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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 



 

 

ix 

 

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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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 (CH3) 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. 

 

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. 

 

 

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
INK4a

 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 DNMT3L 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 DNMT3L 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 DNMTs, 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 DNMT2 variant has 

a specialised purpose on particular DNA sequences. It has since been reported 

that DNMT2 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 
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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. 

 

                

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 Regulation 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 
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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. 
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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 (HDACs) 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].  
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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]. 



Chapter 1 – General Introduction 

14 

 

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].   

 

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 DNMT1, 3A and 3B did not correlate with the frequency or 

extent of hypermethylation of APC, ESR1, p16 or MLH1 in colorectal 

adenocarcinomas [86]. Whilst methyltransferases were up-regulated when 

normalised with ß-actin or an RNA polymerase II 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 B12 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 B12 is a co-factor for many enzymatic processes leading 

to the methylation of DNA. Rats fed a diet deficient in Vitamin B12, 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 

Dnmt1 binding [128], and is the most commonly accepted mechanism of 5-aza-

dC toxicity. 

 

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 α-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].  
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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: 

 

 Assess the role of a genetic variant which may influence DNA 

methylation and disease onset in individuals with Lynch Syndrome, 

 To identify the role of DNA methylation patterns in expression of 

specific genes, 

 To examine the effects of epigenetic altering drugs on genome wide and 

individual gene expression, 

 To examine how DNA methylation levels and histone protein 

modifications respond during drug treatment to regulate gene expression  

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

 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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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 ΔDNMT3B 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. 

 

 

 

Cliff 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 ∆DNMT3B 

gene is altering disease expression, although a specific epigenetic alteration was 

not identified in the original paper by Jones et al. The ∆DNMT3B 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 ∆DNMT3B 

SNP could alter the age of onset on HNPCC. We concluded that a Type I 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, I 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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STATEMENT II 
 

 

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

 

Mossman, D., Kim, K.T., and Scott, R.J., (2009) Demethylation by 5-aza-2-

deoxycytidine in Colorectal Cancer Cells Targets Genomic DNA whilst 

promoter CpG island methylation persists. BMC Cancer 2010, 10:366. 

 

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

article listed above. 

 

Author Contribution 

(%) 

Description of 

Contribution to 

Article 

Signature 

David 

Mossman 

 

85% Executed the study. 

Analysed and 

interpreted the data. 

Wrote the 

manuscript. 

 

 

Kyu-Tae Kim 

 

5% Assisted with the 

apoptosis and 

cytotoxicity assay. 

 

 

Rodney J. Scott 

 

10% Designed the study, 

provided the concept 

and corrected the 

manuscript. 
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Chapter Introduction: 

 

The ΔDNMT3B 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. 

 

 

 

 

 

 

 

 



 

Chapter 3 – Genomic demethylation by 5-aza-dC 

41 

 

 



 

Chapter 3 – Genomic demethylation by 5-aza-dC 

42 

 

 



 

Chapter 3 – Genomic demethylation by 5-aza-dC 

43 

 

 



 

Chapter 3 – Genomic demethylation by 5-aza-dC 

44 

 

 

 



 

Chapter 3 – Genomic demethylation by 5-aza-dC 

45 

 

 



 

Chapter 3 – Genomic demethylation by 5-aza-dC 

46 

 

 



 

Chapter 3 – Genomic demethylation by 5-aza-dC 

47 

 

 



 

Chapter 3 – Genomic demethylation by 5-aza-dC 

48 

 

 



 

Chapter 3 – Genomic demethylation by 5-aza-dC 

49 

 

 



 

Chapter 3 – Genomic demethylation by 5-aza-dC 

50 

 

 

 

 

 

 



 

Chapter 3 – Genomic demethylation by 5-aza-dC 

51 

 

Additional File 1: Table S1 – Primer sequences used in bisulphite PCR / 

Sequencing  and qPCR. 

 

 

 

Gene 

(Accession 

Number) 

Bisulfite PCR and Sequencing (5’-3’) 

 

qPCR (5’-3’) 

GAPDH 

(NM_002046.3) 

F: GTTGGGATTGGTTGAGTT n/a 

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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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. 

 

 
 

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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Additional File 4: Figure S4 - MAGEA3 and CDO1 CGI methylation in HT29 

cells. Both of these CGIs 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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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 

(B). 

 

 
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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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. 

 

 

 
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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STATEMENT III 
 

 

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 III: Author contribution Percentage and Description of Contribution to the 

article listed above. 

 

Author Contribution 

(%) 

Description of 

Contribution to 

Article 

Signature 

David Mossman 

 

90% Executed the study. 

Analysed and 

interpreted the data. 

Wrote 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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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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Figure 2 – Changes to gene expression patterns of colorectal cancer cells in 

comparison to expression patterns of fibroblasts. A panels represent untreated 

fibroblasts vs untreated cancer cell lines, B panels represent fibroblast vs treated 

cell lines, C panels represent fibroblast vs 10d post treated cancer cells. 

Downward peaks represent a gene that is more highly expressed in cancer cells,  

cells, upward peaks represent a gene a gene that is more highly expressed in 

normal epithelial cells. 
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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. 
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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 
 

 

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 

Contribution to 

Article 

Signature 

David 

Mossman 

 

90% Executed the study. 

Analysed and 

interpreted the data. 

Wrote the 

manuscript. 

 

 

Rodney J. 

Scott 

 

10% Designed the study, 

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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Supplementary Figure 1 - HCT116 chromatin changes at CDO1, HSPC105 and MAGEA3 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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Supplementary Figure 2 – SW480 chromatin changes at CDO1, HSPC105 and MAGEA3 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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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 

x-axis values represent the four time-points of cell culture. 
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Supplementary Figure 4 – SW480 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 

x-axis values represent the four time-points of cell culture.
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Supplementary Figure 5 – Methylation at the MAGEA3 Transcription Start 

Site. A - Promoter methylation across the MAGEA3 CpG island. The red bar 

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 ∆DNMT3B 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 ∆DNMT3B 

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 ΔDNMT3B 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 β-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 



Chapter 6 – General Discussion 

 

136 

 

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
2
/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.  

i) 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.  

ii) 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. 

iii) 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, α-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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8.2 – Detailed Methods 

8.2.1 - Cell Culture 

Colorectal cancer cells were grown in 1X DMEM supplemented with 10% 

Foetal Bovine Serum at 37°C and 5% CO2. All cells were obtained from the 

Molecular Genetics Laboratory, Hunter New England Health Service, John 

Hunter Hospital, Newcastle, Australia, which were originally obtained from the 

American Type Culture Collection. 

