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Summary 
The methylation of cytosine nucleotides at the 5' position of DNA is a crucial 

epigenetic mechanism for the control of gene expression. Epigenome-wide associated 

studies have demonstrated that specific methylome patterns exist in certain disease 

states, that methylome signatures can predict cancer susceptibility and that 

methylation patterns are capable of characterizing epigenomic events that stimulate 

the survival of cancer cells. Little is known about the effect of chronic inflammation 

on DNA methylation.  

 

In this work, we analysed the effect of chronic inflammation on DNA methylation 

patterns in ulcerative colitis (UC), a condition that predisposes to colon cancer. Due 

to the cell type specific nature of DNA methylation patterns, this PhD initially 

focussed on designing an epithelial cell isolation method that was capable of 

enriching a purified epithelial population both in diseased and non-diseased states. 

Secondly, we wished to test the hypothesis that distinct colonic regions have specific 

methylation signatures, while also comparing DNA methylation patterns in isolated 

epithelial cells and in whole colonic mucosal biopsies. Finally, using the chronic 

inflammatory condition of ulcerative colitis (UC) as a pathogenic phenotype, this 

PhD aimed to identify potential epigenomic and genomic dysregulation that occurs in 

intestinal epithelial cells in inflamed areas of the colon.  

 

Isolation of epithelial cells from mucosal biopsies resulted in purified populations of 

crypts consisting of ~90% pure epithelium. Using these fractions isolated at 4°C to 

minimize degradation of nucleic acids, it was demonstrated that stable and integral 

mRNA and gDNA could successfully be extracted in both diseased and non-diseased 

states. Using genome-wide technology, specific DNA methylation signatures in the 

proximal and distal colon in samples from healthy colon were identified. 

Computational deconvolution was also used to characterize accurate epithelial cell 

estimates from whole colonic biopsies, while also highlighting the increased DNA 

methylation variability caused by samples comprised of a mixture of cell lineages. 

Results from this study identified region-specific epigenomic patterns of HOX genes 

(specifically HOXB and HOXC families). These patterns represent a valuable tool for 
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interpreting experimental data on diseases that exhibit region-specific expression in 

the colon such as inflammatory bowel disease and colorectal cancer. By performing 

genome-wide DNA methylation and transcriptome profiling of purified intestinal 

epithelial cells, it was demonstrated that significant DNA methylation and gene 

expression variation occurs in UC. Genes showing inverse correlation between DNA 

methylation and gene expression levels were also identified, most notably promoter 

hypermethylation and down regulation of RARB. This gene was previously identified 

as a tumour suppressor in colorectal adenocarcinoma as well as in breast, lung and 

prostate cancer. However this is the first finding of RARB potentially playing a 

functional role in UC. This integrative epigenomic dataset will enhance our 

understanding of UC pathophysiology, potentially adding to our knowledge of the 

links between chronic inflammation and carcinogenesis. 
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Chapter 1: Introduction 

 Physiology of colonic epithelium 1.1

1.1.1 Gastrointestinal wall 

The human gastrointestinal (GI) tract is a muscular tube that stretches from the mouth 

to the anus. It is comprised of 4 main anatomical regions including the oesophagus, 

stomach, small intestine and large intestine or colon. Here, a brief overview of GI 

physiology and its developmental aspects that are relevant to GI mucosal growth and 

regulation is provided. The intestinal wall is generally described in relation to its 

component layers. These layers are not completely separated, but are joined together 

by connective tissue and by neural and vascular mechanisms [1]. All regions of the 

GI tract are divided into four specific histological layers including the mucosa, 

submucosa, muscularis proporia/externa and the serosa/adventitia [1] (Figure 1.1). 

The mucosa is the innermost layer and it is structurally and functionally the most 

intricate and critical layer. Mucosal cells line the entire GI tract and consist of lamina 

proporia, muscularis mucosa and epithelium (Figure 1.1). Different types of epithelia 

are classified based on thickness, morphology and cellular connectivity [2]. Epithelia 

in the GI tract are highly organized in a polarized manner and have a continuously 

sustained level of cell proliferation and differentiation [3].  

 
Figure 1.1: Layers of the GI tract 

Four layered (mucosa, submucosa, muscularis proporia/externa and serosa) structure of the GI tract. 

Sourced with permissions [4].  
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1.1.2 Intestinal epithelial cell (IEC) differentiation 

Epithelium is relatively heterogeneous along the GI tract; its structure is dependent 

on tract location. In the stomach, small and large intestine, the luminal surface is 

composed of a columnar epithelial mucosa, with glandular invaginations called crypts 

- the basic functional unit of the small and large intestine [5][6]. Intestinal epithelial 

cells (IECs) become progressively more differentiated as they age, and pass upward 

along the crypt-villus axis (Figure 1.2)[6]. IECs form a protective barrier, defending 

the host from the potentially damaging luminal microenvironment while being 

selectively permeable and capable of nutrient absorption. The epithelium consists of a 

layer of single-cell epithelial subtypes, including goblet cells, absorptive 

enteroendocrine cells and tuft cells, each deriving from epithelial stem cells (Figure 

1.2) [7]–[9]. Distinct signalling pathways and transcriptional networks have given 

rise to discrete IEC lineages, all of which have different functionality. These 

functions include maintaining intestinal homeostasis by separating intestinal lumen 

from the lamina proporia and mediating cell signalling between microbial organisms 

and immune cells [6], as will be discussed in section 1.2.3. 

 
Figure 1.2: Self renewal of epithelium in the colon 

Structural organization of colonic mucosa shown by scanning electron micrograph is shown (Left). 

Stem cells at the crypt base produce rapidly proliferating transit-amplifying (TA) cells in the lower 

half of the crypt (Middle). TA cells then differentiate into mature cell populations of the surface 

epithelium (goblet cells, enterocytes, enteroendocrine cells and tuft cells) (Right). Turnover of 

epithelia occurs every 5-7 days. Modified with permissions [6] 
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1.1.3 Colon Physiology 

Knowing the physiology of the GI tract is important for understanding the 

development of GI related disorders, as well as how to utilize molecular markers to 

differentiate the many inflammatory related diseases affecting the GI tract. This 

understanding is especially applicable in Crohn’s disease (CD) and ulcerative colitis 

(UC), the principle syndromes of inflammatory bowel disease (IBD). CD is a chronic 

inflammatory disorder that can affect any part of the GI tract, although it often affects 

the distal ileum and colon, whereas, by definition, UC can only affect the colon [10].  

 

The human colon is the lower section of the GI tract, comprising it’s final 1.5 metres 

[1]. It adsorbs sodium ions, chloride ions as well as water from the lumen, 

functioning as a conduit for the excretion of digestional by-products. The colon is 

also in a constant state of colonization by a variety of microbes (roughly 1012 per 

gram of total contents). This microbial mass is capable of metabolic processes 

including hydrolysis of fatty acid esters and the reduction of inactive conjugate drugs 

to their active form [11]. Normal colonic homeostasis depends on maintaining a 

barrier between the colonic lumen and the host, consisting primarily of a single layer 

of IECs - the most abundant of which are goblet cells. IECs are multifaceted; their 

microvilli play an essential role in the absorption of faecal water [12]. Moreover, they 

also function as innate immune cells, controlling the interface between a potentially 

hostile colonic luminal environment and the host [13]. 

 

Physiologically, the colon is composed of the caecum (~85mm), ascending colon 

(~200mm), transverse colon (~450mm), descending colon (~300mm) and sigmoid 

colon [1] (Figure 1.3). The ascending and descending colons are quite fixed, as they 

are attached via the flexures, whereas the transverse and sigmoid colons have more 

mobility [14]. The caecum, ascending and transverse colon are known as the 

proximal (right) colon while the descending, and sigmoid colon are known as the 

distal (left) colon (Figure 1.3) 

1.1.4 Molecular features of proximal and distal colonic regions 

The proximal and distal colon has different origins during embryonic development. 

The proximal colon is established by the embryonic midgut, supplied by the superior 
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mesenteric artery whereas the distal colon is established from the hindgut and 

supplied by the inferior mesenteric artery [15]. These embryologically divergent 

origins are reflected at the histological level where the proximal colon has a multi-

layered capillary network whereas the distal colon is single-layered [16][17]. The 

distal colon also has a longer average crypt length compared to the proximal colon 

[18]. 

 

Research has shown that the embryologically divergent origins and distinct 

phenotypes of the proximal and distal colon also manifest in specific molecular 

differences. At the level of mRNA expression, prior work has documented significant 

variation along the proximal-distal gradient [19]–[21]. Yahagi et al. demonstrated 

region-specific expression of homeobox gene subtypes in different regions of the 

colon [20]. This finding was previously demonstrated in adult mice [22], thus 

indicating that this gene family involved in pattern formation in embryonic 

development, may affect cell lineage pathways in the colon. On the protein level, Van 

der Post et al. reported region-specific expression of glycosyltransferases responsible 

for O-glycosylation of MUC-2 in the human colon, the primary glycoprotein involved 

in protecting the gut lumen [23]. Another study by Wang et al. showed region-

specific expression in the proximal and distal colon of given pattern recognition 

receptors, essential in sensing bacterial organisms and instigating immunity i.e. toll-

like receptors (TLRs) (specifically TLR2 and TLR4); therefore indicating that given 

microbial organisms reside in distinct colonic regions [24].  

 

The molecular mechanisms that underly regional variations in gene and protein 

expression patterns have had little examination, additional research is needed to 

better characterize such variation. This is important because region and cell type 

specific molecular analysis may represent a valuable means for studying diseases that 

exhibit region-specific expression in the colon such as inflammatory bowel disease 

(IBD) and colorectal cancer (CRC) [25][26]. 

 

There are distinct differences between CRCs originating in the proximal and distal 

regions [27]. CRC has historically been more commonly observed in the distal colon; 

however more recent observations are identifying increasing numbers of CRC cases 

originating in the proximal colon [28]. Proximal CRC (PCRC) is commonly poorly 
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differentiated and often metastasizes to the lymph nodes. In contrast, distal CRC 

(DCRC) generally metastasizes to the liver or lungs [28]. Distinct molecular features 

also differ between PCRC and DCRC. The more common chromosomal instability 

pathway of colorectal carcinogenesis results in tumours developing predominantly in 

DCRC while the less common microsatellite instability pathway is more common in 

PCRC (Figure 1.3) [29]. In the context of IBD, one form of the disease, UC most 

commonly affects the distal colon [25] while another form, CD, more commonly 

affects the proximal colon [26]. 

 

 

 
Figure 1.3: Differences between proximal and distal CRC 

Features that summarize the differences between proximal colorectal cancer (PCRC (blue)) and distal 

colorectal cancer (DCRC (red)) are shown. Sourced and modified with permissions [27].  

 

 

 



 8 

  Ulcerative colitis – A brief overview 1.2

1.2.1 Epidemiology 

IBD, including both UC and CD, is distinguished by chronic and uncontrolled 

inflammation of the intestinal mucosa and disruption of IECs due to an over activated 

innate and adaptive immune response [30][31]. UC is a contiguous and chronic form 

of IBD where inflammation is restricted to the colonic mucosa [30]. UC is 

characterized by rectal bleeding, ulcerations of mucosa, abdominal pain and 

diarrhoea [30]. Incidence rates of UC range from 0-19.2 per 100,000 persons in 

Northern America [32]–[34], 0.6-24.3 per 100,000 in Europe [32][35], and 0.3-5.6 

per 100,000 in Ireland specifically [36]. Incidence rates of UC are lower in Eastern 

and Southern Europe, and the incidence is 10 times lower for Oriental, Asian and 

African inhabitants, suggesting that environmental factors play a role in the aetiology 

of UC [33][37]. IBD is diagnosed quite early in life, in most studies its peak 

incidence is in the second to fourth decade [32][34][38][39]. 

 

1.2.2 Clinical Diagnosis -Histology 

In the presence of UC, the colonic mucosa will show diffuse mucosal granularity, 

edema, and erythema with or without ulceration [38]. Mucosal alterations involve the 

rectum and, to varying degrees the colon. The colonic wall maintains its normal 

thickness but in long-standing colitis there may be slight thinning of the distal wall, 

as well as the presence of sessile inflammatory polyps [38]. 

 

Microscopically, activity can be observed by the occurrence of neutrophil-mediated 

epithelial injury, which takes the shape of neutrophils infiltrating crypt epithelium 

(cryptitis), assortments of neutrophils within crypt lumens (crypt abscesses), and by 

infiltration of surface epithelial cells with or without mucosal ulceration (Figure 1.4) 

[38]. In normal mucosa, crypts are uniformly spaced, perpendicular to the muscularis 

mucosae. However during colitis, mucosal architecture is distorted, resulting in crypt 

shortening and crypt branching (Figure 1.4) [38]. Histological examination can be 

used to asses the severity of UC, however the extent of inflammation observed is only 

deemed as semi-quantitative [39]. Histological features of mild UC include expansion 
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of the lamina proporia due to lymphocyte infiltration and/or crypt abscesses present 

in less than 50% of crypts. In moderately active inflammation, cryptitis and crypt 

abscesses involve greater than 50% of crypts, elsewhere active cases are 

characterized by erosion or ulceration [39]. However, poor correlation between 

macroscopic and microscopic severity has been previously documented [40]. For this 

reason, disease severity is primarily assessed on clinical symptoms, findings on 

physical examination and laboratory tests. 

 

 
Figure 1.4: Microscopic features of normal and inflamed mucosa 

In a normal state, intestinal crypts are lined by a number of goblet cells (A). In the presence of 

inflammation, architectural distortion occurs, including crypt shortening and variation in sizes and 

shapes of crypts (B &C); (H &E stain; 100 X). Sourced and modified with permissions [38]. 

 

1.2.3 Role of IECs in ulcerative colitis pathophysiology  

Undifferentiated crypt cells appear to act as the progenitor for all cell types in the 

colon. Therefore, disrupting a cog in IEC differentiation has a decisive impact on 

IBD malignancy [41]. In fact several genes involved in IEC differentiation have been 

demonstrated to be differentially expressed during IBD [42][43]. The epithelial 

monolayer is regulated by tight junctions, which carry out functional roles including 

mediating permeability and barrier integrity, mucus production, pathogen recognition 

and antimicrobial peptide production to ensure an effective immune response [44]. 

Multiple studies have illustrated that aberrant expression of proteins involved in tight 

junction formation commonly occurs in UC progression [45][46]. Also, it has been 

demonstrated that a number of pro-inflammatory cytokines including TNF-α and 

interferon-γ increase tight junction permeability and induce apoptosis of IECs 
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[47][48], resulting in loss of epithelial barrier function, increasing epithelial cell 

damage and ulcerations.  

 

Mucus plays a critical role in supporting the epithelial barrier. Goblet cells secrete the 

main protein (MUC2) involved in mucus production. A damaged mucosal layer, 

elevated levels of pro-inflammatory cytokines and development of spontaneous 

colitis has been demonstrated in MUC2 deficient mice [49][50]. IECs also have TLRs 

on their cell surface and a nucleotide-binding oligomerization domain like receptors 

in their cytoplasm. Both are essential in sensing bacterial organisms and instigating 

immunity via pro-inflammatory transcription factor nuclear factor-κB (NF-κB) to 

regulate homeostasis [9]. Therefore any means of dysregulation in any IEC molecular 

process might initiate mucosal inflammation. 

1.2.4 Extent of disease 

Inflammation commonly initiates in the rectum and then extends proximally in UC. 

Depending on the extent of inflammation, UC can be classified as proctitis, left sided 

colitis (sub-total colitis), or pancolitis [51]. The extent of inflammation will influence 

disease management and choice of means of delivery for therapy provided e.g. 

topical therapy by means of suppository for proctitis or enemas for left-sided colitis 

are frequently the first option for therapy. The extent of colitis also influences the 

level of patient monitoring. Ekbom et al. demonstrated that patients with extensive 

colitis should have surveillance colonoscopy from 8-10 years after diagnosis as they 

have increased risk of developing CRC. On the contrary, patients with proctitis are at 

a relatively lower risk for CRC, therefore surveillance is not necessary [52]. This 

landmark meta-analysis showed that the risk of developing CRC increased gradually 

from 1.7 fold in proctitis, 2.8 fold in left sided colitis and 14.8 fold in pancolitis, 

relative to the general population [52]. However a more recent study has suggested 

that the association is slightly weaker than previously documented. This meta-

analysis illustrated that UC increases the risk of developing CRC by 2.4 fold [53], 

which reflects a more accurate estimate. 
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1.2.5 Severity 

Severity in clinical disease activity is assessed on stool frequency, the presence or 

absence of systemic patterns of inflammation (Figure 1.5), physical examination 

findings, and the results of investigations [54]. Patients suffering from severe colitis 

should be admitted to hospital for treatment with intravenous corticosteroids due to 

their high risk of colectomy (i.e. surgical removal of the colon) [54]. Persistent high 

stool frequency coupled with presence of faecal blood after 3 days of intensive 

corticosteroid administration are the main features associated with steroid resistance, 

increasing the immediate risk of colectomy up to 85% [55]. No improvement after 3-

5 days necessitates immediate rescue treatment e.g. drugs such as infliximab, 

ciclosporine, tacrolimus as well as surgery are all effective courses of treatment [54]. 

The Mayo scoring index [56] (Figure 1.5) is one of the more frequently used method 

of assessing disease severity in clinical trials.  

  
Figure 1.5: Mayo endoscopic score for UC 

 Score 0=normal; endoscopic remission (Top-left). Score 1=mild; erythema, decreased vascular 

pattern, mild friability (Top-right). Score 2=moderate; marked erythema, absent vascular pattern, 

friability and erosions (Bottom-left). (Score 3=severe; spontaneous bleeding and ulceration Bottom-

right). Sourced and modified with permissions [54]. 
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1.2.6 CRC as a complication of long-standing UC 

It is widely accepted that CRC is a long-term complication of IBD [34][57][58]. UC 

increases the risk of CAC 2.4% [53] and CD up to 2.5% [59]. Because of this risk, 

the CCFA Consensus Conference [60], the British society for Gastroenterology [61] 

and other professional bodies recommended dysplasia and cancer screening every 1-3 

years for those with colonic disease greater than 10-15 years. Although there is no 

evidence to suggest that increasing surveillance decreases mortality rates, 

observational studies have provided indirect evidence that this surveillance leads to 

earlier detection and improved prognosis [62]. 

1.2.7 Progression to colitis-associated cancer (CAC) 

The colon is the third most common region for the development of cancer in both 

men and women in Ireland [63]. According to the National Cancer Registry, 

approximately 52.7 per 100,000 persons were diagnosed with CRC in 2014 [63]. 

Estimates state that roughly 25% of CRC cases are a result of familial history of 

recurrent CRC [64]. However the majority of cases (75%) form by sporadic means 

i.e. sporadic colorectal cancers (SCRC) [64]. It has been estimated that roughly 

11,000 genomic alterations occur in the transition of normal tissue to dysplasia and 

eventual malignancy [65]. Due to the heterogeneity in clinical presentation, 

likelihood of cure development and response to treatment, we have come to the 

realization that CRC is an extremely heterogeneous disease. CRC forms differ in the 

age of presentation, localization, histology and prognosis.  

 

CAC is a subtype of CRC which is preceded by clinically detectable IBD, such as CD 

or UC [66][67]. The pathophysiological features of CAC and SCRC exhibit some 

differences. For example, CAC usually arises from flat dysplasia or dysplastic tissue 

and is usually preceded by a long history of chronic inflammation. Whereas SCRC 

usually arises from an adenomatous polyp without inflammation [68]. CAC usually 

occurs at an early age, in fact, using two different studies, the age at which CAC 

diagnosis occurs (~ 43.2 years [57] and ~50.9 years [69] respectively), is 15-20 years 

younger than it occurs in SCRCs (~62.2 years) [70]. A recent study conducted in 

Ireland demonstrated that patients with CRC and IBD were on average 7.7 years 

younger than those without IBD at CRC diagnosis [71]. 
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Although CAC only accounts for 1-2% of all cases of CRC, it is considered quite 

problematic, accounting for roughly 10-15% of all deaths in patients within IBD [72]. 

The development of CAC is quite complex, involving a combination of genetic 

[32][73] and epigenetic players [74]–[76], as well as host and microbial stimuli 

[32][77][78][79]. In addition, inflammation is thought to play a role in all stages of 

cancer development [32][80]–[83].  

 

  Role of inflammation in CAC progression 1.3

1.3.1 Tumour initiation 

In SCRC, mutations that initiate activation of the Wnt/β-catenin pathway, a pathway 

that drives epithelial cell proliferation, occur early in over 90% of cases. These 

including the most frequently mutated adenomatous polyposis coli (APC) tumour 

suppressor gene, GSK3β, a kinase that regulates APC as well as β-catenin [84][85]. In 

CAC these mutations occur quite late in malignancy [86][87] and mutate at lower 

frequencies relative to SCRCs [88]–[90]; whereas mutations in genes p53 and K-RAS 

occur earlier in CAC compared to SCRC [88][91]. Multiple studies have 

demonstrated that although these mutations to APC are absent early in CAC, elevated 

levels of β-catenin signalling are present [77][92]. In an inflamed environment, the 

presence of inflammatory cells, such as macrophage or neutrophils produces reactive 

oxygen species (ROS) and reactive nitrogen intermediates (RNI), highly reactive 

elements that can cause DNA damage and mutations (Figure 1.6) [93][94]. However, 

premalignant IECs are also capable of producing ROS and RNI, via TNF-α and IL-1 

thus being a potential source of tumour initiation [95][96].  

1.3.2 Tumour promotion 

Tumour promotion involves continuous proliferation of genetically mutated cells. 

This can take a long time, sometimes decades and primarily involves dysregulation of 

cytokines that promote and suppress tumour development. Additional genetic and 

epigenetic aberrations accumulate as the tumour propagates, such as K-RAS, B-RAF 

and p53 alterations, which are crucial for tumour growth. NF-κB is fundamental in 

regulating intestinal homeostasis [9]. NF-κB expression dramatically increases in 

both immune and IECs during CAC (Figure 1.6) [97]. It has been suggested that 
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increased expression of NF-κB dependent cytokines, including TNF-α and IL-1 

[98][99] are critical players in tumour promotion; signalling from inflammatory cells 

to cancerous cells in the microenvironment [100].  

 

Another pro-oncogenic transcription factor STAT3 also plays a critical role in tumour 

promotion (Figure 1.6). Inactivation of STAT3 decreases tumour growth and 

multiplicity in CAC. Grivennikov et al. also demonstrated that IL-6 is essential for 

the survival of premalignant IECs. Although it was demonstrated that IL-6 was 

produced mainly by myeloid cells, they also detected IL-6 production in other cell 

types including T-cells and IECs during CAC induction [100]. It has been 

demonstrated that the pro-inflammatory cytokine IL-6 increases STAT3 activation in 

CAC. It has also been highlighted that differential methylation of the STAT3 inhibitor 

SOCS3, can heighten STAT3 activation [101]. Therefore both NF-κB and STAT3 play 

distinct inflammatory roles in tumour promotion.  

 

Furthermore it has also been demonstrated that various pro-inflammatory cytokines 

result in aberrant epigenetic patterns including DNA methylation, histone 

modifications as well as alterations to microRNAs (miRNAs) (Figure 1.6). This will 

be discussed at length in a later section of the introduction (Sections 1.4 and 1.5) 

[102]. 
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Figure 1.6: Role of chronic inflammation in tumour initiation and promotion 

Signalling by specific pro-inflammatory cytokines upregulates ROS and RNI production inside the 

target IECs. Chronic intestinal inflammation is also closely associated with a breakdown of protective 

intestinal barriers, causing increased accessibility of inflamed epithelium to food-borne and other types 

of mutagens. Inflammatory signalling mediated by pro-inflammatory cytokines upregulates chromatin 

modifiers, miRNA, and other epigenetic changes. Inflammatory signals also provide further activation 

of pro-survival and proliferative pathways such as Akt, STAT3, and NF-κB, as well as increased Wnt/β-

catenin signalling pivotal for adenoma formation and growth. Sourced and modified with permissions 

[102]. 

1.3.3 Role of microbes in inflammation 

Although the focus of this chapter is primarily on the genetic and epigenetic 

mechanisms of UC and CAC pathophysiology, intestinal microorganisms play a 

critical role in metabolic activation of a range of carcinogens and mutagens. The 

microbial mass of the colon is capable of metabolic processes including hydrolysis of 

fatty acid esters and the reduction of inactive conjugate drugs to their active form 

[11]. In a CAC model, it has been demonstrated that an absence of bacteria in germ 

free mice is associated with a dramatic decrease in oncogenic mutations and tumour 

development [103]. The intricate cross talk between the host mucosal immune system 

and microbes during IBD has been highlighted, both at the gut lumen and the 

epithelial cell surface [104]. As previously mentioned, TLRs play and active role in 

sensing bacterial organisms and instigating immunity. This has been established in 

MyD88-/- (an adapter molecule critical for TLR-regulated induction of inflammatory 
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cytokines) mice, where epithelial injury, ulcerations and severe mortality were 

observed in mice administered with dextran sodium sulfate [105]. However, the 

mechanism by which TLRs differentiate between symbiotic and pathogenic bacteria 

has not been fully elucidated [106]. Microbial interactions can also activate NF-κB 

and its major signalling pathway downstream of TLRs, which could potentially 

provide survival signals for IECs and mediate communication between the mucosal 

immune system and the microbiota [107].  

1.3.4 Tumour progression and metastasis 

Tumour progression involves an increase in tumour size, accumulation of genetic and 

epigenetic alterations and spreading of the tumour from its initial site to multiple sites 

(i.e. metastasis). In general, chronic inflammation can influence all stages of tumour 

progression and metastasis. The transition of epithelium to mesenchymal (i.e. a cell 

that lacks polarity) phenotype is largely mediated by transcription factors and pro-

inflammatory cytokines previously discussed in relation to tumour intimation and 

progression, i.e. IL-6, TNF-α and IL-1 [108][109] as well as NF-κB and/or STAT3 

signalling (Figure 1.6) [98][110]. As a whole, inflammation plays a critical role in all 

facets of CAC. Clinically, it is of most importance to heighten our understanding of 

metastasis including utilizing genomic and epigenomic patterns to target molecular 

mechanisms involved in inflammatory-driven UC.  
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 Epigenetics  1.4

1.4.1 Overview  

Genetic variation plays a significant role in the occurrence of IBD and nucleotide-

binding oligomerization domain 2 (NOD2) was the first gene identified to be strongly 

associated with IBD [111][112]. A considerable number of research groups have 

generated genome-wide gene expression maps to identify candidate biomarkers for 

UC pathogenesis in inflamed colonic mucosa [113]–[118]. Anderson et al. revealed 

that roughly 16% of UC heritability can be characterized by genetic variants [119]. A 

landmark genomics study by Jostins et al. identified 163 IBD-specific risk alleles 

[77]. Moreover, a more recent genome-wide study by Liu et al. [114] identified 38 

new disease-associated risk loci for IBD. However it has become clear that somatic, 

inheritable mutations are not the only molecular factors contributing to malignancy in 

CAC. This has directed research into potential environmental factors, as well as 

epigenomic and genomic factors that could elucidate the molecular mechanisms 

underlying CAC development.  

1.4.2 DNA methylation 

Epigenetics can be defined as heritable modifications observed in the genome that are 

not a result of changes in the DNA sequence and that result in phenotypic alterations 

[120]. DNA methylation is the most widely studied form of epigenetics. It involves 

the addition of a methyl group to the carbon 5’ position of cytosine. The transition of 

cytosine to 5-methylcytosine is mediated via a class of enzymes called DNA 

methyltransferases (DNMTs). These enzymes include the most abundant, 

maintenance enzyme DNMT1, as well as de novo DNMTs, DNMT3a and DNMT3b 

[121]. Each of these three DNMTs are required for embryonic or neonatal 

development [122][123]. DNA methylation occurs when cytosine is coupled with 

guanine as part of a 5’Cytosine-phospho-Guanine-3’ (CpG) sequence (Figure 1.7) 

[121]. CpG dinucleotides are relatively depleted in the human genome as a result of 

ongoing conversion of Cytosine to Thymine via DNA deamination [124]. For this 

reason, the human genome has only 24% of its expected frequency of CpGs, 70-80% 

of which are methylated [125]. Genomic regions that are CpG rich are quite small 

(~1000 base pairs (bp)), often occurring where the transcription of DNA into RNA 
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begins, i.e. the promoter regions of the genome. These genomic regions that are CpG 

rich are termed as ‘CpG islands’ (CpGIs); which are predominantly non-methylated 

in normal somatic cells [121]. It is also worth noting that individual cell types can 

have a specific DNA methylation identity [126]–[128] including even closely related 

cell types [129]. This point will be elaborated further in a latter section of the 

introduction (Section 1.6.3). DNA methylation of gene promoters on the inactivated 

X-chromosome and at imprinted loci are other examples of epigenetic phenomena 

that are observed in normal cells [120]. 

1.4.3 Chromatin and histone modifications 

Gene expression levels at transcription start sites (TSSs) are mediated by 

transcription factors. When these CpGIs at TSS regions are transcriptionally activate, 

chromatin is in a relaxed state, termed as euchromatin, allowing access to RNA 

polymerase, thus promoting transcription. Euchromatin contains multiple 

nucleosomes associated with specific histone marks including the trimethylation of 

histone H3 and Lysine 4 (H3K4me3) as well as specific histone acetylations (e.g. 

H3K9ac) (Table 1.1) [130]. Promoters can also be transcriptionally silenced by 

various means, including repression mediated by polycomb complexes as well as 

prevention of transcription factor binding [131]. Heterochromatin is a condensed 

form of chromatin that does not allow access of transcription factors such as RNA 

polymerase and therefore prevents gene transcription. Genes that are not expressed 

generally contain nucleosomes marked by H3K27me3 or H3K9me3, histone marks 

associated with inactive genes (Table 1.1) [131]. The N and C terminal tails of 

histones provide an exposed surface for potential modification to nucleosome 

architecture. These epigenomic modifications include acetylation, phosphorylation, 

methylation, ubiquitinylation, or sumoylation at different residues, often at lysine, 

arginine, and serine amino acids [120]. Therefore nucleosome positioning has been 

shown to be associated with DNA methylation patterning [132]. A table summarizing 

histone marks at various genomic regions is shown below (Table 1.1). 
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Table 1.1: Summary of histone modifications and variants 

Sourced and modified with permissions [133] 

Histone 

Modification 

Functional Characteristic  

H3K4me1 Mark of regulatory elements primarily associated with promoters/transcription 

starts 

H3K4me2 

 

Mark of regulatory elements associated with promoters and enhancers 

 

H3K4me3 Mark of regulatory elements primarily associated with promoters/transcription 

starts 

H3K9ac 

 

Mark of active regulatory elements with preference for promoters 

 

H3K9me1 Preference for the 5’ end of genes 

H3K9me3 

 

Repressive mark associated with constitutive heterochromatin and repetitive 

elements 

H3K27ac Mark of active regulatory elements; may distinguish active enhancers and 

promoters form their inactive counterparts 

H3K27me3 

 

Repressive mark established by polycomb complex activity associated with 

repressive domains and silent developmental genes 

H3K36me3 Elongation mark associated with transcribed portions of genes, with preference 

for 3’ regions after intron 1 

 

1.4.4 Epigenetics and cancer 

It has been extensively demonstrated that methylation of cytosine nucleotides at the 5' 

position of DNA is a crucial epigenetic mechanism for the control of gene 

expression, playing a critical role in embryonic development and maintenance of 

normal tissue differentiation [134]. However, DNA methylation and other epigenetic 

players, including chromatin and histone modifications, have been found to be highly 

dysregulated in diseases, including in cancer [135][136]. In particular, an abnormal 

gain of DNA methylation, hypermethylation, is now seen as a common event in 

cancer cells, in normally non-methylated promoter regions (Figure 1.7) [137]. This 

hypermethylation of promoters is associated with transcriptional silencing, and 

therefore loss of function of tumour suppressor genes, a key event in oncogenesis 

[137][138].  
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Figure 1.7: Model of CpG methylation silencing of tumour suppressor genes 

Conversion of cytosine to 5-methylcytosine by DNA methyltransferases (DNMTs) (A-Top): DNMTs 

catalyse the transfer of a methyl group (CH3) to the 5-carbon position of cytosine. Methylation 

patterns between normal cells and tumour cells (A-Bottom). In normal cells, cytosine-phospho-

guanine (CpG) sites are globally methylated which means CpG sites outside CpGIs are predominantly 

methylated (black circles), whereas most CpGI sites in gene expression promoters are non-methylated 

(white circles). Therefore, non-methylation status of CpGIs in gene promoters permits active gene 

expression. In cancer cells, CpGIs in gene promoter regions become abnormally methylated to cause 

transcriptional silencing of genes. Circles indicate CpG dinucleotides. Representative tumour 

suppressor genes silenced by CpGI promoter hypermethylation (orange) in various cancer types (B).  

Sourced and modified with permissions [139]. 
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 Contribution of DNA methylation to CAC 1.5

1.5.1 Overview 

 DNA methylation abnormalities have been identified as key contributors to the 

neoplastic transformation of IECs [140]. For example, variable DNA methylation 

patterns have been observed in CAC [141]–[143] and have contributed to aberrant 

epigenetic gene silencing in SCRC [144]–[146]. Gloria et al. reported the first 

evidence of DNA methylation as an epigenetic mechanism in UC malignancy. This 

study found that incorporation of the 3H –methyl groups into DNA was 10-fold higher 

in UC patients relative to healthy controls and significantly higher in active than 

inactive disease [147]. Since then studies have employed a site-specific approach, 

focusing on a subset of loci, evaluating DNA methylation patterns of previously 

discovered candidate IBD and SCRC biomarkers [148]–[151]. However, more 

recently, studies have used a genome-wide approach to highlight distinct epigenetic 

patterns between affected diseased samples and non-affected controls in the presence 

of inflammation [152]–[154].  

