is an
examination of how gene expression is altered in response to 5-aza-2-
deoxycytidine and Trichostatin A exposure and which epigenetic features are
reversible. A study was also undertaken to investigate the role of a
polymorphism within the ADNMT3B gene as a modifier of the age of disease

onset via an epigenetic mechanism.

At the commencement of this study, there were increasing amounts of evidence
indicating that epigenetic repression of transcription mirrored diverse phenotypes
that were comparable to mutation carriers of respective disease genes. An
emerging issue was the phenomenon of inherited epimutations. Epigenetic events
are thought to be heritable events in the context of cellular division, however
there is new evidence demonstrating trans-generational inheritance of
epimutations [116, 119]. These rare events may lead to mosaic or soma-wide
inactivation of one allele, and may potentially account for a small proportion of
cases of HNPCC. The mechanism with which an epimutation is established
remains unknown and is the subject of much interest. Currently this phenomenon
may be explained by unknown genomic loci acting in cis to control methylation

patterns [149] or the incomplete erasure of methylation in the germ line [150].

6.1 - Methyltransferase Polymorphisms and Cancer Risk

Genetic disruption of the methyltransferase genes results in altered methylation

patterns. Large scale changes such as homozygous deletions are lethal during
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mammalian development [151], and small alterations such as single nucleotide
polymorphisms (SNPs) are associated with altered methyltransferase expression,
particularly that of DNMT3B [152-154]. In these instances, over expression of
methyltransferase genes are thought to lead to hypermethylation of crucial genes.
Mutations within the DNMT3B gene are associated with the Immuno-deficiency,
Centromere instability and Facial anomalies (ICF) syndrome, a condition which
requires two mutated alleles of DNMT3B. In addition to the main disease
characteristics, abnormal methylation patterns and chromatin defects also result
[155]. ICF cells lacking functional DNMT3B show altered expression of genes
related to the ICF phenotype, and many of the up-regulated genes show
hypomethylation [156]. This is accompanied by histone modifications such as
loss of H3K27me3 and gains of the active H3K9 acetylation and H3K4me3
marks. There appear to be no records of cancer in ICF patients, nor in their
parents who carry one mutant allele of DNMT3B, which suggest mono- and bi-
allelic mutations of DNMT3B are not a risk factor for cancer development. It is
unknown whether certain changes, such as missense mutations, that have yet to
be identified may alter the behaviour of the methyltransferase enzymes leading
to aberrant DNA methylation patterns that initiate tumour growth.

A report in 2006 by Jones et al. [157] found an association between a
polymorphism in the methyltransferase gene DNMT3B with the age of onset of
HNPCC. This polymorphism may represent a genetic mechanism acting in cis to
regulate DNA methylation. The study in Chapter 2 describes this single
nucleotide polymorphism (SNP) in the DNMT3B gene and its association with
the age of disease onset of HNPCC within an Australian and Polish cohort of
individuals at risk of developing disease.
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HNPCC is a disease which not only affects the colon but also other epithelial
sites such as endometrium, stomach, kidney and ovary [158]. It is not understood
which factors are involved in the development of the different disease variants.
Similarly the age of onset varies considerably and is thought to be related to both
genetic and environmental influences [159]. Previous studies have correlated
SNPs with age of disease onset in HNPCC with varying levels of success [159,
160]. Reports of DNMT3B polymorphism influencing the age of disease onset in
HNPCC patients were of great interest considering MLH1, a major gene involved
with HNPCC, frequently succumbs to de novo DNA methylation in colorectal

tumours.

This follow-up study was undertaken to assess the claims from a report in 2006
that described an association between an earlier age of disease onset in HNPCC
patients who carried the variant [157]. Confirmation of this result was crucial in
determining whether subtle differences in the regulatory region of ADNMT3B
alter gene activity and consequently how this may influence the likelihood of
developing disease in a defined population at special risk of malignancy. A
confirmatory study was undertaken which failed to substantiate the association of
the C>T SNP and earlier age of disease onset in HNPCC patients (Chapter 2).
The population size of this study was greater than twice that of the previous

study and included participants from both Australia and Poland.