 

8.2.1.2 - Cell treatment with demethylating agent, 5-aza-2’-deoxycytidine (5-

aza-dC) 

DNA demethylation of cultured cells was induced by treatment with 5-aza-dC 

(Sigma-Aldrich). 10mg of 5-aza-dC was dissolved in 4382µL of 1X PBS to 

create a stock of 10,000µM and aliquots were frozen at -80°C until ready for use. 

To determine the concentration of 5-aza-dC which would induce maximum 

demethylation of DNA, cells were treated with increasing concentrations of the 

drug for 72 hours, and media was replaced every 24 hours with fresh drug 

containing media due to the instability of 5-aza-dC in cell culture media. The 

optimal concentration was determined after extraction of DNA and HPLC 

analysis. 

 

8.2.1.3 - Cell treatment with Histone De-acetylase (HDAC) Inhibitor, 

Trichostatin A 

Trichostatin A (10mg) (Sigma-Aldrich) was dissolved in 1mL 100% ethanol at a 

concentration of 3307nM and stored at -20ºC. Treatment of cells was performed 

over 72 h, to coincide with 5-aza-dC treatment, and media was replaced every 24 

h due to the instability of the drugs in culture media. A final concentration of 

150nM was used on HCT116 cells as this has been previously shown to induce 

substantial histone acetylation [186]. 
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8.2.1.4 - Re-methylation experiments 

Initially DNA and RNA were extracted from untreated cells to compare against 

the drug treated series of samples. Cultured cells were then grown for 72 h in the 

presence of 5-aza-dC (or 5-aza-dC and TSA for HCT116 cells) at appropriate 

concentrations. After 72 h of treatment, DNA and RNA were extracted from a 

fraction of the cells. The remaining fraction of cells were washed twice with 1X 

PBS to remove any trace of the drugs, and allowed to recover under normal 

incubation conditions. DNA and RNA were extracted from a fraction of the cells 

at every two days period after initial removal of the drug, whilst the unused 

fraction of cells were incubated under normal conditions until the 10th day of 

drug free growth. Cells were passaged as required and media was replaced at 

least every 48 h. 

 

8.2.1.5 - DNA extraction from cultured cells 

Growth media was removed and cells were lifted from the culture flask by 

incubation with 0.5% trypsin at 37°C. Trypsinised cells were then centrifuged 

with one volume of DMEM- media at 620 x g for 5 min. The supernatant was 

then discarded and the cell pellet was resuspended in 2mL of Nuclear Lysis 

Buffer, 100µL Proteinase K (20ug/ml) and 100µL 20% SDS. Cells were 

aspirated with an 18 gauge syringe several times to facilitate cell membrane 

disruption and then incubated overnight at 55°C to allow protein degradation. 

Following incubation, the sample was split into two 2ml screw cap tubes and 

333µl of 6M NaCl solution was added to each to precipitate cellular protein. 

Samples were vortexed for 30s and then centrifuged at 17,000 x g for 30 min to 

pellet the insoluble protein fraction. The supernatants of corresponding samples 

were then combined and 2.5 volumes of ice cold ethanol was added and inverted 

several times. Precipitated DNA was removed with a transfer pipette into a new 

1.5mL screw cap tube. DNA was washed with the addition of 70% ethanol, 

inverted several times and centrifuged at 17,000 x g for two min. The 70% 

ethanol wash was repeated once. Residual 70% ethanol was removed and the 

DNA was resuspended in an appropriate volume of 1X TE solution and 

incubated at 55°C to allow for dissolution, aided with occasional pipetting.  
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8.2.1.6 - RNA extraction 

Cells for RNA extraction were removed from culture flasks in the same manner 

as the DNA extraction method with 0.5% trypsin and centrifugation performed in 

DMEM- media. The supernatant was discarded and the cell pellet was 

resuspended in 1mL Trizol per 10
6
 cells. Cells were aspirated with an 18 gauge 

needle several times and incubated at room temperature for at least 5 min, or 

stored at 4ºC. Following incubation, 0.2mL chloroform was added and shaken 

vigorously for 15 seconds and incubated for three min at room temperature. 

Samples were then centrifuged at 12,000 x g for 15 min at 4ºC to create layers of 

solution. The clear upper aqueous phase was then removed to a new tube. RNA 

was precipitated with the addition of 0.5mL isopropanol and incubated at room 

temperature for 10 min. The sample was then centrifuged at 12,000 x g for 5 min 

to pellet the RNA. The supernatant was then discarded and the RNA pellet was 

washed with 75% ethanol, centrifuged at 7,500 x g, then dried and resuspended 

in 20-40µL sterile Milli-Q water and stored at -80ºC. 

 

8.2.2 - High Performance Liquid Chromatography (HPLC)  

 

8.2.2.1 - DNA purification 

Prior to HPLC analysis, DNA was purified to eliminate any RNA which would 

interfere with the analysis. Approximately 50µg of DNA was treated with an 

RNAse Cocktail containing 2.5U/mL RNAse A and 100U/mL RNAse T1 to 

degrade any contaminating RNA and incubated at 37°C for 2 h. Following 

incubation, 1.5 volumes of phenol-chloroform was added, inverted several time 

to mix and centrifuged at 17,000 x g for 10 min to form layers of solution. The 

top aqueous layer containing the DNA was aspirated, and placed in a new tube. 

The DNA was precipitated with 100% ice cold ethanol (and 5µL Linear 

Acrylamide (Ambion) if a low yield is expected). The DNA was then centrifuged 

at 17,000 x g for 2 min, and then washed twice with 70% ethanol and 

resuspended in a small volume of Water For Injection (Astra Zeneca). DNA 

yield and concentration was quantified by measuring the optical density with a 

Varian Spectrophotometer.  
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8.2.2.2 - DNA Digestion 

Degradation of DNA into component nucleosides was performed with a series of 

enzymatic digestions. 3µg of purified DNA in a 0.2mL PCR tube was heated to 

100°C for 5 min then quickly placed on ice to denature the DNA to single 

strands. Once cooled, the DNA was digested with 1.5U of Nuclease P1 (US 

Biologicals) and incubated at 37°C for 16 h in a GeneAmp Thermal Cycler 

(Applied Biosystems). Following Nuclease P1 digestion, phosphate groups of the 

DNA backbone were removed with the addition of 2µl Calf Intestinal Alkaline 

Phosphatase (Promega) at room temperature and then incubated at 37°C for at 

least 2 h. 