 

1.5.2 Site-specific DNA methylation studies 

Using site-specific approaches, promoter hypermethylation of tumour suppressor 

genes p14ARF [76], p16ARF [74][141], ER [155][156], CDH1 [142], RUNX3 [141] and 

DAPK [157] have been reported in human colonic mucosa with UC, some of which 

are commonly hypermethylated in SCRC. Studies have also demonstrated aberrant 

methylation patterns of key pro-inflammatory cytokines involved in CAC 

pathogenesis including IL-17C and IL-4 [149]. Recent studies have highlighted that 

hypermethylation of miRNAs, specifically miR-124a can supress the expression of 

oncogenic cyclin-dependent kinase 6 (CDK6) in cancer cells, specifically colon 

cancer [158]. One study demonstrated that miR-124a is hypermethylated in dysplastic 

and CAC tissues, thus highlighting it as a potential marker for estimating risk of UC 

[159]. In another site-specific study, aberrant DNA methylation patterns were 

highlighted in clinically severe UC phenotypes [150]. This group reported 

hypermethylation of genes involved in epithelial to mesenchymal transition, 

including miR-1247 and CDH1, thus contributing to the pathogenesis of IBD [150]. 
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They also demonstrated that the methylation status of those genes is highly correlated 

with disease duration, thus indicating that UC subgroups with different UC 

phenotypes may have different molecular backgrounds [150]. This group also 

highlighted that duration of inflammation is a critical factor in aberrant DNA 

methylation; consistent with the duration of IBD being a risk factor in CAC 

manifestation [150]. This point was also stressed by Azuara et al., who demonstrated 

that genes SLIT2 and TMEFF2 are more commonly methylated in subjects with high 

risk of dysplasia or CAC relative to those who are at low risk [160]. 

 

1.5.3 Epigenome-wide association studies in UC 

The growing interest in the role DNA methylation plays in IBD pathogenesis has 

coincided with the evolution of high-throughput technologies. Epigenome-wide 

association studies (EWAS) have now supplanted site-specific candidate gene 

methylation profiling. An initial EWAS involving UC used platform based genome-

wide microarrays to analyse peripheral blood samples (Table 1.2) [161]. This group 

identified hypermethylation of TEPP, a gene that encodes testes, prostate and 

placenta based protein [161]. Another study by Lin et al. utilized Epstein-Barr virus- 

transformed B cells, comparing DNA methylation patterns in these cells in patients 

with UC and CD versus non-affected siblings (Table 1.2) [162]. This group 

demonstrated differential methylation at 49 CpG sites. More than half of these sites 

mapped to genes that regulate immune functions including a subset (BCl3, STAT3, 

OSM, STAT5) involved in IL-12 and IL-23 pathways [162].  

 

A recent EWAS was conducted by Hasler et al. [153] utilizing whole colonic 

biopsies. This group integrated DNA methylation and gene expression patterns and 

10 monozygotic twin pairs with UC (Table 1.2). Hasler et al. identified 61 disease-

associated loci with differential DNA methylation, with several containing genes 

involved in inflammation regulation (CFI, SPINKK4, THY1/CD90), thus constituting 

novel candidate risk loci for UC not previously identified by genome wide 

association studies [153]. Another more recent EWAS also evaluated DNA 

methylation patterns in whole biopsies, specifically in the rectum (Table 1.2). This 

group compared the DNA methylation patterns of subjects with UC and normal 
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controls [152]. Similar to Hasler et al., this group also correlated DNA methylation 

patterns with gene expression profiles. This study identified differential methylation 

of loci mapping to genes associated with regulating inflammation, including genes 

DOK2 (involved in IL-4–mediated cell proliferation), TAP1 (a major 

histocompatibility complex class I transport molecule), and members of the TNF 

family (TNFSF4 and TNFSF12) [152]. To overcome the heterogeneity of cell types in 

tissues, an IBD study by Kraiczy et al. [163] performed genome-wide gene 

expression and DNA methylation analysis on purified IECs derived from the foetal 

gut. This group identified 214 genes for which expression is regulated via DNA 

methylation; several of which play a role in intestinal epithelial development [163]. 

However the full details of this work are not as of yet published. 

 

Although these EWAS have enhanced our understanding of UC pathophysiology, 

crucially, the function of DNA methylation and its role in IBD pathogenesis in 

individual cell types remains to be defined in the adult gut. 
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Table 1.2: Summary of EWAS related to UC 

Abbreviations: EBV =Epstein-Barr virus; DML = Differentially Methylated Loci. 
Subjects Study 

Design 
Samples Techniques Highlighted 

 DML 
# 

DML 
 

Discordant 
monozygoti
c twins & 

IBD control  
(14 CD, 

8UC) 

Case vs 
Control 

 PBMCs Methylation-
specific 450K 

Illumina 
BeadChip 

TEPP 1 [161] 

18 Patients 
with IBD (9 
CD, 9 UC) 

Case vs 
Control 

EBV  
B cells 

Illumina 
GoldenGate 
Restriction 

length 
polymorphisms 

BCl3, PPARG, 
STAT3, OSM, STAT5, 

IL12RB, SOX1, 
COL18A1, LMTK2, 

CASP2, TLP2, 
SMAD2, HCK, 
IL12N, LMO1 

49 [162] 

25 patients 
with IBD (9 
CD, 9 UC, 7 

BD), 22 
controls 

Case vs 
Control 

PBMCs Pyrosequencing STAT4 4 [164] 

8 with 
active UC, 8 

with 
quiescent 

UC 

Active vs 
quiescent 

Rectal 
mucosa 
(Whole 
Biopsy) 

Illumina 27K 
Bead Chip 

THRAP2, FANCC, 
TNSF12, FUT7, 
CARD9, ICAM3, 

IL8RB, 

>500 [152] 

20 UC 
discordant 

monozygoti
c twins, 135 

unrelated 
subjects 

Twins vs 
unrelated 
subjects 

 

Whole 
Biopsy 

Affymetrix 
array, Illumina 
27K BeadChip, 
MeDip 385K 

CFI, SPINK4, 
THY1/CD90 

61 [153] 

17 UC, 26 
non-disease 

Case vs 
control 

Whole 
Biopsy 

Illumina 
GoldenGate 
Restriction 

length 
polymorphisms 

BGN, SERPINA5, 
TNFSF1A, AATK, 

GAGRA5, MAPK10, 
STAT5A, STAT4 

7 [165] 

9 UC, 22 
Controls 

Case vs 
Control 

Whole 
Biopsy 

Pyrosequencing STAT4 4 [166] 

IBD Case vs 
Control: 

Paediatric 
cases 

Epithelial 
cell lines 

Pyrosequencing **Detailed results are 
not as of yet 
published** 

214 [163] 
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1.5.4 DNA methylation and CAC 

In a human colon cancer cell line, the pro-inflammatory cytokine IL-6 stabilized 

DNMT1 expression while suppressing the activity of a subset of tumour suppressor 

genes via promoter hypermethylation, thus developing a more neoplastic cell 

phenotype [167]. It is also worth noting that the expression of DNMT1 was relatively 

higher in CAC compared to SCRC [167]. Moreover, in tumour initiation, the pro-

inflammatory cytokine IL-22 has also been shown to drive DNA methyltransferase 

enzymes DNMT1 and DNMT3b activation [167][168]. Both methyltransferases are 

essential in tumour initiation [169], and have a genome-wide methylation impact in 

both normal and cancerous cells [170]. In conjunction with this, a functional role for 

macrophages in inflammatory associated carcinogenesis has been demonstrated and 

DNA methylation has been recognized as a mediator of cell survival and identity in 

an immune response [99][171][172]. Therefore this evidence heightens the role that 

epigenetic alterations, specifically DNA methylation may play in CAC progression 

(Figure 1.8). 

 
Figure 1.8: Factors involved in the progression of IBD to CAC 

Environmental triggers and inflammation can result in damaged intestinal epithelial cells (IECs). The 

increase in inflammatory cells and the factors they produce result in oxidative stress, which can induce 

DNA damage resulting in genetic and epigenetic alterations to IECs resulting in dysplasia, cancer and 

clonal expansion of these cells. The balance of pro-inflammatory mediators is disrupted and colitis can 

eventually culminate in CAC. Modified with permissions [173]. 
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1.5.5 Critical analysis of DNA methylation in UC 

In contrast to these results, it has also been reported that aberrant patterns in genomic 

and epigenomic mechanisms are a rare occurrence in CAC. A recent human genome-

wide study has demonstrated very minor gene expression changes in the presence of 

UC as they only recognized four probes that were abnormally expressed throughout 

the colon [116]. A number of other epigenetic studies evaluating DNA methylation in 

CRC have shown that CpGI hypermethylation is (to varying degrees depending on 

the study) less frequently observed in CAC relative to SCRC (Table 1.3) [154][174]–

[178].  

 
 
Table 1.3: Comparison of promoter hypermethylation in colitis-associated cancer (CAC) with 

sporadic colorectal cancer (SCRC) 

Sourced and modified with permissions [178] 

Gene Dysplasia (N = 21) CAC (N = 48) SCRC (N = 69) 

MINT1 13.5 (7.1-19.9) 14.2 (11.5-16.9) 16.5 (11.7-21.2) 

MINT2 5.3 (1.7-8.9) 5.1 (2.5-7.7) 14.6 (10.3-19.0) 

MINT31 5.6 (2.7-8.5) 6.8 (5.1-8.6) 12.2 (8.3-16.2) 

hMLH1 1.3 (1.1-1.5) 2.1 (0.6-3.7) 4.0 (1.4-6.6) 

p16ARF 3.8 (2.6-5.0) 6.9 (5.0-8.8) 9.8 (6.4-13.2) 

p14 ARF 14.0 (6.2-21.7) 5.8 (3.2-8.4) 9.2 (5.7-12.7) 

MGMT 22.1 (9.8-34.5) 17.6 (11.0-24.1) 17.3 (12.8-21.8) 

HPP1 30.3 (20.6-40.0) 22.2 (17.5-27.0) 41.1 (37.1-45.1) 

SFRP1 53.3 (44.6-62.0) 36.5 (31.5-41.5) 60.1 (56.5-63.6) 

ER 39.2 (33.2-45.2) 22.6 (19.4-25.7) 40.4 (36.3-44.5) 

 

 

However these were site-specific DNA methylation studies mainly focusing on loci 

in CpGIs that are commonly differentially methylated in SCRC. Moreover, the 

distinct genetic mechanisms in CAC and SCRC discussed in this review demonstrate 

that distinct genetic phenotypes exist between different CRC forms. Coupled with the 

distinct expression levels of DNMT1 in both cancer forms, we hypothesize that 

SCRC and CAC also have discrete epigenetic mechanisms.  

 

In short, although results highlighting the functional significance that aberrant DNA 

methylation patterns have in disease pathogenesis in CAC are somewhat conflicting, 
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most studies provide significant evidence that DNA methylation may play a 

significant role during different stages of UC and CAC pathophysiology. However, 

additional EWAS are necessary to enhance our understanding of UC 

pathophysiology, bridging the gap between genetic predispositions to UC related 

disease and UC pathogenesis. 

 

 

 Designing and managing an epigenome-wide association study 1.6

(EWAS) 

1.6.1 Functional role of DNA methylation: Expanding beyond the CpG island 

Recent studies have expanded the scope of epigenomic investigation beyond CpGIs; 

in fact it is becoming problematic to characterize the correct definition of what CpGIs 

should be [179]. Recent work has highlighted the importance of aberrant patterns of 

DNA methylation adjacent to CpGIs, termed as CpGI shores (regions that are up to 

2kb adjacent to CpGIs), and CpGI shelves (regions that are up to 4kb adjacent to 

CpGIs) [180][181]. Specifically in CRC, a number of studies have documented 

enrichment of differentially methylated loci at CpGI shores [180][182]. However the 

functional implications of alterations in mammalian non-CpGI methylation remains 

somewhat unclear as these regions have until recently been overlooked.  

 

Due to the improvement in genome-scale mapping of DNA methylation, evaluating 

the functional role of DNA methylation outside of CpGIs in a number of genomic 

contexts is now possible, including TSSs with or without CpGIs, gene bodies, 

regulatory elements and repetitive regions [183][184]. While DNA methylation at 

promoters is strongly associated with gene silencing [137][138], recent reports 

suggest that DNA methylation in gene bodies is predominantly associated with 

transcriptional elongation [128][185][186]. New studies have highlighted correlations 

between transcription and DNA methylation of introns (i.e. intragenic regions) 

[187][188]. One study demonstrated that a genome-wide inverse correlation exists 

between DNA methylation of non-CpGIs and gene expression patterns [189]. Other 

reports have demonstrated that, in humans, the mean DNA methylation levels are 

higher at exons than at flanking intragenic regions [190][191]. It should be stated that 
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CpGIs are not only located at TSSs, some are also found at gene body regions. The 

function of CpGIs in the context of the gene body remains somewhat unclear. 

However it has been hypothesized that these regions may act as ‘orphan promoters’, 

used in the early stages of development, while avoiding DNA methylation in the 

germline, maintaining a high CpG density [192].  

 

The NIH human epigenomics roadmap initiative [193] have developed a public 

resource of human epigenomic data. This consortium has identified transcriptionally 

active and repressed CpG dense and CpG diminished regions throughout the human 

genome. Moreover, this resource also contains high quality whole genome and 

epigenome maps of histone modifications, chromatin accessibility, DNA methylation 

and mRNA expression across 100s of human cell types and tissues [193]. In 

summary, genome-wide DNA methylation maps have heightened our appreciation of 

genomic feature outside of CpGIs. Therefore future studies utilizing whole genome 

sequencing should incorporate their importance in genomic regulation.  

 

1.6.2 Summary of EWAS design 

A number of international consortia other than the roadmap initiative are establishing 

reference epigenomes for large numbers of cell types and tissues. Examples of these 

groups include the International Human Epigenome Consortium (IHEC) [194], the 

International Cancer Genome Consortium [195], FANTOM [196] and BLUEPRINT 

(a BLUEPRINT for Hematopoietic Epigenomes) [197]. Although these consortia, as 

well as several others, are providing beneficial resources for large-scale epigenome 

mapping, they provide minimal guidance on experimental design, data analysis and 

data interpretation of results from EWAS.  

 

EWAS typically focus on measuring DNA methylation levels in a given tissue, 

comparing affected cases and unaffected controls at one given time point. These 

studies, focusing on DNA methylation, combine microarray technology or high-

throughput genomic sequencing with a variety of methods including 

immunoprecipitation-based methods, bisulphite-based methods or enrichment-based 

methods e.g. digestion with methylation sensitive restriction enzymes [198]. All 
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methods have their own strengths and limitations including genomic coverage, 

resolution, reproducibility, sensitivity and cost [199][200]. Therefore, choice of assay 

should be based on the research question, cost, amount and quality of sample (Figure 

1.9) [199][201]. Irrespective of technology implemented, as the amount of loci 

covered by these assays increase and as our knowledge expands on the 

interdependence of genetic and epigenetic variation, the statistical analyses involved 

in interpreting these large datasets becomes increasingly more complicated [198]. In 

this section I will discuss some of the considerations and steps involved in designing 

a successful EWAS. 

 

 
Figure 1.9: Stepwise design of a successful EWAS 

Sourced and modified with permission [201]. 
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1.6.3 Account for the cell type specific nature of DNA methylation 

Although DNA methylation at a given locus is a binary mark (i.e. methylated or non-

methylated), measurement of DNA methylation in biological samples is seen as 

quantitative. A mean DNA methylation level from all of the cells in a given tissue is 

reported, i.e. the percentage of cells in which that locus is methylated. Therefore, 

another important factor to consider when designing an EWAS is choice of analysed 

tissue (Figure 1.9). Pathogenic disorders (e.g. inflammation) as well as exogenous life 

choices (e.g. smoking, diet and medication) can influence an individuals’ cellular 

composition [202]. Epigenetic patterns, such as DNA methylation as well as 

transcriptional regulation vary substantially across different cell types and tissues 

[127][128], even cell types from within the same tissue or organ [203]. For example 

Varley et al. demonstrated that there are cell type specific DNA methylation 

signatures preserved across 82 different primary cell lines and tissues [204]. Won et 

al. developed a tool called ChroModule that identified variable epigenetic traits 

across different cell types that corresponded to housekeeping genes and stimulus 

response [205].  

 

Up until recently the cell type specific nature of DNA methylation and its 

implications have not been considered in EWAS. Detection of differential 

methylation levels between sample groups could be disease-related or they may be 

caused by changes in the proportional distribution of cell types in the tissue of 

interest; for example as a result of immune cell infiltration during IBD. Therefore 

results obtained could implicate biomarkers that link DNA methylation and disease 

association that are in fact false positives. Alternatively, cell type specific DNA 

methylation could be masked in non-separated tissue specimens. 

 

For this reason, statistical techniques have been developed in order to interpret DNA 

methylation and gene expression data collected from mixed cell samples [206]–[209]. 

The importance of adjusting for cellular heterogeneity in mixed cell samples was 

demonstrated by Liu et al. [210] in an EWAS study for rheumatoid arthritis. Using 

whole blood, this group demonstrated that the proportion of the major circulating 

leukocytes differed greatly between diseased and non-diseased individuals. In another 

recent study, Wijetunga et al. [211] successfully employed a technique called 
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deconvolution, a technique that was previously developed to adjust for cellular 

heterogeneity in mRNA expression data [207][208]. Using deconvolution, this group 

predicted that 13-20 sub-populations contribute to the variable DNA methylation 

patterns observed in CD34+ hematopoietic stem and progenitor cells [211]. This 

suggests that even subpopulations from the same cell lineage have highly 

characteristic epigenomic profiles. This point was also highlighted by Raine et al. 

[212] albeit in relation to gene expression. This group demonstrated that 

transcriptional patterns differentiate sub-populations of T lymphocytes, revealing 

distinct signalling pathways for each T cell subset. However computational 

deconvolution is not perfect. Its limitations include its inability to deconvolve 

subpopulations from within the same cell phenotype as well as being unable to 

perform single sample deconvolution. 

 

Methods to isolate highly purified cell populations, such as flow cytometry or cell 

sorting should therefore be considered in an EWAS study design, thus enriching for 

the cell type of interest. In the case of CAC, the contribution of altered DNA 

methylation in epithelial cells is of particular importance as CAC is most likely a 

malignant neoplasm of epithelial origin [167][213]. However it has recently been 

documented that performing such isolation techniques could have an effect on gene 

expression and DNA methylation signatures [214]. In time, a resource of reference 

epigenomes for different cell phenotypes in population subgroups defined by age, sex 

and ethnicity will be an invaluable tool in EWAS. However, both experimental cell 

isolation and statistical correction for cellular heterogeneity are currently coupled 

with their own limitations.  

  

1.6.4 Choosing a suitable epigenome-wide DNA methylation analysis method 

1.6.4.1 Bisulphite sequencing 

Bisulphite sequencing involves treating DNA with the chemical bisulphite. This 

results in the conversion of non-methylated cytosines (Cs) to thymines (Ts), where as 

methylated Cs remain unaffected by bisulphite-mediated conversion. Absolute DNA 

methylation levels are then calculated by aligning sequence reads to the reference 

genome from which they were derived, and the percentage of Cs and Ts are 
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determined among all reads aligned to each C in the genomic DNA sequence (Figure 

1.10) [198]. Bisulphite sequencing is seen as the gold standard in sequencing 

platforms in EWAS. Key advantages involve comprehensive DNA coverage, high 

quantitative accuracy and high reproducibility [198]. However the biggest drawback 

with this technology is its cost. In fact, the current cost of performing this assay does 

not permit routine application of whole-genome bisulphite sequencing in large 

sample groups. Therefore in most cases other epigenome-wide DNA methylation 

platforms need to be used [215]. 

 

1.6.4.2 450K array 

The Illumina Infinum HumanMethylation450 Bead Chip (more commonly called the 

450K array) allows assessment of DNA methylation levels at nearly half a million 

CpG sites distributed throughout the genome. In relation to humans, this amounts to 

2% of all CpG sites. The assay is of high-throughput; up to hundreds of samples can 

be processed over a relative short time frame. Therefore the assay’s advantages 

involve cost of reagents and labour, sample throughput and coverage. Drawbacks 

from the assay include the relatively high amount of genomic DNA needed (~500 

nanograms) for performance, it’s inability to address allele specific variation as well 

as its inability to discover aberrant methylation patterns outside of the assay’s probed 

loci [215][216]. 

 

1.6.4.3 Reduced represented bisulphite sequencing 

Reduced represented bisulphite sequencing involves combining bisulphite sequencing 

with restriction enzymes that enrich areas of the genome that have a high CpG 

content [217]. One advantage to this assay is that it provides more genomic coverage 

than the 450K array. However, due to the assay’s design, it is severely biased towards 

CpG dense regions of the genome. Therefore it doesn’t place much significance on 

aberrant DNA methylation patterns that may take place at CpG diminished regions of 

the genome. The assays strengths are consistent with those that are associated with 

bisulphite sequencing i.e. high sensitivity [218], relatively high-throughput [219] and 

ability to incorporate single nucleotide polymorphisms (SNPs) into the analysis using 

a bisulphite variant caller [220]. 
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1.6.4.4 Enrichment-based methods 

Other commonly used epigenome-wide analyses are referred to as enrichment-based 

methods. These involve using either DNA methylation specific antibodies (e.g. 

methylated DNA immunoprecipitation), methyl-binding domain proteins (e.g. 

methyl-CpG-binding domain sequencing (e.g. MBD-seq) or restriction enzymes to 

enrich for fractions of DNA that are either highly methylated (e.g. McrBC-Seq) or 

non-methylated (e.g. HpaII tiny fragment HpaII enrichment by ligation mediated 

PCR (HELP-tagging)). The enrichment of fragments is then quantified by next 

generation sequencing (Figure 1.10) [198]. Advantages to these methods involve a 

relatively low cost for genome wide coverage, e.g. for HELP-tagging, DNA 

methylation is measured at 1.9 million CpG loci. Therefore this assesses DNA in both 

CpG dense and CpG diminished regions [221][222]. The main downfall of these 

assays is their association with measureable and immeasurable sources of bias (e.g. 

quality of enzyme digestion, temperature during library generation as well operator 

influences) [201]. In contrast to bisulphite sequencing, DNA methylation information 

is not contained in the read sequence for enrichment-based methods. Instead it is 

inferred by the enrichment or depletion of sequence reads that map to specific regions 

of the genome. Therefore interpretation of these results needs to be handled with care 

as any fluctuations in DNA sequence coverage will directly influence the 

measurement of DNA methylation [198].  

 

To assess the quality of effective epigenome-wide sequencing it is essential to 

quantify the yield of reads generated, the yield of reads aligned as well as the 

coverage of reads throughout the reference genome. It is also important to account for 

SNPs during alignment [198]. Due to the limitations as well as technical and 

experimental variability that is associated with cost effective epigenome-wide 

sequencing platforms, interpretation of results should be handled with caution. 

1.6.5 Analysing and interpreting EWAS data - Global DNA methylation levels  

Depending on a researcher’s choice of assay, there are a number of data processing 

and quality control steps necessary for analysing DNA methylation datasets (Figure 

1.10). These are discussed at length in relation to the HELP-tagging enrichment-

based assay in the materials and methods section of chapters 3 (section 3.3.6). 
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The next step is to visualize your data (Figure 1.10). The most useful way to do this is 

to select genomic regions by random means as well as candidate genes for which 

biologically meaningful differences are expected. One can upload these regions and 

genes and visualize them using web-based genomic browsers e.g. UCSC genome 

browser [223] or WashU Human Epigenome Browser [224]. On a global scale, 

figures can also be generated (e.g. boxplots or violin plots) to visualize global 

epigenomic shifts between sample groups. Mapping of CpGs to functionally relevant 

genomic regions such as TSSs, enhancers, intergenic and intragenic regions is also 

useful for visualizing global shifts in DNA methylation. These regions can be 

downloaded from the UCSC table browser [225]. Genomic regions generated by 

other genomic consortiums such as FANTOM [196] or the Roadmap Epigenomes 

consortium [193] could alternatively be used. Another way to identify global 

differences in DNA methylation between groups is to perform hierarchal clustering 

and visualize the relative similarity between sample groups using a clustering tree. 

This technique is commonly used both in DNA methylation analysis [226][227] and 

gene expression analysis [228]–[230].  

1.6.6 Site and region-specific DNA methylation analysis 

The subsequent phase of analysis is to identify patterns of differential methylation 

between sample groups (Figure 1.10). Research groups have demonstrated that 

methylation of single CpGs can be linked to gene regulation [231] and can affect 

disease susceptibility [232][233]. While other studies have highlighted the 

importance of aberrant patterns of DNA methylation at given genomic regions such 

as at CpGIs [234], CpGI shores and CpGI shelves [180]. It is therefore important to 

focus on specific CpG sites (ie. differentially methylated sites (DMS)) as well as 

regions of CpGs (i.e. differentially methylated regions (DMRs)). DMS can be 

identified by performing simple student t-tests, or by using a linear model based 

approach such as limma [235]. Limma has the advantage of providing a stable result, 

even when the number of samples in a experiment is quite small [236]. This R 

package was originally designed for gene expression microarrays, however it is also 

commonly used for DNA methylation analysis [237]–[239]. On a region level, one of 

the most widely used R packages to detect DMRs is called bumphunter [240]. 
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Bumphunter has the benefit of combining surrogate variable analysis [241], a method 

used for modelling unexplained heterogeneity (e.g. batch effects) in genomic 

measurements, regression modelling, smoothing techniques and multiple comparison 

methods to provide reliable lists of DMRs. Most importantly, whether one’s choice is 

to detect DMS and/or DMRs, any statistical test that measures differential 

methylation at a very high number of genomic loci needs to corrected for multiple 

hypothesis testing. Controlling the false discovery rate (FDR) is the most common 

method, and can be inferred using a number of methods including Benjamini and 

Hochberg as well as Bonferroni correction. 

1.6.7 Gene set enrichment analysis 

Once DMRs and/or DMS have been identified, studies often preform gene set 

enrichment analysis and pathway analysis to relate biological meaning to the patterns 

identified (Figure 1.10) [242]. Most enrichment analysis tools such as DAVID require 

lists of gene sets. Therefore one must map all DMS/DMRs to neighbouring genes 

before analysis is carried out. One point that needs to be considered during gene set 

enrichment analysis is that different genes may be associated with very different 

numbers of CpGs. Genes associated with larger numbers of CpGs have a greater 

chance of being associated with at least one DMS. This can result in severe bias in 

gene set enrichment analysis [243]. The R package Goseq should be employed to 

correct this bias, followed by FDR analysis to correct for multiple hypothesis testing.  

1.6.8 Incorporation of other genomic features 

Once a set of DMS/DMRs have been identified, it is useful to give them broader 

genomic context. Mapping of regions to distinct genomic features such as TSSs, gene 

body and non-coding regions is a good start. Other features that contribute to aberrant 

epigenetic patterns should subsequently be incorporated (Figure 1.10). As stated, 

epigenetic control of gene expression can be mediated by alterations in DNA 

methylation as well as chromatin and histone modifications [120]. The Epigenome 

Roadmap consortium provides a library of publically available CHIP-Seq datasets of 

active and repressed histone marks, specific to hundreds of cell types and tissues. 

Therefore these genomic features will offer epigenetic context at given regions where 

differential methylation patterns have been identified. 
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The association between DNA methylation and mRNA expression have now been 

discussed at length. For this reason DNA methylation data will frequently be used to 

complement transcriptome datasets. To determine how differential methylation 

patterns regulate gene expression, genome-wide gene expression maps should be 

incorporated where possible. It would be quite useful to generate gene expression 

data from the same tissue or more specifically cell type from which DNA methylation 

data is generated. One could combine the two datasets, extrapolating integrative 

relationships between DNA methylation and it’s association and effect on gene 

expression patterns in a given cell or tissue type (Figure 1.10). 

 
Figure 1.10: Workflow for analysing and interpreting DNA methylation data 

This schematic summarizes the steps involved in data processing (B), data visualization (C) and data 

interpretation (D) for three of the most commonly used epigenome-wide DNA methylation assays (A).  
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 Summary of introduction and research question 1.7
Privately generated epigenomic datasets combined with publically available reference 

epigenomes has led to exceptional progress in our ability to analyse and interpret 

DNA methylation data. However significant progress still needs to be made before 

one can determine the causes and consequences of observed DNA methylation 

patterns. There are also emerging studies, reporting DNA methylation variants such 

as 5-hydroxymethylcytosine, 5-formylcystosine and 5-caboxyltosine [244]. A very 

recent study has also reported DNA methylation at other nucleic acids in unicellular 

eukaryotes, worms and flies [245] i.e. 5-methyladenine. These are methylation 

patterns that we know very little about at this moment in time. Moreover, a 

substantial clinical knowledge gap between epigenetic predisposition to disease and 

disease manifestation still remains. 

 

In the context of IBD specifically, very little is known about epigenomic signatures 

of individual cell populations in the colon. As outlined, a number of research groups 

have previously conducted epigenomic studies using whole colonic biopsies. 

However, very little is known about IEC specific epigenomic changes that could be 

functionally significant in normal colonic physiology. Moreover, little is known 

about how chronic inflammation induces the neoplastic transformation of IECs. Do 

inflammation-induced DNA methylation alterations take place at IECs in a pre-

neoplastic state? Do these alterations have a downstream effect on tumour suppressor 

gene silencing? Do epigenomic alterations to IECs have a functional consequence in 

UC pathophysiology? 

 

In the coming years, a considerable amount of epigenomic analysis will be required 

to fill these knowledge gaps and to correctly interpret the numerous epigenome-wide 

maps that are currently being generated. These datasets will be instrumental in 

furthering our understanding of colorectal pathogenesis. However, a significant effort 

needs to be sustained to continue the momentum and excitement surrounding 

computational epigenomics. 
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Chapter 2: Isolation of a purified epithelial cell population 

from human colonic mucosa in diseased and non-diseased 

states 

 Abstract 2.1
Methods to purify intestinal epithelial cells (IECs) from colonic biopsies can be 

accomplished by a variety of enzymatic or non-enzymatic means i.e. using chelation 

or reducing agents. Several isolation methods involving these steps have previously 

been published. While these protocols are functional and well established, they do not 

take into account the influx of immune cells that can take place during inflammation. 

Furthermore, they do not consider the structural or biochemical degradation that can 

occur while carrying out isolation at room temperature or 37°C. Here we have 

successfully designed a low-temperature method for purifying populations of crypts 

from the human colon. These fractions consist of ~90% pure epithelium in both a 

diseased and non-diseased state. This chapter highlights the potential apoptotic 

characteristics of IECs in an inflammatory state while also demonstrating the array of 

heterogeneous cell populations in colonic mucosa in the presence of inflammation. 

Successful extraction of stable and integral mRNA and gDNA from IECs in both 

diseased and non-diseased states is also demonstrated. Therefore, this genetic 

material may be used to conduct subsequent genome and epigenome-wide association 

studies, potentially elucidating molecular events that underlie ulcerative colitis and 

other diseases of the colon. 

 

Keywords: Intestinal epithelial cells, isolation, cell populations, gDNA, mRNA. 
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 Introduction 2.2
The mucosal surface of the large intestine is in a constant state of regeneration [246]. 

This may be due to its dense composition of tubular structures called crypts. The 

residence of stem cells at the base of these crypts leads to asynchronous division; 

with one daughter cell continuously dividing as it moves up the crypt-villus axis 

[6][247]. These cells then undergo differentiation and morphological alterations, 

resulting in diverse IEC phenotypes [7]–[9]. The diversity of IECs portends the 

execution of many functional roles in the gut, primarily acting as the first line of 

defence against impending harmful stimulants [44][248] and operating as innate 

immune cells, controlling the interface between a potentially hostile colonic luminal 

environment and the host [44][249]. Although IECs are the predominant cell 

population in colonic mucosa, mucosal tissue is also comprised of a mixture of other 

cell types, including cells of bone marrow origin such as leukocytes, fibroblasts, 

smooth muscle cells and endothelial cells.  

 

Recently, interest has increased to isolate pure populations of IECs from mucosal 

tissue to study the molecular and biochemical pathways of colonic carcinogenesis at 

the potential origin of disease and to study the epithelial response to inflammation 

and infection [250][251]. Although IECs regulate barrier function and immune 

homeostasis, defects to epithelial innate responses as a consequence of intestinal 

inflammation may eventually lead to inflammatory bowel diseases such as Crohn’s 

disease or ulcerative colitis. Studies have shown that debilitation of epithelial cell 

integrity [252][253] and an increase in infiltrating inflammatory cells to the colonic 

mucosa may occur as an onset of these intestinal inflammatory diseases.  

 

The aim of this study was to develop a technique that can successfully separate IECs 

from colonic mucosa while accounting for complications, such as cell phenotype 

heterogeneity as a result of influx of inflammatory cells to mucosal tissue during 

chronic inflammation. This chapter describes a technique designed to retain a pure 

population of IECs from both diseased and non-diseased states while maintaining the 

physiological and morphological integrity of the cell isolate. Subsequently, the 

ultimate aim is to use this purified isolate for downstream epigenome-wide 

association studies. Therefore, developing an assay that limits any influence that 
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physical separation may have on molecular integrity of RNA and DNA is also 

critical. 
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  Materials and Methods 2.3

2.3.1 Patient recruitment and collection of biopsies 

All patient recruitment and sample collection was performed with the appropriate 

human subjects protocol approval from the Galway University Hospital Research 

Ethics Committee. All patients enrolled in the study were attending University 

Hospital Galway undergoing routine colonoscopy. Biopsies were collected from 

individuals undergoing colonoscopy for the evaluation of symptoms. 