Analysis took into consideration potential population stratification (Australian v
Polish) with respect to minor allele frequency and whether or not the genotypes
were in Hardy-Weinberg Equilibrium, and the HNPCC mutation type (MLH1 v
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MSH2). Kaplan Meier survival analysis was undertaken and Log-rank, Wilcoxin,
Taron-Ware and Cox proportional hazard regression models where employed to
test for statistical significance. No significant correlation was observed between
any genotype with early onset disease. Similarly no difference was identified
when grouping the patients according to their DNA mismatch repair gene
mutation and ADNMT3B SNP genotype (homozygous wild type, heterozygous,
homozygous mutant). The sample size of this study was almost three times
larger than the previous study by Jones et al., and included 194 cases of
confirmed colorectal cancer patients in comparison to the previous 74 cases.
Data generated on this population size confer greater statistical confidence and
avoid Type 1 or Type 2 errors. Type 1 errors involve ‘false positives’ whereby
an effect is observed when in reality, there is no effect. The conflicting
conclusions between this study and that of Jones et al. are therefore likely to

have been the result of a Type 1 statistical error due to the smaller sample size.

6.1.1 - DNMT3B expression

Despite this result, it does not dismiss the possibility that increased expression of
the DNMT3B variants is responsible for hypermethylation of key genes, which is
also referred to as the hypermethylator phenotype. Numerous studies illustrate
that over-expression of the methyltransferase genes is associated with the
hypermethylation of key genes, but there is also evidence to suggest this is not
always the case. A study by Roll and colleagues in 2008 [161] makes a good
argument for the role of DNMT3B over-expression in the hypermethylator

phenotype in breast cancer cell lines. Cell lines which displayed
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hypermethylation of a group of genes frequently silenced in breast cancer had an
elevated level of DNMT3B activity whilst those cell lines in which the genes
were not methylated displayed normal levels of DNMT3B. This analysis was
centrally focused towards a subset of genes that are altered in the cell lines
exhibiting high DNMT3B expression, which is an intriguing observation, but the
authors may have neglected to find other subsets of genes which were
hypermethylated in the cell lines deemed to be low expressors of DNMT3B or
normalise the expression of methyltransferases against proliferation dependent
genes. In contrast, Eads et al. [86] showed that a group of genes frequently
methylated in colorectal tumours was associated with an increase in expression
of all methyltransferases when normalised with B-actin or an RNA polymerase

subunit, but not with proliferation-dependent genes Histone H4 or PCNA.

The contribution of SNPs within the promoter region to the expression of
methyltransferases is a valid mechanism by which differences in cancer risk may
occur, yet it remains to be conclusively shown that this mechanism of disease
initiation or progression is associated with early onset disease or
hypermethylation of specific genes. The debate regarding the over-expression of
methyltransferases and hypermethylation of a subset of genes is difficult to

conclusively prove and will continue to be a subject of debate.

With the DNMT3B SNP failing to show any association with the age of disease
onset, the question arose as to whether it was the action of the DNA
methyltransferases, and irregularities in this process that could account for the
differences in the age of disease onset in HNPCC. Abnormal regulation of
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methylation may be controlled by unknown genetic components, however the
focus of the next stage of the study was to identify why certain sequences (and
associated genes) were targeted for repression in some cell lines but not other
cell lines. DNA hypermethylation of crucial genes is a common feature of
tumour cells and understanding why repressive modifications are attracted to
certain loci remains unknown. As methylation can be erased with
methyltransferase inhibitors, an investigation was undertaken to examine how
and if global and gene associated CpG island methylation patterns were re-

established in cell lines after 5-aza-2’-deoxycytidine treatment was removed.