 

8.2.2.3 - Nucleoside Standards Preparation 

Nucleoside standards were prepared to ensure correct peak identification in 

HPLC analysis. A Polymerase Chain Reaction was performed using conditions 

shown in Table 8.2.1 and 8.2.2 to generate a 703bp fragment of a CpG island 

within the MLH1 promoter region containing 55 CpG dinucleotides. These 55 

cytosines are able to be methylated in vitro, and represent 24% of the total 

cytosine content of the PCR product. 

 

Table 8.2.1 - MLH1 promoter PCR mastermix components for a single reaction 

              Component                                    Volume  (µL)        . 

Water     32.5 

10X PCR buffer   5 

dNTPs (2.5µM)   4 

MgCl2 (50mM)   1.5 

Forward primer (20µM)  1 

Reverse primer (20µM)  1 

Taq polymerase (5U/µl)  0.4 

Template DNA (50ng/ul)  4 

 

Table 8.2.2 - Uni 63 PCR Thermal cycler conditions. The annealing temperature 

of 63ºC was decreased by 0.5ºC each subsequent cycle in the initial 14 cycles   . 

.           Temperature   Time   Cycles   . 

     94°C           5 minutes      1 

 

     94°C           30 seconds          

     63°C *           45 seconds         x14 

     72°C           60 seconds    
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     94°C           30 seconds  

     56°C           45 seconds     x20 

     72°C           60 seconds 

 

     72°C           10 minutes     x1 

 

8.2.2.4 - Ampure PCR product purification 

This method of PCR product purification uses small magnetic beads to attract the 

negatively charged DNA whilst unused reagents are removed. A volume of 20µL 

PCR product is mixed with 36µL of Ampure beads, 100µL of 70% ethanol, 

mixed several times and incubated for 5 mins at room temperature. Tubes or 

plates were then transferred to a magnetic plate holder which attracts the 

magnetic beads and PCR products to the edge of the well. Liquid was then 

aspirated with a fine pipette and discarded. The beads were then washed twice by 

addition of 100µL of 70% ethanol. After the final wash, the beads were allowed 

to dry to remove remaining traces of ethanol. 40µL of Milli-Q was then added 

the elute PCR products, and 20µL was then removed to a new plate or tube. 

 

8.2.2.5 - Methylation of cytosine with SssI Methylase 

Purified products were methylated in vitro with SssI Methylase (New England 

Biolabs) under the conditions shown below in table 8.2.3. This enzyme will 

attach a methyl group to cytosine residues within the 5’…CG…3’ dinucleotide 

sequence. Samples were then incubated at 37°C for 16 h and then were purified 

again with the Ampure method and subjected to DNA digestion as described 

above. 

  

Table 8.2.3 – SssI methylase mastermix components for a single reaction 

          Component           Volume   (µL)                .                                                              

 DNA template   20 

 Reaction buffer  2.5 

 SAM (32nM)      1 

 SssI (4000U/ml)  0.2 

 

8.2.2.6 - Determination of 5-methylcytosine content with HPLC 

HPLC analysis of nucleosides was performed on a Varian Star Chromatography 

Workstation. 3µg of digested DNA samples were injected to a Supelcosil LC-18-
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DB column, where separation took place at 37°C and absorbance was monitored 

at 278nm (λmax of 5-methylcytosine nucleoside) [187]. Elution took place over 

35 min with 0.03M NH4H2PO4 buffer with 5% methanol. Peak areas were 

quantified with Star Reviewer Software (Varian) and the 5-methylcytosine 

content was expressed as a percentage of the total cytosine pool after correction 

for extinction co-efficients. 

 

Percentage methylation = _5mdC x 100 . 

                                         (5mdC +dC) 

 

8.2.3 - Expression Arrays 

Based upon data generated from the analysis of global methylation levels, gene 

expression arrays were performed at four time points for each of the cell lines 

analysed. These were the untreated samples, directly after drug treatment (or Day 

0 (d0) of re-methylation), four days after drug treatment (d4 of remethylation) 

and after 10 days of drug free growth (d10 of remethylation). RNA from these 

time points was used on the Illumina Human Ref 8 Beadchips using the method 

described below. 

 

8.2.3.1 - RNA purification 

RNA to be used for expression array analysis was desalted using the Qiagen 

RNeasy MinElute clean up kit. Typically, 10µl of extracted RNA was made up 

to 100µl with RNAse free water. 350µL of Buffer RLT was then added to the 

RNA, followed by 250µL of 96-100% ethanol and mixed thoroughly by 

pipetting. Each sample was then immediately applied to a RNeasy MinElute spin 

column, which was held inside a 2ml tube and centrifuged at >8000 x g for 15 

seconds. The flow through of the spin column was discarded with the 2mL tube, 

and the spin column was transferred to a new 2mL tube. 500µl Buffer RPE was 

applied to the column, and centrifuged again at >8000 x g for 15 seconds. The 

RNA and column membrane was washed with the addition of 500µL 80% 

ethanol to the spin column Centrifugation was once again at >8000 x g for 2 min. 

The 2mL tube containing the flow through was discarded and the spin column 

was transferred to a new 2mL tube and centrifuged at full speed for 5 minutes to 
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remove any residual ethanol. Following this, the spin column was transferred to a 

new 1.5mL tube, and 20µL of RNAse free water was added. Elution was 

performed by centrifuging at full speed for 1 min. The purified samples were 

then quantitated and stored at -70ºC. 

 

8.2.3.2 - RNA quantification 

Prior to amplification, the RNA was quantified using Ribogreen reagent 

(Invitrogen). Samples were diluted 1:10, and 1ul of sample was added to 99µL 

1X TE and 100µL of 1X Ribogreen reagent. A standard curve of increasing 

RNA standards was constructed using the known standards supplied with the kit, 

and the reagents listed in table 8.2.4. The quantification took place in 96 well 

light resistant plates, and measurements were taken with a FlouStar Optima 

Flourimeter. Unknown concentrations of RNA samples were determined 

automatically with software based on the equation obtained from the standard 

curve samples. 

 

Table 8.2.4 - Preparation of known RNA concentrations for use in the Standard 

Curve 

Volume TE (µl)         Volume of 2µg/mL           Volume              Total RNA (ng) 

                                      RNA std (µL)              Ribogreen (µL)                             . 