2.3.2 Isolation of epithelial cells from pinch biopsies 

The isolation of IECs involved modifying two previously developed techniques 

[254][255] (Figure 2.1). Ten pinch biopsies were taken from the proximal and distal 

areas of the colon from healthy patients and stored in ice chilled phosphate buffered 

saline (PBS) (supplied by Sigma-Aldrich, (www.sigmaaldrich.com)). Biopsies then 

underwent washing (x3) with 5ml of ice chilled PBS and were centrifuged at 250 x g 

for 5 minutes at 4°C. After the third wash, the ice chilled PBS was replaced with 

25ml of chelation buffer (1mM EDTA, 1mM EGTA, 0.5M DTT, 55mM D-Sorbitol, 

44mM Sucrose with distilled H20 at pH 7.3, all supplied by Sigma-Aldrich) and 

stored for two hours at 4°C on a rocker. After the chelation, the samples were then 

shaken by hand for 20-30 seconds. Tissue resided at the bottom of the tube while the 

cell suspension, containing all liberated cells, was transferred to a new centrifuge 

tube. This step was repeated until no more cells were liberated post shaking. The 

liberated cell suspension was then centrifuged at 250 x g for 10 minutes at 4°C 

(Figure 2.1).  

 

The supernatant was discarded and the pellet of cells was resuspended in 2ml of 0.5% 

Bovine Serum Albumin (BSA) (Sigma-Aldrich) in PBS. 200µl of the sample was 

aliquoted for cell staining. The remainder of the cells was split into 2 separate tubes. 

These tubes were centrifuged at 250 x g at 4°C and the supernatant was discarded. 

One tube was snap frozen at -80°C and used for subsequent DNA extraction. The 

cells contained in the other tube were lysed with 1ml of Trizol reagent (supplied by 

Invitrogen, www.lifetechnologies.com/invitrogen), transferred to a 1.5ml tube and 

snap frozen at -80°C for subsequent total RNA extraction (Figure 2.1).  
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Figure 2.1: Schematic flow diagram illustrating the phases of intestinal epithelial cell isolation 

The elements of the chelation buffer (pH 7.3) consisted of: 1mM EDTA, 1mM EGTA, 0.5M DTT, 

55mM D-Sorbitol and 44mM Sucrose.  

Abbreviations: BSA: bovine serum albumin; PBS: phosphate buffered saline. 
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2.3.3 Phase contrast microscopy 

IECs were then mounted onto a haemocytometer (supplied by Abcam, 

(www.abcam.com)) and viewed under a light microscope using phase contrast 

microscopy. Phase contrast microscopy was carried out following the manufacturer’s 

protocol for Olympus BX51 microscope (supplied by Olympus 

(microscope.olympus-global.com)) with no modifications. The protocol (page 5-6 of 

manual) can be found at the following link: 

http://chemgroups.ucdavis.edu/~osterloh/images/manuals/Olympus.pdf 

 

The crucial step in phase contrast is to rotate the phase contrast condenser turret to 

engage the phase contrast ring until the visible marking matches the ‘ph’ mark on the 

respective object.  

2.3.4 Cell Staining for flow cytometry 

Each sample was blocked using 5µl of blocking IgG antibody (Sigma-Aldrich) and 

stored for 20 minutes at 4°C. Each sample was then double stained with an epithelial 

specific marker (EpCAM), an immune cell specific maker (CD45) and each marker’s 

isotype control (all supplied by Biolegend (www.biolegend.com). Samples were then 

stored for a further 20 minutes in the dark at 4°C. Samples were then centrifuged at 

320 x g at 4°C and washed twice with 200µl of 0.5% BSA in PBS. Disaggregation of 

crypts into a single cell suspension was achieved through continuous pipetting of the 

cell isolate. Subsequently, cells were examined by flow cytometry using FACSCanto 

and data analysis was performed using WinMDI (Version 2.8) software. A cell 

isolate of ~90% EpCAM positive was regarded as a pure epithelial cell sample. 

2.3.5  Haematoxylin and eosin staining 

Biopsies (pre and post epithelial isolation) were put in 10% formalin overnight (0.5ml 

per tube). Biopsies were then removed and put into 100% ethanol. The following 

steps were involved for deparaffinization: tissue was dewaxed in Xylene, removed 

and rehydrated in 100%, 95%, 70%, and 50% ethanol for 2 minutes each 

respectively. Tissue was then transferred to dH2O for 3 to 5 minutes. The samples 

then underwent treatment with haemotoxylin (nucleus colouration) for 10 seconds 

and rinsed quickly in HCl 1/100 in 70% ethanol. Tissue was then rinsed with tap 
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water for 5 minutes. Samples were then counterstained for 1-2 minutes in 1% Eosin 

in dH2O. Samples were then dehydrated through 100% industrial methylated spirits 

for 30 seconds. This step was repeated once in a bath of 100% Ethanol. Xylene was 

then cleared; 2 changes for 15 minute each. Slides were left overnight to allow 

mounting medium to solidify. All materials used in haemotoxylin and eosin staining 

were supplied by Sigma-Aldrich. 

2.3.6 Genomic DNA extraction from purified epithelial cells  

Purified epithelial cells (snap frozen at -80°C) were suspended in 10ml of extraction 

buffer (10 mM Tris-HCl, pH 8.0, 0.1 M EDTA, pH 8.0, 0.5% SDS, 20 µg/ml 

RNaseA, all supplied by Sigma-Aldrich). After incubation for 1 hour at 37°C, 50µl of 

Proteinase K (20mg/ml) (Invitrogen) was added, and the solution was mixed gently 

and incubated in a water bath set at 50°C overnight. The solution was then treated 3 

times with saturated phenol (Sigma-Aldrich), then twice with chloroform (Invitrogen) 

in order to purify the DNA lysate. Dialysis was then performed for 16 hours at 4°C 

with three changes of 0.2 X SSC (Sigma-Aldrich). After dialysis, the DNA was 

concentrated by coating dialysis bags in polyethylene glycol crystals (Sigma-

Aldrich). The purity and concentration of extracted genomic DNA was quantified by 

nanodrop (ND-1000, Mason technologies) at a spectrophotometric absorbance of 

260nm. Preparation of buffers and reagents were prepared according to the protocol 

derived from the Albert Einstein College of Medicine online database (WASP 

system). All steps outlined in the protocol were followed exactly. Please refer to the 

following link for a more detailed protocol description with no modifications 

http://wasp.einstein.yu.edu/index.php/Protocol:DNA_extraction 

 

In order to assess DNA integrity, agarose gel electrophoresis was performed and the 

resulting bands were made visible by U.V to detect any degradation. 

2.3.7 Total RNA extraction 

Purified epithelial cells (snap frozen in Trizol at -80°C) were stored at room 

temperature for 5 minutes to permit the complete dissociation of nucleoprotein 

complexes. 0.2 ml of chloroform per 1 ml of Trizol was then added. Samples were 

shaken vigorously by hand for 15 seconds and subsequently incubated for 3 minutes 
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at room temperature. After centrifugation (12,000 x g for 15 minutes at 4°C), the 

aqueous phase of the sample was transferred to a new tube and precipitated with 

500µl of isopropyl alcohol (Sigma-Aldrich). After incubation (10 minutes at room 

temperature) samples were then centrifuged (12,000 x g for 10 minutes at 4°C) and 

the resulting supernatant was discarded. The RNA pellet was then washed with 800µl 

of 75% ethanol, followed by centrifugation (7,500 x g for 5 minutes at 4°C) and 

discarding of the subsequent supernatant. Complete removal of ethanol was then 

accomplished by using a micropipette. (Note ethanol must be fully removed in order 

to dissolve the pellet of RNA). RNA was then dissolved in 20µl of RNase-free water 

by passing the solution a few times through a pipette tip as well as performing 

incubation for a maximum of 10 minutes at 55°C. Preparation of buffers and reagents 

were prepared according to the protocol derived from the Albert Einstein College of 

Medicine online database (WASP system). All steps outlined in the protocol were 

followed exactly. Please refer to the following link for a detailed protocol description 

with no modifications. 

http://wasp.einstein.yu.edu/index.php/Protocol:RNA_extraction 

 

In order to assess RNA integrity, agarose gel electrophoresis was performed and the 

resulting bands were made visible by U.V to detect any degradation. Total RNA 

concentration was quantified by nanodrop at a spectrophotometric absorbance of 

260nm. 
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 Results 2.4
We further developed 2 previously established techniques (Materials and methods, 

Figure 2.1), to optimize effective IEC isolation and quantification of epithelial cell 

purity. This technique was used on a cohort of samples supplied by non-diseased 

patients (normal mucosa, n=30). This protocol was then used on a small sample size 

obtained from diseased patients (ulcerative colitis, n=5) to ensure results were 

relatively consistent in a non-diseased and diseased state. Subsequent extraction of 

intact DNA and RNA from these IECs using a larger sample size in both diseased and 

non-diseased states was then performed. 

 

Using light microscopy examination, it was observed that isolation produced large 

sheets of intestinal epithelium. Detachment of epithelial crypts from biopsies revealed 

that whole crypt structures could be removed, leaving cells of the lamina propria 

behind (Figure 2.2A & 2.2B). Although the majority of IECs were eluted using this 

method, H&E staining revealed that some epithelial cells were retained in crypts post 

IEC isolation (Figure 2.2C & 2.2D). To evaluate the consistency of these findings, 10 

specimens from proximal (right) and distal (distal) colonic regions were examined, 

and the same microscopic appearance was found in each specimen. 
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Figure 2.2: Qualitative assessment of intestinal epithelial cell isolation 

Representative phase contrast microscopy images of intestinal crypts post IEC isolation of non-

diseased (A) and diseased (B) specimens. Representative examples of Hematoxylin and eosin staining 

of colonic mucosal tissue are illustrated before (C) and after (D) IEC isolation (100 X magnification in 

all cases). 
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Flow cytometry was then performed to quantitatively assess the purity of the isolated 

cell fraction (Figure 2.3). It was found that continuous pipetting over the course of 

the isolation procedure was sufficient to disaggregate the large sheets of intestinal 

epithelium into a single cell suspension. However, pipetting must be done gently to 

ensure rupturing of IECs does not occur. Markers specific for IECs and bone 

marrow-derived cells were employed to assess the cellular make-up of the 

suspensions resulting from the chelation procedure. Once optimization was 

completed, we found that ~90% of the cell suspension comprised of EpCAM positive 

cells, indicative of epithelial cells in both a diseased and non-diseased state. ~4% of 

the cell suspension was stained with the CD45 antibody in a diseased state and ~2% 

in a non-diseased state, indicating bone marrow origin (Figure 2.3). The double 

negative cells in this analysis could be stromal cells such as fibroblasts or endothelial 

cells which are neither epithelial nor of bone marrow origin.  
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Figure 2.3: Quantitative assessment of intestinal epithelial cell isolation 

IECs were labelled with fluorescent antibodies specific to epithelial cells (EpCAM) and bone marrow 

derived cells (CD45) to distinguish cell populations. Representative histograms of non-diseased (A) 

and diseased (C) specimens are illustrated. Cells labelled with EpCAM (red, marker 2(M2)) and its 

isotype control (blue, marker 1 (M1)) are illustrated. Quantification of the percentage of epithelial cells 

in the IEC isolate was then performed. Representative scatter plots of EpCAM positive cells (upper 

left), CD45 positive cells (lower right) and double negative cells (lower left and upper right) are 

illustrated for non-diseased (B) and diseased (D) specimens. It was found that ~90% of the cell 

suspension comprised of EpCAM positive cells in both diseased and non-diseased states. 
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During optimization we experimented with different centrifugation speeds ranging 

from 100-1500 x g (Step 7: Figure 2.1), attempting to find a speed that maximises the 

abundance of IECs while limiting the proportion of non-epithelial cells in the isolate. 

For one non-diseased case, the IEC isolate after step 6 (Figure 2.1) was split into 2 

separate fractions. Centrifugation was performed for one fraction at 250 x g and the 

other at 1,500 x g. Results illustrated that the number of non-epithelial cells in the 

isolate (i.e. non EpCAM positive cells) increased from 6.8% to 24.7% with the 

increase in centrifugation speed (Figure 2.4). We hypothesise that the speed is so 

significant because the larger sheets of epithelium surface at the bottom of the tube at 

a slower spin while the smaller bone marrow derived cells (as well as cell debris) 

suspend in the supernatant which is discarded before the next step. This effect was 

particularly evident in one non-diseased case, when this high centrifugation speed 

was used to pellet the cell isolate. Results showed that the proportion of epithelial 

cells in a ‘pure’ IEC isolate dramatically decreased, consisting of only 57.1% 

EpCAM positive cells and 33% CD45 positive cells using these conditions (Figure 

2.4).  
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Figure 2.4: Effect of centrifugation speed during IEC isolation 

IECs were labelled with fluorescent antibodies EpCAM and CD45 to distinguish cell populations. 

Representative histograms and scatter plots of non-diseased specimens centrifuged at 250 x g (A&B), 

as well as non-diseased (C&D) and diseased specimens (E&F) centrifuged at 1500 x g are illustrated. 

Cells labelled with EpCAM (red, marker 2 (M2)) and its isotype control (blue, marker 1 (M1)) are 

illustrated. Within scatterplots, epithelial positive cells (upper left), CD45 positive cells (lower right) 

and double negative cells (lower left and upper right) are illustrated. The increase in non-epithelial cell 

proportions is particular evident in (F). 
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The key objective in this study was to develop an assay to successfully isolate IECs 

from heterogeneous cell populations contained in colonic biopsies in order to study 

epigenomic patterns of IECs in a non-diseased and diseased state. Therefore, the next 

phase was to assess to quality and quantity of DNA and RNA extracted from the IEC 

isolate. As stated, protocols have been established to successfully isolate IECs at 

room temperature [256][257]. Therefore during optimisation we decided to compare 

extracted RNA and DNA products from an IEC isolate maintained at both room 

temperature and at 4°C. Results indicate that the integrity of DNA extracted from 

IECs is maintained at both temperature states, with the agarose gel illustrating sharp 

integral bands for DNA extracted from IECs maintained at each temperature, in both 

proximal (right colon) and distal (left colon) colonic areas (Figure 2.5A). However, 

separation of RNA on an agarose gel revealed significant degradation of RNA that 

was extracted from cells maintained at room temperature, while distinct ribosomal 

subunits were seen in the RNA from low temperature isolates (Figure 2.5B). 

Moreover, high-molecular mass contamination was also illustrated on the gel in 

material extracted at room temperature, which may be indicative of nuclear integrity 

deterioration and the ensuing release of DNA into the cytosol.  

 

As the protocol had now been established to successfully extract genetic material 

from IECs, the sample size of diseased patients was increased in the cohort (n=22). 

Based on these specimens, the absolute yield of DNA and RNA was evaluated in 

each cell isolate in the distal and proximal side of diseased (sub-total colitis, i.e. distal 

side is diseased) and non-diseased patients. Figure 2.5C illustrates that the mean yield 

of DNA in non-diseased specimens (proximal normal = 8.24 µg ± 0.44, distal normal 

=7.43 µg ± 1.05) is much higher than the yield of DNA extracted from diseased 

specimens (distal ulcerative colitis = 5.81 µg ± 0.6). The total yield of RNA in each 

state also follows a similar trend (proximal normal ~ 6.19 µg ± 0.62, distal normal = 

3.14 µg ± 0.64 and distal ulcerative colitis = 1.95 µg ± 0.31) thus suggesting 

differences in epithelial cell yield between diseased and non-diseased states. 
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Figure 2.5: RNA and DNA assessment-quality and quantification 

Agarose gel illustrating DNA extracted from proximal (P) and distal regions (D) from epithelial cells 

isolated at 4°C (Lane 1&2) and room temperature (RT) (Lane 3&4)(A). DNA is stable at both 

temperatures. Agarose gel illustrating RNA extracted from cells isolated at 4°C (Lane 1) and RT (Lane 

2) (B). IECs isolated at RT show degradation of RNA and potential high-molecular mass 

contamination. Elsewhere IECs isolated at 4°C show distinct 28S and 18S RNA subunits. Mean yield 

and standard error (black bars) of DNA (blue) and RNA (red) extracted from proximal and distal 

samples in diseased and non-diseased states are shown (C). Results show that the yield of nucleic acid 

decreases in the presence of disease. Abbreviations: RT: Room Temperature; UC: Ulcerative Colitis. 
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 Discussion 2.5
The intestinal epithelium represents a significant barrier in the gastrointestinal tract, 

and its multifaceted abilities have been implicated in many inflammatory and 

cancerous conditions [258]. Furthermore, it has been demonstrated that genetic and 

epigenetic changes have been shown to take place as a result of food substances as 

well as bacterial microflora [259][260]. Therefore, it is somewhat expected that 

aberrant gene silencing has been observed in gastrointestinal malignancies, 

specifically inflammatory and cancerous conditions of the colon [261]–[264]. It has 

been well documented that DNA methylation patterns are highly cell type specific 

[126]–[128][180]. Incidentally, when studying genetic and epigenetic patterns, there 

is potential for interpreting changes that may represent unwanted noise that reflects a 

mixture of cell populations in heterogeneous tissue e.g. increase in the abundance of 

inflammatory cells during intestinal inflammation. Therefore, separation of 

inflammatory cells from the IEC population is necessary prior to carrying out genome 

and epigenome-wide association studies. 

 

Methods to purify IECs from colonic biopsies rely on initial disturbance of the 

intestinal epithelial layer. Some research groups have accomplished this by using 

chelation agent treatment (e.g. EDTA/EGTA) and or a reducing agent treatment (e.g. 

DTT) [265][266]. Other approaches involve utilizing various digestive enzymes to 

disrupt the basement membrane and extracellular matrix of the lamina propria 

[267][268]. By combining elements from two previously published protocols 

(detailed in Section 2.3.2), this method effectively isolated large sheets of viable 

intestinal epithelial crypts at a low temperature. Morphological evaluation of the 

remaining colonic biopsy after cell isolation demonstrated that this method removes 

the majority of epithelial cells, while limiting impairment to the lamina propria and 

keeping the basement membrane intact. Although this method successfully isolated 

IECs, H&E staining in Figure 2.2 revealed not all of IECs from the crypts were 

removed post isolation. While these may potentially be removed by increasing the 

chelation time (Figure 2.1: Step 3) or by replacing vigorous shaking by hand with 

mechanical shaking (Figure 2.1: Step 5) the integrity of the cells post isolation could 

be hindered. 
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Using this protocol, successful isolation of IECs that consisted of ~90% pure 

epithelium in both diseased and non-diseased states was performed. There was a 

slightly higher proportion of bone marrow derived cells in diseased patients (Normal 

mucosa ~3.2, ulcerative colitis ~5.8). However, this study demonstrated that this 

minor difference was dependent on the decision to use a slow spin in step 7 of the 

protocol (250 x g). A more accurate representation of the proportion of bone marrow 

derived cells in a diseased state was highlighted in figure 2.4E & 2.4F. This indicated 

the influx of inflammatory cells that takes place during intestinal inflammation and 

may give some representation of the array of heterogeneous cell populations in whole 

colonic biopsies in the presence of inflammation. 

 

Established protocols have been designed to isolate IECs from normal colonic 

mucosa. However the majority of these techniques relied on isolation at either room 

temperature or 37°C. Our research is focused on studying both genetic and epigenetic 

expression patterns of IECs. Therefore it was necessary to perform isolation at colder 

temperatures (i.e. 4°C) to maintain DNA and RNA stability, and limit the potential 

influence separation at higher temperatures might have on the quality of the isolate. 

Although results indicated that DNA remained intact at room temperature, RNA did 

not have the same means of stability when comparing the integrity of RNA bands at 

room temperature and 4°C. Performing isolation at 4°C also limits the detrimental 

effects to membrane integrity, cellular viability and molecular degradation that can 

occur at higher temperatures. For example, internalization of cell surface receptors 

has been reported for insulin and epidermal-growth factor receptors in isolated 

epithelium within 60 minutes at 37°C [269].  

 

Post optimization the sample size of the study was increased, balancing the 

proportion of non-diseased and diseased samples in the cohort. By measuring the 

yield of total DNA and RNA in both diseased and non-diseased states, it was 

established that the yield of DNA and RNA extracted from non-diseased samples was 

higher than diseased samples. This decrease in nucleic acid may be reflective of loss 

of epithelial cells during chronic intestinal inflammation. Souza et al. demonstrated 

that colonic epithelium from patients with ulcerative colitis and Crohn’s disease 

showed a higher level of apoptosis than controls [270]. Iwamoto et al. illustrated that 

crypts with active UC displayed apoptotic characteristics, highlighting that the loss of 
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epithelium occurs primarily by apoptosis in involved intestine as well as 

neighbouring uninvolved areas [271].  

 

Although we have successfully isolated a pure epithelial cell fraction from colonic 

mucosa, comprised of ~90% epithelial cells, it has been reported that a higher level of 

purity is possible. By utilizing techniques during cell isolation, such as using cell 

strainers to improve the single cell composition of the isolate [272] or using magnetic 

labelled cells sorting via epithelial cell specific microbeads [214], some groups have 

reported purity of ~95%. However in my experience, by integrating these methods 

into the protocol, it greatly diminished the yield of IECs in the isolate. In fact one 

group reported that the median recovery rate of epithelial positive labelled cells was 

only 36.9% using cell sorting technologies [273]. Due to the relatively high yield of 

total DNA and RNA necessary for performing epigenome-wide association studies 

which may not be achieved with higher purity levels, a purity level ~90% as found in 

these epithelial cell isolates was considered acceptable for downstream analysis. 

Furthermore, it is also worth considering a study performed by Jenke et al. This 

group demonstrated that although genetic and epigenetic patterns are highly cell type 

specific, one must consider that some aspects of cell purification may cause stress to 

cells and this stress could therefore alter the cells’ gene expression and DNA 

methylation patterns [214]. 

 

In summary the data presented in this chapter has indicated successful enrichment of 

epithelial cells from heterogeneous populations contained in colonic biopsies in both 

diseased and non-diseased states using a low temperature isolation procedure (4°C). 

It has been demonstrated that stable RNA and DNA have successfully been extracted 

from this isolate and this genetic material may be used for downstream epigenome-

wide association studies. 
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Chapter 3: Differential DNA methylation patterns of 

homeobox genes in proximal and distal colon epithelial cells 

 Abstract 3.1
Region and cell type specific differences in the molecular make up of colon epithelial 

cells have been reported. Those differences may underlie the region-specific 

characteristics of common colon epithelial diseases such as colorectal cancer and 

inflammatory bowel disease. DNA methylation is a cell type specific epigenetic 

mark, essential for transcriptional regulation, silencing of repetitive DNA and 

genomic imprinting. Little is known about any region-specific variations in 

methylation patterns in human colon epithelial cells. Using purified epithelial cells 

and whole biopsies (n=19) from human subjects, epigenome-wide DNA methylation 

data (using the HELP-tagging assay) was generated, comparing the methylation 

signatures of the proximal and distal colon. A total of 125 differentially methylated 

sites (DMS) were identified, mapping to transcription start sites of protein coding 

genes, most notably several members of the homeobox (HOX) family of genes. Gene 

enrichment analysis yielded 7 Gene Ontology (GO) categories (FDR< 0.05) 

including embryological development and anterior-posterior formation. DNA 

methylation was also examined in whole biopsies, applying a computational 

technique to deconvolve variation in methylation within cell types and variation in 

cell type composition across biopsies. Including inferred epithelial proportions as a 

covariate in differential methylation analysis applied to the whole biopsies resulted in 

greater overlap with the results obtained from purified epithelial cells compared to 

when the covariate was not included. Results obtained using both approaches 

highlight region-specific methylation patterns of HOX genes in colonic epithelium. 

Regional variation in methylation patterns has implications for the study of diseases 

that exhibit regional expression patterns in the human colon, such as inflammatory 

bowel disease and colorectal cancer. 

 

Keywords: DNA methylation, epigenome-wide sequencing, deconvolution, region-

specific colonic variation. 
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 Introduction 3.2
The human colon is a conduit for the excretion of the byproducts of digestion. 

Normal colonic homeostasis depends on the maintenance of a barrier between the 

colonic lumen and the host, consisting primarily of a single layer of intestinal 

epithelial cells (IECs). IECs in the colon play essential roles both in the absorption of 

faecal water [12] and as innate immune cells, controlling the interface between a 

potentially hostile colonic luminal environment and the host [13].  

 

The colon is subject to several common diseases including cancer of IECs (colorectal 

carcinoma) and inflammatory bowel diseases, among others. Researchers 

investigating those diseases often utilize biopsies obtained from the colon epithelium 

during colonoscopy, for molecular and cellular analyses. Those biopsy samples 

consist of a mixture of different cell types including epithelial cells, stromal cells 

such as fibroblasts, immune cells such as macrophages and lymphocytes, and 

endothelial cells. Thus, the results of analyses of homogenates of those heterogeneous 

biopsies represent the aggregate values of the different cell types present in the 

biopsies. Researchers who need to study single homogenous cell types have used 

laboratory techniques to disaggregate cell types from one another in the biopsies, 

although those procedures have some drawbacks [214]. Therefore, computational 

techniques to deconvolute data obtained from homogenates of heterogeneous biopsies 

could be of value to researchers seeking to assess cell type specific molecular factors 

using such samples.  

 

Another important consideration in the use of colon epithelial biopsies in disease 

pathogenesis research is the choice of appropriate control material. Researchers often 

compare biopsies obtained from different colon regions but little is known about 

whether there are region-specific differences in the molecular make up of IECs in the 

colon. The importance of region-specific differences in human colon epithelium is 

highlighted by the fact that some common diseases of the colon, such as those 

mentioned above, exhibit regional variation in their localization in the colon. For 

these reasons, a better understanding of any molecular differences between epithelial 

cells of different colon regions would be important for the correct interpretation of 

experimental data based on biopsies of those regions.  
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The methylation of cytosine nucleotides at the 5' position of DNA is a crucial 

epigenetic mechanism for the control of gene expression. As well as playing 

important roles in embryonic development and maintenance of normal tissue 

differentiation (reviewed in [134]) , DNA methylation abnormalities have been 

identified as key contributors to the neoplastic transformation of IECs in the colon 

[140]. For example, variable DNA methylation patterns have been observed in 

colitis-associated cancer [141][142] and have contributed to aberrant epigenetic gene 

silencing in sporadic colorectal cancer [144][145]. This indicates that DNA 

methylation differences play roles in disease pathogenesis, but there have been no 

prior studies exploring whether any epithelial cell specific regional variations in DNA 

methylation patterns are present between distinct colonic regions. Knowledge of any 

such differences in DNA methylation is necessary to correctly interpret the results of 

DNA methylation profiling datasets that are commonly generated, and which may 

underlie regional expression of specific genes and disease states in the human colon. 

 

 As a first step towards assessing this possibility, we evaluated DNA methylation, 

comparing proximal and distal colonic regions using two distinct approaches. First, 

because it has been documented that individual cell types can have a specific DNA 

methylation identity [126]–[128] including even closely related cell types [129], 

laboratory techniques were utilized to isolate and characterize a purified epithelial 

cell population from proximal and distal colonic regions. Second, whole unpurified 

biopsies from the same subjects were used, examining whether DNA methylation 

patterns in the epithelial component could be inferred in the heterogeneous cell 

mixtures using computational deconvolution techniques.  
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  Materials and Methods 3.3

3.3.1 Patient recruitment and collection of biopsies 

All patient recruitment and sample collection was performed under human subjects 

protocol approval from the Galway University Hospitals Research Ethics Committee. 

Patients enrolled in the study were attending University Hospital Galway undergoing 

colonoscopy for the evaluation of symptoms. Biopsies were collected from 5 

different individuals where both the colonoscopic appearance and histological 

evaluation of biopsies were normal. No patients were taking any medication known 

to alter the DNA methylome (folic acid, sulfasalazine or valproic acid). 

3.3.2  Isolation of epithelial cells from pinch biopsies 

Previous techniques for isolating purified IECs relied on isolation of cells at room 

temperature or 37°C [256][274]. Modifications of those techniques were developed 

that allowed for epithelia to be obtained at 4°C to limit the detrimental effects to 

membrane integrity, cellular viability and molecular degradation that can occur at 

higher temperatures [269]. This method was discussed at length in chapter 2. Please 

refer to section 2.3.2 for the exact the protocol description with no modifications. 

3.3.3 Flow cytometry 

This method was discussed at length in chapter 2. Please refer to section 2.3.4 for the 

exact protocol description with no modifications. 

3.3.4 DNA extraction from cells and tissue 

For purified cells, extraction of genomic DNA was performed according to the 

protocol described in chapter 2. Refer to section 2.3.6 for the exact protocol 

description with no modifications. For whole biopsy samples, 1ml of chelation buffer 

(refer to 2.3.6) was added to each sample. Tissue was sheared (Branson digital 

sonifier 150) for 5 cycles with 10 seconds on and 10 seconds off (on ice). A final 9ml 

of extraction buffer was added to each sample (final volume =10ml) and all 

subsequent extraction steps were followed according to the protocol outlined in 

section 2.3.6.  
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3.3.5 HELP-tagging assay library preparation 

3µg of genomic DNA was digested overnight in a 200µl reaction containing methyl-

sensitive restriction enzyme HpaII, thus enriching the hypomethylated portion of the 

genome. 5µl of the digest was run on a 1% agarose gel and the remainder was used 

for library preparation. 300µl of TE buffer (pH 8.0, Sigma-Aldrich) was added to the 

rest of the digest as well as 500µl of phenol: chloroform (1:1) and mixed well. The 

sample was then spun in a micro centrifuge at top speed for 20 minutes. The aqueous 

phase of the sample was then transferred to a new tube and precipitated with 1µl of 

glycogen and 50µl of 3M Sodium acetate (Qiagen). 800µl of isopropyl alcohol was 

added and the sample was incubated at -20°C for 2 hours and then spun at top speed 

for 20 minutes. The supernatant was then removed and the pellet of DNA was 

washed with 70% ethanol. The sample was then air-dried and resuspended in 20µl of 

TE buffer. Adapter EcoP15I side (AE adapter) ligation was performed in a 50µl 

reaction containing 25µl of 2x Quick ligase buffer, 0.5µl of 0.1µM AE adapter, 

digested DNA, deionised water and 3µl of Quick Ligase for 15 minutes at room 

temperature. All subsequent steps up to polymerase chain reaction (PCR) 

amplification were performed using the protocol developed by Suzuki et al [221]. 

Please refer to the following link for exact protocol description: 

http://wasp.einstein.yu.edu/index.php/Protocol:HELP_tagging  

 

The PCR product was extracted from a 3.5% low molecular weight agarose gel 

electrophoresis and purified by Mini-Elute gel extraction kit (Qiagen). Purified 

products were analysed by Bioanalyzer to ensure integrity and purity followed by 

Illumina sequencing. All enzymes used for the HELP-tagging assay were purchased 

from New England Biosciences (www.neb.com) unless otherwise stated. All adapters 

and primers were purchased from the WASP system at the Albert Einstein College of 

Medicine. For a full list of adapters and primers, refer to Table A.3 in appendix A. 

 

 

 



 64 

3.3.6 Processing of sequence data 

Illumina sequencing was performed on an Illumina HiSeq 2000, at the Epigenomics 

Shared Facility of Albert Einstein College of Medicine. For this assay, single-end 36-

50 base pair (bp) sequencing was required. The images generated by the Illumina 

sequencer were analysed using Illumina pipeline software (version 1.4). Default read 

length of 36bp was used for initial data pre-processing. Post sequence isolation, in 

which adapter sequence on the 3’-end was found; adapter sequence was replaced with 

poly (N) sequence of equal length. The ELAND alignment algorithm was performed 

on these sequences with the sequence length set to 27bp. Data generated by the 

ELAND pipeline was used to count the number of aligned sequences overlapping 

each CCGG site in the hg19 build of the human genome. 

 

During the alignment process, a maximum of two mismatches in each sequence was 

accepted. Statistics produced from alignment included the quantity of sequence tags 

that were excluded due to there being too many matches to the reference genome (a 

maximum of 10 matches), or for which there was no match at all. For all non-unique 

alignments, sequences were assigned a partial count for each alignment location 

amounting to 1/n, where n represented the total number of alignments. The number of 

sequences associated with each HpaII site was then divided by the total number of 

sequences (including partial counts) aligning to all HpaII sites in the same sample to 

normalize the data between experiments [221].  

  

In order to measure the level of DNA methylation at each CCGG site, the normalized 

accumulative proportion (NAP) count for the HpaII digested sample was compared to 

the reference NAP count for the MspI digest. If the site is hypermethylated, the HpaII 

NAP count for this site should be less than the MspI NAP count. This is because the 

HpaII restriction enzyme is not capable of cutting DNA when the internal cytosine is 

methylated, whereas the MspI enzyme is able to cut regardless of the cytosine 

methylation state [221]. The DNA methylation angle score was calculated using the 

arctangent of the ratio of HpaII NAP count and MspI NAP count as described 

previously [222]. This allows normalization of HpaII counts in terms of variability of 

the MspI representation. DNA methylation levels reported here were calculated as 
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one minus the DNA methylation angle score, for ease of interpretability, and range 

from 0 (no DNA methylation) to 100 (complete DNA methylation). 

3.3.7 Data analysis 

CCGG sites with fewer than five MspI reads were excluded from all analyses to 

improve DNA methylation estimation accuracy. Quantile normalization was then 

carried out to account for possible variation in total CCGG methylation among 

samples. Two R packages were used for DNA methylation analysis. First, limma was 

used to identify individual differentially methylated CCGG sites (i.e. differentially 

methylated sites (DMS)) [235]. Second, bumphunter was used to identify 

differentially methylated clusters of CCGG sites i.e. differentially methylated regions 

(DMRs) [240]. A false discovery rate analysis (Benjamini-Hochberg) was used to 

correct for multiple testing. A false discovery threshold of 0.05 was used to decide 

statistical significance.  