6.2 - Remethylation response to 5-aza-dC

One of the early observations concerning epigenetic aberrations in tumour cells
was the decreased content of genomic DNA methylation in diseased tissue when
compared with healthy adjacent tissue from the same patient [162]. The goal of
this stage of the study was to analyse methylation levels, and how they respond
to treatment with the de-methylating agent 5-aza-dC as described in Chapter 3.
The results confirmed that there was a decreased genomic DNA methylation
content in untreated cancer cell lines compared to a fibroblast cell line
representative of healthy epithelial cells. Treatment with 5-aza-dC resulted in
decreased genomic methylation. A decrease of over 50% was observed in all
cancer cell lines except HT29, whereas a modest decrease of 25% was observed
in the fibroblast cell line. A smaller level of demethylation may indicate a slower
rate of growth of some cell lines. 5-aza-dC is an analog of cytosine which needs
to be incorporated into newly synthesised DNA strands to exert its effect. As

fibroblast cells replicate more slowly than the cancer cells, it is likely the rate of
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uptake of 5-aza-dC was slower in these cells, and to some extent the HT29 cells,

resulting in lower rates of demethylation.

A study by Stresemann examined the global and gene specific remethylation in
myeloid leukaemia cell lines and both bone marrow aspirates and peripheral
blood mononuclear cells (PBMCs) from myelodysplastic syndrome (MDS)
patients undergoing therapy with methyl-transferase inhibitors [163]. Genomic
DNA methylation in the cell lines was reduced by over 1.5% with 5-aza-dC
treatment, which was less than that observed in the experiments undertaken
herein, but may be explained by the different concentration of inhibitor used.
Treatment cycles for patients with MDS lasted four weeks and consisted of
75mg/m?/day for the first week, with no treatment in the remaining three weeks.
Six of the ten MDS patients in the study showed stable disease or positive
haematologic responses to the treatment. DNA methylation levels in patients that
showed demethylation of PBMCs were restored to baseline levels by the end of
each respective treatment cycle. This result is in concordance with the data for
the colorectal cancer cell lines and supports the notion that DNA methylation
will return to CpG sites from where it was originally removed. As mentioned
earlier, this may be due to the re-establishment of DNA methylation on hemi-
methylated substrates. Interestingly, the methylation of bone marrow aspirates in
one patient remained lower than pretreatment, but this demethylation and that of
the PBMCs did not seem to be necessary for a stable or favourable clinical
outcome. The results of the above mentioned study and the experiments detailed

in this thesis indicate that restoration of genomic methylation levels is a common
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outcome following 5-aza-dC exposure, and the reason for effective treatment by

this method relies on the reactivation and expression of crucial genes.

There has been little assessment of the remethylation of genomic DNA both in
vitro and in vivo. The return of methylation levels to approximately pre-treatment
levels ten days post 5-aza-dC treatment posed an important question. Were the
same genes expressed/silenced ten days post treatment or was an altered
epigenetic expression pattern established? Upon cessation of 5-aza-dC, a return
of global methylation was observed, which almost reached pre-treatment levels
in most cell lines assayed. This signifies that these cells lines have not lost their
capacity to methylate DNA, and the return of genomic methylation supports the
notion that particular genes are deliberately targeted or even marked for
repression. However, if the methylation was not completely erased from a given
sequence, it may indicate a re-establishment of symmetrical DNA methylation
on hemi-methylated DNA rather than specific targeting for inactivation.
Surrounding chromatin modifications are also likely to play a role in reactivation

or re-silencing and will be discussed shortly.

6.3 - Influence of histone acetylation on remethylation

The synergistic reactivation of genes with the demethylation agent 5-aza-dC and
the histone deacetylase inhibitor TSA have been well documented [60, 147, 148].
An examination was undertaken as to whether a constant exposure of TSA to the
colorectal cancer cells would alter DNA demethylation or the process of
remethylation. A correlation between the two modifications may potentially be

exploited to reactivate greater numbers of genes, enhancing the possibility of
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effective drug treatment. In the study described in chapter 3, two groups of
HCT116 cells were treated with 5-aza-dC and one group was also treated with
TSA at 100nM to induce widespread hyperacetylation. After 72 hours 5-aza-dC
was removed from both groups, and TSA exposure was maintained for the
following 10 days. No difference in demethylation was detected in cells co-
treated with TSA, nor was the remethylation process altered. Taken together with
evidence from previous studies, the combined treatments may synergistically
reactivate genes, but acetylated histones do not appear to affect the remethylation
of CpG sites, or to be more specific, acetylated histones do not appear to deter

DNA methyltransferase enzymes from unmethylated substrates.