 0   100            100       200 

           50    50            100       100 

           90    10            100        20 

           98     2            100         4 

          100                                  0                              100         0 

 

 

8.2.3.3 - Illumina TotalPrep RNA Amplification 

RNA to be used on the expression arrays were treated with an Illumina TotalPrep 

RNA Amplification Kit (Ambion) as described in the following steps. 

 

8.2.3.4 - Reverse Transcription to Synthesise First Strand cDNA 

To synthesise first strand cDNA a mastermix was prepared at room temperature 

and then placed on ice using the components listed in table 8.2.5. 50-500ng of 

purified RNA samples in a volume of 11uL was added to 9uL of mastermix, 

mixed 2-3 times by pipetting and incubated at 42ºC for 2 hours. After incubation 



Chapter 8 - Appendices 

 

181 

 

tubes were removed and placed on ice before immediately proceeding to Second 

Strand cDNA synthesis. 

 

Table 8.2.5 - Components required for a single First Strand cDNA synthesis 

reaction 

                 Component                       Volume  (µL)            . 

T7 Oligo d(T) primer   1 

10X First Strand Buffer  2 

dNTP mix    4 

 RNase Inhibitor   1 

 Array Script    1 

 

8.2.3.5 - Second strand cDNA synthesis 

A mastermix of reagents required for second strand synthesis was prepared on 

ice in the order listed below in table 8.2.6. The mastermix was gently vortexed 

before 80µL was added to each of the samples, and was mixed four times by 

pipetting before being placed at 16ºC in a thermal cycler PCR machine without a 

heated lid for 2 h. After the incubation, tubes were placed on ice before cDNA 

purification, which was performed immediately. 

 

Table 8.2.6 - Components required for a single Second Strand cDNA synthesis 

reaction. 

     Component                      Volume                                    . 

  Nuclease-Free water    63 

    10X Second Strand Buffer   10 

    dNTP mix     4 

        DNA Polymerase    2 

 RNAse H     1 

 

8.2.3.6 - cDNA purification 

Prior to amplification, the cDNA was purified from the reaction mixture. The 

entire reaction mixture was transferred to a 0.5mL tube, to which 250µL cDNA 

Binding Buffer was added and mixed 3-4 times by pipetting. The sample was 

then applied to a cDNA Filter Cartridge held inside a 2mL wash tube and 

centrifuged at 10,000 x g for 1 min. The flow through was discarded and 500µL 

of wash buffer was applied to each cDNA filter cartridge. Tubes were 

centrifuged at 10,000 x g for 1 min, the flow through was discarded and the tubes 
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were centrifuged again to remove any traces of the wash buffer. The cDNA filter 

cartridge was then transferred to a cDNA elution tube. cDNA was eluted with the 

addition of 10µL of nuclease-free water preheated at 55ºC. This was incubated at 

room temperature for 2 min before centrifugation at 10,000 x g for 90 s. A 

further 9µL of preheated water was added to the cDNA filter cartridge and 

centrifuged under the same conditions. Purified cDNA was then used to 

synthesise cRNA. 

 

8.2.3.7 - In Vitro Transcription to Synthesise cRNA 

An IVT mastermix was prepared at room temperature according to table 8.2.7. A 

volume of 7.5µL of mastermix was added to each cDNA sample, mixed 3-4 

times by pipetting and incubated for 14 h at 37ºC in a hybridisation oven. The 

reaction was stopped with the addition of 75µL Nuclease free water and mixed 

thoroughly.  

 

Table 8.2.7: Components required for a single cRNA synthesis reaction 

       Component          Volume   (µL)               .  

T7 10X Reaction Buffer  2.5 

 T7 Enzyme Mix   2.5 

 Biotin-dNTP Mix   2.5 

 

8.2.3.8 - cRNA Purification 

The newly produced cRNA was purified to remove any traces of enzymes, salts 

and unincorporated nucleotides from the reaction mixture. To each sample, 

350µL of cRNA binding buffer was added, followed immediately by the addition 

of 250µL ACS reagent grade 100% ethanol and mixed three times with gentle 

pipetting. This mixture was then immediately applied to a cRNA Filter Cartridge 

and centrifuged for 1 min at 10,000 x g. The flow through was discarded and 

650µL of Wash Buffer was added to the filter cartridge. The cRNA as washed 

with centrifugation at 10,000 x g for 1 min. The flow through was discarded and 

the centrifugation was repeated to remove trace amounts of wash buffer. The 

cRNA Filter Cartridge was then transferred to a new cRNA collection tube, and 

100µL of 55ºC preheated nuclease-free water was applied to the filter. After 2 

minutes of incubation at room temperature, samples were eluted by 

centrifugation at 10,000 x g for 90 s.  
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8.2.3.9 - Hybridisation to Illumina 8x1 Beadchips 

According to the manufacturer’s instructions, 750ng of cRNA in 5µL was 

required for hybridisation of each sample to the array. Each sample was 

quantified using the Ribogreen assay described earlier, with the exception that 

the samples were not diluted 1:10 before addition to the reaction mixture. 

Samples that were deemed too dilute were concentrated in a DNA SpeedVac on 

medium heat (40ºC-50ºC) until a volume of 5µL remained. 

 

To each sample, 10µL of GEX-HYB was added, and preheated at 65ºC for 5 

min. During this incubation, Hybridisation Chambers were assembled with the 

addition of 200µL GEX-HCB into each of the humidifying reservoirs. The 

chambers were then sealed at left at room temperature until needed. The 

beadchips were removed from their packaging and placed in a Hyb Chamber 

insert. After the 5 min incubation, tubes were allowed to cool to room 

temperature. 15µL of each assay sample was then dispensed to a sample port on 

the array, and then the Hyb Chamber inserts were inserted to the Hyb Chamber. 

This Hyb Chamber lid was sealed and placed on rocking platform set at speed 5, 

for 16-20 h overnight at 58ºC. 