 

We tested for enrichment of gene ontology categories among genes for which at least 

one DMS was found close (±2kb) to the transcription start site (TSS). The HELP-

tagging assay profiles the DNA methylation status at CCGG sites. However, different 

genes may be associated with very different numbers of such sites, with genes 

associated with larger numbers of CCGG sites having a greater chance of being 

associated with at least one differentially methylated site. This can result in severe 

bias in gene set analysis [243]. The R package Goseq was used to correct this bias. 

Goseq calculates a probability weighting function for a list of genes based on a given 

bias. In this case, the bias was the total number of CCGG sites mapping to each gene. 

The Wallenius approximation was used to calculate the over and under representation 

of Gene Ontology (GO) categories among differentially methylated genes. A false 

discovery rate analysis (Benjamini-Hochberg) was used to correct for multiple 

testing. A false discovery threshold of 0.1 was used to decide statistical significance. 

 

The R package CellMix [275] was used to estimate the proportion of epithelial cells 

in each whole biopsy sample. This was carried out using the semi-supervised non-

negative matrix factorization (ssNMF) method; implementing the ssKL algorithm 

[208]. ssNMF takes into account prior knowledge of marker CCGG sites for each cell 
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type in a given sample. Marker sites were used to map each basis component (W) to 

one of the real cell type signatures (H), with the objective of estimating more stable 

and meaningful cell population estimates [208]. In this case we selected a set of 

marker sites for epithelial and non-epithelial cell types based on differences in DNA 

methylation patterns observed between pure and whole biopsy (mixed cell) samples. 

The binary nature of DNA methylation was utilized to select markers i.e. sites that 

were both non-methylated (methylation score ranging from 0-10) across pure samples 

and intermediately methylated (methylation score ranging from 30-70) across mixed 

cell samples were selected as epithelial marker sites (n=84). Sites that were 

intermediately methylated across both pure and mixed samples were chosen as non-

epithelial marker sites (n=12).  

 

The UCSC table browser [225] was used to obtain coordinates of genomic regions 

including CpG Islands, gene bodies, intergenic and intragenic regions. Transcription 

start sites and enhancer peaks were obtained from the FANTOM consortium 

[196][276]. Coordinates for genomic regions for ChromHMM states in colonic 

mucosa were obtained from the epigenomics roadmap consortium [193]. The 

roadmap epigenomics consortium expanded on a model developed by Ernst et al. 

generating a tissue and cell type specific 18 state model, encapsulating all key 

interactions between active and repressed histone marks at various genomic elements 

[193]. In this case all CCGG sites as well as DMS were mapped to each state (n=18). 

Enrichment of differential methylation was conditioned on the CCGG density at each 

state. Significant enrichment was measured using a fisher exact test. ChromHMM 

states for normal colonic mucosa, as well as states for other cell lines and tissues can 

be downloaded from  

http://egg2.wustl.edu/roadmap/data/byFileType/chromhmmSegmentations/ChmmMo

dels/core_K27ac/jointModel/final/ 

 

Mapping of all CCGG sties, DMS and DMRs to candidate genomic locations such as 

CpG Islands, gene body, intergenic, intragenic, enhancers, TSS regions as well as 

ChromHMM states was carried out using customized python scripts.  
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 Results  3.4
We report DNA methylation analysis comparing proximal and distal colonic regions 

in purified epithelial cell populations and the results of a novel deconvolution 

technique in heterogeneous whole biopsy samples from healthy individuals. 

 

3.4.1 Establishment of a colonic cell suspension enriched in epithelial cells 

Our method is a modification of two previously developed techniques [254][255] that 

allows the detachment of whole epithelial crypts from mucosal biopsies of the colon. 

Histologic examination of the biopsies post detachment of epithelial crypts revealed 

that whole crypt structures could be removed from the biopsies leaving cells of the 

lamina propria behind (Figure 3.1A & 3.1B). Flow cytometry with markers specific 

for IECs and bone marrow-derived cells were used to assess the cellular make-up of 

the suspensions resulting from the chelation procedure. It was found that more than 

90% of the cell suspension comprised EpCAM positive cells, indicative of epithelial 

cells (Figure 3.1C-3.1F, Table 3.1). Approximately 5% of the suspension cells were 

stained with the CD45 antibody indicating bone marrow origin. The double negative 

cells in this analysis could be stromal cells such as fibroblasts or endothelial cells 

which are neither epithelial nor of bone marrow origin. Compared to whole colon 

biopsies, which display high proportions of non-epithelial cells by morphological 

appearance (Figure 3.1G-3.1J), these data indicated a successful enrichment of 

epithelial cells in the suspension. 
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Figure 3.1: Classification of cellular proportions in proximal and distal colonic regions 

Intestinal epithelial cells (IECs) isolated from mucosal pinch biopsies are illustrated (A-F). Phase 

contrast microscopy of intestinal crypts post IEC isolation of proximal (A) and distal (B) regions. IECs 

were labelled with fluorescent antibodies EpCAM and CD45 to distinguish cell populations. 

Representative histograms of EpCAM labelled cells (red) and its isotype control (blue) are illustrated 

in proximal (C) and distal (D) regions. Quantification of the percentage of epithelial cells in the IEC 

isolate was then performed. Representative scatterplots of EpCAM positive cells (upper left), CD45 

positive cells (lower right) and double negative cells (lower left and upper right) are illustrated in 

proximal (E) and distal (F) regions. Representative examples of Hematoxylin and eosin staining of 

colonic mucosal tissue are illustrated before (G and I) and after (H and J) chelation in proximal and 

distal regions. 
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Table 3.1: Estimated proportions of epithelial cells isolated post chelation in proximal and distal 

samples 

Sample EpCAM Positive (%) CD45 Positive (%) Double Negative (%) 

Proximal 1 90.1 3.7 6.2 

Proximal 2 89.6 4.4 6.0 

Proximal 3 91.0 5.6 3.4 

Proximal 4 91.2 4.7 4.1 

Proximal 5 89.1 5.9 5.0 

Distal 1 92.8 5.2 2.0 

Distal 2 93.0 4.8 2.2 

Distal 3 90.7 3.8 5.5 

Distal 4 92.1 5.1 2.8 

Distal 5 91.4 3.9 4.7 

 

3.4.2 Sequencing data and coverage 

DNA methylation was assayed in both pure epithelial cell samples and whole 

biopsies using the HELP-tagging assay (materials and methods). Multiplexing of 

HELP-tagging libraries for both pure and heterogeneous cell samples was done with 

4 libraries per lane. For each sample, DNA methylation was measured at ~1.9 million 

CCGG sites, however only ~1.6 million sites remained when sites with fewer than 5 

MspI reads were removed. DNA methylation levels were measured using a modified 

version of the angle methylation score; this ranged from 0 (no DNA methylation) to 

100 (complete DNA methylation). The average number of reads for all samples 

varied from 10.9 to 20.2 million HpaII reads per sample with an average depth of 

coverage between 9.9X and 18.2X (Table 3.2). 

 
Table 3.2: HELP-tagging read count for each lane 

Lane Number 

Average Read 

Number per lane 

(millions) Average aligned hits (%) Average Coverage 

Lane 1 15.58 86.25 14.3 X 

Lane 2 20.18 83.75 18.16 X 

Lane 3 16.9 83.5 15.22 X 

Lane 4 10.93 84 9.89 X 

Lane 5 15.83 81.75 13.95 X 
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3.4.3 Genome-wide patterns of DNA methylation  

The distribution of DNA methylation values showed that the majority of CCGG sites 

in the genome were methylated (i.e. DNA methylation score ≥ 70) (Figure 3.2A). 

Consistent with previous reports [179][277][278], a higher proportion of non-

methylated CCGG sites (i.e. DNA methylation score ≤ 30) fell within the vicinity of 

the transcription start site (TSS) of genes (±2kb). The distribution in this region was 

bimodal, whereas other genomic locations such as the gene body and intergenic 

regions were predominantly methylated (Figure 3.2A). 

 

Gene regulation by epigenetic modification takes place at promoters and distally 

located regulatory elements [279]. In order to characterise the DNA methylation 

patterns at promoter regions, the mammalian expression atlas generated by the 

FANTOM consortium [196] was used to map CCGG sites that fall within the vicinity 

of TSS peaks (±2kb). Results illustrated the relationship between CCGG rich and 

depleted regions and the relative DNA methylation state at these regions. As 

expected, the proportion of CCGG sites was higher at the TSS, becoming relatively 

depleted up and downstream of the TSS. However, DNA methylation decreased in 

close proximity to TSSs (mean score = 23.3 at the TSS) and then increased both up-

stream and down-stream from each TSS peak (mean score = 76.2 ± 2kb from TSS) 

(Figure 3.2B). This characterised the typically unbalanced nature of DNA 

methylation in a normal state, with 70-80% of the genome being methylated, whereas 

non-methylated loci generally tended to cluster in groups around the TSS of protein 

coding genes [280]. 
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Figure 3.2: Global DNA methylation patterns relative to protein-coding genes 

Distribution of all DNA methylation values across the genome partitioned by position relative to TSS 

peaks, enhancer peaks, gene body and intergenic regions (A) Mean DNA methylation score (blue), 

standard error (blue bars) and density (green) of CCGG sites with respect to their position relative to 

TSS peaks (B)  

 

 

3.4.4 Identification of differentially methylated sites and regions between 

proximal and distal colonic regions in purified epithelial cell samples 

The R package limma was used to identify site-specific DNA methylation differences 

between proximal and distal colonic regions. 125 differentially methylated sites 

(DMS) between proximal and distal samples were identified. Of these DMS, 93 

(74.4%) showed higher methylation in the distal colon compared to the proximal 

colon. A small portion of the DMS (n=17, i.e. 14%) mapped to multiple locations 

within the same gene. Of the 125 DMS, 78 DMS mapped to 61 unique genes (Table 

A.1). Generally, those DMS that mapped to multiple locations within the same gene 

had similar DNA methylation patterns, as has been documented in previous studies 

[281]. This was the case, for example for HOXB3, HOXB4, HOXB6 and HOXB7 and 

HOXC4 as these protein-coding genes that showed similar patterns of differential 

methylation at multiple CCGG sites (Table 3.3, Table A.1). 
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The results also indicated an enrichment of DMS at TSS peaks (~31% of CCGG sites 

that were located near TSSs were differentially methylated compared to ~21% of all 

CCGG sites, p-value = 0.03, fisher exact test) (Table 3.3). However the majority, 

64%, of DMS were located at non-coding intragenic or intergenic regions (Figure 

3.3A). Analysis identified 125 DMS mapping to TSS peaks associated with 33 genes 

that were differentially methylated between proximal and distal regions of colonic 

epithelial cells (Table 3.3). 

  

Gene ontology (GO) analysis of differential DNA methylation events at promoter 

regions was then carried out using the R package Goseq. Following bias correction, 

genes that were assigned to 7 GO categories for biological processes (GOBP) that 

were significantly enriched (FDR < 0.05) were identified. Notably, genes were 

enriched for GO terms associated with embryological development (GO:0048706, 

BH adjusted P = 8.8 X 10-3) and anterior-posterior formation (GO:0009952, BH 

adjusted P = 0.02). These included a considerable number of genes from the HOX 

clusters (HOXB3, HOXB4, HOXB6, HOXB7, HOXC4, HOXC5, HOXC6 (Figure 

3.4A+3.4B, Table 3.3).  

 

In order to give these differential methylation patterns identified further epigenetic 

context, publically available CHIP-Seq data of active and repressed histone marks 

was utilized (n=6, H3K4me3, H3K4me1, H3K36me3, H3K27me3, H3K9me3 and 

H3K27ac). This data was employed to describe the chromatin arrangements present 

in colonic mucosa using the ChromHMM model [282]. The roadmap epigenomics 

consortium expanded on a model developed by Ernst et al. generating a tissue and 

cell type specific 18 state model that encapsulated all key interactions between these 

histone marks at various genomic elements (Figure A.1) [193].  

 

This model was used to calculate enrichment of differential methylation at a number 

of genomic states including promoter, enhancer, transcribed and repressed regions. It 

was found DMS as well as all CCGGs were most heavily distributed at a 

quiescent/low activity state (Figure 3.3B), as was documented in previous studies 

(Figure A.1) [193][283]. We also tested for significant enrichment of DMS, 

conditioned on the CCGG density at each genomic state (Figure 3.3B). Enrichment 

was identified upstream from the active TSS (p-value = 0.03, fisher exact test), at 
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enhancer states (Genic enhancer: p-value = 0.04, Active enhancer 1: p-value = 3.4e-

04, Active enhancer 2: p-value = 2e-03, fisher exact test) as well as transcriptionally 

repressed polycomb regions (p-value = 2e-03, fisher exact test) (Figure 3.3B). DMS 

at the active TSS region of HOXB3, active enhancer region of HOXB4 as well as the 

CHIP-seq profiles of the set of 6 chromatin marks assayed in colonic mucosa is 

shown in figure 3.4C and 3.4D respectively. Both figures illustrate elevated levels of 

H3K27ac at these regions, a histone mark that highlights active regulatory elements 

and differentiates active enhancers and promoters from their inactive complements. 

 

 
Figure 3.3: Annotation of CCGG sites to genomic regions and ChromHMM states 

The percentage of CCGG sites (grey bars) and differentially methylated sites (DMS) (red bars) 

annotating to TSSs, intragenic and intergenic regions is shown (A). Results indicated enrichment of 

DMS at TSS peaks (p-value = 0.03, fisher exact test). However the majority of DMS were located 

at non-coding intragenic or intergenic regions. The total percentage of probes is greater than 100% 

as several probes were classified as belonging in more than one class of genomic region. The 

percentage of CCGG sites (grey bars) and DMS (red bars) mapping to 18 active and repressed 

genomic states in colonic mucosa using the ChromHMM model is shown (B). Using the genomic 

states defined by the ChromHMM model, we tested for significant enrichment of DMS, conditioned 

on the CCGG density at each genomic state. P-values were determined using a fisher exact test 

(*<0.05, **<0.005, ***<0.005). Results indicate significant enrichment at enhancers, TSS regions 

as well as repressed polycomb regions. 
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Table 3.3: List of significantly (Benjamini-Hochberg adjusted P-value cutoff of 0.05) differentially 

methylated sites that map to candidate TSS peaks (± 2kb) 

Abbreviations: DMS: Differentially Methylated site; FDR: False Discovery Rate 

DMS 

Gene 

Symbol Description 

Δ 

Methylation FDR 

chr17-46683559 HOXB7 homeobox B7 92.47932 6.64E-07 

chr17-46683644 HOXB7 homeobox B7 86.18336 6.80E-06 

chr17-46674011 HOXB6 homeobox B6 86.86708 0.000403693 

chr20-48324489 B4GALT5 

UDP-Gal:betaGlcNAc beta 1,4- 

galactosyltransferase, polypeptide 5 25.50876 0.002045373 

chr3-119785950 GSK3B glycogen synthase kinase 3 beta 76.18214 0.002045373 

chr4-6578275 MAN2B2 

mannosidase, alpha, class 2B, 

member 2 67.02742 0.002045373 

chr17-27053049 TLCD1 TLC domain containing 1 -82.34036 0.002498093 

chr17-46683607 HOXB7 homeobox B7 81.83062 0.002597815 

chr16-89688808 DPEP1 dipeptidase 1 (renal) -81.10938 0.002825292 

chr3-72939150 GXYLT2 glucoside xylosyltransferase 2 81.08082 0.002937034 

chr12-54428544 

HOXC4/ 

HOXC5 homeobox C5 -70.1646 0.003048136 

chr17-75112449 SEC14L1 SEC14-like 1 -55.19028 0.003048136 

chr20-22562585 FOXA2 forkhead box A2 -74.31288 0.003048136 

chr17-46629480 HOXB3 homeobox 3 67.2539 0.003352509 

chr17-9054773 NTN1 netrin 1 81.72508 0.003352509 

chr20-22562511 FOXA2 forkhead box A2 -78.6755 0.00431715 

chr1-201982462 ELF3 

E74-like factor 3 (ets domain 

transcription factor, epithelial-

specific ) -78.33404 0.005491125 

chr8-99961645 OSR2 odd-skipped related 2 (Drosophila) -71.71648 0.005873741 

chr17-46683048 HOXB7 homeobox B7 62.81628 0.005873741 

chr17-46671931 HOXB6 homeobox B6 76.75316 0.005873741 

chr20-22562467 FOXA2 forkhead box A2 -65.65948 0.005873741 

chr12-54423547 HOXC6 homeobox C6 -60.96322 0.007053416 

chr19-46022568 VASP 

vasodilator-stimulated 

phosphoprotein 80.23486 0.008287636 

chr10-63852409 ARID5B 

AT rich interactive domain 5B 

(MRF1-like) 56.37224 0.012281356 

chr17-46654129 HOXB4 homeobox B4 82.07232 0.012281356 

chr13-99461626 DOCK9 dedicator of cytokinesis 9 22.2441 0.013171602 

chr16-2013144 RPS2 ribosomal protein S2 65.14832 0.016932408 
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chr1-45002565 RNF220 ring finger protein 220 42.79432 0.017525011 

chr4-154143656 TRIM2 tripartite motif-containing 2 21.11232 0.017525011 

chr7-45148667 TBRG4 

transforming growth factor beta 

regulator 4 43.28968 0.017525011 

chr17-77807502 CBX4 

chromobox homolog 4 (Pc class 

homolog, Drosophila) 45.12846 0.026487069 

chr21-43371580 C2CD2 

C2 calcium-dependent domain 

containing 2 22.36632 0.029436478 

chr10-86005070 RGR retinal G protein coupled receptor 79.64252 0.032571793 

chr11-93476463 C11orf54 

chromosome 11 open reading frame 

54 50.5306 0.032571793 

chr17-46673605 HOXB6 homeobox 6 84.34082 0.036240058 

chr19-18812199 CRTC1 

CREB regulated transcription 

coactivator 1 77.80982 0.036240058 

chr11-45948422 GYLTL1B glycosyltransferase-like 1B 34.04874 0.036802373 

chr9-137002691 WDR5 WD repeat domain 5 74.93544 0.03721202 

chr13-21597674 LATS2 

large tumour suppressor, homolog 2 

(Drosophila) 76.966 0.043869031 
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Functionally relevant sites of DNA methylation are often associated with individual 

CpGs [185], as well as genomic regions such as at CpG islands [234], CpG island 

shores and CpG island shelves [180]. Bumphunter [240] was used to identify 

differentially methylated regions (DMRs). The bumphunter method has the benefit of 

combining surrogate variable analysis [241], a method used for modelling 

unexplained heterogeneity (e.g. batch effects) in genomic measurements, regression 

modelling, smoothing techniques and multiple comparison methods to provide 

reliable lists of DMRs.  

 

This analysis identified 11 DMRs between proximal and distal colonic regions. 

Consistent with the results from limma, bumphunter identified several DMRs close to 

homeobox genes, including HOXB2, HOXB3, HOXB5, HOXB6, HOXC4 and HHEX 

(Figure 3.4A&3.4B, Table 3.4). A high proportion of these peaks were identified at 

loci associated with functionally relevant genomic regions i.e. ~55% were located at 

CpG islands; (two peaks in the gene body of HOXB3 and HOXC4, the TSS of 

FOXA2 and HOXB5, and an intragenic region of HHEX) ~27% at CpG island shores 

(±2kb from CpG island; gene body of HOXB2, an intergenic region between HOXB5 

and HOXB6 and an intragenic region of HOXB2) and 9% at CpG island shelves 

(±4kb from CpG island; the gene body region of OSR2) (Table 3.4).  
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Figure 3.4: Site and region-specific differential methylation between proximal and distal regions 

DNA methylation values of DMRs using a colour scale from red (high DNA methylation) to yellow 

(low DNA methylation). Columns represent samples (P=Proximal, D=Distal) and rows represent all 

CCGG sites that fall within each DMR (A). Scatter plot of region-specific differential DNA 

methylation of regions mapping to HOXB genes between proximal (yellow) and distal (red) samples 

(B). DMS mapping to the active TSS region (red) of HOXB3 (C), active enhancer region (yellow) of 

HOXB4 (D) as well as the CHIP-seq profiles of the set of 6 histone marks assayed in colonic mucosa 

are shown. Below the histone marks, DMS (red) and all CCGG sites (green) mapping to each gene 

segment are also illustrated. 

 
 



 78 

Table 3.4: List of significantly (Benjamini-Hochberg adjusted P-value cutoff of 0.05) differentially 

methylated regions located by bumphunter 

CpGI: CpG island; CpGIShore: < 2kb from CpG Island; CpGIShelf: < 4kb from CpG Island; Open 

Sea: > 4kb from CpG Island; DMS: Differentially Methylated site; FDR: False Discovery Rate 
Chromosome 

Number (chr) 

Start 

Position 

End 

Position 

CpG 

Context 

Gene 

Symbol 

Δ 

Methylation 

FDR 

chr 17 46641476 46642110 CpGI HOXB3 54.88120 0.0032 

chr 17 46647727 46648208 Open Sea HOXB3 53.09346 0.0088 

chr 20 22562221 22563809 CpGI FOXA2 -49.28981 0.0104 

chr 17 46671413 46672379 CpGIShore HOXB5/ 

HOXB6 

50.04740 0.0128 

chr 17 46629027 46629972 CpGIShore HOXB3 49.60186 0.0184 

chr 10 94455582 94456148 CpGI HHEX 42.94315 0.0208 

chr 12 54428314 54428935 CpGI HOXC4 -47.37094 0.0208 

chr 17 46669476 46670126 CpGI HOXB5 45.44868 0.0208 

chr 12 54424612 54425447 CpGI HOXC4 -42.83977 0.0259 

chr 17 46618510 46619969 CpGIShore HOXB2 38.69067 0.0292 

chr 8 99961123 99962167 CpGIShelf OSR2 -45.34248 0.0424 

 

To determine how these differential methylation patterns may regulate gene 

expression, two previously published datasets comparing genome-wide transcriptome 

profiles of proximal and distal colonic mucosa were utilized [23][284]. Although the 

number of intersecting differentially methylated and differentially expressed genes 

between both datasets was quite low (n=4 Glebov et al., n= 3 LaPointe et al.), the 

most variable differentially methylated genes containing DMRs at CpG island shores 

and CpG island shelves were also differentially expressed in both studies. These 

included genes HOXB2, HOXB6 and FOXA2. In fact genes HOXB2 (Δ Methylation + 

38.69 (Table 3.4), LogFC = -0.73, Glebov et al.) and HOXB6 (Δ Methylation + 50.04 

(Table 3.4), LogFC -1.49, LaPointe et al.; LogFC -0.29, Glebov et al.) were both 

hypermethylated and down regulated in the distal colon. While FOXA2 showed the 

opposite pattern, as it was hypermethylated and down regulated in the proximal colon 

(Δ Methylation + 49.29 (Table 3.4), LogFC -1.35, La Pointe et al.). These results 

provide some evidence that DNA methylation may regulate the expression patterns of 

given protein-coding genes in different colonic regions. 
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3.4.5 Deconvolution of DNA methylation patterns in whole biopsies: a novel 

approach to assess the relative contribution of epithelial cells 

Tissues obtained from human subjects consist of mixtures of different types of cells 

that can occur in varying proportions. We sought to develop a reliable computational 

deconvolution technique that can infer the DNA methylation patterns in individual 

cell types within the heterogeneous mixtures. Such techniques have been applied 

extensively to gene expression data [285] and more recently to DNA methylation 

data [206]. In this study the availability of DNA from whole biopsies and 

experimentally purified epithelial cells from the same subjects allowed us to 

investigate the accuracy of computational deconvolution techniques applied to DNA 

methylation data.  

 

A higher proportion of sites at intermediate DNA methylation levels were observed 

(i.e. defined as sites with DNA methylation scores between 30 and 70) in the whole 

biopsies compared to the purified epithelial cell samples (P = 0.028; Table 3.5). This 

suggested that sites at intermediate DNA methylation levels may result from mixtures 

of different cell types with distinct DNA methylation patterns. It was therefore 

assessed whether the epithelial cell component of whole colon biopsies could be 

accurately inferred using computational methods.  

 

CellMix was used for this purpose, a computational tool that we have developed 

previously to deconvolve gene expression data from heterogeneous samples [275], 

although it has also been recently used for DNA methylation data [211]. CellMix 

provides a unified framework for gene expression deconvolution, enabling access to 

several different computational methods that have been applied to this problem. The 

semi-supervised non-negative matrix factorization (ssNMF) method that we have 

applied to similar problems previously [208] was chosen. This restricted the analysis 

to sites found at intermediate DNA methylation levels in the whole biopsy samples 

and therefore corresponding to positions that may be differentially methylated 

between the cell types that constitute the whole biopsy samples. ssNMF makes use of 

a set of signature sites that are, in this application, non-methylated in the cell type of 

interest and intermediately methylated in the mixed samples. These are putatively 

epithelium-specific sites. They enable the ssNMF method to determine the 
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component of the variation in patterns of DNA methylation that is attributable to 

variation in the proportion of epithelial cells in the samples. This in turn allows 

CellMix to estimate the epithelium proportion in the mixed samples. The expressed 

cell types in known epithelial and non-epithelial signatures are shown in figure 3.5A 

and the estimated proportions of epithelial cells in each sample are shown in figure 

3.5B. Results indicated that epithelial cells are the most abundant cell type in whole 

biopsies, with the epithelial proportion being relatively higher in proximal samples 

compared to distal samples and inter-sample variability being relatively lower in 

proximal samples (mean epithelial proportion ~79% ± 6.8) relative to distal samples 

(mean epithelial proportion ~ 68% ± 12.9). 

 
Table 3.5: Number of intermediate sites in proximal and distal samples in pure and whole biopsies 

samples 

Abbreviations: P: Proximal; D: Distal 
Pure Samples Number of CCGG 

sites (30-70 score) 

Whole Biopsy Number of CCGG sites 

(30-70 score) 

P1 185345 P1 184066 

P2 229650 P2 240504 

P3 149158 P3 191809 

P5 138091 P5 189068 

D1 115113 D1 190231 

D2 193359 D2 227548 

D3 173641 D3 185728 

D4 142948 D4 192485 

D5 166793 D5 198909 

 

The estimated epithelial proportions were used as a covariate in an analysis of 

differential DNA methylation in the whole biopsy samples. The objective was to 

reduce the impact of variation in the epithelial component (the main constituent cell 

type of the whole biopsy samples) on the differential DNA methylation analysis of 

those samples. The number of DMS identified between proximal and distal regions in 

whole biopsies was reduced from 1820 to 537 DMS (Figure 3.5C&3.5D) when this 

covariate was included (Table A.2). These 537 DMS mapped to TSS peaks 

associated with 124 genes. Although the number of DMS identified in the 

deconvolution corrected whole biopsy samples was far greater than those identified in 

purified epithelium, there were DMS from 15 genes that were consistently 
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differentially methylated in both data sets, including HOXB5, HOXB6, HOXB7, 

GXYLT2, HOXC4, HOXC5, FOXA2, OSR2, LATS2 and RGR (Table 3.6). Consistent 

with results from pure epithelial cell types, post CCGG bias correction, differential 

DNA methylation analysis identified the enrichment of genes with GO terms 

associated with embryological development (GO:0048706, BH adjusted P = 0.036) 

between proximal and distal colonic regions. These included a considerable number 

of genes from the HOX clusters (HOXB5, HOXB6, HOXB7, HOXB9 and HOXC5 

(Table A.2)) 

 

 
Table 3.6: List of significantly (Benjamini-Hochberg adjusted P-value cutoff of 0.05) differentially 

methylated sites shared between pure and whole biopsy samples (following deconvolution) 

Abbreviations: DMS: Differentially Methylated site; FDR: False Discovery Rate; WB=Whole Biopsy; 

TSS=Transcription Start Site; GB=Gene Body 
DMS Gene 

Symbol 

Genomic 

Region 

Δ 

Methylation 

(Pure) 

Δ 

Methylation 

(WB) 

FDR 

(Pure) 

FDR 

(WB) 

chr17-

46683559 HOXB7 TSS 92.47932 93.52100 6.64E-07 6.57E-05 

chr20-

12021310 N/A Intergenic 88.88558 78.45390 2.01E-06 0.01962828 

chr 3-

64490712 

 

N/A Intergenic 84.62064 76.62662 0.00071746 0.005626721 

chr20-

12021361 

 

N/A Intergenic 80.57726 77.78940 0.00249803 0.016091634 

chr14-

64071629 WDR89 GB 86.37394 81.14626 0.00268352 0.026326852 

chr 4-

41158891 AFB2 GB 85.76930 87.80469 0.00282529 0.001284722 

chr 3-

72939150 GXYLT2 TSS 81.08082 66.10503 0.00293703 0.000484394 

chr12-

54428544 

HOXC4/ 

HOXC5 TSS -70.16460 -71.89992 0.00304813 0.043214188 

chr20-

22562585 FOXA2 TSS -74.31288 -67.94694 0.00304813 0.049633641 

chr6-

156919819 N/A Intergenic -67.64680 65.41223 0.00304813 0.040605349 

chr20- FOXA2 TSS -78.67550 -67.53913 0.0043171 0.048195907 
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22562511 

chr 8-

41454062 AGPAT6 N/A 85.91622 87.36315 0.00467733 0.024438054 

chr17-

46671931 

HOXB5/ 

HOXB6 TSS 76.75316 64.30906 0.00587374 0.016979544 

chr 8-

99961645 OSR2 TSS -71.71648 -74.55163 0.00587374 0.025501327 

chr13-

112786724 N/A Intergenic 68.93572 75.33322 0.01299751 0.016091634 

chr12-

54428644 HOXC5 TSS -80.64078 -88.94722 0.01513979 0.04438151 

chr5-

134662970 N/A Intergenic -69.45856 -80.19381 0.01752501 0.040783135 

chr13-

21597264 LATS2 TSS 78.17346 82.16007 0.0194692 0.045614529 

chr10-

86005070 RGR TSS 79.64252 81.91855 0.03257179 0.016979544 

chr13-

21597674 LATS2 GB 76.96600 75.08835 0.04386903 0.033262593 

chr 7-

47544612 TNS3 GB 61.95122 43.49234 0.0457176 0.014225618 
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Figure 3.5: Identification of differential methylation between proximal and distal colonic mucosa 

following deconvolution 

Marker map illustrating methylation data from estimated cell-specific signatures of epithelial (red) and 

non-epithelial (cyan) sites, annotated by coloured bands (A). Profile plot illustrating cell proportion 

estimates of epithelial (red) and non-epithelial (cyan) populations in whole biopsy samples (B). 

Volcano plots of differential DNA methylation analysis pre (C) and post deconvolution (D). (X-axis) 

DNA methylation difference between distal and proximal samples; (Y-axis) –Log10 for each non-

significant (black) and significant (red) (Benjamini-Hochberg adjusted P-value of 0.05) DMS of whole 

biopsy samples.  
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The purpose of incorporating the estimated abundance of epithelial cells as a 

covariate into the regression models used to identify differential DNA methylation 

based on the whole biopsies, was to reduce the impact of variation in cellular 

composition on the detection of differential DNA methylation. We wished to test 

whether differences that were found in the pure epithelial cells can be identified from 

whole pinch biopsies without the need, in future studies, to purify the epithelial 

component. These results indicate that incorporating this covariate does result in 

greater similarity between the results based on the whole biopsies and purified 

epithelium (Figure 3.6A).  

 

The same deconvolution method was also applied to the purified epithelial cell 

samples. These samples still consist of mixtures of cell types (they are composed of 

roughly 90% epithelium with the remaining 10% corresponding to other cell types). 

Given that estimates of the epithelial proportions for these samples were obtained 

using flow cytometry, they provide a basis to estimate the accuracy of cell type 

proportion estimates produced by computational deconvolution methods (Table 3.1). 

Although the estimates of the proportion of the dominant cell type were more stable 

in the pure samples (Figure 3.6B) (similar to the pattern seen using flow cytometry) 

relative to whole biopsy samples (Figure 3.5B, Figure A.2), the correlation between 

measured cell signature estimates of the purified cell samples using flow cytometry 

and cell signature estimates of the purified samples using deconvolution was weak 

(Pearson correlation = 0.37, Figure 3.6C). Low correlation is partly the result of low 

variance in the epithelial proportion across samples. However one must consider that 

there is a source of bias in these results as the maker sites used were obtained from 

the whole biopsy sample populations. 

 

Although it has been highlighted that computational deconvolution does partially 

correct for the effects of differences in cell type composition of the whole biopsies, 

some of the tools’ limitations to effectively deconvolve DNA methylation data have 

also been underlined. Due to the substantial differences in methylation patterns that 

remain between the deconvolved and purified cell samples, we suggest that 

experimental purification is likely to remain the gold standard method to identify 

changes in DNA methylation within specific cellular components of biological 

samples. 
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Figure 3.6: Validation of deconvolution accuracy: overlapping differentially methylated sites 

(DMS) 

The proportions of overlapping DMS between whole biopsies (red) and deconvolution corrected whole 

biopsies (blue) with pure epithelial samples. Lists of DMS identified in each of the three cases were 

ranked according to the mean difference in DNA methylation. For each rank threshold, t, shown on the 

x-axis, the number of sites in common between the top t sites in the corrected or uncorrected lists and 

the top t sites identified in the purified epithelium is shown (A). The standard errors were constructed 

based on the upper and lower limits of the estimated confidence interval of the overlap proportions. 