6.4 - Specific responses of CpG island methylation to 5-aza-dC

An aim of this aspect of the study was to examine how DNA methylation
patterns were re-established after they had been erased with 5-aza-dC. Would an
aberrantly hypermethylated gene remain expressed when the drug was removed?
Global methylation results suggested a decrease of approximately 50% was to be
expected. In cells treated with 5-aza-dC, the CpG islands of the genes assessed
underwent demethylation of up to ~30% at single CpG sites as determined by
direct bisulfite sequencing. The majority of CpG sites assayed however only
revealed minor demethylation in comparison with the demethylation observed at
a global level, and the gene-specific pattern of methylation remained largely
unchanged. Although the expression may be driven from partially demethylated
alleles following 5-aza-dC, transcription and active gene expression was detected
from genes at ten days post treatment where methylation at CpG sites was almost

identical to that of untreated cells. For these genes it is possible that certain
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epigenetic features are involved with maintaining expression, and will be

discussed shortly.

The discrepancy between gene-associated CpG islands and global DNA
methylation levels is likely to be explained by the demethylation of repetitive
elements, Alu repeats, transposable elements, satellite and non-satellite
sequences, which make up a large proportion of the genome [77, 164-166].
Similar results were identified by Lim et al. [167] who found that methylation in
genic regions decreased only at certain concentrations of 5-aza-dC and that

repetitive elements were predominantly affected.

Numerous studies have used 5-aza-dC in the reactivation of specific genes and
demonstrated that demethylation occurs, however the most common
methodology for assessing this is methylation sensitive PCR. While this is a
sensitive method for detecting unmethylated template, it is not quantitative and
small changes in methylation have been disproportionately reported following
exponential PCR amplification. Direct sequencing was chosen for this study due
to cost effectiveness when studying a number of genes, and as a means to
quantitatively assess DNA methylation and changes in methylation across CpG

islands.

6.5 - Localised hypomethylation at Transcription Start Sites

An important factor that is frequently overlooked is the resulting pattern of gene
expression post 5-aza-dC treatment. Experiments detailed in Chapter 3 identified

two classes of genes; short and long term reactivated genes. A reasonable
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presumption would be that long term reactivated genes undergo DNA
demethylation and remain hypomethylated. Bisulfite sequencing revealed this
was not the case and minimal change to the methylation landscape was detected
at the CpG islands examined. The genes with long term reactivation displayed a
unique pattern of DNA methylation at the transcription start sites, namely
localised hypomethylation surrounded by hypermethylation. Following 5-aza-dC
treatment, this localised hypomethylation is presumed to initiate an altered
histone modification profile that allows prolonged transcription. The histone
modifications at these genes were examined by chromatin immunoprecipitation

and are discussed shortly.

DNA methylation of a CpG island is commonly accepted to be repressive of
transcriptional machinery. However the effect of methylation is not always
uniform and determining if genes are expressed in instances of epigenetic change
is difficult and is likely to depend on other epigenetic features. In the work
described in Chapter 3, bisulfite sequencing revealed common and unique
patterns of DNA methylation at individual CpG islands. Generally patterns of
DNA methylation correlate with expression in untreated cells, i.e.
hypomethylation was observed in expressed genes and no expression was
detected from hypermethylated genes. The identification of unique CpG island
methylation included genes which were expressed at very low levels such as
ZFP3 in SW480 cells and genes which are likely to be expressed exclusively