 

8.2.3.10 - Illumina 8x1 Beadchip washing, blocking and staining 

Following incubation, Hyb chambers were disassembled and the cover-seal that 

was used to keep samples separate was removed. Beadchips were placed into a 

slide rack and submerged in a staining dish containing 250mL Wash E1BC 

solution. The slide rack holding all beadchips was then transferred to a staining 

dish containing 55ºC preheated High Temp Wash Buffer, and incubated for 10 

min at 55ºC in an oven. After this incubation, the slide rack was transferred to a 

staining dish containing fresh Wash E1BC solution. This was briefly agitated 

using the slide rack, then placed on an orbital shaker at the highest possible 

setting that did not cause the solution to splash from the dish. The wash 

procedure was then repeated using 250mL of 100% ethanol, and again placed on 

an orbital shaker for 10 min. The wash procedure was repeated again using fresh 

Wash E1BC solution and placed on an orbital shaker for 2 min. 
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Blocking of the beadchips was performed by placing them face-up in 4mL of 

Block E1 buffer in a plastic wash tray, and rocked at medium speed for 10 min at 

room temperature. Staining was performed by placing the beadchips face-up in a 

fresh wash tray with 2mL Block E1 buffer and Streptavadin-Cy3 on a rocker for 

10 min at medium speed at room temperature. The final wash step was involved 

placing beadchips in a slide rack in a staining dish containing 250mL of fresh 

Wash E1BC solution. This was briefly agitated and then placed on a orbital 

shaker at medium speed for 5 min. Beadchips held in a slide rack were placed in 

a centrifuge plate holder with paper towels and centrifuged at 275 x g at room 

temp for four min to completely dry before scanning was performed. 

 

8.2.3.11 - Illumina 8x1 BeadChip scanning 

The beadchips were all scanned using the Illumina BeadArray Reader and 

Illumina BeadScan software version 3. 

 

8.2.3.12 - Illumina BeadChip Array analysis 

Data generated from the BeadArray Scanner were analysed using Illumina 

BeadStudio Software version 3.0. Values for each sample were subjected to 

cubic spline normalisation, and the t-test error model was applied to all samples. 

Data was then imported to GeneSpring Software version 7.3.1 (Agilent). Data 

was 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 genes signals. 

Data was then imported to Microsoft Excel, and according to expression level 

values the genes could then be classified as ‘off’ for non-detected expression 

(0.01), ‘lowly expressed’(0.011-0.499), ‘normally expressed’ (0.5-1.499) or 

highly expressed’ (>1.5) for each time point. This was due to a value of 1 

generated by GeneSpring to be representative of the median level of gene 

expression. By graphing genes in order of increasing expression, this 

classification appeared to accurately describe the level and pattern of gene 

expression. Genes were then further categorised according to the definitions 

below in Table 8.2.8 by taking into consideration the four assessed time points. 
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Table 8.2.8 – Definitions of gene categories. Based on these descriptions, all 

genes were classified in this way to enable comparison of genes between cell 

lines. 

 Category   Definition                                                   . 

 Continually    Normal Expression or higher across all 4  

             expressed   time points. 

 

 Not expressed                         Expression is not detected at any time  

point. 

 

 Long term      Expression not detected in untreated cells,  

            reactivation            followed by normal or high expression in  

the next three time points 

 

 

 

Short term   Expression was not detected in untreated 

reactivation   cells, followed by high or normal  

expression level after drug treatment (d0), 

any level of expression at d4, and <100 fold 

expression (compared to treated) at the 10th 

day of drug free growth. 

 

 Permanently     Expression was low in untreated cells, and  

up-regulated was increased to normal or high after drug 

treatment and remained there in the 

following 10 days of drug free growth. 

 

Temporarily  Expression was low in untreated cells and 

up-regulated was increased to normal or high after drug 

treatment (d0) and at d4, but returned to 

low expression at the 10th day (d10) of 

drug free growth. 

 

 Varied    Expression pattern does not fit into other  

categories. 

 

Genes associated with CpG islands were of interest for further interrogation as 

they are likely to be controlled by epigenetic mechanisms. To determine which 

genes are associated with CpG islands, the University of California Santa Cruz 

(UCSC) Table Browser (available http://genome.ucsc.edu/cgi-bin/hgTables) was 

then utilised. Briefly, a ‘custom track’ of human genes associated with a CpG 

island was created, and this list was intersected with the entire list of gene names 
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generated from the Illumina Arrays. The output file describes the genes that are 

deemed to be related to a CpG island.  

 

A list of genes which were classified as behaving differently after 5-aza-dC 

treatment (eg ‘Always on’ and ‘temporarily re-expressed) within different cell 

lines was then created for those genes with a CpG island. The purpose was to 

identify genes which behaved differently in different cell line with the aim of 

identifying methylation or histone modification differences which may 

contribute to this pattern of expression. 

 

The SW480 and HCT116 cell lines were chosen for further investigations as 

these cell lines were identified to show differently behaving genes following 5-

aza-dC treatment, recovery and re-methylation that were deemed suitable for our 

study. Both cell lines are originally taken from the colon, with the HCT116 cell 

line representing a carcinoma cell line of epithelial origin whilst the SW480 cells 

are listed as an adenocarcinoma cell line or glandular origin. By choosing two 

distinct forms of cells we avoid using cell lines which are too closely related and 

may share some common genetic alterations which may affect the epigenetic 

control of the genes of interest.  

 

8.2.4 - Bisulfite Sequencing PCRs 

 

8.2.4.1 - CpG Island Identification 

Genes were chosen for Bisulfite Sequencing and Chromatin 

Immunoprecipitation analysis on the basis of the information generated from the 

Illumina expression array analysis. CpG islands were predicted with Methprimer 

software (Available http://www.urogene.org/methprimer/index1.html) [188] 

using approximately 4000bp of sequence surrounding the transcription start site 

of the gene of interest. Criteria for CpG island prediction were a 200bp minimum 

island size, scanning the sequence in 1bp steps, with an observed / expected CpG 

ratio of 0.6, and a GC percentage of 50%.  
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8.2.4.2 - Bisulfite Conversion 

To determine the methylation status of individual cytosines, bisulfite conversion 

and sequencing was employed. This method involves incubating DNA in a high 

concentration of Sodium Bisulfite at a high temperature and low pH. These 

conditions are harsh and lead to a great deal of DNA degradation. However, it is 

in this environment where un-methylated cytosines are deaminated to uracil, 

whilst methylated cytosines are protected. The DNA is then desulphonated and 

purified using a column based method. After treatment, PCR and DNA 

sequencing is performed and a methylated cytosine will appear as a cytosine, 

whilst un-methylated cytosines that are converted to uracil will appear as a 

thymine residue. 

Conversion was performed using the Qiagen EpiTect Bisulfite Conversion kit. 