Profile plot illustrating cell proportion estimates of epithelial (red) and non-epithelial (cyan) 

populations in purified cell samples (B) Scatter plot illustrating the correlation (Pearson=ρ) between 

measured cell signature estimates of the purified cell samples using flow cytometry (X-axis) and cell 

signature estimates of the purified samples generated using deconvolution (Y-axis) (C). 
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 Discussion 3.5
In this work, we have developed and verified a method to isolate highly purified 

colonic epithelial cells from endoscopic pinch biopsies. We compared the DNA 

methylation profiles of colonic epithelial cells from proximal and distal colon regions 

and observed significant hypermethylation of members of the HOXB family of genes 

in the distal colon and hypermethylation of members of the HOXC family of genes in 

the proximal colon. Furthermore, a computational deconvolution approach previously 

developed for analysis of gene expression profiles was adapted to study DNA 

methylation patterns in whole colon endoscopic biopsies. This work provides novel 

insights into regional variation in colonic epithelial epigenomics with implications for 

morphogenesis, pattern formation and embryonic development of distinct regions of 

the colon. 

 

During embryonic development, the proximal colon is established by the embryonic 

midgut, supplied by the superior mesenteric artery whereas the distal colon is 

established from the hindgut and supplied by the inferior mesenteric artery [15]. 

These embryologically divergent origins are reflected at the histological level where 

the proximal colon has a multi-layered capillary network whereas the distal colon is 

single-layered [16][17]. The distal colon also has a longer average crypt length 

compared to the proximal colon [18]. At the level of gene expression, prior work has 

documented some gene and protein expression variation along the proximal-distal 

gradient [19][20][23]. The molecular mechanisms that underlie regional variation in 

gene expression patterns in the colon are not understood but it is possible that 

epigenetic factors, such as DNA methylation might control such regional variation.  

 

Using statistical algorithms, sets of genes differentially methylated between proximal 

and distal colon regions were identified, specifically around transcription start sites. 

We identified ten different HOX genes (HOXB2, HOXB3, HOXB4, HOXB5, HOXB6, 

HOXB7, HOXC4, HOXC5, HOXC6 and HHEX) that were differentially methylated 

between proximal and distal areas. In particular, a defined enrichment of region-

specific DNA methylation differences in HOXB genes (n=6), with loci showing 

hypermethylation in distal samples as well as DNA methylation differences in HOXC 
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genes (n=3), with loci showing hypermethylation in proximal samples was observed 

(Figure 3.4).  

 

Homeotic genes were first discovered in Drosophila melanogaster and specify the 

positional identity of the fly’s body segments in an exact anterior-posterior order 

[286][287]. These homeotic genes are a highly conserved family, and encode 

transcription factors, incorporating a homeobox (HOX) sequence that regulates 

segmentation and pattern formation [288]. In total, there are 39 HOX genes in the 

human genome, located in four distinct clusters (A-D) [289]. In vertebrates, homeotic 

genes play an essential role in the formation of segmented structures including the 

skeletal system and central nervous system [290][291]. However, other evidence 

suggests that they also play a role in regulating pattern formation in organs, for 

instance in the gastrointestinal tract. Region-specific differential gene expression of 

homeotic genes has been reported in the small intestine in mice [292] and the large 

intestine in humans [23]. In fact, Yahagi et al. established a position-specific 

expression pattern of HOX genes along the entire anteroposterior axis of the adult 

gastrointestinal tract [20]. Other work has shown that alterations to the expression 

pattern of HOXC8 caused malformation of gastric epithelium [293].  

 

Our results further demonstrate that HOX genes are differentially regulated at the 

level of DNA methylation in proximal and distal colon segments of healthy human 

colon, which implies a functional role for epigenetic regulation of their expression. 

Therefore, building this model to explain the underlying differences observed in 

region-specific genomic and epigenomic patterns of HOX genes represents a valuable 

tool for interpreting experimental data on diseases that exhibit region-specific 

expression in the colon such as inflammatory bowel disease and colorectal cancer. 

For example, one form of this inflammatory bowel disease, ulcerative colitis most 

commonly affects the distal colon [25] while another form, Crohn’s disease, more 

commonly affects the proximal colon [26]. The more common chromosomal 

instability pathway of colorectal carcinogenesis results in tumours developing 

predominantly in the distal colon while the microsatellite instability pathway is more 

common in the proximal colon [29].  
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The application of DNA methylation analysis to human samples is an increasingly 

common technique in disease pathogenesis research. However, because DNA 

methylation patterns are cell type specific, the precision of DNA methylation data can 

be adversely affected by the heterogeneous cellular make up of clinically obtained 

samples such as endoscopic biopsies of the gastrointestinal mucosa. A deconvolution 

approach was therefore employed to account for this heterogeneity to test whether 

this could be used as way to reduce the impact of variation in cell type composition 

of heterogeneous tissue samples in differential DNA methylation analysis. The 

number of DMS identified in whole biopsies (n=1820) decreased significantly when 

the inferred epithelial cell proportion was included as a covariate in differential DNA 

methylation analysis (n=537) (Figure 3.5C & 3.5D). Moreover, the overlap in DMS 

detected from purified epithelial cells and whole biopsy samples increased, 

suggesting that this approach can correct, at least partially, for the effects of 

differences in cell type composition of the whole biopsies. Nonetheless, the number 

of DMS in whole biopsy samples remained far greater than the number identified 

from the pure epithelial cell isolates (n=125). Furthermore, the correlation between 

estimates of the purified cell samples generated using deconvolution and the 

measured flow cytometry estimates was also weak (Figure 3.6C). This suggests that, 

as it was applied here, computational deconvolution cannot fully substitute for 

laboratory-based purification of epithelial cells. This may be because this analysis did 

not account for variation in the less abundant cell types between the whole biopsies.  

 

To the best of our knowledge, this is the first methylome map modelling cell type 

specific epigenetic modifications between proximal and distal regions in normal 

colonic mucosa. This data indicates that there are differences in DNA methylation 

patterns between proximal and distal regions and it is hypothesised that these DNA 

methylation differences could be related to embryonic development and anterior-

posterior formation of the gastrointestinal tract. These insights should be used to 

obtain a better understanding of how biological processes of the colonic epithelium 

vary between colonic regions, and emerging treatments directed towards specific 

molecular targets should emphasise the molecular differences seen in the proximal 

and distal regions of the colon. 
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Chapter 4: Evaluating the epigenomic and genomic 

landscape of inflammatory driven ulcerative colitis-

associated pathogenesis 
 

 Abstract 4.1
DNA methylation acts as a key epigenetic mechanism, a means by which cells 

regulate the transcription of genes. It plays a fundamental role in the dynamic 

regulation of gene expression, for instance, as a function of a transformative immune 

response, and cell differentiation in specific cell and tissue types. In this chapter, the 

aim was to utilize ulcerative colitis (UC) as a pathogenic phenotype, identifying 

potential epigenomic and genomic dysregulation that may occur in intestinal 

epithelial cells (IECs) between affected (inflamed) and unaffected (non-inflamed) 

areas of the colon. Genome-wide DNA methylation (HELP-tagging assay) and 

transcriptome (Human Transcriptome Array 2.0) profiling of purified IECs from 

human subject with non-neoplastic sub-total UC was performed. We identified 577 

differentially methylated sites (DMS) mapping to 210 unique protein-coding genes 

and 73 differentially expressed transcripts, corresponding to 62 unique protein-coding 

genes. Four genes showed inverse correlation between DNA methylation and gene 

expression levels. These were ROR1, GXYLT2, FOXA2 and most notably promoter 

hypermethylation and down regulation of RARB, a gene previously identified as a 

tumour suppressor in colorectal adenocarcinoma as well as in breast, lung and 

prostate cancer. 

 

This chapter highlights distinct patterns of DNA methylation and gene expression in 

the presence of non-cancerous UC. This integrative epigenomic dataset will enhance 

our understanding of UC pathophysiology, potentially bridging the gap between 

genetic predisposition to disease and disease manifestation. 

 

Keywords: DNA methylation, gene expression, ulcerative colitis, intestinal epithelial 

cells  
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 Introduction 4.2
Ulcerative colitis (UC) is one of the major subtypes of inflammatory bowel disease 

(IBD). Its phenotype is characterized by chronic inflammation of the intestinal 

colonic mucosa. Individuals affected by long-standing UC have a high risk of 

developing colorectal cancer [1][2][53][57], with UC increasing the risk of 

developing colorectal cancer 2.4 fold [53]. It has been previously demonstrated that 

genetic variation plays a significant role in the occurrence of IBD. Anderson et al. 

revealed that roughly 16% of UC heritability can be attributable to known genetic 

variants [119]. A more recent study has identified 163 IBD-specific risk alleles [77]. 

In addition, other studies have demonstrated that external [295]–[297] and internal 

environmental factors, namely the gut microbiota [298]–[300], act synergistically 

with genetic factors in the progression of IBD pathogenesis [32]. However other 

facets of UC, such as those that contribute to delayed disease onset after several years 

of health and the relapsing nature of the process of inflammation are yet to be fully 

understood.  

 

To address this knowledge gap, several groups have generated genome-wide gene 

expression datasets to identify candidate biomarkers for UC pathogenesis in inflamed 

colonic mucosa [115]–[118]. Beyond genomic variation, distortion of epigenomic 

architecture, including dysregulation of DNA methylation and histone patterns could 

contribute to predisposition to disease. In fact, variable DNA methylation patterns 

have been observed in colitis-associated cancer [141][142] and have contributed to 

aberrant epigenetic gene silencing in sporadic colorectal cancer [144][145].  

 

Studies have used a genome-wide approach to highlight distinct epigenetic patterns 

between affected diseased samples and non-affected controls in the presence of 

inflammation [152]–[154][163][165][166]. Interpretation of results from those 

studies where whole mucosal biopsies were used to extract DNA must take into 

consideration cellular heterogeneity. Whole biopsy samples consist of a mixture of 

different cell types including epithelial cells, stromal cells such as fibroblasts, 

immune cells such as macrophages and lymphocytes, and endothelial cells. It has 

been well documented that different cell types have different patterns of epigenetic 

and transcriptional regulation [301]. Furthermore, the relative proportions of cell 
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subtypes in the samples from which DNA and RNA are extracted, can profoundly 

affect the overall DNA methylation and transcriptome pattern observed [302]. While 

the mechanism by which UC progresses to colorectal cancer has not been fully 

elucidated, research has shown that it is most probably a result of chronic 

inflammation that leads to progressive dysplasia and eventual adenocarcinoma, i.e. a 

malignant neoplasm of epithelial origin [213]. One must also consider the inter-

individual variation observed in DNA methylation signatures from different 

individuals [303]. An increase of evidence suggests that an individual’s distinct 

epigenomic profile can affect phenotype and susceptibility to given diseases such as 

cancer [304][305].  

 

To consider both of these epigenomic influences, we therefore chose to isolate 

purified intestinal epithelium from whole colonic biopsies obtained from human 

subjects with sub-total UC. We aimed to utilize pure epithelial cells to generate 

within-patient, genome-wide DNA methylation and gene expression maps of affected 

(i.e. inflamed) and matched unaffected (i.e. non-inflamed) areas of the large intestine. 

We aimed to use these intra-individual maps to reflect the potential epigenetic 

variation at the intestinal origin of UC pathogenesis. Moreover, we wished to utilize 

this data to gain insight into the molecular mechanism underlying the progression of 

IBD to colitis-associated cancer. 
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 Materials and Methods 4.3

4.3.1 Patient recruitment and collection of biopsies 

All patient recruitment and sample collection was performed under human subjects 

protocol approval from the Galway University Hospitals Research Ethics Committee. 

Patients enrolled in the study were attending University Hospital Galway undergoing 

colonoscopy for the evaluation of colitis symptoms. Biopsies were collected from 22 

patients suffering from subtotal UC where both the colonoscopic appearance and 

histological evaluation of biopsies confirmed inflammation of the distal colon and the 

absence of inflammation in the proximal colon. However this sample size decreased 

to 13 as several of the samples failed quality control post sequencing of DNA 

libraries. All patient information, including age, gender, duration of colitis, 

medication, smoking history and extent of colitis were recorded in our questionnaire 

and stored in an encrypted database on the day of recruitment. Clinical characteristics 

of the patients are included in table B.1. No patients were taking any medication 

known to alter the DNA methylome (folic acid, sulfasalazine or valproic acid). 

4.3.2  Isolation of epithelial cells from pinch biopsies 

Previous techniques for isolating purified IECs relied on isolation of cells at room 

temperature or 37°C [256][274]. Modifications to those techniques were developed, 

that allow for epithelia to be obtained at 4°C to limit the detrimental effects to 

membrane integrity, cellular viability and molecular degradation that can occur at 

higher temperatures [269]. This method was discussed at length in chapter 2. Please 

refer to section 2.3.2 for the exact the protocol description with no modifications. 

4.3.3  Flow cytometry 

This method was discussed at length in chapter 2. Please refer to section 2.3.4 for the 

exact protocol description with no modifications. 

 

4.3.4 HELP-tagging assay library preparation 

Extraction of genomic DNA from IECs was performed according to the protocol 

outlined in section 2.3.6.  
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500ng of genomic DNA was digested in a 50µl reaction (containing 5µl NEB1, 1µl 

HpaII, water and gDNA) overnight at 37°C. 2µl of the digest was run on a 1% 

agarose gel. 450µl of TE buffer was added to the rest of the digest as well as 500µl of 

saturated phenol: chloroform (1:1) and mixed well. The sample was then spun in a 

micro centrifuge at top speed for 20 minutes. The aqueous phase of the sample was 

then transferred to a new tube and precipitated with 1µl of Ethachinamate (supplied 

by Wako-chemicals, www.wako-chemicals.de) and 50µl of 3M Sodium Acetate. 

800µl of isopropyl alcohol was added and the sample was incubated at -20°C for 2 

hours and then spun at top speed for 20 minutes. The supernatant was then removed 

and the pellet of DNA was washed with 70% ethanol. The sample was then air dried 

and resuspended in 5µl of TE buffer. Adapter EcoP15I side (TS_AE adapter) ligation 

was performed in a 13µl reaction containing 2x Quick ligase buffer, 0.5µl of TS_AE 

adapter (0.1µM), digested DNA and 1µl of Quick Ligase for 15 min at room 

temperature. All subsequent protocol steps up to polymerase chain reaction (PCR) 

amplification were performed using the HELP-tagging library preparation protocol 

developed by Suzuki et al [221]. Please refer to the following link for exact protocol 

description: 

http://wasp.einstein.yu.edu/images/8/84/TruSeq_HELP-tagging.pdf 

 

The PCR product was extracted from a 3.5% low molecular weight agarose gel 

electrophoresis and purified by Mini-Elute gel extraction kit (Qiagen). Purified 

products were analysed by Bioanalyzer to ensure integrity and purity followed by 

Illumina sequencing (end library size ~160 bp). All enzymes used for the HELP-

tagging assay were purchased from New England Biosciences (www.neb.com) unless 

otherwise stated. All adapters and primers were purchased from the WASP system at 

the Albert Einstein College of Medicine. For a full list of adapters and primers used, 

refer to table B.5 in appendix B.  

4.3.5 Processing of sequence data 

Illumina sequencing was performed on an Illumina HiSeq 2000, at the Epigenomics 

Shared Facility of Albert Einstein College of Medicine. Processing of sequence data 

was discussed at length in chapter 3. Please refer to section 3.3.6 for the exact 
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sequence processing method with no modifications. DNA methylation levels reported 

here were calculated as one minus the DNA methylation angle score, for ease of 

interpretability, and range from 0 (no DNA methylation) to 100 (complete DNA 

methylation). 

4.3.6 Total RNA extraction-pellet precipitation 

Total RNA extraction from purified IECs was performed according to the protocol 

outlined in section 2.3.7.  

4.3.7 Array hybridization 

Total RNA sample preparation and array hybridization took place at Core Unit 

Systems Medicine (SysMed) at the University of Wurzburg, Germany. The 

assessment of quality, integrity and quantity of total RNA, in vitro transcription for 

linear amplification, fragmentation and biotin labelling was carried out as outlined in 

the GeneChip WT Plus Reagent Kit user manual: 

http://media.affymetrix.com/support/downloads/manuals/wtplus_reagentkit_assay_m

anual.pdf 

 

For hybridization (buffers, staining mixture) the GeneChip Hybridization Wash and 

Stain kit (Affymetrix) was used as outlined in 

http://media.affymetrix.com/support/downloads/quick_reference_cards/geneatlas_hw

s_wt_strips_qrc.pdf 

 

Samples were hybridized for 16 hours at 45°C and 60rpm to GeneChip Human 

Transcriptome Arrays 2.0; washing and staining was performed with a Fluidics 

Station FS450 using the fluidics script FS450_0001. 

4.3.8 Data analysis 

4.3.8.1 DNA Methylation analysis 

CCGG sites with fewer than five MspI reads were excluded from all analyses to 

improve DNA methylation estimation accuracy. Quantile normalization was then 

carried out to account for possible variation in total CCGG methylation among 

samples. The R package limma [235] was used to identify individual differentially 
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methylated sites (DMS). The fitted linear model incorporated covariates, including 

age, gender, duration of colitis, severity of disease and total HpaII counts per sample. 

A false discovery rate analysis (Benjamini-Hochberg) was used to correct for 

multiple testing. A false discovery threshold of 0.2 was used to decide statistical 

significance. 

 

We tested for enrichment of gene ontology categories among genes for which at least 

one differentially methylated site was found close (±2kb) to the transcription start site 

(TSS) as well as the rest of the gene body. The HELP-tagging assay profiles the DNA 

methylation status at CCGG sites. However, different genes may be associated with 

very different numbers of such sites, with genes associated with larger numbers of 

CCGG sites having a greater chance of being associated with at least one 

differentially methylated site. This can result in severe bias in gene set analysis [243]. 

The R package Goseq was used to correct this bias. Goseq calculates a probability 

weighting function for a list of genes based on a given bias. In this case, the bias was 

the total number of CCGG sites mapping to each gene. The Wallenius approximation 

was used to calculate the over and under representation of Gene Ontology (GO) 

categories among differentially methylated genes. A false discovery rate analysis 

(Benjamini-Hochberg) was used to correct for multiple testing. A false discovery 

threshold of 0.1 was used to decide statistical significance. 

 

The UCSC table browser [225] was used to obtain coordinates of genomic regions 

including gene bodies, intergenic and intragenic regions. The Mammalian expression 

atlas and enhancer peaks were obtained from the FANTOM consortium [196][276]. 

The epigenomics roadmap consortium was used to obtain coordinates for genomic 

regions for ChromHMM states in colonic mucosa. These states, as well as states for 

other cell lines and tissue can be downloaded from  

http://egg2.wustl.edu/roadmap/data/byFileType/chromhmmSegmentations/ChmmMo

dels/core_K27ac/jointModel/final/  

 

Annotation of all CCGG sties and DMS to candidate genomic locations such as gene 

body, intergenic, intragenic, enhancers, TSS regions and ChromHMM states was 

carried out using customized python scripts. 
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4.3.8.2 Transcriptome analysis 

Transcriptome analysis of all samples was performed using the Human 

Transcriptome Array 2.0 (HTA 2.0) (supplied by Affymetrix, affymetrix.com) 

according to manufacturers recommendations. Arrays were scanned with a GeneChip 

Scanner 3000 7G (Affymetrix) and processed by the Affymetrix GeneChip command 

console software (AGCC). The software summarizes probe cell intensity data (CEL 

file format) for each array. Raw signals of the arrays were processed using 

Affymetrix Power Tools [306], applying Robust Multi-array Average (RMA) for 

background correction, quantile normalization and median polish summarization of 

probe sets [307]. Log transformed (log2) relative expression values for each probe 

were then annotated to each gene transcript. Identification of differentially expressed 

transcripts was carried out using limma [235]. The fitted linear model incorporated 

covariates, including age, duration of colitis and severity of disease. A false discovery 

rate analysis (Benjamini-Hochberg) was used to correct for multiple testing. A false 

discovery threshold of 0.2 was used to decide statistical significance. 

 

Unsupervised hierarchical clustering of global gene expression patterns was 

performed using complete linkage and Euclidean distance. Relationships between 

DNA methylation and transcriptomics data were examined using Spearman 

correlations. 
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 Results 4.4
We report DNA methylation analysis and transcriptome analysis comparing distal 

(inflamed) and proximal (non-inflamed) colonic regions in purified epithelial cell 

populations in human individuals with non-cancerous sub-total UC (n=13 sample-

pairs). 

4.4.1 Establishment of a colonic cell suspension enriched in epithelial cells 

Our method is a modification of two previously developed techniques [254][255] that 

allows the detachment of whole epithelial crypts from mucosal biopsies of the colon. 

Flow cytometry with markers specific for IECs and bone marrow-derived cells were 

used to assess the cellular make-up of the suspensions resulting from the chelation 

procedure. It was found that more than 90% of the cell suspension comprised 

EpCAM positive cells, indicative of epithelial cells (Figure 4.1). Approximately 5% 

of the suspension cells in the inflamed samples were stained with the CD45 antibody, 

indicating bone marrow origin (Figure 4.1D). The double negative cells in this 

analysis could be stromal cells such as fibroblasts or endothelial cells which are 

neither epithelial nor of bone marrow origin. These data indicated a successful 

enrichment of epithelial cells in the suspension. 
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Figure 4.1: Classification of cellular proportions in non-inflamed and inflamed colonic regions 

Intestinal epithelial cells (IECs) isolated from mucosal pinch biopsies are illustrated (A-D). IECs were 

labelled with fluorescent antibodies EpCAM and CD45 to distinguish cell populations. Representative 

histograms of EpCAM positive labelled cells (red) and its isotype control (blue) are illustrated in non-

inflamed (A) and inflamed (C) regions. Quantification of the percentage of epithelial cells in the IEC 

isolate was then performed. Representative scatterplots of epithelial positive cells (upper left), CD45 

positive cells (lower right) and double negative cells (lower left and upper right) are illustrated in non-

inflamed (B) and inflamed (D) regions.  
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4.4.2 Genome wide DNA methylation: Sequencing data and coverage 

DNA methylation was assayed in inflamed and non-inflamed samples using the 

HELP-tagging assay. Multiplexing of True-seq HELP-tag library samples was done 

with 6 libraries per lane. DNA methylation was measured at ~1.9 million CCGG 

sites, however only ~1.6 million sites remained when sites with fewer than 5 MspI 

reads were removed. DNA methylation levels were measured using a modified 

version of the angle methylation score; this ranged from 0 (no DNA methylation) to 

100 (complete DNA methylation). The average number of reads for all samples 

varied from 13.5 to 24.6 million HpaII reads per sample with an average depth of 

coverage of CCGG sites between 11.6 X and 19.4 X (Table 4.1).  

 
Table 4.1: HELP-tagging read count number for each lane 

Lane 

Average Read count 

(millions) 

Average aligned hits 

(%) Average Coverage 

Lane 1 24.55 83.3 18.9 X 

Lane 2 15.6 82.9 13.9 X 

Lane 3 22.35 80.6 19.4 X 

Lane 4 16.1 76.0 13.2 X 

Lane 5 13.52 79.5 11.6 X 

Lane 6 22.24 80.6 19.3 X 

 

4.4.3 Genome-wide patterns of DNA methylation  

The majority of CCGG sites in the genome were methylated (i.e. DNA methylation 

score ≥ 70) (Figure 4.2A). Consistent with previous reports [179][277][278], a higher 

proportion of non-methylated CCGG sites (i.e. DNA methylation score ≤ 30) fell 

within the vicinity of the transcription start sites (TSS) of genes (±2kb). The 

distribution in this region was bimodal, whereas other genomic locations such as the 

gene body and intergenic regions were predominantly methylated (Figure 4.2A). 

 

Gene regulation by epigenetic modification takes place at promoters and distally 

located regulatory elements [279]. In order to characterise the DNA methylation 

patterns at promoter regions, the mammalian expression atlas generated by the 

FANTOM consortium [196] was used to map CCGG sites that fall within the vicinity 

of transcription start site (TSS) peaks (±2kb). Results illustrated the relationship 



 101 

between CCGG rich and depleted regions and the relative DNA methylation state at 

these regions. As expected, the proportion of CCGG sites was higher at the TSS, 

becoming relatively depleted up and downstream of the TSS. However, DNA 

methylation decreased in close proximity to TSSs (mean score = 21.0 at the TSS) and 

then increased both up-stream and down-stream from each TSS peak (mean score = 

74.1 ± 2kb from TSS) (Figure 4.2B). This characterised the typically unbalanced 

nature of DNA methylation in a normal state, with 70-80% of the genome being 

methylated, whereas non-methylated loci generally tended to cluster in groups around 

the TSS of protein-coding genes [280]. 

 

 

 
Figure 4.2: Global DNA methylation patterns relative to protein-coding genes 

The distribution of all DNA methylation values across the genome partitioned by position relative to 

TSS peaks, enhancer peaks, gene body and intergenic regions are shown (A). Mean DNA methylation 

score (blue), standard error (blue bars) and density (green) of CCGG sites with respect to their position 

relative to TSS peaks (B). 
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4.4.4 Identification of differentially methylated sites between inflamed and 

non-inflamed colonic regions in purified epithelial cell samples.  

During the initial analysis, a suspected mislabelling of paired samples was 

discovered. This was recognized during differential methylation analysis, as one pair 

was consistently methylated in the opposite direction of its grouped counterparts at 

each CCGG site (Figure B.1). For this reason, this pair of samples was excluded from 

any further analysis. Therefore, DNA methylation analysis comparing distal 

(inflamed) and proximal (non-inflamed) colonic regions in purified epithelial cell 

populations in individuals with sub-total UC (n=12 pairs) is reported. 

 

The R package limma was used to identify site-specific DNA methylation 

differences. 577 differentially methylated sites (DMS) between inflamed and non-

inflamed IECs were identified. Of these DMS, 371 (64%) showed higher methylation 

in inflamed regions compared to non-inflamed regions of the colon (Figure 4.3A). A 

substantial portion of the DMS (n=114,i.e ~35%) mapped to multiple locations within 

the same gene. Of the 577 DMS, 324 DMS mapped to 210 unique genes (Table B.2). 

Generally, those DMS that mapped to multiple locations within the same gene had 

similar DNA methylation patterns, as has been documented in previous studies [281]. 

This was the case, for example for HOXB3, HOXB4, HOXB5, HOXB6, HOXB7 

HOXC4, FOXA2, TNS3 and OSR2, as these protein-coding genes showed similar 

patterns of differential methylation at multiple CCGG sites (Table B.2). 104 DMS 

mapping to TSS peaks associated with 55 unique protein-coding genes that were 

differentially methylated between inflamed and non-inflamed regions were also 

identified (Table 4.2). 
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Table 4.2: List of significantly (Benjamini-Hochberg adjusted cutoff of 0.2) differentially methylated 

sites between inflamed and non-inflamed samples mapping to TSS peaks (± 2kb) 

Abbreviations: DMS: Differentially Methylated site; FDR: False Discovery Rate 

DMS 

Gene 

Symbol Description 

Δ 

Methylation FDR 

chr17-46683559 HOXB7 homeobox B7 84.6260971 2.45E-10 

chr17-46685296 HOXB7 homeobox B7 75.1675856 7.28E-06 

chr20-22563052 FOXA2 forkhead box A2 -61.6184768 7.28E-06 

chr20-22561829 FOXA2 forkhead box A2 -68.4510447 4.08E-05 

chr20-22562626 FOXA2 forkhead box A2 -66.1910553 9.44E-05 

chr3-25469915 RARB retinoic acid receptor, beta 67.3695157 0.000201385 

chr20-22562885 FOXA2 forkhead box A2 -60.7635967 0.000287983 

chr12-54428544 HOXC5 homeobox C5 -55.7262250 0.000536599 

chr2-234744505 HJURP 

holliday junction recognition 

protein 75.5210131 0.000536599 

chr12-54423547 HOXC6 homeobox C5 -65.0768474 0.00059452 

chr20-22563181 FOXA2 forkhead box A2 -62.7972483 0.000957054 

chr20-22562585 FOXA2 forkhead box A2 -61.3931252 0.001049545 

chr3-72939150 GXYLT2 

glycosyltransferase 8 domain 

containing 4 65.3541771 0.001169168 

chr20-34147309 FER1L4 fer-1-like 4 (C. elegans) 58.3370116 0.001579846 

chr12-54428644 HOXC5 homeobox C5 -71.9161826 0.001873619 

chr2-95941784 PROM2 prominin 2 55.5342957 0.001873619 

chr12-54428892 HOXC4 homeobox C4 -54.9707617 0.00190397 

chr17-46683018 HOXB7 homeobox B7 65.8624452 0.002011668 

chr4-6578275 MAN2B2 

mannosidase, alpha, class 2B, 

member 2 50.7396690 0.002340171 

chr12-54423460 HOXC6 homeobox C6 -60.5860321 0.003735155 

chr17-46671931 HOXB6 homeobox B6 55.5863964 0.004275325 

chr2-234744532 HJURP 

holliday junction recognition 

protein 36.8117832 0.004425678 

chr2-232259527 B3GNT7 

UDP-GlcNAc:betaGal beta-1,3-

N-

acetylglucosaminyltransferase 7 -58.8405311 0.004575139 

chr17-46674011 HOXB6 homeobox B6 61.5163110 0.00460977 

chr12-54428601 HOXC5 homeobox C5 -62.2630015 0.005523152 

chr16-89688808 DPEP1 dipeptidase 1 (renal) -66.8219711 0.005523152 

chr20-22562467 FOXA2 forkhead box A2 -63.0298815 0.010785706 

chr12-54428668 HOXC5 homeobox C5 -60.969772 0.013669362 
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chr20-34147353 FER1L4 fer-1-like 4 (C. elegans) 52.260453 0.014286322 

chr10-86005070 RGR 

retinal G protein coupled 

receptor 65.313282 0.014380736 

chr17-46654203 HOXB4 homeobox B4 49.255953 0.014380736 

chr15-41708401 RTF1 

Rtf1, Paf1/RNA polymerase II 

complex component, homolog 

(S. cerevisiae) 48.316353 0.015961603 

chr19-46274874 DMPK 

dystrophia myotonica-protein 

kinase 59.4463585 0.017703077 

chr20-22563028 FOXA2 forkhead box A2 -49.9576549 0.017722042 

chr11-126301918 KIRREL3 kin of IRRE like 3 (Drosophila) -47.4455129 0.018426331 

chr17-46683607 HOXB7 homeobox B7 54.1100473 0.026995683 

chr20-61867695 BIRC7 

baculoviral IAP repeat-

containing 7 38.2431118 0.028259131 

chr4-184828474 STOX2 storkhead box 2 -46.00453 0.03148721 

chr6-111983139 FYN 

FYN oncogene related to SRC, 

FGR, YES 20.9468069 0.03487875 

chr12-5604367 NTF3 neurotrophin 3 -49.2315213 0.036133471 

chr12-54424932 HOXC5 homeobox C5 -58.4822544 0.036861493 

chrX-152710726 TREX2 

three prime repair exonuclease 

2; HAUS augmin-like complex, 

subunit 7 51.7780679 0.037115174 

chr2-20648535 RHOB 

ras homolog gene family, 

member B 39.8321014 0.039985426 

chr17-46673605 HOXB6 homeobox B6 59.3137178 0.040288154 

chr17-46670094 HOXB5 homeobox B5 53.006026 0.041816188 

chr12-54425323 HOXC5 homeobox C5 -57.0819331 0.05446436 

chr17-46672209 HOXB6 homeobox B6 59.4703343 0.055281525 

chr4-6578378 MAN2B2 

mannosidase, alpha, class 2B, 

member 2 54.0144389 0.055439078 

chr17-46669859 HOXB5 homeobox B5 48.9420761 0.057845718 

chr20-22562795 FOXA2 forkhead box A2 -55.262905 0.058748934 

chr17-46672379 HOXB6 homeobox B6 37.9220212 0.059719627 

chr17-46669811 HOXB5 homeobox B5 56.5792304 0.062007652 

chr16-774464 CCDC78 

coiled-coil domain containing 

78 50.2311308 0.067168718 

chr17-46651823 HOXB4 homeobox B4 54.0130147 0.070165337 

chr12-54408697 HOXC6 homeobox C6 -44.2333111 0.072588767 

chr12-53496682 SOAT2 sterol O-acyltransferase 2 -37.0650460 0.072799241 
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chr8-67835854 SNORD87 

small nucleolar RNA, C/D box 

87 43.5438862 0.076412069 

chr4-13542884 NKX3-2 NK3 homeobox 2 57.5579881 0.088515052 

chr20-22562765 FOXA2 forkhead box A2 -61.071834 0.088843008 

chr19-2716283 DIRAS1 

DIRAS family, GTP-binding 

RAS-like 1 33.1088621 0.093550807 

chr2-1637565 PXDN 

peroxidasin homolog 

(Drosophila) 51.3279908 0.102884331 

chr6-168417047 KIF25 kinesin family member 25 36.4742119 0.102884331 

chr1-9099850 SLC2A5 

solute carrier family 2 

(facilitated glucose/fructose 

transporter), member 5 -55.1186093 0.104285117 

chr10-86005238 RGR 

retinal G protein coupled 

receptor 42.1907947 0.104842784 

chr22-41075645 MCHR1 

melanin-concentrating hormone 

receptor 1 -40.1809805 0.108161774 

chr3-128199762 GATA2 GATA binding protein 2 48.3977178 0.110171566 

chr7-45146901 SNORA5B 

small nucleolar RNA, H/ACA 

box 5C 36.5600523 0.110303096 

chr12-54447039 HOXC4 homeobox C4 -50.1145258 0.111036454 

chr11-33277701 HIPK3 

homeodomain interacting 

protein kinase 3 53.68370846 0.11209042 

chr5-92924000 NR2F1 

nuclear receptor subfamily 2, 

group F, member 1 21.18993145 0.115121578 

chr20-61471911 TCFL5 

transcription factor-like 5 (basic 

helix-loop-helix) 

-

44.30269566 0.116800473 

chr17-46669720 HOXB5 homeobox B5 22.19809798 0.118981641 

chr12-54423616 HOXC6 homeobox C6 -53.3502713 0.12386958 

chr20-61471704 TCFL5 

transcription factor-like 5 (basic 

helix-loop-helix) -49.7622302 0.128802549 

chr12-54447386 HOXC4 homeobox C4 -38.0307095 0.134526374 

chr17-46654113 HOXB4 homeobox B4 44.0713268 0.138722789 

chr6-101847583 GRIK2 

glutamate receptor, ionotropic, 

kainate 2 -54.4371579 0.14095978 

chr12-54428396 HOXC5 homeobox C5 -47.9659770 0.142463163 

chr17-46651361 HOXB4 homeobox B4 59.0212241 0.148051962 

chr19-43858215 CD177 CD177 molecule -52.8713803 0.151540502 

chr5-162931219 MAT2B 

methionine adenosyltransferase 

II -49.2651751 0.153204861 
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chr17-79992546 DCXR dicarbonyl/L-xylulose reductase 52.1129033 0.15397301 

chr11-119180123 MCAM 

melanoma cell adhesion 

molecule 48.8176834 0.164940401 

chr22-31032999 SLC35E4 

solute carrier family 35, 

member E4 49.9240692 0.165230457 

chr17-46670995 HOXB5 homeobox B5 44.9380625 0.168400237 

chr13-107141057 EFNB2 ephrin-B2 44.95724607 0.172094399 

chr8-7306344 SPAG11B 

sperm associated antigen 11A; 

sperm associated antigen 11B -29.7742479 0.172388783 

chr13-43597174 DNAJC15 

DnaJ (Hsp40) homolog, 

subfamily C, member 15 49.5033384 0.176080002 

chr17-46669789 HOXB5 homeobox B5 57.8205074 0.178166434 

chr3-160474510 PPM1L 

protein phosphatase 1 (formerly 

2C)-like -27.9110318 0.178166434 

chr12-117580996 FBXO21 F-box protein 21 47.9564349 0.178915625 

chr20-22562989 FOXA2 forkhead box A2 -48.453299 0.179191406 

chr20-22562221 FOXA2 forkhead box A2 -43.4140179 0.179490127 

chr9-138553850 LCN9 lipocalin 9 -36.5115718 0.185296539 

chr17-46671518 HOXB5 homeobox B5 49.4577331 0.186225094 

chr20-34148339 FER1L4 fer-1-like 4 (C. elegans) 32.0504781 0.187717624 

chr2-95942146 PROM2 prominin 2 42.11374 0.19028988 

chr19-35781244 MAG myelin associated glycoprotein -42.1237977 0.192763364 

chr17-46654269 HOXB4 homeobox B4 39.0674004 0.193710002 

chr1-204100320 ETNK2 ethanolamine kinase 2 -36.2391408 0.19718686 

chr2-234744728 HJURP 

Holliday junction recognition 

protein 32.8961068 0.19718686 

chr20-22562511 FOXA2 forkhead box A2 -55.6104561 0.19718686 

chr12-117580915 FBXO21 F-box protein 21 21.1321240 0.199050637 

chrX-152086803 ZNF185 

zinc finger protein 185 (LIM 

domain) 43.1109175 0.199122705 

 

Gene ontology (GO) analysis was then applied to identify differential DNA 

methylation events at promoter regions using the R package Goseq. Following bias 

correction, genes that were assigned to 6 GO categories for biological processes 

(GOBP) that were significantly enriched (FDR <0.1) were identified (Table 4.3). The 

enriched GO terms were associated with embryological development, embryological 

morphogenesis (GO:0048704, BH adjusted P = 0.07) and anterior/posterior 

development (GO:0009952, BH adjusted P = 0.07). These included a considerable 
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number of genes from the HOXB family (HOXB3, HOXB4, HOXB5, HOXB6 and 

HOXB7) (Figure 4.3B-4.3D), the HOXC family (HOXC4, HOXC5 and HOXC6) as 

well as genes FOXA2, RARB, TBX3 and SERP1. GO analysis of differential DNA 

methylation events was then expanded beyond the promoter, to all regions within the 

gene body. As well as GO terms previously identified at promoter regions, 

enrichment of genes with GO terms associated with hematopoietic (GO:0048534, BH 

adjusted P = 0.06), tissue (GO:0009888, BH adjusted P = 0.09) and organ 

(GO:0048513, BH adjusted P = 0.05) development as well as development of the 

immune system (GO:0002520, BH adjusted P = 0.09) were also identified (Table 

B.4). Genes involved in immune system development included RORA, GLI3, NKX3-

2, HOXB3, NFATC1, LMO2, KIRREL3, RUNX1, LRP5, TAL1, PITX2, RHOH, 

GATA2, CACNB4, SATB1, HOXB4, CARD11 and HOXB7. 