from one allele, such as CDKN2A in HCT116 cells.
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These results lead to the identification of the importance of DNA
hypomethylation at the transcriptional start site (TSS). Several genes displayed
localised hypomethylated cytosines adjacent to the TSS and were surrounded by
numerous hypermethylated CpG sites elsewhere in that CpG island. Whilst it is
known that promoter CpG methylation affects transcriptional activity and
methylation elsewhere in the gene has little or no effect, this result may suggest
the region in which DNA methylation can regulate transcription may be as small
as 100bp or less. It has been shown that MeCP2 is capable of binding to a single
methylated CpG site, so it seems reasonable to suggest that a small region may
be void of repressive proteins even if they are located only a short distance away

from a CpG island.

An intriguing question resulting from this data concerns how such a DNA
methylation pattern is established. A possible explanation may involve the
mechanism of action of the DNA methyltransferases. Previous studies have
examined the domains of the DNA methyltransferases with respect to the
genomic region they target. Studies on the catalytic domains of the
methyltransferases examining the establishment of methylation patterns have
revealed the DNMT1 and DNMT3B are processive whilst the DNMT3A protein
acts in a distributive manner [168]. For a small group of CpG sites to remain
hypomethylated, or even resistant to methylation, establishment of this pattern
may involve methylation of surrounding CpG sites in a distributive manner by de
novo methyltransferases. A processive de novo methyltransferase would result in
uniform methylation, and the pattern would subsequently be faithfully retained

by the processive DNMT1 during cellular replication. The pattern of methylation
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may have originated during early development when the gene was being
expressed and widespread genomic methylation was occurring. Transcription
factors or other proteins may have been bound to the DNA at the
hypomethylated sites and eventually the gene was no longer expressed but the
methylation and chromatin had already been ‘set’ for that gene. The pattern of
DNA methylation at that site may merely be an artifact of past events. Another
explanation may involve the positioning of DNA and nucleosomes. Nucleosomal
bound DNA has been shown to be more highly methylated than flanking DNA
and linker regions of DNA are approximately 30bp [169]. This 30bp region
either intentionally or coincidently may correspond with the transcriptional start

sites resulting in the unique methylation patterns observed in some genes.

6.6 - Expression Array analysis of gene expression

In the treatment of MDS it has been demonstrated that patients who respond
positively to treatment from demethylating agents display altered DNA
methylation levels in both bone marrow aspirates and peripheral blood
mononuclear cells [163]. Furthermore, the methylation levels were restored to
baseline changes between each treatment cycle. However, this de- and
remethylation induces a different pattern of gene expression. Experiments
detailed in Chapter 5 detail the effects of 5-aza-dC and TSA on gene expression
in colorectal cancer cells. This study served to identify patterns of gene
expression during and after 5-aza-dC exposure to examine which pathways were
up and down-regulated. This information may prove useful in determining the
success of 5-aza-dC or why this treatment is ineffective in the treatment of some

tumours.
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Exposure to 5-aza-dC induced the expression of over 1000 genes in each cell line
examined, and just over half of these were associated with a CpG island. Whilst
it is difficult to determine what fraction of these were non-specific or due to
secondary epigenetic events (alteration of histone proteins) it demonstrates the
ability of 5-aza-dC to affect non-CpG associated genes, which lead to non-
specific effects. Concerns have been raised regarding the off-target effects of 5-
aza-dC on normally methylated regions of DNA [170] and non-specific
activation of oncogenic pathways [171]. The success of 5-aza-dC may depend on
activation or repression of as-yet unidentified off-target pathways in some cell
types.

A major hurdle encountered with the use of demethylation agents against disease
is remethylation of reactivated gene promoters upon cessation of treatment [172,
173]. Critical genes that become reactivated revert to an inactive state without
lasting effect. Numerous strategies could be employed to combat this, including
sustained treatment with demethylating drugs [174, 175] or combined treatments
with Histone Deacetylase Inhibitors [60, 176-178]. Our results indicate a
combined treatment with 5-aza-dC followed with sustained TSA treatment may
counteract re-suppression by altering DNA methylation and histone
modifications to allow prolonged gene reactivation. Ultimately, the combinations

or time course necessary for successful treatment may depend on tissue type.

