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The tumor microenvironment consists of multiple cells types, including endothelial cells 

that line the tumor vasculature.  Tumor vasculature is often abnormal and results in development 

of tissue ischemia, another contributing factor to the tumor microenvironment.  Previous studies 

have demonstrated that ischemia influences epigenetic programming, but the mechanisms 

remained unclear and required further investigation.  First, we profiled DNA methyltransferase 

(DNMT) expression and activity in human colorectal cancer cells (HCT116) under hypoxia or 

hypoglycaemia (mimicking ischemia).  We found that DNMT1 and DNMT3b were significantly 

downregulated by hypoxia and hypoglycaemia, and DNMT3a was downregulated by 

hypoglycaemia.  However, DNMT1 downregulation was p53-dependent.  To examine if the 

changes in DNMT expression and activity translated to changes in DNA methylation patterns, 

we used bisulfite sequencing and examined the promoter region of p16.  Hypoglycaemia 

significantly demethylated this region in both p53 wild-type and p53-null cells.   

 Next, we used a genome-wide approach to discover what additional genes are 

hypomethylated by ischemia.  Methylated DNA was immunoprecipitated and analysed with an 

Affymetrix promoter array, in parallel with an expression array.  Ingenuity pathway analysis 

software revealed that a significant proportion of genes which were hypomethylated and 



 

 

upregulated were involved in cellular movement, including PLAUR and CYR61.  We believe that 

hypoxia and hypoglycaemia may be driving changes in DNA methylation through dysregulation 

of DNMTs, resulting in cells acquiring a more mobile phenotype in ischemic regions.  

 DNMT and histone deacetylase inhibitors are commonly used in research and some 

cancer therapies.  Modifying epigenetic patterning with these inhibitors has been widely studied 

in cancer cells, but only briefly explored in the tumor’s vascular endothelium.  We profiled the 

effect of these inhibitors on endothelial cell (EC) behaviour, and tested if combining them with a 

targeted anti-angiogenic therapy would augment the inhibition of angiogenesis.  When the 

DNMT inhibitor 5-aza-2’-deoxycytidine was combined with sunitinib, inhibition of EC 

proliferation was enhanced compared to treatment with sunitinib alone.  EC migration was also 

inhibited by the combination of these two inhibitors, but not in an additive manner.  These 

studies have improved our understanding of how altering epigenetic patterning with ischemia 

and therapeutic inhibitors can influence colorectal cancer and endothelial cell behaviour.       
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INTRODUCTION 

 

Cancer, an extremely complex group of diseases, arises from genetic alterations which 

result in uncontrolled cell growth.  These genetic alterations, either somatic or germ cell 

(inherited), can be induced by environmental stresses like ultraviolet radiation or compounds 

such as pollutants or tobacco (Hemminki et al., 1979; Pitot and Dragan, 1991).  Additionally, 

since every time a cell divides there is a possibility that DNA replication may not be 100% 

accurate, and if a mutation lands in a coding region of a critical gene and is left unrepaired, the 

opportunity for disease initiation materializes (Loeb et al., 1974; Roberts, 1980).  In 2011, it was 

estimated that 177,800 new cases of cancer and 75,000 cancer-related deaths would occur in 

Canada.  Due to the high incidence and mortality of cancer, it remains to be intensely studied 

(Canadian Cancer Statistics 2011).  This thesis will focus on colorectal cancer, which in 2011 

was estimated to have the fourth highest incidence rate (22,200 new cases) and second highest 

mortality rate (8,900 deaths) of all cancer types in Canada (Canadian Cancer Statistics 2011).  

Colorectal cancer has been well characterized in terms of genetic alterations that occur during 

disease progression; the loss or mutation to the adenomatous polyposis coli gene is a hallmark of 

benign tumors (polyps or adenomas), while mutations in the ras and p53 gene are detected in 

malignant disease (Chadeneau et al., 1995).  Research has led to many successful courses of 

treatment; however, due to the many lives which are still lost in the cancer battle, intense 

research continues.  It is because of the extensive research performed on this disease that we now 

know cancer initiation is not as simple as mutations in the DNA sequence. 

The classic and simplified understanding of cancer initiation is that a change in a coding 

region, such as a nucleotide insertion or substitution, can mutate a gene that will ultimately lead 
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to a cell having uncontrolled replication potential, or being insensitive to death signals.  In the 

last 60 years or so (Hotchkiss, 1948), scientists have recognized that there are other ways for 

modifying gene expression at the chromatin level.  Epigenetics is defined as heritable changes in 

gene expression, which occur without a change to DNA coding (Holliday, 1987).  Epigenetics 

has become a well-known contributor in cancer initiation and progression.  Due to its 

reversibility, epigenetics has also become a target for cancer therapy with the objective of 

restoring normal epigenetic patterning by inhibiting the enzymes responsible for modifying DNA 

methylation and histone modifications, the two main types of epigenetic modifications (Brown 

and Strathdee, 2002). Though some epigenetic modifying agents, such as the DNA 

methyltransferase (DNMT) inhibitors 5-azacytidine and 5-aza-2’-deoxycytidine, have been 

successful in the treatment of hematological cancers, there seems to be a barrier when these 

inhibitors are used in solid tumors (Issa and Kantarjian, 2009). 

 Cells in solid tumors are exposed to a heterogeneous microenvironment with decreased 

blood flow, or ischemia, due to the irregular vasculature.   As a result of this ischemia, cancer 

cells are exposed to hypoxia and hypoglycaemia (Raghunand et al., 2003).  It is well known that 

hypoxia can increase cancer progression and metastasis (Subarsky and Hill, 2003), but what is 

not well understood are the mechanics behind this stress-induced response and how it leads to 

cancer development.  Recent studies have shown that global DNA methylation levels (Shahrzad 

et al., 2007) and histone modifications (Perez-Perri et al., 2011) are altered by hypoxia.  The 

unique microenvironment within solid tumors may be modifying the epigenetic landscape and 

consequently the expression profile of cancer cells, as well as preventing epigenetic therapy from 

being as successful as it has been in blood cancers.   
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 The vasculature in solid tumors has been identified as a therapeutic target, since as a 

tumor grows, the need for new blood vessels, known as angiogenesis, increases (Folkman and 

Ingber, 1992).  A tumor cannot grow or metastasize without a blood supply, so this becomes an 

interesting point of attack in cancer therapy – if you prevent the blood vessels from growing, you 

can essentially starve the tumor (Folkman, 1971).  Since this discovery, many drugs have been 

designed which target some part of angiogenesis, such as neutralizing the important growth 

factor, vascular endothelial growth factor (VEGF) with the monoclonal antibody bevacizumab 

(Avastin)(Hurwitz et al., 2004), or multiple receptor kinase inhibitors like sunitinib (SU11248, 

Sutent) which target multiple pathways in more than one cell type in the vasculature (Rock et al., 

2007).     

 Endothelial cells (EC) are the cells that line blood vessels and are critical for blood vessel 

formation.  Recently, scientists have acknowledged that ECs, just like cancer cells, are 

susceptible to epigenetic modifications (Hellebrekers et al., 2006).  In addition, it has been found 

that the vasculature in tumors has different epigenetic profiles than those seen in normal tissues, 

with certain anti-angiogenic factors being silenced by DNA methylation and/or histone 

deacetylation (Hellebrekers et al., 2007b).  Therefore, another therapeutic target arose in anti-

angiogenic therapy – the epigenome.  Using DNMT and histone deacetylase inhibitors, studies 

have shown that EC proliferation and migration can be inhibited through direct angiostatic 

effects, as well as through the reactivation of previously silenced anti-angiogenic factors 

(Hellebrekers et al., 2006; Qian et al., 2004).  Targeting epigenetic patterning in ECs remains to 

be a potentially interesting approach to anti-angiogenic therapy and more research needs to be 

performed to determine the potential of this type of therapy, and if combining a traditional anti-

angiogenic therapy with epigenetic modifying agents could have improved results.   
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 In summary, epigenetics is clearly an important aspect of cancer development.  Despite 

all the research performed in cancer epigenetics, there remain many questions about how and 

why epigenetic patterning is modulated, how the microenvironment in solid tumors affects 

epigenetic regulation and cell behaviour, and if therapeutic targeting of this dynamic form of 

gene expression regulation can be expanded beyond cancer cells to the tumor vasculature.  
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CHAPTER 1 – LITERATURE REVIEW 

 

Epigenetics 

Protein biosynthesis is a highly controlled process that begins with gene expression.  

Beginning with transcription of the appropriate DNA, and culminating in the eventual 

degradation of the protein, complex cellular processes are present to strictly control gene 

expression.  For example, the temporal and spatial control of transcription factors binding to 

regulatory regions in DNA is crucial during embryonic development (Cave, 2011), while some 

proteins (such as hypoxia inducible factor 1-α) are ubiquitinated and targeted for degradation 

unless an environmental stress (hypoxia) is present which requires that protein to be present 

(Kubis et al., 2005).  There are also controls present between transcription and translation, such 

as siRNA (Lee et al., 1993) or modulating when a transcript is exported from the nucleus (Jensen 

et al., 2001).   

Modifications to chromatin structure play a critical role in controlling gene expression.  

Chromatin is a complex of DNA and proteins which make up chromosomes.  The fundamental 

repeating unit of chromatin is the nucleosome, which is comprised of 147 base pairs of DNA 

wrapped around a core of four pairs of histone proteins: H2A, H2B, H3 and H4 (Luger et al., 

1997).  Chromatin allows for the condensation of DNA to allow for mitosis and meiosis, and 

ultimately determines the accessibility of transcriptional machinery.  There are two classes of 

chromatin: heterochromatin and euchromatin (Grunstein et al., 1995).  Heterochromatin is 

condensed and therefore transcriptionally inactive.  Euchromatin is open and ideal for activation 

of gene transcription.  Through post-translational modifications to histones and DNA 

methylation, chromatin structure is modified in configuration.  The term to describe changes in 
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gene expression through the modification of chromatin without a change in DNA sequence is 

epigenetics (Holliday, 1987; Jain, 2003).  Epigenetics contributes to the stability of chromatin, 

tissue-specific gene expression, silencing of repeat and viral sequences, genomic imprinting, X-

chromosome inactivation in female placental mammals, and is crucial in embryogenesis and 

gametogenesis (Delcuve et al., 2009; Li, 2002). There are three main alterations to chromatin 

which encompass epigenetic modifications: DNA methylation, post-translational modifications 

to histones, and nucleosomal positioning.  It is essential to highlight that all three types of 

epigenetic modifications are interconnected, and the outcome on gene expression will be the sum 

of all these interactions. 

DNA Methylation 

 

DNA methylation is undoubtedly the most studied form of epigenetic modification.  It is 

the covalent addition of a methyl group (CH3) to DNA, and occurs in both prokaryotes and 

eukaryotes (Noyer-Weidner and Trautner, 1993; Ramsahoye et al., 2000).  In prokaryotes, DNA 

methylation takes place at the C-5 or N-4 positions on cytosine, and N-6 position of adenine 

(Noyer-Weidner and Trautner, 1993).  In mammals, DNA methylation occurs mostly at the C-5 

position of cytosine bases which are 5’ to guanine bases – 5’CpG 3’ (Turek-Plewa and 

Jagodzinski, 2005).  Concentrated regions of CpG’s, referred to as CpG islands (CpGi), are 

generally unmethylated and located in the 5’ untranslated region, promoters, and first exons of 

genes.  CpGi are found in approximately 50% of genes.  However, CpGi in imprinted genes and 

genes on the inactivated X chromosome in women are heavily methylated.  The CpG’s which are 

not in islands are generally methylated.  For many years the frequency of CpG’s and 5-

methylcytosine (5-mC) was overestimated, and is now believed that 5-mC totals less than 1% of 

the genome (Sulewska et al., 2007).  Most of the methylation in the human genome occurs in 
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non-coding regions of DNA to prevent the transcription of repeat elements, viral sequences and 

transposons.    

DNA methylation is catalyzed by enzymes known as DNA methyltransferases (DNMT).  

DNMT accepts a methyl group from the donor molecule S-adenosyl-L-methionine (SAM), and 

transfers it to the C-5 of cytosine, forming 5-mC (Turek-Plewa and Jagodzinski, 2005).  There 

are four members of the DNMT family: DNMT1, DNMT3a, DNMT3b, and DNMT3L. 

DNMT1 is the maintenance methyltransferase, has a preference for hemimethylated 

DNA, and is present in high amounts in somatic tissue (Robertson, 2002).  During DNA 

replication, it copies the methylation pattern from the template strand to the newly synthesized 

strand, thus replicating the methylation patterns and ensuring the two new copies of DNA have 

identical methylation patterns.  Mouse embryonic stem cells (ESCs) with homologous DNMT1 

mutations results in highly demethylated genomes which undergo apoptosis when induced to 

differentiate, biallelic expression of imprinted genes, and increased frequency of deletion and re-

arrangement mutations (Bestor, 2000).  Overall, DNMT1 is essential in development and mice 

lacking a functional protein die at 10.5 days post fertilization (Okano and Li, 2002). 

DNMT3a and 3b are the de novo methyltransferases and have a preference for 

unmethylated DNA.  They are active post-replication and establish methylation patterns during 

gametogenesis and embryogenesis, and have low expression in normal somatic tissue 

(Robertson, 2002).  A catalytic domain is conserved amongst all the DNMTs except DNMT3L 

which has no function on its own, but when bound to 3a and 3b, increases their activity levels.  

DNMT3a knock-out mice develop to term; however growth is stunted and they will die around 4 

weeks of age.  DNMT3b and DNMT3a/3b knock-out mice have multiple developmental defects 
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and are embryonically lethal at 9.5 to 16.5 days post fertilization, and 8.5 days post fertilization, 

respectively (Okano and Li, 2002).     

DNMT2 was previously identified as the fifth DNMT family member because it has the 

conserved catalytic domain, although it was believed to have no biological function in humans, 

and mouse knock-outs showed no phenotypic effect or changes in global DNA methylation 

levels.  DNMT2’s sequence is most similar to pmt1p in Schizosaccharomyces pombe (Wilkinson 

et al., 1995).  However, S. pombe do not methylate their DNA, indicating that perhaps pmt1p is 

not a DNA methyltransferase.  DNMT2 homologs have also been found in plants, vertebrates, 

and Drosophila melanogaster.  In 2006, Goll and colleagues discovered that DNMT2 actually 

methylates cytosine 38 on tRNA
Asp

 in mice and Drosophila (Goll et al., 2006), and later was 

shown to also methylate tRNA
Val

 and tRNA
Gly

, with this DNMT2-mediated tRNA methylation 

preventing stress-induced cleavage of tRNAs (Schaefer et al., 2010).  In fact, DNMT2 has been 

renamed the tRNA aspartic acid methyltransferase (TRDMT1), to better describe its function.     

DNA methylation induces gene silencing by several different mechanisms.  The best 

characterized mechanism is by 5-mC directly preventing the binding of transcription factors to 

promoters.  5-mC also indirectly silences gene expression by recruiting several methyl-binding 

domain proteins (MBD) like MeCP2, MBD1-4 and Kaiso (Robertson, 2002).  These MBDs can 

repress transcription themselves, or bind chromatin remodeling proteins like histone 

methyltransferases (HMT) and transcription-regulatory complexes (Bird and Wolffe, 1999).  

DNMTs silence genes through their methylation ability, but also by acting as transcription 

repressors themselves, or by binding and recruiting transcription repressors like HMT and 

histone deacetylases (HDAC).  Therefore, DNMTs can establish gene silencing independent of 

their catalytic activity (Robertson et al., 2000).     
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As mentioned, although the majority of mammalian DNA methylation occurs at CpGs, 

non-CpG methylation has been observed.  Initially, reports had indicated that CpA, CpT, and 

CpC methylation occurs in murine ESC, but was essentially absent in somatic cells (Dodge et al., 

2002; Ramsahoye et al., 2000).  Non-CpG methylation in mouse ESCs was found to be catalyzed 

by DNMT3a and DNMT3b, coinciding with the elevated levels of these enzymes in embryonic 

cells.  Similar results have been found in human cells, with one study estimating that an average 

of 12.7% of all methylated cytosines are in a non-CpG context in pluripotent cells, with CpA 

being the most prominent non-CpG (Ziller et al., 2011).  This study also found that the decrease 

in non-CpG methylation occurs early in differentiation, corresponding to the decrease in 

DNMT3a/3b levels.  The importance of non-CpG methylation is yet to be determined.  Since 

most CpA methylation in ESCs seems to be in close proximity to CpGs, it has been speculated 

that perhaps non-CpG methylation is just a result from non-specific activity of DNMT3a/3b, and 

that ESCs that have DNMT3a/3b knocked out are still capable of differentiating (Ziller et al., 

2011).  However, some non-CpG sites are highly conserved across different pluripotent cell 

types and therefore may have a functional significance.   

Imprinted genes are a set of genes whose expression is mono-allelic, meaning only one of 

two parental chromosomes are actively transcribed for that particular loci (Reik and Walter, 

2001). Imprinted genes are regulated epigenetically and account for less than 1% of all genes.  

Combined with X-inactivation, these two types of genes account for <10% of all 5-mC in the 

genome (Bestor, 2000).  Most of the 5-mC is located in transposons, which compose >40% of 

the human genome, and are heavily methylated in all cell types (Smit, 1999). 

Many diseases can arise from abnormal DNA methylation patterns or mutations to the 

methylating enzymes.  For example. ICF (Immunodeficiency, Centromere instability and Facial 
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anomalies) syndrome, is an inherited disease caused by mutations in the DNMT3b gene (Hansen 

et al., 1999; Kondo et al., 2000). Loss of DNMT3b in ICF patients results in demethylation of 

specific repeat sequences and CpGi on the inactive X-chromosome in females (Xu et al., 1999).  

In addition, changes in methylation patterns in imprinted genes lead to diseases such as 

Angelman’s and Prader-Willi syndromes, and some forms of cancer such as lung, colon, liver, 

and ovarian through loss of imprinting (Lim and Maher, 2010).  Finally, many cancers arise from 

abnormal gene silencing through hypermethylation in key regulatory genes like p53, MLH1, and 

p16INK4a (Tamura, 2006).  This topic is expanded on in the Cancer Epigenetics section on page 

13.    

 

Histone Modifications 

 

Histones are the main proteins found in chromatin.  Their basic amino-terminal tails 

protrude out of the nucleosome, and are able to receive over 100 different post-translational 

modifications (Bernstein et al., 2007).  These include: acetylation, methylation, phosphorylation, 

ubiquitination, sumoylation, ADP-ribosylation, glycosylation, biotinylation, and carbonylation 

(Strahl and Allis, 2000).   The total of histone modifications, also known as the histone code, 

affects the chromatin structure directly, and the binding of proteins involved in chromatin 

remodeling and transcription.  Though each histone modification is assigned as either an 

activator or repressor in gene expression (Table 1), a single histone mark does not determine 

transcriptional state.  It is the combination of all marks in a nucleosome or region that will 

determine whether transcription occurs. (Strahl and Allis, 2000; Turner, 1991).   

The best characterized histone modification is acetylation.  The presence of histone 

acetylation adds a negative charge to chromatin, neutralizing the affinity between negatively 



 11  

 

charged DNA and positively charged histones.  Therefore, overall dense histone acetylation 

produces euchromatin and is found in transcriptionally active chromatin; while deacetylated 

histones result in heterochromatin and transcriptional repression.  Although acetylation occurs on 

specific lysine residues on all four histones in the histone core (Table 1), the acetylation status of 

histones H3 and H4 seem to be the main predictors of chromatin assembly, transcription, and 

gene expression (Grunstein, 1997).  

Two enzymes control histone acetylation: histone acetyltransferases (HAT) and histone 

deacetylases (HDAC).  HATs catalyze the addition of acetyl groups to different lysine residues 

on the histone tails, while HDACs remove them.  HATs can acetylate all four histones, but the 

different families have different preferences on which histone they acetylate.  There are three 

main families of HATs based on the highly conserved structural motifs: GNAT, MYST, and 

p300/CBP (Ellis et al., 2009).  p300/CBP family acetylates all four histones, while the MYST 

and GNAT family preferentially acetylate histones H3 and H4 (Kouzarides, 2007).  HATs are 

usually part of large chromatin remodeling complexes and recruited as co-activators of 

transcription.  All of these families are capable of acetylating non-histone proteins as well, such 

as proteins which influence protein stability, protein-protein interactions, protein localization, 

and DNA binding (Ellis et al., 2009).  For example pRb requires acetylation to interact with E2F-

1, and allow for DNA-damage response to occur (Markham et al., 2006).  There are many 

different HDAC enzymes, and they are organized into four classes of HDACs based on their 

homology to yeast proteins: Class I, II, III and IV.  Class I HDACs (HDAC 1, 2, 3 and 8) remain 

in the nucleus, while class II (HDAC 4, 5, 6, 7, 9, and 10) shuttle between the nucleus and 

cytoplasm, and are capable of deacetylating non-histone proteins.  Class III consists of sirtuins 

(SIRT 1-7), and class IV consists of HDAC 11, which behaves like class I and II HDACs 
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(Glozak and Seto, 2007).  Class I, II, and IV share homology and all require a zinc ion for 

catalytic activity.  The sirtuin family has no similarities to the other HDACs in structure or 

sequence, and requires nicotinamide adenine dinucleotide (NAD+) for catalytic activity 

(Heltweg et al., 2003).  Through knock-out studies, researchers have found that not all members 

in a HDAC family will have the same function (Weichert et al., 2008).  This is not surprising 

since HDACs are often members of different co-repressor complexes.  As well, different classes 

of HDACs will have different roles in cellular functions.  For example, class I HDACs seem to 

mostly regulate cell proliferation and apoptosis, while class II HDACs are involved in 

endothelial cell migration (Witt et al., 2009).  Other than transcription, histone acetylation is also 

involved in chromatin assembly, DNA repair and recombination (Hellebrekers et al., 2007a). 

One important note is the connection between DNA methylation and acetylation.  MBDs 

are components of HDAC complexes, or are capable of recruiting HDACs to methylated DNA 

sites (Bird and Wolffe, 1999).  In addition, both histone acetylation and reduced DNA 

methylation need to occur to have transcription.  Therefore targeting both DNMT and HDAC in 

order to re-express epigenetically silenced genes may be more beneficial than targeting them 

individually.  It is important to note that combined marks of histone modifications and DNA 

methylation status at a particular locus will determine if a particular gene is transcriptionally 

active or repressed.   

 Histones H3 and H4 can be mono-, di-, or tri-methylated at lysine residues and mono- 

and di-methylated at arginine residues by histone methyltransferases (HMTs) (Shilatifard, 2006).  

HMTs are more specific in their histone targets then HATs, for one enzyme will usually only 

target one specific residue.  Most of the HMTs contain a SET domain allowing the transfer of 

methyl groups to specific lysines on histones.  For example, mammalian H3K9 HMTs include 
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Suv39h1, Suv39h2, G9A and ESET.  Set1 and Set2 methylate H3K4 and H3K36, respectively 

(Shilatifard, 2006).  Histone methylation is reversible and carried out by two groups of proteins: 

amine oxidases such as KDM1/LSD1, and the Jumonji-domain-containing (JmjC) family (Klose 

and Zhang, 2007).  LSD1 can only demethylate mono- and dimethyl marks, while JmjC family 

members can also demethylate trimethylated residues.  The establishment, maintenance and 

regulation of histone methylation patterns is much more complex than DNA methylation and the 

effects of these changes on gene expression are not only residue specific, but also the number of 

methyl groups present determines transcription outcome.  In general, monomethylation of 

H3K27, H3K9, H4K20, H3K79, and H2BK5 are marks of gene activation.  Whereas 

trimethylation of H3K27, H3K9, and H3K79 are linked to repression.  As with histone 

acetylation, other repressing complexes containing DNMTs and HDACs, such as 

heterochromatin protein (HP1), will bind to methylated histones to further repress transcription 

(Fuks et al., 2003).   

 Lastly, a unique histone state exists in ESCs, where both active and repressive marks of 

transcription are found together at promoters of developmentally important genes.  For example, 

both the active H3K4 trimethylation mark and the repressive H3K27 mark will exist in the same 

region.  Coined as ‘bivalent domains’, these allow for ESCs to be in a flexible expression state: 

repressed most of the time, but poised to be turned on quickly when needed (Bernstein et al., 

2006).     

Nucleosomal Positioning 

 

DNA methylation, histone modification, and nucleosome positioning are interlinked 

processes that act in a coordinated manner to determine the transcriptional status of a particular 

gene (Guil and Esteller, 2009).  Nucleosomal positioning is the least studied form of epigenetic 
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gene regulation.  By definition, it is the probability that a nucleosome starts at a given base pair.  

Not only are nucleosomes essential in packaging DNA but the positioning of nucleosomes 

determines gene expression.  The position of a nucleosome around a transcription start site (TSS) 

will influence the accessibility of transcription factors and activators, and if positioned further 

downstream, will inhibit transcriptional elongation. The 5’ and 3’ ends of genes are nucleosome 

free regions to provide space for assembly and disassembly of transcriptional machinery.  Loss 

of nucleosomes at a TSS correlates with gene activation, while gain of nucleosomes results in 

chromatin condensation and gene repression (Cairns, 2009).   

The mobilization of nucleosomes is an energy-dependent process performed by 

chromatin-remodeling multi-protein complexes containing ATPases.  There are many enzymes 

involved in nucleosomal positioning and they can be grouped into four families of chromatin 

remodeling complexes:  SWI/SNF (Langst and Becker, 2001), ISWI, CHD, and IN080.  

Chromatin-remodeling complexes can modulate histone-DNA interactions such that the 

accessibility of DNA is enhanced by moving, destabilizing, ejecting or restructuring 

nucleosomes (Schones et al., 2008), and  this process is important in epigenetic gene regulation. 

Cancer Epigenetics 

 

A commonly referenced set of acquired biological capabilities in cancer cells are referred 

to the “hallmarks of cancer”(Hanahan and Weinberg, 2000) and include: self-sufficiency in 

growth signals, insensitivity to growth inhibitory signals, evasion of apoptosis, increased 

proliferation potential, sustained angiogenesis, and capability of metastasis and invasion.  In the 

last year, two more emerging hallmarks have been added to the list; reprogramming of energy 

metabolism and evading immune response (Hanahan and Weinberg, 2011). Interestingly, all of 
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these processes can be dysregulated through epigenetic modifications, making epigenetics a key 

component in tumor formation and progression.  It has been hypothesized that more genes are 

silenced by epigenetic modifications then by genetic mutations (Herman and Baylin, 2003).  

When compared to normal cells, epigenetic patterns of cancer cells are characterized as having 

global hypomethylation, promoter hypermethylation, and altered histone marks.   

The first clinical observation of epigenetic alteration in cancer was global DNA 

hypomethylation in colorectal and lung cancer patients (Feinberg and Vogelstein, 1983). Loss of 

DNA methylation leads to cancer development by expression of repetitive elements, reactivation 

of transposons, oncogene activation, loss of imprinting (LOI) and X chromosome activation, and 

genomic instability (Gaudet et al., 2003).  Hypomethylation can lead to the reactivation of 

endoparasitic DNA, such as long interspersed nuclear elements (LINE1) (Piskareva et al., 2011; 

Suter et al., 2004).  These once silenced elements can then be transcribed or translocated, further 

disrupting the genome.  Hypomethylation of oncogenes has been observed in several types of 

cancers.  In liver cancer, CMYC, C-FOS, and H-RAS are all hypomethylated (Lin et al., 2001).  

In leukemia, there is a decrease in ERB-A1 and BCL-2 methylation, and in lung and colorectal 

cancer K-RAS is demethylated (Wilson et al., 2007).  Genomic instability follows DNA 

hypomethylation because mitotic recombination can occur, leading to deletions and 

translocations.  Evidence of this was seen when DNMTs were experimentally depleted and 

subsequent DNA hypomethylation lead to aneuploidy in cancer cells (Karpf and Matsui, 2005). 

Loss of imprinting (LOI) has been well documented in some cancers such as Wilms’ 

tumor, a type of kidney cancer mostly occurring in children (Kaneda and Feinberg, 2005).  

Insulin-like growth factor 2 (IGF2), a paternally expressed gene, has been shown to be 

demethylated on the maternal allele, showing increased expression, leading to over-proliferation 
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(Taniguchi et al., 1995).  LOI in varying loci has been documented in 100% of chronic myeloid 

leukaemia cases (Randhawa et al., 1998), 80% of ovarian tumours (Kamikihara et al., 2005), 

70% of Wilms’ tumours (Mummert et al., 2005), 66% of colorectal cancer (Nakagawa et al., 

2001), 56% of Barrett’s oesophagus (Feagins et al., 2006), 50% of renal-cell carcinomas (Oda et 

al., 1998), and 47–85% of lung adenocarcinoma (Kohda et al., 2001). 

On the X chromosome, there is a group of genes which encode for cancer-testis antigens.  

Melanoma-associated antigen-A (MAGE-A) is the prototype gene from this family, and is 

normally only expressed in testicular germ cells, and inactivated by promoter hypermethylation 

in somatic cells.  Several MAGE genes have been found to be hypomethylated and re-expressed 

in over 17 different cancers including melanoma, esophageal, breast, gastric, prostate, colorectal, 

renal, and ovarian carcinoma, and leukemias (Van den Eynde and van der Bruggen, 1997).   

DNA hypermethylation has received most of the spotlight when discussing cancer 

epigenetics.  Many studies have focused on promoter specific hypermethylation and silencing of 

tumor suppressor genes.  The retinoblastoma (Rb) gene was the first gene to be documented as 

being hypermethylated in its promoter region, leading to the development of pediatric tumors of 

the same name (Greger et al., 1989; Sakai et al., 1991).  Other commonly hypermethylated genes 

in cancer include von Hippel-Lindau (VHL) (Herman et al., 1994), p16INK4a
 
(Merlo et al., 

1995), MLH1, and BRCA1 (Herman and Baylin, 2003).  In some cases, hypermethylation of 

tumor suppressors seems to be cancer-type specific (Esteller et al., 2001).  Aberrant BRCA1 

promoter methylation is common to breast and ovarian cancers, while p15INK4b is commonly 

hypermethylated in leukemia and lymphoma.   
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Modifications to tumor methylation patterns seem to be specific to tumor type and stage.  

In prostate cancer, hypermethylation occurs in early stages of tumor development, while global 

hypomethylation becomes almost universal in metastatic disease (Santourlidis et al., 1999).  

Colon cancer has both hypo- and hypermethylation changes early in disease initiation (Esteller et 

al., 2001; Feinberg et al., 1988),  while in urothelial bladder cancers, global hypomethylation is 

an early stage event, and hypermethylation is a random event occurring in only a subset of 

patients (Maruyama et al., 2001).    

Variation in DNA methylation patterns provides promising biomarkers for early cancer 

risk detection, prediction for prognosis, and response to therapy. For example, glutathione S-

transferase (GSTP1) is hypermethylated in 80-90% of prostate cancer patients, but not in benign 

hyperplastic prostate tissue (Esteller, 2008).  Therefore, GSTP1 methylation status could be used 

to distinguish between benign and malignant state.  Hypermethylation of certain genes has been 

correlated with prognosis.  For example, death-associated protein kinase (DAPK), p16INK4a, 

and epithelial membrane protein 3 (EMP3) have been linked to poor outcomes in lung, 

colorectal, and brain cancer, respectively (Esteller, 2007).  Lastly, the methylation states of 

certain genes can aid in predicting how a patient will respond to therapy.  When the DNA repair 

gene O-6-methylguanine-DNA methyltransferase (MGMT) is epigenetically silenced in gliomas, 

these patients have enhanced sensitivity to alkylating drugs (Esteller et al., 2000). 