 

Table 4.3: Gene Ontology Biological processes (GOBP) categories of differentially methylated events 

at promoter regions with FDR < 0.1 from a gene set analysis corrected using Goseq. 

GOBPID Count P. Value FDR Term 

GO:0048704 5 7.95E-06 0.070305859 embryonic skeletal system 

morphogenesis 

GO:0048562 7 1.95E-05 0.070305859 embryonic organ morphogenesis 

GO:0001501 8 2.05E-05 0.070305859 skeletal system development 

GO:0048705 6 2.28E-05 0.070305859 skeletal system morphogenesis 

GO:0048706 5 2.83E-05 0.070305859 embryonic skeletal system 

development 

GO:0009952 6 3.43E-05 0.071078552 anterior/posterior pattern specification 

 

In order to give these differential methylation patterns identified further epigenetic 

context, publically available CHIP-Seq data of active and repressed histone marks 

were employed (n=6, H3K4me3, H3K4me1, H3K36me3, H3K27me3, H3K9me3 and 

H3K27ac). The roadmap epigenomics consortium expanded on a model developed by 

Ernst et al. [282], generating a tissue and cell type specific 18-state ChromHMM 

model that encapsulated all key interactions between these histone marks at various 

genomic elements (Figure A.1) [193]. This model was used to calculate enrichment 

of differential methylation at a number of genomic states including promoter, 

enhancer, transcribed and repressed regions.  
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It was found that the majority of DMS as well as all CCGGs mapped to regions in 

quiescent/low activity states (Figure 4.4B), as was documented in previous studies 

(Figure B.2) [193][283]. Significant enrichment of DMS, conditioned on the CCGG 

density at each genomic state was also tested (Figure 4.4B). Enrichment was 

identified upstream from active TSSs (p-value =2.6e-04, fisher exact test), 

downstream from active TSSs (p-value = 6e-03, fisher exact test), at enhancer states 

(Active enhancer 1: p-value = 1e-03; Active enhancer 2: p-value = 4.7e-06; Weak 

Enhancer: p-value = 4.8e-09; Bivalent enhancer: p-value = 2.3e-06, fisher exact test) 

as well as at transcriptionally repressed polycomb regions (p-value = 7.8e-15, fisher 

exact test) (Figure 4.4B). DMS at the active TSS region of HOXB3, HOXB4 and 

HOXB5 as well as the CHIP-seq profiles of the chromatin marks assayed in colonic 

mucosa are shown in figure 4.3B-4.3D. These figures illustrate elevated levels of 

H3K27ac at these regions, a histone mark associated with active regulatory elements 

that differentiates active from inactive enhancers and promoters. 
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Figure 4.3: Site-specific differential methylation between non-inflamed and inflamed colonic 

regions 

DNA methylation values of DMS using a colour scale from red (high DNA methylation) to yellow 

(low DNA methylation). Columns represent samples and rows represent all differentially methylated 

CCGG sites (A). DMS mapping to active TSS regions (red) and enhancer regions (yellow) of HOXB3 

(B), HOXB4 (C) and HOXB5 (D) as well as the CHIP-seq profiles of the set of histone marks assayed 

in colonic mucosa is shown. Below the histone marks, DMS (red) and all CCGG sites (green) mapping 

to each gene segment are also illustrated. 
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Figure 4.4: Annotation of CCGG sites to genomic regions and ChromHMM states 

The percentage of CCGG sites (grey bars) and differentially methylated sites (DMS) (red bars) 

annotating to TSSs, intragenic and intergenic regions is shown (A). A greater number of DMS mapped 

to intragenic regions as opposed to TSS (promoter) regions. The total percentage of probes is greater 

than 100% as several probes were classified as belonging to more than one class of genomic region. 

The percentage of CCGG sites (grey bars) and DMS (red bars) mapping to 18 active and repressed 

genomic states in colonic mucosa using the ChromHMM model is shown (B). Using the genomic 

states defined by the ChromHMM model, significant enrichment of DMS, conditioned on the CCGG 

density at each genomic state was tested. P-values were determined using a fisher exact test (*<0.05, 

**<0.005, ***<0.0005). Results indicate significant enrichment at enhancers, TSS regions as well as 

repressed polycomb regions. 

 

 

 

 

 

 

 

 

 

 



 111 

4.4.5 Genome-wide transcriptome and site-specific differential expression 

analysis 

mRNA expression was assayed in inflamed and non-inflamed samples using 

Affymetrix Human Transcriptome Array 2.0 (HTA 2.0) oligonucleotide arrays (see 

materials and methods). Genome-wide gene expression data was generated from 

purified epithelial cell populations from the same individuals that DNA methylation 

patterns were assessed. The pattern observed in DNA methylation data (unique 

outlying pattern observed in sample 3 (Figure B.1)) was also present for the same 

sample in the transcriptome dataset. Due to the manner in which samples are obtained 

(Figure 2.1), this consistent pattern observed in both DNA and RNA may therefore be 

attributable to upstream sample mishandling, perhaps during sample collection or cell 

isolation. By excluding this paired sample, we therefore report transcriptome analysis 

comparing inflamed and non-inflamed colonic regions from the same individuals 

affected by subtotal UC (n = 5 pairs). 

 

Unsupervised hierarchal clustering was performed to visualise the global dissimilarity 

in gene expression patterns between inflamed and non-inflamed regions of the colon. 

Using the complete linkage method and the Euclidean distance metric, we identified 

partial clustering between sample groups (Figure 4.5A). However it is difficult to 

ascertain distinct global dissimilarity in gene expression patterns between inflamed 

and non-inflamed IECs. 

 

Next the R package limma was used to identify genes that were differentially 

expressed between inflamed and non-inflamed samples. A total of 73 transcripts, 

corresponding to 62 unique known protein-coding genes were differentially 

expressed between inflamed and non-inflamed intestinal epithelial cell samples 

(Figure 4.5B). Consistent with differential methylation analysis, a higher proportion 

of transcripts showing higher expression in inflamed regions (n=46, i.e. 63%) 

compared to non-inflamed regions (n=27 i.e. 37%) was observed. 
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Table 4.4: List of significantly (Benjamini-Hochberg adjusted P-value cutoff of 0.2) differentially 

expressed transcripts between inflamed and non-inflamed samples 

Abbreviations: LogFC: Log Fold Change; FDR: False Discovery Rate 
Transcript ID Gene Symbol Description LogFC FDR 

TC17001649.hg.1 PRAC1 
prostate cancer susceptibility 

candidate 
3.8149 0.00012235 

TC15000405.hg.1 GLDN gliomedin 1.2632 0.00830502 

TC15001837.hg.1 ANPEP 
alanyl (membrane) 

aminopeptidase 
-2.2182 0.00830502 

TC17001651.hg.1 HOXB13 homeobox B13 1.4778 0.00830502 

TC09002921.hg.1 ST6GALNAC6 

ST6 (alpha-N-acetyl-

neuraminyl-2,3-beta-

galactosyl-1,3)-N-

acetylgalactosaminide alpha-

2,6-sialyltransferase 6 

1.8220 0.01424986 

TC13000741.hg.1 KCTD12 

potassium channel 

tetramerisation domain 

containing 12 

2.3843 0.01424986 

TC21000989.hg.1 B3GALT5 

UDP-Gal:betaGlcNAc beta 

1,3-galactosyltransferase, 

polypeptide 5 

1.5520 0.01514616 

TC08001294.hg.1 CPA6 carboxypeptidase A6 1.7881 0.01576238 

TC10002938.hg.1 C10orf116 

chromosome 10 open reading 

frame 116 adipogenesis 

regulatory factor 

-0.6264 0.01576238 

TC12001901.hg.1 NT5DC3 
5-nucleotidase domain 

containing 3 
1.0920 0.02110773 

TC21000464.hg.1 C21orf88 
chromosome 21 open reading 

frame 88 
2.5530 0.02342417 

TC01002752.hg.1 INSL5 insulin-like 5 2.8999 0.02794573 

TC04001471.hg.1 PITX2 paired-like homeodomain 2 -1.5796 0.02842635 

TC11000211.hg.1 SPON1 
spondin 1, extracellular matrix 

protein 
1.4101 0.02842635 

TC04001410.hg.1 ADH1B 
alcohol dehydrogenase 1B 

(class I), beta polypeptide 
-0.8644 0.03071734 

TC04001409.hg.1 ADH1A 
alcohol dehydrogenase 1A 

(class I), alpha polypeptide 
-0.9172 0.03323028 

TC07002589.hg.1 LINC-PINT long intergenic non-protein 0.5743 0.03323028 
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coding RNA,p53 induced 

transcript 

TC03003022.hg.1 MYH15 myosin, heavy chain 15 1.3573 0.03857138 

TC17002262.hg.1 B4GALNT2 

beta-1,4-N-acetyl-

galactosaminyl transferase 2 

(B4GALNT2) 

-1.7076 0.03941676 

TC04001411.hg.1 ADH1C 
alcohol dehydrogenase 1C 

(class I), gamma polypeptide 
-1.0960 0.03993123 

TC06001299.hg.1 KIF13A kinesin family member 13A 0.5311 0.04292623 

TC05002796.hg.1 FLJ00157 
Homo sapiens mRNA for 

FLJ00157 protein 
-1.8563 0.04372244 

TC20000349.hg.1 WFDC2 
WAP four-disulfide core 

domain 2 
1.0036 0.04455290 

TC0Y000341.hg.1 *** *** no description*** 0.9024 0.05041901 

TC17000638.hg.1 B4GALNT2 
beta-1,4-N-acetyl-

galactosaminyl transferase 2 
-1.5293 0.05129017 

TC01000723.hg.1 ROR1 
receptor tyrosine kinase-like 

orphan receptor 1 
0.5806 0.05660819 

TC0Y000275.hg.1 *** *** no description*** 1.4056 0.05660819 

TC01003752.hg.1 NUCKS1 

nuclear casein kinase and 

cyclin-dependent kinase 

substrate 1 

0.6628 0.05878908 

TC03003359.hg.1 GXYLT2 glucoside xylosyltransferase 2 -0.6263 0.06076798 

TC12001155.hg.1 LPCAT3 
lysophosphatidylcholine 

acyltransferase 3 
-0.5652 0.07070229 

TC06003630.hg.1 DAAM2 
dishevelled associated 

activator of morphogenesis 2 
-0.8143 0.07543406 

TC05001095.hg.1 PP7080 uncharacterized LOC25845 -1.4284 0.07636208 

TC04000168.hg.1 GBA3 glucosidase, beta, acid 3 -1.4168 0.07717089 

TC01004068.hg.1 MIR3916 microRNA 3916 0.5370 0.08218670 

TC06004132.hg.1 MOCS1 
molybdenum cofactor 

synthesis 1 
-0.5321 0.08218670 

TC10000593.hg.1 CDHR1 
cadherin-related family 

member 1 
0.8484 0.08218670 

TC12000203.hg.1 PTPRO 
protein tyrosine phosphatase, 

receptor type, O 
0.8631 0.08218670 

TC03000131.hg.1 RARB retinoic acid receptor, beta -0.7255 0.08301883 

TC06000926.hg.1 RFX6 regulatory factor X, 6 0.5280 0.08301883 

TC15002698.hg.1 *** *** no description*** -0.4019 0.08318291 
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TC20001482.hg.1 LINC00261 
long intergenic non-protein 

coding RNA 261 
1.4472 0.08677308 

TC01002882.hg.1 GCLM 
glutamate-cysteine ligase, 

modifier subunit 
-0.7496 0.09208306 

TC07000931.hg.1 TMEM139 transmembrane protein 139 -0.6448 0.09320002 

TC02002479.hg.1 GCG glucagon 2.1546 0.0972245 

TC05002797.hg.1 SLC9A3 

solute carrier family 9, 

subfamily A (NHE3, cation 

proton antiporter 3), member 3 

-2.1590 0.09722454 

TC16000522.hg.1 CA7 carbonic anhydrase VII 1.4832 0.09722453 

TC21000363.hg.1 CLDN8 claudin 8 2.8735 0.09722453 

TC06000173.hg.1 HIST1H2AE histone cluster 1, H2ae -0.5886 0.09832936 

TC10001089.hg.1 NEBL nebulette 0.5596 0.10402139 

TC14001475.hg.1 LINC00341 
long intergenic non-protein 

coding RNA 341 
0.5282 0.10402139 

TC01005141.hg.1 *** *** no description*** 0.9118 0.10531854 

TC07003096.hg.1 LHFPL3 
lipoma HMGIC fusion 

partner-like 3 
-1.6865 0.10531854 

TC12000329.hg.1 ANO6 anoctamin 6 1.6249 0.10531854 

TC21000729.hg.1 C21orf88 
chromosome 21 open reading 

frame 88 
0.9782 0.10531854 

TC04001299.hg.1 CDKL2 
cyclin-dependent kinase-like 2 

(CDC2-related kinase) 
0.6730 0.10721497 

TC16000969.hg.1 CACNG3 
calcium channel, voltage-

dependent, gamma subunit 3 
0.5635 0.10608053 

TC16002090.hg.1 CHST5 

carbohydrate (N-

acetylglucosamine 6-O) 

sulfotransferase 5 

1.6146 0.12788495 

TC20000726.hg.1 APMAP 
adipocyte plasma membrane 

associated protein 
-0.5785 0.12831669 

TC05001096.hg.1 SLC9A3 

solute carrier family 9, 

subfamily A (NHE3, cation 

proton antiporter 3), member 3 

-1.7126 0.12952132 

TC15000406.hg.1 GLDN gliomedin 0.5266 0.12952132 

TC17001568.hg.1 PYY peptide YY 1.1306 0.12987431 

TC17002257.hg.1 PRAC2 
prostate cancer susceptibility 

candidate 2 
0.5566 0.14674671 

TC17000317.hg.1 PYY2 peptide YY, 2 (pseudogene) 0.5121 0.15335219 

TC04000895.hg.1 *** *** no description*** -0.9907 0.15383132 



 115 

TC16002091.hg.1 TMEM231 transmembrane protein 231 0.4550 0.15516000 

TC04002356.hg.1 *** *** no description*** -0.9819 0.17219695 

TC05003353.hg.1 RANBP17 RAN binding protein 17 0.5107 0.17219695 

TC16001964.hg.1 TMEM231 transmembrane protein 231 1.1312 0.18186527 

TC20000698.hg.1 FOXA2 forkhead box A2 0.5397 0.18186527 

TC02001391.hg.1 B3GNT7 

UDP-GlcNAc:betaGal beta-

1,3-N-

acetylglucosaminyltransferase 

7 

1.1406 0.18308688 

TC07002442.hg.1 CROT 
carnitine O-

octanoyltransferase 
-0.7765 0.18626684 

TC09001528.hg.1 RP11-388N2.1 putative novel transcript 0.5826 0.18626684 

TC03001525.hg.1 PRICKLE2 
prickle homolog 2 

(Drosophila) 
0.3886 0.19988562 

 

Gene ontology analysis of differential gene expression events was then carried out 

using the R package GOstats. Genes were assigned to 2 GOBP categories that were 

significantly enriched (FDR <0.1). These included GO terms associated with ethanol 

oxidation (GO:0006069, BH adjusted P = 0.04) and ethanol metabolic processes 

(GO:0006067, BH adjusted P = 0.05). These genes included ADH1A, ADH1B and 

ADH1C. Other genes that were differentially expressed included PRAC1, PRAC2 and 

HOXB13 (Figure 4.5C-4.5E). These 3 genes are located on chromosome 17q12.3 in 

relatively close proximity (~4000 nucleotides). It has previously been documented 

that these genes are highly expressed in the prostate (normal and cancerous) and 

distal parts of the colon and rectum in both human and mouse in a normal state 

[23][308][309]. 
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Figure 4.5: Genome-wide and site-specific gene expression patterns in non-inflamed and 

inflamed colonic regions 

Unsupervised hierarchal clustering of global gene expression profiles (A). Each column represents an 

individual sample (I: Inflamed; NI: Non-inflamed) and each row represents an individual transcript. 

The relative gene expression differences are expressed by a colour gradient intensity scale ranging 

from yellow (low expression) to red (high expression). Volcano plot of differential expression analysis 

(B): Log fold change (logFC) between inflamed and non-inflamed samples (X-axis), –Log10 for 

identified non-significant (black) and significant (red) (Benjamini-Hochberg adjusted P of < 0.2) 

transcripts (Y-axis). Boxplot with overlaying stripchart representing the relative gene expression 

differences between inflamed (red) and non-inflamed (blue) samples for genes PRAC1 (C), HOXB13 

(D) and PRAC2 (E). (P) represents the Benjamini-Hochberg adjusted P value for a given gene. 
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4.4.6 Integrative analysis of DNA methylation and gene expression data of 

inflamed and non-inflamed colonic regions of intestinal epithelial cells 

Using gene sets that were differentially methylated and differentially expressed (FDR 

<0.2 in both cases), significant enrichment of differentially methylated genes among 

genes that were differentially expressed was identified (p-value =2.7e-04, fisher exact 

test). Gene ontology analysis also revealed that gene sets that were significantly 

differentially expressed or differentially methylated were not assigned to any GO 

categories associated with immune response or other disease or cancer relevant 

processes. Integrative analysis was performed using both the methylation data and 

transcriptome data generated from the same 10 pure epithelial cell samples (i.e. n=5 

pairs). Five genes were both differentially expressed and differentially methylated in 

inflamed and non-inflamed samples (PITX2, ROR1, GXYLT2, RARB and FOXA2), 

several of which are related to Wnt signalling or to embryonic, cell or organism 

development. For four out of the five differentially expressed and differentially 

methylated genes (ROR1, GXYLT2, RARB and FOXA2) DNA methylation and gene 

expression were significantly inversely correlated (Figure 4.6). For example, we 

identified hypermethylation (Δ Methylation = 67.4, FDR = 2e-04) and down-

regulation (logFC = - 0.72, FDR = 0.08) at the active TSS of RARB (Figure 

4.6A&4.6B). Hypomethylation at multiple CCGG sites (Figure 4.6C&4.6D, Table 

B.3) and up-regulation (logFC = 0.54, FDR = 0.18) at a bivalent enhancer region of 

FOXA2 (Figure 4.6) was also identified. 
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Figure 4.6: Integrative analysis of differential DNA methylation and gene expression patterns 

DNA methylation patterns, gene expression patterns and spearman correlations for genes RARB (A) & 

FOXA2 (C) are illustrated. Left panel: bar plot and overlaying strip chart of DNA methylation levels 

between inflamed (red) and non-inflamed (blue) samples; middle panel: bar plot and overlaying strip 

chart of relative gene expression levels between inflamed (red) and non-inflamed (blue) samples; right 

panel: spearman correlation between DNA methylation levels (X-axis) and relative gene expression 

levels (Y-axis); P: P-value; rho: Spearman correlation value. DMS mapping to the active TSS (red) of 

RARB (B), bivalent enhancer (tan) and repressed polycomb regions (grey) of FOXA2 (D) as well as the 

CHIP-seq profiles of the set of 6 histone marks assayed in colonic mucosa is shown. Below the histone 

marks, DMS (red) and all CCGG sites (green) mapping to the given segment of RARB and FOXA2 are 

also illustrated. (P) represents the Benjamini-Hochberg adjusted P value for a given gene. 
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 Discussion 4.5
Epigenome wide studies have demonstrated that specific methylome patterns exist 

across different cancers [310], that methylome signatures can predict cancer 

susceptibility [311] and that methylation patterns are capable of characterising 

epigenomic events that stimulate the survival of cancer cells [312]. In this study we 

aimed to generate an integrative epigenome dataset, combining genome-wide DNA 

methylation data and transcriptome data. Our aim was for this data to reflect the 

epigenetic variation at the intestinal origin of UC pathogenesis. In addition, our 

objective was to gain insight into the molecular mechanism underlying the 

progression of IBD to colitis-associated cancer.  

 

Using genome-wide DNA methylation analysis, 577 DMS mapping to 210 unique 

protein-coding genes were identified. Significant hypermethylation in the presence of 

inflammation at promoter regions of genes associated with embryonic development 

and regionalisation was observed, most notably members of the homeotic HOXB 

gene family. The enrichment of differential methylation at gene sets associated with 

hematopoietic, tissue, organ and immune response development was also identified. 

Using genome-wide gene expression data generated from the same pure epithelial 

cell isolates, 73 differentially expressed transcripts, corresponding to 62 known 

unique protein-coding genes were identified. GO analysis identified the enrichment 

of differentially expressed genes associated with ethanol oxidation (ADH1A, ADH1B 

and ADH1C). Additionally, increased gene expression in the presence of 

inflammation at HOXB13 was identified, as well as prostate cancer susceptibility 

candidates PRAC1 and PRAC2. These genes have previously been identified to have 

higher expression levels in the distal colon in both humans and mouse in a normal 

state [23][308][309]. However, very little is known about PRAC1 and PRAC2 in the 

context of colitis-associated cancer. 

 

IECs have a number of diverse functions, one of which involves acting as innate 

immune cells, controlling the interface between a potentially hostile colonic luminal 

environment and the host [13]. They have innate function that regulates tissue 

homeostasis, inflammation and early innate response to infection [313][314]. It has 

been demonstrated by Grivennikov et al., that in a model of colitis-associated cancer 
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development, the pro-inflammatory cytokine IL-6 is essential for the survival of 

premalignant IECs. Although it was demonstrated that IL-6 was produced mainly by 

myeloid cells, IL-6 production was also detected in other cell types including T-cells 

and IECs during colitis-associated cancer induction [100]. Interestingly, the majority 

of identified variably methylated or expressed gene sets were not directly or 

indirectly associated with immune response or other cancer-relevant processes. For 

DNA methylation analysis, although a select number of gene sets were enriched for 

processes associated with immune development, significant enrichment was lower 

relative to gene sets enriched for biological processes associated with skeletal system 

morphogenesis and development (Table B.4). Our findings are inconsistent with 

previous UC studies that highlighted differential expression [315][316] and 

differential methylation [152][153][165] of key cytokines and inflammatory 

mediators involved in immune cell activation. However, this work supports other 

research that highlighted the importance of differential methylation at loci enriched 

for embryonic, cellular and tissue development in the presence of inflammation 

[163][182]. These DNA methylation and gene expression results suggests that 

perhaps the role that IECs play in innate immunity may not be as crucial as was 

previously suggested. Alternatively, dysregulation to the immunological mechanism 

of IECs, resulting from alterations in the DNA methylome or transcriptome may only 

occur in more neoplastic states of UC. 

 

Four of the five genes that were both differentially expressed and differentially 

methylated had negative correlation between methylation and expression levels 

(ROR1, GXYLT2, RARB and FOXA2). RARB encodes the protein retinoic acid 

receptor beta, a member of the thyroid-steroid hormone receptor family of nuclear 

transcription regulators. This receptor binds retinoic acid, which mediates cellular 

signalling in embryonic morphogenesis, cell growth and differentiation. RARB has 

previously been identified as a tumour suppressor gene and found to be 

hypermethylated at promoter regions in several cancer phenotypes including breast 

cancer [317], lung cancer [318][319] and prostate cancer [320][321]. However it was 

first established as a tumour suppressor gene in colon cancer cell lines [322] and 

subsequently in cancerous colonic mucosa [323]. In this case, we demonstrated 

promoter hypermethylation and down regulation of RARB in an inflamed state. 

Although RARB has been previously highlighted as a tumour suppressor gene in 
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colon cancer, this is the first record of RARB potentially playing a functional role in 

non-cancerous UC in purified IECs. Therefore the interplay between RARB promoter 

methylation and down regulation may play an important role in the link between UC 

and colon cancer. However, investing epigenomic dysregulation in neoplastic IECs is 

a necessity before one can definitively state that this gene is a clinical marker for 

colitis-associated cancer risk. 

 

FOXA2 is a member of the forkhead box gene family. It acts as a transcriptional 

activator, essential for effective development of endoderm derived organs and tissue 

and thus considered a master regulator of establishing the endoderm lineage [324]. It 

has been suggested that FOXA2 may play a role in suppressing tumour development; 

for example, Zhu et al. identified FOXA2 as a tumour suppressor, demonstrating that 

it is down regulated in gastric cancer cell lines, and that inducing FOXA2 inhibits 

gastric cancer growth in vivo [325]. We have identified hypomethylation at multiple 

CCGG sites and up regulation of FOXA2 in an inflamed state. Thus in non cancerous 

UC, the potential combined effect of DNA methylation and gene expression may be 

involved in supressing UC associated oncogenesis; demonstrating that FOXA2 may 

be a therapeutic target in colitis-associated cancer. 

  

CpG island hypermethylation is the most widely accepted means by which DNA 

methylation silences the expression of genes. However, other groups have 

highlighted patterns of hypermethylation and hypomethylation at both 

transcriptionally active and transcriptionally repressed genomic regions [128][185]–

[191]. Therefore one must consider that using negative correlation to identify patterns 

by which methylation regulates gene expression is somewhat naïve. The mechanisms 

involved are complex and diverse, and may involve other epigenetic marks. Further 

studies are a necessity to gain insight into the molecular mechanisms of genetic and 

epigenetic features, enhancing our understanding of the role of epigenetics in human 

disease. 

 

This epigenomic study has reported distinct patterns of DNA methylation and gene 

expression in the presence of non-cancerous UC. These results have shown that 

differential methylation occurs at promoter regions of tumour suppressor genes, as 

well as a wide spectrum of both active and repressed coding regions. The absence of 
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variably methylated loci or differentially expressed transcripts corresponding to 

cytokines and inflammatory mediators also raises questions over the degree of 

immunological dysregulation that occurs in non-neoplastic states of colitis. This data 

has indicated that a negative correlation is present at given loci, between patterns of 

differential DNA methylation and gene expression. However, it still remains a 

challenge to prove such patterns have causal effects in UC development, as well as 

colitis-associated cancer progression. The clinical implications of these reported 

findings, and the interplay between genetic and epigenetic signatures in the pathway 

of colitis-associated carcinogenesis needs to be explored in further studies. However, 

this integrative epigenomic dataset will enhance our understanding of UC 

pathophysiology, potentially bridging the gap between genetic predisposition to UC 

related disease and UC pathogenesis.  



 123 



 124 

Chapter 5: Conclusions and scope for future work 
 

In this thesis, novel insights into the genomics and epigenomics of IECs have been 

uncovered. We have optimized a cell enrichment technique, capable of isolating 

purified populations of IECs from human whole colonic biopsies in diseased and 

non-diseased states (chapter 2). In chapter 3 the methylation profile of IECs in 

proximal and distal colonic regions was determined. Finally, in chapter 4 we 

identified variation in methylation and expression between inflamed and non-

inflamed colonic regions.  

 

The work carried out in this PhD raises several questions that could be perused in 

future research projects. In chapter 2 we developed a method that can successfully 

separate IECs from colonic mucosa. It has been demonstrated that stable mRNA and 

gDNA can successfully be extracted from IECs and therefore used as source material 

for epigenome-wide association studies. Although this technique yielded IEC 

fractions consisting of 90% epithelium, other groups have reported purity of ~95% 

using other platforms, as discussed in section 2.5. The main purpose for this choice of 

platform was the necessity to retain high yields of DNA and RNA material, sufficient 

for genome wide association studies. However, technologies have since improved; 

library construction and subsequent sequencing can now be performed with 

nanograms or even picograms [326][327] of nucleic acid. Therefore, any studies 

evaluating genomics using purified cells, should consider more sophisticated 

techniques such as magnetic labelled cell sorting to retain higher purity levels of 

epithelia.  

 

In chapter 3 we identified hypermethylation of HOXB and HOXC genes in the distal 

and proximal colon respectively. These results are consistent with a previous paper 

that demonstrated specific gene expression patterns of homeobox genes in distinct 

colonic regions, when assessed in normal colonic mucosa [20]. It would be 

interesting to evaluate whether the results obtained by Yahagi et al. [20] are 

replicated in purified epithelium. A correlation of gene expression and DNA 

methylation of HOX genes in distinct colonic regions would be highly significant, 
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providing further insight into the role that homeobox genes play in cell lineage 

pattern formation in the colon. 

 

It also would have been of interest to determine the proportion of epithelial cells 

present in normal whole biopsies before chelation took place. This could have been 

accomplished by enzymatic or mechanical disaggregation of cells [328][329] on a 

subset of whole mucosal tissue obtained during patient recruitment and biopsy 

collection. Obtaining epithelial cell estimates from whole tissue would have been 

useful for the deconvolution work in this chapter. Comparison to experimentally 

determined values would have been the optimal method to estimate the accuracy of 

the computational estimates of cell type proportions based on DNA methylation data. 

 

IECs are derived from proliferating stem cells, continuously generating functionally 

distinct epithelia as discussed in section 1.1.2. [6]. Recent studies have shown that we 

are now capable of isolating adult stem cell populations [330], as recent discoveries 

have identified robust adult intestinal stem cell markers [331]. It has also been 

demonstrated that culturing of stem cells derived from the intestine can lead to the 

development of epithelial structures that retain hallmarks of in vivo epithelium 

[5][332][333]. Moreover, we are consistently learning more about the molecular 

markers specific to the development of individual IEC subpopulations [8][334]. It has 

previously been demonstrated that subpopulations of other cell lineages have distinct 

gene expression and DNA methylation signatures [211][212]. As we learn more 

about individual markers of differentiated IECs, perhaps a future study could isolate 

differentiated IEC subpopulations. One could then evaluate the genomic and 

epigenomic profiles of distinct epithelial cell subpopulations in a normal state. This 

novel work would provide further evidence that epigenomic and genomic signatures 

are not only cell type specific but also cell-subtype specific. 