DNA used in bisulphite conversion was treated with RNAse and 

phenol/chloroform purified as described above. 2µg of DNA in a volume of 

20µL was added to 85µL of dissolved Bisulfite Mix and 35µL of DNA Protect 

buffer. Samples were mixed by pipetting and incubated in a thermal cycler under 

the following conditions as described in Table 8.2.9. Following conversion 

samples were mixed with 560µL of Buffer BL and bound to an Epitect Spin 

Column and spun at 17,000 x g for 60s. Samples were washed with 500µL wash 

buffer and centrifuged to wash the converted DNA. The supernatant was 

discarded and 500µL of Buffer BD was added and incubated for 15 min at room 

temperature to desulfonate the samples. Samples were then centrifuged at 17,000 

x g for 60s, washed with Buffer BW and again centrifuged at 17,000 x g for 60s. 

Bisulfite converted DNA samples were eluted with the addition of 30uL EB 

buffer and centrifugation at 17,000 x g for 60s. 20µL of converted DNA was 

frozen at -20°C whilst the remaining 10µL was diluted 1:3 and used for PCR 

within 72 h. 

 

Table 8.2.9 - Bisulfite Conversion Thermal Cycler Conditions 

      Step   Time       Temperature     . 

 Denaturation              5 min    99°C 

   Incubation             25 min    60°C 

 Denaturation              5 min    99°C 

   Incubation          1h 25 min   60°C 
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 Denaturation              5 min    99°C 

   Incubation          2h 55 min   60°C 

      Hold              infinite    20°C 

 

8.2.4.3 - Bisulfite Converted Polymerase Chain Reactions 

Primers were designed to amplify a section of the CpG islands associated with 

either or both of the transcription start site (TSS) and translation start site. The 

conditions and volumes are listed below in table 8.2.10, however the thermal 

cycler conditions were very distinct and were dependant on the melting 

temperature of the primers in the reaction. 

 

Table 8.2.10 - Components of single PCR reaction performed on bisulfite 

converted DNA 

       Component                            Volume (µL)      .. 

     water for injection    14.9 

  10X PCR buffer    2.5 

  dNTPS (2.5mM)    2.5 

  Forward / Reverse Primer (20uM)  1.25 

  MgCl2 (50mM)    0.5 

  Taq Polymerase (5U/µl)   0.1                             

  Template DNA (1:3 dilution)   2 

 

A volume of 5µl of PCR reactions were then loaded onto a 1.5% (w/v) agarose 

gel with ethidium bromide and run at 90V for 40 min. The gel was viewed under 

ultra-violet light to determine if the PCR reactions were successful. Successfully 

amplified products were then purified using the Ampure method described 

previously and then used in a sequencing reaction. 

 

8.2.4.4 - DNA Sequencing Analysis 

Purified DNA was used in a sequencing reaction as outlined below in Table 

8.2.11. A mastermix containing the components below was prepared and then the 

purified DNA was added. The volume of purified DNA in each reaction (X) was 

dependent upon the size of the fragment to be sequenced. 

 

Table 8.2.11 - Components of a single sequencing reaction. 

       Component                       Volume  

         .          5X Big Dye Buffer    3µl 

             Ready Reaction Premix    2µl  

                  Primer (1µM)    4µl 

           Water For Injection    11-x (µL) 

                  Purified DNA template    x (µL) 
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The sequencing reaction took place in a thermal cycler PCR instrument using the 

conditions described in Table 8.2.12 below. The 45-50ºC temperature was 

dependant on the melting temperature of the primers, and in each case the 

temperature used was 1ºC lower than that of the primer, or 50ºC if the melting 

temperature was higher. 

 

 

Table 8.2.12 - Thermal cycler conditions used to perform a sequencing 

reaction. 

.                     Temperature        Time                        Cycles   . 

      95°C                                5 s  

   45-50°C          5 s      x30 

     60°C         5 min 

 

      4°C        Infinite         1 

 

Following the sequencing reaction, the reactions were purified with CleanSeq 

(AgenCourt BioScience) which is similar to the Ampure method. 10µL of 

sequencing reaction was mixed with 18µL of CleanSeq magnetic beads, mixed 

and incubated at room temperature for 5 min. After this period, the plate was 

transferred to a magnetic plate holder where the magnetic beads attached to the 

DNA fragments were attracted to the magnet. Liquid was then aspirated with a 

pipette and discarded. The beads were then washed once with 85% ethanol for 

seconds. The ethanol was then removed and beads were allowed to air dry for 5 

min before elution with 40µL of 0.1mM EDTA. After 5 min incubation, 20µl of 

the purified sequencing reaction was transferred to a 96 well plate. This plate 

was centrifuged, sealed and loaded into an ABI 3730 DNA Genetic Analyser for 

analysis. 

 

Data files were then used in ABI Seq Scanner software version 1.0 where 

individual peak heights of cytosine and thymine at CpG sites were quantified 

using the Y-coordinate details. Samples were sequenced at least twice, and using 

the formula below, the value for each CpG was calculated and averaged then 

graphed against the CpG position for each gene and time point. 

 

Percentage methylcytosine =                  Height of cytosine peak x 100                . 

     Height of cytosine peak + height of thymine peak 
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8.2.5 - ChIP series of experiments 

The ChIP assay was performed on cells at the time points of untreated, d0, d4, 

and d10 to assess the interactions between DNA methylation and histone protein 

modifications with regard to the expression of the gene. Cells were grown using 

the same procedure described in Chapter 8.2.1 with the exception that DNA, 

RNA and chromatin were collected in untreated, drug treated (d0), Day 4 (d4) 

and Day 10 (d10) of drug free growth, rather than each two days. 

 

8.2.5.1 - Crosslinking of proteins and cell lysis 

Cells were grown in a 100mm culture flask in 10ml of media. Formaldehyde was 

added to the cell culture media to a final concentration of 1% for 10 min at room 

temperature to form crosslinks between protein and DNA. Unreacted 

formaldehyde was quenched with the addition of 1.4mL of 1M glycine for a 

further 10 min at room temperature. All liquid media was removed and the cells 

were washed twice with ice-cold PBS containing 20µL protease inhibitors and 

incubated on ice for two min. Cell Lysis buffer (1mL containing 20µL protease 

inhibitors) (10mM HEPES, pH 7.9, 0.5% IGEPAL-CA630, 1.5mM MgCl2, 

10mM KCl) was added to the culture dish and cells were scraped into a 2mL 

screw cap tube. To assist with cell lysis, the cells were aspirated three times with 

an 18g needle. Cells were incubated on ice for 15 min, and were vortexed at 5 

min intervals. Cellular debris including the cell nucleus was pelleted by 

centrifugation at 17 x g for three min. The supernatant was discarded and cell 

pellets were resuspended in 800µL Nuclear Lysis Buffer (1% SDS, 10mM 

EDTA, 50mM Tris, pH 8.1 containing 20µL of protease inhibitors), and kept on 

ice. Aliquots containing 1 x 10
7
 cells in 400µL were transferred to separate 

tubes, and a small amount of glass beads were added to each tube to enhance 

sonication. 