From all the possible histone modifications, acetylation and methylation have been the 

two most prominent modifications associated with cancer development.  Hypermethylation of 

CpGi in the promoter regions of tumor-suppressor genes in cancer cells is associated with a 

particular combination of histone markers: deacetylation of histones H3 and H4, loss of H3K4 

trimethylation, and gain of H3K9 methylation and H3K27 trimethylation (Jones and Baylin, 
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2007). Changes in histone modifications in cancer cells can sometimes act independently of 

DNA methylation.  When histones H3 and H4 are deacetylated and hypermethylated, p21WAF1 

is silenced, despite the absence of hypermethylation of its CpGi (Richon et al., 2000).  H4K20 

trimethylation is also a common modification in human cancer (Fraga et al., 2005).  Studies 

which knocked-out the HMT Suv39h in mice showed demethylation of pericentric 

heterochromatin, resulting in genomic instability and development of B cell lymphoma, thus 

supporting the claim that histone methylation plays an important role in tumorigenesis (Peters et 

al., 2001).   

An explanation for abnormal epigenetic alterations in cancer has been hypothesized to 

involve genetic disruptions in the enzymes which catalyze chromatin modifications.  Many genes 

involved in regulating epigenetic patterning are known to be mutated in cancer (Table 2) (Ellis et 

al., 2009).  Over expression of DNMT1, 3a, and 3b has been seen in many different tumor types 

(Girault et al., 2003).  HDAC1 is overexpressed in prostate, gastric, colon, and breast 

carcinomas. HDAC2 is overexpressed in colorectal, cervical, and gastric cancer, whereas 

overexpression of HDAC6 is observed in breast cancer specimens (Ellis et al., 2009).  Though 

mutations in any epigenetic modifying enzyme could potentially lead to tumorigenesis, this 

explanation does not satisfy every cancer type since each cancer-type has a unique epigenome.   

 Some interesting recent work has been focused on another modified base present in 

mammalian DNA: 5-hydroxymethylcytosine (5-hmC).  It has been estimated that 5% of all 

cytosines present in CpGs in ESCs, and 20% of all cytosines in CpGs in Purkinje cells are 5-

hmC (Huang et al., 2010b).  Ten-eleven translocation (TET) proteins are responsible for 

converting 5-mC to 5-hmC.  There are a few predicted biological functions of converting 5-mC 

to 5-hmC: to displace MBPs and relieve transcriptional repression, and to promote passive DNA 
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demethylation since DNMT1 will not recognize 5-hmC, or actively promote demethylation by 

recognition of the altered base by DNA repair machinery that will replace 5-hmC with cytosine 

(Huang et al., 2010b).  Given the potential of 5-hmC to demethylate DNA, studies have explored 

the levels of 5-hmC in different normal tissues as well as in cancer, to determine if 5-hmC levels 

correlate with cancer demethylation.  One study showed that 5-hmC levels are significantly 

decreased in colorectal cancer tissue, compared to normal colon tissue, and were undetectable in 

colon cancer cell lines (Li and Liu, 2011).  Also, there was no correlation with high 5-hmC levels 

and low 5-mC levels. This observation of reduced levels of 5-hmC compared to corresponding 

normal tissue has been seen in prostate and breast cancer as well (Haffner et al., 2011).  

Therefore, since 5-hmC levels are reduced in cancer, it is unlikely that demethylation in cancer 

can be primarily attributed to 5-hmC alone.  Hence, how cancer cells develop DNA 

hypomethylation still remains unknown.   

Epigenetics as a Therapeutic Target 

 

Chromatin modifications are potentially reversible, unlike genetic alterations.  Therefore 

researchers have developed an interest in targeting epigenetics in cancer therapeutics.  The main 

premise for targeting epigenetics in cancer therapy is to induce DNA demethylation and histone 

acetylation, causing re-expression of silenced tumor suppressor genes, and therefore restoring 

crucial cellular pathways.  From this theory, many inhibitors of chromatin modifying enzymes 

have been produced and studied in cancer therapy. 

The most studied DNMT inhibiting agents are 5-azacytidine (5-aza; Vidaza) and 5-aza-

2’-deoxycytidine (5-aza-dC; Decitabine) (Hellebrekers et al., 2007a).  Both agents are nucleoside 

analogs which incorporate into DNA instead of natural cytosine during DNA replication (Pinto 

and Zagonel, 1993).  Once incorporated into DNA, the agents covalently trap DNMTs, resulting 
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in a reduction of active enzymes and consequently demethylation of DNA after several cell 

cycles.  5-aza partly incorporates in RNA as well, and interferes with protein translation.  5-aza-

dC is only incorporated into DNA and therefore better inhibits DNMTs (Gronbaek et al., 2007).  

Both DNMT inhibitors have been approved by the USA FDA in the treatment of all subtypes of 

myelodysplastic syndromes (MDS), including acute myelogenous leukemia (AML) (Mack, 

2006). 

The pitfall of these agents is an inherent instability in neutral aqueous solutions.  More 

stable analogs have been developed such as 5,6-dihydro-5-azacytidine and 5-fluoro-2’-

deoxycytidine (Villar-Garea and Esteller, 2003).   These drugs also have drawbacks including 

low efficacy due to how they are metabolized.  Both nucleoside analogs rely on nucleoside 

transporters to enter the cell, then nucleoside-specific kinases to produce phosphorylated 

metabolites which will then incorporate into DNA/RNA.  These metabolites are substrates for 

cytidine deaminase, which converts the cytosine analogs to uridine/deoxyuridine, decreasing the 

amount of 5-aza and 5-aza-dC, and therefore decreasing DNMT inhibition (Qin et al., 2009).  

Some patients and specific cancer cell lines with low levels of the nucleoside transporters or 

nucleoside kinases, or high amounts of cytidine deaminase show resistance to 5-aza/5-aza-dC 

treatment (Qin et al., 2009).  Zebularine is a novel DNMT inhibiting drug which offers much 

promise due to low toxicity, stability and effective bioavailability when administered orally.  It 

also has high selectivity for tumor cells.  The downfall of this drug has been the requirement for 

high doses (1 g/kg in mouse) which may pose problems in clinical trials (Cheng et al., 2004).  

Researchers have ventured to develop non-nucleoside analogs to decrease toxic effects, including 

procainamide, procaine, RG108 and MG98.  RG108 blocks the DNMT active site (Brueckner et 

al., 2005), while MG98 is an antisense oligonucleotide which targets DNMT1 mRNA (Yan et 
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al., 2003).  Although MG98 seemed promising and was used in a Phase I study in solid tumors, 

no further clinical trials have been conducted (Plummer et al., 2009).   

Many HDAC inhibitors exist, both natural and synthetic, and can be classified into four 

groups: aliphatic acids, hydroxamic acids, cyclic tetrapeptides, and benzamides.  All four of 

these groups of HDAC inhibitors target Class I and II HDACs (Drummond et al., 2005).  

Phenylbutyrate and valporic acids (some of the aliphatic acids) were originally used for non-

oncological uses, and require high doses to have an effect on HDACs since they do not make 

very good contact with the catalytic site.  Hydroxamic acids are the most potent and have the 

highest affinity for the HDAC catalytic site.  Some specific and well-studied hydroxamic drugs 

are trichostatin A (TSA) and suberoylanilide hydroxamic acid (SAHA).  SAHA (Vorinostat; 

Zolinza) has been approved by the FDA for treatment of cutaneous T-cell lymphoma (CTCL) 

(Thompson, 2006).  Recently another HDAC inhibitor has been approved for use in CTCL, 

romidepsin (Istodax), a depsipeptide (Campas-Moya, 2009).  HDAC inhibitors show 

antitumorigenic effects such as growth arrest, apoptosis, and induced differentiation in many 

types of cancer such as lung, breast, ovarian, and cervical carcinoma, leukemia and lymphoma 

(Carew et al., 2008).  

The major hurdle with DNMT and HDAC inhibitors is their lack of specificity; these 

agents could be activating genes or repetitive elements that would further enhance tumor 

progression (Esteller, 2008).  As well, high toxicity and instability is commonly associated with 

these inhibitors, preventing many of them from being used clinically (Yoo et al., 2004).  
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Angiogenesis 

 

Angiogenesis is defined as the growth of new blood vessels from pre-existing vasculature 

(Alessi et al., 2004).  Blood vessels are comprised of vascular endothelial cells (EC) which line 

the interior of the vessel and through proliferation and migration of these cells, growth of new 

microvascular sprouts can occur (Folkman, 2007).  EC are surrounded by a basement membrane, 

followed by pericytes, which are a specialized smooth muscle cell.  Under normal physiological 

conditions, EC of blood vessels are quiescent (D'Amore and Thompson, 1987). However, EC 

retain their proliferative capabilities and under stimulus, either physiological or pathological, can 

proliferate.  Angiogenesis is essential in reproduction, development and wound healing, 

however, it also plays a role in pathological diseases (Carmeliet and Jain, 2000).  There is a 

broad range of ‘angiogenesis-dependent diseases’ such as autoimmune disorders, age-related 

macular degeneration, atherosclerosis, and cancer (Folkman, 2007).  All of these diseases, 

though seemingly independent from each other, require or benefit from neovascularization.   

The steps involved in blood vessel sprouting have been well characterized.  Initially, the 

pre-existing vessel will dilate and have increased vascular permeability as a response to vascular 

endothelial growth factor (VEGF) signaling (Brown et al., 1992).  The pericytes then detach 

from the vessel through Ang2-Tie2 signaling (Maisonpierre et al., 1997).  Next, the vascular 

basement membrane and extracellular membrane are locally degraded to allow the EC to migrate 

into the perivascular space towards the stimulant (Form et al., 1986; Madri, 1997).  The EC then 

proliferate, following each other to form an immature sprout.  Sprouting in angiogenesis relies on 

two types of endothelial cells; endothelial tip cells, leading and guiding the sprout, and stalk 

cells, which follow the tip cells to form the vascular lumen.  Endothelial tip cells are 
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characterized by their position at the very tip of angiogenic sprouts and by their extensive 

filopodia protrusions directed towards pro-angiogenic factors.  Dll4/Notch1 signaling between 

the endothelial cells within the angiogenic sprout restricts tip cell formation in response to 

VEGFA, ensuring there is an appropriate ratio of tip-to-stalk cells in the sprouting blood vessel 

(Hellstrom et al., 2007).    Once a lumen is formed, pericytes are recruited and a vascular basal 

lamina is formed around the nascent blood vessel (Folkman, 1986).      

There are several factors that influence vessel growth.  Mechanical factors, including 

changes in shear stress from rapid, turbulent blood flow can alter cell shape and have been 

shown to increase EC proliferation (Masuda et al., 1989).  Intercellular interactions, either 

between EC themselves, or between EC and pericytes seem to suppress EC proliferation 

(D'Amore and Thompson, 1987).  The extracellular matrix is also known to increase EC 

proliferation and migration (D'Amore and Thompson, 1987).  Hypoxia is a strong stimulus for 

angiogenesis in both neoplastic and non-neoplastic disorders.  For example, hypoxia-driven 

angiogenesis recovers ischemic myocardium and prolongs survival of stroke patients (Carmeliet 

and Jain, 2000).  Hypoxia-mediated angiogenesis is driven by hypoxia-inducible factor 1α 

(HIF1α), a subunit of the transcription factor HIF1.  HIF1α is stabilized in hypoxic cells, which 

then promotes transcription of factors required for angiogenesis, like VEGF.  

Growth factors have very important roles in stimulating and inhibiting angiogenesis 

(Carmeliet and Jain, 2000). These factors are known to be secreted not only from EC themselves, 

but also from cancer cells, stromal cells, mural cells, blood cells, and can be sequestered in non-

cellular sources like the extracellular matrix for later release (Fukumura et al., 1998; Senger et 

al., 1986).  In normal vasculature, a balance exists between pro- and anti-angiogenic factors, 

resulting in a stable vessel network.  However, during wound healing or disease, an increase in 
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the amount of pro-angiogenic factors leads to vessel expansion.  This is termed as the 

‘angiogenic switch’.  The temporal and spatial control of angiogenic factor expression is aberrant 

in tumors when compared to physiological angiogenesis (Fukumura et al., 1998).   

Signaling mediated by vascular endothelial growth factor (VEGF)/VEGF-receptor 

(VEGFR) pathways is well characterized in angiogenesis (Hicklin and Ellis, 2005).  The 

VEGF/VEGFR pathway, when activated, signals for endothelial cell survival, mitogenesis, 

migration, differentiation, vascular permeability, and mobilization of endothelial progenitor cells 

(EPC) from the bone marrow into the peripheral circulation (Ferrara et al., 2003).  

Overexpression of VEGF has been correlated with tumor progression and poor prognosis in 

several cancer types, including colorectal, gastric, pancreatic, breast, prostate, and lung 

carcinoma, and melanoma (Hicklin and Ellis, 2005).  

  There are seven secreted VEGF ligands: VEGF-A to VEGF-E, and placenta growth 

factor (PlGF) -1 and -2.  VEGFA is the main growth factor, and has six isoforms in humans: 121, 

145, 165, 183, 189, and 206.  VEGF165 is the most commonly expressed isoform and is both 

soluble and  extracellular matrix (ECM)-bound (Dvorak et al., 1995).  VEGF ligands mediate 

their effects through three tyrosine kinase receptors: VEGFR-1, -2 and -3.  Not all ligands bind to 

all receptors.  VEGFR-1 and -2 are found on EC, hematopoietic stem cells and monocytes 

(Schatteman and Awad, 2004).  VEGFR-3 is mostly associated with lymphangiogenesis 

(Paavonen et al., 2000).  Recently, neuropilin-1 and -2 have been shown to serve as co-receptors 

for VEGFR, suggesting a potential role in angiogenesis by increasing binding affinity to ligands 

(Neufeld et al., 2002; Soker et al., 1998).  Upon ligand mediated-receptor dimerization, receptors 

are activated through tyrosine phosporylation.  VEGFR-2 is the main mediator of mitogenic, 

angiogenic and permeability effects of VEGF-A (Ferrara et al., 2003).  Some signaling pathways 
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activated by VEGFR-2 are the phosphatidylinositol 3-kinase (PI3K)/Akt pathway and the Ras-

dependent signaling cascade (Fujio and Walsh, 1999; Meadows et al., 2001). Although VEGFR-

1 has a higher binding affinity for VEGF-A then VEGFR-2, migration and proliferation are not 

activated through this receptor in EC (Papetti and Herman, 2002).  VEGFR-1, -2, and -3 have 

also been reported to be expressed on many different cancer cells such as bladder, prostate, and 

ovarian carcinoma, and melanoma (Ferrer et al., 1999; Graells et al., 2004; Sher et al., 2009; 

Spannuth et al., 2009; Xia et al., 2006).   

The platelet derived growth factor (PDGF) family stimulates cellular functions such as 

growth, proliferation and differentiation.  Four PDGF have been characterized: PDGF-A, -B, -C 

and –D (Hoch and Soriano, 2003).  Fibroblasts, keratinocytes, neurons, EC, and epithelial cells 

all express PDGF.  These factors bind to PDGF-α and PDGF-β protein tyrosine kinase receptors 

(PDGFR).  PDGFs activate these receptors by forming receptor dimers: PDGFR-αα, PDGFR-αβ, 

and PDGFR-ββ (Hoch and Soriano, 2003).  PDGFRs are expressed on erythroid and myeloid 

precursors in bone marrow, monocytes, megakaryocytes, fibroblasts, pericytes, osteoblasts, and 

glial cells (Board and Jayson, 2005). Over 20 different substrates are phosphorylated by these 

activated receptors, including themselves. They activate many signaling cascades by activating 

downstream effectors such as Grb2/SOS, PI3K, GAP, Erk, JNK, Src, and Stat (Tallquist and 

Kazlauskas, 2004).  

Angiogenesis requires the involvement of the Tie family of tyrosine kinase receptors 

which has two members: Tie1 and Tie2.  Tie receptors are found primarily on EC and 

hematopoietic stem cells, and more recently, on a subgroup of monocytes as well (Lewis et al., 

2007).  Tie1 is not as well characterized as Tie2, mostly due to the lack in knowledge of its 

ligand (Eklund and Olsen, 2006), although Tie1 has been shown to heterodimerize with Tie2 
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(Chen-Konak et al., 2003).  Tie2 has two main ligands: Angiopoietin (Ang) 1 and 2.  Ang1 acts 

as an agonist, promoting vessel structural integrity (Davis et al., 1996).  When Tie2 is bound to 

Ang1, the receptor undergoes autophosphorylation.  This receptor and ligand are crucial to 

normal development and maintenance of vasculature.  Tie2 signaling does not promote EC 

proliferation, tubule formation or survival like VEGFR2 (Davis et al., 1996).  Instead, Tie2 is 

required for cell-cell and cell-matirx interactions, as Tie2 -/- or Ang1 -/- EC are abnormally 

shaped and poorly associate with matrix and mural cells.  The major signalling transduction 

pathways activated by Ang1 and Tie2 are PI3K, Dok-R, and SHP2 and GRB2, which activate the 

MAPK pathway (Tallquist et al., 1999).   

Ang2 has the primary role of an antagonist.  This ligand promotes either vessel regression 

or growth, depending on levels of other growth factors like VEGF (Maisonpierre et al., 1997). If 

VEGF levels are high, the vessels will grow and sprout.  If VEGF is low, the blood vessels will 

regress.  Although Ang1 has stable expression patterns, Ang2 is variable and found mostly at 

sites of remodeling like the female reproductive tract and in tumors.  It appears that Ang2 

binding does not induce any specific function but rather interferes with Ang1 induced 

stabilization.  Ang3 and Ang4 are interspecies orthologs and have context-dependent actions. 

Mouse models lacking Tie1, Tie2, Ang1 or Ang2 have normal vasculogenesis, but remodelling 

and maturation of vessels are defective (Eklund and Olsen, 2006).  Tie2 has been targeted for 

anti-angiogenic therapies with development of agents such as muTekdeltaFc, an extracellular 

domain of murine Tie2 (Tek) which immobilizes Ang1 and 2 (Das et al., 2003).          

Tumor Vasculature 

 

Tumors have been shown to release many pro-angiogenic factors, thus greatly stimulating 

angiogenesis (Holash et al., 1999).  Proliferation of EC in tumors was measured with the [
3
H] 



 27  

 

thymidine labeling index at levels as high as 9.0%, an increase of more than 100-fold over that 

reported for other microvascular beds (D'Amore and Thompson, 1987).  Therefore the 

proliferation of vascular endothelium is closely regulated under normal circumstances, but can 

dramatically increase by altered conditions.  In tumor progression, angiogenesis is a fundamental 

step for a solid tumor can not grow larger then 2-3 mm
3
 without a blood supply (Folkman, 1971).  

Tumors, like normal tissues, require a blood supply to receive oxygen, nutrients, and a method 

for removing waste products (Papetti and Herman, 2002).  However, both structure and function 

of tumor vessels are abnormal.  Tumor vasculature is often characterized as disorganized, 

tortuous, leaky, and dilated, with uneven diameter, and excessive branching and shunts 

(Carmeliet and Jain, 2000). The pericytes in tumor vasculature have been observed to be at lower 

densities and with looser connections to the EC than the pericytes on normal vessels, 

contributing to vessel instability (Morikawa et al., 2002).   As a result, blood flow in tumors is 

chaotic and variable and leads to a heterogeneous microenvironment with areas of hypoxia, 

acidity, and low nutrient availability (Raghunand et al., 2003).  

Vascular abnormalities lead to lower therapeutic effectiveness since drug delivery is 

inconsistent.  Hypoxia may enable clonal expansion of cells resistant to hypoxia-induced 

apoptosis (Fukumura et al., 1998).  As well, both vascular permeability and angiogenesis depend 

on the tumor type and host organ because different stromal cells produce different angiogenic 

molecules (Carmeliet and Jain, 2000).  All of these irregularities of tumor vasculature and its 

effects on tumors are major challenges in anti-angiogenic cancer treatment.     

PDGF-B is required for recruitment of pericytes and maturation of microvasculature 

(Lindahl et al., 1997).  It is believed that many tumor types express PDGFs (Ostman, 2004), 

which aids the tumor in recruiting PDGFR-β expressing pericytes to the tumor vasculature.  
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Experiments with the B16 mouse melanoma model showed that overexpression of PDGF by 

tumor cells increased the number of pericytes surrounding tumor vasculature and increased 

tumor growth rate (Furuhashi et al., 2004).  In addition, the increased tumor growth rate was 

without an increase in vessel density, suggesting the increased pericyte coverage affected tumor 

vasculature functionally (Furuhashi et al., 2004). 

 

Angiogenesis as a Therapeutic Target 

 

Angiogenesis does not initiate malignancy, but promotes tumor progression and 

metastasis.  Thus, it was hypothesized in 1971 by Dr. Judah Folkman that blocking tumor-

angiogenesis would be a strategy for blocking tumor growth (Folkman, 1971).  Unlike tumor 

cells, endothelial cells are believed to be genetically stable and therefore less likely to become 

resistant to therapy.  As a result, most anti-angiogenic agents target EC (Carmeliet, 2005).  Since 

1971, many anti-angiogenic drugs have been developed; however, most of these agents have 

been less effective than originally hypothesized.   

More recently, scientists are beginning to recognize that there are cells other than EC 

which play crucial roles in angiogenesis, such as mural and stromal cells, and that these cells 

may also be targeted in anti-angiogenic therapies.  In addition, it has become common to no 

longer target just one pathway that leads to angiogenesis (monotherapy), but to target multiple 

receptors and ligands with one drug (multi-targeted therapy).  

Some strategies which have been applied to preclinical, clinical, and even USA FDA 

approved therapies include neutralizing antibodies against VEGF or VEGFR, soluble 

VEGFR/VEGFR hybrids, and tyrosine kinase inhibitors to VEGFR.  Bevacizumab (Avastin, 
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Genetech), an anti-VEGF-A antibody, was the first anti-angiogenic drug approved for treatment 

of metastatic colorectal cancer by the FDA, in combination with chemotherapy (Hurwitz et al., 

2004).  However, bevacizumab has limitations, for only when it was combined with conventional 

chemotherapy did it provide a survival benefit, and this was limited to colorectal and lung cancer 

patients.  Promising results have also been seen with anti-VEGFR2 antibodies in preclinical trials 

by seeing decreased VEGF signaling, decreased angiogenesis and decreased primary and 

metastatic growth in a variety of different tumor types (Prewett et al., 1999).   

Evidence from experimental models indicates that targeting VEGF as an anti-angiogenic 

therapy only targets the immature vessels lacking pericytes, and those vessels with pericyte 

coverage are resistant to VEGF-directed therapies (Ostman, 2004).  In addition, inhibiting 

PDGFR-β results in vasculature that is more dependent on VEGF-mediated survival signals 

(Ferrara and Kerbel, 2005).   Thus, many researchers have focused on targeting both PDGF and 

VEGF.  Sorafenib is an oral small molecule tyrosine kinase inhibitor of c-Raf, B-Raf, PDGFR 

and VEGFR.  In 2005, the FDA approved sorafenib to treat adults with advanced renal cell 

carcinoma (Homsi and Daud, 2007).   

Sunitinib (sunitinib malate; SU11248; SUTENT; Pfizer Inc) is an oral tyrosine kinase 

inhibitor (TKI) that targets the receptors VEGFR-1, VEGFR-2, VEGFR-3, PDGFR-α, PDGFR-

β, c-KIT and Flt-3 (Mendel et al., 2003).  Therefore, sunitinib targets both EC and pericytes.  

This TKI works by entering into the cytoplasm of cells and competing with ATP for the ATP-

binding pockets in the dimerized, ligand bound receptors.  Blocking the ATP from binding 

prevents the activation of the intracellular kinase domain and ultimately, inhibits further 

downstream signaling (Delbaldo et al., 2012).  Sunitinib was approved by the FDA in 2006 for 

the treatment of imatinib-resistant or intolerant gastrointestinal stromal tumor and advanced renal 
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cell carcinoma (Goodman et al., 2007; Rock et al., 2007).  Just recently, the use of sunitinib was 

extended (and FDA approved) to pancreatic neuroendocrine tumors (Raymond et al., 2011).  The 

most common side-effects include diarrhea, mucositis, skin abnormalities, and severe 

hypertension.  

DNMT and HDAC Inhibitors as Angiogenic Inhibitors        

 

DNMT and HDAC inhibitors have been extensively studied as anti-cancer agents and 

have shown promising results, especially in hematologic malignancies.  By re-expressing 

epigenetically silenced tumor suppressor genes in tumor cells, DNMT and HDAC inhibitors 

theoretically should help restore normal cellular pathways such as cell cycle control and 

apoptosis.  Recently, the focus of epigenetic therapy in cancer treatment has been extended 

beyond tumor cells.  Studies have shown that DNMT and HDAC inhibitors have both direct and 

indirect effects on tumor endothelial cells, in addition to tumor cells (Hellebrekers et al., 2006; 

Qian et al., 2004). 

In 2001, Kim and colleagues were the first to report that HDAC activity and expression 

were increased by hypoxia in both endothelial cells and human hepatoblastoma cells (Kim et al., 

2001).  Interestingly, treatment with TSA showed to have direct anti-angiogenic effects both in 

vitro, and in vivo with chick embryos and mouse Matrigel plug assays.  They saw that along with 

hypoxia-induced HDAC1 expression, hepatoblastoma cells had decreased p53 and VHL 

expression and increased HIF1-α and VEGF expression.  The increases in HIF1-α and VEGF 

expression were directly linked to HDAC1, since a HDAC1 mutant variant did not result in the 

same expression profile.  Treatment with TSA caused p53 and VHL levels to increase, and 

therefore HIF1-α and VEGF to decrease, concluding that TSA had indirect anti-angiogenic 

properties through this VHL/HIF1-α/VEGF pathway.  What Kim didn’t know at the time was 
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that HIF1-α must be acetylated to be targeted for degradation.  The following year, Jeong et al 

demonstrated that the HAT, ARD1, acetylates HIF1-α, enhancing interaction with VHL and 

targets the protein for degradation (Jeong et al., 2002).  Therefore, Kim was seeing that hypoxia-

induced HDAC expression was protecting HIF1-α from degradation, and TSA would revert this 

effect by simply increasing the amount of HIF1-α acetylation.  Qian et al later confirmed that 

HDAC regulation of HIF1-α was independent of VHL (Qian et al., 2006), as once hypothesized 

by Kim.  They also showed that HDACs are directly associated with HIF1-α, and HDAC 

inhibitors would be an effective way of targeting HIF1-α.  Another group showed that when 

human umbilical vein endothelial cells (HUVEC) were treated with TSA, a 50% reduction of the 

VEGF-induced overexpression of VEGFR2 mRNA was seen (Deroanne et al., 2002).  

Combined, these studies provide convincing evidence that TSA could be used as an anti-

angiogenic agent by targeting both cancer and endothelial cells (EC).  In cancer cells, HIF1-α 

degradation would be enhanced, thereby preventing the expression of VEGF. In EC, VEGFR2 

expression would be reduced, and ultimately VEGF-mediated angiogenesis could be inhibited.   

Other studies have shown how DNMT and HDAC inhibitors can have indirect effects on 

EC by upregulating anti-angiogenic genes in cancer cells.  Miki et al demonstrated that 5-aza-dC 

demethylated p16INK4a in lung cancer cells and re-expression caused a decrease in VEGF 

secretion (Miki et al., 2001).  Other genes which have anti-angiogenic properties and have been 

shown to be silenced by promoter methylation in cancer cells include: maspin (Domann et al., 

2000), tissue inhibitors of metalloproteinases-2 (TIMP-2) (Galm et al., 2005), TIMP-3 (Bachman 

et al., 1999), and a disintegrin and metalloproteinase with thrombospondin motifs-8 (ADAMTS-

8) (Dunn et al., 2004).  Thrombospondin-1 (TSP1) has also been shown to be silenced by 

methylation in a few different types of cancer (Oue et al., 2003; Rojas et al., 2008).  One group 
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showed when a xenograft model of neuroblastoma was treated with 5-aza-dC, TSP1 expression 

was restored via demethylation and both tumor angiogenesis and tumor growth were inhibited 

(Yang et al., 2003).      

 In 2006, the first report of DNMT inhibitors having direct angiostatic properties was 

published (Hellebrekers et al., 2006).  Hellebrekers et al. showed that 5-aza-dC and zebularine 

directly inhibited EC proliferation and sprouting.  Neither of these drugs affected EC apoptosis 

and migration, unlike TSA, which had significant effects to both apoptosis and migration.  Using 

a melanoma mouse model (B16F10) and xenograft colorectal cancer model, a decrease in 

microvessel density and tumor growth were seen in mice treated with either DNMT or HDAC 

inhibitors.  This study was also the first to report that global 5-mC levels were elevated in EC 

grown in tumor-conditioned media, compared to cells grown in standard media, and the total 5-

mC could be decreased with 5-aza-dC treatment.  However, when methylation patterns of the 

promoters of anti-angiogenic genes TSP1, jun B proto-oncogene (JUNB), and insulin-like growth 

factor binding protein-3 (IGFBP3) were assessed in EC, there was no difference in methylation 

patterns, even though expression was increased in 5-aza-dC and TSA treated EC.  Only H3 

acetylation at the IGFBP3 promoter region was reduced in tumor-conditioned EC, and following 

5-aza-dC and TSA treatment resulted in restored histone acetylation and IGFBP3 expression.      

 To try to understand how DNMT and HDAC inhibitors could be directly inhibiting EC 

behaviour, Hellebrekers performed an expression array on EC grown in tumor-conditioned 

versus normal media to identify which genes were downregulated in the tumor 

microenvironment (Hellebrekers et al., 2007b).  Though they identified 81 genes which were 

downregulated in tumor-conditioned media, they narrowed in on 7 genes which had: CpGi in 

promoters, and were upregulated by 5-aza-dC or TSA. They also ensured that there wasevidence 
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in literature that these genes were epigenetically silenced in cancer cells.  These 7 genes were: 

clusterin (CLU), intercellular adhesion molecule 1 (ICAM1), IGFBP3, fibrillin 1 (FBN1), 

tetraspanin 2 (TSPAN2), tumor necrosis factor receptor superfamily, member 21 (TNFRSF21), 

and quiescin Q6 (QSCN6).  Surprisingly, all 7 genes had no change in promoter DNA 

methylation, but did have decreased promoter H3 acetylation.  All of these genes have been 

found to have anti-angiogenic properties, and treatment with 5-aza-dC and TSA combination 

restored expression levels in tumor-conditioned EC.  These 7 genes were also confirmed to be 

down-regulated in the EC from a clinical colon cancer microdissection, compared to normal 

tissue EC (Hellebrekers et al., 2007b).     

Combining the results of multiple studies, it appears that DNMT and HDAC inhibitors 

have three mechanisms by which they may cause tumor regression.  The first is by reactivating 

epigenetically silenced tumor suppressor genes in tumor cells.  The second is by indirect 

angiostatic effects through the release of silenced anti-angiogenic genes in tumor cells and 

decreasing pro-angiogenic factors such as VEGF.  The third mechanism involves the direct 

angiostatic effects of these inhibitors by decreasing EC growth and thereby decreasing tumor 

angiogenesis (Hellebrekers et al., 2007a).  Therefore, DNMT and HDAC inhibitors have great 

theoretical potential for multi-targeted cancer therapy.    

