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Abstract 

 

Colorectal cancer (CRC) is the fourth most common form of cancer in the UK and is 

associated with approximately 17,000 deaths each year. DNA methylation represents a 

critical epigenetic mechanism by which gene expression is controlled in cells, with aberrant 

DNA hyper-methylation often reported in CRC. Significant DNA hyper-methylation has 

been reported in a subset of CRCs and is referred to as the CpG Island Methylator Phenotype 

(CIMP). The precise mechanisms underlying CIMP and how DNA hyper-methylation 

contributes to colorectal tumorigenesis remains incompletely understood, therefore this thesis 

seeks to address both of these questions. 

Firstly, Genome-Wide Association Study (GWAS) meta-analysis data revealed an association 

between the 4q24 locus of chromosome 4 and CRC predisposition in Europeans. Subsequent 

conditional analysis, fine-mapping and in silico functional annotation identified a list of 

candidate causal polymorphisms with functional relevance in colonic tissues. Mendelian 

Randomisation and genotype-expression analysis identified down-regulation of Ten-Eleven 

Translocation 2 (TET2) as the candidate causal factor underpinning the GWAS association 

with CRC risk at this locus. The TET2 gene is involved in active DNA de-methylation, with 

pathogenic loss-of-function mutations thought to drive a hyper-methylated phenotype in 

acute myeloid leukaemia (AML). Similarly, pathogenic mutations in isocitrate 

dehydrogenase (IDH) 1 and 2 have also been reported in AML and present with a similar 

hyper-methylated phenotype. It has been hypothesised that 2-hydroxyglutarate produced by 

mutant IDH drives this hyper-methylation via the competitive inhibition of TET2. Mutations 

in TET2 and IDH are uncommon in CRC but it is possible that mutations in these genes may 

drive CIMP in such cancers.  

Methylation array data of colorectal adenocarcinomas from The Cancer Genome Atlas 

identified elevated DNA methylation in TET2-mutant and IDH-mutant CRCs compared to 

their wild-type (WT) counterparts, as well as a significant correlation between IDH mutations 

and CIMP+ CRC. CIMP+ CRCs presented with an enrichment of significantly hyper-

methylated probes in bivalent promoter regions, with TET2-mutant and IDH-mutant cancers 

possibly showing an even greater enrichment at these regions than their WT CIMP+ 

counterparts. A number of significantly hyper-methylated probes in TET2-mutant CIMP+ 

cancers were also hyper-methylated in IDH-mutant CIMP+ cancers, localising around the 

transcription start site of a number of candidate tumour suppressor genes – indicating TET2 

and IDH mutations may both drive CIMP+ CRC via the aberrant hyper-methylation and 

transcriptional silencing of tumour suppressor genes.  

5-methylcytosine (5-mC) regularly undergoes spontaneous deamination to thymine. The 

methyl-CpG binding domain 4 (MBD4) gene encodes a protein involved in catalysing the 

repair of this deamination by excising the thymine from the resultant T:G DNA mismatch. 

Germline inactivation of MBD4 has been suggested to predispose affected individuals to 

intestinal polyposis and some forms of cancer, including uveal melanoma. This 

predisposition is potentially driven by pathogenic C → T mutations at CpG sites arising 

within the protein-coding sequence of cancer driver genes as a consequence of spontaneous 

deaminations of 5-mC going unrepaired. Individuals with germline pathogenic mutations in 
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MBD4 and subsequent somatic loss of heterozygosity were shown to have increased numbers 

of C → T mutations at CpG sites, including a number of pathogenic mutations in cancer 

driver genes that have been previously reported in the literature. It was also found that CpG 

sites that were highly-methylated and in later-replicating regions of the genome were at the 

greatest risk of spontaneous deamination, thereby describing MBD4 as a cancer 

predisposition gene and how DNA methylation is mechanistically associated with C → T 

mutagenesis at CpG sites. 

In addition to unrepaired spontaneous deaminations, errors made by DNA polymerase epsilon 

(POL-ε) during DNA replication are an alternative mechanism by which C → T mutations at 

CpG sites may arise. CRCs with POL-ε exonuclease domain mutations (EDMs) and 

microsatellite unstable (MSI+) cancers presented with more C → T mutations at CpG sites 

than microsatellite stable (MSS) polymerase wild-type (POL-WT) CRCs. There was an 

excess of C → T mutations at CpG sites on the leading strand template in MSI+ CRCs and 

cancers with POL-ε EDMs, indicating that these mutations were likely the result of 

unrepaired DNA mismatches arising as a consequence of the erroneous incorporation of 

adenine opposite a template 5-mC by POL-ε propagating into C → T mutations in the next 

round of DNA replication. Similarly to spontaneous deaminations, C → T mutagenesis was 

more common at highly-methylated CpG sites, indicating that DNA methylation also 

influences the likelihood of replication errors. Therefore, methylation-induced DNA 

replication error may represent another mechanism by which DNA methylation may 

contribute to colorectal tumorigenesis. 

In conclusion, this thesis provides an in-depth investigation into the role of DNA methylation 

in CRC pathogenesis and suggests that DNA hyper-methylation may drive colorectal 

tumorigenesis via multiple mechanisms, including the direct modification of the expression 

of CRC driver genes or by indirectly driving C → T mutagenesis at CpG sites. 
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Lay Summary 

 

Cancer represents one of the most pressing worldwide health concerns, with millions of new 

cases and disease-related deaths reported every year. Colorectal (bowel) cancer is the fourth 

most common cancer in the UK, responsible for approximately 17,000 deaths each year. 

Fundamentally, DNA in every cell of the body is an “instruction manual”, containing the 

“instructions” for building proteins, which are what cells require in order to function 

correctly. Included in this “instruction manual” are proteins that control when cells divide, 

some proteins act to promote cell division whereas other proteins act to restrain it. Cancer is 

caused by the de-regulation of cell division, resulting in cells dividing out of control. This can 

be caused by alterations to the DNA “instruction manual” (mutations) that result in the 

production of either hyper-active proteins that promote cell division or non-functional 

proteins that can no longer restrict cell division. 

In addition to this, different cells in different tissues in the body have different functions (e.g. 

brain cells vs skin cells) and therefore require different proteins to one another in order to 

perform these functions. Since the DNA “instruction manual” contains the “instructions” for 

every protein, cells need a way of being told which “pages” of the “instruction manual” are 

relevant for their function. DNA methylation represents one of these methods, which can 

instruct cells to “ignore” certain “pages” that are not relevant for their function. However, 

DNA methylation patterns in cells can also be altered in cancer, which can lead to cells 

“ignoring” the “instructions” for proteins that act to restrict cell division, potentially leading 

to cancer development. This DNA “hyper-methylation” has been observed in several cancer 

types, including bowel cancer. 

This thesis seeks to explore the role of DNA methylation in bowel cancer development, 

starting with the exploration of the importance of a protein that regulates DNA methylation 

within cells (known as TET2) – and whether alterations to this protein may be associated with 

bowel cancer development. This thesis also explores the role of another protein that acts to 

maintain DNA methylation in cells (MBD4) in the development of intestinal polyps and other 

types of cancer. The ultimate goal of the exploration of these genes is to identify if inherited 

variation in either of these genes acts to predispose an individual to bowel cancer, potentially 

adding to the list of genes known to increase an individual’s risk of cancer – thus widening 

genetic screening programmes. In addition to this, this thesis also seeks to explore how DNA 

methylation may also influence the likelihood of a mutation occurring and explores the 

potential mechanisms by which this mutation may occur, including “mistakes” made during 

DNA replication and the spontaneous degradation of DNA methylation within cells.  
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1.1 – Heritable Genetic Traits & Cancer Predisposition 

 

Cancer represents one of the most significant challenges in worldwide healthcare, with an 

estimated twenty-million newly diagnosed cases and ten-million deaths globally in the year 

2020 (1). The most commonly diagnosed cancers include lung, breast and colorectal – with 

lung cancer proving to be the leading cause of cancer-related deaths (1). Over recent years, 

owing to a combination of earlier detection, better treatment options and lifestyle alterations 

(e.g. a reduction in the number of people who smoke), the mortality rates of cancer have 

improved – saving an estimated three-million lives in the USA alone in the last thirty 

years(2). However, there are some cancer types whose prognoses have not improved in recent 

years, an example of this is pancreatic cancer – where the five-year survival rate remains 

below 10% (3). This is a consequence of the tumour developing asymptomatically before 

presenting clinically at a late stage or as a metastatic disease (3).  

The fundamental nature of tumorigenesis is the transformation of a previously normal cell 

into a malignant cancer cell, driven primarily by the accumulation of genetic alterations 

(mutations) in key cancer-associated genes (4,5). Tumorigenesis almost always begins with 

the transformation of a single cell which, as a result of its mutations, has a selective growth 

advantage over neighbouring cells (5–7). In recent years, there has been an increasing 

emphasis on the paradigm that a tumour is not solely composed of malignant cells, but also 

contains multiple types of support cell in a system known as the tumour micro-environment 

(8,9). This tumour micro-environment acts to facilitate tumour growth through either 

promoting the proliferation of malignant cells, or by inhibiting their death by apoptosis (8,9). 

Genetic mutations within cancer cells can broadly be characterised as inherited (germline) 

defects or acquired sporadically throughout life by random (somatic) mutation (10). The 

inheritance of a pathogenic mutation in a key cancer driver gene can markedly increase the 

risk of an individual developing cancer throughout their lifetime (11,12). These inherited 

elements are present within about 10% of all cancers (11,12). Some examples of germline 

mutations include breast cancer gene 1 (BRCA1) in breast and ovarian cancer, serine-

threonine kinase 11 (STK11) in pancreatic cancer and adenomatous polyposis coli (APC) in 

colorectal cancer (13–16). Due to their elevated risk of tumorigenesis, the characterisation of 

new genes which carry a heritable cancer risk has been the subject of extensive research in 

recent years. This has led to the discovery of several so-called cancer predisposition 

syndromes, one such example being Lynch Syndrome (LS), which has been identified in 

colorectal and ovarian cancers (17). As a result of previous work in the field, genetic 

screening is now at the forefront of modern cancer care (12,18,19). Examples of this include 

screening for pathogenic mutations in the BRCA1 or BRCA2 genes in breast cancer, which 

are thought to account for a large proportion of hereditary cases (12,18,20). However, the 

identification of new cancer-predisposing genes remains of critical importance for effective 

cancer prevention strategies. 

 

1.2 – The Molecular Pathogenesis of Colorectal Cancer 
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1.2.1 – Modifiable Risk Factors of Colorectal Cancer 
 

Colorectal cancer (CRC) represents a major health burden worldwide, representing the fourth 

most common cancer in the UK, accounting for approximately 11% of newly-diagnosed 

cancers (21). In total, CRC is associated with nearly 17,000 deaths every year in the UK, with 

a five-year survival rate of 58.4% (21). The identification of several modifiable risk factors 

and the emergence of new therapeutics has led to a reduction in the mortality of CRC in 

recent years – for example the correlation between red meat consumption and CRC risk (see 

below) (22,23). CRC affects men and women at approximately equal rates, while 

geographical analysis has shown the incidences of CRC to be highest in Australia, the USA 

and many parts of Europe but lowest in India, China and some regions of South America 

(24,25). There is also a disparity between the incidence of CRC in developed countries in 

comparison to developing countries, with risk somewhere between three and four times 

higher in the former than the latter (26). It is possible that this disparity is a consequence of 

differences in life expectancy between developed and developing countries, given that CRC 

is most prevalent in people over the age of fifty, rather than differences in lifestyle (27). 

However, following age-standardisation, the incidence of CRC was still found to be highest 

in North American and European populations, whilst being lowest in African and South 

Asian populations (28,29) 

As described above, there are several modifiable (lifestyle) factors that affect an individual’s 

likelihood of developing CRC – with the majority of these being linked to diet (30–34). 

Obesity has been suggested to increase an individual’s risk of CRC by as much as 19% (23). 

There have also been studies that have identified specific food items that carry with them 

significant associations with CRC development. For example, it has become well known that 

the consumption of red or processed meat significantly increases the risk of CRC 

development (35–38). Excessive alcohol consumption has also been suggested to increase 

CRC risk, while fruit and vegetable consumption have been inversely correlated with CRC 

risk  (39–41). Other lifestyle factors that have been suggested to influence CRC risk include 

tobacco smoking (42). The study by Tsoi et al. investigated the effect of cigarette smoking on 

CRC risk in a cohort of nearly 1,500,000 participants, where the smoker group demonstrated 

a higher risk of CRC development than non-smokers (42). 

In addition to these modifiable risk factors, there are a number of genetic elements that may 

influence the development of CRC – these CRC predisposition genes and syndromes will be 

discussed in detail in section 1.3. 

 

1.2.2 – The Adenoma-Carcinoma Sequence 
 

For many years, the accepted paradigm for the progression of CRC was thought to involve 

the sequential acquisition of mutations in a number of known CRC driver genes (43). These 

mutations would together drive the transition of normal intestinal epithelium into small, 

initially benign, polyps which can then evolve into more malignant, potentially metastatic, 

carcinomas (44). Over time, this sequential acquisition of mutations became known as the 

adenoma-carcinoma sequence, as summarised in Figure 1.1 (45,46). This model suggests that  



4 
 

 

 

 

 

 

 

 

 

high-grade, invasive colorectal carcinomas always arise from lower-grade adenomas (47). 

Typically, high-grade metastatic carcinomas have a poor patient prognosis and only limited 

treatment options – with an average five-year survival of less than 15% (48).  

 

As described by Fearon & Vogelstein, the adenoma-carcinoma sequence is initiated by a 

mutation in the APC gene, which is sometimes referred to as the “gatekeeper gene” of CRC 

due to its mutation being the initial step in tumorigenesis (49). Normally, the APC gene plays 

a critical role in the intestinal Wnt signalling pathway, which drives the proliferation and self-

renewal of intestinal stem cells (50–52). The Wnt signalling pathway has been extensively 

characterised owing to its critical role in intestinal homeostasis and is the subject of several 

review articles (50,53,54). Briefly, in the absence of the extracellular Wnt signalling protein, 

the APC protein forms a “destruction complex” with axin and GSK-3β, which act together to 

phosphorylate the intracellular signalling protein β-catenin, consequently driving its 

proteasomal degradation (53,55). However, when the Wnt signalling protein binds to its 

target G-protein coupled receptor Frizzled on the surface of cells, this destruction of β-

catenin does not occur (56). Following receptor binding, via the activity of partner proteins 

including Dishevelled, the destruction complex is disassembled – allowing β-catenin to 

persist within cells. As a result of this, β-catenin is then able to migrate into the nucleus and 

induce the transcription of several genes involved in cellular proliferation and intestinal stem 

cell renewal (53,57). Therefore, the APC protein (alongside its partner proteins) is critical for 

ensuring there is tight regulation of the Wnt signalling pathway by preventing β-catenin 

dependent downstream signalling in the absence of the appropriate extracellular stimulation 

(58). In the event the APC protein is inactivated, potentially as a consequence of a pathogenic 

Figure 1.1 – The Adenoma-Carcinoma Sequence: A diagrammatic illustration of the adenoma-carcinoma 

sequence model of colorectal cancer development. Normal intestinal epithelium transitions into hyper-

proliferative early adenomas via the acquisition of a mutation in the adenomatous polyposis coli (APC) gene. 

This early adenoma then becomes a late adenoma following mutations an oncogene such as KRAS. Finally, a 

late adenoma can become a metastatic colorectal cancer via mutations in the key tumour suppressor gene TP53. 

Created with BioRender.com (https://app.biorender.com/). 
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mutation in the APC gene, β-catenin is not marked for degradation in the proteasome in the 

absence of the Wnt signalling protein, allowing it to exert its effects on cellular transcription 

without the appropriate upstream stimulus (57). This constitutive Wnt signalling is therefore 

able to drive inappropriate cellular proliferation within the intestinal compartment. 

Furthermore, inactivation of the APC protein has been suggested to disrupt normal intestinal 

tissue architecture via the weakening of inter-cellular adherens junctions – of which β-catenin 

represents an essential component (59,60). A summary of the Wnt signalling pathway is 

presented in Figure 1.2. 

 

 

 

 

 

 

 

 

 

 

 

 

The next stage of the adenoma-carcinoma sequence requires the mutation of an oncogene, 

thus acting to further drive inappropriate cellular proliferation (61). Common oncogenes 

mutated in CRC include KRAS and BRAF – both components of the mitogen-activated 

protein (MAP) kinase signalling pathway. Briefly, activation of extracellular growth factor 

receptors induces the activation of Ras signalling proteins in a GTP-dependent manner. 

Activated Ras is then able to in turn activate Raf kinase family proteins which subsequently 

Figure 1.2 – An Overview of the Wnt Signalling Pathway: A schematic illustration of the control of 

intracellular β-catenin signalling via the Wnt signalling pathway. a) In the presence of extracellular Wnt 

signalling the β-catenin destruction complex is disassembled, allowing β-catenin migration into the nucleus and 

subsequent transcription of target genes. b) In the absence of Wnt signalling, β-catenin is marked for 

proteasomal degradation via the destruction complex, preventing downstream β-catenin mediated gene 

transcription. Created with BioRender.com (https://app.biorender.com/). 

Dishevelled Dishevelled 
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activate the downstream effector Mek via phosphorylation which then itself phosphorylates 

Erk via its own intrinsic kinase activity (62,63). Activated Erk is then translocated into the 

nucleus where it is able to induce the transcription of several downstream target genes 

involved in cellular growth, proliferation and survival (63). A summary of the MAP kinase 

pathway is provided in Figure 1.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mutations in the KRAS gene, commonly at codons twelve and thirteen, are found in around 

one third of all CRC cases (61). Mutations in a member of the Ras family have previously 

been studied and identified in 57% of carcinomas and nearly half of large adenomas, but only 

in 9% of small adenomas (47). This suggests that mutations in oncogenes are required to 

drive the adenoma-carcinoma sequence following the initial mutation in the APC gene (47). 

Figure 1.3 – The MAP Kinase Pathway: A summary of the mitogen-activated protein (MAP) kinase 

intracellular signalling pathway. The binding of an extracellular growth factor (GF) induces the GTP-dependent 

activation of Ras proteins, which in turn phosphorylate Raf proteins. Activated Raf subsequently phosphorylates 

Mek which in turn phosphorylates Erk. Activated Erk is then able to translocate to the nucleus and induce the 

transcription of downstream target genes. Created with BioRender.com (https://app.biorender.com/). 
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Another commonly mutated oncogene is BRAF, which when mutated has been shown to 

drive the abnormal proliferation of intestinal cells (64). Mutations in BRAF have been 

identified in approximately 10% of all CRCs and also in a larger proportion of melanomas 

(65,66). The most common mutation in BRAF identified in these cancers is BRAFV600E, which 

is a target for therapeutic intervention in melanoma through the BRAF inhibitor vemurafenib. 

The importance of BRAF mutations in CRC pathogenesis will be discussed in section 1.2.3. 

Mutations in one of these oncogenes is thought to drive the progression of cells through the 

next stage of the adenoma-carcinoma sequence, driving the formation of a colorectal 

adenoma. 

 

The later stages of the adenoma-carcinoma sequence are thought to drive the progression of a 

colorectal adenoma into an invasive, potentially metastatic, colorectal carcinoma. This is 

achieved through the mutation of one of a number of key tumour suppressor genes – the most 

common examples being SMAD4 and TP53 (43,47,67,68). SMAD4 mutations have been 

identified in approximately 20% of CRCs and in 30% of pancreatic adenocarcinomas – and 

are associated with a poor patient prognosis (69,70). The SMAD4 protein is involved in 

regulating the transforming growth factor beta (TGF-β) and bone morphogenetic protein 

(BMP) signalling pathways via heterodimerisation with other members of the SMAD family 

(70). The TGF-β pathway controls several key intracellular processes, including cellular 

growth, apoptosis and migration (71). Upon binding of the extracellular TGF-β or BMP 

signalling proteins to extracellular receptors, receptor-associated members of the SMAD 

protein family (R-SMAD) are phosphorylated, undergo a conformational change and form a 

heterodimer with the common mediator SMAD4 (71). This complex then migrates to the 

nucleus and induces the transcription of downstream target genes (70,71). SMAD2 and 

SMAD3 represent the R-SMAD proteins responsible for transducing TGF-β pathway 

signalling and SMAD1, SMAD5 and SMAD8 are BMP-associated (70,71). Canonical SMAD4-

associated signalling functions at the G1/S-phase checkpoint of the cell cycle, driving cell 

cycle arrest or apoptosis via inducing the transcription of cell cycle inhibitors (e.g. p21) 

(71,72). The role of SMAD proteins in the TGF-β and BMP signalling pathways is 

summarised in Figure 1.4. 

 

The functions of the TP53 protein have been the subject of extensive study. Following the 

discovery of its essential role within cells in the suppression of malignancy, the TP53 protein 

is now commonly referred to as the “Guardian of the Genome” (73,74). The role of TP53 as a 

tumour suppressor gene is extensive, from inducing cell cycle arrest to initiating DNA repair 

or triggering apoptosis (75–77). The expression of TP53 is induced by a number of cellular 

stress factors, including DNA damage or aberrant oncogene activation (78). Following 

cellular stress, TP53 goes on to induce the transcription of the cell cycle arrest protein p21 – 

which is able to halt cell cycle progression via the inhibition of key cyclin-dependent kinase 

(CDK) proteins CDK2 and CDK4 (78). p21 is also able to halt the process of DNA 

replication via interactions with proliferating cell nuclear antigen (PCNA) (79). In addition to 

this role in inducing cell cycle arrest, TP53 also has roles in more permanent cellular  
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responses to stressors – including permanent cell senescence and apoptosis (78). Apoptosis 

can be triggered in mammalian cells via either the intrinsic mitochondrial pathway or 

extrinsic death-receptor pathway (80). In the intrinsic pathway, pro-apoptotic proteins are 

released by the mitochondria in response to pro-apoptotic signalling from members of the 

BCL2 family, which consequently results in caspase protein activation and cell death (80). 

Alternatively, the extrinsic pathway functions via the Fas ligand (Fas-L) interacting with the 

Fas receptor on the surface of target cells. Following this interaction, initiator caspases are 

activated which in turn activate executor caspases – thus driving cellular apoptosis (81). The 

TP53 protein has been suggested to influence both pathways by inducing the transcription of 

pro-apoptotic proteins to activate the intrinsic apoptosis pathway and also up-regulate the 

expression of the Fas receptor on the surface of the cell – increasing the likelihood of 

apoptosis via the extrinsic pathway (80,81).  Given the critical roles outlined above, it is 

perhaps not surprising that TP53 mutations are present in up to 50% of all CRC cases (68). 

Following the loss of these key tumour suppressor genes, cells lose control of cell cycle 

arrest, apoptosis and, in the case of the TGF-β pathway, cellular migration (82,83). This can 

Figure 1.4 – The Role of SMAD Proteins in the TGF-β & BMP Signalling Pathways: A summary of the role 

of the SMAD proteins in the transforming growth factor β (TGF-β) and bone morphogenetic protein (BMP) 

signalling pathways. In the TGF-β pathway (left), binding of the TGF-β signalling protein to its receptor drives 

the phosphorylation of receptor SMAD (R-SMAD) proteins, which heterodimerise with SMAD4 and translocate 

to the nucleus in order to induce the transcription of downstream target genes. In the BMP pathway (right), the 

binding of extracellular signalling proteins to their receptor protein triggers a similar cascade, using SMAD1, 

SMAD5 or SMAD8 in place of R-SMAD proteins. Created with BioRender.com (https://app.biorender.com/). 
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lead to the progression from an adenoma to a carcinoma, which may either exist in situ or 

have the potential to develop into metastatic disease. Potential sites of metastatic disease 

include the liver, lung or nervous system (84). Between 15-25% of CRC patients present with 

metastatic disease, with variable clinical implications depending on the site of metastasis 

(85). 

 

Alongside direct mutation of the key driver genes listed above, there are a number of other 

factors which also drive cells through the adenoma-carcinoma sequence. As illustrated in 

Figure 1.1, increasing genomic instability (either at the microsatellite or chromosomal level – 

see section 1.2.3) and angiogenesis are examples of some of the key cellular processes that 

are disrupted throughout the adenoma-carcinoma sequence (86,87). The critical nature of 

these processes in driving tumorigenesis is exemplified by the fact that both are referred to as 

“Hallmarks of Cancer” (9). Alterations of cellular DNA methylation patterns also represents 

a key mechanism of tumorigenesis in CRC, potentially by aberrantly modulating the 

transcription of key tumour suppressor genes. The role of DNA methylation in the regulation 

of gene expression will be discussed in detail in section 1.4. Briefly, aberrant promoter hyper-

methylation of cancer-associated tumour suppressor genes has been suggested to play a key 

role in CRC pathogenesis (88,89). For example, nearly 20% of CRCs lacking a pathogenic 

APC mutation may instead present with APC promoter hyper-methylation, representing an 

alternative mechanism for APC inactivation in CRC (88). 

 

1.2.3 – The Serrated Pathway of Colorectal Cancer 
 

The adenoma-carcinoma sequence represents the predominant mechanism for CRC 

pathogenesis, accounting for approximately 70-80% of cases (90). These adenoma-carcinoma 

sequence driven tumours are characterised by genomic instability at the chromosomal level 

but present with few mutations at microsatellite regions of the genome (microsatellite stable – 

MSS) (90). However, while these tumours represent the most common form of CRC, there 

are other pathways that can drive CRC tumorigenesis (90,91). In the early 1990s, Jass & 

Smith reported mucinous hyperplastic colorectal polyps with a serrated (saw-like) appearance 

(92). Serrated adenomas represent multiple distinct sub-types of polyps, including traditional 

serrated adenomas, sessile serrated adenomas, mixed polyps and hyperplastic polyps (93,94). 

For many years, these serrated polyps were thought to be benign, with little tumour-initiating 

potential (91). However, following more in-depth analysis of these polyps revealed an 

alternative mechanism of CRC pathogenesis to the widely-accepted adenoma-carcinoma 

sequence (90,91,93). 

These serrated adenomas are characterised by microsatellite instability (MSI), which 

describes hyper-mutation of microsatellite regions of the genome (93,95). MSI is a feature of 

approximately 15% of all CRCs and is the consequence of pathogenic mutations in 

components of the DNA mismatch repair (MMR) pathway (see sections 1.3.2 and 1.4.3 for a 

detailed description of MSI in CRC) (95,96). Interestingly, serrated adenomas have been 

shown to harbour a different profile of driver mutations to adenomas driven by the adenoma-

carcinoma sequence, with these different drivers disrupting the same intracellular signalling 

pathways (91,93,97). For example, a number of serrated adenomas also harbour pathogenic 

BRAF mutations, as opposed to pathogenic KRAS mutations which characterise CRCs arising 
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from the adenoma-carcinoma sequence (91,93). Despite affecting different genes, both of 

these mutations drive tumorigenesis via disrupting the MAP kinase pathway (see Figure 1.3) 

(91,93,98). Furthermore, while mutations in SMAD proteins are common in the adenoma-

carcinoma sequence, serrated adenomas often present with activating mutations in the TGF-β 

receptor TGFBR2, with both mutations acting to activate the TGF-β pathway (see Figure 1.4) 

(97). Finally, serrated adenomas often harbour pathogenic mutations in the pro-apoptotic 

gene BAX, resulting in the same resistance to apoptosis displayed by adenoma-carcinoma 

sequence cancers with pathogenic TP53 mutations (see section 1.2.2) (91). Perhaps the most 

unique feature of serrated adenomas compared to those arising as a part of the adenoma-

carcinoma sequence is the presence of abnormal patterns of DNA hyper-methylation (90,93). 

The role of DNA methylation in regulating gene expression will be described in detail in 

section 1.4.2. Briefly, abnormal hyper-methylation of genomic CpG islands is a key 

characteristic of the CpG island methylator phenotype (CIMP), the precise causes and 

importance of which are still yet to be fully understood (see section 1.4.4) (99–101). Overall, 

serrated adenomas are estimated to account for somewhere between 15-30% of all CRCs, 

providing an alternative model of tumorigenesis to the adenoma-carcinoma sequence (90). A 

summary of the serrated adenoma sequence of colorectal cancer is provided in Figure 1.5. 

 

 

Figure 1.5 – The Serrated Pathway of Colorectal Cancer: A summary of the serrated pathway of colorectal 

cancer development. Previously normal intestinal epithelia can transition into a serrated adenoma following 

pathogenic mutations in the oncogene BRAF. These adenomas can subsequently develop into potentially 

metastatic carcinomas via mutations in BAX and TGFBR2. Accompanying these changes are DNA hyper-

methylation, a feature of the CpG island methylator phenotype (CIMP) and hyper-mutation of microsatellite 

regions of the genome, resulting in microsatellite instability. Created with BioRender.com 

(https://app.biorender.com/). 
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1.2.4 – Intra-Tumour Heterogeneity in Colorectal Cancer 
 

 

As previously noted, as cells progress towards malignancy, there is a marked increase in 

genomic instability that accompanies this progression (102). As described above, this 

genomic instability can occur at the chromosomal (adenoma-carcinoma sequence) or 

microsatellite (serrated pathway) level (90). As a consequence of this genomic instability, 

there is often a large degree of intra-tumour heterogeneity (ITH) within CRCs – resulting in 

the development of several distinct sub-clones with their own unique profile of mutations 

(103,104). ITH has been extensively investigated in recent years due to its importance 

predicting a patient’s response to anti-cancer therapies (105–107). The study by Losi et al. 

suggested that ITH could be found in as many as 90% of CRCs, suggesting that the landscape 

of mutations within tumour cells is not homogenous in CRC (108). The relatively linear 

nature of the adenoma-carcinoma sequence, where the sequential acquisition of mutations in 

characterised driver genes is thought to drive tumour progression, does little to explain the 

apparent ITH present within CRCs (109,110). As a result of this, a number of alternative 

models of CRC tumorigenesis have aimed to explain ITH and expand what is known about 

CRC pathogenesis from the adenoma-carcinoma sequence. 

 

An example of these alternative non-linear models of CRC progression is the “Big Bang” 

model, developed by Sottoriva and colleagues, which postulates that in CRCs develop as a 

single entity populated by a series of genetically distinct sub-clones (111). The model 

suggests that mutations can be divided into “public” and “private” classes, where “public” 

mutations are common to all sub-clones of a tumour and can be traced back to the tumour-

initiating cell, the common ancestor of all sub-clones within the tumour (111). On the other 

hand, “private” mutations are unique mutations found within individual sub-clones as a result 

of their own distinct mutational processes and offer no selective advantages over other sub-

clones due to the rapidly-expanding nature of the tumour (111). Therefore, it is assumed that 

these “private” mutations drive the massive ITH seen within CRCs and that “public” 

mutations in driver genes occur early in tumour development (109,111). For example, in the 

study by Gerlinger et al., whole-exome sequencing of multiple distinct regions of a renal 

tumour demonstrated that up to 69% of all somatic mutations were not conserved across all 

sub-clones (112). The implication of this is that the prevalence of a specific sub-clone within 

a tumour is governed by the time at which the sub-clone first appeared and not by any 

selective advantages conferred to the sub-clone by its mutational profile (113). Consequently, 

according to the “Big Bang” model, the most prevalent sub-clones within a tumour are not 

the fittest, but the oldest, this concept of tumour evolution not being driven by selective 

sweeps has become known as neutral growth (111). This model may partially explain why 

some CRCs do not reach the final stage of the adenoma-carcinoma sequence and develop into 

metastatic disease (109). The suggestion from the “Big Bang” model is that all driver gene 

mutations are present at the initiation of the cancer and are common to all sub-clones of the 

tumour, therefore if mutations in drivers that promote metastasis are not present at tumour 

initiation, a tumour will never be able to metastasise (109,114). Alternatively, if at tumour 

initiation there are mutations in driver genes that promote metastasis, it is likely the resulting 

cancer will develop into metastatic disease as a result of the “born to be bad” model 
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(109,111). Overall, this model suggests that the massive ITH within CRCs is primarily driven 

by “private” mutations within each sub-clone which confer no selective advantage over other 

sub-clones – promoting tumour evolution by neutral growth. 

 

Other non-linear models of CRC progression suggest that not all driver gene mutations are 

“public” – and therefore may not be present within all sub-clones of a tumour (115). van 

Ginkel et al. describe this concept as “parallel evolution”, where sub-clones with distinct 

driver gene profiles can spatially co-exist within the same tumour (115). It is not clear what 

may cause this divergence in sub-clonal driver mutation profiles, but it is assumed that the 

different driver mutation profiles of an individual sub-clone confers no selective advantage 

over other sub-clones within the same tumour – meaning no sub-clones are eradicated by 

Darwinian selection (115). It is thought that parallel evolution is more common in early 

colorectal adenomas, which develop into CRC via the emergence of a dominant sub-clone – 

however it is again unclear how this sub-clone emerges given the aforementioned lack of 

selective advantage over other sub-clones (115). 

 

1.3 – Colorectal Cancer Predisposition Syndromes 
 

As previously discussed in section 1.2.1, there are a number of modifiable factors that affect 

the likelihood of an individual developing CRC – with many of these linked to diet and 

physical activity. While it is generally accepted that many CRCs are driven by somatic 

mutations in key driver genes, it is also apparent that underlying genetic predisposition is the 

driving force in a number of CRCs (116,117). An estimated 5% of CRCs are the result of 

germline mutations in known autosomal-dominant cancer predisposition syndromes, while it 

has been suggested that 20-25% of CRCs have an underlying genetic association (116,117). 