 

In chapter 4 distinct patterns of DNA methylation and gene expression in the 

presence of non-cancerous UC were identified. More specifically, hypermethylation 

and down regulation of RARB was found, a gene previously identified as a tumour 

suppressor in a variety of cancer types including colorectal, breast, lung and prostate 

cancer. The novel aspect of this study was the ability to assess the functional role of 

DNA methylation in IBD pathogenesis in IECs specifically. However, one major 
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limitation of this aspect of the study, which should be noted, was the choice of 

comparing distal (inflamed) and proximal (non-inflamed) colonic regions from within 

the same patient. Variation that was observed in DNA methylation and gene 

expression patterns could be a product of inflammation. However, some it of it may 

be attributable to the distinct epigenomic signatures observed in proximal and distal 

colonic regions; as identified chapter 3. In fact 32.8% of the DMS identified in 

normal epithelia were also differentially methylated in inflamed epithelia. However, 

although there were a high number of intersecting DMS between both studies, loci 

mapping to RARB were not differentially methylated in normal IECs (i.e. chapter 3). 

Therefore this gene could potentially act as a marker to distinguish normal from 

inflamed epithelia. From the results obtained from chapters 3 and 4, it would have 

been ideal to perform a UC study, focusing on a specific colonic region. A future 

study could isolate epithelium from either the proximal or distal colon and compare 

DNA methylation and gene expression patterns between patients with UC and 

healthy controls.  

 

A potential future project related to this PhD that would also be of interest, would be 

to assess the impact of DNA methylation as UC progresses. A study by Tahara et al. 

[150] used candidate genes involved in epithelial-mesenchymal transition to highlight 

a correlation between DNA methylation and disease severity, thus indicating that 

subgroups with different UC phenotypes may have different molecular characteristics 

[150]. To expand on this idea, one could recruit patients with different severities of 

colitis and split the cohort depending on their severity i.e. Mayo endoscopic score of 

0-3. Using high-throughput technologies, a comparison at each level of severity with 

healthy controls could then be made on a genome-wide scale. It would be highly 

significant to determine whether UC subgroups have specific epigenetic and genetic 

backgrounds. Is there a presence of global dissimilarity between UC subgroups? On a 

site-specific scale, are the same sites differentially methylated when comparing cases 

and controls at different disease severities? Do potential intersecting DMS have a 

greater Δ Methylation or LogFC in the presence of increased disease severity i.e. is 

the extent of differential DNA methylation and differential gene expression positively 

correlated with the severity of UC disease? Can hypermethylation and down-

regulation of given genes predict populations at high risk for developing colitis-

associated cancer? 
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Overall this thesis has demonstrated the utility of using genome-wide approaches to 

derive pathophysiological insights into colonic IECs. There is no doubt that deeper 

insight into DNA methylation and gene expression will be instrumental in furthering 

our understanding of colorectal pathogenesis. However the molecular diversity and 

intricacies of intestinal cell populations as well as cell subpopulations promises to 

make this a long-standing challenge. 
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Appendix A: Supplementary material for Chapter 3 
 

 

 
Figure A.1: Visualisation of the 18 state ChromHMM model 

This model was developed based on 98 epigenomes by Ernst et al. The enrichment of genomic regions 

and histone marks at active and repressed regions is summarized in this plot. Modified with 

permissions [193]. 
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Figure A.2: Deconvolution estimates of epithelial component in pure and whole biopsy samples 

Boxplot and overlaying stripchart of Deconvolution estimates of the epithelial component in pure (left) 

and whole biopsy (right) samples. The stability of the pure samples (similar to the pattern seen using 

flow cytometry) relative to whole biopsy samples as illustrated in this figure. (P) represents the P value 

computed by a paired t test, comparing pure and whole biopsy sample groups. 
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Table A.1: List of significantly (Benjamini-Hochberg adjusted P-value cutoff of 0.05) differentially 

methylated sites mapping to protein-coding genes 

Abbreviations: DMS: Differentially methylated site; FDR: False discovery rate 

DMS 

Gene 

Symbol Description 

Δ 

Methylation FDR 

chr17-46683559 HOXB7 homeobox B7 92.47932 6.64E-07 

chr17-46683644 HOXB7 homeobox B7 86.18336 6.80E-06 

chr17-46674011 HOXB6 homeobox B6 86.86708 0.000403693 

chr15-60664073 ANXA2 

annexin A2 pseudogene 3; 

annexin A2; annexin A2 

pseudogene 1 -87.12176 0.002045373 

chr20-48324489 B4GALT5 

UDP-Gal:betaGlcNAc beta 1,4- 

galactosyltransferase, 

polypeptide 5 25.50876 0.002045373 

chr3-119785950 GSK3B glycogen synthase kinase 3 beta 76.18214 0.002045373 

chr4-6578275 MAN2B2 

mannosidase, alpha, class 2B, 

member 2 67.02742 0.002045373 

chr17-27053049 TLCD1 TLC domain containing 1 -82.34036 0.002498093 

chr17-46683607 HOXB7 homeobox B7 81.83062 0.002597815 

chr14-64071629 WDR89 WD repeat domain 89 86.37394 0.002683528 

chr16-89688808 DPEP1 dipeptidase 1 (renal) -81.10938 0.002825292 

chr4-41158891 APBB2 

amyloid beta (A4) precursor 

protein-binding, family B, 

member 2 85.7693 0.002825292 

chr3-72939150 GXYLT2 

glycosyltransferase 8 domain 

containing 4 81.08082 0.002937034 

chr1-21875541 ALPL 

alkaline phosphatase, 

liver/bone/kidney 68.43858 0.003048136 

chr12-54428544 HOXC4 homeobox C4 -70.1646 0.003048136 

chr17-75112449 SEC14L1 

SEC14-like 1 (S. cerevisiae); 

SEC14-like 1 pseudogene -55.19028 0.003048136 

chr20-22562585 FOXA2 forkhead box A2 -74.31288 0.003048136 

chr17-46629480 HOXB3 homeobox B3 67.2539 0.003352509 

chr17-9054773 NTN1 netrin 1 81.72508 0.003352509 

chr20-22562511 FOXA2 forkhead box A2 -78.6755 0.00431715 

chr8-41454062 AGPAT6 

1-acylglycerol-3-phosphate O-

acyltransferase 6 

(lysophosphatidic acid 85.91622 0.004677339 
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acyltransferase, zeta) 

chr1-201982462 ELF3 

E74-like factor 3 (ets domain 

transcription factor, epithelial-

specific ) -78.33404 0.005491125 

chr3-123006704 ADCY5 adenylate cyclase 5 63.3519 0.005613791 

chr12-65064712 RASSF3 

Ras association (RalGDS/AF-

6) domain family member 3 63.74586 0.005873741 

chr17-46671931 HOXB7 homeobox B7 76.75316 0.005873741 

chr17-46683048 HOXB7 homeobox B7 62.81628 0.005873741 

chr20-22562467 FOXA2 forkhead box A2 -65.65948 0.005873741 

chr4-111560759 PITX2 paired-like homeodomain 2 -67.97964 0.005873741 

chr8-99961645 OSR2 

odd-skipped related 2 

(Drosophila) -71.71648 0.005873741 

chr20-22562885 FOXA2 forkhead box A2 -66.1358 0.006426377 

chr12-54423547 HOXC4 homeobox C4 -60.96322 0.007053416 

chr1-3023978 PRDM16 PR domain containing 16 66.95796 0.007208823 

chr7-102718716 ARMC10 armadillo repeat containing 10 79.34828 0.007208823 

chr1-206595567 SRGAP2 

SLIT-ROBO Rho GTPase 

activating protein 2 70.90884 0.007496004 

chr17-9096120 NTN1 netrin 1 65.849 0.008096087 

chr8-123801802 ZHX2 zinc fingers and homeoboxes 2 85.13266 0.008096087 

chr19-46022568 VASP 

vasodilator-stimulated 

phosphoprotein 80.23486 0.008287636 

chr1-1218801 SCNN1D 

sodium channel, nonvoltage-

gated 1, delta 48.9701 0.011886165 

chr10-63852409 ARID5B 

AT rich interactive domain 5B 

(MRF1-like) 56.37224 0.012281356 

chr17-46654129 HOXB4 homeobox B4 82.07232 0.012281356 

chr13-99461626 DOCK9 dedicator of cytokinesis 9 22.2441 0.013171602 

chr12-54428644 HOXC4 homeobox C4 -80.64078 0.015139795 

chr1-158045068 KIRREL kin of IRRE like (Drosophila) 68.2305 0.016689954 

chr14-92342531 FBLN5 fibulin 5 79.7861 0.016932408 

chr16-2013144 RPS2 

ribosomal protein S2 

pseudogene 8; ribosomal 

protein S2 pseudogene 11 65.14832 0.016932408 

chr1-45002565 RNF220 ring finger protein 220 42.79432 0.017525011 

chr11-

126345345 KIRREL3 kin of IRRE like (Drosophila) 82.82752 0.017525011 

chr4-154143656 TRIM2 tripartite motif-containing 2 21.11232 0.017525011 
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chr5-134662970 C5orf66 

chromosome 5 open reading 

frame 66 -69.45856 0.017525011 

chr7-45148667 TBRG4 

transforming growth factor beta 

regulator 4 43.28968 0.017525011 

chr17-46641555 HOXB3 homeobox B3 78.9683 0.019383318 

chr12-54424689 HOXC4 homeobox C4 -56.98332 0.01946927 

chr13-21597264 LATS2 

LATS, large tumour 

suppressor, homolog 2 

(Drosophila) 78.17346 0.01946927 

chr1-45428463 EIF2B3 

eukaryotic translation initiation 

factor 2B, subunit 3 gamma, 

58kDa 64.1342 0.025136598 

chr17-77807502 CBX4 

chromobox homolog 4 (Pc 

class homolog, Drosophila) 45.12846 0.026487069 

chr3-41539951 ULK4 

unc-51-like kinase 4 (C. 

elegans) -80.80424 0.027042947 

chr21-43371580 C2CD2 

C2 calcium-dependent domain 

containing 2 22.36632 0.029436478 

chr2-169009305 STK39 

serine threonine kinase 39 

(STE20/SPS1 homolog, yeast) 76.97252 0.030127534 

chr10-86005070 RGR 

retinal G protein coupled 

receptor 79.64252 0.032571793 

chr11-93476463 C11orf54 

chromosome 11 open reading 

frame 54 50.5306 0.032571793 

chr8-124552247 FBXO32 F-box protein 32 67.4676 0.032571793 

chr17-46673605 HOXB6 homeobox B7 84.34082 0.036240058 

chr19-18812199 CRTC1 

CREB regulated transcription 

coactivator 1 77.80982 0.036240058 

chr11-45948422 GYLTL1B glycosyltransferase-like 1B 34.04874 0.036802373 

chr9-133463425 FUBP3 

far upstream element (FUSE) 

binding protein 3 16.12166 0.036802373 

chr9-137002691 WDR5 WD repeat domain 89 74.93544 0.03721202 

chr16-1014880 LMF1 lipase maturation factor 1 -81.56416 0.040550181 

chr17-46641618 HOXB3 homeobox B3 79.24532 0.040733787 

chr6-38141232 BTBD9 

BTB (POZ) domain containing 

9 59.0763 0.040733787 

chr9-124391593 DAB2IP DAB2 interacting protein 28.04236 0.042331969 

chr13-21597674 LATS2 

LATS, large tumour 

suppressor, homolog 2 76.966 0.043869031 
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(Drosophila) 

chr4-56844018 CEP135 centrosomal protein 135kDa 67.63848 0.045206593 

chr5-674159 TPPP 

tubulin polymerization 

promoting protein 73.68806 0.04571766 

chr7-47544612 TNS3 tensin 3 61.95122 0.04571766 

chr17-46639805 HOXB3 homeobox B3 46.71816 0.046413584 
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Table A.2: List of significantly (Benjamini-Hochberg adjusted P-value of 0.05) differentially 

methylated sites that map to candidate TSS peaks following deconvolution (±2kb) 

Abbreviations: DMS: Differentially methylated site; FDR: False discovery rate 

DMS 

Gene 

Symbol Description 

Δ 

Methylation FDR 

chr17-46683559 HOXB7 Homeobox B7 93.52100253 6.57E-05 

chr17-10599619 ADPRM 

Chromosome 17 open reading 

frame 48 86.21493743 0.000229108 

chr2-234744505 HJURP 

Holliday junction recognition 

protein 85.76337891 0.000484394 

chr3-72939150 GXYLT2 

Glycosyltransferase 8 domain 

containing 4 66.10503178 0.000484394 

chr11-65291123 SCYL1 SCY1-like 1 83.61163452 0.000531196 

chr2-220107913 GLB1L galactosidase, beta 1-like 56.1804732 0.001190667 

chr5-177030923 B4GALT7 

Xylosylprotein beta 1,4-

galactosyltransferase, 

polypeptide 7 

(galactosyltransferase I) 75.91434508 0.001210475 

chr9-136932026 BRD3 Bromodomain containing 3 70.45305191 0.001509666 

chr17-46646578 HOXB3 Homeobox B3 83.93496432 0.002113803 

chr10-

104171866 PSD 

Pleckstrin and Sec7 domain 

containing 26.90529422 0.003538874 

chr19-7572191 C19orf45 

Chromosome 19 open reading 

frame 45 62.20920987 0.003538874 

chr2-25043676 ADCY3 Adenylate cyclase 3 -84.1920362 0.003538874 

chr17-46669648 HOXB5 Homeobox B5 90.34355436 0.003600701 

chr19-4700754 DPP9 dipeptidyl-peptidase 9 -7.78983041 0.003600701 

chr1-39456839 AKIRIN1 Akirin 1 -31.85065894 0.006334537 

chr5-176814094 SLC34A1 

Solute carrier family 34 

(sodium phosphate), member 

1 63.53498622 0.006334537 

chr13-49855266 CDADC1 

Cytidine and dCMP 

deaminase domain containing 

1 65.20960071 0.006805817 

chr16-89918359 SPIRE2 Spire homolog 2 53.45081083 0.008945972 

chr10-3145147 PFKP phosphofructokinase, platelet 32.63645894 0.011169718 

chr1-85961663 DDAH1 

Dimethylarginine 

dimethylaminohydrolase 1 76.02198753 0.011505131 

chr17-46671825 HOXB6 Homeobox B6 85.75035153 0.01174338 
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chr7-136936462 PTN Pleiotrophin 11.1411315 0.01174338 

chr9-91605696 C9orf47 

Chromosome 9 open reading 

frame 47 -84.16621874 0.013541127 

chr21-45348801 AGPAT3 

1-acylglycerol-3-phosphate 

O-acyltransferase 3 -64.12086505 0.013937637 

chr16-88711930 CYBA 

Cytochrome b-245, alpha 

polypeptide 78.14746019 0.014328 

chr1-986865 AGRN Agrin 82.63942448 0.015547277 

chr11-47398369 SPI1 

Spleen focus forming virus 

(SFFV) proviral integration 

oncogene spi1 63.08794175 0.016091634 

chr4-151504713 MAB21L2 mab-21-like 2 33.06324162 0.016091634 

chr9-137686885 COL5A1 collagen, type V, alpha 1 50.01165882 0.016091634 

chr10-86005070 RGR 

Retinal G protein coupled 

receptor 81.91855932 0.016979544 

chr17-10297739 MYH8 

myosin, heavy chain 8, 

skeletal muscle, perinatal 8.64123246 0.016979544 

chr19-18811958 CRTC1 

CREB regulated transcription 

coactivator 1 84.86031074 0.016979544 

chr16-84538237 TLDC1 KIAA1609 -78.50589607 0.01962828 

chr10-20116237 PLXDC2 Plexin domain containing 2 71.33477744 0.020531906 

chr17-46699012 HOXB9 Homeobox B9 58.80739224 0.020531906 

chr13-99646771 DOCK9 Dedicator cytokinesis 9 74.98406121 0.020607555 

chr17-79011365 BAIAP2 BAI1-associated 47.28044576 0.021626437 

chr19-3852589 ZFR2 

Zinc finger RNA binding 

protein 2 9.183744856 0.022413521 

chr20-49358379 PARD6B 

par-6 partitioning defective 6 

homolog beta 67.60579809 0.022589121 

chr19-1047046 ABCA7 

ATP-binding cassette, 

subfamily A 72.34315091 0.02286362 

chr1-1564691 MIB2 Mindbomb homolog 2 48.74496588 0.022986014 

chr5-118609468 TNFAIP8 

Tumour necrosis factor, 

alpha-induced protein 8 44.77860378 0.022986014 

chr13-

114815149 RASA3 RAS p21 protein activator 3 61.99092056 0.0241429 

chr2-73440829 SMYD5 SMYD family member 3 71.15212761 0.0241429 

chr9-139913570 ABCA2 

ATP-binding cassette, 

subfamily A 30.14585623 0.0241429 

chr12-54408697 HOXC4 Homeobox C4 52.81794249 0.024241472 
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chr18-5393020 EPB41L3 

Erythrocyte membrane 

protein band 4.1-like 3 55.83446927 0.024734893 

chr1-214537831 PTPN14 

Protein tyrosine phosphatase, 

non-receptor type 14 68.05156248 0.024854891 

chr20-39690076 TOP1 Topoisomerase DNA 1 -56.62296435 0.024854891 

chr13-

111291771 CARS2 

cysteinyl-tRNA synthase 2, 

mitochondrial 15.34683238 0.025147653 

chr19-624629 POLRMT Polymerase mitochondrial 15.34683238 0.025147653 

chr20-43355953 WISP2 

WNT1 inducible signalling 

pathway protein 2 15.77936849 0.025147653 

chr17-40822762 PLEKHH3 

Pleckstrin homology domain 

containing, family H (with 

MyTH4 domain) member 3 14.93701197 0.025501327 

chr8-99961645 OSR2 odd-skipped related 2 -74.55163091 0.025501327 

chr9-140437676 PNPLA7 

patatin-like phospholipase 

domain containing 7 14.93701197 0.025501327 

chr11-64626436 EHD1 

EH-domain domain 

containing 1 77.70057242 0.02576828 

chr15-74702391 SEMA7A 

Semaphorin 7A, GPI 

membrane anchor (John 

Milton Hagen blood group) 27.61389093 0.02576828 

chr1-27676975 SYTL1 synaptotagmin-like 1 72.04507344 0.026094485 

chr12-

104912319 CHST11 

Carbohydrate (chondroitin 4) 

sulfotransferase 11 12.86839292 0.026326852 

chr19-13215408 TRMT1 

tRNA methyltransferase 1 

homolog (S. cerevisiae) 42.42727893 0.026326852 

chr19-1917398 SCAMP4 

Secretory carrier membrane 

protein 4 12.86839292 0.026326852 

chr22-32023065 PISD 

Phosphatidylserine 

decarboxylase 12.86839292 0.026326852 

chr3-51197989 DOCK3 Dedicator of cytokinesis 3 12.86839292 0.026326852 

chr13-23763037 SGCG 

sarcoglycan, gamma (35kDa 

dystrophin-associated 

glycoprotein) 12.57729241 0.026650248 

chr16-89603429 SPG7 

Spastic paraplegia 7 (pure and 

complicated autosomal 

recessive) 33.7307864 0.026650248 

chr19-19448091 MAU2 

MAU2 sister chromatid 

cohesion factor 12.29892514 0.026650248 
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chr19-3941100 NMRK2 

nicotinamide riboside kinase 

2 12.29892514 0.026650248 

chr6-36653135 CDKN1A 

cyclin-dependent kinase 

inhibitor 1A (p21, Cip1) -44.87352146 0.026650248 

chr8-8748228 MFHAS1 

Malignant fibrous 

histiocytoma amplified 

sequence 1 77.89112291 0.028895402 

chr11-2930595 SLC22A18 

Solute carrier family 22, 

member 18 41.36671173 0.02890092 

chr1-9099789 SLC2A5 

Solute carrier family 2 

(facilitated glucose/fructose 

transporter), member 5 -80.08318836 0.029121766 

chr17-9054734 NTN1 Netrin 1 68.6680883 0.029121766 

chr19-48220062 EHD2 EH-domain containing 2 74.39475528 0.029121766 

chr1-153607622 CHTOP 

Chromosome 1 open reading 

frame 77 70.48605484 0.029392332 

chr19-14199415 SAMD1 

Sterile alpha motif domain 

containing 1 10.64625822 0.029392332 

chr17-37760019 NEUROD2 Neurogenic differentiation 2 78.15622853 0.030129262 

chr4-169559776 PALLD 

palladin, cytoskeletal 

associated protein 53.87798147 0.032559264 

chr17-79972902 ASPSCR1 

Alveolar soft part sarcoma 

chromosome region, 

candidate 1 70.26267911 0.032602402 

chr9-131088069 COQ4 

Coenzyme Q4 homolog (S. 

cerevisiae) 30.06494874 0.032602402 

chr18-74768257 MBP Myelin basic protein 58.05201375 0.032909189 

chr13-

111158796 COL4A2 collagen, type IV, alpha 2 32.38115132 0.032959201 

chr10-

126092416 OAT 

Ornithine aminotransferase 

(gyrate atrophy) 29.42335573 0.03322897 

chr13-21597674 LATS2 

large tumour suppressor, 

homolog 2 (Drosophila) 75.08835236 0.033262593 

chr7-157868079 PTPRN2 

Protein tyrosine phosphatase, 

receptor type, N polypeptide 

2 60.56880533 0.033366403 

chr11-

108534770 DDX10 

DEAD (Asp-Glu-Ala-Asp) 

box polypeptide 10 38.83566679 0.033847633 

chr12- HIP1R Huntingtin interacting protein 31.47841261 0.033847633 
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123332756 1 related 

chr16-89688916 DPEP1 Dipeptidase 1 (renal) -63.56916819 0.033847633 

chr20-45311793 TP53RK TP53 regulating kinase 50.9086055 0.033859708 

chr4-1994045 NELFA 

negative elongation factor 

complex member A 48.98158659 0.033859708 

chr3-195610807 TNK2 

Tyrosine, kinase, non-

receptor, 2 8.785118527 0.034640216 

chr17-59534790 TBX4 T-box 4 53.16829045 0.034852355 

chr5-138091714 CTNNA1 

Catenin (cadherin-associated 

protein), alpha 1, 102kDa 57.59418489 0.035211646 

chr19-16236332 RAB8A 

RAB8A, member RAS 

oncogene family 31.86761539 0.035262666 

chr19-1090268 POLR2E 

Polymerase (RNA) II (DNA 

directed) polypeptide E, 

25kDa 8.514052116 0.035434738 

chr15-25457073 

SNORD115-

23 

Small nucleolar RNA, C/D 

box 115-8 -19.4702843 0.035756032 

chr17-46654203 HOXB4 Homeobox B4 81.14881939 0.035983167 

chr9-140451013 DPH7 diphtamide biosynthesis 7 33.30771836 0.036032827 

chr16-84128866 MBTPS1 

membrane-bound 

transcription factor peptidase, 

site 1 53.25826872 0.036458475 

chr9-140329901 ENTPD8 

Ectonucleoside triphosphate 

diphosphohydrolase 8 34.0138757 0.036458475 

chr7-98603542 TRRAP 

transformation/transcription 

domain-associated protein 8.137287528 0.03703765 

chr12-50586046 LIMA1 

LIM domain and actin 

binding 1 51.7665243 0.037175686 

chr7-2945904 CARD11 

Caspase recruitment domain 

family, member 11 25.63771292 0.037175686 

chr19-1944237 CSNK1G2 Casein kinase 1, gamma 2 8.018944103 0.037344383 

chr4-185940662 HELT 

HES/HEY-like transcription 

factor 63.14483779 0.038236469 

chr19-54376289 MYADM 

myeloid-associated 

differentiation marker 35.18278955 0.040552498 

chr14-95725528 CLMN 

Calmin (calponin-like, 

transmembrane) -83.27642574 0.040626842 

chr17-1871322 RTN4RL1 Reticulon 4 receptor-like 1 -32.02094124 0.041211354 

chr2-71134201 VAX2 Ventral anterior homeobox 2 56.61766634 0.042859605 
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chr19-50058983 NOSIP 

Nitric oxide synthase 

interacting protein 40.61500496 0.043125258 

chr12-54428544 HOXC5 Homeobox C5 -71.89992964 0.043214188 

chr19-19231992 TMEM161A Transmembrane protein 161A 44.78022686 0.043214188 

chr22-19938993 COMT catechol-O-methyltransferase 24.50358727 0.043214188 

chr6-30568626 PPP1R10 

Protein phosphatase 1, 

regulatory (inhibitor) subunit 

10 7.090344389 0.043214188 

chr7-959097 ADAP1 

ArfGAP with dual pH 

domains 1 30.46869063 0.043214188 

chr5-134780086 C5orf20 

TRAF-interacting protein 

with forkhead-associated 

domain, family member B; 

chromosome 5 79.33550982 0.04363108 

chr17-17627987 RAI1 Retinoic acid induced I 57.42246701 0.045650263 

chrX-148793707 MAGEA11 

Melanoma antigen family A, 

11 59.95812524 0.045650263 

chr12-2340983 CACNA1C 

Hypothetical protein 

LOC100131098; calcium 

channel, voltage-dependent, L 

type, alpha 1C 71.49781249 0.047113237 

chr20-22562511 FOXA2 Forkhead A2 -67.53913942 0.048195907 

chr17-7811302 CHD3 

Chromodomain helicase DNA 

binding protein 3 6.4280302 0.049139859 

chr4-955146 DGKQ 

Diacylglycerol kinase, theta 

110kDa 69.4974036 0.049139859 

chr5-178579253 ADAMTS2 

ADAM metallopeptidase with 

thrombospondin type 1 motif, 

2 57.16641505 0.049139859 

chr7-47408209 TNS3 Tensin 3 6.4280302 0.049139859 

chr18-77918406 PARD6G 

par-6 partitioning defective 6 

homolog gamma (C. elegans) 30.08092496 0.049306346 
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Table A.3: List of adapters and primers used during HELP-tagging library preparation 

Name Sequence (5’-3’) 

AE 5’-AcagtaatacgactcactatagggagaaggctCAAGCAGAAGACGGCATACGACAGCAG 

(AE_1) 

5’-p-CGCTGCTGTCGTATGCCGTCTTCTGCTTGagccttctccctatagtgagtcgtattactg*T 

(*T=Inverted-dT) (AE_2_Int_dT) 

 

AS1 HT Adapter F 5’- ACACTCTTTCCCTACACGACGCTCTTCCGATCTTATGACG*T 

HT Adapter R 5’- pCGTCATAAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT 

 

AS2 HT Adapter F 5’- ACACTCTTTCCCTACACGACGCTCTTCCGATCTACATCTC*T 

HT Adapter R 5’- pGAGATGTAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT 

 

AS3 HT Adapter F 5’- ACACTCTTTCCCTACACGACGCTCTTCCGATCTCGGTACA*T 

HT Adapter R 5’- pTGTACCGAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT 

 

AS4 HT Adapter F 5’- ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTCATGA*T 

HT Adapter R 5’- pTCATGACAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT 

 

PS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

GATCT 

 

PE CAAGCAGAAGACGGCATACGACAGCAG 
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Appendix B: Supplementary material for Chapter 4 

 
Figure B.1: Identification of outlier in sample groups 

DNA methylation values of CCGG sites using a colour scale from red (high DNA methylation) to 

yellow (low DNA methylation). Columns represent samples and rows represent all differentially 

methylated CCGG sites (n=13 pairs). At each CCGG site, the DNA methylation pattern of the third 

sample in each group has a unique pattern of DNA methylation relative to its grouped counterparts. 

This evidence suggests that this pair of samples may have been mislabelled, and was therefore 

excluded from any further analysis. 
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Table B.1: Clinical characteristics of UC patients 

Characteristics (n=22) 

Age  

<40 11 

40-60 7 

>60 4 

Sex  

Male 11 

Female 11 

Duration of Colitis (years)  

<5 7 

5-10 7 

10-20 5 

>20 3 

Severity (UCDAI Scoring)  

<5 11 

5-10 9 

>10 2 

Smoking History  

Non-smoker 16 

Ex-smoker 6 

Current smoker 0 
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Table B.2: List of significantly (Benjamini-Hochberg adjusted P-value cutoff of 0.2) differentially 

methylated sties mapping to protein-coding genes 

Abbreviations: DMS: Differentially methylated site; FDR: False discovery rate 

DMS 

Gene 

Symbol Description 

Δ 

Methylation FDR 

chr17-46683559 HOXB7 homeobox B7 84.62609717 2.45E-10 

chr8-41454062 AGPAT6 

1-acylglycerol-3-phosphate O-

acyltransferase 6 83.19374239 1.78E-07 

chr17-46685296 HOXB7 homeobox B7 75.16758569 7.28E-06 

chr20-22563052 FOXA2 forkhead box A2 -61.61847658 7.28E-06 

chr13-21597674 LATS2 

large tumour suppressor 

kinase 2 76.10060414 2.14E-05 

chr12-3538915 PRMT8 

protein arginine 

methyltransferase 8 76.07840904 3.62E-05 

chr13-36349604 DCLK1 doublecortin-like kinase 1 68.01982034 3.62E-05 

chr17-46648208 HOXB3 homeobox B3 67.01078277 3.93E-05 

chr20-22561829 FOXA2 forkhead box A2 -68.45104479 4.08E-05 

chr19-18812199 CRTC1 

CREB regulated transcription 

coactivator 1 66.41818218 9.44E-05 

chr20-22562626 FOXA2 forkhead box A2 -66.19105537 9.44E-05 

chr12-54424689 HOXC4 homeobox C4 -53.43577418 9.53E-05 

chr3-25469915 RARB retinoic acid receptor, beta 67.36951573 0.000201385 

chr17-43545384 PLEKHM1 

pleckstrin homology domain 

containing, family M (with 

RUN domain) member 1 51.19879681 0.000209036 

chr20-22562885 FOXA2 forkhead box A2 -60.76359679 0.000287983 

chr12-1685474 FBXL14 

F-box and leucine-rich repeat 

protein 14 -68.6901308 0.000403592 

chr12-54428544 HOXC4 homeobox C4 -55.72622506 0.000536599 

chr2-169037809 STK39 serine threonine kinase 39 70.26104532 0.000536599 

chr12-54423547 HOXC4 homeobox C4 -65.07684744 0.00059452 

chr12-112845949 RPL6 ribosomal protein L6 56.02219822 0.000702868 

chr12-65230328 TBC1D30 

TBC1 domain family, member 

30 51.80592502 0.000745944 

chr20-22563181 FOXA2 forkhead box A2 -62.79724839 0.000957054 

chr20-22562585 FOXA2 forkhead box A2 -61.39312528 0.001049545 

chr3-72939150 GXYLT2 glucoside xylosyltransferase 2 65.35417712 0.001169168 
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chr20-34147309 FER1L4 

fer-1-like 4 (C. elegans) 

pseudogene 58.33701163 0.001579846 

chr12-54428644 HOXC4 homeobox C4 -71.91618263 0.001873619 

chr2-95941784 PROM2 prominin 2 55.53429573 0.001873619 

chr12-54428892 HOXC4 homeobox C4 -54.97076178 0.00190397 

chr17-46683018 HOXB6 homeobox B6 65.86244526 0.002011668 

chr17-77948915 TBC1D16 

TBC1 domain family, member 

16 62.67074658 0.002175186 

chr4-6578275 MAN2B2 

mannosidase, alpha, class 2B, 

member 2 50.73966904 0.002340171 

chr22-50001750 C22orf34 

chromosome 22 open reading 

frame 34 56.55704391 0.002422581 

chr12-54423460 HOXC4 homeobox C4 -60.58603219 0.003735155 

chr1-62665233 L1TD1 

LINE-1 type transposase 

domain containing 1 48.79056809 0.003962449 

chr19-38974156 RYR1 ryanodine receptor 1 (skeletal) 43.9048365 0.003962449 

chr17-46671931 HOXB5 homeobox B5 55.58639641 0.004275325 

chr1-148931785 NBPF25P 

neuroblastoma breakpoint 

family, member 25, 

pseudogene 57.45868987 0.004316998 

chr17-46674011 HOXB6 homeobox B6 61.51631107 0.00460977 

chr7-157466522 PTPRN2 

protein tyrosine phosphatase, 

receptor type, N polypeptide 2 54.52747237 0.004946909 

chr1-148931707 NBPF25P 

neuroblastoma breakpoint 

family, member 25, 

pseudogene 54.40642261 0.005523152 

chr12-54428601 HOXC4 homeobox C4 -62.26300156 0.005523152 

chr16-89688808 DPEP1 dipeptidase 1 (renal) -66.82197118 0.005523152 

chr19-942009 ARID3A 

AT rich interactive domain 3A 

(BRIGHT-like) 46.38917836 0.007232486 

chr2-242585279 ATG4B 

autophagy related 4B, cysteine 

peptidase -64.68684747 0.007300708 

chr11-130040038 ST14 

suppression of tumorigenicity 

14 (colon carcinoma) 55.85673776 0.008269911 

chr2-31187370 GALNT14 

polypeptide N-

acetylgalactosaminyltransferas

e 14 51.08535426 0.008729735 

chr5-134662803 C5orf66 

chromosome 5 open reading 

frame 66 -61.4891363 0.009855734 
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chr15-99396622 IGF1R 