Tumor Microenvironment 

  

 The USA National Cancer Institute defines the tumor microenvironment as “The normal 

cells, molecules, and blood vessels that surround and feed a tumor.  A tumor can change its 

microenvironment, and the microenvironment can affect how a tumor grows and spreads” 

(www.cancer.gov).   It is therefore apparent that the blood flow in a tumor plays a central role in 
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dictating a tumor's microenvironment by modifying the metabolic pathways in the tumor (Avni 

et al., 2011).  As previously mentioned, the blood flow in tumors is abnormal due to the irregular 

vasculature, and because the rate of expansion of a tumor exceeds the rate of angiogenesis, 

ischemia often occurs in solid tumors.  Ischemia, or reduced blood flow, results in heterogeneous 

tissue microenvironments with areas of hypoxia, acidity and low nutrient availability 

(Raghunand et al., 2003).   

Hypoxia 

 

 Hypoxia, or reduced oxygen levels, is a common occurrence in many different solid 

tumors.  In colorectal cancer patients, 2.2-37.8% of cells were hypoxic in tissue biopsies 

(Goethals et al., 2006).  The amount of oxygen in cancer cells is based on their distance from a 

functional blood vessel, and therefore hypoxia is usually present as a gradient in solid tumors 

(Secomb et al., 1993), and there are both hypoxic (pO2<<normal) and anoxic (pO2 = 0 mm Hg) 

areas heterogeneously dispersed within the tumor (Vaupel et al., 1989).  As the distance from a 

functional blood vessel increases, so does the extent of hypoxia.  Hypoxia affects tumor 

progression by increasing angiogenesis, inducing genetic instability, and increasing selective 

pressure, resulting in increased tumor aggressiveness and resistance to hypoxia-induced 

apoptosis.  Hypoxia also protects cells from radiation and chemotherapy, and has therefore been 

linked to a poor prognosis (Avni et al., 2011; Vaupel and Harrison, 2004). 

 A cell's ability to respond to changes in oxygen-tension is mostly credited to hypoxia 

inducible factor-1 (HIF1).  In 1992, Semenza and colleagues discovered HIF1 and its consensus 

sequence in the erythropoietin gene, in cells grown in hypoxic conditions (Semenza and Wang, 

1992).  HIF1 is a heterodimer consisting of HIF1α that is oxygen inducible, and HIF1β that is 
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oxygen independent.  Both subunits are constitutively expressed; however, HIF1α under normal 

oxygen levels is degraded by hydroxylation.  Hydroxylation causes Hif1α to interact with von 

Hippel-Lindau (VHL), a component of E3 ubiquitin ligase complex, causing ubiquitination and 

proteasomal degradation (Maxwell et al., 1999).  In hypoxia, hydroxylation, and therefore 

degradation, is blocked.  HIF1α accumulates and translocates into the nucleus to bind to HIF1β, 

to then bind to hypoxia response elements (HRE; 5’-RCGTG-3’).  HREs are found in many 

genes involved in hypoxia responses such as angiogenesis, erythropoiesis, energy metabolism, 

proliferation, and motility (Semenza, 2003).  HIF1α is also frequently found to be stabilized in 

cancer cells, regardless of oxygen levels.  The stabilization is due to other genetic mutations in 

oncogenes like Ras, Src, and PI3K, or losses in tumor suppressors like VHL (Bardos and 

Ashcroft, 2004).  Overexpression of HIF1α has been seen in colon, lung, ovarian, prostate, 

melanoma, and stomach cancers (Avni et al., 2011).            

 Hypoxia has been shown to increase genetic instability through the increased amount of 

deletions and translocations, due to reduced DNA repair in hypoxia (Mihaylova et al., 2003; 

Shahrzad et al., 2005; Yuan et al., 2000).  In addition to genetic alterations, hypoxia has also 

been shown to modify epigenetics as well.  Shahrzad et al. demonstrated that global 5-mC was 

decreased in hypoxic conditions, in melanoma and colorectal cancer cells and mouse xenografts 

(Shahrzad et al., 2007).  There have been more studies done on the impact of hypoxia on histone 

modifications.  Chen and colleagues showed that hypoxia increased the repressive mark 

H3K9me2, as well as the histone methyltransferase G9a protein and enzyme activity in human 

lung carcinoma cells (Chen et al., 2006).  Another study showed that hypoxia modifies multiple 

histone marks, both active and repressive.  Chromatin immunoprecipitation showed increases in 

H3K4me3 levels (marker of activation), and decreased H3K27me3 levels (marker of silencing), 
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were seen at core promoters of both hypoxia-activated and repressed genes (Johnson et al., 

2008).  Perhaps hypoxia stimulates a bivalent state of chromatin, making certain genes in a 

flexible state of expression.       

Hypoglycaemia  

 

 As with hypoxia, it has been predicted that there are concentration gradients for glucose 

in the extravascular space of tumors (Kallinowskil et al., 1985).  It is well documented that the 

energy demands of cancer cells are higher than in normal cells, and the metabolic pathways are 

altered.  Cancer cells will use glycolytic fermentation even in the presence of oxygen, instead of 

using the Krebs cycle which is much more efficient at generating ATP; this is termed as the 

Warburg effect or aerobic glycolysis (Warburg, 1956).    To aid in aerobic glycolysis, cancer 

cells with a constitutively stable HIF1 (either from a mutation or hypoxic environment) will have 

increased expression in glucose transporters (GLUT), GLUT1 and GLUT3, as these genes are 

regulated by HIF1 (Brown, 2000).  The increase in GLUTs will increase movement of glucose 

from the blood into the cancer cells, thereby increasing glycolysis.  However, the glucose uptake 

of cancer cells will be directly proportional to the glucose availability.     

 

 

 In summary, both epigenetics and angiogenesis are important contributing factors in 

cancer development.  An association between the tumor microenvironment and epigenetic 

regulation has recently become evident and is potentially important in understanding tumor 

progression and developing future therapeutic solutions.   
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Table 1 – Types of covalent histone posttranslational modifications (Modified from (Latham 

and Dent, 2007)) .   

 

Modification Role in Transcription Histone-modified sites 

Acetylation  Activation H2A (K5, K9, K13) 

H2B (K5, K12, K15, K20) 

H3 (K9, K14, K18, K23, K27, 

K36, K56) 

H4 (K5, K8, K12, K16) 

Methylation Activation H3 (K4me1/3, K9me1, 

K27me1, K79me1/2/3) 

H4 (K20me1) 

 

 Repression H3 (K9me2/3, K27me2/3) 

 

Ubiquitination Activation H2B (K120) 

 

 Repression H2A (K119) 

Phosphorylation Activation H2A (S1, T120) 

H2B (S14) 

H3 (T3, S10, T11, S28) 

H4 (S1) 
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Table 2 – Known mutations in regulators of epigenetic patterning in cancer (Modified from 

(Ellis et al., 2009)). 

Enzyme 

Category 

Protein Deregulation in Cancer Cancer-type 

DNMTs DNMT1 Mutation, overexpression Colon/multiple 

DNMT3A Overexpression Multiple 

DNMT3B Overexpression Multiple 

MBDs MeCP2 Mutation, overexpression Multiple 

MBD1 Mutation, overexpression Multiple 

MBD2 Mutation, overexpression Multiple 

MBD3 Mutation, overexpression Multiple 

MBD4 Mutation Colon, stomach, 

endometrium 

HATs p300 Mutations, translocations, 

deletions 

Multiple 

CBP Mutations, translocations, 

deletions 

Multiple 

pCAF Mutations Colon 

HDACs HDAC1-8 Over- and underexpression, 

mutations 

Multiple (many in colon) 

HMTs MLL1-4 Translocation, amplification, 

mutations 

Hematologic, Glioma, 

pancreas, colon 

NSD1-3 Translocation, amplification Acute myeloid leukemia, 

multiple myeloma, breast 

EZH2 Amplification, 

overexpression 

Multiple 

Suv39H1 Mutation/overexpression Ovarian/colon 

Histone 

demethylases 

GASC1 Amplification Squamous cell carcinoma 

PUT1 Overexpression Breast 
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RATIONALE 

 

Cancer is a disease of abnormal gene function and altered patterns of gene expression.  In 

most recent years, it has become apparent that abnormalities in both genetic and epigenetic 

profiles lead to the development of cancer.  Given the reversibility of epigenetic modifications, 

altering the epigenome has become an interesting target in cancer therapy.  By inhibiting the 

enzymes responsible for methylating DNA and deacetylating histones, the potential for restoring 

normal epigenetic patterning and ultimately gene expression has been recognized by scientists. 

Evidence for this potential therapeutic strategy lies in the four FDA approved agents used in the 

treatment of certain types of leukemia and lymphoma.  However, these inhibitors have 

limitations since they only target the removal of transcriptionally repressive epigenetic 

modifications, and many cancers arise from abnormal activation of genes or repetitive elements 

from events such as loss of DNA methylation.  In addition, the details of how epigenetic 

modifications are dysregulated in cancer are still unidentified.  

Previous results for our laboratory have shown that human colorectal cancer (CRC) cells 

have less total DNA methylation when exposed to hypoxic conditions.  This prompted the 

question: how is hypoxia altering DNA methylation?  For the first objective, we wanted to 

answer this question by determining how ischemia (hypoxia and hypoglycaemia) was modifying 

DNA methylation enzyme expression, and if p53 status influenced DNMT expression.  

Experiments were designed to create expression profiles of DNMT1, DNMT3a, and DNMT3b in 

normal and ischemic conditions in a paired set of p53+/+ and p53-/- human CRC cells.  As well, 

a detailed look at the promoter region of one known methylated gene was examined for changes 

in methylation.  We hypothesized that DNMT expression and activity are dysregulated by 

ischemia in a p53-dependent manner.   
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Based on the results of the first objective, we then wanted to further explore the 

functional consequences of ischemia-mediated DNMT expression in the same human CRC cells.  

The experimental design for the second objective utilized a whole genome, multi-platform 

approach of detecting promoter methylation changes and expression changes under ischemic 

conditions.  Enriched methylated DNA was applied to a promoter array, and overlaid with the 

results of an expression array to identify which genes were impacted by ischemia-mediated 

repression of DNMTs.  We hypothesized that the downregulation of DNMT expression by 

ischemia would upregulate genes involved in cellular motility, through promoter 

hypomethylation.     

Most research preformed with DNMT or HDAC inhibitors has been in cancer cells.  

Recent work has demonstrated that endothelial cells are also capable of epigenetic dysregulation, 

especially in tumor vasculature.  Since epigenetic modifying agents have been shown to have 

anti-angiogenic properties, we decided for the third objective to test the hypothesis that 

combining a multi-targeted angiogenic tyrosine kinase inhibitor (TKI) with DNMT or HDAC 

inhibitors will have improved anti-angiogenic effects, than either inhibitors alone.  Experimental 

design included using human umbilical vein endothelial cells and treating them with sunitinib (a 

TKI) and DNMT and HDAC inhibitors, and testing how the combination of these agents 

impacted angiogenic properties such as migration and proliferation.  

In conclusion, these studies aimed to investigate how an intrinsic property of solid tumors 

(ischemia) impacts epigenetic patterning and gene expression, and ultimately cell behavior in 

CRC cells.  As well, the outcome of extrinsically modifying epigenetic patterning in endothelial 

cells was explored with the use of DNMT and HDAC inhibitors. 
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CHAPTER 2 –ISCHEMIA DOWNREGULATES DNA METHYLTRANSFERASES IN 

HUMAN COLORECTAL CANCER CELLS 

 
A similar version of this chapter is already published: 

Skowronski K, Dubey S, Rodenhiser D, Coomber B (2010) Ischemia dysregulates DNA 

methyltransferases and p16INK4a methylation in human colorectal cancer cells. 

Epigenetics 5: 547-556 

 

 

Introduction 

 

Cancer is a genetic disease initiated by modifications to gene expression via alterations to 

DNA, such as point mutations or changes in copy number, and by non-coding modifications to 

chromatin (Gronbaek et al., 2007).  Non-coding modifications, or epigenetic alterations (Jain, 

2003), include post-translational modifications to histones and DNA methylation.  These 

epigenetic alterations cause modifications in chromatin configuration, leading to changes in gene 

expression.  

DNA methylation is the covalent addition of a methyl group to cytosine bases which are 

5’ to guanine bases – 5’CpG 3’, resulting in gene silencing (Gronbaek et al., 2007; Rodenhiser 

and Mann, 2006).  Concentrated regions of CpGs, referred to as CpG islands (CpGi), are 

generally unmethylated and located in the 5’ untranslated region, promoters, and first exons and 

are found in approximately 60% of genes (Bird, 2002).  Exceptions to this general pattern 

include imprinted genes and inactivated X chromosomes, which are generally hypermethylated.   

CpGs not located in islands are generally methylated, and make up 3-4% of the cytosines in a 

genome (Hellebrekers et al., 2007a).   Non-coding regions of DNA, including repeat elements, 
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viral sequences and transposons are heavily methylated to prevent the transcription of these 

sequences (Hellebrekers et al., 2007a).
 
   

DNA methylation is catalyzed by enzymes known as DNA methyltransferases (DNMT).  

There are three main members of the DNMT family: DNMT1, DNMT3a, and DNMT3b (Bird, 

2002).  DNMT1, the maintenance methyltransferase is present in high amounts in somatic tissue 

(Turek-Plewa and Jagodzinski, 2005).  During DNA replication, DNMT1 copies the methylation 

pattern from the template strand to the newly synthesized strand.  DNMT3a and 3b are the de 

novo methyltransferases and have a preference for unmethylated DNA.  These enzymes are 

active post-replication and establish methylation patterns during gametogenesis and 

embryogenesis, but have low expression in normal somatic tissue (Bird, 2002). 

Epigenetic regulation plays a significant role in tumor formation and progression.  Cancer 

cells, when compared to normal cells, are generally characterized as having global 

hypomethylation combined with selective promoter hypermethylation (Hellebrekers et al., 

2007a). Loss of normal DNA methylation marks leads to cancer development by inducing re-

expression of viral genes, activation of oncogenes, loss of imprinting, X chromosome activation, 

and genomic instability (Hellebrekers et al., 2007a).  More commonly noted are the effects of 

DNA hypermethylation, which leads to the silencing of cell cycle control and other tumor 

suppressor genes (Robertson, 2002). Abnormal epigenetic alterations in cancer are hypothesized 

to arise via genetic disruptions in the enzymes which catalyze chromatin modifications, but this 

remains unclear.  Over-expression of DNMT1, 3a, and 3b resulting in DNA hypermethylation 

has been reported in many different cancer types, such as breast, hepatocellular, stomach and 

colorectal carcinoma (CRC) (Girault et al., 2003; Kanai et al., 2001; Sun et al., 1997).  It has 
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been hypothesized that more genes are disrupted in cancer cells by epigenetic modifications than 

by genetic mutations (Herman and Baylin, 2003) 

Angiogenesis, defined as the growth of new blood vessels from pre-existing vasculature, 

is essential in reproduction, development and wound healing (Alessi et al., 2004). However, 

there is also a broad range of diseases dependent on pathological angiogenesis such as 

autoimmune disorders, age-related macular degeneration, atherosclerosis, and cancer (Folkman, 

2007). Angiogenesis is a fundamental step in tumor progression, as a solid tumor cannot grow 

larger than 2-3 mm
3
 without a blood supply (Masuda et al., 1989).  Both the structure and 

function of tumor vessels are abnormal and characterized as disorganized, tortuous, dilated, of 

uneven diameter, and with excessive branching and shunts (Carmeliet and Jain, 2000).  As a 

result, blood flow in tumors is chaotic and variable and leads to heterogeneous tissue 

microenvironments with areas of hypoxia, acidity, and low nutrient availability (Raghunand et 

al., 2003).  Previous results from our laboratory showed that hypoxia decreased the global levels 

of 5-methylcytosine in certain tumors and cancer cell lines (Shahrzad et al., 2007).  Here we 

further pursue the mechanisms behind this finding by determining the expression patterns and 

activity levels of DNMTs under hypoxia and hypoglycaemia, as models of tumor ischemia.   

Tumor protein p53, is a stress-induced protein that prevents cells from progressing 

through the cell cycle if DNA damage is detected, and can signal the cell to undergo apoptosis if 

the damage is unrepaired (Vogelstein et al., 2000).  This critical tumor suppressor gene is 

mutated in approximately 50% of all primary human cancers (Vogelstein et al., 2000).  In CRC, 

about 40-50% of all cases have a mutation in the p53 gene (Russo et al., 2005).  Deletion of p53 

in HCT116 CRC cells resulted in increased transcription and translation of DNMT1, presumably 

through p53 mediated gene repression (Peterson et al., 2003). Therefore, loss of p53 may 
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significantly contribute to aberrant genomic methylation through dysregulation of DNMT 

expression. Interestingly, mice that lack functional p53 have increased DNMT1 and DNMT3b 

message and protein in their somatic tissues (Park et al., 2005). We therefore hypothesized that 

expression of DNMT enzymes under ischemic conditions might be affected by p53 status, and 

investigated this in a paired set of p53
+/+

 and p53
-/- 

human colorectal cancer cells.  

Materials and Methods  

 

 A list of all chemicals and suppliers, and details of the materials and solutions used for 

the following experiments are detailed in Appendices I and II, respectively.   

Cell Culture 

 

HCT116 (p53
+/+

; ATCC, Manassas, VA) and 379.2 (a p53
-/- 

derivative of HCT116) 

(Vogelstein et al., 2000) cells were cultured in DMEM supplemented with 10% fetal bovine 

serum (FBS), 50 µg/ml gentamicin, and 1 mM sodium pyruvate.  Cells were grown at 37ºC in a 

humidified chamber with 5% CO2.  
 

In vitro ischemia 

 

Hypoxic/anoxic conditions were generated using a Modular Incubator Chamber with 

continuous flushing with a humidified mixture of 95% N2 and 5% CO2.  Hypoglycaemic 

conditions were mimicked with the use of glucose-free and pyruvate-free DMEM.  Confluent 

monolayers of cells were trypsinized, and 1 x 10
6
 cells were plated onto 60 mm plates and left in 

standard culture conditions overnight.  The following day, cells were washed with PBS and 

switched to low serum media: DMEM and 2% FBS.  24 hours thereafter, cells were washed with 

PBS again and assigned to three groups; control, hypoxic, and hypoglycaemic.  Cells were 
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incubated for 24 or 48 hours, and lysed for protein, DNA or RNA isolation.  Each experiment 

was performed at least in triplicate.   

For the DNMT1 recovery experiment, cells were exposed for 24 hours to ischemic 

conditions. Afterwards, media was changed to regular DMEM with glucose and cells were 

placed into an incubator with standard oxygen levels to allow for DNMT1 levels to recover.  

Protein was collected 0, 4, 8, 12, and 24 hours post incubation in normal conditions. 

 

Cellular Proliferation Assay 

 

 To confirm that HCT116 cells proliferate under in vitro ischemia, cells grown in hypoxic 

or hypoglycaemic conditions for 24 hours were treated with 10 µM bromodeoxyuridine for 2 

hours.  Cells were then fixed with methanol and denatured with 4 M HCl twice for 15 minutes, 

then stained with FITC conjugated rat anti-BrdU (1:50) for 1 hour at room temperature and 

assessed for BrdU incorporation into DNA.  Nuclei were counterstained with a 1:3,600 dilution 

of DAPI.  

 

RNA isolation and Real-time PCR 

    

Total RNA was isolated from HCT116 p53
+/+

 and p53
-/- 

cells following 24 hours in 

normal (control), hypoxic and hypoglycaemic conditions using TRIPure according to 

manufacturer’s instructions.  Total RNA was DNase treated with Turbo DNase I, quantified with 

a spectrophotometer (Nanodrop
®
) and 5 µg was reverse transcribed and treated with RNase H.  

Quantitative Real-time PCR was performed as described in manufacture’s instructions for 

LightCycler® FastStart MasterPlus SYBR Green I using a LightCycler 1.5 (Roche Applied 
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Science). Reaction conditions were as followed:  95°C for 10 min followed by 45 cycles of 10s 

at 95°C, 10s at 60°C, and 12s at 72°C; see Table 3 for primer sequences.  All primers sets 

generated one amplification peak/product, which was confirmed with agarose gel electrophoresis 

and sequencing.  Expression of genes of interest was normalized to beta-Actin.   

Western Blotting 

 

After incubation, adherent cells were lysed with whole cell lysis buffer containing 1.9 

ng/ml aprotinin (Sigma-Aldrich) and 10-50 µg total protein (as determined by Dc Protein assay) 

was loaded on a 7.5% SDS-polyacrylamide gel and separated by electrophoresis. Proteins were 

transferred to a polyvinylidene difluoride membrane and blocked in 5% non-fat milk. All 

membranes were incubated with primary antibodies in 5% non-fat milk diluted in Tris-buffered 

saline/Tween 20 overnight at 4ºC, and secondary antibodies were applied for 30 minutes at room 

temperature.  The following antibodies and dilutions were used: mouse anti-DNMT1 antibody 

(1:400); mouse anti--tubulin (1:200,000); rabbit anti-DNMT3a and rabbit anti-caspase-3 (both 

at 1:1,000).  POD conjugated secondary goat anti-rabbit or goat-anti mouse were used at 

1:5,000-40,000.  After washing in Tris-buffered saline/Tween 20, membranes were exposed to 

chemiluminescence solution as per kit instructions.  Proteins were visualized by X-ray film 

exposure and densitometric analysis was performed using ImageJ software (Abramoff et al, 

2004).  DNMT1/3a levels were normalized to -tubulin signal. 

DNMT activity assay 

 

Nuclear protein was isolated with EpiQuik™ Nuclear Extraction Kit I from cells exposed 

to ischemic-mimicking conditions for 24 hours, as described above.  Following protein 

quantification, 12 µg of nuclear protein was used in the EpiQuik™ DNA Methyltransferase 
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Activity/Inhibition Assay Kit according to the manufacturer’s protocol to measure total DNMT 

activity.   

In vivo evaluation  

 

One million HCT116 p53
+/+

 or p53
-/-

 cells were injected subcutaneously into the right 

flank of ten RAG1
-/- 

immunodeficient mice
 
(Mombaerts et al., 1992) from the University of 

Guelph colony.  Six HCT116 p53
+/+

 and four p53
-/-

 tumors were grown. All rodent work was 

done according to the guidelines of the Canadian Council on Animal Care as approved by the 

University of Guelph Animal Care Committee. Growth was monitored until tumors reached at 

least 500 mm
3
 in volume, then mice were euthanized by CO2 asphyxia and cervical dislocation, 

and tumor tissue was harvested, fixed in 10% buffered formalin, and paraffin embedded.  Five 

µm sections were cut, placed on slides, and deparaffinized.  Antigen retrieval was performed in 

10 mM sodium citrate, pH 6, heated to 95ºC.  Samples were blocked with DakoCytomation 

serum free protein block for 1 hour, then incubated with rabbit anti-CA IX primary antibody 

(1:500) in phosphate buffered saline with 0.1% Tween (PBS-T) for 1 hour, followed by donkey 

anti-rabbit Alexa Flour 488 (1:500) for 30 minutes at 22ºC.  After washing in PBS, specimens 

were incubated with mouse anti-DNMT1 (1:250) over night at 4°C followed by goat anti-mouse 

Cy3 (1:200) for one hour at 22ºC.  Nuclei were counterstained with a 1:3,600 dilution of DAPI, 

slides were rinsed and mounted using Dako Florescent mounting medium and stored at 4°C in 

the dark until imaging.  Control slides received PBS as a substitute for primary antibody.  Images 

were captured using a Leica Opti-Tech epifluorescence microscope equipped with appropriate 

excitation and emission filters, and Q-Capture software.  Images were merged using Adobe 

Photoshop 5.0 (Adobe, San Jose, CA).  The immunostained samples were randomized and 

analyzed in a blinded fashion. Tissue regions were classified into three groups: DNMT1 positive, 
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CA IX positive, or positive for both DNMT1 and CA IX staining.  Five fields per tumor were 

imaged and Optimus software (Fort Collins, CO) was used to measure areas for each group. 

Necrotic areas were determined by nuclear morphology and excluded from analysis. 

Bisulfite Sequencing  

 

DNA was isolated using the DNeasy Blood and Tissue Kit from cells grown in ischemia-

mimicking conditions for 48 hours.  A 48 hour treatment was used to allow for the ischemia-

mediated changes to DNMT enzyme levels to translate to changes in DNA methylation.  One µg 

of DNA was then bisulfite-converted using the Epitect Bisulfite Kit following the manufacture’s 

protocol.  MethPrimer (Li and Dahiya, 2002) was used to design primers for the first CpG island 

downstream of the transcription start site of the p16INK4a promoter (Table 3).  A hot start Taq 

polymerase was used in the bisulfite PCR to amplify regions of interest.  PCR reaction 

conditions were 94°C for 2 min, 40 cycles of 30s at 94°C, 30s at 60°C, 45s at 72°C, and a final 

cycle of 72°C for 7 min.  PCR reaction product was run on a 2% agarose gel, and the single band 

was excised and purified using the illustra™ GFX™ PCR DNA and Gel Band Purification Kit.  

Due to the nature of bisulfite modification, sequencing directly following PCR yields 

inconclusive results due to varying conversion efficiency and varying amount of methylation 

(Zhang et al., 2009).  To obtain clear sequencing results, cloning was therefore performed as 

follows: purified PCR products were ligated into pGEM-T easy plasmids for two hours on ice.  

DH5 alpha competent cells were transformed by heat shock and grown overnight on agar plates 

containing 100µg/ml ampicillin.  At least 10 colonies/treatment were selected and expanded in 

LB media containing 50 µg/ml ampicillin and plasmids were isolated the following day using the 

PureLink plasmid miniprep kit.  Plasmid DNA containing the bisulfite-modified DNA was 

analyzed by Sanger-sequencing (Laboratory Services, University of Guelph) and BiQ Analyzer 
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software (Bock et al., 2005) was used to analyze methylation patterns and generate diagrams.  

Human methylated and bisulfite modified DNA and unmethylated DNA (converted in parallel 

with samples) were used as controls for bisulfite conversion efficiency and accuracy.   

Statistical Analysis 

 

For the DNA methylation analysis by bisulfite sequencing, a Fisher’s exact test was 

performed.  One-way ANOVA was performed on all other data.  If the p value was less then or 

equal to 0.05, then the Bonferroni correction was performed on pairs of data.  Each assay was 

replicated at least three times.  

Results 

Cellular responses to ischemia 

 

BrdU incorporation into DNA was used to assess the proliferation status of HCT116 cells 

in ischemic conditions.  Both p53
+/+

 and p53
-/-

 cells continue to proliferate following ischemic 

exposure (Figure 1).  The proportion of proliferating cells (compared to total number of cells) did 

not change significantly between control, no oxygen or no glucose conditions in p53
+/+

 cells 

(p>0.05; Figure 1A).  In p53
-/-

 cells, nearly 100% of cells were proliferating in all three 

conditions (p>0.05; Figure 1B). Apoptosis was measured through caspase-3 cleavage after 

ischemic exposure.  p53
+/+

 cells did not show any detectable caspase-3 cleavage following no 

oxygen or no glucose treatment (Figure 1C). Similarly, p53
-/-

 cells did not show any detectable 

caspase-3 cleavage following no oxygen, although some evidence of cleaved caspase-3 was 

detected following the no glucose treatment of these cells when the western blot was exposed for 

a prolonged length of time.  
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Hypoglycaemia down-regulates transcription of DNMTs  

 

To determine if the transcription of DNMTs is affected by ischemic conditions, 

quantitative real-time RT-PCR was performed.  DNMT1 and DNMT3a transcription levels were 

significantly repressed in low glucose compared to control conditions, in p53
+/+

 but not p53
-/-

 

HCT116 cells (p<0.05; Figure 2A and 2B).  In p53
-/-

 cells, DNMT3a message was significantly 

reduced under low glucose conditions when compared to message levels in low oxygen; low 

oxygen alone did not alter DNMT1 and DNMT3a message significantly.  DNMT3b transcript 

levels were altered the most with significant reductions from control levels in both p53
+/+

 and 

p53
-/- 

cells under low glucose and low oxygen conditions (Figure 2C).   

   

Variable effects of ischemic conditions on DNMT1 and DNMT3a protein levels  

 

 Next, we investigated how ischemic conditions affected DNMT expression at the protein 

level.  DNMT1 protein levels in p53
+/+

 cells were significantly reduced (p<0.05) as compared to 

control by both low oxygen and low glucose, however, DNMT1 protein in p53
-/-

 cells remained 

unchanged (Figure 3A and B). 

The effects of ischemic conditions on DNMT3a protein levels were very different from 

those observed for DNMT1 (Figure 3C and D).  In low glucose, DNMT3a protein levels were 

greatly reduced in both p53
+/+

 cells and p53
-/-

 cells, and in some replicates, there were negligible 

levels of the protein (Figure 3D).  Low oxygen exposure had no significant impact on DNMT3a 

protein levels in either p53
+/+

 or p53
-/-

 CRC cells.  As seen in Figure 3D, p53
-/-

 cells express more 

DNMT3a than p53
+/+

 cells.   
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DNMT activity declines in ischemic conditions 

 

 When total DNMT activity was assessed using an ELISA-based assay, a reduction in 

enzyme activity was seen in low oxygen and low glucose conditions in the p53
-/-

 cells, compared 

to control (p<0.05; Figure 4).  Though DNMT activity was also reduced in p53
+/+

 cells grown in 

ischemic conditions, this was not statistically significant (p>0.05).  

Qualitative in vivo evidence for down-regulation of DNMT1 in hypoxia 

 

Immunofluorescent staining performed on tumor xenografts revealed a heterogeneous 

population of cells in both p53
+/+

 and p53
-/-

 HCT116 tumors.  Some carbonic anhydrase IX (CA 

IX) positive cells (i.e. cells in hypoxic regions of tumor), showed robust DNMT1 staining, while 

others showed a clear absence of expression (Figure 5D).  No quantitative differences in the 

number of hypoxic, DNMT1 negative cells were detectable between the p53
+/+

 and p53
-/-

 tumors 

as determined by area measurements counts (See Appendix III).     

Recovery time for DNMT1 

 

 HCT116 p53
+/+

 cells grown in no oxygen required between 8 and 12 hours return to 

normoxia to recover DNMT1 to pre-ischemic levels.  Cells grown in no glucose required 

between 4 and 8 hours return to normal glucose media to recover DNMT1 to pre-hypoglycaemic 

levels (Figure 6A).  The same recovery time experiment was performed for HCT116 p53
-/- 

cells, 

and as expected, DNMT1 levels were not reduced by no oxygen or no glucose, and therefore 

remained consistent after cells were returned to normal oxygen and glucose levels (Figure 6B).   
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p16INK4a promoter methylation altered by ischemia 

 

 A 269 bp region of the human p16INK4a promoter located between positions -601 and -

332 from the start codon, containing two transcriptionally essential GC boxes
 
(Wu et al., 2007) 

and 13 CpGs was assessed via bisulfite sequencing following 48 hour exposure to no glucose or 

no oxygen.  In control conditions, approximately 50% of clones assessed were fully methylated 

in both p53
+/+

 and p53
-/-

 HCT116 cells.  Following exposure to no oxygen, p53
+/+

 cells had a 

statistically significant increase (p<0.05) in methylation while p53
-/-

 cells had no change in their 

methylation patterns in the region of interest.  Following exposure to no glucose, both p53
+/+

 and 

p53
-/-

 cells showed significant decreases in methylation compared to control (p<0.05; Figure 7).     

 

Discussion 

 

This study demonstrates that ischemic conditions, specifically hypoxia and 

hypoglycaemia, have significant effects on DNMT expression and activity in human colorectal 

cancer cells.  