This means that our current understanding of the mechanisms underlying germline 

predisposition to CRC remains incomplete and more emphasis should be placed on 

identifying new genes associated with CRC predisposition. 

 

1.3.1 – Familial Adenomatous Polyposis 
 

Perhaps the most well-described of all the CRC predisposition syndromes is familial 

adenomatous polyposis (FAP), an autosomal-dominant syndrome first described as early as 

the 1950s by Gardner and colleagues (16). FAP is the result of a germline pathogenic 

mutation in the APC gene and is the most common polyposis syndrome of the gastrointestinal 

tract – affecting approximately 1 in 10,000 people but accounting for less than 1% of CRCs 

(118).  

FAP has been characterised by the development of several, initially benign, adenomatous 

polyps of the colon which can increase in number with age – potentially resulting in hundreds 

of intestinal polyps (119). These polyps have the potential to develop into malignant colonic 

tumours if not properly managed or monitored, with CRC development common in FAP 

patients before the age of forty (120). As discussed in section 1.2.2, the APC gene plays a 

crucial role in the Wnt signalling pathway and its mutation is associated with the first step of 
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tumour development according to the adenoma-carcinoma sequence. Alongside the 

development of these intestinal polyps, FAP patients may also present with abnormalities of 

the bone, thyroid and soft tissue (121). The severity of FAP is known to vary depending on 

the location of the inherited APC mutation. Mutations which affect a region of the protein 

between codons 1,250 and 1,464 – especially at codon 1,309 – are associated with a more 

severe form of FAP, whereas mutations at either terminus of the gene are associated with 

more mild disease (122).  

Since the discovery of FAP and the associated genetic alterations which underpin the 

syndrome, screening of at risk individuals has reduced the number of FAP patients presenting 

with CRC at first clinical evaluation by 55% (121). While this has improved the overall 

survival of FAP patients, the risk of developing CRC remains high (121). Alongside 

enhanced colonic surveillance of FAP patients, there are more extreme alternative treatments 

– including prophylactic surgical removal of the colon – that may be of clinical benefit. The 

two major procedures involved here are colectomy with ileorectal anastomosis and 

proctocolectomy with ileal pouch anal anastomosis (122). The decision on which procedure 

is used is influenced by a number of factors, including the patient’s age and the severity of 

the polyposis (122). 

 

1.3.2 – Hereditary Non-Polyposis Colorectal Cancer  
 

Another CRC predisposition syndrome that has been the subject of extensive research is 

hereditary non-polyposis colorectal cancer (HNPCC), otherwise referred to as Lynch 

Syndrome (LS). LS is an autosomal-dominant syndrome which predisposes individuals to the 

development of CRC and was first described in the 1960s (123). In the study by Hampel et 

al., it was shown that LS could be identified in 2.2% of patients in a CRC cohort of over 

1,000 patients (124). Similarly, the study by Haraldsdottir et al. concluded that 1.8% of CRCs 

were a result of LS, again from a cohort of over 1,000 patients (125). Therefore, a number of 

studies have concluded that LS is the most common form of inherited CRC (125,126).  

LS is the result of germline pathogenic mutations in genes involved in the DNA MMR 

pathway, including MutL homologue 1 (MLH1), MutS homologue 2 (MSH2) or 6 (MSH6) 

and PMS2. Briefly, MSH2 and MSH6 form a heterodimer involved in the initial recognition 

of a DNA mismatch, which allows the recruitment of the MLH1-PMS2 heterodimer to the 

mismatch and subsequent nicking of the DNA around the mismatch (127). Following this, 

EXO1-mediated removal of mispaired nucleotides and re-synthesis and ligation of the DNA 

completes the MMR process (127). Inactivation of MMR pathway genes, via pathogenic 

mutation or epigenetic silencing (see section 1.4.4) are associated with the development of 

MSI, a characteristic identified in approximately 15% of all CRCs – whilst also being 

identified in endometrial and gastric cancers (128). As seen in Figure 1.1, MSI is a feature of 

the adenoma-carcinoma sequence and increases genomic instability, a critical component of 

colorectal tumorigenesis. The role of the MMR pathway in CRC pathogenesis will be 

investigated in more detail in Chapter V of this thesis. 

In order to diagnose LS, a patient must meet what is referred to as the Amsterdam Criteria. 

The second generation of these Amsterdam Criteria have an estimated sensitivity of detecting 
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LS of 78% ad an estimated specificity of 61% (129,130). The Amsterdam Criteria are 

summarised in Table 1.1. In addition to this, the Bethesda Guidelines were published in the 

1990s to act as a guide on which CRC patients should be sent for MSI testing. Patients who 

then tested positive for MSI could then be sent for specific MMR testing, in theory leading to 

the effective diagnosis of LS (131). When first implemented, the Bethesda Guidelines 

demonstrated a sensitivity of 94% but a relatively poor specificity of only 25% (130). A 

refined set of Bethesda Guidelines were subsequently issued and are summarised in Table 

1.2. 

 

Amsterdam Criteria II: 

Criterion: Description: 

Family History At least three relatives with CRC or LS-associated cancer 

Relatedness  At least one affected relative should be first-degree 

Generations At least two successive generations should be affected 

Age At least one relative should have been diagnosed before the age of fifty 

FAP FAP-associated CRCs should be excluded from the analysis 

Tumour Verification Cancers should be histologically verified 
 

Table 1.1 – The Amsterdam Criteria of Lynch Syndrome Diagnosis: The second generation of Amsterdam 

Criteria followed for diagnosing Lynch Syndrome (LS). According to the criteria, at least three relatives across 

at least two successive generations, one of whom is a first-degree relative, must have been diagnosed with 

colorectal cancer (CRC) or a LS-associated cancer. One of these cancers should be in a patient under fifty years 

old. Familial adenomatous polyposis (FAP) must be excluded from the analysis and all tumours should have 

received histological verification. If all of these criteria have been met, a CRC patient can be diagnosed with LS 

(132). 

 

Revised Bethesda Guidelines: 

Criterion: Description: 

Age CRC must be diagnosed before the age of fifty 

Tumour Type Patient presents with multiple LS-associated tumours, either at the same 

time or at separate time points (regardless of age) 

MSI Phenotype Patient presents with LS-associated tumour with MSI characteristics before 

the age of sixty 

Family History At least one first-degree relative has LS-associated tumour diagnosed 

before the age of fifty 

Family History CRC diagnosed in at least two first or second-degree relatives with LS-

associated tumours (regardless of age) 
 

Table 1.2 – The Revised Bethesda Guidelines: The revised guidelines on which newly-diagnosed colorectal 

cancer (CRC) patients should be sent for microsatellite instability (MSI) testing. According to the guidelines, 

any CRC patient who is diagnosed before the age of fifty should be sent for screening. If a patient presents with 

multiple Lynch Syndrome (LS) associated tumours throughout their life, they should also be sent for screening. 

If the newly-diagnosed CRC presents with MSI characteristics, the age limit to be sent for testing is raised to 

sixty. Other criteria for sending patients for MSI screening include having a first–degree relative diagnosed with 

an LS-associated tumour before the age of fifty or having two or more first or second-degree relatives with LS-

associated tumours also diagnosed with CRC. Following MSI screening, patients can also be screened for LS 

(131). 
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On average, patients with LS present clinically at a much younger age than sporadic CRC, 

which most commonly presents in patients over the age of fifty and is most common in those 

over the age of seventy-five (26). In LS, the age of disease presentation can vary depending 

on which MMR gene is mutated. In addition to this, LS patients have different prognoses 

depending on the MMR gene mutated (126). LS patients with mutations in MLH1 or MSH2 

have a mean CRC diagnosis age of forty-four, whereas LS-associated CRCs with MSH6 

mutations do not typically develop until between forty-two and sixty-nine years of age (133). 

LS-associated CRC with PMS2 mutations have an average diagnosis age of between sixty-

one and sixty-six (133). Similarly, it is estimated that the lifetime risk of developing CRC in 

LS patients also varies depending on the mutated gene. Patients with MLH1 or MSH2 

mutations have a lifetime risk of developing CRC of 30-74%, whereas this risk drops to 

between 10-22% in MSH6-mutant patients and 15-20% in patients with PMS2 mutations 

(126). LS patients are thought to progress through the adenoma-carcinoma sequence of CRC 

tumorigenesis at a more rapid rate than sporadic CRCs, on average taking just five years 

compared to potentially decades in sporadic CRCs (134). It is because of this that 

management of LS is biannual colonic surveillance, often beginning between twenty and 

twenty-five years of age in order to identify potential tumours at an earlier stage, therefore 

improving prognosis (126,135).  

From a therapeutic perspective, LS patients may benefit from alternative treatments to 

conventional chemotherapeutics used to treat sporadic CRCs. The study by Smyrk et al. 

found that MSIHigh CRCs have a significantly higher number of tumour-infiltrating 

lymphocytes (TILs) than MSS tumours (136). In addition to this, the study by Llosa et al. 

identified infiltrating T-Helper cells and subsequent production of interferon-gamma (IFN-γ) 

within MSIHigh CRC (137). To counteract the pro-immune response characteristics of the 

tumour micro-environment in MSIHigh CRCs, there is also the expression of a number of 

immunosuppressive signalling proteins, including programmed cell death protein 1 (PD-1), 

its ligand (PD-L1) and cytotoxic T-lymphocyte associated protein 4 (CTLA4) – which act to 

suppress the anti-tumour immune response (137). The presence of TILs and an 

immunosuppressive environment in MSIHigh CRCs presents a new avenue for therapeutic 

intervention using immune-checkpoint blockade immunotherapy. In the study by Le et al., 

patients with MSIHigh CRC, MSIHigh non-CRC or MSS CRC were treated with the anti PD-1 

monoclonal antibody pembrolizumab. Both the immune response rate and progression-free 

survival of the MSIHigh cohorts was significantly higher than that of the MSS cohort (138). 

The study by Overman et al. investigated the effect of the anti PD-1 monoclonal antibody 

nivolumab in combination with the anti-CTLA4 monoclonal antibody ipilimumab in MSIHigh 

metastatic CRCs and demonstrated a twelve-month overall survival of 85% (139). It is 

perhaps unsurprising given the apparent efficacy of immune-checkpoint blockade 

immunotherapeutics in MSIHigh CRCs that pembrolizumab, nivolumab and ipilimumab have 

all been approved by the US food and drugs administration (FDA) for use in MSIHigh 

metastatic CRC. 

 

1.3.3 – Peutz-Jeghers Syndrome 
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Another, somewhat rarer, autosomal-dominant condition which predisposes to colorectal 

polyps is Peutz-Jeghers Syndrome (PJS) – which is driven by germline mutations in the 

STK11 gene (see section 1.1) (140). An early case of PJS was described in the 1920s by 

Peutz, who identified rectal polyps and unusual pigmentation of the skin and mucous 

membranes within several members of the same family (141). Despite these observations, it 

was not until the 1950s that PJS was coined by Bruwer et al., who combined the observations 

of Peutz with similar observations made in another patient cohort by Jegher et al. (142,143). 

The incidence of PJS is less common than that of FAP or LS, affecting 1 in 50,000 to 

200,000 live births (144).  

The unusual dark brown or blue-brown pigmentations associated with approximately 95% of 

PJS cases often appear early in life, commonly in infancy (140,144). These pigmentations are 

commonly identified at the vermilion border of the lips, buccal mucosa, hands and feet of 

affected individuals in 94%, 66%, 74% and 62% of cases respectively (144). Alongside this 

pigmentation, harmatomatous polyps of the gastrointestinal tract are the other major feature 

of PJS – which are present in up to 88% of affected individuals but are far fewer in number to 

the number of polyps observed in FAP (145). Polyps are commonly located in the small 

intestine and colon in 60-90% and 50-64% of affected individuals respectively, however 

polyps can also present in the bladder and gallbladder (140). Characteristic features of PJS-

associated polyps include their frond-like structure, composed of epithelial cells of the 

gastrointestinal region of origin and smooth muscle (144). These polyps often grow early in 

an affected individual’s life and clinically present themselves between the ages of ten and 

thirty. Consequently the average age of diagnosis of PJS in both males and females is in the 

early to mid-twenties (144). Diagnosis of PJS can be made if the affected individual meets at 

least one of the criteria outlined in Table 1.3 (140). 

 

Diagnosing Peutz-Jeghers Syndrome: 

Criterion: Description: 

Polyps Presence of two or more polyps with PJS characteristics 

Family History Any number of PJS-associated polyps in a patient with at least 

one close relative whom has been diagnosed with PJS 

Pigmentation Characteristic PJS pigmentation in an individual with at least one 

close relative whom has been diagnosed with PJS 

Polyps + Pigmentation Any number of PJS-associated polyps in an individual who also 

presents with characteristic PJS pigmentation 
 

Table 1.3 – Diagnosis Criteria for Peutz-Jeghers Syndrome: The criteria used to diagnose Peutz-Jeghers 

syndrome (PJS) in an individual. These include the presence of characteristic PJS-associated polyps, family 

history of the disease, characteristic pigmentation of the skin and/or mucous membranes or a combination of 

polyps and pigmentation. An affected individual need only meet one of the above criteria to be diagnosed with 

PJS (140). 

 

PJS is the result of germline pathogenic mutations in the STK11 gene located on chromosome 

19, which encodes the serine-threonine kinase Lkb1 (146). Lkb1 is involved in a number of 

intracellular processes but is most noted for its role in cellular responses to stress – including 

low-nutrient or low-energy states (146). When a cell enters one of these states, adenosine 
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monophosphate (AMP) binds to AMP-activated protein kinase (AMPK), which is then 

phosphorylated and activated by Lkb1 (147). This drives a move towards intracellular 

catabolism to generate ATP to maintain intracellular ATP:AMP ratios – however in the 

absence of Lkb1, cells move away from oxidative phosphorylation to aerobic glycolysis-

based metabolism (146,148). Changes to cellular metabolism have been described as a 

hallmark of cancer development in the work of Hanahan & Weinberg (9). Another role of 

Lkb1 involves the regulation of the mammalian target of rapamycin (mTOR) signalling 

pathway, a regulator of cellular growth and proliferation (149). mTOR is known to promote 

cellular growth and proliferation via the phosphorylation of downstream targets p20 

ribosomal S6 kinase (S6K) and eukaryotic translation initiation factor 4E binding protein 1 

(eIF4E-BP1), which promote the initiation of translation within cells (149). This pro-growth 

signalling can be inhibited by the activity of Lkb1. Following the Lkb1-mediated 

phosphorylation and activation of AMPK, the tuberous sclerosis complex 2 (TSC2) is 

activated following AMPK-mediated phosphorylation (150). Activated TSC2 is then able to 

inhibit mTOR signalling, therefore preventing cellular growth in low-energy or low-nutrient 

states (150). Therefore, a consequence of Lkb1 inactivation in PJS allows uncontrolled and 

unregulated pro-growth and pro-proliferative intracellular signalling via mTOR (149). 

Alongside the enhanced risk of developing CRC, PJS patients are also predisposed to other 

forms of cancer – including cancers of the lung, breast and pancreas (151–153). It is 

estimated that PJS patients have a greater than 90% chance of developing cancer at some 

point in their lives, with breast cancer carrying the highest cumulative risk of development 

between the ages of fifteen and sixty-four at 54%, followed by CRC in second at 39% 

(144,149,154). The study of Giardiello et al. identified nine cases of CRC in PJS patients 

with an average diagnosis age of approximately forty-six, which is significantly younger than 

the average age of diagnosis of sporadic CRCs – a trend also seen in FAP and LS patients 

(154). Similarly to FAP and LS, the recommended management of PJS often involves 

enhanced colonic surveillance – with several health authorities recommending an 

investigative colonoscopy every two-three years beginning at the age of eighteen in affected 

individuals (144). In addition to this, it is recommended that colonic polyps greater than 1cm 

in size identified during surveillance are removed via a polypectomy – while rapidly-growing 

polyps or those larger than 1.5cm in size are recommended for surgical removal (144). 

  

1.3.4 – Other Autosomal-Dominant Colorectal Cancer Predisposition Syndromes 
 

Another example of an autosomal-dominant syndrome associated with gastrointestinal polyp 

development is polymerase proofreading-associated polyposis (PPAP), which can predispose 

affected individuals to CRC (155). PPAP was first reported in 2013 by Palles et al., who 

described patients with multiple colorectal adenomas and/or CRCs without an MSI 

phenotype (156). This phenotype was characterised by germline pathogenic mutations in the 

exonuclease domain of either DNA polymerase delta (POL-δ) or DNA polymerase epsilon 

(POL-ε), which was suggested to impair the intrinsic error-correcting capabilities of each 

protein (156). Germline exonuclease domain mutations (EDMs) in either enzyme show high 

penetrance and enhanced predisposition to CRC, with germline EDMs in POL-δ also 

predisposing to endometrial cancer (156,157). In addition to this, a number of somatic POL-ε 
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EDMs have been identified in CRC and endometrial cancer, recapitulating the phenotype of 

PPAP of hyper-mutated tumours on an MSS background (157). Palles et al. identified POL-

δS478N and POL-εL424V as the changes associated with PPAP pathogenesis, with POL-δP327L 

also identified by subsequent analysis (156,157). Data from The Cancer Genome Atlas 

(TCGA) suggests that approximately 3% of CRCs harboured somatic EDMs in POL-ε, with 

POL-εP286R, POL-εV411L and POL-εS459F being common alterations (69,157). Other studies 

have also suggested that POL-εP286R is one of the most common POL-ε EDMs (158). 

Interestingly, somatic POL-δ EDMs are much rarer, only found in an estimated 0.5% of CRC 

samples (157). The mechanism of DNA polymerase exonuclease domain-mediated error 

correction will be described in Chapter V of this thesis, but the failure to repair DNA 

mismatches arising from DNA replication errors results in hyper-mutated tumours with 

thousands of mutations in exonic DNA alone (69). The study by Palles et al. investigated 132 

patients with pathogenic EDMs in either POL-δ or POL-ε and found that 85% of POL-δ and 

95% of POL-ε mutants had colorectal adenomas or CRC, with a median age of cancer 

diagnosis being in the forties for both genes (159). In addition to this, the median number of 

polyps present within POL-δ and POL-ε-mutants was thirteen and twelve respectively (159). 

The study, similarly to other CRC predisposition syndromes discussed, recommends 

enhanced colonic surveillance of affected individuals starting at the age of fourteen (159). 

 

Alongside PJS, there are other CRC predisposition syndromes associated with the 

development of several harmatomatous polyps, including Juvenile Polyposis Syndrome 

(JPS). JPS was first reported in 1964 by McColl et al. and affects approximately 1 in 100,000 

people (160,161). As opposed to the age of polyp presentation, the term juvenile is used as a 

histological descriptor of the polyps associated with JPS, which commonly present in the 

colon and small intestine of affected individuals (162). JPS is the result of inherited 

pathogenic mutations in either BMPR1A or SMAD4 which, as discussed in section 1.2.2, are 

important regulators of cell cycle arrest (162). Polyps often appear in the first decade of life 

and are thought to increase the risk of CRC development by approximately 20% (163). 

Suggestions for management of JPS includes routine colonic surveillance every three years 

from the age of fifteen with surgical intervention or polypectomy where appropriate (162). 

 

Hereditary mixed polyposis syndrome (HMPS) was first described in an Ashkenazi Jewish 

family who presented with multiple gastrointestinal polyps of multiple distinct histological 

sub-types or individual polyps that display characteristics of more than one histological sub-

type (164). The genetic alteration that underpins HMPS are duplications of regulatory regions 

of the GREM1 gene on chromosome 15, resulting in over-expression of the GREM1 protein 

(164). The study by Lieberman et al. reported four families that harboured the 

aforementioned GREM1 regulatory region duplication, encompassing a forty-kilobase (kb) 

region of chromosome 15 (164). Across the four families, a total of sixteen individuals were 

identified with a GREM1 region duplication, with three families presenting with rapidly-

growing intestinal polyps and the fourth fulfilling the Amsterdam Criteria for LS diagnosis – 

potentially complicating the distinction between the two conditions (164). Owing to the rapid 

growth and early presentation of intestinal polyps in HMPS, which can often be in the early 

twenties of affected individuals, Lieberman et al. consequently recommended the initiation of 

colonic screening in early adolescence for effective management of the syndrome (164,165). 
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Taken together, there are a great number of autosomal-dominant CRC predisposition 

syndromes which markedly increase an affected individual’s lifetime risk of CRC 

development. There are also examples of autosomal-recessive syndromes that are known to 

predispose to CRC development, including MUTYH-associated polyposis, which often 

presents clinically as similar to attenuated forms of FAP (166). However, while there has 

been extensive research into the molecular mechanisms underpinning each of the CRC 

predisposition syndromes listed above, they only account for approximately 5% of all CRC 

cases (162). As previously stated, it is estimated that some 20-25% of CRCs have an 

inherited component underlying tumorigenesis whose mechanisms are as yet not completely 

understood (116,162). In light of this, it remains of critical importance that new genes whose 

pathogenic mutation predisposes to CRC development are identified and characterised via 

downstream functional validation experiments. 

 

1.4 – DNA Methylation & Roles in Colorectal Tumorigenesis 
 

1.4.1 – A History of Epigenetics 
 

It has long been hypothesised that changes to the environment could drive heritable changes 

in the phenotype of an organism (167,168). As early as the 1890s, Weismann amputated the 

tails of successive generations of mice in an attempt to determine if this change could be 

inherited (168). However, it wasn’t until the 1940s when Waddington was able to prove this 

interplay from his work with Drosophila (168,169). Waddington observed the development 

of unique thoracic and wing structures in Drosophila living in different temperatures, 

observing that after enough generations these unique structures could be stably inherited 

despite the absence of the initial environmental stimulus (168). 

Waddington hypothesised that these interactions between the environment and the phenotype 

was the cause for “canalisation”, the process by which cells with an identical genotype could 

vary in their phenotype (167). This led to the suggestion of the existence of a programme of 

“epigenetics” (literally processes “over genetics”) that allowed canalisation to occur 

(167,169). Over the subsequent years, following the discovery of processes that regulate the 

expression of genes within cells, the definition of epigenetics shifted (170). The idea that 

epigenetics was the major mechanism used by cells to control their unique gene expression 

signature compared to other cell types, despite having the same genetic material, led to 

epigenetics being defined as the change in the expression of a gene in the absence of a change 

to the underlying DNA sequence (170). The epigenetic profile of cells remains a heritable 

feature that can be transmitted to subsequent generations, as well as a profile that can be 

modified by the environment (171).  

Despite not being associated with a change to the DNA base sequence, epigenetics allows for 

the control of how DNA is organised within cells, which can either encourage or discourage 

the transcription of a gene (172). Modification of histones, the proteins around which DNA is 

wound, can result in such conformational changes (172). Alternatively, modification of the 

DNA bases themselves in a process known as DNA methylation can also influence the 
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transcription and downstream expression of genes, representing a critical epigenetic 

mechanism by which gene expression is regulated (172).  

 

1.4.2 – The Importance of DNA Methylation in Mammalian Genomes 
 

Effective intracellular control of gene expression is essential for proper function. The de-

regulation of gene expression, either via protein over-expression or absence due to 

pathogenic mutation, has consequences in tumorigenesis – with examples of both being 

provided in section 1.3. In light of this, tight regulation of the transcription and subsequent 

translation of protein-coding genes is the major mechanism employed by cells to control gene 

expression (173). DNA methylation is the best-described mechanism for the epigenetic 

regulation of gene expression, which is characterised by the addition of a methyl-group to the 

fifth carbon of cytosine to produce 5-methylcytosine (5-mC) – most commonly in the genetic 

context CpG (174,175).  

 

The methylation of DNA is regulated by the family of DNA methyltransferase (DNMT) 

proteins, which are responsible for both the deposition of methyl-groups onto target cytosine 

residues and the maintenance of 5-mC patterns throughout the genome following DNA 

replication (174,175). The deposition of a methyl-group onto a target cytosine is referred to 

as de novo methylation and is primarily accomplished by DNMT3A and DNMT3B, in addition 

to the accessory protein DNMT3L (174–176). Due to their roles in de novo methylation, these 

DNMTs are most highly expressed in undifferentiated cells (175,176). In addition to these 

proteins, DNMT1 is responsible for the faithful propagation of DNA methylation patterns to 

daughter cells following replication, allowing the efficient transmission of gene expression 

profiles between generations of cells (174).  

 

Alongside its role in the regulation of gene expression, DNA methylation also plays an 

important role in other biological processes – including embryogenesis, genomic imprinting 

and X-chromosome inactivation (177). The importance of DNA methylation during 

embryogenesis is highlighted by the embryonic lethality of DNMT1-deficient and DNMT3B-

deficient mouse models (174,176,178). Mouse models of DNMT3A deficiency are initially 

viable but suffer from impaired post-natal development and die before the age of one month 

(176). During embryonic development, there are two distinct waves of DNA de-methylation 

followed by DNA re-methylation. The first of these waves occurs rapidly post-fertilisation, 

with re-methylation beginning at the implantation stage of development – while the second 

wave is initiated at the primordial germ cell stage (174).  

 

DNA methylation of gene promoters acts as the foremost method of transcriptional repression 

(179). In the human genome approximately 80% of CpG dinucleotides are methylated, with 

unmethylated sites tending to cluster together in regions known as CpG islands (179). These 

CpG islands are common at gene promoters, allowing tight control of gene expression by the 

co-ordinated methylation of the promoters of genes to be silenced (179). DNA methylation 

can repress gene expression via both direct and indirect mechanisms. Following the 

deposition of 5-mC at gene promoters, transcription-initiating proteins are blocked from 

accessing the DNA and therefore are not able to bind and drive gene transcription (174,179). 
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In addition to this direct mechanism, the methylation of DNA can recruit methyl-CpG 

binding proteins to the site of DNA methylation, which act to facilitate interactions between 

the methylated DNA and modified histones – resulting a shift in local chromatin structure 

towards a more repressive conformation, further limiting the access of transcription-

associated proteins to the DNA (174,179). The importance of DNA methylation in regulating 

gene expression is best exemplified in the study of ESCs (180). The OCT4 gene is associated 

with the maintenance of pluripotency in stem cells (181). Therefore, following 

differentiation, the promoter of this gene undergoes de novo methylation, resulting in its 

transcriptional silencing in differentiated cells (180,182). In addition to OCT4, there are a 

number of other pluripotency-associated genes, including NANOG that undergo de novo 

DNA methylation and transcriptional silencing during cell differentiation (183). The study by 

Hackett et al. performed an epigenetic disruption and recovery analysis of somatic cells in 

order to identify genes whose expression is directly controlled by DNA methylation (184). 

DNA hypo-methylation via 5-aza-2-deoxycytidine (5-aza, see section 1.4.3) treatment 

revealed a significant up-regulation of a number of genes involved in distinct biological 

pathways, including immune response and gamete genesis (184). Interestingly, of these up-

regulated genes, many were rapidly down-regulated again following withdrawal of 5-aza, 

indicating that DNA methylation may not be directly responsible for the control of the 

expression of these genes due to the lack of extensive de novo methylation in somatic cells 

(184). However, genes with distinct roles in the germline, including Asz1 and Ant4, remained 

up-regulated following withdrawal of 5-aza, indicating that DNA methylation may be directly 

responsible for regulating the expression of these genes (184). The direct and indirect 

mechanisms of DNA methylation mediated regulation of gene expression described above 

are summarised in Figure 1.6. While the direct methylation of gene promoters appears to play 

a role in cell differentiation and embryonic development, the role of the indirect role of DNA 

methylation in transcriptional silencing and development is less clear (183,185). While a 

number of studies have demonstrated that recruitment of histone de-acetylases to gene 

promoters is mediated by methyl-CpG binding proteins in vitro (186,187), there are few 

instances of this form of regulation being demonstrated in vivo. While the study by Schmolka 

et al. suggested that methyl-CpG binding domain 3 (MBD3) was crucial for the 

differentiation of neuronal cells, this was independent of its methyl-CpG binding domain 

(188). Similarly, Caballero et al. demonstrated that in vivo several methyl-CpG binding 

proteins were not essential for neuronal differentiation (185). Overall, while this indirect 

mechanism by which DNA methylation may regulate gene expression appears to be present 

in vitro, the utility in differentiation and development in vivo is yet to be fully understood. 

 

Conversely, while DNA methylation at promoters is associated with transcriptional 

repression, there is evidence to suggest that DNA methylation within the coding regions of 

genes may promote gene activation (174). Hellman & Chess demonstrated that there are 

differences in the DNA methylation profiles between the active and inactive X-chromosome 

following inactivation – with the active X-chromosome surprisingly showing a higher degree 

of DNA methylation than the inactive X-chromosome (189). The inactive X-chromosome 

was demonstrated to have DNA methylation localised to gene promoters, whereas the active 

X-chromosome showed intra-genic DNA methylation – the level of which was correlated 

with gene expression (189). Subsequently, this phenomenon has been identified across the 

genome, implicating DNA methylation in more processes than just transcriptional repression 
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(190). To further support the role of DNA methylation in controlling gene expression, there is 

a clear correlation between DNA methylation and DNA replication timing (190). DNA which 

replicates in early S-phase of the cell cycle is known to be more euchromatic, gene-rich and 

actively transcribed when compared to DNA replicated in late S-phase – which has less genes 

and is associated with regions of heterochromatin (191,192). Consequently, these early-

replicating regions of the genome also show higher degrees of DNA methylation than late-

replicating regions (190). It is because of these crucial roles in epigenetic regulation of gene 

expression that de-regulation of cellular DNA methylation patterns have been implicated in  

the development of several types of cancer – including CRC. 

 

 

 

1.4.3 – DNA Methylation Alterations in Colorectal Tumorigenesis 

 

The adenoma-carcinoma sequence represents a general model for the development of CRC, 

driven by the sequential acquisition of pathogenic mutations in specific CRC driver genes – 

for a full description of the adenoma-carcinoma sequence see section 1.2. In addition to these 

mutations, more emphasis has recently been placed on over-arching changes that take place 

within the intestinal compartment during tumorigenesis, for example alterations to inter-

cellular adhesion or angiogenesis (43). Alterations to cellular DNA methylation patterns are 

Figure 1.6 – Mechanisms of DNA Methylation-Mediated Control of Gene Expression: A schematic 

illustration of the direct and indirect mechanisms by which DNA methylation influences gene expression. a) 

Methylation can directly control gene expression by preventing a transcription factors (TF) from accessing gene 

promoters and driving gene transcription from the transcription start site (TSS). b) DNA methylation can also 

indirectly control gene expression by inducing changes in chromatin conformation to a more closed and 

repressive structure, again preventing TFs from accessing gene promoters and subsequently initiating 

transcription. Created with BioRender.com (https://app.biorender.com/). 
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thought to be a key characteristic of CRC tumorigenesis, occurring early in the adenoma-

carcinoma sequence (see Figure 1.1) (43). Consequently, these alterations in DNA 

methylation are hypothesised to play a part in driving the progression of previously normal 

(or hyper-proliferative) intestinal epithelia into colorectal adenomas (43).  

 

Alterations in DNA methylation are a common feature of several tumour types, usually 

characterised by genome-wide hypo-methylation interspersed with localised regions of DNA 

hyper-methylation at CpG islands of gene promoters (193). A summary of these methylation 

changes in cancer is provided in Figure 1.7. It has been suggested that global DNA hypo-

methylation may drive increased genomic instability, another key feature of CRC 

tumorigenesis (194). In addition to this, alterations to cellular DNA methylation profiles may 

also have an impact on the expression of several oncogenes or tumour suppressor genes 

owing to the role of DNA methylation in regulating gene expression (see section 1.4.2) (195). 

Promoter hyper-methylation has been demonstrated to be a mechanism of tumour suppressor 

gene silencing in several forms of cancer, examples including the BRCA1 gene in breast 

cancer or Glutathione S-Transferase P (GSTP1) in prostate cancer (see Figure 1.6 for an 

illustration of DNA methylation induced control of gene expression) (193,196). In line with 

this phenomenon, promoter hyper-methylation of several CRC driver genes have been 

reported. Examples of these driver genes include APC and MLH1 (89,197). The study by 

Liang et al. reported that the hyper-methylation of the APC promoter was significantly 

correlated with the incidence of CRC and the frequency of APC promoter hyper-methylation 

was more common in colorectal adenomas and stage I CRC than normal colorectal tissue – 

with the frequency of APC promoter hyper-methylation being nearly ten-fold higher in CRC 

than normal tissues (197). 