 

8.2.5.2 - Shearing of chromatin 

Sonication was performed with a Branson-250 sonifier to produce DNA 

fragments ranging in size from 100-700bp. Tubes containing 1x10
7
 lysed cells 

were held in a saturated solution of -20ºC NaCl and ice during sonication. Cell 

lysates were subjected to 8 x 30 s cycles of sonication at 60% duty cycle, and 
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were rested for 30 s in saturated NaCl between cycles to keep the samples cool. 

Optimisation experiments revealed this would generate DNA fragments in the 

100-700bp range when used in conjunction with the above cross-linking 

conditions. 

 

8.2.5.3 - Pre-clearing and Immunoprecipitation 

Sonicated cell lysates were centrifuged at 8000 x g for 5 min at 4ºC to pellet 

undissolved cell debris. Supernatants of duplicate tubes were then combined and 

gently mixed by pipetting. Aliquots representative of approximately two million 

cells each were then removed into separate 1.5mL DNA Lo-Bind tubes 

(Eppendorf) for each immunoprecipitation One extra aliquot was taken for the 

‘Input’ sample, to serve as a reference for the amount of starting material at 

stored at 4ºC until purification. Samples for immunoprecipitation were made up 

to 500µL with Buffer 3 (1.124% Triton-X 100, 0.112% Sodium Deoxycholate, 

1mM EDTA, 0.5617mM EDTA, 169mM NaCl, 10mM Tris-HCl, pH 8.1) to 

dilute the SDS. Pre-clearing was performed by the addition of 2µL of 1ug/mL 

Sonicated Salmon Sperm DNA (Sigma) and 40µL of a 1:1 mixture of Protein A 

Agarose beads (Biolab) and TE. The samples were placed on a rotating platform 

at 4ºC for at least 2 h to allow for non-specific binding of chromatin to the 

Protein A Agarose beads. After 2 h the samples were centrifuged at 8000 x g for 

1 min to pellet the agarose beads. The supernatant was then removed to a new 

1.5mL LoBind tube ensuring no beads were removed. The appropriate antibody 

was then added to each supernatant according to Table 8.2.13 and returned to the 

rotating platform at 4ºC for at least 16 h. Optimisation experiments revealed this 

amount of antibody is appropriate for maximum recovery of the desired fraction 

from two million cells. 

 

Table 8.2.13 - Volume of antibody used in a single immunoprecipitation 

reaction. 

    Antibody          Volume  (µL)            .                                           

.  α-acteyl H3   5 

αH3K4me3   5 

αH3K9me3   4 

αH3K27me3   4 

Rabbit IgG   5 
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8.2.5.4 - Capturing of Immunoprecipitation complexes, washing and elution 

Chromatin-antibody complexes were captured by the addition of 2uL 1ug/ml 

sonicated salmon sperm DNA and 40µl of a 1:1 mixture of Protein A Agarose 

beads and TE and were again returned to the rotating platform at 4ºC for at least 

90 min. These samples were then centrifuged at 8000 x g for 1 min at 4ºC and 

the supernatant was discarded. The antibody-chromatin complexes were then 

bound to the agarose beads and were washed several times according to the 

following procedure to remove non-specific binding.  

 

i) 1mL TSE I buffer (10mM Tris-HCl, 1mM EDTA) added, 

inverted several times and incubated on ice for 10 min. Tubes 

were then inverted every few minutes to ensure adequate washing. 

ii) Samples centrifuged at 8000 x g for 1 min at room temperature. 

iii) Supernatant discarded whilst not disturbing the pellet of beads. 

iv) Repeat steps i) to iii) with TSE II (0.1% SDS, 1% Triton-X 100, 

2mM EDTA, 20mM Tris-HCl, 500mM NaCl) buffer and LiCl 

buffer (2mM LiCl). 

v) Resuspend pellet in TE and centrifuge for 1 min at 8000 x g. 

Discard supernatant.  

vi) Repeat step v) 

vii) Resuspend in TE and transfer beads and TE solution to a new 

LoBind tube to minimise contamination with non-specific binding 

of sample attached to the original tube. 

viii) Repeat centrifugation and discard supernatant. 

 

The chromatin-DNA complexes were then eluted from the agarose beads with 

the addition of 150µL 55ºC preheated elution buffer and placed in a 55ºC hot 

block for 10 min, with gentle inversion every ~3 min. Agarose beads with 

collected with centrifugation for 1 min at 8000 x g at room temperate and 

supernatant containing eluted chromatin-DNA complexes were removed to a 

new 1.5mL tube. Further elution of immune complexes was achieved with 
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another two washes cycles with 100µl elution buffer, centrifugation and 

combining of all corresponding supernatants.  

 

8.2.5.5 - Purification of DNA  

Crosslinks of DNA and chromatin from Immuno-precipitated samples and the 

Input samples were reversed with the addition of 20µL Proteinase K 20mg/mL 

(Promega) and incubated at 62º for at 3 h with shaking. A final denaturation was 

performed by heating the samples to 70ºC for 10 min. 

 

Final purification was performed with a Qiagen PCR clean up kit following 

manufacturer’s instructions. Briefly, samples are mixed with five volumes of 

Buffer PBI to facilitate binding to the membrane within a spin-column. Samples 

were centrifuged at 17,000 x g for 1 min and supernatant was discarded. Samples 

were washed twice with wash buffer, before elution in 30µL of elution buffer 

supplied with the kit. 

 

8.2.5.6 - Quantification of Immunoprecipitated DNA using qPCR 

DNA to be used in ChIP-PCRs was firstly quantified to ensure the same amount 

of DNA was available in each PCR. Input DNA fractions were diluted 1:400, 

while other fractions were diluted 1:4 or 1:20 for higher concentration samples. 

The DNA Quantitation System (Promega) was used to accurately determine the 

low quantities of DNA present in samples using light produced from an 

enzymatic reaction. A mastermix using the components listed below in Table 

8.2.14 was prepared, and 18µL of this reaction was mixed with 2µL of DNA 

sample and incubated at 37ºC for 8-10 min. Samples were then immediately 

placed on ice until read using a TD 20/20 luminometer (Turner Designs). 15µL 

of sample was then mixed with 100µL of ENLITEN Reagent and immediately 

placed in the luminometer, which was set to have a 3 sec delay and a 15 sec read 

time. A standard curve was produced and graphed allowing the unknown sample 

concentrations to be calculated. 
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Table 8.2.14 - The components of a mastermix required in a single DNA 

quantitation  

         Component           Volume  (µL)                                    . 