The p53 status of cells plays a role in this observed dysregulation of DNMT expression 

and varies in outcome depending on the enzyme examined.  DNMT1 protein was only down-

regulated in p53
+/+

 cells, by both hypoxia and hypoglycaemia. Hypoglycaemia significantly 

reduced DNMT3a protein in both p53
+/+

 and p53
-/- 

cells, while DNMT3b mRNA was reduced by 

both hypoxia and hypoglycaemia, regardless of p53 status. Although a minimal amount of 

caspase-3 cleavage was seen in p53
-/- 

cells under hypoglycemia, cell cycling was not affected by 

our ischemic conditions thus the expression patterns we report here are likely due to other factors 

besides differential cell survival. Overall, we find that ischemic conditions modify DNMT 
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expression profiles, and may account for the irregular methylation patterns seen in solid tumors 

(Baylin et al., 1998).        

 When HCT116 cells lacking a functioning p53 were exposed to hypoxic conditions, a 

modest (although not statistically significant) increase in DNMT3a protein levels was seen.    

Interestingly, Park et al. reported approximately 85% increased DNMT3a expression in the liver 

of pre-malignant, p53
-/-

 mice when compared to p53
+/+

 mice (Park et al., 2005).  We demonstrate 

here that hypoxia can also elevate the expression of DNMT3a in colorectal cancer cells, which 

could potentially lead to abnormal hypermethylation in hypoxic regions of a tumor.  We also 

found the combination of hypoxia and p53 deletion/mutation to have even greater effects on this 

enzyme’s expression then either stress alone.  Studies have examined DNMT transcriptional 

regulation by identifying several transcription factor binding sites in the promoter region of 

DNMT1, such as for activator protein 1 (AP-1), E2F (Bigey et al., 2000), Sp1 and Sp3 

(Kishikawa et al., 2002), supporting the concept that DNMT1 expression is cell-cycle dependent. 

However, our ischemic conditions did not significantly alter cell proliferation in HCT116 cells 

and we therefore conclude that any ischemia-mediated changes in DNMT levels reported here 

are likely due to other pathways.    

A possible mechanism for the observed modest increase in DNMT3a expression could be 

the hypoxia inducible factor (HIF1) pathway, which acts through the binding of HIF to the 

hypoxia response element (HRE) DNA recognition sites (Kaluz et al., 2008). Database searches 

of 1,500 bp promoter region upstream of the start site for all three DNMTs revealed that they 

each contain at least one putative conserved core region (A/GCGTG) of the HRE. However, we 

did not see significant increases in DNMT gene expression, thus these sites are unlikely to be 

active in our system. This is consistent with the fact that the flanking regions of HRE are highly 
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variable and critical for HRE function (Kaluz et al., 2008). Regarding DNMT1 and DNMT3b 

hypoxia-mediated repression, repressors such as negative cofactor 2 (NC2) have been reported to 

be stimulated by hypoxia and could be a possible mechanism for DNMT down-regulation in 

ischemic conditions (Denko et al., 2003).  

To evaluate the relationship between DNMT1 and hypoxia in vivo, we performed dual 

immunofluorescence for DNMT1 and carbonic anhydrase IX (CA IX). CA IX is a 

transmembrane protein that catalyzes the hydration of carbon dioxide to carbonic acid, and has 

been shown to be overexpressed in hypoxia and therefore a useful endogenous marker of tissue 

ischemia (Olive et al., 2001).  Our analysis of the immunostaining showed that while some cells 

stained positive for both hypoxia and DNMT1, many regions within these tumors showed an 

inverse relationship with increased hypoxia resulting in decrease DNMT1.  Evaluation of 

biopsies from colorectal adenocarcinoma patients found a range of pimonidazole staining (an 

exogenous marker of hypoxia) of 2.2-37.8% of hypoxic cells, with hypoxic regions spread 

heterogeneously throughout the tumor (Goethals et al., 2006).  Therefore, with hypoxia being 

prevalent in human clinical CRC, our findings suggest DNMT expression, and hence DNA 

methylation, could be regionally disrupted throughout a solid tumor by hypoxia.   We previously 

demonstrated that in vitro ischemia leads to reduced levels of 5-methylcytosine in HCT116 cells 

and that CRC xenografts contain less 5-methylcytosine in ischemic regions than in normoxic 

regions (Shahrzad et al., 2007), consistent with the downregulation in DNMT activity we report 

here. 

Our results also agree with previous studies that DNMT1 expression is mediated by p53 

(Guo et al., 2008; Peterson et al., 2003), and we extend this finding by showing that ischemia-

mediated down-regulation of DNMT1 does not occur in p53
-/-

 cells.  However, our study is the 
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first to demonstrate a down-regulation in DNMT activity by ischemia, in both p53
+/+

 and p53
-/-

 

cells.  Although we observed mild increases in DNMT3a protein levels in the face of decreased 

enzyme activity, one explanation for this apparent contradiction is that DNMT1 is the main 

methyltransferase (Turek-Plewa and Jagodzinski, 2005), therefore low levels of active DNMT3a 

in these cells may not have measurable effects on total DNA methylation activity.  The impact of 

this ischemia-mediated regulation of DNMT activity was further pursued by examining DNA 

methylation patterns at a known hypermethylated gene, p16INK4a.  

p16INK4a, a cyclin-dependent kinase inhibitor, is very commonly inactivated or mutated 

in many types of cancer including CRC, and loss of expression of this tumor suppressor can 

occur due to promoter DNA hypermethylation (Herman et al., 1995).  In normal somatic tissue, 

p16INK4a remains unmethylated, allowing for normal cell cycle control by binding cdk4/cdk6 

(Herman et al., 1995). However, once p16INK4a is silenced or mutated, cdk4 and cdk6 are 

available to bind to cyclin D, resulting in loss of cell cycle control (Auerkari, 2006).  In HCT116 

cells, one allele of p16INK4a is hypermethylated in the promoter region (Myohanen et al., 1998), 

consistent with our finding that 50% of bisulfite sequencing clones in control cells were fully 

methylated for the region we evaluated.  Therefore, it was of interest to assess the functional 

consequence of DNMT dysregulation by ischemia in the promoter region of p16INK4a.  After 

cells were grown for 48 hours in a glucose-free media, decreases in the amount of methylated 

clones/cells were seen (in both p53
+/+

 and p53
-/- 

cells), matching what was observed in DNMT 

activity.  However, this hypomethylation was not sufficient to induce re-expression of p16 as 

detectable by qRT-PCR for mRNA, or western blotting for protein (results not shown), perhaps 

due to concomitant repressive alterations to histone proteins.  
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There is evidence for ischemia mediated regulation of other epigenetic marks such as the 

histone modification dimethylated histone H3 lysine 9 (H3K9me2), which results in gene 

repression and silencing.  Costa and colleagues showed that hypoxia increased H3K9me2, as 

well as the histone methyltransferase G9a protein and enzyme activity in human lung carcinoma 

cells (Chen et al., 2006).  Promoter regions of Mlh1 and Dhfr genes had increased H3K9me2 and 

decreased expression as a result of the hypoxia (Chen et al., 2006).  A recent study has shown 

that hypoxia decreased histone H3 acetylation at the Mlh1 promoter in mouse colon cells and 

resulted in reduced MLH1 expression at mRNA and protein levels (Edwards et al., 2009).  

Solid tumors undergo angiogenesis to meet the increased demand for oxygen and 

nutrients.  These tumor blood vessels are often abnormal and result in chronic or transient 

ischemia (Raghunand et al., 2003).  According to our findings, the ischemia that a solid tumor is 

commonly subjected to (Goethals et al., 2006) is helping to drive epigenetic disruption.  Anti-

angiogenic drugs designed to cut off blood supply to tumors may also be accelerating ischemia 

in solid tumors (Shahrzad et al., 2008) and as a result these therapies may unintentionally alter 

epigenetic processes. If the tumor microenvironment is modifying DNMT expression and 

activity, therapies targeted at inhibiting DNMT1 may not be effective if DNMT1 levels or 

activity are already being reduced by ischemic conditions. To date, several clinical trials that 

explored the use of DNMT inhibitors reported poor results with low rates of complete remission 

(CR) and partial response (PR) in solid tumors (Issa and Kantarjian, 2009).  Clinical success 

(improved CR and PR percentages and hematologic recovery) has been seen with DNMT 

inhibitors in hematologic malignancies (Issa and Kantarjian, 2009), but extending these results to 

solid tumors remains a challenge.  Therefore, it is of interest to better understand the dynamics of 

DNMTs in solid tumors, to improve on this therapeutic approach.     
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Previous studies have shown genetic depletion of DNMT1 resulted in lower maintenance 

methyltransferase activity, global and gene-specific demethylation, and re-expression of silenced 

tumor suppressor genes in HCT116 cells (Robert et al., 2003).  Our study demonstrates that 

ischemic conditions could be endogenously reducing DNA methylation, leading to re-expression 

of silenced tumor suppressor genes.  Another potential result of ischemia-mediated DNMT 

down-regulation could be increased genomic instability due to the movement of transposable 

elements, activation of viral DNA and/or loss of imprinting (LOI), resulting in a highly mutated 

genome.  For example, knockout of DNMT-1 and -3a in HCT116 cells has been shown to lead to 

hypomethylation at the IGF2 gene, resulting in LOI (Cui et al., 2002). As well, mouse embryos 

deficient in DNMT1 have a 50-100 fold increase in intracisternal A particle retrovirus transcripts 

(Walsh et al., 1998), demonstrating that a loss of DNMT1 can activate previously silenced 

retroviral DNA. 

Erythropoietin (EPO) is a potential target of hypomethylation in ischemic cells.  EPO is a 

hypoxia-induced cytokine that stimulates erythropoiesis, and many studies have shown that EPO 

protects against tissue ischemia (Paschos et al., 2008).  Interestingly, the CpG regions in the 

HRE in the EPO promoter must remain unmethylated in order for hypoxia-induced transcription 

to occur (Wenger et al., 1998).  Thus the promoter region of EPO is a target for ischemia-

mediated hypomethylation as an adaptive mechanism in ischemic tissue.  There are several other 

genes involved in adaptation to ischemia which utilize the HIF1 pathway, such as vascular 

endothelial growth factor (VEGF) and inducible nitric oxide synthase (iNOS)(Wenger et al., 

1998). 

We have demonstrated that the tumor microenvironment may be an important modulator 

of DNMT expression, and the effects of ischemia on global methylation and expression changes 
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in human colorectal cancer is investigated in the next chapter.  The impact of agents that 

modulate the tumor microenvironment (such as anti-angiogenic therapy) on DNA methylation 

and the effectiveness of DNMT inhibitors also remains unknown, and further studies are needed 

to answer this important question. 
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Table 3 – Primers and sequences used in quantitative real-time PCR and bisulfite 

sequencing.  Sizes of PCR products are shown under respective primer names. Accession 

numbers are shown in parenthesis. 

Primers Sequences Annealing Temp (°C) 

DNMT1 

106 bp 

(NM_001379.2) 

F: AGAACCAACACCCAAACAG 

R: GCTTCTTCTCATCTTTCTCGT 

60.0 

DNMT3a 

118 bp 

(NM_175629.1) 

F: GTGAGGACCATTACTACGAG 

R: CCAAATACCCTTTCCATTTCAG 

60.0 

DNMT3b 

171 bp 

(NM_006892.3) 

F: CCTTACCATCGACCTCACAG 

R: CTCCTTCCCATCCTGATACTC 

60.0 

β-actin 

171 bp 

(NM_001101.3) 

F: AAGATCAAGATCATTGCTCCTC 

R: CAACTAAGTCATAGTCCGCC 

60.0 

p16INK4a 

269 bp 

(NG_007485)  

F: GGTGGGGTTTTTATAATTAGGAAAG  

R: AAACTAAACTCCTCCCCACCTAC  

60.0 
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Figure 1 – Effects of ischemia on proliferation and apoptosis of HCT116 cells.  Cellular 

proliferation demonstrated by BrdU incorporation into HCT116 p53
+/+

 (A) and p53
-/- 

(B) cells 

grown under control, no oxygen, and no glucose conditions. Arrows indicate cells which are 

proliferating (BrdU positive), while arrow heads indicate BrdU negative cells.  Scale bar 

represents 100 µm. We examined apoptosis under ischemic conditions via western blotting for 

caspase-3 cleavage (C). Low amounts of cleaved (activated) caspase-3 were only seen in p53
-/-

 

cells exposed to no glucose conditions.   
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Figure 2 – Quantitative real-time reverse transcription PCR of DNMTs in ischemia.  cDNA 

levels of DNMT1 (A), DNMT3a (B), and DNMT3b (C) from p53
+/+

 and p53
-/-

 HCT116 cells, 

after 24 hours in control (C), low oxygen (LO) and low glucose (LG).  cDNA levels were 

normalized to -Actin expression.  DNMT expression of each cell line was normalized to the 

control condition.  Averages of 5 independent experiments with standard error are shown.  

*Indicates p≤0.05 relative to cell type respective control. **Indicates p≤0.05 relative to low 

oxygen. 
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Figure 3 – Protein expression profiles of DNMT1 and DNMT3a.  Protein levels of DNMT1 

(A,B) and DNMT3a (C,D) in p53+/+ and p53-/- HCT116 cells cells after 24 hours in control (C), 

low oxygen (LO) and low glucose (LG).  DNMT1 (200 kDa) and DNMT3a (130 kDa) protein 

levels were normalized to -tubulin (50 kDa) to account for any protein loading discrepancies.  

Averages of 3 independent experiments with standard error are shown. * indicates p≤0.05 

relative to cell type respective control. 
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Figure 4 – Effects of ischemia on total DNMT activity.  Activity levels of total DNMTs were 

measured with EpiQuik™ DNA Methyltransferase Activity/Inhibition Assay Kit.  Nuclear 

protein was isolated from p53+/+ and p53-/- HCT116 cells after 24 hours in control (C), low 

oxygen (LO) and low glucose (LG).  The assay measures the amount of DNA methylation, 

which is proportional to DNMT activity.   The average of four independent experiments with 

standard error is shown. * indicates p≤0.05 relative to cell type respective control. 
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Figure 5 – Detection of DNMT1 and hypoxic regions in HCT116 xenografts by 

immunofluorescence.  Blue channel is nuclear staining by DAPI (A), red channel is DNMT1 

(B), green is CA IX/hypoxia marker (C), and overlay of DNMT1 and CA IX (D).  Arrows 

indicate cells which are hypoxic and DNMT1 negative.  Asterisks indicate cells which are both 

hypoxic and expressing DNMT1. Scale bar represents 50 µm.      
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Figure 6 – Assessment of DNMT1 recovery time following ischemic exposure.  Western blot 

showing recovery of DNMT1 protein levels in HCT116 p53+/+ (A) and p53-/- (B) cells after 24 

hours in no oxygen or no glucose.  Protein was collected after cells were restored to normal 

conditions for 0, 4, 8, 12, and 24 hours. 

5 A 
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Figure 7 – Effect of ischemia on p16INK4a promoter region methylation.  Map of proximal 

p16INK4a promoter region chosen for analysis; each circle represents a CpG (A).  Detection of 

DNA methylation changes using bisulfite sequencing in human p16INK4a promoter region 

following exposure to ischemia in vitro for 48 hours (B).  Open and closed circles represent 

unmethylated and methylated CpGs, respectively. A dash is an unknown methylation status.  In 

p53
+/+

 cells, p16INK4a methylation significantly increased following no oxygen treatment, and 

significantly decreased following no glucose treatment (p≤0.05).  In p53
-/-

 cells, there was a 

significant decrease in methylation following no glucose treatment (p≤0.05).   
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CHAPTER 3 – GENOME-WIDE ANALYSIS OF ISCHEMIA-MEDIATED DNMT 

REPRESSION 

Introduction 

 

DNA methylation is an important epigenetic mechanism which modifies gene expression 

(Gronbaek et al., 2007).    Methylated DNA is a mark of transcriptional silencing, for the methyl 

group changes the configuration of DNA and therefore prevents transcription factors from 

binding (Watt and Molloy, 1988), as well as triggering the recruitment of other repressors and 

chromatin modifying enzymes to the site and further silencing expression through chromatin 

condensation (Boyes and Bird, 1991; Nan et al., 1998).  The enzymes that catalyze the 

conversion of cytosine to 5-methylcytosine are called DNA methyltransferases (DNMT) (Bestor 

et al., 1988).  The most common DNMTs are DNMT1 (maintenance methyltransferase) and 

DNMT3a and DNMT3b (de novo methyltransferases) (Bestor, 2000).   

In cancer, two common disruptions are observed to DNA methylation patterns: promoter-

specific hypermethylation and global hypomethylation (Esteller, 2007).  Most studies focus on 

DNA hypermethylation and the impact that silencing tumor suppressor genes has on tumor 

initiation, progression, and prognosis.  DNA hypomethylation has mostly hidden in the shadows 

of DNA hypermethylation’s attention in cancer therapy, even though it was the first observation 

of epigenetic disruption noted in cancer (Feinberg and Vogelstein, 1983; Hoffmann and Schulz, 

2005).  Despite the initial unawareness of the importance of DNA hypomethylation in cancer, it 

is now known that repetitive sequences become demethylated and lead to genomic chaos (Eden 

et al., 2003; Gaudet et al., 2003).  In addition to genomic instability, loss of imprinting (Cui et 

al., 2002) and abnormal X-chromosome activation contribute to tumorigenesis (Laner et al., 
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2005).  Interestingly, studies have shown that demethylation can be site specific to single-copy 

genes, just as is the case with DNA hypermethylation (Hoffmann and Schulz, 2005). 

Hoffmann and Schultz (2005) hypothesized that DNA hypomethylation accelerates the 

adaptation of cancer cells to the dynamic microenvironment through selection for particular gene 

functions, such as motility.  An example of this involves the urokinase plasminogen activator 

(uPA) gene.  A serine protease involved in degradation of the extracellular matrix, uPA has been 

shown to have a hypomethylated promoter region, leading to over-expression in both breast and 

prostate cancer and is directly associated with increased invasive and metastatic potential 

(Pakneshan et al., 2005).  Melanoma-associated antigen (MAGE) is another of the group of 

genes found to be demethylated and upregulated in many cancers like melanoma, colorectal, 

gastric, and non-small cell lung cancer (Barrow et al., 2006; Jung et al., 2005; Kim et al., 2006; 

Xiao and Chen, 2004; Yanagawa et al., 2011).  Normally, MAGEs are only expressed in germ 

cells of testis and the placenta.  To date, it remains unclear what causes DNA methylation to be 

dysregulated in cancer.  Overexpression of DNMTs has been reported in many different cancers 

(Kanai and Hirohashi, 2007) and explains aberrant hypermethylation, but less focus has been put 

on understanding DNA hypomethylation, even though DNA hypomethylation plays an equally 

important role in modifying the cancer epigenome. 

Solid tumors undergo a fundamental process known as angiogenesis (recruitment of neo-

vasculature) in order to maintain adequate levels of oxygen and nutrients to the expanding mass 

(Folkman, 1971).  Tumor blood vessels are highly abnormal and due to the rate of tumor growth 

which exceeds the rate of angiogenesis, areas of a tumor will result in reduced blood flow, or 

ischemia (Raghunand et al., 2003).  Ischemic regions will have areas of hypoxia (less oxygen) 

and hypoglycaemia (less glucose) as well as other changes.  This role of hypoxia in cancer 
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progression is well documented and includes increasing genetic instability, and stimulating cell 

invasion and angiogenesis, thereby contributing to metastasis (Avni et al., 2011).  In contrast to 

hypoxia, the impact of hypoglycaemia on tumorigenesis is not as well studied.    

 Cellular movement is a critical step in metastasis, which is the cause of most cancer-

related mortalities (Mehlen and Puisieux, 2006).  A variety of molecular changes can occur 

within a cell to allow it to be mobile, and travel into the lymphatic or vasculature system, 

eventually leading to arrest at a new site in the body (Subarsky and Hill, 2003).  It is also known 

that cells within an ischemic environment have a higher metastatic potential through the 

upregulation of genes such as VEGF to stimulate angiogenesis, or urokinase plasminogen 

activator (uPA) which activates plasmin to degrade the ECM (Subarsky and Hill, 2003).  

Through HIF1α stabilization, hypoxia drives expression of these two and many other genes, 

promoting metastasis.  Epigenetic mutations have also been noted in several cellular movement 

genes such as uPA (Pakneshan et al., 2005) and S100A4 (Horiuchi et al., 2012) which allow for a 

cell’s morphology to be modified to a more metastatic-favourable state.  What remains unknown 

is if epigenetic modifications and ischemia could be linked in promoting tumor metastasis.       

Chapter 2 describes a novel relationship between ischemia and DNA methylation.  In 

human colorectal cancer cells (HCT116), DNMT1, DNMT3a, DNMT3b expression and activity 

were reduced by hypoxia and hypoglycaemia. These changes in expression and activity 

translated to hypomethylation of the p16
INK4a 

promoter region in hypoglycaemic conditions 

(Skowronski et al., 2010).  From this finding, we hypothesized that other genes will also be 

influenced by ischemia-mediated DNA hypomethylation, leading to changes in gene expression 

and potentially downstream phenotypic changes such as induced cellular mobility.     
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Materials and Methods 

 

A list of all chemicals and suppliers, and details of the materials and solutions used for 

the following experiments are detailed in Appendices I and II, respectively.   

Cell Culture and Mimicking Ischemia 

 

 Human colorectal cancer cells, HCT116 (ATCC), were cultured in DMEM supplemented 

with 10% fetal bovine serum (FBS), 50 μg/ml gentamicin, and 1 mM sodium pyruvate. Cells 

were grown at 37°C in a humidified chamber with 5% CO2. Hypoxic/anoxic conditions were 

generated using a Modular Incubator Chamber with continuous flushing with a humidified 

mixture of 95% N2 and 5% CO2. Hypoglycaemic conditions were mimicked with the use of 

glucose-free and pyruvate-free DMEM. Confluent monolayers of cells were trypsinized, and 3 x 

10
6
 cells were plated onto 10 cm plates and left in standard culture conditions overnight. The 

following day cells were washed with PBS and switched to low serum media: DMEM and 2% 

FBS. 24 hours thereafter, cells were washed with PBS again and assigned to three groups; 

control, hypoxic, and hypoglycaemic. Cells were incubated for 48 h, followed by DNA or RNA 

isolation.  

DNA and RNA were isolated as described below, and sent to the London Regional 

Genomics Centre where samples were biotin-labeled, and all microarray hybridizations, staining, 

washing, scanning, and data analyses were performed. 

Copy Number Analysis 

 

 The Affymetrix SNP 6.0 array was used to determine genomic integrity and detect 

drift/copy number variation in the HCT116 cells.  Four µg of genomic DNA was Biotin-labelled, 
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fragmented, and hybridized to the array.  This array contains probes used in SNP analysis, as 

well as probes specific for CNV detection. ".CEL" files produced by GCOS software for each 

array were then imported into Partek Genomic Suite and analyzed using the genomic 

seqmentation algorithm in the Copy Number Analysis workflow using the default settings, 

except that both CNV and SNP probes were used.  All CEL files were background corrected 

using the Robust Multichip Average Algorithm (RMA) and results were corrected for probe GC 

content and fragment length. Genetic drift and Copy Number Variation in the HCT116 cells was 

determined by comparing the microarray data obtained to a reference data set available from 

Affymetrix, containing 270 mixed population samples from the International HapMap Project 

(Consortium, 2003).  This array hybridization was performed in duplicate with two independent 

samples. 

Promoter Methylation Array 

 

 To analyze promoter methylation changes following ischemic exposure, DNA was 

extracted, fragmented, and enriched for 5-methylcytosine (5-mC) with the antibody-based 

Methylamp Methylated DNA Capture kit. Proper fragmentation of the DNA was confirmed 

following sonication by running the DNA on an agarose gel and observing a smear from about 

800 to 200 bp.  The Sigma Genomeplex Complete Whole Genome Amplification (WGA) kit was 

used to amplify the 5-mC enriched DNA using the manufacturer’s instructions, except that 75 

µM dUTP was added to the reaction and number of cycles was increased from 14 to 20.  The 

amplified DNA was then purified with the QiaQuick PCR purification kit.  A total of 7.5 g of 

the purified 5-mC enriched DNA was then hybridized to the Affymetrix 1.0R tiling array.  

Statistical parameters were set at p-value of p<0.01 (ANOVA) over a region of at least 10 

adjacent probes, and minimum length of 400 base pairs to detect significant regions in three 
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biological repetitions. The annotations for the HG U133 Plus 2.0 array were used to determine 

which probe sets were associated with regions appearing to be significantly hypermethylated or 

hypomethylated in control versus no oxygen and control versus no glucose, and these probe set 

IDs were used in cross platform analyses. This assay was performed in triplicate with three 

independent samples. 

Expression Analysis 

 

 The Affymetrix HG U133 Plus 2.0 microarray was used to analyze expression changes in 

control versus no oxygen and control versus no glucose.  Total RNA was isolated using TRIPure 

according to manufacturer’s instructions.  RNA integrity was verified with the Bioanalyzer, with 

all samples having a RIN 9.3 or greater.  10 µg of RNA was used to produce Biotin-labeled 

cRNA, which was hybridized to the arrays. Array washing, scanning and probe quantification 

were carried out as per the manufacturer’s instructions using GCOS software, except that the 

target intensity was set to 150. For each array, GCOS output was imported as. CEL files into 

Partek Genomic Suite software, and data were normalized using the RMA algorithm as above.  

Probe sets significantly different in no glucose or no oxygen relative to control were determined 

using ANOVA, with the nominal alpha level set to less than 0.05, and then filtered for probe sets 

changing 2-fold and greater.  In addition, for the no glucose versus control the false discovery 

rate (FDR) was controlled using the Benjamini and Hochberg Multiple test correction.  This 

assay was performed in triplicate with three independent samples. 

Cross-Platform Analysis 

As per published protocols (Andrews et al., 2010), Partek Software Suite was used to 

overlay the promoter methylation and expression data.  Probe set IDs from the promoter and 
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expression microarray platforms were imported as separate lists into Partek and compared using 

the Venn Analysis tool.  Probe sets appearing hypomethylated and increased in expression were 

compared in one analysis, and probe sets appearing hypermethylated and decreased in expression 

in another.  Lists of overlapping probe sets were then generated, and filtered in EXCEL to 

determine the number of unique genes represented. Proportionate Venn diagrams were then 

created based on these data sets.   

Ingenuity Pathways Analysis 

The Ingenuity Pathways Analysis (IPA) database was used to identify gene networks and 

canonical pathways of the genes which were hypomethylated and upregulated.  The data set 

containing gene identifiers and corresponding fold changes was uploaded into the web-delivered 

application and each gene identifier was mapped to its corresponding gene object in the 

Ingenuity Pathways Knowledge Base (IPKB). The functional analysis identified the biological 

functions and/or diseases that were most significant to the data sets. Fisher's exact test was 

performed to calculate a P value determining the probability that each biological function and/or 

disease assigned to the data set was due to chance alone.  In addition, networks were generated 

by using IPA as graphical representations of the molecular relationships between genes and gene 

products.  Nodes were displayed using various shapes that represent the functional class of gene 

products.  

 

qRT-PCR 

  

 Quantitative reverse transcription PCR was used to validate candidate genes from the 

expression array.  Amplification was performed as previously described Chapter 2, with the 
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modification of 1 µg of RNA was used for reverse transcription, and the StepOnePlus system 

(Applied Biosystems) was used with PerfeCTa® SYBR® Green FastMix.  NRAS primer 

sequences were: forward 5’-TGTGATTTGCCAACAAGGAC-3’, reverse 5’-

CATCTTCAACACCCTGTCTG-3’. AFAP1L1 primer sequences were: forward 5’-

CAACCTCTCCCTGTCAACTG-3’, reverse 5’-TTCATTTCCCATTCCTTGGCT-3’.  EPHA2, 

LAMB3, NEDD4L, CYR61, and PLAUR primers were purchased from Qiagen; these primer 

sequences are proprietary.  β-actin was used as a reference gene (Table 3).  At least 3 biological 

replicates were used for analysis.     

Bisulfite Sequencing 

 

Bisulfite sequencing was performed to validate certain genes from the methylation 

promoter array, and performed as previously described in Chapter 2(Skowronski et al., 

2010)(Skowronski et al., 2010)(Skowronski et al., 2010)(Skowronski et al., 2010).  Briefly, 1 µg 

of isolated DNA was bisulfite converted using the Epitect Bisulfite Kit following the 

manufacture’s protocol.  MethPrimer (Li and Dahiya, 2002) was used to design primers for the 

regions of interest.  A hot start Taq polymerase (Plantinum- Life Technologies) was used in the 

bisulfite PCR to amplify regions of interest.  PCR reaction conditions were 94°C for 2 min, 40 

cycles of 30s at 94°C, 30s at 60°C, 45s at 72°C, and a final cycle of 72°C for 7 min.  PCR 

reaction product was run on a 2% agarose gel, and the single band was excised and purified 

using the illustra™ GFX™ PCR DNA and Gel Band Purification Kit.  Sub-cloning was 

performed with isolated fragments into pGEM-T easy plasmids. DH5 alpha competent E. coli 

cells were transformed by heat shock and grown overnight on agar plates containing 100 µg/ml 

ampicillin.  At least 10 colonies/treatment were selected and expanded in LB media containing 

50 µg/ml ampicillin and plasmids were isolated the following day using the PureLink plasmid 
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miniprep kit.  Plasmid DNA containing the bisulfite-modified DNA was analyzed by Sanger-

sequencing (Laboratory Services, University of Guelph) and BiQ Analyzer software (Bock et al., 

2005) was used to analyze methylation patterns and generate diagrams.  Human methylated and 

bisulfite modified DNA and unmethylated DNA (converted in parallel with samples) were used 

as controls for bisulfite conversion efficiency and accuracy.   

Invasion Assay 

 

A transwell assay was used to assess the invasive potential of cells in ischemia.  Cells 

were first exposed to no oxygen or no glucose for 48 hours in 2% FBS media.  Transwells 

(inserts) were coated with a 1:5 dilution of Matrigel (protein concentration of 7.76 mg/ml) in 

DMEM, prior to seeding 1x10
5
 ischemia-exposed cells on top of Matrigel in 0% FBS.  10% FBS 

was used in the bottom wells of the plate to provide chemoattractants.  24 hours post seeding in 

transwells, transwells were removed, washed with PBS, and fixed with 4% paraformaldehdye 

(PFA) for 15 minutes.  Transwells were then washed with PBS and stained with 0.4% crystal 

violet in 10% methanol for 30 minutes.  Following 3 washes with deionized water, the upper 

portion of the transwell (Matrigel and cells) was removed with cotton swabs, and rinsed again 

with water.  Images of the transwells were taken at 10X with an inverted microscope.  

Quantification was performed by counting the number of cells in 5 fields and expressed as the 

average number of cells migrated per field.   

 

Statistical Analysis 

 

Statistical tests for the microarrays were discussed separately under their respective 

sections.  For all other data, one-way ANOVA was performed.  If the p value was less than or 
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equal to 0.05, then the Bonferroni correction was performed on pairs of data.  Each assay was 

replicated at least three times.  

Results 

 

Minimal copy number variation 

 

 Copy number of the HCT116 cells was assessed with the Affymetrix SNP 6.0 array to 

determine if, and to what extent, the cells we used had drifted/mutated in culture compared to the 

original karyotype of this cell line.  When compared to a pooled normal human karyotype from 

the International HapMap project database (Consortium, 2003), despite a few regions of copy 

number variation, the cells lacked extensive chromosomal abnormalities (Figure 8).  In fact, the 

extra gained copies we observe in 8q, 10q, 16q, and 17q (indicated in red), were previously 

reported by others (Abdel-Rahman et al., 2001).  Very few complete loss of copies were seen 

(blue).  Comparing HCT116 with other colorectal cancer cell lines, HCT116 cells have a 

relatively normal karyotype (Abdel-Rahman et al., 2001).   