 

 

 

Figure 1.7 – The Methylation Landscape of Cancer: An illustration of the DNA methylation changes that 

occur in cancer. In normal tissues (a), CpG islands located within gene promoters are generally unmethylated, 

while DNA methylation (red lollipops) is common within protein-coding and intergenic DNA. However, in 

cancer (b), there is global DNA hypo-methylation (especially in protein-coding and intergenic DNA), coupled 

with DNA hyper-methylation at CpG islands within gene promoters, which can prevent transcription factor 

binding and subsequent transcription of a gene. Created with BioRender.com (https://app.biorender.com/). 
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Perhaps a more well-known example of aberrant promoter hyper-methylation in CRC is at 

the MLH1 gene locus. The hyper-methylation of the MLH1 promoter has been shown to 

reduce the expression of the MLH1 protein, thereby driving the development of MSIHigh CRC 

(89). Following a meta-analysis by Li et al., MLH1 promoter hyper-methylation was 

identified in 18.7% of sporadic CRCs across twenty-nine separate studies and 16.4% of LS-

associated CRCs across eight independent studies (89). When this analysis was refined to 

only investigate MSIHigh CRCs, a total of 73.6% of sporadic CRCs and 15.3% of LS-

associated CRC presented with MLH1 promoter hyper-methylation (89). In addition to CRC, 

MLH1 promoter hyper-methylation has also been identified in approximately 40% of MMR-

deficient endometrial cancers (198). In the context of CRC, Li et al. also reported significant 

associations between MLH1 promoter hyper-methylation and tumour location, patient sex 

and the presence of pathogenic BRAF mutations (89). There are also examples of promoter 

hyper-methylation of genes that can drive CRC tumorigenesis via a more indirect mechanism 

than previous examples. The study by Neri et al. demonstrated that the expression of ten-

eleven translocation 1 (TET1) is down-regulated early in CRC development following 

analysis of 887 colorectal adenocarcinomas (199). The study also provided evidence that in 

vitro repression of TET1 expression drives an increase in the proliferation rate of CRC cell 

lines (199). The TET1 protein, in addition to the other members of the family (TET2 and 

TET3) is involved in the active de-methylation of DNA via catalysing the conversion of 5-

mC to 5-hydroxymethylcytosine (5-hmC) (200). Therefore, mutations in TET1 resulted in a 

lack of promoter de-methylation and subsequent reduced expression of DKK3 and DKK4, 

which are both inhibitors of the Wnt signalling pathway (199). The potential role of members 

of the TET family in CRC tumorigenesis will be explored in detail in Chapter II and Chapter 

III of this thesis.  

 

In light of the aberrant DNA methylation patterns driving inappropriate expression of key 

CRC driver genes, there has been some investigation into the utility of DNA methylation 

profiles as a biomarker of CRC tumorigenesis (201). The study by Rasmussen et al. evaluated 

seventy-four previous investigations into the utility of DNA methylation analysis of blood or 

stool samples in the early detection or prognosis of CRC (201). Multiple studies investigated 

APC promoter methylation as a CRC biomarker, including Pack et al., who used methylation-

specific polymerase chain reaction (MS-PCR) and identified hyper-methylation of the APC 

promoter in the blood with a sensitivity and specificity of 57% and 86% respectively (202). 

Conversely, Leung et al. did not find a significant difference in the DNA methylation of the 

APC promoter in the blood of CRC cases vs controls, but interestingly, did find a significant 

association for the MLH1 gene (203).  Furthermore, altered DNA methylation profiles in 

CRC patients may, in addition to potentially providing a novel biomarker for early detection, 

be targeted therapeutically. One such example of this was the study by Yang et al., who 

treated the CRC cell line HCT116 with low doses of the DNA hypo-methylating agent 5-aza 

for twenty-four hours (204). The results of the study included impaired colony-formation of 

the 5-aza treated cells, as well as an initial reduction in cellular growth rates – with the 

population doubling time of the cells decreasing from twenty-six hours to thirty-eight hours 

before returning to pre-treatment levels after several weeks (204). Global DNA de-

methylation was identified in the 5-aza treated cells five days post-treatment, potentially 

suggesting a link between DNA methylation profiles and cellular proliferation (204). The 

therapeutic potential of 5-aza may also extend to the re-activation of genes previously 
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silenced by aberrant promoter hyper-methylation. The study by Mossman et al. treated five 

CRC cell lines for seventy-two hours with 5-aza and demonstrated global de-methylation and 

re-activation of a number of previously silenced driver genes – including MLH1 in HCT116 

cells, which showed no DNA methylation at promoter CpG islands (205). This effect could 

not be recapitulated in the cell line SW48, which showed evidence of MLH1 expression 

whilst retaining promoter hyper-methylation (205). However, despite the therapeutic promise 

of 5-aza, its toxicity has limited its clinical utility (206,207). As an analogue of 

deoxycytidine, 5-aza is incorporated into DNA and results in DNMT inhibition 

(206,208,209). The incorporation of 5-aza into the DNA sequence covalently traps DNMT1, 

the maintenance DNA methyltransferase, to DNA – thus preventing propagation of DNA 

methylation profiles in cells following DNA replication (206). This block in DNA 

methylation and covalent linkage of DNMT1 to the DNA explains the toxicity of 5-aza 

treatment, given the critical role of DNMT1 in non-cancerous cells (207). 

 

1.4.4 – The CpG Island Methylator Phenotype 
 

Localised promoter hyper-methylation in tumours forms a key characteristic of the CIMP+ 

tumours (100). CIMP was first described in the late 1990s, where abnormal DNA hyper-

methylation was identified in primary CRC (100). Toyota et al. observed seven regions that 

were hyper-methylated specifically in cancers, which were coined as methylated in tumours 

(MINTs) (100). Cancers with hyper-methylation at three or more of these seven MINTs often 

presented with promoter hyper-methylation of tumour suppressor genes (e.g. p16) and MLH1, 

suggesting that their epigenetic silencing could drive tumorigenesis (100,210). CIMP is 

characterised by distinct patterns of promoter hyper-methylation and is often associated with 

an MSIHigh phenotype (99,211). CIMP is present in distinct subsets of CRCs, but has also 

been identified in other cancer types, including pancreatic and gastric cancers (99). The study 

by Samowitz et al. investigated a cohort of 864 CRCs using MS-PCR at the loci of MLH1, 

CDKN2A, MINT1, MINT2 and MINT31 (212). The study concluded that a CRC could be 

classified as CIMPHigh if there was evidence of promoter hyper-methylation in two or more of 

these panel genes and a cancer could be defined as CIMPLow if promoter hyper-methylation 

was detected in less than two of the panel genes (212). This characterisation was also used in 

the comprehensive characterisation of CRC in a TCGA study, who identified distinct 

CIMPHigh and CIMPLow CRC clusters (69). The study by Shen et al. analysed both the genetic 

and epigenetic traits of ninety-seven primary CRCs by characterising mutations in previously 

identified CRC driver genes and the DNA methylation status of twenty-seven promoter-

associated CpG islands (213). The results of this study identified three separate CIMP 

clusters in CRC, two for CIMP+ cancers and one for CIMP-. Of the CIMP+ clusters, the first 

(termed “CIMP1” in the study) was characterised by MSI (80% of cancers) and BRAF 

mutation (53% of cancers), whereas the other cluster (“CIMP2”) was associated with 

mutations in KRAS (92% of cancers) (213). Interestingly, the CIMP- cluster presented with a 

greater prevalence of TP53 mutations than either of the CIMP+ clusters (213). The use of 

MS-PCR in the early studies of CIMP on a limited number of panel genes suffered from a 

number of limitations (214). There was little consistency in the gene panels used to define 

CIMP in many early studies, while MS-PCR technology was limited by PCR bias, false-
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positive results and only allowing a qualitative, not quantitative, assessment of methylation 

(101,214).  

 

The clinical utility of CIMP has been of great scientific interest in recent years – either from a 

prognostic perspective or in predicting response to anti-cancer therapies. The study by Juo et 

al. performed a meta-analysis of thirty-three previous CIMP studies in CRC (215). Of these 

studies, eleven were used to assess the association between CIMP and disease-free survival 

(DFS). Of these eleven studies, eight showed no association between CIMP and DFS, two 

identified CIMP+ CRCs having a worse DFS than CIMP- CRCs and one found CIMP to be 

associated with a longer DFS (215). In addition to this, one study, despite having no overall 

significant association between CIMP and DFS, found evidence of a worse DFS of CIMP+ 

tumours when compared to CIMP- tumours of the proximal colon (215). Juo et al. also used 

these previous studies to assess the utility of CIMP in predicting patient response to 5-

fluorouracil (5-FU) chemotherapy. In total, seven studies assessed the association between 

CIMP and DFS in CRCs that received adjuvant 5-FU treatment following surgical resection. 

Of these, three studies concluded that CIMP+ CRCs have a better response to 5-FU treatment 

than CIMP- (215). However, the overall utility of the meta-analysis is limited by the 

differences between studies in CIMP classification. Another meta-analysis by Wang et al. 

investigated twenty-six studies, comprising 2,142 CIMPHigh CRCs from a total of 12,930 

CRCs (216). Of these studies, twenty-one assessed CIMPHigh cancers against CIMPLow and 

CIMP- cancers whereas six studies analysed CIMPHigh, CIMPLow and CIMP- cancers 

separately. In both of these groups CIMPHigh CRCs were significantly associated with a 

poorer overall survival than CIMP- CRCs (216). Overall survival was also significantly 

poorer in CIMPHigh vs CIMP- CRCs of stage III-IV, but not in stage I-II CRCs (216). 

Interestingly, Wang et al. identified no significant differences in overall survival of CIMPHigh 

vs CIMP- MSI+ cancers, but these differences were present in CRCs with proficient DNA 

MMR (183). In contrast to the meta analysis by Juo et al., post-surgical 5-FU treatment had 

no significant effect on DFS in either CIMPHigh or CIMPLow/CIMP- CRCs (216). Overall, the 

utility of CIMP in patient prognosis in CRC is limited due to the varying results of previous 

studies – including meta-analyses, inconsistencies in the gene panels and sequencing 

technologies used to classify CIMP and difficulties controlling for tumour stage or prior 

chemotherapies (215,217). For example, the study by Advani et al. performed a meta-

analysis into the prevalence of CIMP across global populations, where there were 

approximately sixty different methods for determining CIMP status across these studies, 

further highlighting the difficulties of clearly defining a CIMP+cancer (218). 

 

CIMPHigh CRCs appear to present with distinct clinical features, including localisation to the 

proximal colon and an older age of onset than CIMP- CRCs (217). However, despite the 

identification of these features, the driving force that underpins the development of CIMP+ 

disease remains unclear. There has been suggestion that mutations in DNMT or TET genes 

may drive CIMP via aberrant hyper-methylation or loss of DNA de-methylation respectively 

(217). However, mutations in either of these families of proteins occur in less than 10% of 

CRCs and may not provide a full explanation of the mechanisms which underpin CIMP 

pathogenesis (217). As previously discussed, mutations in BRAF often co-occur with CIMP, 

leading to speculation that the two may be linked (212,217). Fang et al., hypothesised that 

mutations in BRAF may drive aberrant promoter hyper-methylation via the increased 
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phosphorylation and expression of the transcriptional repressor MAF BZIP transcription 

factor G (MAFG) – which was thought to be a consequence of increased MAP kinase 

pathway activity in BRAF mutant CRCs (219). Fang et al. found MAFG was able to recruit a 

series of transcriptional co-repressors and influence the hyper-methylation of the MLH1 

promoter in CRC cell lines and the knockdown of DNMT3B was able to alleviate this 

repression (219). The suggestion that activation of the MAP kinase pathway may driver DNA 

hyper-methylation led to the hypothesis that KRAS may also represent a CIMP driver gene 

(220). The study by Serra et al. suggested that activating mutations in KRAS drove the up-

regulation of the ZNF304 gene, which subsequently recruits a transcriptional co-repressor 

complex including DNMT1 to drive the hyper-methylation of tumour suppressor gene 

promoters (220). However, despite these studies, there is currently no widely-accepted model 

that explains the development of CIMP in CRC. 

 

1.5 – Aims and Objectives of the Thesis 
 

1.5.1 – Rationale & Project Scope 
 

Throughout this chapter, it has been made evident that the development of CRC is a complex 

process of both genetic and epigenetic alterations that drive tumour development and that 

genetic predisposition plays a key role in tumorigenesis in a significant number of CRCs. The 

identification of several autosomal-dominant CRC predisposition syndromes, examples of 

which are described in section 1.3, represent key avenues for early disease detection and 

improved patient prognosis via the screening of at risk individuals. However, the current list 

of predisposition syndromes only explains a portion of CRCs with an inherited genetic 

component – while the underlying cause of a significant proportion of these CRCs remains 

unclear. It is therefore of critical importance that additional genes associated with CRC risk 

are identified and characterised to further improve genetic testing and surveillance schemes. 

Consequently, this thesis will address this by assessing the 4q24 locus of chromosome 4, 

which was a region of interest recently identified by a Genome-Wide Association Study 

(GWAS) meta-analysis as potentially being associated with CRC predisposition. In addition 

to this, this thesis will investigate the role of methyl-CpG binding domain 4 (MBD4) in CRC 

predisposition, the germline inactivation of which has recently been associated with the 

development of colorectal polyps (221). 

Also discussed in this chapter is the key role DNA methylation plays in CRC tumorigenesis. 

Alterations in the DNA methylation profile of cells have been identified as a key component 

of the adenoma-carcinoma sequence, but also more generally have been identified in many 

other cancers. In the context of CRC, promoter hyper-methylation of key tumour suppressor 

genes has been identified as a potential mechanism of tumorigenesis, with distinct sub-classes 

of CRC presenting with CIMP – the underlying cause and clinical utility of which is yet to be 

completely understood. Therefore, this thesis will investigate the role of DNA methylation in 

CRC tumorigenesis and provide a comprehensive analysis of the mechanisms by which DNA 

methylation alterations can facilitate colorectal tumorigenesis. 
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1.5.2 – Objectives of the Thesis 
 

In order to assess the role of the 4q24 locus in CRC tumorigenesis, this thesis will perform 

the following: 

 

1) Comprehensive in silico analysis of the genomic region to investigate the likely 

mechanisms underlying its association with CRC. 

2) Functional validation of the candidate target gene of the GWAS meta-analysis region 

via further in silico analysis and subsequent mouse models of CRC. 

 

The role of MBD4 in driving intestinal polyp development will also be assessed via: 

 

1) Whole-genome sequencing analysis of several intestinal polyps from a patient with a 

germline biallelic truncation in MBD4. 

2) CRC driver gene analysis of these polyps. 

3) Comprehensive association of mutations within these polyps with cellular and 

epigenetic features. 

 

The mechanisms by which DNA methylation affects CRC mutagenesis will be assessed by: 

 

1) Analysis of whole-genome sequencing data of cancers within the 100,000 Genomes 

Project (100KGP). 

2) Driver gene analysis of these cancers. 

3) Comprehensive association of mutations within these cancers with DNA methylation, 

replication timing, transcription strand and replication strand. 
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Chapter II – Investigating the Association Between the 4q24 

Locus of Chromosome 4 & Colorectal Cancer Predisposition 
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2.1 – Background 
 

2.1.1 – The Principle of Genome-Wide Association Studies 
 

As discussed in Chapter I of this thesis, germline mutations in known cancer predisposition 

genes underpin the elevated tumour risk of individuals with cancer predisposition syndromes 

(11,12). Over 100 cancer predisposition genes have been identified across several cancers, 

but there are still several additional genes whose importance in disease is yet to be defined 

(222). In order to identify new predisposition genes, Genome-Wide Association Studies 

(GWAS) have come to the fore as a powerful method to detect genetic variants that are more 

prevalent in patients with a trait or disease when compared to unaffected controls (223). The 

common unit measured by GWAS are single-nucleotide polymorphisms (SNPs) – which are 

small, inherited DNA sequence variations that exist between individuals. While most SNPs 

have no consequence for the organism as a whole, some SNPs are able to drive alterations in 

the expression of nearby genes at the same locus or alter the expression of genes several 

megabases (Mb) away (224). SNPs are able to exert these effects via direct or indirect 

mechanisms. Direct mechanisms include where a SNP lies within the protein-coding 

sequence of a gene and therefore potentially represents a pathogenic change to the amino acid 

structure of the protein (223). SNPs that act via this mechanism are less common, as the 

majority of SNPs lie outside this protein-coding sequence and may alter gene expression by 

influencing transcription factor binding to gene promoters or the overall chromatin 

conformation of the locus, thereby facilitating indirect control of gene transcription 

(223,224). 

In order to identify SNPs which are over-represented in individuals with a particular trait or 

disease, GWAS genotypes several thousand, or in many cases tens of thousands, of 

individuals with a trait or disease and a similar number of unaffected controls from the same 

ethnic background (e.g. European) (223). This genotyping involves the genomic sequencing 

of each individual using a SNP array, which contains thousands of previously identified SNPs 

across the genome (225). This primary genotyping data can also be combined with external 

reference data from other sources, for example the 1,000 Genomes Project, to improve the 

statistical power of the study (225). Following integration of primary data with external data, 

stringent quality control measures are required to improve the reliability of the data. 

Examples of these measures include the removal of poor quality DNA, removal of missing 

SNP data and the removal of ambiguous DNA base calls for a SNP (226). Following this, 

SNPs which are significantly associated with a trait or disease can be identified, since GWAS 

make use of a large sample size and to correct for multiple testing, the p-value threshold 

(p(GWAS)) for a SNP to be deemed genome-wide significant is normally 5 x 10-8, but this can 

vary between studies (226).  

Following the identification of SNPs that meet the criteria for genome-wide significance, 

further analysis can be conducted to investigate the effect of a SNP on the expression of a 

gene. The most common method applied in order to do this is an expression quantitative trait 

loci (eQTL) study (227). Since the majority of SNPs are not found within the protein-coding 

sequence of genes and instead are possibly located within regulatory elements, there could be 

several factors aside from a GWAS SNP that affect the expression of a gene (227). Therefore, 
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an eQTL is defined as a locus that explains a fraction of the variation in the expression of a 

gene (227). This has led to several research consortia developing with the purpose of 

providing a functional annotation for SNPs not found within the coding region of genes, 

which allows an estimation of their effect on the expression of a particular gene (228). The 

utility of eQTLs in the functional investigation of GWAS loci will be discussed in section 

2.1.4. 

 

2.1.2 – Colorectal Cancer Predisposition SNPs 
 

In recent years, several large-scale GWAS have identified genetic variants associated with a 

wide range of traits and diseases, including height, hair colour, schizophrenia and several 

types of cancer (229–233). As a result of this, GWAS have been able to identify dozens of 

genetic variants associated with increased cancer risk (234–236). Chapter I of this thesis 

illustrated the pivotal role of genetics in CRC predisposition and the identification of genes 

that are associated with autosomal-dominant CRC predisposition syndromes (11,237,238). 

Therefore, a number of GWAS have been performed in the context of CRC with the goal of 

identifying new genetic variants associated with CRC predisposition, with the subsequent 

hope of identifying new genes associated with enhanced disease risk (233,239). 

These studies have continued to identify new genetic variants significantly associated with 

enhanced CRC disease susceptibility, with many of the early CRC GWAS identifying the 

8q24 region as one of the first risk loci for CRC development (240–242). Tomlinson et al. 

reported the SNP rs6983267 as being significantly associated with CRC development 

following a GWAS of 930 familial CRCs and 960 controls (243). Tuupanen et al. further 

studied the 8q24 locus and identified rs6983267 as potentially affecting the Wnt signalling 

pathway, which may explain its association with CRC predisposition (232). In this study, it 

was shown that rs6983267 lies within the binding site of the Wnt-regulated transcription 

factor TCF7L2 (232). Following the relative success of GWAS at the 8q24 locus, further 

studies and meta-analysis of previous GWAS by Houlston et al. led to the discovery of a total 

of fourteen common variants significantly associated with CRC risk across several genomic 

loci – including 1q41, 3q26 and 12q13 (235). Of these fourteen variants, three were located in 

close proximity to BMP2, BMP4 and GREM1 – which are secreted components of the bone 

morphogenetic protein (BMP) signalling pathway (233). Following further investigation of 

these loci by Tomlinson et al., using 24,910 CRCs and 26,275 controls, one new variant 

significantly associated with CRC was identified at both the BMP2 and BMP4 loci (233). In 

addition to this, the previously identified CRC association at the GREM1 locus was found to 

be the result of two independent significant variants in close proximity to one another (233). 

In addition to these studies in populations of mostly European descent, new variants 

associated with CRC have also been reported in a variety of ethnic groups – including Han 

Chinese and African-American populations (236,244). By 2013, the list of known variants 

significantly associated with CRC grew to twenty-nine variants across twenty-one different 

genetic loci in European and Asian populations (245). This trend of discovery continued and 

by 2019, forty-three variants across forty genetic loci had been associated with CRC in 

European populations alone (234). In Asian populations, significant associations with CRC 
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were detected for eighteen variants across sixteen loci, many of which are shared with those 

identified in Europeans (234). Across all ethnicities, a total of fifty-three genomic loci had 

been significantly associated with CRC risk as a result of GWAS and the number of 

significantly associated variants in European and Asian populations stood at sixty-one (234). 

In the same year, Law et al. conducted five new GWAS and performed a meta-analysis of ten 

previously published studies, in a total of 34,627 CRCs and 71,379 controls of European 

descent, resulting in the identification of 623 variants reaching the threshold for genome-wide 

significance (234). Of these variants, thirty-one previously unreported loci were identified to 

be significantly associated with CRC (234). One example of these novel loci was the 4q24 

locus of chromosome 4, a locus which has previously been identified in a breast cancer 

GWAS (246,247). 

 

2.1.3 – Fine-Mapping of GWAS Data can Identify Causal Variants 
 

While the SNPs identified by a GWAS may be correlated with a complex trait or disease, it 

cannot be assumed that these SNPs are the causal variants which underpin trait or disease 

susceptibility (228). SNPs represent inherited variations of the genome and the inheritance 

pattern of SNPs from each parent of an individual was often considered to be a random 

process. However, it has been identified that nearby SNPs are often inherited in groups, 

referred to as haplotype blocks, due to the random recombination of the maternal and paternal 

chromosomes during embryonic development (248). This non-random association of SNPs 

within the same haplotype block can be referred to as linkage disequilibrium (LD) and is 

often used to quantitatively measure the correlation of two SNPs via an “r2” metric – which 

ranges from zero to one (249). An r2 value of zero indicates that two SNPs are independent of 

one another and are likely not inherited together, whereas an r2 value of one indicates that 

SNPs are likely to be inherited alongside one another (223).  

While the principle of LD blocks has allowed the identification of several additional variants 

associated with a trait or disease, it also hinders efforts to identify the causal variant(s) at a 

locus which underpins this association (228). As a result of this, it has now been established 

that the SNP with the most significant association with a trait or disease at a locus, often 

referred to as the “lead” SNP, is not necessarily the true causal variant at the locus – but may 

instead be in LD with the causal variant (228). The confounding nature of LD in determining 

the causal variant from a list of significantly associated variants identified by GWAS can be 

overcome by further analysis of existing GWAS data in a process known as fine-mapping 

(250,251). The goal of this fine-mapping analysis is to reduce the list of variants significantly 

associated with a trait or disease according to GWAS, which may be an extensive number, 

into a shorter list of “candidate causal variants” which can then be prioritised for downstream 

functional investigation in a laboratory setting (228,252). 

The lack of publically-available individual-level genotype data from GWAS, often due to 

infeasibility or data protection constraints, has driven the development of several fine-

mapping methodologies which instead make use of GWAS summary statistics – which are 

much more readily available in the public domain. In order to carry out reliable fine-mapping 

of a genomic locus, three conditions regarding the data being used must be met (228). The 
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first of these conditions is that all SNPs being used in fine-mapping analysis must have first 

passed the stringent GWAS quality control measures, described in more detail in section 

2.1.1 (228). Secondly, all common variants from the locus of interest must be included in the 

GWAS data, either via genotyping of study subjects or imputation from external data and 

finally, the sample size of the GWAS data must be great enough to accurately discriminate 

between variants in strong LD (228). 

Once the above criteria have been met, there are two predominant fine-mapping 

methodologies that can be implemented on GWAS data. The first of these methods assesses 

only SNPs that meet a pre-specified p-value threshold or are in LD with the lead SNP, 

thereby assuming that only variants that are significantly associated with the trait or disease 

via GWAS, or variants in LD with the lead SNP, are potentially causal (228). While this 

method confers some advantages, such as generating a small number of candidate causal 

variants, there are a number of drawbacks. By placing a large emphasis on the p-value of 

variants in GWAS data, there runs the risk of data not being accurately comparable between 

studies or even different loci within the same study – as GWAS p-values can be affected by 

both the sample size of the study and properties unique to each locus (228).  

An alternative fine-mapping methodology employs a more sophisticated Bayesian 

framework, which assigns a Bayes Factor to each variant at a locus (252,253). This Bayes 

Factor represents the ratio of evidence for a variant being the underlying causal variant at a 

locus versus evidence suggesting the causal variant lies elsewhere(252,253). From this Bayes 

Factor, a quantitative estimate of the likelihood of causality of a variant – referred to as a 

posterior probability – can be calculated. This posterior probability is subject to a number of 

assumptions, the most limiting of these being that there is only one causal variant at the 

locus(228,251–253). After calculating the posterior probabilities of all the variants at a given 

locus, it is possible to define a “credible set” of potentially causal variants, the size of which 

depending on both the posterior probabilities of variants at the locus and the threshold used to 

define the credible set (228,254). The standard cut-off of a credible set is 95%, which 

suggests that the credible set is 95% likely to contain the causal variant, but can be adjusted 

to meet study requirements (254). The number of SNPs within a credible set can be used as a 

measure of how informative Bayesian fine-mapping analysis has been for a given locus. A 

small credible set provides only a small number of variants – and therefore a small number of 

candidate causal genes – for functional investigation in the laboratory, while large credible 

sets are often considered uninformative (254). 

As previously discussed, a major limitation of Bayesian fine-mapping strategies is the 

assumption that there is only one causal variant at a locus, which is unlikely to be true given 

the complex nature of the control of mammalian gene expression (228). Another weakness of 

Bayesian fine-mapping is that SNPs identified as part of the credible set at a locus may have 

no previously established functional importance in the tissue of interest (254). While this 

limitation is not a direct consequence of the Bayesian fine-mapping framework, it may be 

considered difficult to calculate an accurate posterior probability for a variant without 

functional annotation data for the locus of interest which may give an indication of which 

variants are important in the regulation of gene expression in the tissue of 

interest(228,252,254). Therefore, subsequent fine-mapping analyses have attempted to 

address these limitations. An example of this is the study by Kichaev et al., who developed 

the Probabilistic Annotation Integrator (PAINTOR) pipeline, which aims to integrate GWAS 
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summary statistics for a locus of interest with both the LD structure of the locus and 

functional annotation data from the Encyclopaedia of DNA Elements (ENCODE) to improve 

the reliability of posterior probability calculations (251). Following simulation analysis of 

1,000 Genomes Project data comparing the PAINTOR pipeline to other Bayesian fine-

mapping strategies, Kichaev et al. reported a reduction in the number of SNPs required to 

create a 90% credible set from 13.3 to 10.4 SNPs per locus (251). In addition to this 

improvement in credible set generation, the PAINTOR pipeline also seeks to address another 

major limitation of previous Bayesian fine-mapping strategies by including a feature that 

allows there to be up to three causal variants at a given locus, as opposed to the assumed one 

causal variant used in previous studies (227,228,251). 

 

2.1.4 – Integrative GWAS & eQTL Data Analysis to Identify 

Candidate Target Genes 
 

While Bayesian fine-mapping strategies can be useful in generating a shortlist of candidate 

causal variants from a locus of hundreds or even thousands of SNPs, there are other 

downstream analysis techniques that can also be applied to GWAS data. An important 

limitation of GWAS data in isolation is the lack of information about the effect of a variant 

significantly associated with a trait or disease on the expression of nearby genes at the locus – 

a limitation also shared by Bayesian fine-mapping methodologies. This limitation can be 

addressed by eQTL analysis, which allows a quantitative effect size to be defined for a 

variant on the expression of nearby genes (227). In order to drive a significant association 

with a trait or disease, a variant identified by GWAS is assumed to act via either up-

regulation or down-regulation of the expression of nearby genes (see Figure 2.1). Therefore, 

any method which is able to integrate information on the effect of a variant on gene 

expression (eQTL data) with data which associates a variant with a trait or disease (GWAS 

data) would potentially allow the identification of candidate causal genes which underpin 

trait/disease associations identified at a locus by GWAS (255).  

Transcriptome-Wide Association Studies (TWAS) have recently emerged as a powerful tool 

for integrating gene expression data with known GWAS variants in order to extend the 

identification of genotype-trait associations by GWAS to gene-trait associations (256). Since 

it is unpractical to perform gene expression analysis on the same scale as SNP genotyping 

used in GWAS, smaller-scale gene expression datasets are often used, in addition to small 

external reference datasets (257). The integration of this gene expression data with genotype-

trait GWAS data allows inferences to be made between the predicted effect of a variant on 

gene expression, which is in turn related to the outcome trait or disease (see Figure 2.1) 

(258). The study by Fernandez-Rozadilla et al. integrated CRC GWAS data from European 

and East-Asian populations with colonic mucosa gene expression data from 1,107 

participants and identified novel associations between the expression of fifteen genes and 

CRC (257). However, TWAS analysis can be hindered by a number of limitations. For 

example, GWAS analysis, as a consequence of LD, identify several variants significantly 

associated with a trait or disease at a locus – which can in turn result in several gene-trait 

associations being identified at a locus by TWAS (256). In addition to this, the expression of  
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a number of genes may be correlated with one another, potentially resulting in false positive 

TWAS results (256). 

In addition to TWAS, alternative methods exist that are used to identify novel gene-trait 

associations. An example of these includes Summary data-based Mendelian Randomisation 

(SMR), which integrates GWAS summary statistics with eQTL data to quantify the effect of 

altered expression of a gene of interest on a phenotype of interest (259). A similar method 

was subsequently developed by Porcu et al. known as Transcriptome-Wide Mendelian 

Randomisation (TWMR) (255). Both SMR and TWMR integrate eQTL and GWAS data and 

associate the data with a phenotype of interest via Mendelian Randomisation (MR), an 

epidemiological technique which uses SNPs as “instrumental variables”, which act as a proxy 

for alterations in gene expression, termed the “exposure” and link this exposure to a trait or 

disease known as an “outcome” (260). However, the advantage of TWMR is the use of 

Figure 2.1 – The Mechanism Underlying SNP-Phenotype Associations: A schematic illustration of the 

mechanism by which a SNP significantly associated with a trait or disease may drive the association. Variants 

identified by Genome-Wide Association Study (GWAS) analysis are assumed to be associated with a trait or 

disease by altering the expression of nearby genes at the same locus. Fine-mapping strategies are able to 

determine the likely causal variant(s) from GWAS data and expression quantitative trait loci (eQTL) studies 

quantify the effect of a SNP on the expression of nearby genes. Methods have subsequently been developed to 

integrate both eQTL data with GWAS data to associate alterations to gene expression with a trait or disease. 

Created with BioRender.com (https://app.biorender.com/). 



36 
 

multiple instrumental variables at the same time, compared to SMR which provides a 

univariate single-instrument methodology that struggles to disentangle causality and 

pleiotropy of instrumental variables that affect multiple exposures (255,260). The process of 

MR is subject to a number of assumptions (260). Firstly, the instrumental variables (SNPs) 

provided in the analysis should be strongly associated with the exposure (expression of the 

gene of interest), a lack of strong association can result in an over-estimation of the effect 

size of an exposure on the outcome of interest in what is referred to as weak instrument bias 

(260). Secondly, these instrumental variables should not be associated with any confounding 

variables and, thirdly, the instrumental variable(s) should only be associated with the 

outcome via the exposure(s) being investigated (260). 

These assumptions are often difficult to meet, as one instrumental variable can be associated 

with an outcome via multiple exposures, known as horizontal pleiotropy – which violates the 

third assumption of MR (260). For example, rs116563317 has been shown to significantly 

(p(eQTL) < 0.005) affect the expression of both TBC1 domain containing kinase (TBCK) and 

eukaryotic transcription elongation factor 1α pseudogene 9 (EEF1AP9) in the transverse 

colon – according to the Genotype-Tissue Expression (GTEx) project data. Furthermore, this 

third assumption of MR can also be violated by instrumental variables in strong LD with one 

another leading to the association of multiple exposures with the outcome (260). TWMR 

aims to address horizontal pleiotropy by replacing this third assumption of MR with the 

instrument strength independent of direct effect (INSIDE) assumption, which implies that 

adding additional exposures associated with an instrumental variable in a multi-instrument, 

multi-exposure model reduces bias owing to pleiotropy – addressing the limitations of the 

single-instrument, single-exposure methodology of SMR (255). In addition to this, TWMR is 

able to reduce the impact of LD on MR by accounting for the correlation between 

instrumental variables included in an analysis (255). Porcu et al. implemented TWMR in the 

context of over forty human traits and identified over 4,000 gene-trait associations – 36% of 

which had no genome-wide significant GWAS variant at the locus (255). This suggests that 

the integration of eQTL and GWAS data via TWMR represents a potentially powerful 

methodology to identify novel gene-trait associations in a variety of complex traits and 

diseases. 

 

2.1.5 – Chapter Aims 
 

The GWAS meta-analysis performed by Law et al., described in section 2.1.2, identified 

thirty-one novel loci associated with CRC predisposition (234). One of these novel loci was 

located at the 4q24 region of chromosome 4 with the lead variant rs17035289 (see Figure 

2.2), a variant which has previously been associated with type II diabetes mellitus, according 

to the GWAS Catalogue, although the risk allele for diabetes in this study was the non-risk 

allele for CRC predisposition (234,261,262).  