Recently, epigenetic modifications have been altered with 5-aza-dC and TSA
such that a reprogramming of the cell occurs. In attempting to clone bovine
embryos, Ding et al. (2008) were able to increase the formation of blastocysts
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and total cell numbers by treating donor cells and cloned embryos with 5-aza-dC
and TSA [179]. This was aimed to eliminate the issue of any pre-existing
programming from the donor DNA, and may be necessary to mimic the wave of
DNA demethylation that occurs shortly after conception [179]. Similarly, there
are reports of reprogramming and de-differentiation of cells treated with 5-aza-
dC and TSA [180, 181]. Interested in generating pluripotent stem cells for the
treatment of diseases such as diabetes and Parkinson’s disease, Zhang et al. were
able to dedifferentiate fibroblasts with 5-aza-dC and TSA. This was achieved
with the reactivation of transcription factors that are expressed in pluripotent
embryonic stem cells. We sought to examine how closely the pattern of gene
expression in treated colorectal cancer cell lines could be altered to resemble that
of healthy epithelial cells (Chapter 5). On a genome wide level, gene expression
profiles within cell lines remain similar following treatment as shown by the
unsupervised clustering of all genes and cell lines, regardless of 5-aza-dC
treatment time point. This indicates that expression profiles are not readily
manipulated and a resetting effect does not occur in the colorectal cancer cells

such that expression resembles that of healthy epithelial cells.

Pathway analysis of up and down-regulated genes following treatment found that
expected gene ontology families such as the apoptotic pathways were not
significantly affected. Instead, several pathways such as Calcium signalling
pathway and neuroactive ligand-receptor interaction genes were up-regulated. In
terms of commonly down-regulated genes, the neuroactive ligand-receptor
interaction, olfactory transduction and Asthma pathways were commonly

affected. The neuroactive ligand-receptor family of genes was also significantly
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overrepresented in the up-regulated gene list, indicative of secondary effects to
compensate for changes induced by drug treatment. These pathways may also be

indicative of further non-specific effects of 5-aza-dC.

Although the pathway was not significantly altered, there were individual genes
from the Apoptosis pathway which were altered after 5-aza-dC exposure. The
PRKACB protein is involved with the phosphorylation of BCL2, an agonist of
cell death, which ultimately leads to cell survival. At least one variant of the
PRKACB gene was not expressed in fibroblast cells and is down-regulated to
non-detectable levels in the HT29, SW48 and LoVo cells following 5-aza-dC
treatment. This mechanism may normally induce apoptosis, yet appears
insufficient to have the same affect in these cell lines. This may be explained by
the different behavior of immortalised cell lines in vitro compared with the
behavior in vivo. Predominantly, the pathways which were altered with 5-aza-dC
exposure in colorectal cancer cell lines do not appear related to malignancy and
are likely to explain why this treatment is not an effective treatment for tumours
of this nature. In haematologic malignancies where 5-aza-dC is an effective
treatment, the drug may induce apoptosis or cell cycle pathways in the bone

marrow stem cells which are the origin of the disease.

The genes selected for ChIP analysis were chosen based on their responsiveness
to 5-aza-dC treatment and resulting gene expression, or more specifically, the
variation in expression following removal of 5-aza-dC, which suggested the
epigenetic status of these genes was re-established differently. Of particular
interest to this study are the genes which possessed hypomethylated cytosines, as
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they did not show large DNA demethylation and remained expressed 10 days

after 5-aza-dC treatment. These genes became the centre of our investigation into

the change in chromatin status after drug treatment.