insulin-like growth factor 1 

receptor -48.08376981 0.010145656 

chr6-38141173 BTBD9 

BTB (POZ) domain 

containing 9 56.25502824 0.010145656 

chr20-22562467 FOXA2 forkhead box A2 -63.02988159 0.010785706 

chr7-47575652 TNS3 tensin 3 43.71764706 0.013170193 

chr8-99961809 OSR2 

odd-skipped related 

transcription factor 2 -55.38446941 0.013170193 

chr11-126345292 KIRREL3 

kin of IRRE like 3 

(Drosophila) 59.36632213 0.013535919 

chr12-54428668 HOXC4 homeobox C4 -60.96977281 0.013669362 

chr20-34147353 FER1L4 

fer-1-like 4 (C. elegans) 

pseudogene 52.26045323 0.014286322 

chr10-86005070 RGR 

retinal G protein coupled 

receptor 65.31328225 0.014380736 

chr16-82186159 MPHOSPH6 M-phase phosphoprotein 6 -48.83511845 0.014380736 

chr17-46654203 HOXB4 homeobox B4 49.25595381 0.014380736 

chr20-31054303 NOL4L nucleolar protein 4-like 49.25224508 0.014456553 

chr15-92648224 SLCO3A1 

solute carrier organic anion 

transporter family, member 

3A1 53.99247132 0.014845142 

chr20-31097646 NOL4L nucleolar protein 4-like -32.68811969 0.015295196 

chr17-46648003 HOXB3 homeobox B3 61.75373915 0.015620045 

chr4-41158891 APBB2 

amyloid beta (A4) precursor 

protein-binding, family B, 

member 2 71.22287918 0.017217784 

chr19-46274874 DMPK 

dystrophia myotonica-protein 

kinase 59.44635859 0.017703077 

chr20-22563028 FOXA2 forkhead box A2 -49.95765492 0.017722042 

chr11-126301918 KIRREL3 

kin of IRRE like 3 

(Drosophila) -47.44551296 0.018426331 

chr10-121053467 GRK5 

G protein-coupled receptor 

kinase 5 46.11247144 0.01965807 

chr12-54440943 HOXC4 homeobox C4 -56.10453701 0.01965807 

chr16-85063639 KIAA0513 KIAA0513 ortholog -49.52702344 0.020491135 

chr4-1994045 NELFA 

negative elongation factor 

complex member A 42.53896942 0.021151859 

chr20-57616490 SLMO2 

slowmo homolog 2 

(Drosophila) 55.87378479 0.024184192 
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chr1-7517966 CAMTA1 

calmodulin binding 

transcription activator 1 46.12335191 0.024324575 

chr5-134663022 C5orf66 

chromosome 5 open reading 

frame 66 -53.81029978 0.024488347 

chr12-124959479 NCOR2 nuclear receptor corepressor 2 54.70868592 0.025526604 

chr10-131752870 EBF3 early B-cell factor 3 44.38605025 0.026470233 

chr8-56083387 XKR4 

XK, Kell blood group 

complex subunit-related 

family, member 4 55.27445452 0.026470233 

chr10-7251731 SFMBT2 

Scm-like with four mbt 

domains 2 58.14481209 0.026995683 

chr17-46683607 HOXB7 homeobox B7 54.1100473 0.026995683 

chr2-71838073 DYSF dysferlin -44.91410911 0.027777312 

chr17-46646578 HOXB3 homeobox B3 59.19011489 0.028259131 

chr20-61867695 BIRC7 

baculoviral IAP repeat 

containing 7 38.24311188 0.028259131 

chr4-8436249 ACOX3 

acyl-CoA oxidase 3, 

pristanoyl 46.17589692 0.030198206 

chr4-184828474 STOX2 storkhead box 2 -46.0045304 0.03148721 

chr4-24975812 CCDC149 

coiled-coil domain containing 

149 -43.03783471 0.03148721 

chr7-157794520 PTPRN2 

protein tyrosine phosphatase, 

receptor type, N polypeptide 2 58.1841731 0.03148721 

chr10-105597741 SH3PXD2A SH3 and PX domains 2A -29.27464498 0.03487875 

chr16-72981760 ZFHX3 zinc finger homeobox 3 59.41059305 0.03487875 

chr4-1801184 FGFR3 

fibroblast growth factor 

receptor 3 48.066306 0.03487875 

chr6-111983139 FYN 

FYN oncogene related to 

SRC, FGR, YES 20.94680697 0.03487875 

chr9-279012 DOCK8 dedicator of cytokinesis 8 -58.8585183 0.03487875 

chr13-100511638 CLYBL citrate lyase beta like 46.07099994 0.034952503 

chr12-5604367 NTF3 neurotrophin 3 -49.23152133 0.036133471 

chr12-54424932 HOXC4 homeobox C4 -58.48225443 0.036861493 

chrX-152710726 TREX2 

three prime repair exonuclease 

2 51.77806795 0.037115174 

chr19-40730672 CNTD2 

cyclin N-terminal domain 

containing 2 55.95534076 0.037775078 

chr8-376196 FBXO25 F-box protein 25 -45.55559591 0.038058535 

chr2-20648535 RHOB  ras homolog family member 39.83210147 0.039985426 
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B 

chr22-28193259 MN1 

meningioma (disrupted in 

balanced translocation) 1 52.2268038 0.040147108 

chr17-46673605 HOXB6 homeobox B6 59.31371785 0.040288154 

chr17-46670094 HOXB5 homeobox B5 53.0060269 0.041816188 

chr17-46646044 HOXB3 homeobox B3 53.32277569 0.043836418 

chr21-36398974 RUNX1 

runt-related transcription 

factor 1 -50.15303602 0.044774587 

chr13-21597264 LATS2 

large tumour suppressor 

kinase 2 60.20031664 0.048157414 

chr8-99960065 OSR2 

odd-skipped related 

transcription factor 2 -48.14700999 0.048465845 

chr14-73712379 PAPLN 

papilin, proteoglycan-like 

sulfated glycoprotein 44.99926916 0.049848118 

chr16-87900895 SLC7A5 

solute carrier family 7 

(cationic amino acid 

transporter, y+ system), 

member 5 38.90518351 0.049848118 

chr18-45586009 ZBTB7C 

zinc finger and BTB domain 

containing 7C 52.27823473 0.049848118 

chr10-102570666 PAX2 paired box 2 41.6883776 0.050566445 

chr14-103291481 TRAF3 

TNF receptor-associated 

factor 3 53.77036139 0.050566445 

chr8-13325938 DLC1 deleted in liver cancer 1 -64.08932729 0.053740188 

chr8-98862180 LAPTM4B 

lysosomal protein 

transmembrane 4 beta 52.25816614 0.053740188 

chr12-54425323 HOXC4 homeobox C4 -57.08193391 0.05446436 

chr2-235886126 SH3BP4 SH3-domain binding protein 4 54.48454829 0.05446436 

chr17-46672209 HOXB6 homeobox B6 59.47033431 0.055281525 

chr4-6578378 MAN2B2 

mannosidase, alpha, class 2B, 

member 2 54.01443897 0.055439078 

chr12-125900209 TMEM132B 

transmembrane protein 132B; 

hypothetical LOC121296 40.88448961 0.056733306 

chr14-101365077 MEG8 maternally expressed 8 48.35093504 0.056733306 

chr11-126322217 KIRREL3 

kin of IRRE like 3 

(Drosophila) 50.39656783 0.057714666 

chr8-144132603 C8orf31 

chromosome 8 open reading 

frame 31 -32.02052411 0.057797558 

chr17-46669859 HOXB5 homeobox B5 48.9420761 0.057845718 
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chr18-8813247 MTCL1 

microtubule crosslinking 

factor 1 46.24697198 0.058677804 

chr22-28193911 MN1 

meningioma (disrupted in 

balanced translocation) 1 43.1152554 0.058677804 

chr20-22562795 FOXA2 forkhead box A2 -55.2629058 0.058748934 

chr17-46672379 HOXB6 homeobox B6 37.92202128 0.059719627 

chr17-46669811 HOXB5 homeobox B5 56.57923043 0.062007652 

chr1-47694810 TAL1 

T-cell acute lymphocytic 

leukemia 1 -33.82809455 0.062412909 

chr9-126787440 LHX2 LIM homeobox 2 51.74227317 0.06528648 

chr16-774464 CCDC78 

coiled-coil domain containing 

78 50.23113085 0.067168718 

chr20-13277038 ISM1 isthmin 1 homolog 43.52018316 0.068080404 

chr3-171844747 FNDC3B 

fibronectin type III domain 

containing 3B 44.78972398 0.068340795 

chr12-54454268 FLJ12825 uncharacterised LOC4401001 -52.81900077 0.068403797 

chr10-134589868 INPP5A 

inositol polyphosphate-5-

phosphatase, 40kDa 45.79092926 0.068657142 

chr1-203737806 LAX1 

lymphocyte transmembrane 

adaptor 1 54.17493731 0.069331983 

chr12-54424612 HOXC4 homeobox C4 -48.56093893 0.070165337 

chr8-99962167 OSR2 

odd-skipped related 

transcription factor 2 -47.11135362 0.070165337 

chr13-114814192 RASA3 RAS p21 protein activator 3 38.67094158 0.073983016 

chr7-73708224 CLIP2 

CAP-GLY domain containing 

linker protein 2 39.7521907 0.076412069 

chr8-67835854 SNHG6 

small nucleolar RNA host 

gene 6 43.54388622 0.076412069 

chr16-1249749 CACNA1H 

calcium channel, voltage-

dependent, T type, alpha 1H 

subunit 43.54813637 0.078917291 

chr1-246324572 SMYD3 

SET and MYND domain 

containing 3 52.51306976 0.079261094 

chr19-18811958 CRTC1 

CREB regulated transcription 

coactivator 1 54.67700945 0.081759415 

chr12-54441280 HOXC4 homeobox C4 -65.18639716 0.08577109 

chr6-160511038 IGF2R 

insulin-like growth factor 2 

receptor 40.14529196 0.086205771 

chr4-13542884 NKX3-2 NK3 homeobox 2 57.55798817 0.088515052 
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chr20-22562765 FOXA2 forkhead box A2 -61.0718343 0.088843008 

chr3-72948826 GXYLT2 glucoside xylosyltransferase 2 -56.65918372 0.088843008 

chr5-134662970 C5orf66 

chromosome 5 open reading 

frame 66 -49.16437984 0.092943763 

chr19-2716283 DIRAS1 

DIRAS family, GTP-binding 

RAS-like 1 33.10886211 0.093550807 

chr2-121106693 INHBB inhibin, beta B 34.74065 0.094055153 

chr3-50319579 LSMEM2 

leucine rich single pass 

membrane protein 2 34.74064956 0.094055153 

chr4-159754672 FNIP2 folliculin interacting protein 2 -44.63151678 0.094055153 

chr7-5635897 FSCN1 

fascin homolog 1, actin-

bundling protein -44.24114794 0.09424489 

chr11-126345245 KIRREL3 

kin of IRRE like 3 

(Drosophila) 53.50480607 0.100990175 

chr2-152829919 CACNB4 

calcium channel, voltage-

dependent, beta 4 subunit 45.96419993 0.102755852 

chr2-1637565 PXDN 

peroxidasin homolog 

(Drosophila) 51.32799084 0.102884331 

chr3-46481904 LTF lactotransferrin -39.10956214 0.102884331 

chr11-36132228 LDLRAD3 

low density lipoprotein 

receptor class A domain 

containing 3 48.1099656 0.103524083 

chr15-61018352 RORA 

RAR-related orphan receptor 

A 55.68207874 0.103705599 

chr1-9099850 SLC2A5 

solute carrier family 2 

(facilitated glucose/fructose 

transporter), member 5 -55.11860936 0.104285117 

chr10-86005238 RGR 

retinal G protein coupled 

receptor 42.19079474 0.104842784 

chr13-20989667 CRYL1 crystallin, lambda 1 -52.51261386 0.10513335 

chr11-62638650 SLC3A2 

solute carrier family 3 

(activators of dibasic and 

neutral amino acid transport), 

member 2 31.52803414 0.107636145 

chr22-41075645 MCHR1 

melanin-concentrating 

hormone receptor 1 -40.18098052 0.108161774 

chr7-30699747 CRHR2 

corticotropin releasing 

hormone receptor 2 27.48953963 0.108161774 

chr1-6336515 ACOT7 acyl-CoA thioesterase 7 -47.29978574 0.108353456 
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chr8-74376351 STAU2 

staufen, RNA binding protein, 

homolog 2 43.04776815 0.109951836 

chr3-128199762 GATA2 GATA binding protein 2 48.39771788 0.110171566 

chr12-54441415 HOXC4 homeobox C4 -52.76241607 0.110303096 

chr7-45146901 TBRG4 

transforming growth factor 

beta regulator 4 36.56005236 0.110303096 

chr12-54447039 HOXC4 homeobox C4 -50.11452583 0.111036454 

chr2-169037753 STK39 serine threonine kinase 39 57.99432688 0.111036454 

chr2-77620704 LRRTM4 

leucine rich repeat 

transmembrane neuronal 4 -44.29638235 0.112991083 

chr3-126467663 CHCHD6 

coiled-coil-helix-coiled-coil-

helix domain containing 6 38.33546182 0.113215896 

chr11-44922853 TSPAN18 tetraspanin 18 28.25133015 0.11446997 

chr7-47528808 TNS3 tensin 3 48.49229769 0.114598057 

chr8-99961645 OSR2 

odd-skipped related 

transcription factor 2 -46.48539969 0.115075893 

chr5-92924000 MIR548AO microRNA 548AO 21.18993145 0.115121578 

chr20-61471911 COL9A3 collagen, type IX, alpha 3 -44.30269566 0.116800473 

chr7-21587056 DNAH11 

dynein, axonemal, heavy 

chain 11 -31.81543476 0.118429383 

chr17-46669720 HOXB5 homeobox B5 22.19809798 0.118981641 

chr11-60776210 CD6 CD6 molecule 51.39671897 0.11944503 

chr2-28534673 BRE 

brain and reproductive organ-

expressed (TNFRSF1A 

modulator) 47.25100936 0.120132908 

chr1-12713497 AADACL4 

arylacetamide deacetylase-like 

4 43.62154008 0.120747099 

chr8-3965219 CSMD1 

CUB and Sushi multiple 

domains 1 47.37440759 0.120747099 

chr13-33926812 STARD13 

StAR-related lipid transfer 

(START) domain containing 

13 42.01573154 0.121193955 

chr13-99646771 DOCK9 dedicator of cytokinesis 9 44.96150983 0.122542448 

chr12-121438628 HNF1A HNF1 homeobox A 36.71357475 0.123696016 

chr21-37915355 CLDN14 claudin 14 36.09275826 0.123696016 

chr17-46641902 HOXB3 homeobox B3 53.94919503 0.123866037 

chr12-54423616 HOXC4 homeobox C4 -53.35027136 0.12386958 

chr22-49115657 FAM19A5 

family with sequence 

similarity 19  -51.98595607 0.124172221 
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chr11-126360720 KIRREL3 

kin of IRRE like 3 

(Drosophila) 32.77754026 0.127474464 

chr13-114814091 RASA3 RAS p21 protein activator 3 50.55007509 0.127751985 

chr5-49716426 EMB embigin homolog (mouse) -45.80420569 0.127943077 

chr20-61471704 COL9A3 collagen, type IX, alpha 3 -49.76223022 0.128802549 

chr20-61516180 DIDO1 death inducer-obliterator 1 47.59912698 0.128802549 

chr3-46926573 PTH1R 

parathyroid hormone 1 

receptor -41.7418931 0.128802549 

chr12-131524617 ADGRD1 

adhesion G protein coupled 

receptor D1 -38.41106736 0.130327442 

chr15-29247208 APBA2 

amyloid beta (A4) precursor 

protein-binding, family A, 

member 2 -41.44675726 0.130327442 

chr12-54447386 HOXC4 homeobox C4 -38.03070959 0.134526374 

chr5-134662889 C5orf66 

chromosome 5 open reading 

frame 66 -52.24257207 0.134526374 

chr7-5635954 FSCN1 

fascin homolog 1, actin-

bundling protein -52.49016818 0.134526374 

chr2-173309990 ITGA6 integrin, alpha 6 39.35529033 0.136000909 

chr6-40501676 LRFN2 

leucine rich repeat and 

fibronectin type III domain 

containing 2 46.89631166 0.137408352 

chr17-46654113 HOXB4 homeobox B4 44.07132682 0.138722789 

chr17-63533705 AXIN2 axin 2 48.23918107 0.139582286 

chr3-140808102 SPSB4 

splA/ryanodine receptor 

domain and SOCS box 

containing 4 49.03775536 0.139585324 

chr11-60775930 CD6 CD6 molecule 50.25401986 0.14084099 

chr6-101847583 GRIK2 

glutamate receptor, ionotropic, 

kainate 2 -54.43715793 0.14095978 

chr7-47544612 TNS3 tensin 3 45.26224716 0.141868626 

chr9-78557024 PCSK5 

proprotein convertase 

subtilisin/kexin type 5 48.94557581 0.141868626 

chr11-117711864 FXYD6 

FXYD domain containing ion 

transport regulator 6 -29.62549456 0.142463163 

chr12-54428396 HOXC4 homeobox C4 -47.96597704 0.142463163 

chr13-36318932 MIR548F5 microRNA 548F-5 -54.3958633 0.142483904 

chr4-153869101 FHDC1 FH2 domain containing 1 42.89715755 0.142819626 

chr11-118007617 SCN4B sodium channel, voltage- 34.69648095 0.143067026 
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gated, type IV, beta 

chr11-69963270 ANO1 

anoctamin 1, calcium 

activated chloride channel 48.61796742 0.143067026 

chr11-75036971 ARRB1 arrestin, beta 1 -35.87820613 0.143067026 

chr6-41516397 FOXP4 forkhead box P4 -39.56459341 0.143067026 

chr1-64538370 ROR1 

receptor tyrosine kinase-like 

orphan receptor 1 -27.76539519 0.143565746 

chr4-99943614 METAP1 methionyl aminopeptidase 1 41.82202172 0.143565746 

chr16-89862748 FANCA 

Fanconi anemia, 

complementation group A 45.50718606 0.143721619 

chr1-3511475 MEGF6 multiple EGF-like-domains 6 40.45108876 0.144917381 

chr13-53282662 LECT1 

leukocyte cell derived 

chemotaxin 1 48.9410434 0.146001437 

chr7-4751985 FOXK1 forkhead box K1 -40.85113549 0.146001437 

chr4-95841626 BMPR1B 

bone morphogenetic protein 

receptor, type IB 41.63507906 0.147548343 

chr17-46651361 HOXB3 homeobox B3 59.02122414 0.148051962 

chr12-54441988 HOXC4 homeobox C4 -50.47003648 0.151540502 

chr19-39651238 PAK4 

p21 protein (Cdc42/Rac)-

activated kinase 4 -41.99808222 0.151540502 

chr19-43858215 CD177 CD177 molecule -52.87138036 0.151540502 

chr21-47420478 COL6A1 collagen, type VI, alpha 1 40.20321568 0.151669233 

chr7-97792925 LMTK2 lemur tyrosine kinase 2 -28.87312048 0.151669233 

chr5-162931219 MAT2B 

methionine 

adenosyltransferase II, beta -49.26517518 0.153204861 

chr12-72089492 TMEM19 transmembrane protein 19 41.45144347 0.15397301 

chr17-71596934 SDK2 sidekick homolog 2 (chicken) -39.79524153 0.15397301 

chr4-40202434 RHOH 

ras homolog gene family, 

member H -59.26259234 0.15529896 

chr3-12867119 CAND2 

cullin-associated and 

neddylation-dissociated 2 40.32422861 0.156298318 

chr3-182983337 B3GNT5 

UDP-GlcNAc:betaGal beta-

1,3-N-

acetylglucosaminyltransferase 

5 54.14077054 0.157658925 

chr20-60308501 CDH4 

cadherin 4, type 1, R-cadherin 

(retinal) 40.77091065 0.159040201 

chr3-18444127 SATB1 SATB homeobox 1  0.159040201 

chr2-169037364 STK39 serine threonine kinase 39 53.70463443 0.160190459 
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chr11-47711711 AGBL2 

ATP/GTP binding protein-like 

2 34.87765914 0.164160482 

chr11-119180123 MCAM 

melanoma cell adhesion 

molecule 48.81768344 0.164940401 

chr11-126345345 KIRREL3 

kin of IRRE like 3 

(Drosophila) 56.53550602 0.165230457 

chr11-76863615 MYO7A myosin VIIA -39.83272666 0.165230457 

chr11-76866082 MYO7A myosin VIIA -39.83272666 0.165230457 

chr13-27706215 USP12 ubiquitin specific peptidase 12 46.3182631 0.165230457 

chr14-95939041 SYNE3 

spectrin repeat containing 

nuclear envelope family 

member 3 35.38628403 0.165230457 

chr18-77743568 TXNL4A thioredoxin-like 4A 32.93746366 0.165230457 

chr22-31032999 SLC35E4 

solute carrier family 35, 

member E4 49.92406921 0.165230457 

chr5-151774003 NMUR2 neuromedin U receptor 2 -50.08971622 0.165230457 

chr7-42267804 GLI3 GLI family zinc finger 3 -52.92753788 0.165230457 

chr7-47575417 TNS3 tensin 3 53.67682924 0.165230457 

chr1-46650192 TSPAN1 tetraspanin 1 49.7722782 0.167077134 

chr18-77225622 NFATC1 

nuclear factor of activated T-

cells, cytoplasmic, 

calcineurin-dependent 1 -34.79080974 0.167077134 

chr17-46670995 HOXB5 homeobox B5 44.93806256 0.168400237 

chr11-68089021 LRP5 

low density lipoprotein 

receptor-related protein 5 43.06372497 0.17135182 

chr2-235961573 SH3BP4 SH3-domain binding protein 4 37.78393636 0.17135182 

chr3-7555812 GRM7 

glutamate receptor, 

metabotropic 7 33.4208833 0.171593976 

chr4-53886308 SCFD2 

sec1 family domain containing 

2 -32.35154404 0.171593976 

chr16-69107496 TANGO6 

transport and gogi 

organisation 6 homolog 

(Drosophila) 45.10691793 0.172094399 

chr8-7306344 SPAG11B 

sperm associated antigen 11A; 

sperm associated antigen 11B -29.77424794 0.172388783 

chr16-28395371 EIF3C 

eukaryotic translation 

initiation factor 3, subunit C -36.51829836 0.176080002 

chr16-28742582 EIF3C 

eukaryotic translation 

initiation factor 3, subunit C -36.51829836 0.176080002 
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chr17-73749812 ITGB4 integrin, beta 4 -28.47441186 0.176080002 

chr2-226331999 NYAP2 

Neuronal tyrosine 

phosphoinositide 3 kinase 

adaptor 2 45.25555027 0.176080002 

chr22-49928275 C22orf34 

chromosome 22 open reading 

frame 34 -41.41788095 0.176080002 

chr17-1843224 RTN4RL1 reticulon 4 receptor-like 1 -36.33149834 0.177666289 

chr10-18763202 CACNB2 

calcium channel, voltage-

dependent, beta 2 subunit 55.32711206 0.178124476 

chr11-63531138 C11orf95 

chromosome 11 open reading 

frame 95 58.66431167 0.178166434 

chr14-73712896 PAPLN 

papilin, proteoglycan-like 

sulfated glycoprotein 44.42101005 0.178166434 

chr17-46669789 HOXB5 homeobox B5 57.82050748 0.178166434 

chr3-160474510 PPM1L 

protein phosphatase 1 

(formerly 2C)-like -27.91103189 0.178166434 

chr11-126345532 KIRREL3 

kin of IRRE like 3 

(Drosophila) 56.21743746 0.178563007 

chr11-2715049 KCNQ1 

potassium voltage-gated 

channel, KQT-like subfamily, 

member 1 -26.66255517 0.178563007 

chr11-33892049 LMO2 

LIM domain only 2 

(rhombotin-like 1) 44.35826345 0.178563007 

chr14-103522504 CDC42BPB 

CDC42 binding protein kinase 

beta (DMPK-like) 47.69346925 0.178563007 

chr18-11071808 PIEZO2 

piezo type mechanosensitive 

ion channel component 2 32.34557053 0.178563007 

chr7-2958127 CARD11 

caspase recruitment domain 

family, member 11 43.27259979 0.178563007 

chr12-54441219 HOXC4 homeobox C4 -51.30398447 0.178915625 

chr7-1028614 CYP2W1 

cytochrome P450, family 2, 

subfamily W, polypeptide 1 32.97561578 0.179010188 

chr20-22562989 FOXA2 forkhead box A2 -48.4532992 0.179191406 

chr16-66997136 CES3 carboxylesterase 3 53.78047169 0.179482087 

chr20-22562221 FOXA2 forkhead box A2 -43.41401793 0.179490127 

chr4-111560759 PITX2 paired-like homeodomain 2 -44.08961644 0.179762907 

chr5-323229 AHRR 

aryl-hydrocarbon receptor 

repressor; programmed cell 

death 6 40.0427528 0.180215546 
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chr16-87873240 SLC7A5 

solute carrier family 7 

(cationic amino acid 

transporter, y+ system), 

member 5 36.99642133 0.180365665 

chr7-25213432 C7orf31 

chromosome 7 ipen reading 

frame 31 41.58505907 0.183220682 

chr21-33248588 HUNK 

hormonally up-regulated Neu-

associated kinase 34.89905884 0.185168332 

chr17-46671518 HOXB5 homeobox B5 49.45773314 0.186225094 

chr17-75327815 SEPT9 septin 9 -43.42636915 0.186225094 

chr4-94095860 GRID2 

glutamate receptor, ionotropic, 

delta 2 -47.80077867 0.186225094 

chr6-1768005 GMDS 

GDP-mannose 4,6-

dehydratase 41.69134884 0.186225094 

chr8-99961972 OSR2 

odd-skipped related 

transcription factor 2 -53.76129883 0.186225094 

chr10-104000630 PITX3 paired-like homeodomain 3 -35.46417915 0.187717624 

chr2-197003984 STK17B serine/threonine kinase 17b 54.8837023 0.187717624 

chr20-34148339 FER1L4 

fer-1-like 4 (C. elegans) 

pseudogene 32.05047812 0.187717624 

chr12-123434718 ABCB9 

ATP-binding cassette, sub-

family B (MDR/TAP), 

member 9 36.99325462 0.188346695 

chr18-43196785 SLC14A2 

solute carrier family 14 (urea 

transporter), member 2 58.7800592 0.188346695 

chr20-60894813 LAMA5 laminin, alpha 5 39.0386507 0.188346695 

chr3-133525037 SRPRB 

signal recognition particle 

receptor, B subunit -39.24469387 0.188346695 

chr5-58448420 PDE4D 

phosphodiesterase 4D, cAMP-

specific  39.12556813 0.188346695 

chr2-95942146 PROM2 prominin 2 42.113747 0.19028988 

chr2-95942537 PROM2 prominin 2 41.25935322 0.192359249 

chr18-77219077 NFATC1 

nuclear factor of activated T-

cells, cytoplasmic, 

calcineurin-dependent 1 38.42081213 0.192803119 

chr17-46654269 HOXB4 homeobox B4 39.06740044 0.193710002 

chr2-200328347 SATB2 SATB homeobox 2 -35.93377972 0.193710002 

chr2-226327598 NYAP2 

Neuronal tyrosine 

phosphoinositide 3 kinase 51.5276559 0.193710002 
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adaptor 2 

chr22-49808884 C22orf34 

chromosome 22 open reading 

frame 34 -31.62885303 0.193710002 

chr6-38141556 BTBD9 

BTB (POZ) domain 

containing 9 53.58260069 0.193710002 

chr9-124119879 STOM stomatin 47.01821945 0.193710002 

chr1-204100320 ETNK2 ethanolamine kinase 2 -36.23914087 0.19718686 

chr12-51167673 ATF1 

activating transcription factor 

1 48.90933302 0.19718686 

chr16-70420843 ST3GAL2 

ST3 beta-galactoside alpha-

2,3-sialyltransferase 2 39.91935265 0.19718686 

chr17-46647967 HOXB3 homeobox B3 41.51129086 0.19718686 

chr20-1370253 FKBP1A FK binding protein 1A -22.10050263 0.19718686 

chr20-15837545 MACROD2 MACRO domain containing 2 33.23449748 0.19718686 

chr20-22562511 FOXA2 forkhead box A2 -55.61045671 0.19718686 

chrX-152086803 ZNF185 

zinc finger protein 185 (LIM 

domain) 43.11091757 0.199122705 

chr16-87675559 JPH3 junctophilin 3 -42.25955162 0.199883113 

chr17-79251654 SLC38A10 

solute carrier family 3 

(activators of dibasic and 

neutral amino acid transport), 

member 2 -37.09105583 0.199883113 

chr8-123801802 ZHX2 

zinc fingers and homeoboxes 

2 57.51940912 0.199883113 

 

 

 
Table B.3: List of differentially methylated sites that map to FOXA2 that have significant negative 

correlation with the gene’s expression patterns. 

DMS Δ 

Methylation 

Correlation 

P-value 

Rho 

chr20-22561829 -68.45104479 0.02548 -0.682 

chr20-22562467 -63.02988159 0.01502 -0.727 

chr20-22562795 -55.2629058 0.02306 -0.691 

chr20-22562626 -66.19105537 0.003115 -0.827 

chr20-22563181 -62.79724839 0.008062 -0.7727273 

chr20-22562885 -60.76359679 0.0168 -0.7181818 

chr20-22563028 -49.95765492 0.006061 -0.7909091 

chr20-22563052 -61.61847658 0.01187 -0.7454545 
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Table B.4: Gene Ontology Biological processes (GOBP) categories of differentially methylated evens 

at protein-coding genes with FDR <0.1 from a gene set analysis (GSA) using GOseq 

GOBPID Count P.Value FDR Term 

GO:0048705 15 1.09E-06 0.009173675 skeletal system morphogenesis 

GO:0001501 22 1.46E-06 0.009173675 skeletal system development 

GO:0048568 19 1.28E-05 0.044713028 embryonic organ development 

GO:0048598 22 1.43E-05 0.044713028 embryonic morphogenesis 

GO:0060216 5 1.81E-05 0.044713028 definitive hemopoieosis 

GO:0060348 11 2.27E-05 0.044713028 bone development 

GO:0048562 15 2.49E-05 0.044713028 embryonic organ morphogenesis 

GO:0048706 10 2.87E-05 0.045099637 

embryonic skeletal system 

development 

GO:0048513 61 3.31E-05 0.04625517 organ development 

GO:0048704 8 4.50E-05 0.056693684 

embryonic skeletal system 

morphogenesis 

GO:0048534 18 5.75E-05 0.065834809 

hematopoietic or lymphoid organ 

development 

GO:0002520 18 8.40E-05 0.088121986 immune system development 

GO:0061448 13 0.0001003 0.096219373 connective tissue development 

GO:0009888 38 0.0001070 0.096219373 tissue development 
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Table B.5: List of True-seq adapters and primers used during HELP-tagging library preparation 

Name Sequence (5’-3’) 

TS_AE1 top 

ACAGTAATACGACTCACTATAGGGAGAACAAGCAGAAGACGGCATACGAGA

TCGTGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCAGCAG  

 

bottom* 

/CGCTGCTGAGATCGGAAGAGCACACGTCTGAACTCCAGTCACATCACGATC

TCGTATGCCGTCTTCTGCTTGTTCTCCCT 

 

ATAGTGAGTCGTATTACTG*T 

 

TS-AE2 top 

ACAGTAATACGACTCACTATAGGGAGAACAAGCAGAAGACGGCATACGAGA

TACATCGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCAGCAG  

 

bottom* 

/Phos/CGCTGCTGAGATCGGAAGAGCACACGTCTGAACTCCAGTCACCGATGT

ATCTCGTATGCCGTCTTCTGCTTGTTCTCCCT 

 

ATAGTGAGTCGTATTACTG*T 

TS_AE3 top 

ACAGTAATACGACTCACTATAGGGAGAACAAGCAGAAGACGGCATACGAGA

TGCCTAAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCAGCAG  

 

bottom*  

/Phos/CGCTGCTGAGATCGGAAGAGCACACGTCTGAACTCCAGTCACTTAGGC

ATCTCGTATGCCGTCTTCTGCTTGTTCTCCCTATAGTGAGTCGTATTACTG*T 

TS-AE4 top 

ACAGTAATACGACTCACTATAGGGAGAACAAGCAGAAGACGGCATACGAGA

TTGGTCAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCAGCAG  

 

bottom*  

/Phos/CGCTGCTGAGATCGGAAGAGCACACGTCTGAACTCCAGTCACTGACCA

ATCTCGTATGCCGTCTTCTGCTTGTTCTCCCTATAGTGAGTCGTATTACTG*T 

TS-AE5 top 

ACAGTAATACGACTCACTATAGGGAGAACAAGCAGAAGACGGCATACGAGA

TCACTGTGTGACTGGAGTTCAGACGTGTGCTCTTC 

CGATCTCAGCAG  
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bot*  

/Phos/CGCTGCTGAGATCGGAAGAGCACACGTCTGAACTCCAGTCACACAGTG

ATCTCGTATGCCGTCTTCTGCTTGTTCTCCCTATAGTGAGTCGTATTACTG*T 

TS-AE6 top  

ACAGTAATACGACTCACTATAGGGAGAACAAGCAGAAGACGGCATACGAGA

TATTGGCGTGACTGGAGTTCAGACGTGTGCTCTTC 

CGATCTCAGCAG  

 

bottom*  

/Phos/CGCTGCTGAGATCGGAAGAGCACACGTCTGAACTCCAGTCACGCCAAT

ATCTCGTATGCCGTCTTCTGCTTGTTCTCCCTATAGTGAGTCGTATTACTG*T  

 

TS-P7 CAAGCAGAAGACGGCATACGAGAT 

TS-P5 ATTGATACGGCGACCACCGA 

TS-RT ATTGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCC

GATC 

 

*(5' Phosphorylation 3' Inverted dT) 
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