In order to characterise the underlying mechanisms that underpin the association with CRC at 

this locus, several in silico analyses of the surrounding genomic region will be performed – 

these will include: 
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• Conditional analysis of GWAS meta-analysis data from participants of European 

heritage to search the region for additional variants significantly associated with CRC 

development that are independent of the lead variant. 

• PAINTOR fine-mapping of the locus around each of the independent signal(s) to 

identify a credible set of candidate causal variants that underpin the association of the 

locus with CRC predisposition. 

• Functional annotation of the candidate causal variants identified by fine-mapping to 

determine the likely mechanism(s) by which the candidate causal variants exert their 

effect on the CRC phenotype. 

• TWMR-based analysis integrating eQTL data from GTEx with GWAS data to 

identify the likely candidate causal gene associate with enhanced CRC predisposition 

at this locus. 

• Genotype-expression analysis using pre-existing CRC TWAS data to determine the 

effect of GWAS variants on the expression of this candidate causal gene. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.2 – Association of the 4q24 Locus of Chromosome 4 with Colorectal Cancer Predisposition: A 

representation of the 4q24 locus of chromosome 4 according to a recent Genome-Wide Association Study 

(GWAS) meta-analysis. Each point on the chart represents a variant and the –log10 p-value of each variant in the 

context of colorectal cancer is illustrated on the Y-axis. The linkage disequilibrium r2 statistic of a variant with 

the lead variant (rs17035289 – illustrated in purple) is also described by the colour of each point. Unpublished 

data from Ian Tomlinson (reproduced with permission). 
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2.2 – Materials & Methods 

 

2.2.1 – Conditional Analysis of the 4q24 Locus of Chromosome 4 
 

CRC GWAS meta-analysis data was generated for a total of 185,616 participants. Of these 

participants, 78,473 cases and 107,143 controls were included across a total of seventeen 

cohorts of European heritage (257). A detailed description of each cohort is provided in Table 

2.1. In addition to this, data from a total of 21,731 cases and 47,444 controls across fourteen 

cohorts of East-Asian descent were also used to produce a CRC meta-analysis in East-Asian 

populations. Meta-analysis was performed as described by Fernandez-Rozadilla et al., who 

used Meta (v1.7) to perform meta-analysis on SNPs with an imputation quality score > 0.4 

(225,257). The details of each of these cohorts is presented in Table 2.2. From this data, a 

region 1Mb upstream of transcription start site and 1Mb downstream of the transcription 

termination site of the gene closest to the lead SNP was selected for further analysis. Variants 

that displayed likely heterogeneity between cohorts (I2 > 75% or p(heterogeneity) < 0.01) were 

excluded from downstream analysis, leaving a total of 8,166 variants at the locus in European 

populations and 6,308 variants in East-Asian populations. From these variants. Conditional 

analysis was performed using Genome-Wide Complex Trait Analysis (GCTA – v1.91.4beta) 

(263). GCTA conditional analysis was performed conditioning on the lead variant of the 

locus (rs7679673) using LD reference data generated from European individuals of the 1,000 

Genomes Project, which was compiled using PLINK (v1.90) (264). For a variant to be 

considered as a potential second independent signal at the GWAS locus, a p(conditional) 

threshold was set at 5 x 10-7. 

 

2.2.2 – Bayesian Fine-Mapping of the 4q24 Locus of Chromosome 4 

via PAINTOR 
 

Following the identification of independent GWAS signal(s) at the locus, windows of the 

genome were selected either side of the lead variant of each independent signal – the size of 

which was adjusted in order to capture the complete LD structure of the signal. PAINTOR 

(V3.0) input files were generated for each signal, which included a locus file with an 

association statistic (Wald Statistic) for each variant (β/Standard Error). In addition to the 

locus file, an LD reference matrix of Pearson’s correlation coefficients between all variants at 

the locus was calculated using 1,000 Genomes Project reference data from European 

individuals. The final input file was a binary matrix indicating overlap with functional 

annotation data downloaded from ENCODE (251,265,266). 

The PAINTOR pipeline allows for the assumption that there are up to three causal variants at 

a locus which underpins its association with a trait or disease (251). Therefore, results were 

generated for each locus assuming there were a maximum of either one, two or three causal 

variant(s) at the locus. PAINTOR recommends including no more than five functional 

annotations for each locus, therefore multiple annotation sets were generated for each locus  
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Cohort #: Cohort Name: Country/Countries of Origin: # Cases: # Controls: Total: 

1 COIN UK 1,950 2,162 4,112 

2 GECCO OmniExpress Exome Germany/The Netherlands/USA 4,439 4,115 8,554 

3 CORECT-EUR Australia/Canada/Finland/Germany/Israel/Spain/Sweden/UK/USA 19,948 12,124 32,072 

4 CORSA-1 Austria 1,460 774 2,234 

5 Croatia Croatia 689 441 1,130 

6 GECCO Oncoarray Custom iSelect Austria/Czech Republic/Spain/Sweden/UK/USA 11,835 11,856 23,691 

7 DACHS-4 Germany 1,028 661 1,689 

8 FIN2 Finland 1,760 14,132 15,892 

9 GECCO Stage I Pooled Australia/Canada/France/Germany/USA 11,895 14,659 26,554 

10 NSCCG UK 6,596 7,205 13,801 

11 SCOT UK 2,910 4,095 7,005 

12 Scotland Phase I Scotland 932 943 1,875 

13 SOCCS-GS Scotland 4,551 8,804 13,355 

14 SOCCS-LBC Scotland 996 1,297 2,293 

15 UK-1 UK 890 900 1,790 

16 UK Biobank UK 4,800 20,289 25,089 

17 VQ58 UK 1,794 2,686 4,480 

 

 

Table 2.1 – Cohort Details of the European GWAS Meta-Analysis: Cohort information of each of the seventeen cohorts that make up the European colorectal cancer 

Genome-Wide Association Study (GWAS) meta-analysis of 185,616 individuals of European descent. Included are the cohort number (Cohort #), cohort name, the 

country/countries of origin, the number of colorectal cancer cases (# Cases), number of controls (# Controls) and total number of participants from each cohort. COIN = 

Combination therapy with or without cetuximab as first-line therapy in treating patients with metastatic colorectal cancer. GECCO = Genetics and Epidemiology of 

Colorectal Cancer Consortium. CORECT-EUR = Colorectal Cancer Transdisciplinary Study – Europeans. CORSA-1 = Colorectal Cancer Study of Austria. DACHS-4 = 

Darmkrebs: Chancen der Verhütung durch Screening. FIN2 = Finnish GWAS. NSCCG = National Study of Colorectal Cancer Genetics. SCOT = Short-Course Oncology 

Treatment. SOCCS-GS = Study of Colorectal Cancer in Scotland (Cases) vs Generation Scotland (Controls). SOCCS-LBC = Study of Colorectal Cancer in Scotland (Cases) 

vs Lothian Birth Cohort (Controls). UK-1 = Colorectal Tumour Gene Identity Study. VQ58 = VICTOR & QUASAR2 Trials (Cases) vs 1958 Birth Cohort (Controls). UK = 

United Kingdom. USA = United States of America. 
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Cohort #: Cohort Name: Country/Countries of Origin: # Cases: # Controls: Total: 

1 Aichi 1 Japan 401 939 1,340 

2 Aichi 2 Japan 224 457 681 

3 BBJ Japan 6,692 27,178 33,870 

4 Guangzhou 1 China 638 971 1,609 

5 HCES Republic of Korea 3,130 4,625 7,755 

6 HCES 2 Republic of Korea 3,445 2,519 5,964 

7 Korea KCPSII Republic of Korea 325 975 1,300 

8 Korea NCC Republic of Korea 1,313 1,223 2,536 

9 Korea NCC 2 Republic of Korea 622 832 1,454 

10 Korea Seoul Republic of Korea 773 619 1,392 

11 Shanghai 1 China 474 2,626 3,100 

12 Shanghai 2 China 254 650 904 

13 Shanghai 3 China 2,575 1,336 3,911 

14 Shanghai 4 China 865 2,494 3,359 

 

 

Table 2.2 – Cohort Details of the Asian GWAS Meta-Analysis: Cohort information of each of the fourteen cohorts that make up the Asian colorectal cancer Genome-Wide 

Association Study (GWAS) meta-analysis of 69,175 individuals of East-Asian descent. Included are the cohort number (Cohort #), cohort name, the country/countries of 

origin, the number of colorectal cancer cases (# Cases), number of controls (# Controls) and total number of participants from each cohort.  BBJ = BioBank Japan Colorectal 

Cancer Study. HCES = Hwasun Cancer Epidemiology Study – Colon & Rectum Cancer. KCPSII = Korean Cancer Prevention Study II. NCC = National Cancer Center 

Colorectal Cancer Study.
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of annotations that would be functionally relevant in the context of the colon. Details of each 

annotation set used in the analysis is provided in Table 2.3. For each locus, a 95% credible set 

was generated for each condition and summary figures were generated using the Correlation 

and Annotation Visualisation (CANVIS) tool provided with PAINTOR V3.0. 

 

 

Table 2.3 – Functional Annotations Used in PAINTOR Analysis: A list of functional annotations 

downloaded from The Encyclopaedia of DNA Elements (ENCODE) used to generate 95% credible sets for 

Probabilistic Annotation Integrator (PAINTOR) Bayesian fine-mapping analysis.   

 

2.2.3 – Functional Annotation of Credible Variants 
 

Upon identification of the 95% credible sets for each locus, downstream in silico functional 

analysis was performed in RegulomeDB, assigning each variant within the credible set a 

score depending on proximity to active promoters, enhancers and transcription factor binding 

sites in a variety of cell types (267). Variants were assessed in the context of intestinal tissues 

for functionality. Variants were also investigated for previous associations with cancer via a 

search of previously published GWAS data from the GWAS Catalogue (261). Annotation 

data for promoters, enhancers, exons, promoter-flanking regions, open chromatin, CCCTC 

binding factor (CTCF) binding sites and transcription factor binding sites were downloaded 

from Ensembl BioMart (hg19) for the CRC cell line HCT116, large intestine and sigmoid 

colon (268). Credible set variants were checked for overlap with any of these features using 

BEDTools (v2.30). To further characterise the credible set, each variant was searched in the 

Search Candidate Cis-Regulatory Elements by ENCODE (SCREEN – V2) database (269) for 

details on the epigenetic and transcriptomic annotations for each candidate causal variant. 

 

2.2.4 – Mendelian Randomisation Analysis of the 4q24 Locus of 

Chromosome 4 
 

In order to implement TWMR on the 4q24 locus of chromosome 4, All SNP-Gene 

association eQTL data was downloaded from European individuals in the GTEx (v8) 

database for the transverse colon, breast, prostate, whole blood and Epstein-Barr Virus (EBV) 

transformed lymphocytes (270). For the genomic region used in PAINTOR analysis and 

functional annotation, eQTL data was available for thirteen genes. In order to accurately 

assess the probability of causality for a gene at the locus, TWMR requires an input of 

conditionally independent eQTL data that have been pruned with an r2 threshold of < 0.1 in 

Annotation #: Annotation Set 1: Annotation Set 2: 
1 Gencode Exon (hg19) DNase Peaks (E075 – Colonic Mucosa) 

2 Human Permissive Enhancers (Phase I/II) H3K4ac (E075 – Colonic Mucosa) 

3 Promoter Regions (E075 – Colonic Mucosa) H3K27ac (E075 – Colonic Mucosa) 

4 Enhancer Regions (E075 – Colonic Mucosa) H3K4me1 (E075 – Colonic Mucosa) 

5 All Transcription Factor Binding Sites H3K4me3 (E075 – Colonic Mucosa) 
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order to avoid multi-collinearity interference (255). Independent eQTLs were identified as 

described by Porcu et al., with some modifications to the p(eQTL) threshold due to differences 

in sample sizes of respective eQTL datasets. For an individual gene at the locus, all eQTLs 

with a p(eQTL) < 0.005 were selected for further analysis. Stepwise conditional analysis via 

GCTA (see section 2.2.1) was performed starting with the most significant eQTL with a 

p(conditional) threshold of 0.05 used to determine independence. Following stepwise conditional 

analysis, each independent eQTL for a gene was checked for overlap with other genes at the 

same locus – i.e. determining whether a SNP significantly affected the expression of multiple 

genes. If a SNP was an independent eQTL for more than one gene, all other independent 

eQTLs for the associated gene(s) were also added to the model. Finally, the list of 

independent eQTLs was pruned to only include variants with an r2 < 0.1 using plink (v1.90p). 

A summary of this approach is outlined in Figure 2.3. Following the selection of eQTLs for 

the associated gene(s), effect sizes of the variant on the overall CRC phenotype were 

extracted from the GWAS meta-analysis and included in the input matrix. Effect sizes for 

each variant from the GWAS and eQTL studies were calculated as described in the example 

input data provided by Porcu et al. for the TWMR pipeline and were calculated as: 

 

Effect Size = (β/SE)/√N 

 

Where β is the effect size of a variant on gene expression (eQTL data) or CRC (GWAS data), 

SE is the standard error of this effect size and N is the number of samples. Also included as a 

part of the TWMR input is a pairwise correlation matrix between each variant, calculated 

from 1,000 Genomes Project reference data in European individuals. The TWMR programme 

was then used to calculate the causal effect size of each gene at the 4q24 locus of 

chromosome 4 on the CRC phenotype. 
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2.2.5 – Genotype-Expression Analysis of the 4q24 Locus of 

Chromosome 4 
 

TWAS data was obtained from Fernandez-Rozadilla et al., who performed a GWAS meta-

analysis of 100,204 cases and 154,587 controls across the thirty-one cohorts of European or 

East-Asian descent listed in Tables 2.1 and 2.2 (257). This GWAS data was integrated with 

gene expression data from 1,107 participants across six cohorts of normal colorectum, as well 

as GTEx gene expression data from a number of tissues, in order to construct TWAS models 

using S-PrediXcan and S-MultiXcan (257). Conditional analysis was performed on the 

TWAS models using summary statistics-based mixed effects score test (sMIST), conditioning 

on the lead GWAS risk variant at the locus to identify additional genetic variants associated 

with altered gene expression in the context of CRC (257,271). TWAS data was extracted for 

genes at the 4q24 locus of chromosome 4. 

In addition to this, SNP genotype and gene expression data was available for 109 individuals 

of self-reported European descent from the INTERMPHEN study (257). Trimmed Mean of 

M-Values (TMM) gene expression data was available for genes at the 4q24 locus of 

chromosome 4 and could be coupled with SNP genotype data for the candidate causal 

variants at the locus. Using this data, plus co-variates including subject age and sex, 

regressions between candidate causal gene expression and SNP genotype could be calculated. 

These regressions could therefore be used to identify significant correlations between 

candidate causal gene expression and the number of risk alleles of previously identified CRC 

GWAS variants. A non-parametric Jonckheere-Terpstra test was used to test for significant 

trends between gene expression and number of GWAS risk alleles via the R package clinfun 

(V1.1) (272). 

 

2.3 - Results 
 

2.3.1 – Conditional Analysis Identifies Multiple Independent Signals 

in European Populations 
 

CRC GWAS meta-analysis data of 185,616 individuals across seventeen cohorts of European 

descent were used to assess the genomic region located between chr4:105,067,842 – 

Figure 2.3 – An Overview of TWMR eQTL Selection: An illustration of the procedure by which expression 

quantitative trait loci (eQTLs) were selected for inclusion in Transcriptome-Wide Mendelian Randomisation 

(TWMR) analysis of genes at the 4q24 locus of chromosome 4. Firstly, significant eQTLs (p(eQTL) < 0.005) were 

selected for the gene of interest (Gene 1) and reduced to only independent eQTLs, as determined by stepwise 

conditional analysis (p(conditional) < 0.05). If any of the independent eQTLs were also independent eQTLs for other 

genes at the locus (Gene 2), the eQTLs for this gene were also be included in the final model. Once a complete 

list of eQTLs has been defined, eQTLs were then pruned to a linkage disequilibrium (LD) r2 threshold of 0.1. 

Adapted from Figure 1a in Porcu et al. Created with BioRender.com (https://app.biorender.com/). 
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chr4:107,200,960 (hg19). This region equates to a region 1Mb upstream of the transcription 

start site of the ten-eleven translocation 2 (TET2) gene and 1Mb downstream of the TET2 

transcription termination site. This region was selected to capture the LD structure of all 

variants that were associated with CRC development at genome-wide significance (p(GWAS) < 

5 x 10-8). In Europeans, this region contained 8,166 variants after filtering out variants that 

displayed evidence of heterogeneity between cohorts. Of these variants, sixty-three were 

associated with CRC at genome-wide significance and the lead variant was rs7679673 

(p(GWAS) = 2.14 x 10-14), a variant which has previously been associated with prostate cancer 

(273,274). All genome-wide significant variants at the locus were located within 250 

kilobases (kb) of the lead variant. This region is shown in Figure 2.4. 

 

 

 

 

 

 

 

 

 

As demonstrated in Figure 2.4, the LD structure of the lead variant in Europeans (purple 

diamond) appears to capture a number of variants that have an association with CRC at 

genome-wide significance at an r2 value of at least 0.4, represented by the red, orange and 

green points in Figure 2.4. This indicates that all of these variants may represent a single 

GWAS signal, with the significant p-values of many of the variants being in part due to their 

strong LD with the lead variant. However, there are a number of variants which have 

genome-wide significant associations with CRC that are in weaker LD with the lead variant, 

as illustrated by the lighter blue and darker blue points in Figure 2.4. The presence of these 

variants suggests that there may be more than one GWAS signal significantly associated with 

CRC development at this locus in Europeans. Therefore, conditional analysis via GCTA was 

performed, conditioning on the lead variant rs7679673 using LD reference data from 

European individuals in the 1,000 Genomes Project. In order to identify potentially additional 

variants independent of the lead SNP significantly associated with CRC development a 

stringent p(conditional) threshold was set at 5 x 10-7. The results of this analysis are summarised 

in Table 2.4 and illustrated in Figure 2.5. 

Figure 2.4 – European CRC GWAS Meta-Analysis of the 4q24 Locus of Chromosome 4: A Locus Zoom 

plot of colorectal cancer Genome-Wide Association study (GWAS) meta-analysis of individuals of European 

descent. Shown is a 500 kilobase (kb) region of the 4q24 locus of chromosome 4. The Y-axis shows the –log10 

GWAS p-value of each SNP at the locus. The colour of each point on the plot represents linkage disequilibrium 

(LD) measurements in European populations of a variant relative to the lead SNP. The dashed line indicates a 

p(GWAS) of 5 x 10-8, used in this study to indicate genome-wide significance. Plot generated using LocusZoom 

(https://my.locuszoom.org). 
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Variant #: SNP ID: Chromosome #: Position (hg19): P(GWAS): P(conditional): r2 with rs7679673 (Europeans): 

1 rs4698928 4 105,852,553 8.48 x 10-9 4.2 x 10-8 0.002 

2 rs7655284 4 105,869,702 5.44 x 10-11 2.50 x 10-7 0.047 

3 rs902443 4 105,888,417 2.44 x 10-9 8.48 x 10-9 0.001 

4 rs1490586 4 105,890,017 1.45 x 10-8 3.08 x 10-6 0.036 

5 rs2087589 4 105,901,473 5.72 x 10-9 8.41 x 10-7 0.007 

6 rs17035289 4 106,048,291 2.19 x 10-11 0.000331 0.224 

7 rs4698932 4 106,049,147 1.03 x 10-11 0.512483 0.698 

8 rs10488913 4 106,049,416 1.60 x 10-8 0.005277 0.192 

9 rs6843555 4 106,055,150 2.46 x 10-11 0.00092 0.246 

10 rs7679673 4 106,061,534 2.14 x 10-14 NA 1 

11 rs17035310 4 106,064,754 2.11 x 10-11 0.000875 0.243 

12 rs763480 4 106,071,597 4.98 x 10-11 0.002034 0.243 

13 rs11728350 4 106,078,097 1.74 x 10-11 0.003658 0.243 

14 rs6825684 4 106,084,643 1.64 x 10-10 0.003713 0.243 

15 rs116001054 4 106,107,109 1.07 x 10-9 0.002896 0.226 

16 rs17508261 4 106,108,902 8.48 x 10-10 0.002579 0.226 

17 rs1015521 4 106,115,450 1.26 x 10-9 0.644034 0.772 

18 rs2047408 4 106,123,582 4.83 x 10-9 0.452257 0.772 

19 rs6533182 4 106,124,585 1.44 x 10-11 0.660957 0.767 

20 rs75321784 4 106,125,022 9.47 x 10-10 0.002089 0.216 

21 rs1909122 4 106,127,004 1.99 x 10-12 0.633154 0.758 

22 rs1391441 4 106,128,760 3.97 x 10-14 0.214409 0.69 

23 rs7663401 4 106,128,954 1.02 x 10-13 0.655983 0.821 

24 rs2007403 4 106,131,210 5.52 x 10-14 0.682046 0.826 

25 rs2047409 4 106,137,033 7.85 x 10-14 0.719808 0.826 

26 rs11735256 4 106,138,146 6.54 x 10-14 0.667229 0.821 

27 rs7655890 4 106,140,501 4.31 x 10-14 0.219726 0.695 

28 rs7674220 4 106,148,758 2.33 x 10-13 0.728197 0.798 

29 rs143875052 4 106,150,555 2.08 x 10-10 0.001585 0.216 
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Variant #: SNP ID: Chromosome #: Position (hg19): P(GWAS): P(conditional): r2 with rs7679673 (Europeans): 

30 rs1391439 4 106,151,642 9.42 x 10-14 0.723129 0.821 

31 rs1391438 4 106,151,843 4.62 x 10-14 0.195103 0.686 

32 rs75625682 4 106,152,037 1.85 x 10-10 0.001545 0.216 

33 rs7658539 4 106,152,877 2.41 x 10-9 0.929467 0.601 

34 rs7683416 4 106,152,984 9.38 x 10-10 0.881941 0.585 

35 rs7670522 4 106,160,365 2.07 x 10-9 0.942204 0.604 

36 rs62330911 4 106,167,744 1.84 x 10-9 0.982603 0.597 

37 rs2647246 4 106,171,635 3.05 x 10-9 0.865769 0.577 

38 rs2647247 4 106,171,652 3.11 x 10-9 0.868059 0.577 

39 rs2726518 4 106,173,199 9.23 x 10-9 0.754464 0.526 

40 rs2647248 4 106,174,936 3.67 x 10-9 0.90498 0.581 

41 rs2133086 4 106,178,289 5.32 x 10-9 0.961492 0.6 

42 rs7678440 4 106,178,902 4.47 x 10-9 0.983808 0.6 

43 rs1032625 4 106,181,573 1.13 x 10-9 0.938298 0.594 

44 rs2726458 4 106,183,474 3.80 x 10-9 0.544234 0.47 

45 rs2454205 4 106,184,229 1.49 x 10-9 0.991155 0.597 

46 rs2726459 4 106,184,597 1.66 x 10-9 0.994803 0.597 

47 rs2726521 4 106,189,614 1.58 x 10-9 0.979219 0.594 

48 rs2647250 4 106,190,226 1.36 x 10-9 0.887644 0.578 

49 rs2647230 4 106,192,775 2.88 x 10-9 0.458192 0.454 

50 rs2726520 4 106,193,160 1.26 x 10-10 0.883641 0.583 

51 rs2726519 4 106,193,334 1.46 x 10-9 0.901908 0.583 

52 rs2647244 4 106,195,572 1.42 x 10-9 0.901149 0.587 

53 rs34402524 4 106,196,829 2.04 x 10-10 0.001693 0.229 

54 rs2647238 4 106,218,428 5.05 x 10-9 0.507948 0.439 

55 rs2466920 4 106,220,558 3.23 x 10-9 0.398264 0.434 

56 rs114781825 4 106,221,371 1.47 x 10-8 NA 0.438 

57 rs2454203 4 106,221,741 3.37 x 10-9 0.401969 0.434 

58 rs141186521 4 106,231,747 7.71 x 10-10 NA 0.412 
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Variant #: SNP ID: Chromosome #: Position (hg19): P(GWAS): P(conditional): r2 with rs7679673 (Europeans): 

59 rs2726507 4 106,238,767 1.05 x 10-9 0.407171 0.434 

60 rs2726475 4 106,249,102 1.38 x 10-9 0.449815 0.437 

61 rs2726479 4 106,255,589 9.75 x 10-10 0.539811 0.468 

62 rs2726482 4 106,261,006 1.45 x 10-9 0.433964 0.433 

63 rs78479210 4 106,270,017 3.21 x 10-8 0.000535 0.123 

 

 

Table 2.4 – Conditional Analysis on rs7679673: Conditional analysis of all variants in the European Genome-Wide Association Study (GWAS) colorectal cancer (CRC) 

meta-analysis that were significantly associated with colorectal cancer at genome-wide significance (p(GWAS) < 5 x 10-8). Variants were conditioned on the lead variant at the 

locus (rs7679673 – p(GWAS) = 2.14 x 10-14) using linkage disequilibrium estimates from European individuals from the 1,000 Genomes Project data. Columns include the 

unique identifier of the variant (SNP ID), chromosome number, genome co-ordinates (hg19), GWAS p-value (P(GWAS)), conditional p-value (P(conditional)) and r2 correlation 

with the lead variant in European individuals – calculated from LD-Link (https://ldlink.nci.nih.gov). NA = Not Applicable. 

 

 

 

 

 

 

 

 

https://ldlink.nci.nih.gov/
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As seen in Figure 2.5, the majority of variants previously significantly associated with CRC 

in Figure 2.4 no longer had significant p-values, indicating that they were part of the same 

GWAS signal on account of their LD with the lead SNP. This is confirmed in Table 2.4, as 

the p(conditional) of the majority of variants were above the threshold for independence. Two 

variants, rs114781825 and rs141186521, were not able to have a p(conditional) calculated due to 

their absence from 1,000 Genomes reference data. However, the r2 with rs7679673 (0.438 

and 0.412 respectively) indicates they were unlikely to be independent signals. Only three 

variants in Table 2.4 presented with a p(conditional) < 5 x 10-7. These variants were: rs4698928 

(p(conditional) = 4.2 x 10-8), rs7655284 (p(conditional) = 2.5 x 10-7) and rs902443 (p(conditional) = 8.48 

x 10-9). These variants had an r2 with the lead SNP in Europeans of 0.002, 0.047 and 0.001 

respectively, and an LD ranging between 0.439 – 0.908 with one another, indicating that 

there was potentially a second signal significantly associated with CRC at this locus. To 

confirm this, whilst excluding the possibility of more independent signals, conditional 

analysis was repeated, conditioning on both rs7679673 and the most significant of the three 

candidate independent variants (rs7655284 – p(GWAS) = 5.44 x 10-11). The results of this 

additional conditional analysis are summarised in Table 2.5 and Figure 2.6.  

As seen in Table 2.5, when conditioning on both rs7679673 and rs7655284, no additional 

variants meet the p(conditional) threshold to be considered as further independent GWAS signals. 

However, there were two variants that were close to this threshold – rs10488913 (p(GWAS) = 

1.60 x 10-8) and rs78479210 (p(GWAS) = 3.21 x 10-8) presented with p(conditional) values of 8.48 x 

10-5 and 7.81 x 10-6 respectively. In conclusion, there appear to be at least two independent 

GWAS signals at the 4q24 locus of chromosome 4 significantly associated with CRC 

development, captured by the variants rs7679673 (p(GWAS) = 2.14 x 10-14) and rs7655284 

(p(GWAS) = 5.44 x 10-11), the latter representing a potentially novel association with CRC that 

has not yet been reported. While there is the potential for additional independent signals at 

this locus, maintaining a stringent p(conditional) threshold improves the reliability of each signal 

for downstream fine-mapping analysis. 

Figure 2.5 – Conditional Analysis on rs7679673: A Locus Zoom plot of colorectal cancer Genome-Wide 

Association study (GWAS) meta-analysis of individuals of European descent. Shown is a 500 kilobase (kb) 

region of the 4q24 locus of chromosome 4, comprised of the regions ±250kb relative to the lead SNP 

rs7679673. The Y-axis shows the –log10 of the conditional GWAS p-value of a variant when conditioned on the 

lead SNP. The colour of each point on the plot represents linkage disequilibrium (LD) measurements in 

European populations of a variant relative to the rs1391439, a proxy variant of the lead SNP (r2 = 0.821). Plot 

generated using LocusZoom (https://my.locuszoom.org). 
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Variant #: SNP ID: Chromosome #: Position (hg19): P(GWAS): P(conditional): r2 with rs7679673 (Europeans): r2 with rs7655284 (Europeans): 

1 rs4698928 4 105,852,553 8.48 x 10-9 0.068298 0.002 0.475 

2 rs7655284 4 105,869,702 5.44 x 10-11 NA 0.047 1 

3 rs902443 4 105,888,417 2.44 x 10-9 0.025925 0.001 0.435 

4 rs1490586 4 105,890,017 1.45 x 10-8 0.680317 0.036 0.661 

5 rs2087589 4 105,901,473 5.72 x 10-9 0.002017 0.007 0.084 

6 rs17035289 4 106,048,291 2.19 x 10-11 0.000563 0.224 0.014 

7 rs4698932 4 106,049,147 1.03 x 10-11 0.908937 0.698 0.081 

8 rs10488913 4 106,049,416 1.60 x 10-8 8.48 x 10-5 0.192 0.007 

9 rs6843555 4 106,055,150 2.46 x 10-11 0.00182 0.246 0.02 

10 rs7679673 4 106,061,534 2.14 x 10-14 NA 1 0.047 

11 rs17035310 4 106,064,754 2.11 x 10-11 0.000236 0.243 0.003 

12 rs763480 4 106,071,597 4.98 x 10-11 0.000587 0.243 0.003 

13 rs11728350 4 106,078,097 1.74 x 10-10 0.001121 0.243 0.003 

14 rs6825684 4 106,084,643 1.64 x 10-10 0.001139 0.243 0.003 

15 rs116001054 4 106,107,109 1.07 x 10-9 0.001053 0.226 0.004 

16 rs17508261 4 106,108,902 8.48 x 10-10 0.000929 0.226 0.004 

17 rs1015521 4 106,115,450 1.26 x 10-9 0.714656 0.772 0.033 

18 rs2047408 4 106,123,582 4.83 x 10-9 0.497098 0.772 0.033 

19 rs6533182 4 106,124,585 1.44 x 10-11 0.605956 0.767 0.032 

20 rs75321784 4 106,125,022 9.47 x 10-10 0.000661 0.216 0.002 

21 rs1909122 4 106,127,004 1.99 x 10-12 0.574288 0.758 0.03 

22 rs1391441 4 106,128,760 3.97 x 10-14 0.14904 0.69 0.028 

23 rs7663401 4 106,128,954 1.02 x 10-13 0.516718 0.821 0.04 

24 rs2007403 4 106,131,210 5.52 x 10-14 0.56211 0.826 0.04 

25 rs2047409 4 106,137,033 7.85 x 10-14 0.596979 0.826 0.04 

26 rs11735256 4 106,138,146 6.54 x 10-14 0.572632 0.821 0.039 

27 rs7655890 4 106,140,501 4.31 x 10-14 0.165037 0.695 0.029 

28 rs7674220 4 106,148,758 2.33 x 10-13 0.603418 0.798 0.035 

29 rs143875052 4 106,150,555 2.08 x 10-10 0.000466 0.216 0.002 
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Variant #: SNP ID: Chromosome #: Position (hg19): P(GWAS): P(conditional): r2 with rs7679673 (Europeans): r2 with rs7655284 (Europeans): 

30 rs1391439 4 106,151,642 9.42 x 10-14 0.653964 0.821 0.042 

31 rs1391438 4 106,151,843 4.62 x 10-14 0.155839 0.686 0.03 

32 rs75625682 4 106,152,037 1.85 x 10-10 0.000453 0.216 0.002 

33 rs7658539 4 106,152,877 2.41 x 10-9 0.94929 0.601 0.043 

34 rs7683416 4 106,152,984 9.38 x 10-10 0.821583 0.585 0.037 

35 rs7670522 4 106,160,365 2.07 x 10-9 0.952977 0.604 0.044 

36 rs62330911 4 106,167,744 1.84 x 10-9 0.985081 0.597 0.042 

37 rs2647246 4 106,171,635 3.05 x 10-9 0.770121 0.577 0.037 

38 rs2647247 4 106,171,652 3.11 x 10-9 0.772348 0.577 0.037 

39 rs2726518 4 106,173,199 9.23 x 10-9 0.66609 0.526 0.032 

40 rs2647248 4 106,174,936 3.67 x 10-9 0.817242 0.581 0.037 

41 rs2133086 4 106,178,289 5.32 x 10-9 0.996975 0.6 0.044 

42 rs7678440 4 106,178,902 4.47 x 10-9 0.980695 0.6 0.044 

43 rs1032625 4 106,181,573 1.13 x 10-9 0.893857 0.594 0.041 

44 rs2726458 4 106,183,474 3.80 x 10-9 0.507393 0.47 0.031 

45 rs2454205 4 106,184,229 1.49 x 10-9 0.958853 0.597 0.042 

46 rs2726459 4 106,184,597 1.66 x 10-9 0.972883 0.597 0.042 

47 rs2726521 4 106,189,614 1.58 x 10-9 0.934598 0.594 0.041 

48 rs2647250 4 106,190,226 1.36 x 10-9 0.803351 0.578 0.035 

49 rs2647230 4 106,192,775 2.88 x 10-9 0.440672 0.454 0.033 

50 rs2726520 4 106,193,160 1.26 x 10-9 0.881996 0.583 0.046 

51 rs2726519 4 106,193,334 1.46 x 10-9 0.900259 0.583 0.046 

52 rs2647244 4 106,195,572 1.42 x 10-9 0.908413 0.587 0.047 

53 rs34402524 4 106,196,829 2.04 x 10-10 0.000534 0.229 0.003 

54 rs2647238 4 106,218,428 5.05 x 10-9 0.46616 0.439 0.028 

55 rs2466920 4 106,220,558 3.23 x 10-9 0.364425 0.434 0.028 

56 rs114781825 4 106,221,371 1.47 x 10-8 NA 0.438 0.036 

57 rs2454203 4 106,221,741 3.37 x 10-9 0.367935 0.434 0.028 

58 rs141186521 4 106,231,747 7.71 x 10-10 NA 0.412 0.027 
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Variant #: SNP ID: Chromosome #: Position (hg19): P(GWAS): P(conditional): r2 with rs7679673 (Europeans): r2 with rs7655284 (Europeans): 