6.7 - Changes to Histone Acetylation and methylation

Much attention has been paid to the mode of action of 5-aza-dC and its
reactivating ability; however an important facet of this treatment is likely to
revolve around the resulting pattern of expression when the treatment period is
finished. The studies in chapter 3 and 4 identified reactivated genes that
remained expressed or reverted to an inactive state. The discordance between the
gene-specific DNA methylation levels and expression levels of the genes
examined in Chapter 4 indicated transcription of these genes may be influenced
by histone modifications. There was also evidence that hypomethylated cytosine
in the immediate vicinity of the transcription start site was involved. Therefore
an investigation of chromatin modification was undertaken in Chapter 4. This
demonstrated the involvement of histone factors in long term re-expression and
would also aid with understanding the mechanisms of remethylation, repression

or prolonged transcription.

In the study in Chapter 4, four common histone modifications were assessed
regarding their role in the long term reactivation of expression. It became
apparent that certain generalisations regarding these modifications could be

made depending on the resulting level of transcription.
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Genes that were constitutively expressed displayed strong association with active
modification such as H3Ac and H3K4me3 and with treatment these were stable
or showed minor increases. Genes that became up-regulated after drug treatment
(such as ZFP3 in SW480 cells) displayed DNA methylation that was varied, but
usually involved hypomethylation surrounding the transcription start site. In
terms of chromatin, these genes displayed increases in H3Ac, H3K4me3 and also
H3K9me3 which is typically associated with inactive chromatin. Ten days after
5-aza-dC was removed, an increase in H3K4me3 above untreated levels was still
detected. The difference between short and long term reactivated genes was more
profound. Upon 5-aza-dC treatment, H3Ac became increased in long term
reactivated genes, but not in short term expressed genes. After 10 days of drug
free growth, a reduction of H3K27me3 (when originally present) in unison with
a strong increase of H3Ac were introduced at the transcription start site of long
term reactivated genes. The increase in H3Ac was not increased at any time point

in the short term expressed genes.

The acetylation of histone H3 is evidently a solid activator of gene expression,
and was a stronger indicator of gene activity than the other modifications
assessed. When these results were taken into consideration with the DNA
methylation profile across the transcription start site, it began to become apparent
how methylation and chromatin interact to control expression; recruitment of
histone H3 acetylation appeared to be directly related to localised cytosine
hypomethylation at the transcriptional start site. It is not clear why such a
methylation pattern would exist as genes of varying biological function were
affected, and it may be an artifact of previous methylation patterns, as discussed
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earlier. Localised hypomethylation has been described previously in the
Oncostatin M gene [182], but the role of this methylation pattern on long term
reactivation was not investigated on this occasion. Dependent on the sequence,
unmethylated CpGs may create a stretch of hypomethylated DNA ranging in size
from 20bp (as seen in the CDO1 gene) up to 50bp (as seen in the HSPC105 or
MAGEA3 genes) or larger. This is sufficient to allow recruitment of H3Ac and

permit transcription, despite neighboring CpG hypermethylation.

6.8 - Overall conclusions

In conclusion, the studies described in this thesis have discussed several

interesting mechanisms regarding the epigenetic control of gene expression.

) An investigation on the polymorphism within the DNMT3B gene was
found to have no effect on the age of disease onset in HNPCC patients,
disagreeing with previous claims. The idea at the centre of this study
involves a potential mechanism by which a genetic event may regulate
the epigenetic status of a gene at a separate locus, but the concept was not
substantiated in this instance.

i) The methylation of genomic DNA is an important factor in tumour cells,
however the changes to genomic levels do not equate to changes in gene
specific levels, denoting that not all regions of the genome are affected
equally by 5-aza-dC.

i) Alteration to the expression level of epigenetically silenced genes appears
related to the pre-existing DNA methylation level, or more specifically

the localised methylation at the transcription start sites.
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iv) Analysis of genome wide expression levels revealed that apoptotic and
cell control pathways were not activated. Some genes involved with
apoptosis were affected, but do not appear sufficient to activate the
pathway in these cells.