Hypoglycaemia impacts more genes than hypoxia 

The expression arrays indicated that following exposure to hypoxia for 48 hours, 

HCT116 cells had 310 and 1081 genes up- and down-regulated, respectively.  Interestingly, 

hypoglycaemia had 1052 and 2433 up- and down-regulated, respectively (Table 4A).   

 Analysis of promoter methylation by microarrays revealed that hypoxia resulted in 1386 

hypomethylated genes, and 1655 hypermethylated genes.  Cells grown in hypoglycaemic 

conditions resulted in 1940 hypomethylated genes, and 1980 hypermethylated genes (Table 4B).  
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Thus, both expression and promoter methylation patterns were most heavily impacted by 

hypoglycaemia, as measured by total number of significantly changed genes.   

Cross-platform analysis 

 

Using the Partek Software Suite, the number of unique genes that were hypomethylated 

and upregulated (as well as hypermethylated and downregulated) were overlaid in order to 

identify which genes that changed in expression might be accredited to changes in promoter 

methylation.  Listed in Appendices IV and V, there were 58 unique genes hypermethylated and 

silenced by hypoxic conditions and 161 genes by hypoglycaemia.  

Our attention was focused on the genes which were hypomethylated and increased in 

expression, since our previous work showed DNMTs were repressed in ischemia and we wanted 

to identify which genes were targeted, and therefore hypomethylated.   18 and 96 unique genes 

were hypomethylated and upregulated by hypoxia and hypoglycaemia, respectively (Figure 9). 

Partial lists of these genes can be seen in Tables 5 and 6, with the complete tables in Appendix 

VI.        

Ingenuity Pathway Analysis of hypomethylated and upregulated genes 

 

The Ingenuity Pathway Analysis (IPA) was used to analyze and classify the 

hypomethylated and upregulated genes into functional pathways, in order to better understand 

the biological relevance of the genes from our data set.  The software determines if a biological 

function is enriched for in a data set by examining the whole gene list for functional annotations 

found in the ingenuity knowledge base, and performing a Fisher's exact test comparing the ratio 

of genes with a given annotation in the data set against the ratio of genes having that same 
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annotation in the whole population (i.e. all the genes on the HG U133 Plus 2.0 array).  If the first 

ratio is significantly higher than the second, then the list is said to be enriched for genes having 

that annotation. 

With hypoxia exposure, the top three cellular functions from our list of genes which were 

hypomethylated and upregulated are: cell-to-cell signaling, cellular movement, and connective 

tissue development (Figure 10).  Hypoglycaemia enriched for changes in cell death, cell cycle, 

and regulation of gene expression (Figure 11).  Although not within the top few functional 

categories, cellular movement was also an enriched function in the hypoglycaemic group. 

Network analysis was also performed to provide a graphical representation of known 

biological relationships of the hypomethylated and upregulated genes.  The networks are 

generated by determining a focus molecule, and then examining the data (gene lists) for the most 

connections to the focus molecule, based upon the literature in Ingenuity's database.  

Interestingly, the top networks (having the most connections) for both hypoxia and 

hypoglycaemia involved genes which have roles in cellular movement.  In hypoxic conditions, 

PLAUR, LDLR, and LAMB3 (Figure 12A) were all in one network and have all been shown to be 

involved in cellular movement. The top network in hypoglycaemic conditions included cellular 

movement genes ETS1, KLF4, IL6ST, NEDD4L, and NRAS (Figure 12B).  It is important to note 

that the Ingenuity database is limited, and some genes in our list may have biological 

functions/annotations which the database does not recognize.  We performed a literature review 

on certain additional genes from the analysis which we suspected were involved in cancer cell 

migration and invasion and summarized this information in Tables 7 and 8.  As an example, 

LAMB3 was not in the Ingenuity’s list of genes involved in cellular movement, however several 

studies present evidence for this molecule's role in migration and invasion (Kita et al., 2009; 
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Kwon et al., 2011).  Based on the IPA analysis of functional pathways and networks, the 

category "cellular movement" appeared interesting and relevant and we choose to pursue the 

genes in this category (as designated by IPA or our own literature search) for validating the 

arrays.   

Hypoxia and hypoglycaemia enrich migration  

 

 The cross-platform analysis of genes hypomethylated and upregulated by hypoxia and 

hypoglycaemia, revealed a number of genes that are involved in cellular movement.  Genes 

which the IPA recognized in this category included LDLR, LAMB3, ALDOA, PLAUR, SCAI, and 

NEDD4L in the hypoxic group (Figure 10).  In the hypoglycaemic group, genes associated with 

cellular movement included ITGB1, ETS1, IL6ST, NRAS, TJP1, SMAD3, TMOD3, LATS2, 

KLF4, ADI1, NCOA3, PTEN, CSNK2A2, TRIO, CSNK2A1, BRD4, RTN4, SEMA3C, NEDD4L, 

CYR61, TFPI, and HEY1 (Figure 11).  In addition to these genes listed above, we noticed two 

more genes that were hypomethylated and upregulated that we suspected were also involved in 

cellular movement that the IPA did not categorize as such.  In the hypoxic group, ANKRD37 and 

AFAP1L1 have been shown to be involved in migration and invasion of cancer cells (Table 7).  

In the hypoglycaemic group, we did not find additional genes involved in cellular movement.  

Many of the "cellular movement" genes in our analysis are involved in mediating cellular 

attachment, either to other cells or the ECM, or in ECM degradation; processes required for a 

cell to move within tissue and enter blood vessels.    

 In order to test if HCT116 cells under hypoxia and hypoglycaemia conditions have 

increased mobility, we performed an invasion assay.  After 48 hours in ischemic conditions, it 

was evident that cells in hypoxia and hypoglycaemia had significantly increased mobility and 
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invasive capabilities as determined by the ability of cells to degrade and migrate through 

Matrigel (Figure 13).            

Confirmation of increased expression of cellular movement genes 

 

 To validate the expression array, and the increase in expression of genes involved in 

cellular movement, we choose a few genes from both groups (hypoxia and hypoglycaemia) to 

quantify expression with qRT-PCR.  For the hypoxia group, genes we tested were PLAUR, 

AFAP1L1, and LAMB3.  Both PLAUR and LAMB3 were significantly upregulated in hypoxia, 

compared to control conditions (Figure 14A).  The fold-change in expression of these two genes 

as determined by qRT-PCR were comparable to the fold-change seen in the expression array 

(Table 5).   

Genes tested from the hypoglycaemia group included EPHA2, NRAS, NEDD4L, and 

CYR61.  According to the array analysis, EPHA2, although overexpressed by hypoglycaemia, it 

was not hypomethylated.  We therefore used this gene as a negative control for the methylation 

array.  Significant upregulation of EPHA2, NEDD4L and CYR61 in hypoglycaemia was 

confirmed by qRT-PCR (Figure 14B). 

Discussion 

 

 In this chapter, we utilized a cross-platform approach of identifying genome-wide 

changes in promoter methylation and gene expression to discover how hypoxia and 

hypoglycaemia impact methylation-mediated gene expression in human colorectal cancer cells.  

We identified and verified that genes involved in enhancing cellular movement are upregulated 

in ischemic conditions, presumably through hypomethylation.   
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Historically, the first work identifying how promoter methylation impacts global gene 

expression in human colorectal cancer was performed solely with expression microarrays.  

Studies utilized either genetic (knock-out; KO) or pharmacological manipulations (5-aza-dC) of 

DNMTs to identify regions of the genome which were differentially expressed and concluded 

that any observed changes in gene expression were from the inhibition/removal of DNMTs, and 

therefore changes in DNA methylation (Gius et al., 2004).  One study demonstrated the changes 

in global expression are different depending which technique was used, with genetic 

manipulation having a greater difference in expression profile then 5-aza-dC treatment, when 

compared to normal HCT116 cells (Gius et al., 2004).  The flaw with these studies was that 

changes in expression were assumed to be from changes in DNA methylation, although this was 

not verified.  The next development in studying cancer epigenetics was the use of array-based 

techniques to detect genome-wide changes in methylation patterns (Hagemann et al., 2011; van 

Steensel, 2005). However, only a small number of studies have performed cross-platform 

approaches to directly analyze and correlate changes in expression with changes in epigenetic 

patterning (Andrews et al., 2010; Bonazzi et al., 2011; Sadikovic et al., 2008).   

 We have previously established that ischemia leads to down-regulation of DNMT 

expression and activity (Chapter 2).  We then wanted to pursue this finding and identify what 

genes were being hypomethylated and upregulated by ischemia on a global scale.    We used 

platforms that share the common Affymetrix technology base to facilitate cross-referencing of 

the data sets, using a single software bioinformatics package (Partek Genomic Suite) to import, 

analyze and correlate raw data from the various microarray platforms (Andrews et al., 2010).  

From our genome-wide, cross-platform study, we found that ischemic conditions significantly 

upregulated genes involved in cell motility and invasion through promoter demethylation.  This 
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ischemia-mediated change in expression through hypomethylation may be random.  

Alternatively, the hypomethylation may be selective and perhaps certain CpG’s in transcription 

factor (TF) binding sites may be selectively demethylated to facilitate protein binding and 

expression of genes required for adapting to a modified microenvironment.  Further 

experimentation would be required to confirm this, such as using bisulfite sequencing to examine 

the methylation status of specific CpG’s in TF binding sites following exposure to ischemic 

conditions. 

Previous studies have demonstrated that a few HIF1-mediated genes require the CpG 

within the hypoxia response element (HRE) to be demethylated in order for HIF1 to bind, and 

expression to occur.  Erythropoietin was one of the first hypoxia-inducible genes to demonstrate 

the mandatory hypomethylated HRE for expression (Wenger et al., 1998).  Carbonic anhydrase 

IX (CA9; involved in converting carbon dioxide to carbonic acid) is another example of a 

hypoxia-responsive gene with a HRE that requires demethylation (Cho et al., 2001; Jakubickova 

et al., 2005).  S100A4, a member of the S100 family of Ca
2+

-binding proteins, is known to be 

involved in cancer cell motility by its ability to activate non-muscle myosin, and has been shown 

to be related to gastric cancer progression (Yonemura et al., 2000).  One interesting study in 

ovarian carcinoma cells demonstrated that S100A4, was upregulated in hypoxia.  Moreover, 

exposure to hypoxia reduced methylation of the HRE in S100A4’s promoter regions and 

increased binding of HIF1 (Horiuchi et al., 2012).  Interestingly, our promoter methylation data 

indicated that hypoxia demethylated S100A8 and S100A11’s first introns.  S100A8 and S100A11 

have been shown to be upregulated by hypoxia (Volz et al., 2012)  or HIF1α induction (Liao et 

al., 2009), respectively.  It is highly possible these two genes are also regulated through 

demethylated HRE, as seen for S100A4.  The lack of increased expression of these two genes in 
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our data set may suggest that other epigenetic repressive marks could be inhibiting their 

upregulation, but further analysis is required to verify if demethylation in this region resulted in 

altered HIF1 binding.     

Another relevant gene which was significantly upregulated and hypomethylated by 

hypoxia from the cross-platform analysis is plasminogen activator urokinase receptor, or 

PLAUR, which is the receptor for urokinase type plasminogen activator (uPA).  uPA is a serine 

protease that catalyzes conversion of plasminogen to plasmin, which degrades the ECM (Suzuki 

et al., 1998).  PLAUR has been shown to be involved in cellular movement and metastasis 

(Rabbani and Mazar, 2001) and expression increases during the critical transition from severe 

dysplastic adenoma to invasive carcinoma in colorectal cancer (Suzuki et al., 1998).  

Additionally, PLAUR  is known to be upregulated in hypoxia (Graham et al., 1999), through 

HIF1 activity (Buchler et al., 2009), and is responsible for hypoxia-mediated invasiveness in 

HCT116 cells (Krishnamachary et al., 2003).  As well, the ligand uPA is regulated by the 

transcription factor ETS1, and the binding sites for ETS1 in the uPA promoter must also be 

demethylated for transcription to occur (Guo et al., 2002).   

Laminin beta 3 (LAMB3), a subunit of laminin-5 (laminin-332), is a basement membrane 

protein thought to mediate cell attachment, migration, and organization of cells during 

embryonic development.  Laminin-5 has a controversial role in cancer.  One group demonstrated 

that laminin-5 encoding genes become hypermethylated and downregulated with increased tumor 

stage and size in breast (Sathyanarayana et al., 2003a), bladder (Sathyanarayana et al., 2004), and 

prostate (Sathyanarayana et al., 2003b) cancers.  While another group showed LAMB3 

expression was higher in malignant esophageal squamous cell carcinoma, then in normal tissue, 

and expression correlated with depth of invasion and survival (Kita et al., 2009).  LAMB3 has 
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also been reported to by hypomethylated and upregulated in gastric cancer (Kwon et al., 2011).  

We confirmed that LAMB3 was upregulated in hypoxic conditions in CRC.  In colon cancer 

cells, one study showed that LAMB3 is cleaved by MMP7, resulting in increased cell motility 

(Remy et al., 2006).  Interestingly, one study examined colon adenocarcinoma biopsies, and saw 

laminin-5 positive staining was associated with budding cancer cells located at the tip of 

invading malignant epithelium, and that laminin-5 colocalized with PLAUR (Pyke et al., 1995).   

In addition to PLAUR and LAMB3 upregulation by hypoxia, S100A10 was one of the 

genes upregulated by both hypoxia and hypoglycaemia based on our array analysis, and has been 

shown to be important in cancer cell invasion and metastasis through colocalization with 

uPA/PLAUR system (Kwon et al., 2005).  S100A10 has been shown to be overexpressed in 

gastric cancer (Liu et al., 2008) and is essential for tumor-associated macrophage migration into 

tumor sites (Phipps et al., 2011).  We are the first to report that PLAUR and LAMB3 appear to be 

key gene targets in ischemia-mediated demethylation, similar to S100A4. PLAUR, LAMB3 and 

S100A10 could be working in conjunction with each other to increase cellular mobility in 

hypoxia.  Further studies would need to be performed to determine if these proteins are 

colocalized in hypoxia.         

Cysteine-rich 61 (CYR61) is a member of the CCN family of growth factors.  CYR61 is 

known to link cell surface and the ECM, and is involved in cell adhesion, proliferation and 

migration.  We have identified CYR61 as a hypoglycaemia-induced gene.  CYR61 expression is 

increased in a variety of cancers including breast, melanoma, glioma, gastric, colon, bladder, 

prostate, and pancreas (Haque et al., 2011).  Silencing of CYR61 in osteosarcoma and 

esophageal squamous carcinoma cells led to reduced migration and cell invasion (Fromigue et 

al., 2011; Xie et al., 2011). Given the role of CYR61 in migration and invasion, and that CYR61 
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expression has been shown to correlate with the aggressiveness of pancreatic cancer cells, this 

demonstrates the role of this growth factor in metastasis (Haque et al., 2011).  To date, there are 

no studies showing that CYR61 is regulated by promoter methylation.  However, one group 

demonstrated that CYR61 expression is regulated by the TF STAT3 (Klein et al., 2012), and 

others have demonstrated the CpG in the STAT3 binding site requires demethylation for STAT3 

to bind and express its target gene (Shimozaki et al., 2005).  Therefore, it is possible that 

demethylation of the CYR61 region is required for its transcription, and could be facilitated by 

hypoglycaemia as we saw in our array analysis, however the changes in promoter methylation 

remain unconfirmed.   

Two other genes that were upregulated in our analysis by hypoglycaemia were EPHA2 

and NEDD4L.  EPHA2 is a transmembrane receptor tyrosine kinase, which is overexpressed in 

many carcinomas, including early stage colorectal cancer (Herath and Boyd, 2010), and its 

expression is highly correlated to tumor invasion and metastasis (Eskandarpour et al., 2009).  

NEDD4L, is an E3 ubiquitin-ligase shown to have increased expression with gallbladder cancer 

progression.  Using siRNA, silencing of NEDD4L led to decreased Matrigel and collagen 

invasion of gallbladder cancer cells, and its role in invasion is possibly due to its association with 

MMPs (Takeuchi et al., 2011).  Presently, there are no studies demonstrating that promoter 

demethylation could be responsible for upregulation of these genes. However, one study showed 

that EPHA2, along with many other EPH/EPHRIN genes, was methylated in leukemia cell lines 

and acute lymphoblastic leukemia patients, but they did not mention if EPHA2 expression was 

affected (Kuang et al., 2010).  This observed methylation of EPHA2 could be cancer-type 

specific, or not modified by ischemia, since our promoter methylation array only observed 

changes in expression, but did not identify changes in EPHA2 promoter methylation.    
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Melanoma-associated antigens (MAGEs) are a group of genes whose expression is 

silenced in most normal somatic tissue, except in the testis, but upregulated in many cancers 

(Kim et al., 2006).  One study showed that the promoter region of MAGE-A1 contains two ETS 

binding sites which must be demethylated for the TF to bind and expression to occur (De Smet et 

al., 1996).  They observed demethylation and expression in several different cancer cell lines, 

and treatment with 5-aza-dC increased MAGE-A1 expression in normal fibroblasts due to the 

demethylation in the promoter region.  Expression of MAGE-A1 and -A4 has been shown to be 

correlated with disease stage in melanoma patients (Barrow et al., 2006).  Both demethylation 

and expression of MAGE-A1 and –A3 has been seen in colorectal cancer (Kim et al., 2006) and 

in non-small cell lung cancer patients, where expression correlated with poor prognosis 

(Yanagawa et al., 2011).  Our array data indicated that two MAGE genes were demethylated by 

hypoxia (MAGEA11) and hypoglycaemia (MAGEB1), though no induction in expression was 

observed.  Nonetheless, the MAGEs are a group of genes which support the importance of 

demethylated CpG residues in TF binding sites, and that demethylation in cancer can be gene-

specific.        

Two other genes involved in cellular movement, AFAP1L1 and NRAS, which were 

determined to be significantly upregulated in hypoxia and hypoglycaemia by the microarrays, 

respectively, were also checked by qRT-PCR.  Both of these genes did not demonstrate increased 

expression when checked by qRT-PCR, possibly due to cross-hybridization of non-specific 

sequences or splice variants, two common reasons for discrepancies in microarrays (Draghici et 

al., 2006).       

There is sufficient evidence in the literature supporting the concept that CpGs within 

different TF binding sites (such as HRE and ETS) must be demethylated in order for 
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transcription to occur, and more importantly, some of these genes are involved in enhancing cell 

motility.  In this study, we have contributed to this important concept by providing evidence for 

other cellular movement genes which are both hypomethylated and upregulated by ischemia 

through cross-platform array analysis.  We validated changes in expression of the cellular 

movement genes PLAUR, LAMB3, EPHA2, NEDD4L, and CYR61.  It is well known that 

HIF1α levels are higher in breast and colon cancer metastases (Avni et al., 2011).  This 

observation complements our finding that hypoxia decreases methylation, and that a decrease in 

methylation in the CpG of HREs would then facilitate HIF binding and promoter gene 

expression.  Perhaps hypoxia-induced decrease of DNMT levels is an early event in primary 

tumors, and then these cells with decreased DNA methylation are primed for TF binding to gene 

promoters which will enhance cellular movement, such as PLAUR.  The importance of hypoxia 

in cancer progression is well demonstrated in patients whose tumors are hypoxic and have 

increased incidence of metastasis as compared to patients with better oxygenated cervical tumors 

(Fyles et al., 2002).  It is clear that hypoxia influences cancer progression, and global DNA 

demethylation is a common occurrence and also influences cancer progression (Feinberg et al., 

1988), but to date no one has linked an environmental pressure to changes in epigenetic 

patterning, leading to a more tumorigenic state. Most research regarding DNA hypomethylation 

in cancer has focused on genomic instability, although single-gene hypomethylation is also 

clearly contributing to cancer progression.   

Other gene functions, such as cell-to-cell signaling, cell death or cell cycle, were also 

enriched for with the IPA analysis for hypomethylated and upregulated genes.  Since the 

demethylation process could be random, many genes could be subjected to it.  However, as with 

natural selection, the clonal selection of cancer progression implies that only one cancer cell 
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needs to acquire the right combination of mutations that would allow it to survive and thrive 

under a specific selection pressure (Stratton et al., 2009). It is well known that ischemic 

conditions drive metastasis, and here we have suggested a potential mechanism for this common 

occurrence in cancer: through DNA hypomethylation facilitated by ischemia-mediated down-

regulation of DNMTs, a significant proportion of the genes impacted by this selection pressure 

are involved in cell movement. 

Future work includes assessing the importance of each of the cellular movement genes 

which were identified to be hypomethylated by the cross-platform analysis, and confirmed to be 

upregulated in expression: PLAUR, LAMB3, CYR61, and NEDD4L.  Each gene could be 

downregulated in expression by siRNA and cellular invasion assessed with the 

invasion/transwell assay following exposure to hypoxic or hypoglycaemic conditions to test if 

any gene is particularly important for ischemia-mediated invasion.      

From our genome-wide, cross-platform study, we conclude that ischemic environmental 

stress acts as a selection pressure. Cancer cells in ischemic conditions are subjected to decreased 

DNMT activity resulting in hypomethylation of the genome.  This ischemia-induced 

hypomethylation appears to occur in genes involved in cell motility and invasion to increase their 

expression, providing a selective advantage, such as being able to move to a more favourable 

niche.  We predict that this hypomethylation is targeted towards TF binding sites to facilitate the 

binding of TFs and subsequently, expression.  This is the first report to our knowledge that 

provides an explanation for the increased metastatic potential seen in ischemic cells; i.e. that 

ischemia could be driving DNA hypomethylation and re-expression of cellular movement genes. 
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Array Change 
Number of 

genes 

Expression 

Upregulated 1052 

Downregulated 2433 

Promoter 
Methylation 

Hypomethylated 1940 

Hypermethylated 1980 

 

 

 

Table 4– Summary of expression and promoter methylation arrays.  Total number of 

significantly changed genes in both expression (p<0.05) and promoter methylation (p<0.01) 

arrays, by hypoxia (A) or hypoglycaemia (B), compared to control. 

Array Change 
Number of 

genes 

Expression 

Upregulated 310 

Downregulated 1081 

Promoter 
Methylation 

Hypomethylated 1386 

Hypermethylated 1655 

A - Hypoxia 

B - Hypoglycaemia 
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 Expression Promoter Methylation 

Gene Symbol p-value Fold-Change p-value MAT score 

ANKRD37 0.0003 25.14 0.008 -3.85 

TMEM158 0.0022 13.21 0.007 -3.97 

DDIT4 0.0001 8.51 0.010 -3.71 

ALDOA 0.0050 5.26 0.010 -3.74 

KDM3A 0.0031 5.01 0.009 -3.75 

LDLR 0.0427 3.13 0.005 -4.24 

SEMA4B 0.0006 2.91 0.009 -3.82 

SPRY1 0.0260 2.90 0.009 -3.83 

RBPJ 0.0061 2.81 0.007 -3.93 

UFM1 0.0159 2.60 0.006 -4.03 

PLAUR 0.0011 2.58 0.010 -3.72 

LAMB3 0.0171 2.50 0.009 -3.76 

NEDD4L 0.0004 2.45 0.007 -3.94 

SCAI 0.0261 2.35 0.007 -4.00 

PFKP 0.0025 2.27 0.009 -3.78 

RYBP 0.0091 2.13 0.004 -4.34 

CUL4B 0.0077 2.13 0.007 -3.92 

AFAP1L1 0.0306 2.07 0.006 -4.12 
 

 

 

 

 

 

Table 5 – List of genes that were both hypomethylated and upregulated by hypoxia.  Partek 

software was used to overlay the significant gene lists from the promoter methylation and 

expression arrays (the 18 genes from Figure 9A).   
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 Expression Promoter Methylation 

Gene Symbol p-value Fold-Change p-value MAT score 

CYR61 0.0000 31.35 0.009 -3.85 
ETS1 0.0005 30.72 0.010 -3.77 
KLF4 0.0002 22.29 0.009 -3.85 
ELL2 0.0001 11.06 0.002 -5.10 

NEDD4L 0.0001 11.03 0.002 -5.05 
LATS2 0.0000 9.27 0.006 -4.13 

SGMS1 0.0004 8.28 0.002 -5.29 
INTS6 0.0008 8.22 0.007 -3.97 
HEY1 0.0002 8.18 0.009 -3.82 

COL12A1 0.0012 6.87 0.006 -4.14 
PHIP 0.0006 5.61 0.009 -3.83 

ARHGEF12 0.0003 5.54 0.004 -4.55 
EPC1 0.0002 5.47 0.006 -4.12 
SETX 0.0009 5.42 0.003 -4.64 

C16orf52 0.0003 5.10 0.008 -3.93 
PRDM10 0.0012 4.97 0.006 -4.15 
DCAF10 0.0001 4.88 0.008 -3.94 

NAB1 0.0021 4.80 0.003 -4.62 
RYBP 0.0009 4.53 0.004 -4.40 

TMOD3 0.0017 4.27 0.003 -4.58 
TJP1 0.0013 4.23 0.009 -3.82 

UBQLN1 0.0020 4.19 0.008 -3.95 
OSBPL3 0.0001 4.12 0.005 -4.32 
NRAS 0.0030 4.04 0.009 -3.83 

GPR87 0.0000 3.91 0.009 -3.79 
ESYT2 0.0002 3.68 0.010 -3.77 
KLF3 0.0004 3.62 0.009 -3.79 

SOCS5 0.0002 3.61 0.009 -3.83 
GPBP1 0.0009 3.61 0.008 -3.94 

SLC38A1 0.0006 3.55 0.004 -4.44 
 

Table 6 – List of the top 30 genes that were both hypomethylated and upregulated by 

hypoglycaemia.  Partek software was used to overlay the significant gene lists from the 

promoter methylation and expression arrays (the 96 genes from Figure 9B).   
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Gene Function Role in cancer 
uPAR 

(PLAUR) 
- Plasminogen activator, urokinase 

receptor is a membrane-bound 
receptor that when bound by ligand 
(uPA),  converts plasminogen to 
plasmin, to degrade the ECM 
(Andreasen et al., 1997) 

- Elevated expression in cancer cells 
and correlates with tumor 
invasiveness and metastasis 
(Rabbani and Mazar, 2001) 

ANKRD37 - Ankyrin repeat domain 37 is a short 
(17 kDa) ankyrin repeat protein with 
unknown function 

- Significantly upregulated in CRC cell 
lines in hypoxia, including HCT116 
(Benita et al., 2009) 

- Mediates melanoma cell migration 
and invasion through activation of 
the MEK/ERK signalling pathway 
(Liao et al., 2011) 

LAMB3 - Laminin beta 3 is a laminin that 
belongs to a family of basement 
membrane proteins.  Together with 
the alpha and gamma subunit, the 
beta subunit forms laminin-5 (or 
Laminin332) 

- Mediates  attachment, migration, and 
organization of cells into tissues during 
embryonic development 

- Expression is higher in malignant 
esophageal squamous cell 
carcinoma, then in normal tissue, 
and correlates with depth of 
invasion (Kita et al., 2009) 

- LAMB3 is hypomethylated and 
upregulated in gastric cancer (Kwon 
et al., 2011) 

ALDOA - Fructose-1,6-bisphosphate aldolase A 
is a glycolytic enzyme and is HIF1α 
regulated 

-  Has been reported to interact with 
cytoskeletal proteins, especially actin 
cytoskeleton (Kusakabe et al., 1997) 

- Higher level of expression in 
advanced stages of hepatocellular 
cancer (Hamaguchi et al., 2008) 

- Important in keratinocyte migration 
(Tochio et al., 2010) 

AFAP1L1 - Actin filament-associated protein 1 
like-1, similar to AFAP, AFAP in an 
adaptor protein with multiple protein 
binding motifs and is known to bind to 
actin (Snyder et al., 2011) 

- AFAP1L1 is found colocalizing with 
cortactin (a marker of podosomes) 

- Invasive breast cancer cells have a 
high level of AFAP1L1 expression 
and associated with invadopodia 
(Snyder et al., 2011) 

 

 

Table 7 – List of selected genes from Ingenuity Pathway Analysis involved in promoting 

cellular migration and/or invasion by hypoxia.  Functions are from GeneCard 

(http://www.genecards.org/), unless otherwise referenced. 
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Gene Function Role in cancer 

ETS-1 - A transcription factor which controls 
genes involved in ECM remodeling 
(regulates uPA) 

- Binding sites must be demethylated 
for ETS-1 to bind (De Smet et al., 
1996; Guo et al., 2002) 

- Expression increases with colorectal 
cancer progression 

- ETS-1 immunoreactivity is 
significantly correlated with  depth of 
tumor invasion, presence of lymph 
node metastasis, lymphatic invasion, 
and venous invasion (Nakayama et al., 
2001) 

CYR61 - Cysteine-rich, angiogenic inducer, 61 
is known to link cell surface and 
extracellular matrix and plays 
important roles on cell adhesion, 
proliferation, migration, 
differentiation and angiogenesis 
(Haque et al., 2011) 

- Expression increases with pancreatic 
cancer progression (Haque et al., 
2011) 

- Knock-down studies of CYR61 show 
decreased migration and invasion in 
osteosarcoma (Fromigue et al., 2011) 
and esophageal squamous cell 
carcinoma (Xie et al., 2011) 

ITGB1 - Integrin Beta 1, a subunit of 
heterodimer receptors which links 
cells to the ECM 

- Transfection with miR-183 down-
regulated ITGB1 and led to a 
significant decrease in cell invasion 
and migration capacities of HeLa cells 
(Li et al., 2010) 

- Over-expression of miRNA-124, 
down-regulated ITGB1 and reduced 
mobility of oral squamous carcinoma 
cells (Hunt et al., 2011) 

NRAS - Neuroblastoma RAS viral (v-ras) 
oncogene homolog is an oncogene 
encoding an enzyme with GTP/GDP 
binding and GTPase activity, involved 
in the normal control of cell growth  

- Suppression of NRAS results in 
reduced migration and invasion in 
melanoma cells (Eskandarpour et al., 
2009) 

NEDD4L - Neural precursor cell expressed, 
developmentally down-regulated 4-
like is a E3 ubiquitin-protein ligase  

- Expression increases with gallbladder 
cancer progression (Takeuchi et al., 
2010) 

- siRNA silencing of NEDD4L decreases 
Matrigel invasion, and decreases 
expression of collagenases, MMP-1 
and -13 (Takeuchi et al., 2010) 

 

Table 8 – List of selected genes from Ingenuity Pathway Analysis involved in promoting 

cellular migration and/or invasion by hypoglycaemia.  Functions are from GeneCard 

(http://www.genecards.org/), unless otherwise referenced. 
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Figure 8 – SNP 6.0 array of HCT116 cells to visualize copy number variation.  Numbers 

(and X/Y) correspond to chromosomes, and MT represents mitochondrial DNA.  Results were 

compared to a dataset from Affymetrix containing 270 mixed population samples from the 

International HapMap Project (Consortium, 2003).  Regions in grey indicate no change in copy 

number, red indicates a gain in 2 copies, and blue a loss of 2 copies.  This array was performed 

in duplicate. 

 

Loss                                                                                  Gain 



 95  

 

   

 

 

Figure 9 – Venn diagram of significantly changed unique genes from cross-platform 

analysis.   Number of genes which were both significantly hypomethylated and upregulated by 

hypoxia (A) and hypoglycaemia (B) are indicated in the overlapped regions.   