59 rs2726507 4 106,238,767 1.05 x 10-9 0.373449 0.434 0.028 

60 rs2726475 4 106,249,102 1.38 x 10-9 0.436907 0.437 0.03 

61 rs2726479 4 106,255,589 9.75 x 10-10 0.546981 0.468 0.032 

62 rs2726482 4 106,261,006 1.45 x 10-9 0.430626 0.433 0.031 

63 rs78479210 4 106,270,017 3.21 x 10-8 7.81 x 10-6 0.123 0.005 
 

 

Table 2.5 – Conditional Analysis on rs7679673 & rs7655284: More conditional analysis of all variants in the European Genome-Wide Association Study (GWAS) 

colorectal cancer (CRC) meta-analysis that were significantly associated with colorectal cancer at genome-wide significance (p(GWAS) < 5 x 10-8). Variants were conditioned 

on the lead variant at the locus (rs7679673 – p(GWAS) = 2.14 x 10-14) and the lead variant from a potential independent second signal (rs7655284 – p(GWAS) = 5.44 x 10-11) using 

linkage disequilibrium estimates from European individuals from the 1,000 Genomes Project data. Columns include the unique identifier of the variant (SNP ID), 

chromosome number, genome co-ordinates (hg19), GWAS p-value (P(GWAS)), conditional p-value (P(conditional)) and r2 correlation with the each variant in European individuals 

– calculated from LD-Link (https://ldlink.nci.nih.gov). NA = Not Applicable. 
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2.3.2 – PAINTOR Analysis Identifies Thirteen Candidate Casual 

Variants Across All Signals 
 

Following the identification of at least one additional independent GWAS signal at the 4q24 

locus of chromosome 4, fine-mapping analysis could be performed on each signal in turn in 

order to identify the candidate causal variant(s) underlying each signal. To this end, Bayesian 

fine-mapping was employed on genomic regions capturing each signal using the PAINTOR 

fine-mapping pipeline. As discussed in section 2.1.3, the lead variant at a locus is not 

necessarily the causal variant underlying the association with a trait or disease, but may lie 

Figure 2.6 - Conditional Analysis on rs7679673 & rs7655284: A Locus Zoom plot of colorectal cancer 

Genome-Wide Association study (GWAS) meta-analysis of individuals of European descent. Shown is a 500 

kilobase (kb) region of the 4q24 locus of chromosome 4, comprised of the regions ±250kb relative to the lead 

SNP rs7679673. The Y-axis shows the –log10 of the conditional GWAS p-value of a variant when conditioned 

on both rs7679673 and rs7655284. The colour of each point on the plot represents linkage disequilibrium (LD) 

measurements in European populations of a variant relative to proxies of each SNP used in the conditional 

analysis. a) LD in relation to rs1391439 – a proxy of rs7679673 (r2 = 0.821). b) LD in relation to rs1490586 – a 

proxy of rs7655284 (r2 = 0.661). Plots generated using LocusZoom (https://my.locuszoom.org). 

a) 

b) 
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nearby or be in LD with the true causal variant. To this end, regions that captured the LD 

structure of each signal, while retaining a large enough number of variants to be tested, were 

selected for PAINTOR fine-mapping. For the GWAS signal associated with rs7679673, a 

genomic region 150kb upstream of the SNP and 300kb downstream (chr4:105,911,534-

106,361,534 – hg19) was required (see Figure 2.7a). For the second signal associated with 

rs7655284, a region 150kb either side of the lead variant (chr4:105,719,702-106,019,702 – 

hg19) was selected (see Figure 2.7b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For all variants within each region, a Pearson’s correlation matrix between variants was 

computed from 1,000 Genomes Project European reference data and annotation files were 

generated for each of the annotation sets chosen for the fine-mapping analysis (see Table 

2.3). In total, fine-mapping analysis was performed on 1,583 potentially causal variants from 

the rs7679673 region and 696 from the rs7655284 region. Fine-mapping analysis generated a 

95% credible set of candidate causal variants assuming a maximum of either one, two or 

three causal variants per locus. The results for the rs7679673 region are shown in Table 2.6 

and Figure 2.8.  

a) 

b) 

Figure 2.7 – Input Loci for PAINTOR Fine-Mapping: A Locus Zoom plot of colorectal cancer Genome-

Wide Association study (GWAS) meta-analysis of individuals of European descent. Shown in each panel 500 

kilobase (kb) region of the 4q24 locus of chromosome 4, comprised of the regions ±250kb relative to either 

rs7679673 (a) or rs7655284 (b). In each panel the named variant is represented by the purple diamond. The Y-

axis shows the –log10 of the GWAS p-value of a variant. The colour of each point on the plot represents linkage 

disequilibrium (LD) measurements in European populations of a variant relative to either rs7679673 (a) or 

rs7655284 (b). Plots generated using LocusZoom (https://my.locuszoom.org). 
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Annotation Set 1: 

One Causal Variant per Locus: 
Variant #: SNP ID: Chromosome #: Position (hg19): P(GWAS): Posterior Probability: 

1 rs7679673 4 106,061,534 2.14 x 10-14 0.263 

2 rs1391441 4 106,128,760 3.97 x 10-14 0.144 

3 rs7655890 4 106,140,501 4.31 x 10-14 0.133 

4 rs1391438 4 106,151,843 4.62 x 10-14 0.125 

5 rs2007403 4 106,131,210 5.52 x 10-14 0.105 

6 rs11735256 4 106,138,146 6.54 x 10-14 0.089 

7 rs2047409 4 106,137,033 7.85 x 10-14 0.075 

8 rs7663401 4 106,128,954 1.02 x 10-13 0.0575 

Two Causal Variants per Locus: 
Variant #: SNP ID: Chromosome #: Position (hg19): P(GWAS): Posterior Probability: 

1 rs9884984 4 106,143,948 4.26 x 10-4 0.994 

2 rs7663401 4 106,128,954 1.02 x 10-13 0.994 

Three Causal Variants per Locus: 
Variant #: SNP ID: Chromosome #: Position (hg19): P(GWAS): Posterior Probability: 

1 rs9884984 4 106,143,948 4.26 x 10-4 0.99 

2 rs7663401 4 106,128,954 1.02 x 10-13 0.998 

3 rs1391438 4 106,151,843 4.62 x 10-14 0.866 

Annotation Set 2: 

One Causal Variant per Locus: 
Variant #: SNP ID: Chromosome #: Position (hg19): P(GWAS): Posterior Probability: 

1 rs7679673 4 106,061,534 2.14 x 10-14 0.249 

2 rs1391441 4 106,128,760 3.97 x 10-14 0.136 

3 rs7655890 4 106,140,501 4.31 x 10-14 0.126 

4 rs1391438 4 106,151,843 4.62 x 10-14 0.118 

5 rs2007403 4 106,131,210 5.52 x 10-14 0.099 

6 rs11735256 4 106,138,146 6.54 x 10-14 0.084 

7 rs2047409 4 106,137,033 7.85 x 10-14 0.0703 

8 rs1391439 4 106,151,642 9.42 x 10-14 0.0589 

9 rs7663401 4 106,128,954 1.02 x 10-13 0.0543 

Two Causal Variants per Locus: 
Variant #: SNP ID: Chromosome #: Position (hg19): P(GWAS): Posterior Probability: 

1 rs9884984 4 106,143,948 4.26 x 10-4 0.994 

2 rs7663401 4 106,128,954 1.02 x 10-13 0.994 

Three Causal Variants per Locus: 
Variant #: SNP ID: Chromosome #: Position (hg19): P(GWAS): Posterior Probability: 

1 rs9884984 4 106,143,948 4.26 x 10-4 0.982 

2 rs7663401 4 106,128,954 1.02 x 10-13 0.973 

3 rs1391438 4 106,151,843 4.62 x 10-14 0.857 

 

 

Table 2.6 – PAINTOR Fine-Mapping of the rs7679673 Region: The 95% credible set of variants underlying 

the significant association with colorectal cancer seen in the region around rs7679673. Credible sets were 

generated using Probabilistic Annotation Integrator (PAINTOR) and two sets of annotations, with the region 

being assumed to contain either one, two or three causal variants. Presented in the table is the identifier of the 

candidate causal variant (SNP ID), chromosomal co-ordinates of the variant (hg19), the Genome-Wide 

Association study p-value associated with the variant (p(GWAS)) and the posterior probability that the variant is 

the causal variant at the locus 



55 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

One Causal Variant per Locus: Two Causal Variants per Locus: Three Causal Variants per Locus: a) 

One Causal Variant per Locus: Two Causal Variants per Locus: Three Causal Variants per Locus: b) 
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As illustrated in Table 2.6 and Figure 2.8, a total of ten variants were included in the 95% 

credible sets across both annotation sets. The composition of the credible sets for each 

annotation set remained remarkably consistent providing a shortlist of candidate causal 

variants at this region. Credible set variants mostly were already significantly associated with 

CRC according to the GWAS meta-analysis data, with the exception of rs9884984 (p(GWAS) = 

4.26 x 10-4). This variant, alongside all other variants included in the credible set, were in 

strong LD with rs7679673 in European populations (r2 ranging from 0.686 – 0.829). This 

indicates that the causal variant is associated with the single independent signal represented 

by rs7679673. The same PAINTOR analysis was then applied to the second independent 

signal at this locus captured by rs7655284. The results of this analysis are presented in Table 

2.7 and Figure 2.9. 

In total, only three variants were included in the 95% credible sets across all annotation sets 

for the rs7655284 region, compared to ten variants at the rs7679673 region. The credible sets 

generated were identical between annotation sets at this region, with two variants included in 

the credible set that did not have a genome-wide significant p(GWAS). These variants were 

rs113280693 (p(GWAS) = 0.215) and rs62331067 (p(GWAS) = 2.20 x 10-4). These variants were 

in complete LD with one another (r2 = 1 in European populations) and in modest LD with 

rs7655284, the lead variant at this region (r2 = 0.14 in European populations). It is possible 

that the non-significant p(GWAS) of two of the credible set variants could be explained by their 

low frequencies in comparison to other variants. The variants rs113280693 and rs62331067 

had a minor allele frequency of only 5.7%, which may limit the statistical power to assign a 

more significant p(GWAS) to these variants. Interestingly, the rs7655284 region appears to have 

a maximum of two causal variants associated with CRC. As seen in Table 2.7 and Figure 2.9, 

there are no differences between the 95% credible sets of PAINTOR fine-mapping when it is 

assumed there are a maximum of two or three causal variants at the region.  

 

2.3.3 – in silico Functional Annotation of Credible Set Variants 

Indicates Potential Causality 
 

Following the identification of a total of thirteen candidate causal variants underlying the two 

independent GWAS associations with CRC at the 4q24 locus of chromosome 4, the next 

stage of analysis was in silico functional annotation of each variant in the context of the 

colon. The first annotation of each variant was searching the European Bioinformatics 

Institute GWAS Catalogue (261) for previously identified associations of each credible  

Figure 2.8 – PAINTOR Fine-Mapping of the rs7679673 Region: Graphical representations of 95% credible 

sets generated via Probabilistic Annotation Integrator (PAINTOR) fine-mapping analysis of the rs7679673 

region. Fine-mapping analysis assumed there was either one, two or three causal variants at the locus using 

either Annotation Set 1 (a) or Annotation Set 2 (b). The X-axis represents the position of a variant on 

chromosome 4 (hg19) and the Y-axis represents the posterior probability of causality for the variant. Variants 

included in the 95% credible set are highlighted in red. Overlap of a variant with one of the annotations included 

in the analysis is indicated by blue shading on the annotation bars. Also included for each plot is the z-score 

(Wald Statistic) of association of a variant with colorectal cancer according to Genome-Wide Association Study 

Meta-Analysis. Plots generated using the Correlation and Annotation Visualisation (CANVIS) tool provided 

with PAINTOR V3.0. 
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Annotation Set 1: 

One Causal Variant per Locus: 
Variant #: SNP ID: Chromosome #: Position (hg19): P(GWAS): Posterior Probability: 

1 rs7655284 4 105,869.702 5.44 x 10-11 0.975 

Two Causal Variants per Locus: 
Variant #: SNP ID: Chromosome #: Position (hg19): P(GWAS): Posterior Probability: 

1 rs113280693 4 105,875,730 0.215 0.999 

2 rs62331067 4 105,886,228 2.20 x 10-4 0.999 

Three Causal Variants per Locus: 
Variant #: SNP ID: Chromosome #: Position (hg19): P(GWAS): Posterior Probability: 

1 rs113280693 4 105,875,730 0.215 0.999 

2 rs62331067 4 105,886,228 2.20 x 10-4 0.999 

Annotation Set 2: 

One Causal Variant per Locus: 
Variant #: SNP ID: Chromosome #: Position (hg19): P(GWAS): Posterior Probability: 

1 rs7655284 4 105,869.702 5.44 x 10-11 0.975 

Two Causal Variants per Locus: 
Variant #: SNP ID: Chromosome #: Position (hg19): P(GWAS): Posterior Probability: 

1 rs113280693 4 105,875,730 0.215 0.999 

2 rs62331067 4 105,886,228 2.20 x 10-4 0.999 

Three Causal Variants per Locus: 
Variant #: SNP ID: Chromosome #: Position (hg19): P(GWAS): Posterior Probability: 

1 rs113280693 4 105,875,730 0.215 0.999 

2 rs62331067 4 105,886,228 2.20 x 10-4 0.999 

 

Table 2.7 – PAINTOR Fine-Mapping of the rs7655284 Region: The 95% credible set of variants underlying 

the significant association with colorectal cancer seen in the region around rs7655284. Credible sets were 

generated using Probabilistic Annotation Integrator (PAINTOR) and two sets of annotations, with the region 

being assumed to contain either one, two or three causal variants. Presented in the table is the identifier of the 

candidate causal variant (SNP ID), chromosomal co-ordinates of the variant (hg19), the Genome-Wide 

Association study p-value associated with the variant (p(GWAS)) and the posterior probability that the variant is 

the causal variant at the locus. 

 

set variant with cancer. The results are presented in Table 2.8. Three variants had previously 

published associations with cancer, the CRC risk allele of rs7679673 had previously been 

associated with an increased risk of prostate cancer (273,274) and the risk alleles of 

rs1391441 and rs2007403 had previously been associated with CRC (275). The risk alleles of 

rs7663401 and rs2007403 were also associated with the development of biliary cirrhosis. 

Affected individuals of biliary cirrhosis have been suggested to have an increased risk of 

cancer, particularly hepatocellular carcinoma (276). Therefore, given that some of these 

candidate causal variants have previously been associated with cancer predisposition, there 

may be some functional relevance of these variants that could be investigated in the context 

of colonic tissues to explain their possible association with CRC predisposition. 

Next, each variant was searched in the RegulomeDB database, which provides each variant 

with annotation data for regulatory elements across a range of different tissues and cell types 

(https://regulomedb.org). Each variant was assigned a score ranging from 1 - 7, with a score 

of 1 indicating a variant is associated with the most regulatory features and 7 indicating the 

least. The RegulomeDB score of each credible set variant is presented in Table 2.8. In total, 

three variants had a score of 4, five variants had a score of 5, two variants had a score of 6  

https://regulomedb.org/
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One Causal Variant per Locus: Two Causal Variants per Locus: Three Causal Variants per Locus: b) 

One Causal Variant per Locus: Two Causal Variants per Locus: Three Causal Variants per Locus: a) 

Figure 2.9 - PAINTOR Fine-Mapping of the rs7655284 Region: Graphical representations of 95% credible 

sets generated via Probabilistic Annotation Integrator (PAINTOR) fine-mapping analysis of the rs7655284 

region. Fine-mapping analysis assumed there was either one, two or three causal variants at the locus using 

either Annotation Set 1 (a) or Annotation Set 2 (b). The X-axis represents the position of a variant on 

chromosome 4 (hg19) and the Y-axis represents the posterior probability of causality for the variant. Variants 

included in the 95% credible set are highlighted in red. Overlap of a variant with one of the annotations included 

in the analysis is indicated by blue shading on the annotation bars. Also included for each plot is the z-score 

(Wald Statistic) of association of a variant with colorectal cancer according to Genome-Wide Association Study 

Meta-Analysis. Plots generated using the Correlation and Annotation Visualisation (CANVIS) tool provided 

with PAINTOR V3.0. 
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Variant #: SNP ID: Chromosome #: Position (hg19): P(GWAS): Previous Cancer Associations: RegulomeDB Score: 

1 rs7655284 4 105,869,702 5.44 x 10-11 None 5 

2 rs113280693 4 105,875,730 0.215 None 7 

3 rs62331067 4 105,886,228 2.20 x 10-4 None 5 

4 rs7679673 4 106,061,534 2.14 x 10-14 Prostate Cancer 7 

5 rs1391441 4 106,128,760 3.97 x 10-14 Colorectal Cancer 4 

6 rs7663401 4 106,128,954 1.02 x 10-13 Biliary Cirrhosis  5 

7 rs2007403 4 106,131,210 5.52 x 10-14 Colorectal Cancer / Biliary Cirrhosis 5 

8 rs2047409 4 106,137,033 7.85 x 10-14 None 4 

9 rs11735256 4 106,138,146 6.54 x 10-14 None 6 

10 rs7655890 4 106,140,501 4.31 x 10-14 None 6 

11 rs9884984 4 106,143,948 4.26 x 10-4 None 7 

12 rs1391439 4 106,151,642 9.42 x 10-14 None 4 

13 rs1391438 4 106,151,843 4.62 x 10-14 None 5 
 

 

Table 2.8 – Functional Annotation of Credible Set Variants: Functional annotations of 95% credible set variants identified by Probabilistic Annotation Integrator 

(PAINTOR) fine-mapping of colorectal cancer Genome-Wide Association Study (GWAS) meta-analysis data. Included is the identifier of the credible set variant (SNP ID), 

the chromosomal co-ordinates of the variant (hg19), GWAS p-value (p(GWAS)), previous associations with cancer according to the European Bioinformatics Institute GWAS 

Catalogue and functional relevance score as determined by RegulomeDB. 
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and three variants had a score of 7. In the context of colonic tissue, ten of the thirteen (76.9%) 

credible set variants were associated with regions of strong transcription in either the rectal 

mucosa, large intestine, colonic mucosa or sigmoid colon (rs62331067, rs1391441, 

rs7663401, rs2007403, rs2047409, rs11735256, rs7655890, rs988984, rs1391439 and 

rs1391438). Furthermore, two variants, rs2047409 and rs11735256, were associated with 

enhancer elements in the large intestine.  

In order to further investigate this overlap with regulatory features, the locations of 

promoters, enhancers, promoter-flanking regions, CTCF-binding sites, regions of open 

chromatin and transcription factor binding sites were downloaded for GRCh37 from Ensembl 

BioMart for the large intestine, sigmoid colon and the CRC cell line HCT116 (268). These 

regions were then checked for overlap with the credible set variants using BEDTools (v2.30). 

Two variants, rs7679673 and rs2047409 displayed overlaps with promoter-flanking regions 

in all three biological samples, suggesting a functional role in the regulation of gene 

expression. Surprisingly, there was no overlap of rs2047409 or rs11735256 with enhancer 

elements in any of the sample types, despite RegulomeDB suggesting otherwise. However, 

both of these variants were located within 2kb of an enhancer element in the large intestine 

according to the Ensembl database. 

The final functional characterisation carried out on credible set variants was testing for 

overlap with candidate cis-regulatory elements (cCREs) identified in the SCREEN database 

(269). cCREs are defined following integration of data for several histone modifications, 

transcription factor binding sites and DNase binding in several cell types and tissues. From 

the gathered data, for comparisons to be made between studies and tissue types, z-score 

normalisation was performed for each annotation within a cCRE – with a z-score of -10 

indicating no enrichment for a feature. In order to be classified as highly enriched, the z-score 

of a feature must lie above the 95th percentile of enrichment for that feature, represented by a 

z-score of 1.64. When each credible set variant was searched within V2 of the SCREEN 

database, four of the thirteen variants were within a cCRE (30.8%) and a further seven were 

within 2kb of a cCRE (53.8%). The functional annotations of each of these cCREs in the 

context of colonic tissues are presented in Table 2.9. Of the four variants that were located 

within a cCRE, the cCRE EH38E2317466, associated with rs2047409, showed significant 

enrichment of DNase binding in a colonic epithelial cell line. Of the cCREs within 2kb of a 

credible set variant, EH38E2317461, within 2kb of rs7663401, showed significant CTCF 

enrichment in the CRC cell line CACO2. Similarly, EH38E2317467 showed significant 

DNase enrichment in a colonic epithelial cell line and EH38E2317464 showed significant 

H3K27ac enrichment within the rectal mucosa. In addition to these features, the SCREEN 

database provides information on several other histone modifications within multiple tissues 

and cell types. Of the variants within cCREs, EH38E2317466 showed enrichment of 

H3K4me1 in HCT116 cells and rectal mucosa. Other cCREs associated with H3K4me1 

included EH38E2317460, EH38E2317461 (both in the sigmoid colon), EH38E2317467 

(HCT116 cells) and EH38E2317468 (large intestine). 

Overall, the use of publically-available functional annotation data, such as RegulomeDB, 

SCREEN and Ensembl alongside previously published GWAS associations has provided 

evidence that the variants presented in the 95% credible set following PAINTOR fine-

mapping potentially are of functional importance in colonic tissues. Variants within this 

credible set have been shown to overlap with regulatory elements including promoter- 
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Credible Set Variants within cCRE: 
Sample #: cCRE ID: cCRE Start (hg38): cCRE End (hg38): Associated SNP: Enriched Feature: Z-Score: Tissue / Cell Type: 

1 EH38E2317330 chr4:104,964,824 chr4:104,965,104 rs62331067 None NA NA 

2 EH38E2317409 chr4:105,140,373 chr4:105,140,652 rs7679673 None NA NA 

3 EH38E2317463 chr4:105,207,420 chr4:105,207,717 rs1391441 None NA NA 

4 EH38E2317466 chr4:105,215,624 chr4:105,215,973 rs2047409 DNase 2.01 Colon Epithelial Cell Line 

Credible Set Variants within 2kb of cCRE: 
Sample #: cCRE ID: cCRE Start (hg38): cCRE End (hg38): Associated SNP: Enriched Feature: Z-Score: Tissue / Cell Type: 

1 EH38E2317327 chr4:104,948,181 chr4:104,948,392 rs7655284 None NA NA 

2 EH38E2317328 chr4:104,955,536 chr4:104,955,749 rs11320693 None NA NA 

3 EH38E2317460 chr4:105,206,035 chr4:105,206,326 rs7663401 None NA NA 

4 EH38E2317461 chr4:105,206,328 chr4:105,206,513 rs7663401 CTCF 1.78 CACO2 

5 EH38E2317462 chr4:105,206,527 chr4:105,207,004 rs7663401 None NA NA 

6 EH38E2317463 chr4:105,207,420 chr4:105,207,717 rs7663401 None NA NA 

7 EH38E2317464 chr4:105,210,947 chr4:105,211,297 rs2007403 H3K27ac 1.70 Rectal Mucosa 

8 EH38E2317466 chr4:105,215,624 chr4:105,215,973 rs11735256 DNase 2.01 Colon Epithelial Cell Line 

9 EH38E2317467 chr4:105,215,979 chr4:105,216,280 rs11735256 DNase 1.92 Colon Epithelial Cell Line 

10 EH38E2317468 chr4:105,217,179 chr4:105,217,380 rs11735256 None NA NA 

11 EH38E2317468 chr4:105,217,179 chr4:105,217,380 rs7655890 None NA NA 

12 EH38E2317469 chr4:105,224,247 chr4:105,224,558 rs9884984 None NA NA 

 

 

Table 2.9 – Credible Set Variants Associated with cCREs: An assessment of variants within the 95% credible set of Probabilistic Annotation Integrator (PAINTOR) fine-

mapping of colorectal cancer Genome-Wide Association Study (GWAS) meta-analysis data. Each variant was searched within the Search Candidate cis-Regulatory Elements 

by ENCODE (SCREEN) database for overlap with Candidate cis-Regulatory Elements (cCREs). Shown is the cCRE identifier (cCRE ID), the chromosomal co-ordinates of a 

cCRE (hg38), variants that lie within a cCRE or within 2 kilobases of a cCRE (Associated SNP) and regulatory features enriched within colonic tissues. Also shown is the 

associated z-score of the enriched feature, where a z-score of greater than 1.64 denotes the 95th percentile of enrichment. NA = Not Applicable.  

 

 

 

 



62 
 

flanking regions, enhancer elements and regions of strong transcription in colonic tissues and 

cCREs with functional enrichment in colonic tissues – including DNase binding and pro-

transcription histone modifications. 

 

2.3.4 – Trans-Ethnic Fine-Mapping as an Additional Approach to 

Identify Candidate Causal Variants 
 

While many GWAS use populations of largely European descent to identify variants 

significantly associated with a trait or disease, analysis of other populations represent an 

opportunity to further validate the results seen in studies of European populations. To this 

end, a meta-analysis of 21,731 CRC cases and 47,444 controls across fourteen cohorts of 

East-Asian (EAS) descent (see Table 2.2) was performed on the 4q24 locus of chromosome 

4. A total of 6,308 variants were included in the analysis of the same region as was studied in 

European populations. Interestingly, there were no variants significantly associated with CRC 

predisposition at this locus in EAS populations (see Figure 2.10). Variants that were 

significantly associated with CRC risk in European populations had non-significant 

associations with CRC in EAS populations. Examples of these included rs7655284 (p(Europeans) 

= 5.44 x 10-11) and rs7679673 (p(Europeans) = 2.14 x 10-14), which represented the lead variants 

of the two independent GWAS signals identified at this locus in European populations (see 

section 2.3.1). In EAS populations, these variants presented with p(EAS) of 0.00254 and 

0.663202 respectively. 

The lack of variants significantly associated with CRC predisposition in EAS populations is 

unlikely to be a consequence of reduced power compared to the meta-analysis in Europeans 

or locus-specific effects and therefore represents an opportunity for an additional fine-

mapping strategy to identify the candidate causal variant(s) underlying the enhanced CRC 

risk in Europeans. It is possible that the causal variant(s) in Europeans show very little 

genotypic variation in EAS populations, consequently leading to a lack of variants associated 

with CRC at genome-wide significance in this population. The minor allele frequencies 

(MAF) of the European lead variants rs7655284 and rs7679673 remained fairly consistent 

across European and EAS populations. For rs7655284, the MAF(Europeans) was approximately 

30.2%, whereas the MAF(EAS) was 48.4%. The MAF(Europeans) of rs7679673 was 

approximately 38.9% and the MAF(EAS) of this variant was estimated to be 19.4%. Therefore, 

it is unlikely that these variants are the causal variants underlying the GWAS association with 

CRC at this locus, since these variants also show genotypic variation in EAS populations. 

Therefore, trans-ethnic fine-mapping represents an alternative strategy to identify the causal 

variant(s) underlying these GWAS signals in European populations. In order to achieve this, 

the variants rs7655284 (p(GWAS) = 5.44 x 10-11), rs17035289 (p(GWAS) = 2.19 x 10-11) and 

rs1391441 (p(GWAS) = 3.97 x 10-14) were selected as sentinel variants for the European signals. 

The latter two were selected instead of rs7679673 as both had previously been associated 

with CRC in European populations and would allow the assessement of more candidate 

causal vairants than rs7679673 alone (199,240). All sentinel variant proxies with an r2 > 0.2 

in European populations were considered to be potentially causal in Europeans due to their  
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LD with one or more of the sentinel variants. This resulted in 22 proxies of rs7655284, 71 

proxies of rs17035289 and 286 proxies of rs1391441 being included in downstream analysis 

in EAS populations. Of these proxy variants, sixty-five presented with a MAF(EAS) and an r2 

with their associated sentinel variant in EAS populations of < 0.1. These variants were 

therefore considered as variants that showed limited variability in EAS populations and were 

therefore candidate causal variants underlying the association with CRC in European 

populations. The details of these candidate causal variants are presented in Table 2.10.  

For the rs7655284 region, a total of three candidate causal variants were identified. One of 

these variants, rs35242239, was not present in the meta-analysis of European populations and 

therefore could not be the causal variant at this locus. This left two candidate causal variants 

for this signal. One of these variants, rs35851974, was caused by an insertion/deletion 

(INDEL) and was not present in 1,000 Genomes Project reference data. Therefore, it was not 

possible to perform conditional analysis on these candidate causal variants. Of these two 

candidate causal variants, rs35851974 and rs71599032 had RegulomeDB scores of 6 and 5 

respectively.  Similarly to the sentinel variant rs7655284, neither variant had previously been 

associated with any disease according to the GWAS Catalogue (226). 