V) The accumulation of acetylated histone at hypomethylated transcription
start sites following 5-aza-dC treatment appears to be necessary for long
term transcriptional reactivation. Without localised NA hypomethylation,
acetylation of histone H3 was not increased, and without either of these

modifications no long term change of expression was detected.

6.9 - Future Directions

From the studies described in this thesis, there are several avenues that could be
followed up to reveal further information on the epigenetic regulation of the

genome.

There appears to be cooperation of DNA hypomethylation and histone
acetylation to reverse transcriptional silencing. Determination of the mechanism
that facilitates the recruitment of histone acetyltransferase to hypomethylated
DNA will generate valuable information that may be used to understand the
reactivation or repression of epigenetically silenced genes. Utilizing cell lines of
other tumour types to further determine whether the identified methylation
patterns are present in these tumours would make this work directly applicable to
other forms of cancer. The use of a xenograft model may be an excellent way to

examine the dynamic of epigenetic regulation of these genes in vivo.
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Another aspect to investigate would be the identification of large intervening
non-coding RNAs (lincRNAs), such as HOTAIR. A recent study has shown that
its expression is capable of altering chromatin modifications which lead
increased invasiveness of tumour cells and interestingly, its expression is closely
associated with patient prognosis [183]. Other non-coding RNA species may also

be of interest in the activation or repression of distal genes.

The non-specific action of 5-aza-dC may have adverse affects on the genome
that are yet to be comprehensively described. Demethylation of proto-oncogenes
may exacerbate tumour cell growth, overriding any beneficial effect of the
treatment. Similarly, reactivation of silenced genes such as MLH1 will be
detrimental if the genome of that cell has incurred lesions as a result of
suppressed MLH1 function. Also, chromosomal instability often exhibited in
tumour cells may be further worsened with 5-aza-dC, although this may provoke

a favourable apoptotic response.

In terms of treating disease with 5-aza-dC, it appears that a cluster of
disease/tissue specific genes must be reactivated for a positive outcome driven
by either a resetting of expression patterns or induction of cell death. Whether
they are directly activated via demethylation or are up-regulated as a secondary
effect, identification of these genes would be a valuable asset. When the genes
are known, the suitability of 5-aza-dC treatment could be assessed by examining
the methylation profiles at these target genes. Without specific hypomethylation,
other methods may need to be employed to re-express the silenced transcripts.
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There are now several classes of methyltransferase inhibitors available, including
zebularine, 5-azacytidine and its analogs 5,6-dihydro-5-azacytidine, a-5-aza-2’-
deoxycytidine. In a recent study it was shown that 2’-deoxycytidine-5,6-dihydro-
5-azacytidine was less cytotoxic and more stable than 5-aza-2’-dC at doses
which elicit comparable hypomethylation and gene reactivation [184]. There are
also new classes of histone deacetylase inhibitors such as suberoylanilide
hydroxamic acid (SAHA) that may confer synergistic effects when used with
methyltransferase inhibitors [185] that are absent with long known agents such

as TSA.

Gene expression profiling of leukaemic cells representative of tissue that is
effectively treated with 5-aza-dC can reveal differences in gene expression
pathways between a responsive and non-responsive treatment. Knowledge of the
molecular events which are necessary for positive treatment outcome may be
used as a predictive tool to distinguish between individuals that respond to 5-aza-

dC treatment.

The identification of the proteins responsible for active demethylation of DNA
remain to be one of the biggest mysteries in the field of epigenetics. Active
removal of methyl groups is understood to occur shortly after conception but the
components involved with this process remain elusive. There is great potential
for manipulation of the demethylation process in understanding, treatment and

possibly prevention of disease.
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6.10 - Summary

These observations described in this thesis have identified interesting
mechanisms of epigenetic control of gene expression. They further define the
current understanding of epigenetic gene regulation and have identified factors
that need to be overcome in the treatment of epigenetic aberrations in both
colorectal cancer and other forms of malignancy. In addition, this work also

contributes to the understanding of the broader subject of gene expression.
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