Hypomethylated 

1291 
Increased 

194 

Hypomethylated 

1690 
Increased 

715 

 

A 

B 

18 

96 
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Category Molecules Involved 

Cell-To-Cell Signaling and Interaction LDLR,PLAUR 

Cellular Movement LDLR,LAMB3,ALDOA,PLAUR,SCAI, NEDD4L 

Connective Tissue Development and Function LDLR,LAMB3,PLAUR 

Skeletal and Muscular System Development 
and Function 

LDLR,ALDOA,PLAUR,RBPJ 

Organismal Injury and Abnormalities LDLR,PLAUR 

Antimicrobial Response LDLR 

Carbohydrate Metabolism LDLR,ALDOA,PFKP 

Cellular Function and Maintenance RBPJ,PLAUR 

Drug Metabolism LDLR 

 

 

Figure 10 – Functional analysis of genes hypomethylated and upregulated by hypoxia. 

Ingenuity Pathways Analysis database was used to assign genes to biological functions and 

determine functions that were enriched, based on statistical significance.   
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Category Molecules Involved 

Gene Expression ETS1,IL6ST,SMAD2,TJP1,SMAD3,KLF4,PTEN,HEY1 

Cellular Function 
and Maintenance 

ETS1,ITGB1,SMAD2,NRAS,TJP1,SMAD3,LATS2,PTEN,ABI1,EHD4,CSNK2A1,
CYR61,RIPK2 

Tissue Morphology ETS1,IL6ST,ITGB1,SMAD2,NRAS,TJP1,SMAD3,BRD4,KLF4,PTEN 

Cell-To-Cell 
Signaling and 
Interaction 

ITGB1,IL6ST,ETS1,SMAD2,NRAS,TJP1,SMAD3,LATS2,KLF4,PTEN,TFPI,CYR6
1,GCM1,RIPK2,SOCS5,IL1RAP 

Cancer ITGB1,ETS1,SMAD2,ARHGEF12,NRAS,TJP1,SMAD3,COL12A1,CDK6,FBXW7
,MLL3,NCOA3,PTEN,PDE8A,TRIO,PMAIP1,CYR61,IL1RAP,SOCS5,HEY1 

Cellular Movement ITGB1,ETS1,IL6ST,NRAS,TJP1,SMAD3,TMOD3,LATS2,KLF4,ADI1,NCOA3,PT
EN,CSNK2A2,TRIO,CSNK2A1,BRD4,RTN4,SEMA3C,NEDD4L,CYR61,TFPI,HE
Y1 

Tumor Morphology ETS1,ITGB1,CSNK2A2,NRAS,SMAD3,PTEN 

Gastrointestinal 
Disease 

SMAD2,SMAD3,CYR61,MLL3,NCOA3,PTEN 

 

 

 

Figure 11 – Functional analysis of genes hypomethylated and upregulated by 

hypoglycaemia. Ingenuity Pathways Analysis database was used to assign genes to biological 

functions and determine functions that were enriched, based on statistical significance.   
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.   

 

Figure 12 – Top networks determined by Ingenuity Pathway Analysis.  The top networks 

(most connections to central molecule) for hypomethylated and upregulated genes are shown for 

both hypoxia (A) and hypoglycaemia (B). The intensity of the red colouring of the molecules 

reflects the expression level as found in expression array (darker signifies greater increase in 

expression as compared to control conditions).  

A 

* 
B 
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Figure 13 – Effect of ischemia on HCT116 invasive capabilities. Cell images taken at 10X 

magnification (and converted to gray-scale) from the underside of the Matrigel-coated transwells 

(A).  Average number of HCT116 cells which invaded Matrigel coated transwells after 48 hours 

exposure to no oxygen (NO) and no glucose (NG), followed by 24 hours in the transwells (B). * 

indicates significant difference from Control; p<0.01. 
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Figure 14 - Quantitative reverse transcription-PCR to confirm expression changes in genes 

involved in cellular movement.  cDNA levels from HCT116 cells grown in hypoxia (A) and 

hypoglycaemia (B) were measured for the genes of interest and normalized to beta-actin, and to 

control.  N=5 for no oxygen and N=3 for no glucose. * indicates significant difference relative to 

control; p≤0.05.  
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CHAPTER 4 – DETERMINING IF EPIGENETIC ENZYME INHIBITORS CAN 

ENHANCE THE EFFECTS OF ANTI-ANGIOGENIC THERAPY ON HUMAN 

ENDOTHELIAL CELLS 

 

Introduction  

 

Epigenetic changes are heritable changes in gene expression which occur without a 

change to DNA coding (Holliday, 1987), and can take place in the form of DNA methylation or 

post-translational modifications to histones (Bird, 2002; Strahl and Allis, 2000).  There is an 

abundance of enzymes in mammals responsible for modifying the epigenetic code and 

determining which regions of the genome are expressed.  DNA methyltransferases (DNMT) are 

responsible for adding a methyl group to cytosines which are upstream of a guanine (CpG), 

resulting in repression of transcription.  Histone deacetylases (HDAC) are accountable for 

reversing histone acetylation and their action also results in a repressive transcriptional state.  

There are many genes which become aberrantly silenced through DNA hypermethylation and 

histone deacetylation in cancer initiation and progression (Esteller, 2007).  Since these 

modifications are reversible, there is a great deal of interest in using inhibitors designed to block 

epigenetic modifying enzymes to ultimately restore normal gene expression (Issa and Kantarjian, 

2009).       

 Two DNMT inhibitors (5-azacytidine (Vidaza) and 5-aza-2’-deoxycytidine (5-aza-dC; 

Decitabine) are currently approved by the USA Food and Drug Administration (FDA) and used 

in the treatment of several myelodysplastic syndromes, including acute myeloid leukemia (Mack, 

2006).  These inhibitors are both nucleotide analogs that trap DNMTs and prevent them from 

acting on other CpG islands, resulting in a passive demethylation as cells divide.  The two FDA 

approved HDAC inhibitors are suberoylanilide hydroxamic acid (SAHA; Vorinostat; Zolinza) 
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(Thompson, 2006), and the depsipeptide romidepsin (Istodax)(Campas-Moya, 2009).  Both are 

approved for treatment of cutaneous T-cell lymphoma and work by binding to the zinc-

containing catalytic domain of the HDACs.  Another well-studied hydroxamic acid is trichostatin 

A (TSA)(Yoshida et al., 1990). Although not FDA approved for clinical use, TSA is a very 

commonly used HDAC inhibitor in the research lab setting.    

Angiogenesis, the growth of new blood vessels from pre-existing vasculature, is a 

fundamental step in tumor growth and metastasis (Alessi et al., 2004).  Based on the knowledge 

that a solid tumor can not grow larger then 2-3 mm
3
 without a blood supply, Dr. Judah Folkman 

hypothesized in 1971 that blocking tumor-angiogenesis could be a strategy for blocking tumor 

growth (Folkman, 1971).  Blood vessels are comprised of vascular endothelial cells (EC) that 

line the interior of the vessel and, following the proliferation and migration of these cells, growth 

of new microvascular sprouts can occur (Folkman, 2007).  A number of anti-angiogenic drugs 

have been developed that target EC, including bevacizumab (Avastin), a monoclonal antibody 

which binds to vascular endothelial growth factor (VEGF).  Since the effectiveness of 

bevacizumab in clinical settings has been lower than expected based on robust preclinical results, 

the focus on anti-angiogenic therapy has turned to multi-targeted therapies. In particular, small 

molecule inhibitors target several different tyrosine kinase receptors on both EC and on 

pericytes, which stabilize the blood vessel.  Sunitinib (sunitinib malate; SU11248; SUTENT; 

Pfizer Inc) is an oral tyrosine kinase inhibitor (TKI) that targets the receptors VEGFR-1, 

VEGFR-2, VEGFR-3, PDGFR-α, PDGFR-β, c-KIT and Flt-3 (Mendel et al., 2003).  It is FDA 

approved for use in gastrointestinal stromal tumor and advanced renal cell carcinoma (Goodman 

et al., 2007; Rock et al., 2007).  Just recently, the clinical use of sunitinib was FDA approved for 

pancreatic neuroendocrine tumors (Raymond et al., 2011).   
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Recently, scientists have acknowledged that ECs, just like cancer cells, are susceptible to 

epigenetic modifications (Hellebrekers et al., 2006).  Both DNMT and HDAC inhibitors are 

known to have anti-angiogenic properties.  TSA has been shown to have direct anti-angiogenic 

effects both in vitro and in vivo with chick embryos and mouse Matrigel plug assays (Kim et al., 

2001).  Hellebrekers et al. showed that 5-aza-dC directly inhibited EC proliferation and sprouting 

and TSA had significant effects on both apoptosis and migration (Hellebrekers et al., 2006).  A 

study looking at the expression profiles of EC grown in tumor-conditioned and regular media 

found that the ECs had different epigenetic profiles depending on which media they were grown 

in, with certain anti-angiogenic factors being silenced in the tumor-conditioned media 

(Hellebrekers et al., 2007b).  Although the genes with anti-angiogenic properties that were 

silenced had no change in promoter DNA methylation, they did have decreased promoter H3 

acetylation.  Treatment with a combination of 5-aza-dC and TSA restored expression levels of 

these anti-angiogenic genes in tumor-conditioned EC.  These genes were also confirmed to be 

down-regulated in the EC from a clinical colon cancer microdissection, compared to normal 

tissue EC. 

Traditional anti-angiogenic therapies, like sunitinib, target major signaling pathways in 

EC such as VEGF/VEGFR2.  Interestingly, DNMT and HDAC inhibitors have angiostatic 

properties such as inhibiting proliferation and migration, and are capable of restoring expression 

of silenced genes which have anti-angiogenic functions in EC (Hellebrekers et al., 2006; Qian et 

al., 2004).  Therefore, DNMT and HDAC inhibitors could also be used as anti-angiogenic 

agents.  It is thus conceivable that using these two therapies in conjunction could target both cell 

signaling pathways and the epigenome of EC.  Therefore, we hypothesized that combining 
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sunitinib with either 5-aza-dC or TSA will have additive effects on inhibiting angiogenic 

processes. 

Materials and Methods 

 

A list of all chemicals and suppliers, and details of the materials and solutions used for 

the following experiments are detailed in Appendices I and II, respectively.   

Cell Culture 

 

 Human umbilical vein endothelial cells (HUVEC) were purchased from Lonza and 

grown on 1% gelatin coated plates in Medium 200 with 2% FBS and supplemented growth 

factors: hydrocortisone (1 µg⁄ml), human epidermal growth factor (10 ng⁄ml), basic fibroblast 

growth factor (3 ng⁄ml), and heparin (10 µg⁄ml).  For experiments analyzing VEGFR2 

phosphorylation, cells were kept in 0.5% FBS through the duration of the experiment.   

Inhibitors 

 

 Sunitinib (SU11248) was diluted in DMSO as per manufacturer’s instructions and used in 

ranges from 10 nM to 1 µM (final concentrations).  For dose trials with sunitinib, media was 

changed to 0.5% FBS on HUVECs and cells were treated for 3 hours with the inhibitor. 15 

minutes prior to lysis, hVEGF (10 ng/ml) and sodium orthovanadate (1 mM) were added.  For 

the time course trial, HUVECs were pre-treated with 100 nM sunitinib for 3 hours (DMSO for 

the controls), followed by addition of hVEGF (10 ng/ml) which was assigned time 0.  Cells were 

collected and protein lysates prepared at 0, 15, 30 minutes, and 1, 4, 8, and 24 hours; sodium 

orthovanadate (1 mM) was added 15 minutes prior to each time point.    5-aza-2’-deoxycytidine 
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(5-aza-dC) and trichostatin A (TSA) were dissolved in DMSO and used in doses from 10 nM to 

1 µM (final concentrations).   Controls were exposed to equivalent amounts of DMSO only. 

Western Blotting 

 

Adherent cells were lysed with whole cell lysis buffer containing 2 µg/ml aprotinin and 

phosphatase inhibitor cocktail 2.  For experiments involving phosphorylated-protein detection, 1 

mM of sodium orthovanadate was added to culture media 15 minutes prior to lysis.  For 

experiments involving VEGFR2 phosphorylation, a final concentration of 10 ng/ml of hVEGF 

was added to culture media 15 minutes prior to lysis.  Total protein (10-30 µg) as determined by 

Dc Protein assay was loaded on a 7.5% or 12% SDS-polyacrylamide gels and separated by 

electrophoresis. Proteins were transferred to a polyvinylidene difluoride membrane by wet or 

semi-dry transfer and blocked in 5% non-fat milk. Membranes were incubated with primary 

antibodies in 5% non-fat milk or 5% bovine serum albumin (BSA) diluted in Tris-buffered 

saline/Tween 20 (TBST) overnight at 4ºC, and secondary antibodies were applied for 30 minutes 

at room temperature in 5% non-fat milk in TBST.  The following antibodies and dilutions were 

used: mouse anti--tubulin (1:200,000); rabbit anti-VEGFR2, rabbit anti-phospho-VEGF2 

Tyr951, rabbit anti-phospho-VEGF2 Tyr1175, rabbit pan AKT, rabbit anti-phospho-AKT, and 

rabbit anti-caspase-3 (all 1:2000).  POD conjugated secondary goat anti-rabbit or goat-anti 

mouse antibodies were used at 1:10,000-20,000.  After washing in TBST, membranes were 

exposed to BM chemiluminescence solution as per kit instructions.  Proteins were visualized by 

X-ray film.  Following scanning of film for phosphoproteins, membranes were stripped in 

Reprobe Plus stripping solution and re-probed for corresponding native proteins.  Protein levels 
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were normalized via densitometry to -tubulin signal, or native protein levels (VEGFR2 or pan 

AKT) in the case of phosphoproteins.   

 

DNMT and HDAC Activity 

 

 The ELISA-based colourimetric EpiQuik™ DNMT and HDAC Activity assays were 

used to measure DNMT and HDAC activity in HUVECs, according to the manufacturer’s 

protocol.  Nuclear protein was isolated with EpiQuik™ Nuclear Extraction Kit I following 48 

hour treatments with varying doses of 5-aza-dC or TSA, and 5 µg nuclear protein was used per 

assay.  Each assay was performed with two independent samples.   

Proliferation Assay 

 

 To assess proliferation changes in HUVECs when treated with 5-aza-dC, TSA, sunitinib, 

or combinations of these inhibitors, the colourimetric bromodeoxyuridine (BrdU) assay was used 

as per manufacturer’s instructions.  Cells were plated in 96-well plates at a density of 2000 cells 

per well, and treated for 24 or 48 hours with inhibitors.  Following treatment, BrdU label was 

added to the media for 4 hours.  Cells were then fixed and denatured as per instructions.  Two 

and three independent biological replicates were performed for 48 and 24 hour treatments, 

respectively.    

Migration assay 

 

 HUVECs were plated in 6-well plates and grown until confluent.  Media was replaced +/- 

inhibitors, and removed 24 hours later.  PBS was added to the wells while a wound/scratch was 

made with the blunt end of a glass pasteur pipette and marked with a marker on the underside of 
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the wells for a reference point.  Wells were washed 2X with PBS prior to replacement of the 

media +/- inhibitors.  Images were taken of the wound at the reference point at time 0, 1, 6 and 

24 hours after wound infliction.  Migration was measured by taking an average of 5 length 

measurements across the wound with ImageJ (Abramoff, 2004), and each treatment group was 

normalized to its corresponding time 0 (or initial wound width).  This assay was performed with 

three independent replicates.  

Statistical Analysis  

 

One-way ANOVA was performed on all data.  If the p value was less than or equal to 

0.05, then the Bonferroni correction was performed on pairs of data.  Each assay was replicated 

at least twice.  

Results 

 

Sunitinib inhibition of P-VEGFR2 in HUVECs is time- and dose-dependent 

 

 In order to study phospo-VEGFR2 (P-VEGFR2; the activated form of the receptor) we 

first tested to see if the cells needed to be treated with sodium orthovanadate (Na3VO4) prior to 

cell lysis to inhibit phosphatases.  It was determined that indeed a 15 minute treatment with 

Na3VO4 was needed to visualize the phosphorylated version of VEGFR2 in HUVECs (Figure 

15A).   

 A dose-response experiment was then performed in duplicate and showed that after 3 

hours of treatment, 0.01 µM of sunitinib would decrease P-VEGFR2 levels at tyrosine residue 

951 (Y951) compared to untreated (Figure 15B).  However, at 0.03 µM, there was a slight 

increase in P-VEGFR2.  At a concentration of 0.3 µM, sunitinib completely inhibited P-
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VEGFR2. With tyrosine residue 1175 (Y1175), phosphorylation was not inhibited with any 

sunitinib concentration (Figure 15B) after 3 hours of treatment.   

 A time-course experiment was performed with 0.1 µM of sunitinib to determine the 

duration of P-VEGFR2 inhibition, following stimulation with the ligand, VEGF (Figure 16).  

After pre-treatment for 3 hours with sunitinib, there was a complete loss of P-VEGFR2 Y951 

only 15 minutes post-VEGF addition.  At 1 hour post-VEGF addition, P-VEGFR2 Y951 levels 

seem to recover, until about 4 hours and then decrease again until at least 24 hours.  Whereas in 

the control group (no sunitinib), P-VEGFR2 Y951 levels were maximal at 30 minutes, and began 

to decrease at 4 hours, but the receptor activation was not completely lost until 8 hours after 

VEGF introduction.  As for Y1175, it appeared to never completely lose phosphorylation in the 

presence of sunitinib, and levels seem to increase 30 minutes post-VEGF addition.  Only after 

about 24 hours did levels of Y1175 P-VEGFR2 decrease to starting levels.  

P-AKT levels at serine 473 were assessed, since AKT is an important downstream 

signaling molecule of the VEGF/VEGFR2 pathway.  In the control group, P-AKT levels 

remained very consistent, showing no changes after VEGF addition.  With sunitinib treatment, P-

AKT levels coincide with P-VEGFR2 Y951 and decreased at 30 minutes, were restored at 1 

hour, and then decreased slightly 4 hours after VEGF introduction.  Unlike with P-VEGFR2, P-

AKT levels were completely restored to control levels after 24 hours exposure to VEGF (Figure 

16).   

 Since the decrease in P-VEGFR2 levels (at both tyrosine residues) was also seen after 4 

hours in the control group, we performed another time-course experiment, but added VEGF 15 

minutes prior to lysing the cells for each time point, to confirm that P-VEGFR2 levels were not 
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decreasing due to the lack of available ligand.  After 11 hours of treatment with 100 and 300 nM 

sunitinib, P-VEGFR2 Y951 was completely inhibited, and remained so until at least 24 hours 

(Figure 17).  P-AKT levels did not appear to be affected by VEGFR2 inhibition until after 24 

hours of treatment, where 300 nM sunitinib actually increased P-AKT compared to the 

respective time-point control.      

Sunitinib increases HUVEC apoptosis in a dose-dependent manner 

 

 To assess how sunitinib affects apoptosis in HUVECs, caspase-3 cleavage was measured 

as a marker of apoptosis.  Both 100 and 300 nM doses of sunitinib were used.  After 3 and 11 

hours of treatment, apoptosis increased in a dose-dependent manner.  After 24 hours of 

treatment, the dose-response was inverted with 300 nM of sunitinib resulting in less apoptosis 

than 100 nM (Figure 18).    

Confirmation of inhibited DNMT and HDAC activity 

 

 To confirm that the doses of DNMT and HDAC inhibitors we were using were resulting 

in decreases of DNMT and HDAC enzymatic activity in HUVECs, ELISA-based assays were 

used.  30, 100 and 300 nM of 5-aza-dC significantly decreased total DNMT activity (Figure 

19A).  The highest dose of 5-aza-dC used, 1000 nM, actually resulted in a significant increase in 

DNMT activity.  All doses tested of TSA (30-1000 nM) significantly decreased HDAC activity, 

with the largest reduction seen with 1000 nM TSA (Figure 19B).    

Low doses of TSA increase HUVEC proliferation 

  

 To determine the optimal number of HUVEC to plate for the proliferation assay (using 

BrdU), cells were plated from 500 to 5000 cells per well.  It was determined that 2000 cells per 
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well was optimal based on the linear range of the growth curve (Figure 20A).  After 24 hours of 

treatment with 5-aza-dC, TSA, or sunitinib, there were no significant decreases in proliferation.  

In fact, there was a statistically significant increase in proliferation with treatment of 30 nM of 

TSA (Figure 20B).   

Enhanced decrease in proliferation when 5-aza-dC and sunitinib are combined 

 

 There were no significant differences in proliferation when HUVECs were treated with 

low (30 nM), medium (100 nM) and high (300 nM) concentrations of sunitinib or 5-aza-dC 

(Figure 21A). However, TSA, and the combination of sunitinib and TSA at the highest doses did 

significantly decrease proliferation. Combinations of sunitinib with 5-aza-dC or with TSA, 

showed no additive effects on decreasing proliferation after 24 hours (Figure 21A).   

Interestingly after 48 hours of treatment, the combination of 5-aza-dC and sunitinib (300 nM) 

had a significantly greater impact on inhibiting HUVEC proliferation then either inhibitor alone 

(Figure 21B).  TSA, and sunitinib plus TSA, had similar effects on proliferation inhibition after 

48 hours, as was seen after 24 hours (Figure 21B).       

Inhibition of HUVEC migration with single inhibitors 

  

 An initial migration assay with varying doses of the three individual inhibitors was 

performed to help determine what doses to use in combinations.  After 6 hours post-wound 

infliction, it appeared that at 10 and 30 nM, TSA were increasing migration.  However, at 300 

nM TSA, migration was slower than at the low doses. 5-aza-dC at 10 nM also appeared to 

enhance migration, but not at 300 nM.  Sunitinib did not seem to change migration rates at any 

dose (Figure 22).    
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Combining DNMT and HDAC inhibitors with sunitinib does not decrease migration 

 

 Data from the wound assay show that migration of HUVECs was significantly (p<0.05) 

repressed by high doses (300 nM) of sunitinib, TSA, and sunitinib plus 5-aza-dC or TSA, (Figure 

23C).  The changes in migration rates became apparent 24 hours post-wound infliction.  

However, combining 5-aza-dC or TSA with sunitinib did not result in significantly reduced 

migration rates compared to sunitinib alone.  Images from one replicate of the migration assay 

can be seen in Appendix VII.   

 

Discussion 

 

 In Chapter 4 we found the dose and duration of treatment with anti-angiogenic and 

epigenetic inhibitors have varying effects on angiogenic processes such as endothelial 

proliferation and migration.  Low doses of the HDAC inhibitor, TSA, can actually enhance these 

angiogenic processes.  However, combining a higher dose of the DNMT inhibitor, 5-aza-dC, 

with the same dose of sunitinib enhances the inhibition of endothelial cell proliferation, as well 

as decreases migration.  

Studies have shown that the pharmacologically relevant concentration for sunitinib 

ranges from 50 to 100 ng/mL (0.125–0.25 μM) (Mendel et al., 2003).  After performing a dose-

response experiment with P-VEGFR2 levels as the measure of inhibitor activity, we saw that 

even 0.01 µM sunitinib was capable of decreasing P-VEGFR2 Y951, as has been previously 

reported (Mendel et al., 2003).  In addition, we saw a slight increase of P-VEGFR2 at 0.03 µM 

sunitinib, which has not been previously reported.  Besides the unexplainable increase at 0.03 

µM, we observed a dose-dependent inhibition of P-VEGFR2 at Y951.  Unexpectedly, we did not 
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see a decrease in Y1175 phosphorylation with any dose of sunitinib.  Y951 and Y1175 are 

located on different domains of the receptor, with 951 in the insert domain, and 1175 on the 

carboxy-terminal (Holmes et al., 2007).  A possible reason for why Y1175 was not 

dephosphorylated could be the upregulation of other growth factors and receptors, which cause 

transactivation of VEGFR2.  It has been shown that treatment with sunitinib upregulates 

interleukin-8 (IL-8) in a mouse model of clear cell renal cell carcinoma (Huang et al., 2010a).  Il-

8 is secreted by endothelial cells (Ramjeesingh et al., 2003) and they express IL-8 receptors, 

CXCR1 and CXCR2.  Interestingly, one study has shown that VEGFR2 was transactivated by 

IL-8/CXCR-1 and -2, in a VEGF-independent manner in primary human microvascular EC 

(Petreaca et al., 2007).  There have also been reports of crosstalk between VEGFR1 and 

VEGFR2.  When VEGFR1 was coexpressed with a tyrosine kinase-inactive VEGFR2, VEGFR2 

was phosphorylated in trans at Y1175 (Autiero et al., 2003).  This crosstalk was lost when a 

tyrosine kinase-inactive VEGFR1 was coexpressed.  Although VEGFR1 is most likely not 

responsible for the lack of dephosphorylation at Y1175 with sunitinib treatment (since sunitinib 

also targets VEGFR1), this is evidence of site-specific transphosphorylation from another 

receptor.  Therefore, it could be possible that when HUVEC are treated with sunitinib, other 

tyrosine kinase receptors could be upregulated and phosphorylating VEGFR2 Y1175.          

Y1175 is important site for stimulating proliferation in EC through the Raf/MEK/Erk1/2 

signaling cascade (Holmes et al., 2007). Since we didn’t see a decrease in phosphorylation with 

sunitinib treatment at the site, this may explain a lack of effect for sunitinib on endothelial 

proliferation.  Additionally, there could be other growth factors compensating for the 

VEGF/VEGFR2 inhibited pathway.  For example, treatment with sunitinib upregulates basic 

fibroblast growth factor (bFGF or FGF2) in a mouse model of pancreatic islet cancer (Casanovas 
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et al., 2005).  As well, HUVECs express a variety of FGFs and their receptors, FGFR1-3 

(Antoine et al., 2005).  Welti and colleagues showed that bFGF supports endothelial proliferation 

and de novo tubule formation and can stimulate pro-angiogenic signaling pathways in EC despite 

the presence of sunitinib (Welti et al., 2011).  Therefore, due to the redundancy of signaling 

pathways in endothelial cells, a decrease in proliferation with treatment of a VEGFR inhibitor 

alone may be difficult to achieve.  However, combining 5-aza-dC with sunitinib did result in 

significantly decreased proliferation.  One possible explanation for this result is 5-aza-dC could 

be inducing the re-expression of epigenetically silenced anti-angiogenic factors such as adhesion 

molecule 1 (ICAM1), or insulin like growth factor binding protein (IGFBP3), which have 

previously been reported to be epigenetically silenced in tumor endothelium (Hellebrekers et al., 

2007b).  Further studies are required to determine how 5-aza-dC contributed to decreasing EC 

proliferation.     

Phosphorylation of Y951 on VEGFR2 decreased in a biphasic manner with sunitinib 

treatment, with activation reoccurring after 1-4 hours of treatment, and decreasing again until at 

least 24 hours post-treatment.  However, phosphorylation of Y1175 on VEGFR2 appeared to 

increase after 30 minutes, and remained activated until 4 hours.  Unlike Y951, Y1175 was never 

fully dephosphorylated.  AKT activation at the serine 473 residue was also measured to 

determine the impact of inhibiting VEGFR2 phosphorylation on downstream intracellular 

signaling cascades.  In VEGFR2 signaling, the activation of phosphatidylinositol 3-kinase 

(PI3K) and the generation of membrane bound phosphatidylinositol (3,4,5)-triphosphate (PIP3) 

results in the membrane targeting and subsequent phosphorylation of protein kinase B 

(PKB/AKT) by phosphoinositide-dependent kinases 1 and 2 (PDK1 and PDK2) (Cantley, 2002).   

AKT directly phosphorylates two apoptotic proteins, Bcl-2 associated death promoter (BAD) and 
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caspase 9, inhibiting their apoptotic activity and thereby promoting cell survival (Cardone et al., 

1998).  Literature shows that Y1175 on VEGFR2 is responsible for activating the PI3K/AKT 

pathway (Holmes et al., 2007).  Given that the dose-response experiment was performed after 3 

hours of treatment with sunitinib, and Y1175 was activated, the time-course experiment 

confirmed that Y1175 is activated constitutively, and even appears to increase from 30 minutes 

to 1 hour after treatment.  Strangely, AKT activation resumes at 24 hours post treatment, despite 

the decreased levels of phosphorylation at VEGFR2 Y1175.  However, due to the presence of 

other receptor tyrosine kinases on ECs like epidermal growth factor (EGFR) and insulin-like 

growth factor (IGFR) which also activate AKT (Shiojima and Walsh, 2002), these pathways may 

also be upregulating P-AKT in the presence of sunitinib.   

 Given that VEGF-A induces expression of inhibitors of apoptosis (IAP) family members 

XIAP and survivin, which inhibit the terminal effector caspases-3 and -7 (Tran et al., 1999), it is 

not surprising that when blocking VEGF-A signaling with sunitinib, we saw an increase in 

cleaved caspase-3.  The induction of cleaved caspase-3 was dose-dependent, except for at 24 

hours.  Interestingly, this decrease in apoptosis after 24 hours of treatment with 300 nM of 

sunitinib correlates with the increased activation of AKT.  Since AKT stimulates survival 

(Holmes et al., 2007), a decrease in apoptosis could be expected.   

DNMT and HDAC activity were measured to confirm that the doses of 5-aza-dC and 

TSA used were inhibiting DNMT and HDAC enzymes, respectively.  Although 30-300 nM of 5-

aza-dC decreased DNMT activity, 1000 nM significantly increased DNMT activity.  This could 

be due to the fact that high doses of 5-aza-dC have been shown to decrease proliferation, and if 

cells are not dividing, 5-aza-dC is not incorporated into DNA, and therefore DNMTs remain 
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active.  TSA behaved in a more dose-dependent trend, with HDAC activity being the lowest with 

the highest dose of TSA.  TSA activity is not dependent on cell proliferation.      

 In addition to tumor cells, studies have shown that DNMT and HDAC inhibitors have 

both direct and indirect effects on tumor endothelial cells (Hellebrekers et al., 2006; Qian et al., 

2004).  In vitro and preclinical studies have demonstrated that HDAC inhibitors, such as 

trichostatin A (TSA), have significant anti-proliferative effects on various cancers by inducing 

apoptosis, growth arrest, and differentiation (Marks and Jiang, 2005).  On the contrary, we saw 

that low doses of TSA actually increase proliferation in EC.  One other study has seen a similar 

effect when vascular smooth muscle cells treated with 0.5 µM of TSA resulted in increased 

proliferation and migration (Song et al., 2010).  As well, another study found that when HUVEC 

were exposed to two different HDACs, valporic acid and SAHA, β-catenin expression increased 

and enhanced spheroid sprout formation in vitro (Jin et al., 2011).  It appears that the anti-

angiogenic effects of HDAC inhibitors are concentration dependent. 

However, many studies have concluded that HDAC and DNMT inhibitors have anti-

angiogenic properties.  Kim et al. were the first to demonstrate anti-angiogenic activity of HDAC 

inhibitors. They showed that TSA has anti-angiogenic activity in vitro and in vivo, which was 

more evident in hypoxia-induced angiogenesis (Kim et al., 2001). Moreover, they observed 

angiogenic stimulation by HDAC1 overexpression, providing a mechanism for TSA’s role as an 

anti-angiogenic agent.  When another group treated HUVEC with TSA, a 50% reduction of the 

VEGF-induced overexpression of VEGFR2 mRNA was seen (Deroanne et al., 2002), which 

would lead to a decrease in proliferation.  Hellebrekers et al. showed that 5-aza-dC and 

zebularine directly inhibited EC proliferation and sprouting (Hellebrekers et al., 2006).  At 

higher doses of TSA and 5-aza-dC, we also observed that these inhibitors were inhibiting 
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endothelial cell proliferation as previously reported; and that this effect was enhanced when 

combining a DNMT inhibitor with an anti-angiogenic agent.  Hellebrekers et al. also reported 

that 5-aza-dC had no effect on migration, although TSA did inhibit migration (Hellebrekers et 

al., 2006).  We also did not see any inhibition of migration with 5-aza-dC alone, but TSA alone 

did significantly inhibit migration at a higher dose. Also, we did not see any enhanced effect on 

inhibiting migration when sunitinib was combined with 5-aza-dC or TSA.  Our results are 

similar to those previously reported, and we have shown that when sunitinib is combined with 5-

aza-dC, there was an enhanced effect on inhibiting EC proliferation.   