For the rs7679673 locus, a total of forty-seven unique candidate causal variants were 

identified (fifteen variants were proxies for both rs17035289 and rs1391441). Of these 

variants, rs17035310 had the strongest association with CRC in the European meta-analysis 

(p(GWAS) = 2.11 x 10-11). This variant could then be used for conditional analysis of the other 

candidate causal variants of the rs7679673 signal. As seen in Table 2.11, when conditioned 

on rs17035310 no other candidate causal variant presented with a significant p(conditional),

Figure 2.10 – East-Asian CRC GWAS Meta-Analysis of the 4q24 Locus of Chromosome 4: A Locus Zoom 

plot of colorectal cancer Genome-Wide Association study (GWAS) meta-analysis of individuals of East-Asian 

descent. Shown is a 500 kilobase (kb) region of the 4q24 locus of chromosome 4. The Y-axis shows the –log10 

GWAS p-value of each SNP at the locus. The colour of each point on the plot represents linkage disequilibrium 

(LD) measurements in East-Asian populations of a variant relative to the lead SNP. The dashed line indicates a 

p(GWAS) of 5 x 10-8, used in this study to indicate genome-wide significance. Plot generated using LocusZoom 

(https://my.locuszoom.org). 
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rs7655284 Proxies: 

Variant #: SNP ID: Chromosome #: Position (hg19): P(GWAS): MAF(Europeans): MAF(EAS): r2 with rs7655284 (Europeans): r2 with rs7655284 (EAS): 

1 rs35242239 4 105,861,835 NA 0.146 NA 0.3488 NA 

2 rs35851974 4 105,872,988 7.03 x 10-6 0.2054 NA 0.5671 NA 

3 rs71599032 4 105,883,814 0.00294 0.0965 0.007 0.247 0.007 

rs17035289 Proxies: 

Variant #: SNP ID: Chromosome #: Position (hg19): P(GWAS): MAF(Europeans): MAF(EAS): r2 with rs17035289 (Europeans): r2 with rs17035289 (EAS): 

1 rs141020046 4 106,044,102 0.0045 0.2116 0.0853 0.2909 0.0136 

2 rs141714386 4 106,054,972 5.47 x 10-4 0.0458 0.0139 0.229 0.0714 

3 rs57251748 4 106,058,185 4.31 x 10-7 0.1522 0.0139 0.8568 0.0714 

4 rs201770780 4 106,064,367 0.00928 0.0458 NA 0.229 NA 

5 rs17035310 4 106,064,754 2.11 x 10-11 0.1337 0.0139 0.7362 0.0714 

6 rs763480 4 106,071,597 4.98 x 10-11 0.1337 0.002 0.7362 0.002 

7 rs11728350 4 106,078,097 1.74 x 10-10 0.1337 0.001 0.7362 0.005 

8 rs34316731 4 106,078,344 3.34 x 10-6 0.1337 0.001 0.7362 0.005 

9 rs6825684 4 106,084,643 1.64 x 10-10 0.1337 0.001 0.7362 0.005 

10 rs115794885 4 106,094,414 2.85 x 10-4 0.0545 0 0.2454 NA 

11 rs138904640 4 106,101,620 4.72 x 10-5 0.1324 0.047 0.6483 0.007 

12 rs76074589 4 106,101,644 0.00118 0.0483 0.047 0.2129 0.007 

13 rs116001054 4 106,107,109 1.07 x 10-9 0.1324 0.057 0.6483 0.009 

14 rs17508261 4 106,108,902 8.48 x 10-10 0.1324 0.057 0.6483 0.009 

15 rs17430251 4 106,115,708 8.30 x 10-8 0.1324 0.047 0.6483 0.007 

16 rs78632895 4 106,123,638 1.80 x 10-7 0.1324 0.047 0.6639 0.007 

17 rs75321784 4 106,125,022 9.47 x 10-10 0.1312 0.047 0.6562 0.007 

18 rs113887651 4 106,125,427 0.00262 0.2302 0.06 0.3022 0.008 

19 rs143875052 4 106,150,555 2.08 x 10-10 0.1312 0.056 0.6562 0.009 

20 rs75625682 4 106,152,037 1.85 x 10-10 0.1312 0.047 0.6562 0.007 

21 rs17253672 4 106,156,187 6.83 x 10-6 0.0619 0 0.2707 NA 

22 rs114672787 4 106,159,582 6.75 x 10-6 0.0656 0 0.2907 NA 

23 rs56185013 4 106,160,133 2.84 x 10-4 0.198 0.047 0.3715 0.007 

24 rs201330646 4 106,169,706 0.00395 0.0507 0 0.2258 NA 

25 rs4464576 4 106,177,882 2.57 x 10-4 0.198 0.047 0.3715 0.007 

26 rs1498126 4 106,192.457 2.35 x 10-4 0.2054 0.047 0.3514 0.007 

27 rs1498125 4 106,192,563 2.27 x 10-4 0.2042 0.047 0.3546 0.007 

28 rs34402524 4 106,196,829 2.04 x 10-10 0.1374 0.047 0.6181 0.007 

29 rs140527567 4 106,204,863 4.93 x 10-4 0.0495 0 0.2337 NA 

30 rs114358140 4 106,209,264 4.68 x 10-4 0.0495 0 0.2337 NA 
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Variant #: SNP ID: Chromosome #: Position (hg19): P(GWAS): MAF(Europeans): MAF(EAS): r2 with rs17035289 (Europeans): r2 with rs17035289 (EAS): 

31 rs78280128 4 106,264,781 5.17 x 10-7 0.0866 0 0.2042 NA 

32 rs78479210 4 106,270,017 3.21 x 10-8 0.0866 0 0.2042 NA 

33 rs77994146 4 106,297,819 1.07 x 10-7 0.0866 0 0.2042 NA 

rs1391441 Proxies: 

Variant #: SNP ID: Chromosome #: Position (hg19): P(GWAS): MAF(Europeans): MAF(EAS): r2 with rs1391441 (Europeans): r2 with rs1391441 (EAS): 

1 rs12509636 4 106,010,433 2.79 x 10-4 0.3106 0.0784 0.208 0.0529 

2 rs62331120 4 106,017,299 3.64 x 10-4 0.3144 0.0774 0.2068 0.0551 

3 rs72617743 4 106,025,439 2.10 x 10-4 0.3094 0.0764 0.205 0.0538 

4 rs56883672 4 106,026,989 3.74 x 10-4 0.3144 0.0764 0.2068 0.0538 

5 rs17501550 4 106,027,829 5.03 x 10-4 0.3168 0.0774 0.2077 0.0551 

6 rs17429675 4 106,028,073 0.00129 0.3168 0.0774 0.2077 0.0551 

7 rs17429682 4 106,028,823 0.00139 0.3168 0.0774 0.2077 0.0551 

8 rs62331124 4 106,034,930 6.10 x 10-4 0.3156 0.0764 0.2099 0.0538 

9 rs17429745 4 106,038,169 4.77 x 10-4 0.3144 0.0774 0.2068 0.0551 

10 rs57251748 4 106,058,185 4.31 x 10-7 0.1522 0.0139 0.2061 0.0127 

11 rs17035310 4 106,064,754 2.11 x 10-11 0.1337 0.0139 0.2597 0.0127 

12 rs763480 4 106,071,597 4.98 x 10-11 0.1337 0.002 0.2597 0 

13 rs11728350 4 106,078,097 1.74 x 10-10 0.1337 0.001 0.2597 0.001 

14 rs34316731 4 106,078,344 3.34 x 10-6 0.1337 0.001 0.2597 0.001 

15 rs6825684 4 106,084,643 1.64 x 10-10 0.1337 0.001 0.2597 0.001 

16 rs138904640 4 106,101.620 4.72 x 10-5 0.1324 0.0466 0.3059 0.0409 

17 rs116001054 4 106,107,109 1.07 x 10-9 0.1324 0.0565 0.3059 0.0214 

18 rs17508261 4 106,108,902 8.48 x 10-10 0.1324 0.0565 0.3059 0.0214 

19 rs17430251 4 106,115,708 8.30 x 10-8 0.1324 0.0466 0.3059 0.0409 

20 rs78632895 4 106,123,638 1.80 x 10-7 0.1324 0.0466 0.3059 0.0409 

21 rs75321784 4 106,125,022 9.47 x 10-10 0.1312 0.0466 0.3111 0.0409 

22 rs143875052 4 106,150,555 2.08 x 10-10 0.1312 0.0556 0.3111 0.0206 

23 rs75625682 4 106,152,037 1.85 x 10-10 0.1312 0.0466 0.3111 0.0409 

24 rs34402524 4 106,196,829 2.04 x 10-10 0.1374 0.0466 0.3282 0.0409 

25 rs114832990 4 106,219,656 0.02708 0.1188 0 0.2445 NA 

26 rs6419170 4 106,230,888 0.00383 0.3243 0.0665 0.4014 0.0117 

27 rs10446713 4 106,233,714 1.19 x 10-7 0.3267 0.0665 0.3952 0.0117 

28 rs375012980 4 106,243,895 NA 0.2054 0 0.4593 NA 

29 rs17321073 4 106,258,989 1.07 x 10-7 0.3218 0.0665 0.4078 0.0117 
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Table 2.10 – Candidate Causal Variants Identified by Trans-Ethnic Fine-Mapping: A list of variants identified as proxy variants of either rs7655284, rs17035289 or 

rs1391441 in European populations (r2 > 0.2) while simultaneously presenting with a minor allele frequency (MAF) and r2 of < 0.1 in East-Asian (EAS) populations. 

Presented are the identifier of the variant, chromosome, genomic co-ordinates (hg19), p(GWAS) from the meta-analysis in Europeans, MAF in either European or EAS 

populations and the r2 with either rs7655824, rs17035289 or rs1391441 in European and EAS populations. NA = Not Applicable. GWAS = Genome-Wide Association study.
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indicating that the causal variant(s) at this locus were associated with a single GWAS signal. 

Of the forty-seven candidate causal variants, five presented with a RegulomeDB score of 3a 

and one variant presented with a score of 2b (see Table 2.11). In addition to this, three 

candidate causal variants had been previously reported in the GWAS Catalogue to be 

associated with cancer predisposition in European populations. rs57251748 (p(GWAS) = 4.31 x 

10-7) has been previously associated with breast, ovarian and prostate cancers, rs17035310 

(p(GWAS) = 2.11 x 10-11) has been previously associated with CRC and rs34402524 (p(GWAS) = 

2.04 x 10-10) has been associated with prostate cancer (277–279). Of the candidate causal 

variants with a RegulomeDB score of 3a or 2b, rs17035310, rs11728350 and rs34402524 

were associated with strong transcription or enhancer elements in colonic tissues, indicating 

that these variants may be of functional relevance in these tissues. In addition to this, 

rs17035310 was shown to overlap with the cCRE EH38E2317413 – further indicating its 

potential functional relevance. Interestingly, rs34402524 represents a missense variant in the 

TET2 gene (TET2L1721W), which was predicted to be deleterious according to the Sorting 

Intolerant from Tolerant variant effect predictor and as possibly damaging according to the 

Polymorphism Phenotyping tool.  

Overall, the significant associations between rs17035310, rs34402524 and CRC 

predisposition in the European meta-analysis and lack of genotypic variation in EAS 

populations, coupled with the functional annotation data and previously reported associations 

with cancer, suggest that these variants were the likely causal variants underlying the 

association with CRC at the rs7679673 signal in Europeans. These variants can be combined 

with the two candidate causal variants from the rs7655284 signal, rs35851974 and 

rs71599032, to produce a list of four candidate causal variants across both GWAS signals. 

 

2.3.5 – TWMR Identifies TET2 as the Candidate Causal Gene 

Underlying Colorectal Cancer Predisposition 
 

As identified in sections 2.3.1 – 2.3.4, there appear to be multiple independent GWAS signals 

associated with CRC at the 4q24 locus of chromosome 4. Fine-mapping analysis and in silico 

functional annotation reveals that there were a number of candidate casual variants with 

potential functional relevance in the colon that may underpin each of these GWAS signals. 

However, the identity of the candidate causal gene(s) that are associated with the enhanced 

CRC risk remains uncertain. Therefore, GWAS meta-analysis data was integrated with All 

SNP-Gene association eQTL data from GTEx (v8) in the transverse colon. GTEx eQTL data 

contains a quantitative estimate of the effect size of a variant on the expression of nearby 

genes, which can be combined with the effect size of the variant on the CRC phenotype, 

provided by GWAS data, and used as an input for MR analysis to predict the likely candidate 

causal gene underlying CRC predisposition at the 4q24 locus of chromosome 4. 

To this end, TWMR analysis was performed on all genes located within the fine-mapping 

region where significant eQTLs were present (p(eQTL) < 0.005), which was a total of thirteen 

genes. In order to implement TWMR at this locus, each gene was selected in turn and 

significant eQTLs were identified for each gene. Conditional analysis was then performed on 
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Variant #: SNP ID: Chromosome #: Position (hg19): P(GWAS): P(Conditional): RegulomeDB Score: Previously Reported? 

1 rs12509636 4 106,010,433 2.79 x 10-4 0.0194 7 No 

2 rs62331120 4 106,017,299 3.64 x 10-4 0.0231 6 No 

3 rs72617743 4 106,025,439 2.10 x 10-4 0.0165 7 No 

4 rs56883672 4 106,026,989 3.74 x 10-4 0.0236 6 No 

5 rs17501550 4 106,027,829 5.03 x 10-4 0.0337 2b No 

6 rs17429675 4 106,028,073 0.00129 0.0623 4 No 

7 rs17429682 4 106,028,823 0.00139 0.0654 4 No 

8 rs62331124 4 106,034,930 6.10 x 10-4 0.035 5 No 

9 rs17429745 4 106,038,169 4.77 x 10-4 0.0272 4 No 

10 rs141020046 4 106,044,102 0.0045 0.5488 6 No 

11 rs141714386 4 106,054,972 5.47 x 10-4 0.9511 6 No 

12 rs57251748 4 106,058,185 4.31 x 10-7 0.0608 5 Yes 

13 rs201770780 4 106,064,367 0.00928 0.5559 4 No 

14 rs17035310 4 106,064,754 2.11 x 10-11 NA 3a Yes 

15 rs763480 4 106,071,597 4.98 x 10-11 NA 5 No 

16 rs11728350 4 106,078,097 1.74 x 10-10 NA 3a No 

17 rs34316731 4 106,078,344 3.34 x 10-6 NA 6 No 

18 rs6825684 4 106,084,643 1.64 x 10-10 NA 7 No 

19 rs115794885 4 106,094,414 2.85 x 10-4 0.9606 6 No 

20 rs138904640 4 106,101,620 4.72 x 10-5 0.1924 5 No 

21 rs76074589 4 106,101,644 0.00118 0.9769 6 No 

22 rs116001054 4 106,107,109 1.07 x 10-9 0.9539 6 No 

23 rs17508261 4 106,108,902 8.48 x 10-10 0.9253 6 No 

24 rs17430251 4 106,115,708 8.30 x 10-8 0.5054 4 No 

25 rs78632895 4 106,123,638 1.80 x 10-7 0.4355 6 No 

26 rs75321784 4 106,125,022 9.47 x 10-10 0.9174 7 No 

27 rs113887651 4 106,125,427 0.00262 0.2037 7 No 

28 rs143875052 4 106,150,555 2.08 x 10-10 0.9484 7 No 

29 rs75625682 4 106,152,037 1.85 x 10-10 0.9394 6 No 

30 rs17253672 4 106,156,187 6.83 x 10-6 0.6821 7 No 

31 rs114672787 4 106,159,582 6.75 x 10-6 0.6821 5 No 

32 rs56185013 4 106,160,133 2.83 x 10-4 0.1714 5 No 

33 rs201330646 4 106,169,706 0.00395 0.3034 5 No 

34 rs4464576 4 106,177,882 2.57 x 10-4 0.1791 7 No 

35 rs1498126 4 106,192,457 2.35 x 10-4 0.2199 5 No 

36 rs1498125 4 106,192,563 2.27 x 10-4 0.2234 5 No 
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Variant #: SNP ID: Chromosome #: Position (hg19): P(GWAS): P(Conditional): RegulomeDB Score: Previously Reported? 

37 rs34402524 4 106,196,829 2.04 x 10-10 0.8354 3a Yes 

38 rs140527567 4 106,204,863 4.93 x 10-4 0.844 5 No 

39 rs114358140 4 106,209,264 4.68 x 10-4 0.8561 3a No 

40 rs114832990 4 106,219,656 0.02708 0.00631 6 No 

41 rs6419170 4 106,230,888 0.00383 0.2635 7 No 

42 rs10446713 4 106,233,714 1.19 x 10-7 0.0493 5 No 

43 rs375012980 4 106,243,895 NA NA 7 No 

44 rs17321073 4 106,258,989 1.07 x 10-7 0.053 6 No 

45 rs78280128 4 106,264,781 5.17 x 10-7 0.1178 3a No 

46 rs78479210 4 106,270,017 3.21 x 10-8 0.0558 4 No 

47 rs77994146 4 106,297,819 1.07 x 10-7 0.0821 7 No 

 

Table 2.11 – Conditional Analysis on rs17035310: Conditional analysis of candidate causal variants identified by trans-ethnic fine-mapping analysis of the 4q24 locus of 

chromosome 4. Variants were conditioned on the most significant candidate causal variant (rs17035310 – p(GWAS) = 2.11 x 10-11) using linkage disequilibrium estimates from 

European individuals from the 1,000 Genomes Project data. Columns include the unique identifier of the variant (SNP ID), chromosome number, genome co-ordinates 

(hg19), GWAS p-value (P(GWAS)), conditional p-value (P(conditional)), the functional annotation score of a variant according to RegulomeDB and whether the variant has been 

previously reported to predispose European individuals to cancer development according to the GWAS Catalogue. NA = Not Applicable. 
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these eQTLs using GCTA and reference LD data from the 1,000 Genomes Project, 

conditioning on the most significant eQTL for the gene being investigated. In order to 

identify conditionally independent eQTLs, a p(conditional) threshold was set at 0.05. Following 

the identification of independent eQTLs, other genes for which these independent eQTLs 

were shared were added to the model, alongside the independent eQTLs associated with these 

additional genes. Finally, eQTLs were pruned to only include variants with an r2 of < 0.1, this 

was done using PLINK (v1.90p) in European populations. See Figure 2.3 for a summary of 

the TWMR approach. A Pearson’s correlation matrix between all variants included in the 

model was also generated using 1,000 Genomes Project data in Europeans. Using this 

approach, each candidate causal gene at the locus could be assessed in turn, the results of this 

are presented in Table 2.12. 

As seen in Table 2.12, of the thirteen genes investigated at this locus, only three displayed a 

p(TWMR) < 0.05. These genes were TET2 (p(TWMR) = 0.0072462) – a member of the TET 

family of proteins involved in DNA de-methylation (245), AC105391.1 (p(TWMR) = 1.048 x 

10-9) – a pseudogene and TET2-AS1 (pTWMR) = 0.040044535) – an antisense transcript of the 

TET2 gene. Of the three genes with the significant gene-trait associations as determined by 

TWMR, it seems likely that the candidate causal gene underlying the GWAS signals at this 

locus is TET2, given the extensively-documented role of DNA methylation in CRC (as 

discussed in Chapter I of this thesis). TWMR analysis also provides a quantitative estimate of 

causality for a gene in the form of an α statistic. For TET2, this α statistic was -0.006591237, 

implying that a reduction in TET2 expression in the transverse colon may potentially drive its 

association with CRC development. However, the significant gene-trait association for TET2 

in the transverse colon does not mean that there are no other potential target tissues where 

altered TET2 expression may influence CRC risk. For example, it is conceivable that altered 

expression of a gene in the blood may indirectly drive the development of CRC. Therefore, 

TWMR analysis was repeated for the TET2 gene using GTEx (v8) All SNP-Gene association 

eQTL data for the breast, prostate, whole blood and EBV-transformed lymphocytes to 

identify additional target tissues associated with CRC risk. These tissues were chosen as the 

4q24 locus of chromosome 4 has previously been implicated in breast cancer, the lead variant 

in the CRC GWAS meta-analysis has previously been associated with prostate cancer and 

TET2 has previously been reported to be mutated in leukaemia (280,281). As seen in Table 

2.13, there were no significant gene-trait associations between TET2 expression and CRC in 

any of the tissues investigated. This implies that the association with CRC at the 4q24 locus 

may be driven by reduced TET2 expression in colonic tissues only.  

In order to further investigate TET2 as the candidate causal gene at this locus, variants from 

the 95% credible set identified by PAINTOR fine-mapping analysis and candidate causal 

variants identified by trans-ethnic fine-mapping analysis (see section 2.3.4) were searched for 

their effect on TET2 expression in the transverse colon according to GTEx (v8) All SNP-

Gene association data. The results of this are presented in Table 2.14. Of the seventeen 

candidate causal variants, fifteen had available eQTL data for the TET2 gene in the transverse 

colon. The effect allele of most candidate causal variants appears to suggest a reduction in 

TET2 expression increases CRC risk, or conversely an increase in TET2 expression reduces 

CRC risk. Of the fifteen variants, rs71599032 had a significant effect on TET2 expression 

(p(eQTL) = 0.008) and rs7655284 had a nominally significant effect (p(eQTL) = 0.029). Four 

other variants had p(eQTL)
 approaching nominal significance (p(eQTL) < 0.1). Overall, this data 
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Gene #: Ensembl ID: Gene Symbol: # SNPs: # Genes: α: SE: Z-Score: P(TWMR): 
1 ENSG00000138777.19 PPA2 4 1 0.001476626 0.002577199 0.57295772 0.566673322 

2 ENSG00000138780.14 GSTCD 2 1 -0.003171686 0.00356736 -0.899085109 0.373957341 

3 ENSG00000138785.14 INTS12 3 1 0.004764608 0.003719343 1.28103506 0.200181352 

4 ENSG00000145348.16 TBCK 4 2 -0.000935245 0.001948835 -0.479899414 0.631298918 

5 ENSG00000168743.12 NPNT 3 1 -0.000409286 0.002355193 -0.17378022 0.86203819 

6 ENSG00000168769.13 TET2 3 1 -0.006591237 0.002454551 -2.685312583 0.0072462 

7 ENSG00000168772.10 CXXC4 3 1 -0.006552217 0.003479158 -1.883276339 0.059662928 

8 ENSG00000236699.8 ARHGEF38 5 1 0.000135679 0.001377015 0.098531314 0.921510408 

9 ENSG00000248778.1 AC105391.1 4 1 -0.067315013 0.011031775 -6.101920629 1.048 x 10-9 

10 ENSG00000249264.1 EEF1AP9 4 2 0.000958767 0.002844921 0.337010093 0.736109292 

11 ENSG00000250740.1 AC105391.2 1 1 0.000427277 0.006482193 0.065915541 0.947445067 

12 ENSG00000251259.1 AC004069.1 5 1 0.002129052 0.00619239 1.314847132 0.188561284 

13 ENSG00000251586.1 TET2-AS1 3 1 -0.003668563 0.001786676 -2.05328923 0.040044535 
 

 

Table 2.12 – TWMR Analysis of the 4q24 Locus of Chromosome 4: The results of Transcriptome-Wide Mendelian Randomisation (TWMR) analysis of the 4q24 Locus 

of chromosome 4. Expression quantitative trait loci (eQTL) data from the transverse colon was integrated with Genome-Wide Association Study (GWAS) meta-analysis data 

for colorectal cancer in thirteen genes at the locus. Included in the table are the Ensembl ID of the gene, its symbol, the number of SNPs (# SNPs) and genes (# Genes) 

included in the TWMR model for the gene, the quantitative effect size of causality as estimated by TWMR (α) and its standard error (SE), the z-score for comparisons of 

effect sizes between genes and the p-value of TWMR analysis (p(TWMR)). 
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GTEx Breast: 

Gene #: Ensembl ID: Gene Symbol: # SNPs: # Genes: α: SE: Z-Score: P(TWMR): 
1 ENSG00000168769.13 TET2 4 1 -0.00197996 0.002552756 -0.77562 0.4379754 

GTEx Prostate: 

Gene #: Ensembl ID: Gene Symbol: # SNPs: # Genes: α: SE: Z-Score: P(TWMR): 
1 ENSG00000168769.13 TET2 3 1 -0.003344346 0.002541966 -1.315653666 0.1882903 

GTEx Whole Blood: 

Gene #: Ensembl ID: Gene Symbol: # SNPs: # Genes: α: SE: Z-Score: P(TWMR): 
1 ENSG00000168769.13 TET2 5 1 -0.002957112 0.002513849 -1.176328079 0.2394638 

GTEx EBV-Transformed Lymphocytes: 

Gene #: Ensembl ID: Gene Symbol: # SNPs: # Genes: α: SE: Z-Score: P(TWMR): 
1 ENSG00000168769.13 TET2 8 3 0.003635801 0.00225109 1.61512918 0.1062827 

 

Table 2.13– TWMR Analysis of Extra-Colonic Tissues: The results of Transcriptome-Wide Mendelian Randomisation (TWMR) analysis of the 4q24 Locus of 

chromosome 4. Expression quantitative trait loci (eQTL) data from breast tissue, prostate tissue, whole blood or Epstein-Barr Virus (EBV) transformed lymphocytes was 

integrated with Genome-Wide Association Study (GWAS) meta-analysis data for colorectal cancer to investigate the ten-eleven translocation 2 (TET2) gene. Included in the 

table are the Ensembl ID of the gene, its symbol, the number of SNPs (# SNPs) and genes (# Genes) included in the TWMR model, the quantitative effect size of causality as 

estimated by TWMR (α) and its standard error (SE), the z-score of the effect size and the p-value of TWMR analysis (p(TWMR)). 
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Variant #: SNP ID: Effect Allele: β(GWAS): SE(GWAS): P(GWAS): TET2 β(eQTL): TET2 SE(eQTL): TET2 P(eQTL): 
1 rs7655284 G -0.05132 0.007825 5.44 x 10-11 0.09883 0.04500 0.029 

2 rs35851974 C -0.0771 0.017161 7.03 x 10-6 NA NA NA 

3 rs113280693 C -0.09012 0.072665 0.215 NA NA NA 

4 rs71599032 T -0.03681 0.012381 0.00294 0.20261 0.07522 0.008 

5 rs62331067 C -0.06021 0.016294 2.20 x 10-4 0.08719 0.08464 0.304 

6 rs7679673 A -0.05825 0.007623 2.14 x 10-14 0.07365 0.04270 0.086 

7 rs17035310 T -0.0729 0.010884 2.11 x 10-11 -0.06416 0.06226 0.304 

8 rs1391441 A 0.05918 0.007826 3.97 x 10-14 -0.02750 0.04345 0.527 

9 rs7663401 T 0.056482 0.007594 1.02 x 10-13 -0.07207 0.04269 0.093 

10 rs2007403 T 0.05707 0.00759 5.52 x 10-14 -0.07025 0.04285 0.102 

11 rs2047409 A 0.56669 0.007583 7.85 x 10-14 -0.07150 0.04251 0.094 

12 rs11735256 C 0.056854 0.007584 6.54 x 10-14 -0.07150 0.04251 0.094 

13 rs7655890 T 0.059104 0.007827 4.31 x 10-14 -0.02750 0.04345 0.527 

14 rs9884984 A 0.075689 0.021481 4.26 x 10-4 -0.06427 0.04190 0.126 

15 rs1391439 A 0.056541 0.007591 9.42 x 10-14 -0.06919 0.04253 0.105 

16 rs1391438 C 0.059126 0.007839 4.62 x 10-14 -0.03157 0.04379 0.472 

17 rs34402524 G -0.069989 0.011069 2.04 x 10-10 -0.03985 0.0643 0.536 
 

Table 2.14 – Effect of Credible Set Variants on TET2 Expression: The effect of candidate causal variants identified by Bayesian or trans-ethnic fine-mapping of Genome-

Wide Association Study (GWAS) meta-analysis data for colorectal cancer on the expression of the ten-eleven translocation 2 (TET2) gene. Presented are the variant identifier 

(SNP ID), the effect allele associated with the variant, the effect size of the effect allele according to GWAS data (β(GWAS)), as well as its standard error (SE(GWAS)) and p-value 

(p(GWAS)). Additionally, the effect size of the effect allele on TET2 expression in the transverse colon (β(eQTL)), as well as its association standard error (SE(eQTL)) and p-value 

(p(eQTL)). NA = Not Applicable. 
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suggests that TET2 is potentially the causal gene underlying GWAS associations with CRC at 

the 4q24 locus of chromosome 4 and the candidate causal variants identified by either 

Bayesian or trans-ethnic fine-mapping may have the effect of reducing TET2 expression in 

the colon, thus potentially elevating CRC risk. 

 

2.3.6 – Genotype-Expression Analysis Reveal Down-Regulation of 

TET2 is Significantly Associated with CRC  
 

The TWMR analysis presented above suggests that down-regulation of TET2 expression is 

the causal factor underlying CRC predisposition at the 4q24 locus of chromosome 4. When 

this hypothesis was investigated in a TWAS dataset obtained from Fernandez-Rozadilla et 

al., TET2 was the only gene whose expression was associated with CRC risk at the level of 

the defined Bonferroni threshold (p(TWAS) < 4.6 x 10-6) (257). Significant associations were 

identified between TET2 expression and CRC risk in both the colorectum (p(TWAS) = 7.69 x 

10-20) and normal gastrointestinal tissues (p(TWAS) = 1.19 x 10-29) (257). However, significant 

associations were not identified between TET2 expression and CRC risk in the muscle of the 

sigmoid colon, mesenchymal tissues and immune cells (257). This data supports what has 

previously been presented in Tables 2.12 and 2.13, suggesting that altered TET2 expression in 

colonic tissues – but not other tissues – is significantly associated with CRC risk. In addition 

to this, when the TWAS model between TET2 expression and CRC risk in the colorectum 

was conditioned on the genotype of the lead GWAS variant at this locus via sMIST, the 

TWAS association was reduced but still significant (p(conditional) =  1.46 x 10-7), further 

indicating the presence of multiple independent GWAS signals at this locus – supporting 

what has been presented in section 2.3.1 (257). 

When the genotypes of rs7679673 and rs7655284, the lead SNPs at each of the independent 

European GWAS signals identified in section 2.3.1, were combined with distal colonic TET2 

gene expression data from 109 European individuals of the INTERMPHEN study, significant 

correlations were identified between the number of risk alleles and reduced TET2 expression. 

As seen in Figure 2.11a, the expression of TET2 was significantly reduced in individuals who 

were homozygous for the rs7655284 risk allele (AA) compared to those homozygous for the 

non-risk allele (GG) (p = 0.0023). There was a significant association between the number of 

risk alleles and TET2 expression in these individuals according to both the Jonckheere-

Terpstra trend test (p = 0.003) and regression model (p = 0.001). Furthermore, neither age nor 

sex were significantly correlated with TET2 expression in the regression model (p = 0.274 

and p = 0.103 respectively). When the same analysis was performed on rs7679673, the 

expression of TET2 was also significantly reduced in individuals homozygous for the CRC 

risk allele (CC) compared to individuals homozygous for the non-risk allele (AA) (p = 0.011, 

Figure 2.11b). While this trend may have been significant in the regression model (p = 

0.032), the trend between the number of risk alleles and TET2 expression was non-significant 

in the Jonckheere-Terpstra trend test, although the trend was nearly significant (p = 0.08). 

Similarly to rs7655284, age and sex were not significantly associated with TET2 expression 

(p = 0.344 and p = 0.05 respectively). When the genotypes of both rs7655284 and rs7679673 

were compared with TET2 expression (Figure 2.11c), TET2 expression was significantly 
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reduced in individuals with three or four risk alleles compared to individuals with zero risk 

alleles (p = 0.036 and p = 0.0077 respectively). Furthermore, the number of risk alleles was 

significantly correlated with reduced TET2 expression in both the Jonckheere-Terpstra trend 

test (p = 0.004) and regression model (p < 0.0001), while age and sex were not significantly 

associated with TET2 expression (p = 0.268 and p = 0.064 respectively). 

When the same analysis was repeated using the candidate causal variants identified by trans-

ethnic fine-mapping analysis (see section 2.3.4), similar results were obtained. Genotype data 

for the variant rs35851974 was not available from the INTERMPHEN study. Individuals 

with the CC genotype for rs71599032 presented with lower TET2 expression than individuals 

with the TC genotype – however this difference was not significant (p = 0.13, Figure 2.12a). 

This lack of significance may be a consequence of only a few individuals in the population 

presenting with the TC genotype. Regression analysis also indicated that the number of 

rs71599032 risk alleles was inversely correlated with the expression of TET2, but again this 

was not significant (p = 0.299). Individuals with the CC rs17035310 genotype had reduced 

TET2 compared to those with the TT genotype, however this difference was not significant (p 

= 0.23, Figure 2.12b). However, regression analysis and the Jonckheere-Terpstra trend test 

found a significant negative correlation between TET2 expression and the number of 

rs17035310 risk alleles (p = 0.012 and p = 0.025 respectively). As seen in Figure 2.12c, 

individuals with the rs34402524 genotype TT had significantly reduced TET2 expression 

compared to individuals with the GG genotype (p = 0.048). Regression analysis and the 

Jonckheere-Terpstra trend test also found a significant association between the number of 

rs34402524 risk alleles and reduced TET2 expression (p = 0.004 and p = 0.015 respectively). 

When the genotypes for the above variants were combined, individuals with a total of six risk 

alleles presented with significantly reduced TET2 expression compared to individuals with 

only two risk alleles (p = 0.045, Figure 2.12d). Regression analysis and the Jonckheere-

Terpstra trend test identified a significant negative correlation between the total number of 

risk alleles and TET2 expression in these individuals (p = 0.002). 

Overall, the data from the previously published TWAS suggests that altered TET2 expression 

in colonic tissues is associated with CRC risk, consistent with what has been reported in 

section 2.3.5. In addition to this, it appears that risk alleles of the lead GWAS variants for 

each independent signal at this locus were associated with a reduction in TET2 gene 

expression, potentially driving the association with CRC risk. Furthermore, the number of 

risk alleles of candidate causal variants identified by trans-ethnic fine-mapping analysis also 

appear to correlate with reduced TET2 expression in the distal colon – further supporting the 

notion that TET2 is the candidate causal gene underlying the association between the 4q24 

locus of chromosome 4 and CRC predisposition. 

 

2.4 - Discussion 
 

Over the past twenty years, GWAS have emerged as a powerful tool for identifying novel 

associations between genetic variants and a trait or disease. In the context of CRC, a total of 
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a) 

b) 

c) 

Figure 2.11 – Genotype-Expression Analysis of TET2 Expression in the Distal Colon: Boxplots indicating 

the expression of the TET2 gene in relation to the genotype(s) of variants associated with colorectal cancer 

predisposition according to a Genome-Wide Association Study meta-analysis in European individuals. 

Presented are the genotype-expression relationships for rs7655284 (a), rs7679673 (b) and TET2 gene expression 

compared to the number of risk alleles of both of these SNPs together (c). 
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a) 

d) 

c) 

b) 

Total Number of Risk Alleles: 

Figure 2.12 – Candidate Causal Variant Effect on TET2 Expression in the Distal Colon: Boxplots 

indicating the expression of the TET2 gene in relation to the genotype(s) of variants associated with colorectal 

cancer predisposition according to a Genome-Wide Association Study meta-analysis in European individuals. 

Presented are the genotype-expression relationships for rs71599032 (a), rs17035310 (b), rs34402524 (c) and the 

TET2 gene expression compared to the number of risk alleles of all of these SNPs together (d). 
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205 variants across multiple ethnicities have been significantly associated with disease risk 

(257). One example of such loci is the 4q24 locus of chromosome 4, characterised by the 

significant association of rs17035289 with CRC risk according to the meta-analysis by Law 

et al. (234). In this chapter, this locus was more closely investigated in the context of CRC 

using an expanded GWAS meta-analysis dataset. This dataset included a total of 78,473 cases 

and 107,143 controls across seventeen cohorts of European descent. The ultimate goal of this 

chapter was to identify the candidate causal variant(s) at this locus, in order to identify 

functionally relevant variants which may drive the increased CRC risk seen at this locus. This 

analysis could also be extended to identify the most likely candidate causal gene, whose 

altered expression may be the driving force underpinning CRC development. 

Conditional analysis was performed on 8,166 variants across a 2.13Mb genomic region of the 

4q24 locus of chromosome 4. This locus was characterised by the lead SNP rs7679673, 

which has previously been associated with prostate cancer but its role in CRC has yet to be 

fully defined. In addition to this, conditional analysis revealed a second, independent, signal 

significantly associated with CRC risk. This additional signal was characterised by rs7655284 

which, to the best of my knowledge, represents a novel CRC risk variant. Despite the 

significant association of rs7655284 with CRC (p(GWAS) = 5.44 x 10-11), there are no entries in 

any of the 6,401 publications in the GWAS Catalogue for this variant in the context of any 

trait or disease. This is despite this variant having a MAF of 33.5% according to CRC GWAS 

meta-analysis data. Furthermore, GWAS meta-analysis data identifies rs7655284 in all 

seventeen cohorts and in all individuals, with an I2 of 0 and a p(heterogeneity) of 0.611. This 

indicates that the variant is truly associated with CRC and has no heterogeneity of effect 

between any of the cohorts included in the meta-analysis. It may also be possible that there 

were additional independent signals at this locus being captured rs7679673. For example, 

there are two variants at this locus that have been previously reported as CRC risk variants – 

including rs17035289 and rs1391441 (234,275). These variants may represent two 

independent signals captured together by their association with rs7679673 (r2 with rs7679673 

in European populations of 0.224 and 0.69 respectively).  