   DNA Quantitation Buffer  15.5 

            Sodium Pyrophosphate  0.5 

            NDPK Enzyme Solution  0.1 

            Water For Injection   0.9 

         T4 DNA Polymerase   1.0 

 

 

 

8.2.5.7 - ChIP PCR reactions 

The presence of particular histone modifications at specific genes was detected 

with real time PCR. Primers were designed to amplify a small region within the 

CpG island of the target gene of interest. A mastermix was prepared according to 

the volumes outlined in Table 8.2.15, along with 200ρg of immunoprecipitated 

DNA. Reactions were performed in triplicate using an ABI 7500 PCR machine 

using the conditions listed below in Table 8.2.16. CT values were determined 

automatically by Sequence Detection Software version 1.4 (Applied Biosystems) 

and the values were expressed as a percentage of the input fraction, using the 

following equation;  

Percentage Input =   2(ΔCt Target)-(ΔCt Input) 
   

Table 8.2.15 - Components of a mastermix required for a single ChIP-PCR 

reaction 

                     Component          Volume   (µL)                          . 

      2X SYBR Green Mastermix   5 

          Forward / Reverse Primer (10uM)       0.5 

            Water For Injection                          2 

            Template DNA    2 

 

Table 8.2.16 - Typical PCR conditions used to perform ChIP-PCR and qPCR 

reactions. Some genes PCR’s required a slightly hotter annealing/extension step 

denoted by the asterisk.  
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 .          Temperature      Time   Cycles     . 

      50°C   2 min        1 

      95°C             10 min        1 

 

      95°C    15 s 

       60°C *                               1 min        x45 

 

 

8.2.5.8 - Gene Expression Quantification  

In order to quantify the expression of mRNA transcripts, extracted RNA was 

converted to cDNA by Reverse Transcription. Up to 5µg of total RNA was made 

up to 11µLwith sterile distilled water, with the addition of 1µL (250ng) random 

primer and 1µL dNTP mix (10mM each). This mixture was heated to 65ºC for 5 

min and immediately placed on ice. After short centrifugation, 4µL 5X First-

Strand buffer and 2µL 0.1M DTT was added, mixed gently and incubated at 

42ºC for two min. Following incubation, 1µL (200U) of SuperScript II Reverse 

Transcriptase was added, then initially incubated for 10 min at 25ºC before a 50 

min incubation at 42ºC. The reaction was inactivated with 15 min incubation at 

70ºC. The synthesised cDNA was then diluted 1:10 with sterile Milli Q water 

prior to PCR.  

 

8.2.5.9 - qPCR to determine gene expression 

The expression of specific gene mRNA was quantitated by performing PCR on 

the cDNA of the samples. A mastermix was prepared using the components 

listed in Table 8.2.15. Reactions were performed in triplicate using an ABI 7500 

PCR machine using the conditions listed in Table 8.2.16. CT values were 

determined automatically by Sequence Detection Software version 1.4 (Applied 

Biosystems) and final calculations were expressed as fold differences using the 

ΔΔCT method. This involves calculation of the average CT value for the target 

gene and the house keeping gene, β-actin. The ΔCT, ΔΔCT and fold differences 

were calculated as follows. 

 

ΔCT = (Average CT Target gene) – (Average CT β-actin) 

 

ΔΔCT = (ΔCT treated) – (ΔCT untreated) 

 

Fold Change in expression = 2 
-ΔΔCT 
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Table 8.2.17 - The components of a mastermix required for a single qPCR 

reaction 

              Component           Volume   (µL)                        . 

         2X SYBR Green Mastermix   5 

   Forward / Reverse Primer (250nM)         2.5 

         Water For Injection                          0.5 

           Template cDNA    2 

 

 

 

 

8.2.6 – Methods Optimisation 

Each of the experiments described in this thesis required optimisation to ensure 

the methodology was acceptable such that accurate interpretation of the 

biological observations could be made. A description of the optimisation of each 

experiment is described below. 

 

8.2.6.1 –  AvrII Enzymatic Digestion of PCR products 

 

 Agarose gel electrophoresis of PCR products was performed to ensure the 

correct size fragment was amplified.  

 A series of digestions were performed using varying concentration AvrII 

to identify the minimum amount of enzyme required to adequately digest 

a fixed volume of PCR product. 

 

8.2.6.2 –  Nuclease P1 Enzymatic Digestion of genomic DNA 

 

 Varying concentrations of DNA were used with a constant volume of 

Nuclease P1 enzyme to determine the maximum amount of DNA that 

could be used to ensure a sufficient signal to noise ratio was obtained. 

 HPLC flow rates were optimised to minimise run times and carry-over 

effects of previous sample injections.  
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8.2.6.2 – Drug treatment for cell lines 

 Cell lines were treated with 5-aza-dC at 5µM, 10µM, 15µM and 20µM 

concentrations for 72 hours. DNA was extracted and analysed by HPLC 

to determine the lowest concentration that would induce maximal 

demethylation. 

 

8.2.6.3 – Quantitative Polymerase Chain Reaction 

 For each qPCR reaction (expression or ChIP style) the 

annealing/extension termperature was optimised to ensure efficient 

amplification, according to manufacturers instructions. A dilution series 

of cDNA or sheared chromatin was prepared using a 1:10 dilution to 

create five test samples. Standard curves were generated for each PCR, 

plotting Cycle Threshold value against the log of the input. A PCR was 

deemed efficient is the ‘slope’ was -3.32 +0.25 and the R
2
 replicates were 

>0.95.  

 

8.2.6.4 – ChIP optimisation 

 The sonication of each cell line was optimised to ensure the fragment 

sizes were largely within the 100-500bp range. The duty cycle was kept 

constant at 60%, as were the 30sec on/off intervals, whilst a range of 

cycle numbers was to determine which setting best met the size range of 

fragments produced.  

 A titration was performed to determine the sufficient amount of antibody 

required to capture the maximum amount of targets. On a constant series 

of chromatin samples representative of an experimental sample, varying 

volumes of antibody were used to capture target DNA. Quantitative PCR 

was used to determine the lowest volume of antibody required to 

immuno-precipitate the maximum quantity of DNA. 