 There have been a few studies where researchers addressed the question of whether 

combining anti-angiogenic agents with HDAC or DNMT inhibitors would have improved results 

in inhibiting angiogenesis, given that HDAC and DNMT inhibitors also target the endothelium.  

Research by Qian et al. described that the TKI PTK787/ZK222584 only exhibits anti-

angiogenesis effect on EC while the HDAC inhibitor LAQ824 targets both endothelial cells and 

tumor epithelial cells. When these two agents were combined, they reported improved inhibition 

in vitro and in vivo VEGF-mediated angiogenesis (Qian et al., 2004).  Kuljaca and colleagues 

combined α-interferon (IFNα) and TSA to discover enhanced cytotoxic and anti-angiogenic 

activity (Kuljaca et al., 2007).  

 Some additional experiments which could have been performed to assess the effects of 

combining sunitinib with either a DNMT or HDAC inhibitor on angiogenic processes include a 

cord-formation assay, and in vivo experiments with mice such as Matrigel plug assays, or 

subcutaneous xenografts with varying cancer cells, and assess the blood vessel density within the 

tumors following treatment with sunitinib alone, or in combination with 5-aza-dC or TSA.  
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To conclude, we hypothesized that combining the anti-angiogenic agent sunitinib with 

either TSA or 5-aza-dC would have additive effects on decreasing EC proliferation and 

migration.  We showed that combining sunitinib with 5-aza-dC can have enhanced effects on 

decreasing proliferation, compared to either of these inhibitors alone.  Although this same 

combination does significantly inhibit migration as well, the result was not significantly different 

from sunitinib alone.  As well, HUVEC appear to be resistant to dephosphorylation at tyrosine 

residue 1175, possibly due to crosstalk between tyrosine kinase receptors.  The impact of 

treatment with sunitinib and 5-aza-dC on tumor angiogenesis and tumor growth remains 

unknown, and in vivo trials would need to be performed to determine if combining these two 

agents will enhance anti-angiogenic activity.   
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Figure 15 – Dose-response of sunitinib in HUVEC.  HUVEC treated with 1 µM sunitinib for 3 

hours +/- sodium orthovanadate (Na3VO4) to assess P-VEGFR2 detection (A).  Dose trial with 

varying concentrations of sunitinib after 3 hours of treatment to assess inhibition of phospho-

VEGFR2 Tyr951 and Tyr 1175 (B).  Representative of two experiments. 

A 

B 
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Figure 16 – Time-course of P-VEGFR2 and P-AKT inhibition with 0.1 µM sunitinib.  

HUVEC were pre-treated for 3 hours with the inhibitor, followed by addition of VEGF (10 

ng/ml) and protein was collected at 0, 15, and 30 minutes, and 1, 4, 8 and 24 hours.    
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Figure 17 – Time course of P-VEGFR2 and P-AKT inhibition with 0.1 and 0.3 µM 

sunitinib.  HUVEC were treated with 0, 0.1, and 0.3 µM of sunitinib for 3, 11, and 24 hours.  

VEGF was added 15 minutes prior to harvesting cells.  Composite blot. 
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Figure 18 – Effect of sunitinib on apoptosis in HUVEC.  HUVEC were treated with 0, 0.1, 

and 0.3 µM for 3, 11, and 24 hours and caspase-3 cleavage was used as a marker for apoptosis.  

Normal murine mammary gland  (NMuMG) cells treated with TGFβ (5 ng/ml) were used as a 

positive control for apoptosis. The bottom caspase 3 blot is a longer exposure to show the 

cleaved fragment.  Composite blot. 
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Figure 19 – Confirmation of inhibited DNMT and HDAC activity.  DNMT activity (A) 

HDAC activity (B) was assessed in HUVEC after 48 hour of treatment with 5-aza-dC or TSA.  

*indicates p≤0.05 relative to 0 nM of inhibitor.  n=2  
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Figure 20 – Determination of cell density and quantification of proliferation after 

treatment with varying doses of sunitinib, 5-aza-dC, or TSA.  Varying number of cells were 

plated from 500 to 500 cells/well to determine optimal cell density for BrdU assay (A).  BrdU 

was used to measure proliferation after 24 hours treatment with varying doses of inhibitors. * 

indicates significant (p≤0.05) compared to control.  n=3 
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Figure 21 – Quantification of proliferation with sunitinib +/- 5-aza-dC or TSA. BrdU was 

used to measure proliferation after 24 (A; n=3) and 48 (B; n=2) hours of treatment with 

inhibitors. * indicates significant (p≤0.05) compared to control, or ŧ compared to sunitinib.  
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Figure 22 – Impact of sunitinib, 5-aza-dC, or TSA on endothelial cell migration after 6 

hours.  Cells were treated for 24 hours with inhibitors prior to wounding.  Wound width was 

measured at time of scratch/wound infliction, and at 6 hours post scratch.  n=1 
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Figure 23 – Effect of sunitinib +/- 5-aza-dC or TSA, on endothelial cell migration. Cells 

were treated for 24 hours with inhibitors prior to wounding.  Wound width was measured at time 

of scratch/wound infliction, and at 1, 6, and 24 hours post scratch. Inhibitors were used at 30 nM 

(A), 100 nM (B), and 300 nM (C) doses. * indicates p≤0.05 relative to control of respective time 

point. n=3           
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GENERAL DISCUSSION 

 

Epigenetics is an important mechanism in controlling gene expression, and a substantial 

aspect of cancer development.  The epigenome of cancer cells is greatly distorted; with an 

overall decrease in total DNA methylation (Hoffmann and Schulz, 2005), acquisition of specific 

promoter hypermethylation (Herman and Baylin, 2003), and abnormal patterns in histone post-

translational modifications (Fraga et al., 2005).  Modifications to epigenetic patterning may 

result in changes in gene expression, which ultimately lead to cancer development.  DNA 

methylation is the most widely studied epigenetic modification in cancer (Esteller, 2007), and 

disruption of methylation patterning occurs in early stages of tumor development and continues 

throughout tumor progression (Esteller et al., 2001).  What remains unknown is how cancer cells 

initially acquire altered epigenetic profiles.  The tumor microenvironment is known to be an 

important modulator of tumor behavior (Raghunand et al., 2003; Subarsky and Hill, 2003), and 

has also been shown to influence epigenetic patterning.  Global DNA methylation levels have 

been shown to be decreased in a hypoxic environment (Shahrzad et al., 2007).  We examined 

further into this finding, and used a colorectal cancer model to investigate the mechanism of how 

hypoxia and hypoglycaemia, common occurrences in solid tumors due to irregular vasculature 

and decreased blood flow (ischemia), modify DNA methylation. 

In Chapter 2, we explored the effect of hypoxia and hypoglycaemia (collectively called 

ischemia) on the three main DNA methyltransferases in HCT116 cells: DNMT1, DNMT3a, and 

DNMT3b.  In addition, we wanted to determine how p53 status influenced DNMT expression in 

ischemic conditions, since this important tumor suppressor is commonly mutated in colorectal 

cancer (Russo et al., 2005).  Studies have shown that deletion of p53 in HCT116 cells results in 
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increased transcription and translation of DNMT1, presumably through loss of p53-mediated 

gene repression (Peterson et al., 2003). Interestingly, we saw that DNMT1 mRNA was 

significantly downregulated by hypoglycaemia, and both hypoxia and hypoglycaemia decreased 

expression at the protein level, but only in p53 wild-type HCT116 cells.   Thus our results 

coincide with those from Peterson et al., and that the loss of p53 results in higher DNMT1 

expression, and ischemia-mediated downregulation of DNMT1 can be mitigated by deletion of 

p53.  p53 status did not seem to significantly impact DNMT3a or 3b expression, although 

hypoglycaemia downregulated DNMT3a and 3b, and hypoxia downregulated DNMT3b.           

The effects of hypoxia on histone modifications have been well characterized. Gene 

specific modifications in HIF target genes, like VEGF and EGR1, have increases in H3K9Ac and 

H3K4me3 levels and a decrease in H3K27me3 levels in their promoters, all events associated 

with transcriptional activation (Johnson et al., 2008).  Changes in hypoxia-mediated H3K4me3 

levels have been shown to be due to the inhibition of the histone demethylase, JARID1A (Zhou 

et al., 2010).  Additionally, hypoxia can also increase transcriptionally repressive histone 

alterations like H3K9me2 through induction of the G9a methyltransferases (Chen et al., 2006).  

Therefore, there have been many reported hypoxia-induced alterations to the histone code and 

the enzymes responsible for these changes have been identified.  On the contrary, the 

relationship with hypoxia and DNA methylation has not been as well established.  

We observed that hypoxia (< 0.1% O2) decreases DNMT expression and total DNMT 

activity.  In addition, the promoter region of p16INK4a was demethylated in response to 

hypoxia-mediated DNMT-downregulation.  However, Watson et al. demonstrated that chronic 

hypoxia at 1% oxygen increases global levels of DNA methylation and DNMT3b levels in 

prostate epithelial cells (Watson et al., 2009).  Although conflicting, these two studies used very 
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different models.  We used a malignant colorectal cancer cell line, and only looked at acute, but 

severe, hypoxia.  Watson’s study used a benign prostate cell line, which was grown in chronic 

hypoxia for weeks until the cells lost HIF1α expression.  The first major difference in these 

studies are disease stage, and since it is known that DNA methylation levels change with cancer 

progression (Esteller et al., 2001), the initial epigenetic landscape will be very different between 

a benign and malignant cell.  This difference could influence further changes to DNA 

methylation patterns.  As well, the different methods of hypoxic exposure mimic very different 

clinical scenarios.  Our study mimicked the environment of a growing tumor that will at some 

point out-grow its blood supply, and for a brief period cells will be hypoxic until angiogenesis 

occurs.  Watson’s study used cells exposed to chronic hypoxia which become HIF1α 

independent.  Of course, hypoxia does occur as a gradient within a solid tumor, and it would 

have been interesting to repeat these experiments with different oxygen levels.     

Regarding DNMT hypoxia-mediated repression, repressors such as negative cofactor 2 

(NC2) have been reported to be stimulated by hypoxia and could be a possible mechanism for 

DNMT down-regulation in ischemic conditions (Denko et al., 2003).  

As with hypoxia, it has been predicted that there are concentration gradients for glucose 

in the extravascular space of tumors (Kallinowskil et al., 1985).  It is well known that the energy 

demands of cancer cells are higher than in normal cells, and the metabolic pathways are altered.  

Cancer cells will use glycolytic fermentation even in the presence of oxygen, known as the 

Warburg effect (Warburg, 1956).  Surprisingly, no one to my knowledge has investigated how 

hypoglycaemia impacts DNA methylation, or even tumor progression.  Most cancer research has 

focused on how hyperglycaemia effects tumor progression, since cancer cells take-up glucose at 

higher rates than normal tissues (Sheng et al., 2009).  However, if we know that the 
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vascularization in a tumor is not homogeneous and often dysfunctional (Carmeliet and Jain, 

2000), and tumor hypoxia is a common occurrence, how could these same hypoxic cells be 

receiving glucose?  In fact, a study showed a strong correlation between relative microvascular 

blood volume and tumor glucose uptake in human gliomas (Aronen et al., 2000).  This finding is 

very logical, since glucose is delivered via the vasculature and a cell’s uptake of glucose will be 

dependent on availability.  Therefore, a tumor with inadequate vascularization will experience 

both hypoxic and hypoglycaemic conditions.   

Future work could include combining hypoxic and hypoglycaemic conditions to better 

simulate the ischemic environment.  When this was attempted with the extreme conditions that 

were used throughout this thesis (anoxia and 0 mM glucose), majority of the cells died.  A more 

moderate, or perhaps a range of varying levels of oxygen and glucose could be used to evaluate 

the effects of a gradient ischemic environment on DNMT levels and activity. 

After investigating the methylation status of p16INK4a’s promoter region following 

exposure to hypoxia and hypoglycaemia, and finding that this gene was demethylated by 

hypoglycaemic conditions, we decided to further investigate this finding in Chapter 3.  5-mC was 

enriched with an antibody-pulldown method, and using a human promoter tiling array 

(Affymetrix), 25 500 promoter regions were screened for changes in methylation status due to 

hypoxia or hypoglycaemia.  In addition, an expression array was used in parallel with the 

promoter methylation array to identify which genes were up- or down-regulated by ischemic 

conditions.  Using software, the gene lists produced by these two arrays were overlaid in order to 

identify which genes were hypomethylated and upregulated, and which genes were 

hypermethylated and downregulated.  Focusing on the hypomethylated and upregulated genes, 

we found that a significant proportion of genes were involved in cellular movement.     
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 One of the most interesting genes which we discovered to be hypomethylated and 

upregulated by hypoxia is urokinase-type plaminogen activator receptor (PLAUR).  PLAUR 

activates uPA, which catalyzes conversion of the inactive pro-enzyme plasminogen to plasmin, 

which then degrades the extra-cellular matrix (Konno et al., 2002).  Reported as a key molecule 

in tumor progression, PLAUR has been found to be increased during transition from severe 

dysplastic adenoma to invasive carcinoma, in colorectal cancer. Interestingly, PLAUR has been 

previously shown to be HIF1-regulated in HCT116 cells, and responsible for hypoxia-mediated 

invasiveness (Krishnamachary et al., 2003).  Intratumoral hypoxia is correlated with an increased 

risk of invasion in human cancer (Hockel and Vaupel, 2001), and this finding has been linked to 

hypoxia’s ability to stimulate gene expression of products which promote invasion, such as 

PLAUR.  We believe that this hypoxia-induced gene upregulation of genes such as PLAUR, may 

be regulated by hypoxia-mediated DNA hypomethylation.  Therefore, DNMT levels are first 

downregulated by hypoxia, to facilitate the demethylation of promoter regions and subsequent 

upregulation of genes involved in cellular movement. 

Erythropoietin, a HIF1 mediated gene, requires an unmethylated hypoxia response (HRE) 

element for expression to occur (Wenger et al., 1998).  In addition to HIF1, other transcription 

factors, like Sp1, have been shown to require demethylation of their binding regions (Furuta et 

al., 2008).  PLAUR has also been shown to be regulated by the transcription factor Sp1, in the 

GC-rich promoter region (Trisciuoglio et al., 2004).  Therefore, the demethylation by hypoxia 

may be facilitating not just HIF1 binding, but Sp1 as well.  In addition, Sp1 could be a 

transcription factor which utilizes hypoglycaemia-mediated DNA hypomethylation.       

Hoffmann and Schulz hypothesized that the demethylation of the HRE in the CA9 

promoter, a hypoxia responsive gene, is due to the constitutively high expression of HIF 
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(Hoffmann and Schulz, 2005).  Given that a methylated CpG physically blocks the binding of 

transcription factors, it seems unlikely that the presence of a transcription factor alone would be 

enough to remove a methyl group.  Perhaps the decrease in the methylated CpG’s in hypoxia is 

from hypoxia-mediated repression of DNMTs, facilitating the binding of HIF1 to its 

demethylated binding sequence.   

The ligand for PLAUR, uPA, has also been shown to have a major role in tumor 

invasion, and metastasis of prostate, glioblastoma, breast, colon, and lung cancers (Sahin et al., 

2010).  There have been many studies which examined uPA promoter methylation.  Studies have 

demonstrated that when the promoter region of uPA is methylated, breast cancer cells are less 

invasive (Xing and Rabbani, 1999).  Also, uPA mRNA is expressed in the highly invasive, 

hormone-insensitive human breast cancer cell line MDA-MB-231 but not in hormone-responsive 

cell line MCF-7 (Guo et al., 2002).  This same correlation was seen in prostate cancer cells, 

where only the highly invasive cells had an unmethylated uPA promoter and expression 

(Pakneshan et al., 2003).  One group used MDA-MB-231 cells, which are known to have 

unmethylated uPA, to test if treatment with a methyl-donor, S-Adenosyl-l-methionine (SAM), 

could increase uPA promoter methylation and induce silencing.  They found that treatment with 

SAM inhibited uPA expression and tumor cell invasion in vitro, and tumor growth and 

metastasis in vivo (Pakneshan et al., 2004).  Though an interesting concept, treatment with a 

methylating agent, much like a demethylating agent, could have off-target effects, and result in 

silencing of tumor-suppressing genes.  Additionally, some of the failures seen with 

demethylating agents like 5-aza-dC could be due to the demethylation of genes involved in 

cellular movement, such as uPA and PLAUR, resulting in more aggressive tumors.     
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 Regarding the uPA/PLAUR pathway, S100A4, a member of the S100 calcium binding 

proteins, has been shown to colocalize plasminogen with the uPA-uPAR complex thereby 

localizing and stimulating uPA-dependent plasmin formation to the surface of cancer cells.  The 

loss of S100A10 from the extracellular surface of cancer cells results in a significant loss in 

plasmin generation. In addition, S100A10 knock-down cells demonstrate a loss in extracellular 

matrix degradation and invasiveness, as well as reduced metastasis (Kwon et al., 2005).  

Interestingly, our array analysis showed both hypoxia and hypoglycaemia caused the 

upregulation of S100A10 (independent of promoter hypomethylation).  This combined with the 

upregulation of PLAUR, helps support the concept that ischemia increases cellular mobility.    

 Research performed with DNMT and HDAC inhibitors has revealed these inhibitors have 

anti-angiogenic effects, such as decreasing EC proliferation, migration, and increasing apoptosis 

(Hellebrekers et al., 2006).  With this is mind, we decided to explore the impact of combining a 

classic anti-angiogenic agent with DNMT or HDAC inhibitors on endothelial cell behaviour in 

Chapter 4.  We found combining sunitinib with 5-aza-dC can have enhanced effects on 

decreasing proliferation, compared to either of these inhibitors alone.  This same combination 

also significantly inhibited migration, but not to a great extent then sunitinib alone.  As well, 

HUVEC appear to be resistant to dephosphorylation at tyrosine residue 1175, possibly due to 

crosstalk between tyrosine kinase receptors. 

 TSA is one of several HDAC inhibitors shown to have anti-angiogenic properties.  One 

mechanism for its anti-angiogenic activity is through enhanced degradation of HIF1α (Kim et al., 

2001).  With a decrease in HIF1α, there is less transcription of hypoxia-responsive genes such as 

VEGF, and therefore less angiogenic potential.  A potential mechanism for TSA-mediated HIF1α 

degradation is through the induction of acetylation at Lys532 on HIF1α, which promotes HIF1α 
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recognition and eventual ubiquitination by VHL (Chen and Sang, 2011).  The DNMT inhibitor 

5-aza-dC has shown anti-angiogenic effects such as decreasing EC proliferation and sprouting.  

Though a definitive mechanism has not been described, research has shown that certain anti-

angiogenic factors are silenced in EC grown in tumor-conditioned media, and upregulated 

following 5-aza-dC treatment (Hellebrekers et al., 2006).  Strangely, when the promoter 

methylation was assessed of the upregulated anti-angiogenic genes, there were no changes 

between 5-aza-dC treated and untreated, despite changes in expression (Hellebrekers et al., 

2007b).  When histone acetylation of these same anti-angiogenic genes was analyzed, they found 

these promoter regions were deacetylated and could be re-acetylated and expressed by TSA.  

This study revealed the importance of histone modifications is angiogenesis, and perhaps HDAC 

inhibitors may be more potent in inhibiting angiogenesis.  On the contrary, we found that 5-aza-

dC has more potential as an anti-angiogenic agent than TSA in the assays we employed.      

 One possible explanation for the re-expression of silenced anti-angiogenic genes seen 

with 5-aza-dC treatment despite the lack of changes in promoter methylation is the association of 

DNMTs with HDACs.  DNA methylation represses genes partly by recruitment of the methyl-

CpG-binding protein MeCP2, which in turn recruits HDAC1 (Razin, 1998).  Additionally, one 

group demonstrated that HDAC1 can directly bind to DNMT1 (Fuks et al., 2000).  Therefore, 

when the DNMT inhibitor 5-aza-dC is present and rendering DNMTs inactive, the accompanied 

decrease in 5-mC will results in less MeCP2, followed by less HDAC1, as well as less direct 

interaction with HDAC1, resulting in increased histone acetylation.  Another group demonstrated 

that 5-aza-dC in conjunction with decreasing methylation, reduced levels of H3K9me2 at the 

p14ARF/P16INK4a locus in bladder cancer cells, and increased H3K4 acetylation (Nguyen et al., 

2002).  These studies demonstrate the connection of DNA methylation and histone 
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modifications.  Perhaps we saw enhanced anti-proliferative activity with 5-azad-dC in 

endothelial cells because of the evidence that this inhibitor can target both DNA methylation and 

histone modifications.  Given this information, there is also a strong possibility that ischemia-

mediated DNMT repression in colorectal cancer cells would alter histone modifications as well.       

 The original hypothesis that endothelial cells are more genetically stable than cancer cells 

and therefore should not become resistant to therapy (Kerbel, 1991) has been disproven with 

clinical evidence of acquired resistance to anti-angiogenic therapy (Azam et al., 2010).  

However, there has been some success with anti-angiogenic therapies when combined with 

chemotherapy; progression-free survival is often prolonged, but overall survival is not (Azam et 

al., 2010).  Sunitinib, as well as bevacizumab, sorafenib and thalidomide are all FDA approved 

angiogenesis inhibitors.  Clinical studies using these inhibitors have shown benefits in relapse-

free survival for metastatic colorectal cancer, advanced non-small cell lung cancer, renal cell 

carcinoma, hepatocellular carcinoma, metastatic breast cancer, and gastrointestinal stromal 

tumors (GIST) (Azam et al., 2010). 

 One reason for the acquired resistance seen with anti-angiogenic therapies is the abundant 

amount of signaling pathways, and the cross-talk between receptors in endothelial cells.  For 

example, bevacizumab treatment sequesters the ligand VEGFA, which normally activates 

VEGFR1 and VEGFR2.  However, treatment with bevacizumab leads to the upregulation of 

PlGF, the ligand for VEGFR1, in rectal cancer (Willett et al., 2009) and ovarian cancer 

(Horowitz et al., 2011) patients.  Interestingly, VEGFR1 activation via PlGF is known to 

transphosphorylate VEGFR2 (Autiero et al., 2003).  So even though bevacizumab blocks 

VEGFA mediated activation of VEGFR2, there can still be activation through other tyrosine 

kinase receptors.  In fact, the FDA has recently revoked the use of bevacizumab in advanced 
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breast cancer patients. High levels of FGF2, SDF-1 and PlGF are reported in progressive tumors 

treated with anti-VEGF therapy (Azam et al., 2010).  One study showed that treatment with an 

anti-VEGFR2 antibody, DC101, in a mouse model of pancreatic neuroendocrine cancer inhibited 

tumor growth and decreased vascular density initially, but the tumor regrew with increased 

tumor vasculature after one month continuous treatment.  Up-regulation of several pro-

angiogenic growth factors such as bFGF, Ang1, and ephrin-A1 were deemed responsible for the 

reoccurrence in angiogenesis (Casanovas et al., 2005).   

 In effort to improve anti-angiogenic therapy, multi-targeted tyrosine kinase inhibitors, 

such as sunitinib and sorafenib, have been used clinically to target multiple pathways in both 

endothelial cells and pericytes.  Unfortunately, even treatment with sunitinib has been shown to 

increase plasma levels of VEGFA, PlGF, G-CSF, SDF-1alpha, SCF, and osteopontin (Ebos et 

al., 2007).  Interestingly, this was in normal, non-tumor bearing mice indicating that this 

response is not tumor-dependent.  As well, preclinical studies have shown short-term therapy 

with sunitinib to increase tumor invasiveness and metastasis in mouse models of breast and 

melanoma cancers (Ebos et al., 2009; Paez-Ribes et al., 2009).  One potential explanation for 

increased metastasis from anti-angiogenic therapy lies in cancer stem cells (CSCs).  Anti-

angiogenic agents are known to produce intratumoral hypoxia, and hypoxia is known to 

influence metastasis (Lu and Kang, 2010).  Also, HIF1α has been linked to the stimulation of 

CSCs in glioblastoma (Soeda et al., 2009), and CSCs are linked to increased metastatic potential 

(Charafe-Jauffret et al., 2009).  Conley and colleagues showed that administration of sunitinib 

and bevacizumab increased the CSC population in breast cancer xenografts, due to the resultant 

hypoxia (Conley et al., 2012), linking the concept that anti-angiogenic therapy may be inducing 

hypoxia-mediated upregulation of CSCs, leading to increased metastasis.            
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 Although we saw that combining 5-aza-dC and sunitinib can enhance the anti-

proliferative activity of sunitinib, we also observed that HUVEC were resistant to 

dephosphorylation at tyrosine 1175 with sunitinib treatment.  This result helps explain why 

sunitinib alone did not cause a decrease in proliferation, since tyrosine 1175 activates the 

Raf/MEK/Erk1/2 signaling cascade to stimulate proliferation in EC (Holmes et al., 2007).  As 

previously discussed, receptor transphosphorylation is a possible explanation as to why this 

residue remained phosphorylated in the presence of a tyrosine kinase inhibitor.  It is surprising to 

see this result in an in vitro model, and it would be interesting to see what would happen in an in 

vivo model, with the presence of many additional growth factors from the tumor 

microenvironment.  Further studies are required to determine if combining 5-aza-dC and 

sunitinib can improve inhibition of angiogenesis more so than either inhibitor alone, and the 

impact this treatment strategy has on tumor growth. 

 Lastly, it remains unknown whether ischemia-mediated downregulation of DNMTs 

would impact EC as it does colorectal cancer cells.  If EC responded the same way colorectal 

cancers did to ischemic conditions, genes involved in cellular movement could be 

hypomethylated and upregulated, resulting in enhanced migration.  Although this was not tested 

in this thesis, given the results of the migration assay in Chapter 4 on EC following treatment 

with the DNMT inhibitor 5-aza-dC, there doesn’t seem to be enhanced migration in EC 

following pharmacological DNMT inhibition.  This may suggest that ischemia-mediated DNMT 

inhibition may also not impact EC migration.  A potential explanation for the discrepancy in 

responses to migration following DNMT-downregulation between EC and colorectal cancer cells 

could be due to differential methylation patterns in the cellular movement genes of these two cell 

types.  EC may already have demethylated cellular movement genes as they need to be primed 
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for migration more so than colorectal epithelial cells.  Differential methylation patterns have 

been noted in different cell types (Ehrlich et al., 1982), and examination of the methylation levels 

of cellular movement genes in EC would be required to better assess if ischemic conditions could 

alter cellular movement via demethylation of cellular movement genes.         
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SUMMARY AND CONCLUSIONS 

 

 The research described in this thesis has investigated two modes of epigenetic 

manipulation.  The first mode was through the intrinsic pressure commonly seen in a solid tumor 

microenvironment, ischemia.  The second was through extrinsic modifications to epigenetic 

patterning through enzyme inhibitors.  The goals were to determine how ischemia decreases 

DNA methylation in human colorectal cancer cells, and what effect this has on gene expression 

and cell behaviour.  As well, to explore the therapeutic potential in combining an anti-angiogenic 

therapy with DNA methyltransferases or histone deacetylase inhibitors, by assessing the impact 

these inhibitors have on angiogenic processes in endothelial cells. 

We found that ischemia decreases overall DNA methylation by downregulating DNMTs 

in colorectal cancer cells.  DNMT1 was significantly downregulated by hypoxia and 

hypoglycaemia, however, DNMT1 downregulation was p53-dependent.  DNMT3a was 

downregulated by hypoglycaemia, and DNMT3B mRNA was downregulated by both hypoxia 

and hypoglycaemia.  After discovering that ischemia-mediated downregulation of DNMTs 

resulted in demethylation of the promoter region of p16, we choose to utilize a multi-platform, 

genome-wide array assessment of promoter methylation and expression of colorectal cancer cells 

exposed to hypoxia or hypoglycaemia.  Enriched methylated DNA was used on a promoter array 

to identify which genes had significant changes in promoter methylation, and isolated RNA was 

used on an expression array to identify which genes had significant changes in expression.  

Using Partek software, the data sets from these two arrays were overlaid to detect which genes 

were both hypomethylated and upregulated. A significant proportion of the genes which were 

both hypomethylated and upregulated appeared to be involved in cellular movement.  With 

further investigation and verification, we saw that PLAUR, a gene known to be involved in tumor 
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invasion and metastasis, was upregulated by hypoxia.  Previous studies have shown that hypoxia 

is a driving factor in tumor metastasis, and the DNA methylation profile of primary and 

metastatic lesions differ.  We believe our study has provided a mechanism for hypoxia-, and 

ischemia-mediated metastasis.  We propose that in ischemic conditions, DNMTs are 

downregulated resulting in demethylation of several genes, some of which are involved in 

cellular movement, and thereby enhance the metastatic potential of those ischemic cancer cells.  

DNMT and HDAC inhibitors have been explored in cancer therapy for their ability to 

modify gene expression, and their potential in re-expressing silenced tumor suppressor genes.  In 

addition, the effect of these inhibitors on non-tumor cells has also been explored.  Both DNMT 

and HDAC inhibitors have been shown to inhibit endothelial cell proliferation, and inhibit 

angiogenesis in vivo.  Therefore, we wanted to test if combining these inhibitors with a 

traditional anti-angiogenic therapy, sunitinib, could improve the inhibition of angiogenic 

processes like proliferation and migration in endothelial cells.  We found that the combination of 

5-aza-dC and sunitinib could decrease endothelial cell proliferation more significantly than either 

of these agents alone and these two inhibitors also significantly inhibited migration, but not more 

than sunitinib alone.   

 These studies provide a better understanding for how the tumor microenvironment can 

alter epigenetic patterning in colorectal cancer cells, and what the effect of using DNMT and 

HDAC inhibitors in combination with anti-angiogenic therapy has on endothelial cells.  The 

tumor microenvironment, specifically ischemia, in solid tumors can significantly modify DNMT 

expression and activity, resulting in changes in DNA methylation patterns and gene expression.  