When performing conditional analysis, a p(conditional) threshold of < 5 x 10-7 was set to 

determine independence of variants from one another. Other studies have used different 

thresholds, for example the studies by Huyghe et al. and Law et al. set a more stringent 

p(conditional) threshold of < 5 x 10-8 whereas other studies, for example the study by Knight et 

al. use a less stringent p(conditional) threshold for independence (p(conditional) < 1 x 10-6) 

(234,275,282). This makes setting the p(conditional) threshold difficult, when set to < 5 x 10-7, the 

r2 of the three variants below this threshold in relation to rs7679673 ranged from 0.001 to 

0.047 in European populations, further highlighting the likely independence of the second 

GWAS signal. It should also be noted that the conditional analysis performed by Huyghe et 

al. and Law et al. was on a whole-genome scale, as opposed to a small locus of 8,166 

variants. Overall, the indication of the data is that the second independent GWAS signal 

centred around rs7655284 represents a genuine novel association with CRC at this locus. 

Following the identification of a second, novel, GWAS signal significantly associated with 

CRC at this locus, Bayesian fine-mapping was performed independently on each signal in 

order to identify the underlying candidate causal variant(s). Following the implementation of 

PAINTOR, including two separate colon-specific annotation sets and several iterations 

assuming either one, two or three causal variants at each locus, a total of thirteen candidate 
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causal variants were identified across both signals. Ten candidate causal variants were 

associated with the rs7679673 region, whereas only three variants were associated with the 

rs7655284 region. In the rs7655284 region, two of the three variants, rs113280693 (p(GWAS) = 

0.215) and rs62331067 (p(GWAS) = 2.20 x 10-4), identified in the credible sets had non-

significant GWAS p-values. As previously discussed, this may be a result of their low 

frequencies within European populations. Unsurprisingly, most variants present within the 

95% credible set of the rs7679673 region were significantly associated with CRC, the only 

exception being rs9884984 (p(GWAS) = 4.26 x 10-4). This phenomenon may represent a 

limitation of this analysis, where association statistics between a variant and the phenotype 

may carry more weight when assigning variants into the credible set than overlaps with 

functional annotations in the analysis. In addition to this, there also appears to be no way of 

prioritising functional annotations in terms of importance or functional relevance in the fine-

mapping analysis, despite an overlap with exonic regions of the genome potentially carrying 

more causal weight in an analysis than overlap with other annotations, for example histone 

modifications. However, PAINTOR still represents an important fine-mapping methodology 

due to its novelty of including functional annotation data and the ability to assume that a 

locus contains multiple causal variants.  

In addition to PAINTOR, there are other Bayesian fine-mapping methodologies that can 

account for the possibility of multiple causal variants at each locus of interest. Hormozdiari et 

al. developed Causal Variants Identification in Associated Regions (CAVIAR) which, 

similarly to PAINTOR, makes use of GWAS association statistics and the LD structure of a 

locus to determine the likely candidate causal variant(s) underpinning the association with a 

trait or disease (283). However, the lack of integrated functional annotation data in CAVIAR, 

however limited the utility of this may be, made PAINTOR seem the best tool to use for fine-

mapping analysis. The use of fine-mapping to identify candidate causal variants which 

underpin significant associations between a SNP and a trait or disease is highly complex, 

affected by a number of cell, tissue and disease-specific factors which can make definitive 

results difficult to obtain (284). With the exception of a few tools, including CAVIAR and 

PAINTOR, many fine-mapping strategies have had their utility hampered by the assumption 

that there is only one causal variant at a locus, which may contain multiple independent 

signals and causal variants (284). Fine-mapping is also limited by the GWAS data on which 

the analysis is being performed. One of the critical assumptions of Bayesian fine-mapping is 

that all variants that could be causal are included in the analysis – which may not be 

achievable in rare diseases or where the true causal variant is rare, especially when using 

smaller-scale GWAS data.  

Interestingly, GWAS meta-analysis data from EAS populations showed no significant 

associations with CRC predisposition at the 4q24 locus of chromosome 4. This was possibly 

a result of the lower sample size of this meta-analysis compared to the study in European 

populations. However, this is unlikely given that previous studies have identified significant 

associations with traits and diseases with GWAS data from a similar number of participants 

(285). The study by Lu et al. performed a meta-analysis on 22,775 cases and 47,731 controls 

in the context of CRC in EAS populations and identified thirteen novel CRC risk loci at 

genome-wide significance (285). Therefore, a more likely explanation for the lack of 

genome-wide significant associations at CRC at this locus was that the causal variant(s) were 

genetically invariant in EAS populations but show a greater degree of variability in 
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Europeans and therefore show significant association with CRC risk. For each of the two 

independent GWAS signals, two candidate causal variants were identified by trans-ethnic 

fine-mapping analysis. For the rs7655284 signal, these included variants which were in 

modest LD with rs7655284 and included an INDEL variant as well as a single base 

substitution. This INDEL variant was not present in 1,000 Genomes Project reference data or 

subsequent eQTL data, making downstream functional characterisation of this variant 

difficult. The rs7679673 signal presented with two candidate causal variants, both of which 

had been associated with cancer development in previous studies (277,278). A strength of 

this trans-ethnic fine-mapping analysis as opposed to Bayesian fine-mapping methodologies 

implemented previously includes the lack of bias towards a candidate causal variant based on 

the association statistic of the GWAS meta-analysis data. This trans-ethnic fine-mapping 

analysis has also generated a much shorter list of credible variants that are more strongly 

associated with functional annotations in colonic tissues than the variants identified by 

Bayesian fine-mapping strategies.  

Following the identification of these candidate causal variants via both Bayesian and trans-

ethnic fine-mapping strategies, most were revealed to have some functional relevance in 

colonic tissues as determined by in silico functional annotation. Examples of these functional 

roles include a variant being previously associated with CRC predisposition, lying within 

enhancer elements or regions of strong transcription in colonic tissues, the presence of nearby 

cCREs with functional relevance in the colon and overlap with promoter-flanking regions in 

HCT116 cells, sigmoid colon and the large intestine. Each of these factors suggest a potential 

role for these candidate causal variants in the regulation of the expression of nearby genes at 

the locus. However, the role of these candidate causal variants in longer-range regulation of 

gene expression has not been assessed. In addition to regulation of nearby genes at the same 

locus as the SNP, referred to as cis-eQTLs, it has been shown that genetic variants are able to 

also regulate the expression of genes up to 5Mb away – acting as trans-eQTLs (286). In 

recent years, techniques have evolved to allow long-range genomic interactions to be studied 

via the investigation of chromatin conformation. The folding of chromatin within the nucleus 

of cells can result in regions of DNA located several Mb from one another linearly being 

brought into close proximity, allowing long-range interactions between genomic regions and, 

consequently, the long-range regulation of gene expression (287,288). The study by Baxter et 

al. employed novel Capture Hi-C (CHi-C) protocol, an extension of previously employed 

chromatin conformation capture methodologies, to assess interactions between regulatory 

elements and target genes in breast cancer (289,290). In this study, CHi-C interaction peaks 

were identified at thirty-three breast cancer risk loci, encompassing 110 potential target genes 

(254). In addition to this, there were also examples of long-range interaction between 

genomic elements more than 4Mb apart (289). It would therefore be of interest to perform 

similar CHi-C experiments on the candidate causal variants identified by fine-mapping in 

order to provide information about potential long-range interactions with distant regions of 

the genome and also provide further information on the role these variants in the regulation of 

gene expression.  

Following the identification and functional annotation of likely causal variants at the locus, 

TWMR analysis of the 4q24 locus of chromosome 4 using GTEx eQTL data for the 

transverse colon identified three significant gene-trait associations with CRC. These 

significant associations included TET2, AC105391.1 and TET2-AS1. Of the three, TET2 
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represents the most likely candidate causal gene underlying CRC predisposition at the locus 

due to the important role of altered DNA methylation patterns in CRC pathogenesis. 

However, while AC105391.1 represents a pseudogene that likely has little biological 

relevance, TET2-AS1 represents the antisense transcript of the TET2 gene. In recent years, 

there has been increasing evidence for the role of antisense transcripts, a class of non-coding 

RNA, in the regulation of mammalian gene expression (291). Therefore it is feasible that 

altered TET2-AS1 expression may, in turn, affect the expression of the TET2 gene – thus 

driving CRC pathogenesis.  

The TET2 gene has previously been implicated in the development of myelodysplastic 

syndrome (MDS) and acute myeloid leukaemia (AML), with germline mutations in TET2 and 

subsequent somatic loss of heterozygosity (LoH) being reported in a number of myeloid 

malignancies (292). Physiologically, the role of the TET2 protein is to facilitate the first step 

in active DNA de-methylation by catalysing the conversion of 5-mC to 5-hmC, initiating a 

process of stepwise modifications resulting in the replacement of 5-mC with unmodified 

cytosine (293). Therefore, reductions in TET2 expression, which was the predicted causal 

effect of TWMR analysis, may drive CRC pathogenesis via the pathogenic accumulation of 

DNA methylation within cells. In the context of CRC, Huang et al. reported a reduction in 

nuclear localisation of TET2 in CRC tissue, but mutations in the TET2 gene have only been 

identified in a small proportion of CRCs (294). Recently, an analysis of the landscape of 

colorectal cancer driver gene mutations in the 100KGP identified TET2 as a novel candidate 

CRC driver gene, with nearly 3% of CRCs harbouring an oncogenic mutation in the TET2 

gene (295). Further TWMR-based analysis revealed the transverse colon as the likely target 

tissue underlying the significant gene-trait association between TET2 and CRC. Despite the 

well-described role of TET2 mutations driving a hyper-methylated phenotype in 

haematological cancers (296,297), the integration of whole-blood eQTL data with CRC 

GWAS data concluded there was no significant gene-trait association between TET2 and 

CRC. As previously described in Chapter I of this thesis, alterations to the DNA methylation 

pattern of cells represents a key feature of the adenoma-carcinoma sequence of CRC 

tumorigenesis. Therefore, it could be feasible that mutations in TET2 may drive a CRC 

phenotype via alterations to the DNA methylation profiles of colonic cells.  

Previous fine-mapping analysis of the 4q24 locus of chromosome 4 in the context of other 

cancers identified multiple independent signals associated with enhanced disease risk and 

also concluded that TET2 was the likely candidate causal gene underlying these signals (247). 

Subsequently, Kim et al. generated Tet2-knockout animal models of breast cancer, where 

Tet2 expression was abrogated in the mammary epithelium of transgenic animals (298). 

These animals were shown to display abnormal mammary development compared to controls 

and impaired luminal differentiation (298). When these animals were crossed with mice 

harbouring a mutation in the polyoma middle T (PyMT) oncogenic protein, which 

predisposes animals to breast cancer development, mammary carcinomas were detected in as 

little as five weeks in animals which also harboured a Tet2 mutation – compared to animals 

with a PyMT mutation only, which displayed pre-malignant lesions only (298). Furthermore, 

PyMT-mutant animals that also harboured a Tet2 mutation developed larger and more 

aggressive cancers when compared to animals with PyMT mutations alone (298). This 

provides evidence that fine-mapping analysis of the 4q24 locus in other cancers and 

downstream investigation of the candidate causal gene can potentially identify a novel gene 
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associated with disease predisposition, which may have clinical relevance if the novel 

predisposition gene were to be added to modern genetic screening panels. 

Interestingly, TWMR analysis also revealed a near-significant gene-trait association between 

CXXC4 and CRC (p(TWMR) = 0.0597). This gene encodes the protein IDAX, the CXXC-type 

zinc finger domain of the TET2 gene (299). Other members of the TET family have this 

domain incorporated into their own coding sequence, however evolutionary gene fission of 

the TET2 gene resulted in the separation of IDAX from the TET2 gene (299). It has been 

suggested that the IDAX protein is able to regulate the expression of the TET2 gene, 

facilitating its degradation via binding (300). However, the causal estimate for the CXXC4 

gene in TWMR analysis suggests a down-regulation of CXXC4 expression drives the near-

significant association with CRC. This implies that the near-association was not a 

consequence of CXXC4-mediated TET2 down-regulation and instead perhaps a consequence 

of increased Wnt signalling – as CXXC4 has been suggested to act as an inhibitor of the Wnt 

signalling pathway (300). 

While the implementation of TWMR provides a useful indication into the identity of the 

causal gene at the 4q24 locus of chromosome 4, there are limitations associated with its use. 

The first of these limitations is the need for highly significant eQTLs to act as an input. Porcu 

et al. in the original TWMR publication were able to set a stringent significance threshold of 

p(eQTL) < 1.83 x 10-5, compared to the threshold of p(eQTL) < 0.005 used in this analysis. This is 

in part a result of the large eQTL study sample size available to the authors of the original 

study – which combined GTEx and eQTLGen Consortium data to achieve a total of 31,684 

individuals in the eQTL study, compared to the 246 individuals with available data for the 

region of interest in the transverse colon of GTEx v8. Therefore, in order to reach the 

significance of the original authors, a much larger eQTL dataset would be required, a dataset 

which is not available in the context of colonic tissues. As previously discussed, long-range 

interactions between distant regions of the genome may have a role in the regulation of gene 

expression, therefore acting as trans-eQTLs. It would therefore be of interest to extend this 

TWMR analysis to include trans-eQTL data to investigate if any of these long-range 

interactions may underpin the association with CRC at this genomic locus. Despite these 

drawbacks, the advantages of TWMR over other MR strategies, primarily the circumvention 

of horizontal pleiotropy via a multi-instrument, multi-exposure model, made the tool the 

logical choice for MR analysis of the 4q24 locus of chromosome 4. 

Finally, previous TWAS analysis also suggested that altered TET2 expression was 

significantly associated with CRC risk in colonic tissues (257). In addition to this, conditional 

TWAS analysis revealed this significant association was not abolished when conditioned on 

the genotype of the lead GWAS variant at the locus (257). This data provides support for the 

conclusions made from the data presented in this chapter. Firstly, there is additional evidence 

in this TWAS study to suggest that there are multiple independent GWAS signals at this 

locus associated with CRC predisposition and, secondly, that altered TET2 expression in 

colonic tissues only is correlated with CRC risk. As described in section 2.1.4, the utility of 

TWAS analysis can be limited by correlated expression of genes at the same locus (256). 

Despite this and the high density of genes at the 4q24 locus of chromosome 4, only the 

expression of TET2 was significantly associated with CRC in this dataset – indicating that 

correlated gene expression has not limited the utility of this data. Furthermore, the number of 

risk alleles of both the lead variants underpinning the GWAS signals at this locus and the 
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number of risk alleles of the candidate causal variants identified by trans-ethnic fine-mapping 

were shown to correlate with reduced expression of TET2 in the distal colon. Overall, this 

suggests that these variants, potentially alongside other correlated variants, are associated 

with altered TET2 expression in the intestinal compartment, consequently driving enhanced 

CRC predisposition. 

In conclusion, extensive analysis of the 4q24 region of chromosome 4 has revealed multiple 

independent signals associated with CRC. The fine-mapping of these signals has revealed 

multiple candidate causal variants that have functional relevance in colonic tissues and the 

integration of this GWAS meta-analysis data with eQTL data from the transverse colon has 

revealed TET2 as the likely candidate causal gene underlying the significant association with 

CRC seen at this locus. It has also been suggested that colonic tissue is the underlying target 

tissue that underpins this gene-trait association. A previous study of Tet2-deficient mouse 

models identified abnormalities in the breast tissue and enhanced tumorigenesis of Tet2-

mutant animals on a genetic background predisposed to breast cancer development (298). 

Therefore, extending the analysis performed in this chapter to Tet2-deficient mouse models 

of CRC may identify a novel association between TET2 and CRC predisposition, whilst also 

providing an insight into the mechanisms by which this association may be driven. 
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Chapter III – The Role of TET2 & Isocitrate Dehydrogenase 

in Driving CIMP & Colorectal Cancer Tumorigenesis 
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3.1 – Background 
 

3.1.1 – The Role of TET Proteins in DNA De-Methylation 
 

Throughout Chapter I of this thesis, the critical role of DNA methylation in CRC 

pathogenesis was described. In addition to this, Chapter II of this thesis suggested that down-

regulation of ten-eleven translocation 2 (TET2) expression, a gene involved in the conversion 

of 5-methylcytosine (5-mC) to 5-hydroxymethylcytosine (5-hmC) was associated with CRC 

predisposition. Therefore, it is plausible that pathogenic TET2 mutations could drive CRC 

development via alterations to cellular DNA methylation profiles. As briefly discussed in 

Chapter I of this thesis, TET2 is a member of the TET family of proteins, involved in 

catalysing active DNA de-methylation via the oxidation of 5-mC to 5-hmC (301). For many 

years, DNA methylation was thought to be a permanent and irreversible epigenetic 

modification, suggesting that promoter methylation of a gene would have the consequence of 

permanent transcriptional silencing (302). However, the discovery of DNA de-methylation in 

zygotes and primordial germ cells challenged this paradigm, leading to the discovery of TET-

mediated DNA de-methylation (see Figure 3.1) (303,304). This de-methylation process 

involves the removal of 5-mC and its replacement with unmodified cytosine via a series of 

intermediates (200). The first step of TET-mediated DNA de-methylation is the oxidation of 

5-mC to 5-hmC by one of the TET proteins, followed by the conversion of 5-hmC to 5-

formylcytosine (5-fC), which is then subsequently converted to 5-carboxylcytosine (5-caC) 

(258). Following the conversion of 5-fC to 5-caC, Thymine DNA Glycosylase (TDG), in 

combination with DNA base excision repair (BER) proteins, excises 5-caC from DNA and 

replaces it with unmodified cytosine (293). The process of TET-mediated DNA de-

methylation is summarised in Figure 3.1 

Members of the TET family are dioxygenase enzymes which are dependent on both iron and 

α-ketoglutarate (α-KG) (200,293). TET1 was the first protein in the family to be identified, 

which was originally described as a fusion partner of the mixed-lineage leukaemia gene in 

AML (305). Subsequently, TET2 and TET3 were identified and functionally characterised to 

have the same catalytic activity as TET1 (200). Previous studies of the TET family identified 

an important role for these proteins in embryonic development (302). They study by Dawlaty 

et al. demonstrated that loss of both Tet1 and Tet2 in mice results in depletion of 5-hmC 

within mouse embryos (306). While these double-mutant mice were viable, a large proportion 

presented with abnormalities during gestation and perinatal lethality (306). In addition to this, 

the study by Koh et al. demonstrated the importance of Tet1 and Tet2 in mouse embryonic 

stem cells (mESCs) (307). Depletion of both Tet1 and Tet2 reduced 5-hmC expression by 75-

80% and the reprogramming of mouse embryonic fibroblasts into induced pluripotent stem 

cells resulted in a significant up-regulation of both Tet1 and Tet2 mRNA (307). A subsequent 

study by Dawlaty et al. characterised the triple knockout of Tet1, Tet2 and Tet3 in mESCs 

(308). Loss of all three TET proteins depleted 5-hmC within mESCs and resulted in a subtle 

increase in 5-mC (308). Furthermore, knockout of all three TET proteins impaired 

differentiation and de-regulated the expression of genes critical for proper embryonic 

development (308). 
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In addition to TET-mediated DNA de-methylation, other mechanisms also exist within cells 

to convert 5-mC to unmodified cytosine (309). Examples of these depend on the deamination 

of 5-mC or 5-hmC by AID/APOBEC enzymes (310,311). Deamination of 5-mC produces 

thymine, resulting in a T:G mismatch in DNA, whereas the deamination of 5-hmC produces 

5-hydroxymethyluracil (5-hmU) (310,311). These T:G mismatches generated by the 

deamination of 5-mC can be repaired by several mechanisms, including either methyl-CpG 

Binding Domain 4 (MBD4), TDG or uracil DNA glycosylases acting in combination with 

BER proteins (310–312). Similarly, 5-hmU may be converted back to unmodified cytosine 

via the BER pathway (310). The deamination of 5-mC and the role of MBD4 will be 

discussed in Chapter IV of this thesis. Furthermore, it has been hypothesised that DNA 

replication represents a passive form of DNA de-methylation (313). During DNA replication, 

the newly-synthesised DNA strand is initially unmethylated before DNMT1-mediated 

methylation occurs (313). He et al. showed that expression of DNMT1 is up-regulated in 

response to cellular proliferation rates, while the inhibition of DNMT1 resulted in both a 

Figure 3.1 – The Process of TET-Mediated DNA De-Methylation: An illustration of the process by which 

DNA de-methylation is catalysed by members of the ten-eleven translocation (TET) family. Unmodified 

cytosine can be methylated to 5-methylcytosine (5-mC) by DNA methyltransferases (DNMTs). The initial step 

of DNA de-methylation is the conversion of 5-mC to 5-hydroxymethylcytosine (5-hmC) by TET proteins in a 

process dependent on iron (FeII) and -ketoglutarate (a-KG). 5-hmC is then converted to 5-formylcytosine (5-

fC) and subsequently 5-carboxylcytosine (5-caC). Finally, 5-caC is removed from DNA and replaced by 

unmodified cytosine in a process dependent on thymine DNA glycosylase (TDG) and DNA base excision repair 

(BER) proteins. Created with BioRender.com (https://app.biorender.com/). 
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reduced cellular proliferation rate and increased DNA de-methylation (313). Therefore, it is 

also apparent that failure to re-establish DNA methylation profiles either during or 

immediately after DNA replication represents another mechanism of passive DNA de-

methylation. 

As well as these roles in DNA de-methylation, the TET proteins may also possess non-

canonical roles involved in transcriptional silencing (314). It has been suggested that TET1 is 

able to recruit polycomb repressive complex 2 (PRC2) to DNA, driving the deposition of 

repressive histone modifications and subsequent transcriptional silencing of certain bivalent 

promoter regions (see section 3.1.3 for a brief description of bivalent promoters) (314,315). 

 

3.1.2 – TET2 Protein Structure & Interactions with DNA 
 

Following the initial discovery of the TET proteins, their DNA-modifying function were 

predicted due to their sequence similarities to J (β-D-glucosyl-hydroxymethyl-uracil) binding 

proteins 1 and 2 (JBP1/JBP2), which produce base J via the oxidation of methyl-thymine to 

5-hmU (316,317). As previously described, the TET2 gene is located at the 4q24 locus of 

chromosome 4 and is comprised of eleven exons – with exon three representing the first 

protein-coding exon. While TET1 and TET3 possess an N-terminal CXXC-type zinc finger 

domain, evolutionary fission resulted in this domain of the TET2 protein being encoded by a 

separate gene known as IDAX (see Chapter II of this thesis), which is transcribed in the 

opposite direction to the TET2 gene (299). 

The crystal structure of the TET2 protein was determined by Hu et al., who investigated the 

TET2 protein while in a complex with DNA (280). In order to facilitate the oxidation of 5-

mC to 5-hmC and other subsequent intermediates produced during DNA de-methylation, 

each member of the TET family possess a C-terminal catalytic domain (280). The catalytic 

domain of TET2 is comprised of two sub-domains, a Cys-rich domain and a double-stranded 

β-helix (DSBH) domain, which itself forms a central DSBH core surrounded by two or three-

stranded β-sheets of the DSBH domain and the N-terminal and C-terminal sub-domains of 

the Cys-rich domain (280). The Cys-rich domain can be further sub-divided into the highly-

conserved loop domains L1 and L2, which form the DNA interaction groove of the TET2 

protein – with L1 acting as a DNA support structure and L2 binding to the minor groove of 

DNA (280). Other studies have suggested that the Cys-rich domain acts as the interface for 

DNA-protein interactions by binding to the mono or di-methylated H3K36 residue of histone 

tails (318). Mutations in the Cys-rich domain are suggested to decrease TET2 binding to 

methylated histone residues, thereby diminishing TET2 enzymatic activity (318). The Cys-

rich and DSBH regions of the catalytic domain are brought into proximity to one another via 

zinc chelating residues, which stabilise the TET2 catalytic domain through co-ordinated 

interaction with ZnII and ZnIII ions (280). 

TET2, like other members of the TET family, requires a number of co-factors in order to 

perform its function. These include the recruitment of α-KG and iron ions (FeII) to the 

catalytic site of the protein (280). The binding domains of these co-factors are highly 

evolutionarily conserved, with mutations in the sites of α-KG interaction or FeII binding 

potentially abolishing TET2 enzymatic activity (280). Unsurprisingly, mutations in these co-
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factor interaction sites, examples of which include TET2R1261G, TET2H1382Y, TET2R1896M and 

TET2S1898F, result in reduced TET2 activity and have been associated with several human 

cancers, including AML and chronic myelomonocytic leukaemia (CMML) (280,319). An 

illustration of the structure of the TET2 protein is provided in Figure 3.2. 

 

 

 

 

 

 

 

 

Figure 3.2 – The Structure of the TET2 Protein: An illustration of the structure of the human TET2 protein. 

Indicated are the Cys-rich domains and double-stranded β-helix (DSBH) domains, as well as which regions of 

the protein interact with DNA, iron ions (FeII) and α-ketoglutarate (α-KG). Adapted from Garcia-Outeiral et al. 

(320). Created with BioRender.com (https://app.biorender.com/). 

 

 

3.1.3 – TET2 Mutations in Human Cancer  
 

3.1.3.1 – Haematological Cancers 
 

Pathogenic mutations in TET2 have been implicated in the development of several types of 

human cancer and pre-malignant conditions, resulting in TET2 being described as a novel 

tumour suppressor gene in recent years (321). Examples of these pathogenic mutations 

include frameshift, stop-gained or substitutions at critical domains (see section 3.1.2) (322). 

As discussed in Chapter II of this thesis, the most well-characterised incidences of TET2 

mutations are in MDS and AML, where it is estimated that TET2 mutations are present in up 

to 15% of all myeloid malignancies and 22% of all AMLs (319,321). Mutations in TET2 are 

more commonly reported in elderly patients and have been reported in other haematological 

malignancies, including CMML and angioimmunoblastic T-cell lymphoma (323). However, 

mutations in TET1 or TET3 are rarely seen in these cancers (323,324). Duployez et al. 

reported a family with a germline heterozygous TET2 frameshift mutation, with each affected 
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sibling developing AML, CMML and polycythaemia vera at the ages of sixty-one, sixty and 

fifty-three respectively (325).  

Weissmann et al. reported the clinical characteristics of TET2-mutant AML as being 

associated with an older age, higher white blood cell count, lower platelet count and inferior 

event-free survival (6.7 months vs 18.7 months) than TET2 wild-type (WT) cancers (326). 

However, despite the high prevalence of TET2 mutations in myeloid cancers, the exact 

clinical and prognostic implications of this remain unclear (281). In contrast to Weissmann et 

al., Nibourel et al. investigated the characteristics of patients with TET2 mutations compared 

to TET2-WT in normal karyotype AML patients and found no significant differences in 

three-year overall survival (51% vs 54% for TET2-mutant and TET2-WT respectively) (327). 

Similarly, the study by Gaidzik et al. identified TET2 mutations in 60 out of 783 (7.6%) 

AML patients and found no differences in the event-free survival, response to induction 

chemotherapy, relapse-free survival or overall survival of TET2-mutant AML compared to 

TET2-WT counterparts (328). In order to definitively determine the clinical and prognostic 

utility of TET2 mutations in AML, Wang et al. performed a meta-analysis of sixteen previous 

studies and determined that mutations in TET2 were associated with a poorer overall survival 

and event-free survival in comparison to TET2-WT AMLs (329). Poorer overall survival and 

event-free survival was also observed in AML patients under sixty-five years of age and in 

AML patients with a normal karyotype, suggesting that mutations in TET2 are associated 

with a worse prognosis in AML (329). 

In addition to being associated with clonal haematopoiesis, AML and MDS, mutations in 

TET2 often drive a DNA hyper-methylation phenotype (297). This is perhaps unsurprising 

given the role of TET2 in catalysing active DNA de-methylation. It is plausible that DNA 

hyper-methylation in TET2-mutant cancers is driven by an accumulation of DNA methylation 

in cells as a result of impaired DNA de-methylation pathways. In the study by Moran-Crusio 

et al., Tet2 deletion in mouse haematopoietic tissues resulted in abnormal haematopoiesis and 

an expansion of the progenitor cell compartment in the bone marrow (296). Similarly, the 

study by Cimmino et al. developed a reversible Tet2 knockout in mice and observed a similar 

phenotype of abnormal haematopoiesis and an expansion of the progenitor cell compartment 

(297). Interestingly, the restoration of Tet2 to these progenitor cells when cultured in vitro 

promoted cell death or differentiation down a myeloid lineage, as well as a reduction in 

aberrant DNA hyper-methylation resulting from the initial Tet2 knockout (297). In addition 

to this, the treatment of Tet2-deficient cells with vitamin C, a co-factor of α-KG dependent 

dioxygenases known to promote DNA de-methylation, mimicked Tet2 restoration by having 

the same effect of reducing progenitor cell self-renewal and promoting DNA de-methylation 

(297). The hyper-methylation phenotype of TET2-mutant AML was also characterised in the 

study by Figueroa et al. who identified 129 significantly hyper-methylated regions in TET2-

mutant AML patients compared to normal bone marrow cells (330). 

 

3.1.3.2 – Solid Cancers 
 

In addition to their high prevalence in myeloid cancers, rare pathogenic TET2 mutations have 

also been reported in solid tumours – including chondrosarcoma, cholangiocarcinoma, 

glioma, thyroid cancer, hepatocellular carcinoma and CRC (294,321,331,332). The study by 
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Sajadian et al. identified an increase in 5-mC and decrease in 5-hmC in hepatocellular 

carcinoma via immunohistochemical analysis and an associated reduction in TET2 and TET3 

mRNA within the cancerous tissue (331). Treatment of cancer cells with 5-aza was shown to 

reduce proliferation rates in a dose-dependent manner and also appeared to increase the levels 

of 5-hmC in comparison to untreated cells in a potentially TET2-dependent mechanism, 

thereby suggesting that active DNA de-methylation can be driven by 5-aza treatment (331). 

The reduction of 5-hmC within cancer tissues has also been reported in CRC. The study by 

Uribe-Lewis et al. performed 5-hmC profiling in colorectal adenomas and adenocarcinomas – 

reporting markedly reduced 5-hmC enrichment in cancer tissue in comparison to normal 

tissue independent of the mRNA levels of any of the TET genes (333). Interestingly, it was 

also reported that there was a gradient in 5-hmC expression along the crypt-villus axis within 

intestinal tissue – with 5-hmC more commonly identified in differentiated tissue of the villus 

compared to progenitor cell populations of the crypt (334). A subsequent study also reported 

that gene promoters usually characterised by 5-hmC were rarely hyper-methylated in cancer 

tissue (333). Following TET2 knockout in HCT116 cells, reductions to 5-hmC was observed, 

but promoter hyper-methylation was not – suggesting that TET2 was not responsible for 

preventing promoter hyper-methylation in cancer cells (333). Furthermore, 65% of promoters 

marked by 5-hmC in CRC were found to overlap with regions identified as bivalent 

promoters in human embryonic stem cells compared to 30% of 5-hmC marked promoters in 

normal tissue (333). Bivalent promoters are promoters simultaneously marked with the 

activating histone modification H3K4me3 and the repressive histone mark H3K27me3 (335). 

These bivalent promoters are commonly found at developmental genes in ESCs, allowing 

tight transcriptional regulation of these genes during development (335). The loss of 

H3K4me3 from bivalent promoters is thought to drive aberrant hyper-methylation in cancer, 

potentially leading to the silencing of tumour suppressor genes (335). While this suggestion 

has led to interest in the hyper-methylation of bivalent promoters in cancer, the study by 

Dunican et al. noted that most bivalent promoter hyper-methylation in cancer was secondary 

to transcriptional repression of the associated gene(s) – suggesting that this cancer-associated 

hyper-methylation was not causative of transcriptional silencing in the majority of cases 

(336). Therefore, the exact role of bivalent promoter hyper-methylation remains 

controversial, with some suggesting that the mechanisms underpinning H3K4me3 loss are the 

true driver of disease (336). As previously reported in Chapter II of this thesis, TET2 nuclear 

localisation has been reported to be reduced in CRC, as well as reduced TET2 mRNA being 

identified in both CRC tissue and CRC cell lines (294). However, TET2 mutations appear to 

have no clinical or prognostic implications for CRC patients (333). Overall, it is clear that the 

prevalence of TET2 and 5-hmC is reduced in solid tumours, but the importance of this in 

disease pathogenesis remains unclear. 

 

3.1.4 – Inhibition of TET2 by Mutant Isocitrate Dehydrogenase 
 

In addition to TET2, mutations in other genes in AML drive a hyper-methylated phenotype. 