Some of the genes targeted by ischemia-mediated DNA hypomethylation are involved in cellular 

movement, helping explain why hypoxic tumors are more metastatic.  In addition, DNMT 
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inhibitors seem to decrease endothelial cell proliferation better than HDAC inhibitors when 

combined with anti-angiogenic therapy.   
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APPENDIX I – CHEMICAL LIST AND SUPPLIERS 

5-aza-2’-deoxycytidine Sigma-Aldrich, Oakville, ON, Canada 

Acrylamide/Bis solution, 40% Bio-Rad Laboratories, Hercules, CA, USA 

Agar Fisher Scientific, Nepean, ON, Canada 

Agarose low EEO Fisher Scientific, Nepean, ON, Canada 

Ammonium persulfate Sigma-Aldrich, Oakville, ON, Canada 

Ampicillin, 100 mg/ml Sigma-Aldrich, Oakville, ON, Canada 

Aprotinin Sigma-Aldrich, Oakville, ON, Canada 

Aquapolymount Polyscience, Warrington, PA, USA 

Bovine Serum Albumin (BSA) Santa Cruz, Santa Cruz, CA, USA 

Bromodeoxyuridine (BrdU) BD Biosciences, Mississauga, ON, Canada 

Bromodeoxyuridine (BrdU) 

colorimetric assay Merck, Darmstadt, Germany 

Cell culture dishes Sarstedt, Newton, NC, USA 

Cell Culture insert companion plate, 

24-well BD Biosciences, Mississauga, ON, Canada 

Cell culture inserts, 8.0 µm, 24-well  BD Biosciences, Mississauga, ON, Canada 

Cell lysis buffer, 10X Cell Signaling Technology, Danvers, MA, USA 

Chemilluminescent substrate (BM) Roche, Laval, QC, Canada 

Coverslips Fisher Scientific, Nepean, ON, Canada 

Dako pen Dako, Carpinteria, CA, USA 

DakoCytomation serum free protein 

block DAKO, Glostrup, Denmark 

DAPI (4',6-diamidino-2-

phenylindole) Dako, Carpinteria, CA, USA 

Dc protein assay Bio-Rad Laboratories, Hercules, CA, USA 

DH5alpha competent cells Life Technologies, Burlington, ON, Canada 

Dimethyl sulfoxide (DMSO) Fisher Scientific, Nepean, ON, Canada 

DNA ladder, 100 bp, Generuler ThermoFisher Scientific, Waltham, MA 

DNeasy Blood and Tissue Kit Qiagen, Hilden, Germany 

dNTP 100 mM set Life Technologies, Burlington, ON, Canada 

Dulbecco’s modified Eagle’s 

Medium (DMEM) Sigma-Aldrich, Oakville, ON, Canada 

dUTP Fisher Scientific, Nepean, ON, Canada 

EpiQuik™ DNA Methyltransferase 

Activity/Inhibition Assay Kit Epigentek, Brooklyn, NY, USA 

EpiQuik™ Nuclear Extraction Kit I Epigentek, Brooklyn, NY, USA 

Epitect Bisulfite Kit Qiagen, Hilden, Germany 

Ethidium Bromide 10 mg/ml Bio-Rad Laboratories, Hercules, CA, USA 
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FastStart MasterPlus SYBR Green I  Roche, Laval, QC, Canada 

Fetal Bovine Serum (FBS) Life Technologies, Burlington, ON, Canada 

Fluorescent mounting media Dako, Carpinteria, CA, USA 

Gelatin Fisher Scientific, Nepean, ON, Canada 

Gentamicin Sigma-Aldrich, Oakville, ON, Canada 

Glucose-free media Life Technologies, Burlington, ON, Canada 

Glycine Fisher Scientific, Nepean, ON, Canada 

Goat anti-mouse Cy3 conjugated 

antibody Jackson Immunoresearch, West Grove, PA, USA 

Goat anti-mouse POD antibody Sigma-Aldrich, Oakville, ON, Canada 

Goat anti-rabbit POD antibody Sigma-Aldrich, Oakville, ON, Canada 

Human methylated and bisulfite 

modified DNA and unmethylated 

DNA Qiagen, Hilden, Germany 

HUVEC (Human umbilical vein 

endothelial cells Lonza, Basel, Switzerland 

Hydrogen peroxide, 30% Fisher Scientific, Nepean, ON, Canada 

illustra™ GFX™ PCR DNA and Gel 

Band Purification Kit GE Healthcare, Waukesha, WI, USA 

Isopropanol Fisher Scientific, Nepean, ON, Canada 

LightCycler® FastStart MasterPlus 

SYBR Green I Roche, Laval, QC, Canada 

Low serum growth supplements 

(LSGS) Life Technologies, Burlington, ON, Canada 

Matrigel BD Biosciences, Mississauga, ON, Canada 

Medium 200 (endothelial cell media) Life Technologies, Burlington, ON, Canada 

Methanol, 100% Fisher Scientific, Nepean, ON, Canada 

Methylamp Methylated DNA 

Capture kit Epigentek, Brooklyn, NY, USA 

Modular Incubator Chamber Billups-Rothenberg Inc, Del Mar, CA, USA 

Mouse-anti-DNMT1 antibody Imgenex Corp., San Diego, CA, USA 

Mouse-anti-α-tubulin antibody Sigma-Aldrich, Oakville, ON, Canada 

Normal goat serum Sigma-Aldrich, Oakville, ON, Canada 

Paraformaldehyde, 4% USB Corporation, Cleveland, OH, USA 

PerfeCTa® SYBR® Green FastMix Quanta Biosciences, Gaithersburg, MD, USA 

pGEM-T easy plasmids Promega, Madison, WI, USA 

Phosphate buffered saline (PBS) Sigma-Aldrich, Oakville, ON, Canada 

PMSF, powder Sigma-Aldrich, Oakville, ON, Canada 

PureLink plasmid miniprep kit Life Technologies, Burlington, ON, Canada 
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PVDF membrane Roche, Laval, QC, Canada 

QiaQuick PCR purification kit Qiagen, Hilden, Germany 

QuantiTect Primers Qiagen, Hilden, Germany 

Rabbit anti-CA IX antibody Abcam, Cambridge, MA, USA 

Rabbit anti-caspase-3 antibody Cell Signaling Technology, Danvers, MA, USA 

Rabbit anti-DNMT3a antibody Cell Signaling Technology, Danvers, MA, USA 

Rabbit anti-pan-AKT antibody Cell Signaling Technology, Danvers, MA, USA 

Rabbit anti-phospho-AKT (ser473) 

antibody Cell Signaling Technology, Danvers, MA, USA 

Rabbit-anti-phospo-VEGFR2 

Tyr1175 Cell Signaling Technology, Danvers, MA, USA 

Rabbit-anti-phospo-VEGFR2 Tyr951 Cell Signaling Technology, Danvers, MA, USA 

Rabbit-anti-VEGFR2 antibody Cell Signaling Technology, Danvers, MA, USA 

Rat anti-BrdU, FITC conjugated 

antibody Abcam, Cambridge, MA, USA 

RNase H Life Technologies, Burlington, ON, Canada 

Sodium chloride Fisher Scientific, Nepean, ON, Canada 

Sodium dodecyl sulfate, 20% Bio-Rad Laboratories, Hercules, CA, USA 

Sodium orthovanadate Fisher Scientific, Nepean, ON, Canada 

Sodium pyruvate Life Technologies, Burlington, ON, Canada 

Stripping solution, Reblot Plus Millipore, Temecula, CA, USA 

Sunitinib (SU11248) Sigma-Aldrich, Oakville, ON, Canada 

SuperScript Reverse Transcriptase Life Technologies, Burlington, ON, Canada 

Taq polymerase Life Technologies, Burlington, ON, Canada 

Tetramethylethylenediamine 

(TEMED) Roche, Laval, QC, Canada 

Trichostatin A Sigma-Aldrich, Oakville, ON, Canada 

TRIPure Roche, Laval, QC, Canada 

Tris, powder Fisher Scientific, Nepean, ON, Canada 

Tris-HCl buffer, 0.5 M, pH 6.8 Bio-Rad Laboratories, Hercules, CA, USA 

Tris-HCl buffer, 1.5 M, pH 8.8 Bio-Rad Laboratories, Hercules, CA, USA 

Triton X-100 non-ionic detergent Bio-Rad Laboratories, Hercules, CA, USA 

Trypan blue solution, 4% Sigma-Aldrich, Oakville, ON, Canada 

Turbo DNase I Life Technologies, Burlington, ON, Canada 

Tween-20 Bio-Rad Laboratories, Hercules, CA, USA 

X-ray film Kodak, Rochester, NY, USA 

 



 163  

 

APPENDIX II – PREPARATION OF MATERIALS 

 

2% agarose gel 

2 g of agarose/100 ml of 1X TBE buffer was added to a flask.  Solution was heated in a 

microwave until completely dissolved and allowed to cool slightly.  Once cooled, 4 µl of 

ethidium bromide was added, and the prepared solution was poured into a casting apparatus.   

Casting acrylamide gels for Western Blotting (1.5 mm thick) 

To make 7.5% acrylamide resolving gel the following amounts were used: 

Distilled water 11 ml 

40% acrylamide solution 3.72 ml 

1.5 M pH 8.8 Tris buffer 5 ml 

10% SDS 200 µl 

TEMED 10 µl 

10% ammonium persulfate 240 µl 

 

Once resolving gel was polymerized, stacking gel was prepared as follows: 

Distilled water 3.2 ml 

40% acrylamide solution 0.5 ml 

1.5 M pH 6.8 Tris buffer 1.26 ml 

10% SDS 50 µl 

TEMED 5 µl 

10% ammonium persulfate 50 µl 

 

Plastic combs (1.5 mm) were added to the gels and once polymerized, gels were stored in damp 

tissue paper in a plastic container for up to 2 days at 4ºC. 

Cell Lysis Buffer (Cell Signaling) contents: 

20 mM Tris-HCl (pH 7.5) 

150 mM NaCl 

1 mM Na2EDTA 

1% Triton-X 

2.5 mM sodium pyrophosphate 

1 mM beta-glycerophosphate 

1 mM Na3VO4 

1 µg/ml leupeptin 

1 mM PMSF 

2 µg/ml aprotinin  
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Medium 200 (endothelial growth media; Life Technologies) was supplemented with 2% FBS 

and growth factors: hydrocortisone (1 µg⁄ml), human epidermal growth factor (10 ng⁄ml), basic 

fibroblast growth factor (3 ng⁄ml), and heparin (10 µg⁄ml) (Life Technologies).  

TBE Buffer 10X 

 For a final volume of 500 ml, 54 g of Tris base, 27.5 g of boric acid and 20 ml of 0.5 M EDTA 

(pH 8.0) was added to distilled water.   

Towbin Solution 

For a final volume of 1 L, 30.25 g of Tris base and 144.10 g of glycine were added to distilled 

water and stored at 4ºC. 

Transfer buffer 10X (for wet transfer) 

For a final volume of 1 L, the following were combined in distilled water: 

150 ml methanol 

80 ml Towbin solution 

2 ml 2% SDS 

 

Buffer was stored at 4ºC for 2 hours prior to use.   

Transfer buffer 1X (for semi-dry transfer) 

For a final volume of 1 L, the following were combined in distilled water: 

5.82 g Tris 

2.93 g glycine 

3.75 ml of 10% SDS 

200 ml methanol 

 

Tris buffered Saline 10X (TBS) 

For a final volume of 1 L, 24.2 g of Tris base and 80 g NaCl were combined in distilled water.  

pH was adjusted to 7.6. 

Wash buffer TBS/Tween (TBST) 

1X TBS was prepared from the 10X stock, by a 1:10 dilution in distilled water, and 0.1% Tween 

was added. 
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Blocking solutions 

For blocking, both 5% milk and 5% BSA were prepared in TBST.   

Loading buffer 5X 

To prepare loading buffer for protein lysates the following solutions were combined: 

6.25 ml tris buffer, pH 6.8 (1 M) 

0.5 ml EDTA, pH 8 (0.5 M) 

6.25 ml of 20% SDS 

10 ml glycerol 

1.5 ml of 2% bromophenol blue 

 

Final working solution was prepared by mixing 1 ml of loading buffer 5X with 20 µl β-

mercaptoethanol. 

 

Stripping membranes 

Antibody probed PVDF membranes were washed in TBST for 5 minutes.  Stripping solution was 

prepared by diluting stock solution (Reblot Plus; Millipore) 1:10 in distilled water.  Membranes 

were incubated for 15 minutes in the 1X stripping solution and then washed in TBST.  

Membranes were then blocked and probed again for the second protein of interest.    
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APPENDIX III – QUANTITATIVE DATA FOR DNMT1 AND CA IX 

IMMUNOFLOURESCENCE IN HCT116 XENOGRAFTS 

 
 

 

 

 

 

 

 

Appendix III - Quantitative data for DNMT1 and CA IX immunofluorescence in HCT116 

xenografts. Tissue regions were classified into three groups: DNMT1 positive, CA IX positive, 

or positive for both DNMT1 and CA IX staining (co-expression).  Five fields per tumor were 

imaged and Optimus software (Fort Collins, CO) was used to measure areas for each group (%).  
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APPENDIX IV – LIST OF HYPERMETHYLATED AND DOWNREGULATED GENES 

BY HYPOXIA 

 Expression Promoter Methylation 

Gene Symbol p-value Fold-change p-value MAT score 

UBE2K 0.043 -4.45 0.008 3.87 

CDCA7 0.001 -4.31 0.010 3.76 

STAU2 0.001 -4.25 0.007 4.01 

NFXL1 0.033 -4.10 0.005 4.17 

NIPSNAP3A 0.016 -3.59 0.008 3.91 

WRB 0.041 -3.47 0.005 4.17 

RALA 0.014 -3.37 0.005 4.26 

C1orf131 0.003 -3.33 0.008 3.87 

C10orf137 0.039 -3.19 0.003 4.68 

C12orf29 0.046 -3.11 0.005 4.25 

FECH 0.030 -3.01 0.007 3.94 

MCM4 0.005 -2.85 0.010 3.73 

HIATL1 0.020 -2.83 0.010 3.74 

MUM1L1 0.032 -2.79 0.006 4.12 

POLE3 0.001 -2.76 0.009 3.81 

BUB3 0.013 -2.75 0.005 4.17 

LZTFL1 0.006 -2.73 0.007 4.03 

OSBPL3 0.031 -2.70 0.006 4.10 

CUTC 0.034 -2.68 0.008 3.86 

C17orf89 0.002 -2.66 0.008 3.85 

PSAT1 0.009 -2.64 0.004 4.45 

CBR4 0.007 -2.63 0.009 3.83 

PGGT1B 0.027 -2.61 0.006 4.04 

TATDN3 0.009 -2.61 0.003 4.59 

DHX33 0.028 -2.59 0.006 4.08 

GNA12 0.002 -2.55 0.010 3.76 

NAPEPLD 0.030 -2.47 0.006 4.12 

TMEM218 0.001 -2.41 0.002 4.83 

NIP7 0.021 -2.41 0.010 3.73 

NUP35 0.000 -2.38 0.010 3.76 

NMT2 0.015 -2.34 0.007 4.00 

TSPAN3 0.007 -2.31 0.005 4.16 

ZMAT3 0.037 -2.28 0.005 4.22 

APOO 0.039 -2.28 0.009 3.81 

TIMM8B 0.005 -2.26 0.010 3.73 

H3F3B 0.001 -2.19 0.002 5.08 
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RPIA 0.023 -2.19 0.007 4.02 

WDR12 0.043 -2.18 0.009 3.83 

TRIM27 0.008 -2.18 0.007 4.03 

DIMT1L 0.014 -2.16 0.006 4.12 

DDX42 0.000 -2.15 0.008 3.92 

ATAD2 0.004 -2.15 0.010 3.75 

MFF 0.005 -2.14 0.006 4.08 

RNF125 0.016 -2.14 0.009 3.82 

LIN52 0.020 -2.13 0.009 3.80 

METTL13 0.005 -2.12 0.008 3.84 

SEC23B 0.008 -2.11 0.006 4.05 

PHF20L1 0.014 -2.08 0.010 3.75 

SUMO1 0.004 -2.08 0.003 4.56 

ABCF2 0.015 -2.07 0.004 4.34 

LRRC8B 0.030 -2.06 0.008 3.84 

SMPDL3B 0.002 -2.06 0.006 4.10 

UBAP2 0.014 -2.05 0.006 4.06 

C10orf78 0.011 -2.04 0.007 4.01 

WHSC1 0.029 -2.02 0.007 4.01 

RBM26 0.027 -2.02 0.003 4.56 

NLRP2 0.003 -2.01 0.007 4.01 

NCBP1 0.028 -2.01 0.003 4.57 
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APPENDIX V - LIST OF HYPERMETHYLATED AND DOWNREGULATED GENES 

BY HYPOGLYCAEMIA 

 Expression Promoter Methylation 

Gene Symbol p-value Fold-change p-value MAT score 

GMNN 0.0000 -10.63 0.005679 4.11 

SLC16A3 0.0001 -9.29 0.005955 4.08 

NGFRAP1 0.0001 -9.28 0.007574 3.87 

IMPACT 0.0000 -8.47 0.009783 3.69 

VMA21 0.0000 -8.39 0.009805 3.68 

CYBA 0.0001 -7.16 0.007335 3.89 

PAIP1 0.0000 -7.14 0.009424 3.71 

LEPR 0.0043 -7.08 0.00776 3.85 

ETFB 0.0002 -7.06 0.005567 4.12 

DDIT4L 0.0002 -6.72 0.008924 3.75 

SCRN2 0.0002 -6.61 0.009342 3.71 

C2orf28 0.0031 -6.61 0.000925 5.69 

LOC100131801 0.0001 -6.60 0.004835 4.23 

FAM164A 0.0041 -6.50 0.006216 4.04 

AASDHPPT 0.0027 -6.16 0.00776 3.85 

LEPROTL1 0.0001 -6.02 0.007678 3.86 

SMARCD2 0.0001 -5.96 0.005507 4.13 

DGKQ 0.0001 -5.78 0.00929 3.72 

RCAN3 0.0001 -5.73 0.009656 3.69 

ARRDC4 0.0012 -5.63 0.006096 4.05 

IFITM3 0.0015 -5.62 0.007454 3.88 

PREPL 0.0005 -5.62 0.009544 3.70 

MAD2L1 0.0016 -5.49 0.000873 5.75 

ISCA1 0.0001 -5.29 0.008469 3.79 

MRPL27 0.0003 -5.19 0.004112 4.37 

TRIM13 0.0008 -5.08 0.009835 3.68 

REEP3 0.0044 -4.75 0.003216 4.54 

FBXL16 0.0007 -4.54 0.001791 5.03 

YIF1A 0.0014 -4.53 0.007529 3.87 

CCNE2 0.0012 -4.53 0.005358 4.15 

MCM2 0.0003 -4.50 0.006343 4.02 

KCTD18 0.0041 -4.43 0.005701 4.11 

PHF20 0.0004 -4.37 0.006104 4.05 

ANTXR1 0.0014 -4.37 0.006178 4.04 

NAP1L5 0.0015 -4.33 0.006059 4.06 

ABCC10 0.0002 -4.32 0.00641 4.01 
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CPT2 0.0045 -4.14 0.00982 3.68 

TSN 0.0042 -4.05 0.005223 4.17 

TMPO 0.0025 -4.03 0.008902 3.75 

UNC119B 0.0048 -4.02 0.006887 3.96 

THNSL1 0.0027 -4.01 0.00776 3.85 

SLC16A5 0.0016 -4.01 0.009298 3.72 

TM2D3 0.0011 -4.01 0.008417 3.80 

SFRS6 0.0008 -3.99 0.003962 4.40 

C12orf32 0.0009 -3.93 0.003059 4.58 

HEATR2 0.0001 -3.87 0.005388 4.15 

ANXA7 0.0011 -3.85 0.007469 3.88 

LPCAT1 0.0017 -3.83 0.002865 4.66 

C17orf70 0.0029 -3.78 0.007335 3.89 

C7orf47 0.0006 -3.75 0.004589 4.28 

STRADB 0.0009 -3.73 0.001716 5.07 

TMEM129 0.0006 -3.71 0.008902 3.75 

UQCRC1 0.0001 -3.67 0.001448 5.23 

STMN3 0.0004 -3.65 0.007417 3.88 

C14orf109 0.0036 -3.62 0.003612 4.46 

CBX3 0.0004 -3.52 0.003925 4.41 

MIF 0.0010 -3.50 0.008895 3.75 

TNFAIP8L1 0.0010 -3.50 0.000575 6.19 

MRPS7 0.0007 -3.40 0.005619 4.12 

RALA 0.0003 -3.40 0.008768 3.77 

BEX2 0.0028 -3.36 0.001574 5.14 

FLJ10357 0.0034 -3.32 0.004067 4.38 

NUDT22 0.0012 -3.30 0.009917 3.68 

UXS1 0.0008 -3.25 0.00888 3.75 

ANKFY1 0.0008 -3.24 0.006164 4.04 

TM9SF3 0.0037 -3.21 0.003492 4.49 

SREBF1 0.0027 -3.19 0.009947 3.67 

CPNE3 0.0009 -3.17 0.009201 3.73 

FAM83H 0.0022 -3.16 0.008096 3.82 

GUK1 0.0003 -3.12 0.005522 4.13 

DNER 0.0043 -3.10 0.009783 3.69 

PHKB 0.0011 -3.10 0.00544 4.14 

RANBP1 0.0000 -3.10 0.006387 4.02 

USP48 0.0007 -3.08 0.006283 4.03 

UCP2 0.0033 -3.07 0.007149 3.92 

DCI 0.0004 -3.06 0.006783 3.97 

C8orf37 0.0048 -3.04 0.004641 4.27 
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ATP2A2 0.0001 -3.03 0.009827 3.68 

APLP2 0.0043 -3.02 0.009991 3.67 

KLHL36 0.0007 -3.02 0.005119 4.19 

CTSB 0.0043 -3.00 0.009708 3.69 

TSEN2 0.0040 -2.99 0.004604 4.27 

LSM6 0.0012 -2.98 0.005679 4.11 

DHRS7 0.0025 -2.96 0.003179 4.55 

BBS7 0.0030 -2.95 0.009917 3.68 

CMTM7 0.0002 -2.94 0.008738 3.77 

NDUFV1 0.0001 -2.91 0.006283 4.03 

DSCC1 0.0001 -2.87 0.008223 3.81 

MGST2 0.0016 -2.84 0.008656 3.78 

XPA 0.0025 -2.76 0.007865 3.85 

C16orf13 0.0038 -2.74 0.004455 4.30 

CYB5A 0.0030 -2.72 0.005947 4.08 

BPHL 0.0023 -2.72 0.005701 4.11 

DENND5B 0.0033 -2.69 0.000918 5.70 

SYNCRIP 0.0002 -2.69 0.004067 4.39 

RNPEP 0.0026 -2.69 0.005253 4.17 

GPS1 0.0023 -2.69 0.002933 4.64 

ORC6L 0.0001 -2.69 0.005432 4.14 

SKA2 0.0018 -2.67 0.008469 3.79 

C10orf78 0.0021 -2.66 0.006283 4.03 

ABLIM1 0.0027 -2.66 0.009574 3.70 

PHF20L1 0.0028 -2.64 0.006514 4.00 

SNTB2 0.0014 -2.64 0.007529 3.87 

SRD5A1 0.0021 -2.62 0.008238 3.81 

HSD17B1 0.0039 -2.57 0.006238 4.04 

MYCBP 0.0022 -2.56 0.005619 4.12 

ALDH18A1 0.0004 -2.53 0.006149 4.05 

HMG20B 0.0005 -2.53 0.009044 3.74 

HN1L 0.0045 -2.50 0.00541 4.14 

PODXL 0.0003 -2.48 0.004089 4.38 

TMEM218 0.0010 -2.48 0.001686 5.08 

NCRNA00094 0.0043 -2.45 0.001649 5.11 

TMEM223 0.0012 -2.43 0.003873 4.42 

TRMT12 0.0013 -2.42 0.009253 3.73 

MRPS26 0.0025 -2.40 0.009529 3.71 

MBTPS1 0.0034 -2.40 0.009387 3.71 

FKBP1A 0.0010 -2.38 0.005813 4.09 

PGK1 0.0029 -2.38 0.009036 3.74 
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LYRM2 0.0017 -2.37 0.005029 4.20 

SPATA2L 0.0049 -2.36 0.008984 3.74 

PGP 0.0027 -2.32 0.00632 4.02 

CD320 0.0007 -2.32 0.007201 3.91 

CCDC85B 0.0014 -2.31 0.004865 4.23 

CIRBP 0.0011 -2.30 0.000933 5.68 

ACOT7 0.0031 -2.29 0.009148 3.73 

NDUFB6 0.0031 -2.28 0.009656 3.70 

DDOST 0.0037 -2.27 0.009253 3.72 

MUM1 0.0020 -2.27 0.007887 3.84 

ENO1 0.0034 -2.26 0.006708 3.98 

RLIM 0.0036 -2.25 0.009663 3.69 

MEST 0.0025 -2.24 0.008522 3.79 

PDK3 0.0029 -2.24 0.007574 3.87 

MYH10 0.0006 -2.24 0.003358 4.52 

COPE 0.0000 -2.23 0.009268 3.72 

SIP1 0.0021 -2.23 0.003791 4.43 

NCAPD3 0.0020 -2.21 0.008522 3.79 

NDUFS6 0.0041 -2.21 0.009044 3.74 

ZFP1 0.0011 -2.19 0.006432 4.01 

MCAT 0.0035 -2.18 0.007156 3.92 

RNF170 0.0031 -2.18 0.008469 3.79 

RECQL4 0.0010 -2.17 0.009589 3.70 

IKBKB 0.0037 -2.16 0.006835 3.96 

PTMA 0.0003 -2.15 0.001634 5.11 

H3F3B 0.0026 -2.15 0.003238 4.53 

PAICS 0.0010 -2.14 0.00482 4.24 

DCAF11 0.0003 -2.14 0.009536 3.70 

CDK10 0.0029 -2.14 0.004074 4.38 

NDUFC2 0.0035 -2.14 0.008342 3.81 

EIF5A 0.0005 -2.13 0.008611 3.78 

DIS3L 0.0039 -2.13 0.005276 4.16 

CALHM2 0.0012 -2.13 0.006096 4.05 

SPPL3 0.0035 -2.11 0.009626 3.70 

MCM7 0.0005 -2.09 0.002918 4.65 

IGSF9 0.0029 -2.08 0.005238 4.17 

FBXO3 0.0003 -2.06 0.009253 3.73 

FLOT2 0.0003 -2.06 0.008066 3.83 

ACP1 0.0005 -2.06 0.004776 4.25 

PAK6 0.0001 -2.05 0.006141 4.05 

UBXN4 0.0014 -2.04 0.009163 3.73 
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PPM1H 0.0004 -2.02 0.007462 3.88 

LMNB2 0.0013 -2.00 0.004768 4.25 
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APPENDIX VI – LIST OF HYPOMETHYLATED AND UPREGULATED GENES BY 

HYPOGLYCAEMIA 

 Expression Promoter Methylation 

Gene Symbol p-value Fold-change p-value MAT score 

CYR61 0.0000 31.35 0.009 -3.85 

ETS1 0.0005 30.72 0.010 -3.77 

KLF4 0.0002 22.29 0.009 -3.85 

ELL2 0.0001 11.06 0.002 -5.10 

NEDD4L 0.0001 11.03 0.002 -5.05 

LATS2 0.0000 9.27 0.006 -4.13 

SGMS1 0.0004 8.28 0.002 -5.29 

INTS6 0.0008 8.22 0.007 -3.97 

HEY1 0.0002 8.18 0.009 -3.82 

COL12A1 0.0012 6.87 0.006 -4.14 

PHIP 0.0006 5.61 0.009 -3.83 

ARHGEF12 0.0003 5.54 0.004 -4.55 

EPC1 0.0002 5.47 0.006 -4.12 

SETX 0.0009 5.42 0.003 -4.64 

C16orf52 0.0003 5.10 0.008 -3.93 

PRDM10 0.0012 4.97 0.006 -4.15 

DCAF10 0.0001 4.88 0.008 -3.94 

NAB1 0.0021 4.80 0.003 -4.62 

RYBP 0.0009 4.53 0.004 -4.40 

TMOD3 0.0017 4.27 0.003 -4.58 

TJP1 0.0013 4.23 0.009 -3.82 

UBQLN1 0.0020 4.19 0.008 -3.95 

OSBPL3 0.0001 4.12 0.005 -4.32 

NRAS 0.0030 4.04 0.009 -3.83 

GPR87 0.0000 3.91 0.009 -3.79 

ESYT2 0.0002 3.68 0.010 -3.77 

KLF3 0.0004 3.62 0.009 -3.79 

SOCS5 0.0002 3.61 0.009 -3.83 

GPBP1 0.0009 3.61 0.008 -3.94 

SLC38A1 0.0006 3.55 0.004 -4.44 

GKAP1 0.0008 3.51 0.006 -4.18 

EHD4 0.0037 3.48 0.005 -4.31 

IL6ST 0.0003 3.36 0.008 -3.89 

TXNRD1 0.0019 3.34 0.009 -3.84 

TFPI 0.0039 3.30 0.004 -4.40 

CRY1 0.0009 3.24 0.007 -4.00 
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ITGB1 0.0048 3.22 0.009 -3.84 

PMAIP1 0.0006 3.21 0.007 -4.00 

ABI1 0.0009 3.18 0.007 -3.97 

RIPK2 0.0014 3.12 0.007 -4.03 

USP53 0.0010 3.08 0.009 -3.81 

TACC2 0.0004 3.06 0.007 -4.01 

PPP2R2A 0.0010 3.00 0.006 -4.17 

ARAP2 0.0007 3.00 0.005 -4.32 

SEMA6A 0.0013 2.94 0.003 -4.58 

UBE2D3 0.0001 2.93 0.008 -3.93 

ROD1 0.0035 2.91 0.006 -4.11 

GCM1 0.0004 2.86 0.003 -4.61 

HECTD1 0.0001 2.79 0.006 -4.13 

CCNL1 0.0011 2.76 0.009 -3.80 

PTEN 0.0039 2.75 0.009 -3.85 

RNASE1 0.0004 2.74 0.008 -3.93 

WDR1 0.0002 2.71 0.008 -3.91 

SMAD3 0.0011 2.70 0.006 -4.15 

WAC 0.0043 2.67 0.010 -3.75 

ARHGEF5 0.0000 2.66 0.002 -5.30 

IL1RAP 0.0002 2.58 0.006 -4.06 

STK40 0.0008 2.57 0.007 -4.02 

LARP4B 0.0001 2.57 0.006 -4.16 

GOLT1B 0.0015 2.56 0.006 -4.19 

PITPNC1 0.0011 2.54 0.005 -4.24 

CDYL 0.0002 2.53 0.003 -4.69 

PSPC1 0.0003 2.52 0.002 -5.17 

ZFAND3 0.0006 2.50 0.007 -4.00 

MLL3 0.0022 2.49 0.006 -4.08 

CPEB4 0.0017 2.48 0.006 -4.08 

SYNCRIP 0.0006 2.46 0.006 -4.09 

FGFR1OP2 0.0019 2.46 0.004 -4.52 

ADI1 0.0002 2.44 0.007 -3.98 

BRD4 0.0048 2.42 0.009 -3.85 

UBFD1 0.0033 2.41 0.007 -4.03 

SLN 0.0006 2.40 0.006 -4.17 

ATG12 0.0044 2.38 0.009 -3.82 

CSNK2A2 0.0023 2.38 0.010 -3.76 

CDK6 0.0019 2.36 0.009 -3.80 

TRIO 0.0037 2.34 0.006 -4.11 

NCOA3 0.0009 2.33 0.010 -3.75 
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UBR5 0.0005 2.30 0.006 -4.16 

WDR26 0.0004 2.25 0.007 -4.03 

RBBP6 0.0003 2.24 0.005 -4.32 

CSNK2A1 0.0006 2.22 0.005 -4.29 

SEMA3C 0.0011 2.22 0.006 -4.13 

PRPF4B 0.0045 2.21 0.009 -3.80 

SMAD2 0.0001 2.21 0.001 -6.09 

NAPG 0.0006 2.20 0.003 -4.73 

TRIM11 0.0008 2.19 0.010 -3.74 

C20orf199 0.0029 2.16 0.008 -3.95 

PDE8A 0.0017 2.16 0.004 -4.39 

CEP76 0.0045 2.15 0.005 -4.35 

FBXW7 0.0017 2.14 0.006 -4.12 

SSH2 0.0002 2.13 0.008 -3.95 

RTN4 0.0012 2.09 0.005 -4.35 

AP1G1 0.0032 2.07 0.010 -3.76 

ACIN1 0.0029 2.05 0.004 -4.52 

SLU7 0.0042 2.04 0.009 -3.83 

FNBP1 0.0030 2.02 0.005 -4.21 
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APPENDIX VII –REPRESENTATIVE MIGRATION ASSAY OF HUVEC WITH 

SUNITINIB, 5-AZA-DC, AND TSA 
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