Mutations in Isocitrate Dehydrogenase (IDH) 1 or 2 were first reported in glioblastoma 

following next-generation sequencing of twenty-two patients (337–339). Pathogenic 

mutations in the IDH active site have been reported in ~12% of glioblastomas and more than 
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75% of Grade II/III glioblastomas or secondary glioblastomas (338,340). In addition to 

glioblastoma, mutations in IDH have also been identified in chondrosarcoma, 

cholangiocarcinoma, AML and MDS (323,330,341,342). The homodimeric IDH1 and IDH2 

proteins, which share up to 70% structural similarity, play an important role in cellular 

metabolism – whereas the heterotrimeric IDH3 is less similar to other members of the family 

(343,344). All three of the IDH proteins perform a critical role in the Tricarboxylic Acid 

(TCA) cycle by catalysing the conversion of isocitrate to α-KG, which may subsequently be 

used in cellular metabolism or as a co-factor for as many as sixty iron-dependent dioxygenase 

enzymes (340,343,345–347). The IDH1 protein primarily operates within peroxisomes, 

whereas IDH2 is restricted to the mitochondrial matrix (343). 

Recurrent point mutations in the isocitrate-binding domains of IDH1 and IDH2 have been 

reported in IDH-mutant cancers, with IDH1R132H estimated to account for up to 85% of IDH1 

mutations (346). In addition to this mutation, IDH1R132C, IDH1R132G, IDH1R132L, IDH2R140Q 

and IDH2R172K have also been reported in cancers, with IDH2R172 representing the homologue 

of the IDH1R132 codon (348,349). Instead of being conventional loss-of-function mutations, 

these IDH mutations result in a neomorphic gain-of-function, whereby instead of converting 

isocitrate to α-KG, mutant IDH instead produces 2-hydroxyglutarate (2-HG) – a known 

oncometabolite with tumour-promoting effects (350–352). It has been suggested that the 

production of 2-HG by IDH-mutant cells acts as a competitive inhibitor of α-KG dependent 

dioxygenases, including TET2, which may explain the similar hyper-methylated phenotype  

identified in both TET2-mutant and IDH-mutant AML (330,352,353). Interestingly, it has 

been reported that mutations in IDH and TET2 are mutually exclusive in AML. The study by 

Figueroa et al. studied 385 AML patients and identified pathogenic IDH1 or IDH2 mutations 

in 14.8% of patients, pathogenic TET2 mutations in 7.3% of patients and found no overlap 

between IDH1, IDH2 or TET2 mutations (330). In addition to this, mutations in IDH1 or 

IDH2 resulted in elevated 2-HG levels and a concomitant increase in 5-mC (330). 

Transfection of HEK293T cells with flag-tagged TET2 resulted in an increase in nuclear 5-

hmC as expected, however, co-transfection of TET2 with IDH1R132H reversed the increase in 

5-hmC – further suggesting that 2-HG produced by mutant IDH inhibits TET2, thereby 

driving an accumulation of 5-mC (330). When compared to normal bone marrow, TET2-

mutant AMLs presented with 129 genomic regions that were significantly hyper-methylated 

and of these, 61% were also seen in IDH-mutant AML (330). Furthermore, 93% of genes 

aberrantly expressed in TET2-mutant AMLs were also aberrantly expressed in IDH-mutant 

cancers, further highlighting the phenotypic similarities between TET2-mutant and IDH-

mutant AML (330). 

Pathogenic IDH mutations have also been reported to drive a malignant phenotype in other 

cancers. The study by Bardella et al. constructed a mouse model with a conditional knock-in 

of Idh1R132H in cells of the sub-ventricular zone (SVZ) – a neural progenitor cell niche 

(354,355). Animals began displaying adverse effects four to six weeks post-induction of 

knock-in and by two months of age presented with an expanded SVZ with a concomitant 

increase in progenitor cell numbers compared to control animals (354). This displays 

similarities with the previous studies of TET2-mutant AML animals which also displayed an 

expanded progenitor cell population (297,354). Idh1-mutant animals also displayed a two-

fold increase in 2-HG and a 30% reduction to α-KG – alongside this, Idh1-mutant animals 

displayed a significant reduction in 5-hmC compared to controls and a non-significant 
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increase in 5-mC, suggesting that the production of 2-HG drives the reduction in 5-hmC via 

the inhibition of TET proteins (354). A summary of this proposed mechanism is presented in 

Figure 3.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 3.3 – The Proposed Mechanism of DNA Hyper-Methylation Driven by Mutant Isocitrate 

Dehydrogenase: The mechanism by which mutations in isocitrate dehydrogenase (IDH) 1 or 2 may drive DNA 

hyper-methylation in cancer. Shown on the left is a schematic for wild-type IDH catalysing the conversion of 

isocitrate to α-ketoglutarate (α-KG), which subsequently acts as a co-factor for the ten-eleven translocation 2 

(TET2) protein which drives active DNA de-methylation. However, in cancers with mutant IDH (mIDH – right), 

isocitrate is instead converted to 2-hydroxyglutarate (2-HG), which inhibits the TET2 protein and therefore 

downstream DNA de-methylation. This inhibition of DNA de-methylation pathways may subsequently drive 

DNA hyper-methylation seen in cancers with IDH mutations. Created with BioRender.com 

(https://app.biorender.com/). 
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3.1.5 – Chapter Aims 
 

It is apparent that TET2 mutations play a key role in myeloid malignancies, driving disease 

pathogenesis via an expansion of hyper-methylated stem cell populations (297,330). Similar 

phenotypes have been observed in IDH-mutant AML and, to an extent, glioblastoma 

(330,354). Therefore, it is plausible that the two phenotypes share a common pathway, 

driving hyper-methylation by TET2 inactivation via either pathogenic mutation or 

competitive inhibition by 2-HG produced by mutant IDH (321,330,356).  

Chapter I of this thesis discussed the extensive DNA hyper-methylation presented by CIMP+ 

CRCs and also described how the mechanisms underlying the development of CIMP+ CRCs 

remains poorly understood. Given the previously described hyper-methylation and loss of 5-

hmC in other cancers harbouring mutations in TET2 or IDH, it is feasible that the same 

mechanism of either TET2 pathogenic mutation or inhibition by 2-HG may drive DNA 

hyper-methylation (and therefore CIMP) in CRC. This is further supported by evidence 

presented in Chapter II of this thesis, identifying a possible association between reduced 

TET2 expression and CRC predisposition. In addition to this, IDH1 was, alongside TET2, 

identified as a potentially novel CRC driver gene following analysis of 100KGP data (295). 

Therefore, this chapter will: 

 

• Assess the role of TET2 in colorectal tumorigenesis via Tet2-knockout mouse models. 

• Assess the impact of TET2, IDH1 and IDH2 mutations on DNA methylation and the 

development of CIMP in CRC using methylation array data of CRCs from the TCGA 

database. 

• Assess the characteristics of CIMP+ cancers in this cohort. 

• Assess if TET2-mutant or IDH-mutant CRCs with CIMP have distinct molecular 

features compared to other hyper-methylated CRCs. 

 

 

These aims are accompanied by the following hypotheses: 

 

 

• Tet2-knockout mouse models of CRC will develop intestinal tumours characterised by 

a loss of 5-hmC and gain of 5-mC. 

• Mutations in TET2, IDH1 and IDH2 will significantly affect DNA methylation in 

CRC. 

• Mutations in TET2, IDH1 and IDH2 will be associated with hyper-methylation and 

CIMP. 
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3.2 – Materials & Methods 
 

3.2.1 – Tet2-Knockout Mouse Models of Colorectal Cancer 
 

3.2.1.1 – Mice  
 

An intestinal-specific knockout of Tet2 was achieved using the established Cre-LoxP system 

(357). Briefly, Cre-recombinase represents a tyrosine site-specific recombinase, recognising 

specific 34 base-pair locus of x-over P1 (LoxP) sites (357). Recognition of these LoxP sites 

inserted into the DNA results in the excision of the DNA between the two LoxP sites, which 

can be manipulated to produce tissue-specific knockout animals (357). Tet2fl/fl and 

constitutive Vil1-cre mice were obtained from the Jackson Laboratory (catalogue #017573 

and #035595 respectively). The Tet2fl/fl animals were engineered to contain LoxP sites either 

side of exon three of the Tet2 gene, while Vil1-cre mice contained Cre-recombinase under the 

control of the Vil1 promoter, a gene strongly expressed in the intestinal epithelium (296,358). 

Therefore, crossing these animals together would result in the deletion of exon three in the 

intestinal epithelium, resulting in a tissue-specific knockout of Tet2. All mouse strains were 

backcrossed for three generations onto a C57BL/6J background. For genotyping, ear snips 

taken from mice at fourteen days were incubated for forty minutes at 95°C in 50µl of 

HotShot buffer (25mM NaOH, 0.2mM disodium ethylenediaminetetraacetic acid – pH = 12). 

The solution was then neutralised with 50µl neutralising buffer (40mM Tris-HCl – pH = 5). 

For Tet2fl/fl, Vil1-cre and a secondary Cre primer set, a polymerase chain reaction (PCR) mix 

of 10µl EconoTaq PLUS Green 2x MasterMix (VWR – catalogue #95024-004), 0.8µl of each 

required primer at 12.5µM and 2µl of the extraction mix described above was made up to 

20µl with ddH2O. The sequences of each genotyping primer are provided in Table 3.1. An 

illustration of the Tet2fl/fl mouse construct, as well as the expected bands for each Tet2 and 

Vil1-cre genotype, is provided in Figure 3.4. 

 

Primer Name: Primer Sequence: Expected WT 

Band (bp): 

Expected Mutant 

Band (bp): 

Tet2-fl-FW 5’-AAGAATTGCTACAGGCCTGC-3’ 249 427 / ~620 

Tet2-fl-RV 5’-TTCTTTAGCCCTTGCTGAGC-3’ 249 427 

Tet2-LoxP3R 5’-TAGAGGGAGGGGGCATAAGT-3’ None ~620 

Vil1-cre-Control-

FW 

5’-AGTGGCCTCTTCCAGAAATG-3’ 521 None 

Vil1-cre-Control-

RV 

5’TGCGACTGTGTCTGATTTCC-3’ 521 None 

Vil1-cre-

Transgene-FW 

5’-CCAGTTTCCCTTCTTCTTCTG-3’ None ~280 

Vil1-cre-

Transgene-RV 

5’-CGGTTATTCAACTTGCACCA-3’ None ~280 

Cre-FW 5’-TTACCGGTCGATGCAACGAG-3’ None ~550 

Cre-RV 5’-CCACCGTCAGTACGTCAGAT-3’ None ~550 

 

Table 3.1 – Primer Sequences for Mouse Genotyping: The 5’ to 3’ sequence of each primer used for mouse 

genotyping. Included are the name of the primer and its sequence. Adapted from Moran-Crusio et al. (296). 
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Genotyping PCR conditions for Tet2fl/fl and the secondary Cre primers comprised of 94°C 

initial denaturation for two minutes, thirty-five cycles of 94°C denaturation (fifteen seconds), 

55°C annealing (thirty seconds) and 72°C extension (three minutes) and a final 72°C 

extension for seven minutes. For the Vil1-cre specific primers, PCR conditions were 98°C 

initial denaturation (thirty seconds), followed by ten cycles of a 65°C to 60°C touchdown, 

twenty-eight cycles of 94°C denaturation (seven seconds), 60°C annealing (thirty seconds) 

and 72°C extension (thirty seconds) and a final 72°C extension for two minutes.  

An illustration of the breeding plan used for this study is provided in Figure 3.5. Briefly, 

Tet2fl/fl animals were crossed with Vil1-Cre animals, resulting in the generation of Tet2;Vil1-

cre animals, which were born at the expected Mendelian ratios (data not shown). The 

resulting Tet2fl/+;Vil1-crePositive animals were self-crossed to produce the range of genotypes 

presented in Figure 3.5. Five homozygous animals (Tet2fl/fl;Vil1-crePositive), five heterozygous 

animals (Tet2fl/+;Vil1-crePositive) and five control animals (either Tet2+/+;Vil1-crePositive, 

Tet2fl/+;Vil1-creNegative or Tet2fl/fl;Vil1-creNegative) were aged for six months before sacrifice and 

subsequent harvesting of intestinal tissues. Intestinal tissue was separated from fat tissue, 

flushed with phosphate-buffered saline (PBS) and opened longitudinally. The colonic tissue 

and three equally-sized sections of the small intestine were then prepared according to the 

standard “Swiss-Roll” technique and left overnight at room temperature in 10% neutral-

buffered formalin. Samples were then embedded into paraffin blocks for subsequent 

histological analysis. 

 

3.2.1.2 – in situ Hybridisation 
 

In order to confirm the recombination and subsequent knockout of Tet2 in Tet2;Vil1-cre 

animals, 5µm sections were cut from blocks of Tet2fl/fl;Vil1-crePositive, Tet2fl/+;Vil1-crePositive 

and control animals using a rotary microtome. Sections were baked at 70°C for one hour, de-

paraffinised in xylene for ten minutes and submerged in 100% ethanol for a further two 

minutes. Slides were rinsed with ddH2O and left to air dry. The RNA-Scope in situ 

hybridisation protocol (Advanced Cell Diagnostics – ACD) was then performed for Tet2 

according to the manufacturer’s instructions. Briefly, slides were incubated for ten minutes at 

room temperate with an endogenous blocking agent (ACD – catalogue #322330), rinsed in 

ddH2O and boiled for fifteen minutes in target retrieval buffer (ACD – catalogue #322000). 

Slides were then rinsed in ddH2O followed by 100% ethanol and incubated for thirty minutes 

at 40°C with protease plus (ACD – catalogue #322330). 

RNA-Scope probes targeted to base-pairs 401-1,373 of mouse Tet2 (ACD – catalogue 

#511591) were applied to the slides and left to hybridise at 40°C for two hours. Slides were 

then washed twice with RNA-Scope wash buffer (ACD – catalogue #3100911). The slides 

were then incubated at 40°C with AMP1 (ACD – catalogue #322310) for thirty minutes and
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Figure 3.4 – The Development of Tet2-Knockout Mouse Models: A diagrammatic illustration of the Tet2fl/fl mice used to produce an intestinal-specific Tet2 knockout (a). 

Also presented are where each of the genotyping primers presented in Table 3.1 bind to the construct. Adapted from Moran-Crusio et al. (296). Created with BioRender.com 

(https://app.biorender.com/). Also shown are the expected bands for each genotype (b). 
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Figure 3.5 – Tet2;Vil1-cre Mouse Breeding Plan: An illustration of the breeding plan to produce intestinal-specific Tet2-knockout mouse models. Created with 

BioRender.com (https://app.biorender.com/). 
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washed twice with RNA-Scope wash buffer. This process was repeated with AMP2 (fifteen 

minutes), AMP3 (thirty minutes) and AMP4 (fifteen minutes). Slides were incubated with 

AMP5 (forty-five minutes) and AMP6 (fifteen minutes) at room temperature. Signal was 

detected by incubating slides at room temperature for ten minutes with an equal mix of DAB-

A and DAB-B (ACD – catalogue #322310), counterstained for two minutes in 50% Gill’s 

Haematoxylin (ThermoFisher – catalogue #6765005) and mounted to glass coverslips with 

EcoMount mounting medium (BioCare Medical – catalogue #EM897L).  

 

3.2.1.3 – Haematoxylin & Eosin Staining 
 

Haematoxylin and Eosin (H&E) staining was performed using standard techniques. Briefly, 

4µm sections of mouse intestinal tissue were de-paraffinised in xylene for five minutes at 

room temperature and subsequently dehydrated through a sequence of 100%, 90% and 70% 

ethanol for five minutes each at room temperature. Slides were rinsed in ddH2O and 

submerged in 50% Gill’s Haematoxylin (see section 3.2.1.2) for forty-five seconds, rinsed in 

ddH2O followed by acid alcohol (0.05M hydrochloric acid in 70% ethanol) and submerged in 

eosin (Sigma-Aldrich – catalogue #HT110232) for three minutes. Slides were then rinsed a 

final time in ddH2O, rehydrated in ethanol and mounted to glass coverslips using EcoMount 

mounting medium (see section 3.2.1.2). 

 

3.2.1.4 – Immunohistochemistry 
 

Immunohistochemistry for 5-mC and 5-hmC in Tet2;Vil1-cre animals was performed using 

standard techniques. Briefly, 4µm sections of intestinal tissue were de-paraffinised in xylene 

at room temperature for six minutes and sequentially transferred through 100%, 90% and 

70% ethanol solutions for six minutes each at room temperature. These slides were then 

rinsed in ddH2O, placed into a pressure cooker and boiled at for fifteen minutes in citrate 

antigen retrieval buffer (Agilent – catalogue #S2369). Slides were cooled for thirty minutes 

and incubated for five minutes in peroxidase blocking solution (Agilent – catalogue #S2023). 

Slides were incubated with antibodies against mouse 5-mC (Abcam – catalogue #214727) or 

mouse 5-hmC (Active Motif – catalogue #39769) diluted 1:500 in antibody diluent (Agilent – 

catalogue #3022) overnight at 4°C and washed four times in phosphate-buffered saline with 

0.1% tween (PBS-T). Slides were then incubated with a 1:500 dilution of the polyclonal goat 

anti-rabbit horse radish peroxidase-conjugated secondary antibody (Agilent – catalogue 

#P0448) for one hour at room temperature. Signal was visualised using a standard DAB 

incubation (Agilent – catalogue #K3467). Slides were counterstained in 50% Gill’s 

Haematoxylin and mounted to glass coverslips using EcoMount mounting medium as 

described in section 3.2.1.2.  

 

3.2.2 – in silico DNA Methylation Analysis 
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3.2.2.1 – Data Availability 
 

DNA methylation data was downloaded from the TCGA GDC portal via the R package 

TCGAbiolinks (359) for 526 participants in either the colorectal adenocarcinoma (COAD) or 

rectal adenocarcinoma (READ) domains (69). Methylation data was available from either 

Illumina 27K or Illumina 450K methylation arrays, which were batch corrected to allow 

comparisons to be made for 20,618 methylation probes common to both arrays via ChAMP 

by Dr James Wood and Melissa Morgan (360). CIMP statuses for 388 of these cancers were 

provided by Dr James Wood, Dr Enric Domingo and Melissa Morgan, who determined 

cancers as CIMP-, CIMPLow or CIMPHigh using previously published studies alongside a 

recursive-partitioning algorithm on the most variable 10% of probes outside the sex 

chromosomes (361,362). Pathogenic mutations in candidate CIMP driver genes were 

identified in TCGA-COAD and TCGA-READ cancers via a search of the GDC and 

subsequent confirmation via a search of the associated whole-exome sequencing variant call 

file (VCF). In addition to this TCGA data, other CRC datasets were available with the 

associated CIMP status of each cancer. Additional data was available for 666 participants of 

the Stratification in Colorectal Cancer: From Biology to Treatment Prediction (S:CORT) 

consortium and 618 participants from the Dana-Farber Cancer Institute (DFCI) (363,364). 

 

3.2.2.2 – Characterisation of Cancers with Pathogenic Mutations in Candidate 

CIMP Driver Genes 
 

The average DNA methylation β-value was taken across the 20,618 methylation probes for 

each cancer in the TCGA-COAD and TCGA-READ cohort as a measure of average DNA 

methylation in that cancer. Boxplots were generated for samples with pathogenic mutations 

in the candidate CIMP driver genes versus WT counterparts using the R package ggpubr and 

tested for significant differences using a Wilcoxon Test (365). 

In order to investigate correlations between CIMP and pathogenic mutations in the 

aforementioned candidate CIMP driver genes, a linear mixed-effects model was constructed 

using CIMP status as the outcome variable. For simplicity, in this model CIMPLow and 

CIMPHigh cancers were considered together as CIMP+, with the fixed effects included in the 

model being pathogenic mutations in candidate CIMP driver genes, MSI status, age, sex, 

tumour stage and tumour location – separated into proximal and distal colon. Of the three 

studies with available CIMP status data, 338 cancers from TCGA-COAD and TCGA-READ 

had all the above clinical data, as well as 472 cancers from the S:CORT study and 446 

cancers from DFCI data. In order to correct for any inter-study differences that could 

influence the model, the study to which a cancer belonged was included as a random effect in 

the linear mixed-effects model. This model was constructed using the lme4 R package and 

statistical significance was determined for each variable in the model using lmerTest  

(366,367).  

In order to characterise probes that were differentially methylated in TET2-mutant, TET2-

WT, IDH-mutant and IDH-WT CIMP+ cancers compared to their WT CIMP- counterparts, 
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probe β-values were converted to M-values according to the following formula described by 

Du et al. (368): 

 

 

 

 

𝑀 = 𝑙𝑜𝑔2(
𝛽

1 − 𝛽
) 

 

 

 

 

 

A linear model was fitted for each probe using the R package limma with the help of Dr Juan 

Fernández-Tajes (369). Probes were characterised as significantly differentially methylated in 

CIMP+ cancers compared to CIMP- cancers if the Benjamini-Hochberg corrected p-value 

(p(BHC)) was less than 0.05. Hyper-methylated probes (p(BHC) < 0.05) with a log2(Fold 

Change) > 1 were considered to be extensively hyper-methylated and the mean β-values of 

these probes in TET2-mutant or IDH-mutant cancers were compared to their WT counterparts 

using a paired Wilcoxon test via the R package PairedData (370). The locations of 5,766 

bivalent promoter regions were obtained from the study by Court & Arnaud, who produced a 

consensus map of these regions in five human embryonic stem cell lines (371). These 

bivalent promoter regions were lifted from hg18 to hg19 using the UCSC LiftOver tool (372). 

An additional map of 32,677 promoter regions was obtained from the large intestine dataset 

in Ensembl BioMart (hg19) (268). Probe annotations from the batch-corrected TCGA-COAD 

and TCGA-READ datasets also listed 15,665 probes located within CpG islands. 

Differentially methylated probes in CIMP+ cancers were mapped to each of these regions and 

a chi-squared (χ2) test was performed with one degree of freedom to test if the number of 

differentially methylated probes mapping to each feature was greater than would be expected. 

 

 

3.3 – Results 
 

3.3.1 – Loss of Tet2 in Mouse Intestinal Tissues Results in No 

Adverse Phenotype 
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Following the analyses performed in Chapter II of this thesis, reduced expression of the TET2 

protein has been suggested to be the causal element underpinning the GWAS association with 

CRC found at the 4q24 locus of chromosome 4. In addition to this, previous TWAS models 

have also implicated reduced TET2 expression in CRC development (257). Therefore, in 

order to explore this experimentally, Tet2fl/fl mice were crossed with the constitutive Vil1-cre 

in order to delete exon three of the Tet2 gene specifically in the intestinal tissue of these 

animals, consequently abolishing expression of the Tet2 protein in the intestinal tissues. 

Tet2fl/fl;Vil1-crePositive, Tet2fl/+;Vil1-crePositive and control animals (see section 3.2.1.1) were 

born at the expected Mendelian ratios. Intestinal tissues were harvested from these animals at 

six months of age and prepared for subsequent histological examination using standard 

techniques (see section 3.2.1 for details). As seen in Figure 3.6a, there was a reduction of 

Tet2 expression in the epithelial cells of the small intestine of Tet2fl/+;Vil1-crePositive animals 

compared to controls. In addition to this, Tet2fl/fl;Vil1-crePositive animals presented with a near-

complete knockout of Tet2 within the small intestine epithelium (see Figure 3.6a). However, 

as seen in Figure 3.6b, H&E analysis of the small intestines of both Tet2fl/+;Vil1-crePositive and 

Tet2fl/fl;Vil1-crePositive animals appeared histologically normal, with no noticeable 

abnormalities or tumours compared to WT controls. 

In order to characterise any potential changes in DNA methylation that may have arisen as a 

consequence of Tet2 loss, IHC analysis was also performed for 5-hmC (Figure 3.6c) and 5-

mC (Figure 3.6d). As seen in Figure 3.6c, the expression of 5-hmC appears to be follow the 

same gradient previously reported by Uribe-Lewis et al., where the expression of 5-hmC 

appeared to be strongest in the villus and absent in intestinal crypts (334). However, there 

appears to be no substantial difference in the expression of 5-hmC in the intestines of control 

animals and Tet2fl/fl;Vil1-crePositive animals, possibly due to the rarity of 5-hmC within 

intestinal tissues (334). Furthermore, there appears to be little difference in the overall DNA 

methylation in the intestinal compartment of Tet2-knockout animals compared to controls, 

according to 5-mC staining (see Figure 3.6d). 

A similar lack of abnormalities was observed upon histological examination of the colonic 

tissues of these Tet2-knockout animals (see Figure 3.7). As also seen in the small intestine, 

the expression of Tet2 was reduced in the colonic crypts of the Tet2fl/+;Vil1-crePositive and 

Tet2fl/fl;Vil1-crePositive animals compared to controls (see Figure 3.7a). These colonic crypts 

presented with no gross abnormalities and no tumours were detected in the colons of Tet2-

knockout animals (Figure 3.7b). Unlike the small intestine, expression of 5-hmC was 

detected in the colonic crypts of control animals and Tet2-knockout animals, although there 

was no obvious reduction in 5-hmC in the Tet2-knockout animals compared to the controls 

(see Figure 3.7c). Finally, expression of 5-mC was detected in the colonic crypts of control 

animals and Tet2-knockout animals (Figure 3.7d). However, there was not a noticeable 

difference in the Tet2-knockout animals compared to the controls. 

Overall, this indicates that targeted deletion of Tet2 in the intestinal epithelium does not, on 

its own, drive colorectal tumorigenesis in these animals. There also appears to be no gross 

differences in the DNA methylation profiles of control and Tet2-knockout animals. However, 

it cannot be excluded that there may be more subtle changes in the DNA methylation profiles 

of Tet2-deficient animals that could not be detected via IHC analysis. Therefore, analysis of   
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Figure 3.6 – Histological Analysis of the Small Intestine of Tet2-Knockout Animals: Images of the small 

intestine of control, Tet2fl/+;Vil1-crePositive and Tet2fl/fl;Vil1-crePositive mice. Included are images of RNA-Scope 

staining for Tet2 (a), a haematoxylin & eosin (H&E) stain (b), immunohistochemistry analysis for 5-

hydroxymethylcytosine (5-hmC) (c) and 5-methylcytosine (5-mC) (d). Brown = positive. Purple = negative 
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Figure 3.7 – Histological Analysis of the Colon of Tet2-Knockout Animals: Images of the colon of control, 

Tet2fl/+;Vil1-crePositive and Tet2fl/fl;Vil1-crePositive mice. Included are images of RNA-Scope staining for Tet2 (a), a 

haematoxylin & eosin (H&E) stain (b), immunohistochemistry analysis for 5-hydroxymethylcytosine (5-hmC) 

(c) and 5-methylcytosine (5-mC) (d). Brown = positive. Purple = negative. 
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publically-available DNA methylation array data from human CRCs may provide a more 

quantitative assessment of the consequences of TET2 mutations on DNA methylation within 

this tissue. As discussed in section 3.1, mutations in IDH are thought to drive hyper-

methylation via 2-HG mediated inhibition of TET2, so IDH-mutant CRC methylation array 

data should also be investigated. 

 

3.3.2 – Pathogenic Mutations in TET2 and IDH are Associated with 

Increased DNA Methylation 
 

In order to characterise the effects of mutations in TET2, IDH1 or IDH2 on DNA methylation 

in CRC, DNA methylation array data from TCGA-COAD and TCGA-READ was collected 

from cancers with predicted pathogenic mutations in these genes (including missense 

mutations at IDH1R132, IDH2R140, IDH2R172 and TET2 loss-of-function mutations), alongside 

their WT counterparts. In order to correct for the differences between the methylation arrays 

used for these cancers, which included both Illumina 27K and 450K arrays, batch correction 

was performed to produce a common set of 20,618 methylation probes between all samples, 

allowing comparisons to be made between all samples of the datasets. The mean methylation 

β-value of these probes was calculated for each cancer and used as a measure of average 

DNA methylation. As presented in Figure 3.8a, cancers with TET2 truncations (n = 7) had a 

significantly higher average DNA methylation than TET2-WT cancers (n = 519) (p = 0.014).   

In addition to this, the TCGA-COAD and TCGA-READ datasets also included five cancers 

with pathogenic mutations in either IDH1 or IDH2. These included two cancers with 

IDH1R132C mutations, one cancer with an IDH1R132G mutation, one cancer with an IDH2R140W 

mutation and one cancer with an IDH2R172K mutation. Similarly to cancers with TET2 

mutations, CRCs with pathogenic IDH mutations had increased average DNA methylation in 

comparison to their WT counterparts. As seen in Figure 3.8b, this increase in average DNA 

methylation was near-significant in cancers with IDH1 mutations (p = 0.069). For cancers 

with pathogenic IDH2 mutations, this average DNA methylation increase was significant (p = 

0.034, Figure 3.8c). When IDH1 and IDH2 mutations were combined in Figure 3.8d, the 

increase in average DNA methylation in comparison to IDH-WT cancers was more 

significant than either IDH1 or IDH2 alone (p = 0.0058).  

Overall, this data suggests that pathogenic mutations in either TET2 or IDH in CRC are 

associated with an increase in genomic DNA methylation – therefore suggesting that 

mutations in these genes may be, at least in part, responsible for DNA hyper-methylation in 

CRC. In order to further investigate this association with DNA hyper-methylation, 

correlations between mutations in TET2, IDH1 or IDH2 with CIMP+ disease in CRC should 

be investigated. 

 

3.3.3 – Pathogenic Mutations in IDH are Correlated with the 

Development of CIMP in Colorectal Cancer 
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Figure 3.8 – Average DNA Methylation of TET2-Mutant or IDH-Mutant Colorectal Cancers: The average 

DNA methylation β-value of cancers taken from the TCGA-COAD and TCGA-READ datasets. Shown are the 

average DNA methylation β-values of either wild-type (WT – red) cancers or cancers with pathogenic mutations 

(blue) in TET2 (a), IDH1 (b), IDH2 (c) or either IDH1 or IDH2 (d). 

 

a) 

d) 

c) 

b) 
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As discussed in Chapter I of this thesis, CIMP is characterised in CRC by the aberrant hyper-

methylation of CpG sites, potentially resulting in the silencing of key tumour suppressor 

genes, thus promoting tumorigenesis. In order to characterise the effect of CIMP on DNA 

methylation in CRC, the CIMP statuses of 388 of the 526 cancers were available, allowing 

these cancers to be characterised as CIMP- (n = 234), CIMPLow (n = 86) or CIMPHigh (n = 68). 

Unsurprisingly, the average DNA methylation of both CIMPLow and CIMPHigh cancers was 

higher than that of CIMP- cancers (p < 2.2 x 10-16). Also as expected, the average DNA 

methylation of CIMPHigh cancers was also significantly higher than the average DNA 

methylation of CIMPLow cancers (p = 1.1 x 10-12). The average DNA methylation of each of 

these groups is presented in Figure 3.9. 

 

Of the seven samples with truncating mutations in TET2 described in section 3.3.2, two were 

classified as CIMP-, two were classified as CIMPHigh and three did not have the relevant 

CIMP status data. Of the three cancers with pathogenic IDH1 mutations, two were classified 

as CIMPLow and one as CIMPHigh. Furthermore, of the two cancers with pathogenic mutations 

in IDH2, one was CIMPLow and the other described as CIMPHigh. These classifications are 

summarised in Table 3.2. When compared to their WT counterparts, the proportion of TET2-

mutant cancers classified as CIMPHigh was much higher (12.9% in TET2-WT cancers vs 

28.6% of TET2-mutant cancers). The same trend could be seen in IDH-mutant cancers, where 

100% of IDH-mutant cancers are classified as either CIMPLow or CIMPHigh, compared to only 

28.6% of IDH-WT cancers (see Table 3.2). 

 

Figure 3.9 – The Average DNA Methylation of CIMP+ Cancers: The average DNA methylation β-value of 

colorectal cancers from the TCGA-COAD and TCGA-READ domain. Shown are the average DNA methylation 

values of CIMP- (red), CIMPLow (green) and CIMPHigh (blue) cancers. Comparisons made between each of the 

groups were made using a Wilcox test and between all groups was calculated using a Kruskal-Wallis test. 
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Cancer Type: CIMP-: CIMPLow: CIMPHigh: No CIMP Data: 

All TCGA-COAD / TCGA-READ (n = 526) 234 (44.5%) 86 (16.3%) 68 (12.9%) 138 (26.3%) 

TET2-Mutant (n = 7) 2 (28.6%) 0 (0.0%) 2 (28.6%) 3 (42.8%) 

TET2-WT (n = 519) 232 (44.7%) 86 (16.6%) 66 (12.7%) 135 (26%) 

IDH1-Mutant (n = 3) 0 (0%) 2 (66.7%) 1 (33.3%) 0 (0%) 

IDH1-WT (n = 523) 234 (44.7%) 84 (16.1%) 67 (12.8%) 138 (26.4%) 

IDH2-Mutant (n = 2) 0 (0%) 1 (50%) 1 (50%) 0 (0%) 

IDH2-WT (n = 524) 234 (44.7%) 85 (16.2%) 67 (12.8%) 138 (26.3%) 

All IDH-Mutant (n = 5) 0 (0%) 3 (60%) 2 (40%) 0 (0%) 

All IDH-WT (n = 521) 234 (44.9%) 83 (15.9%) 66 (12.7%) 138 (26.5%) 

 

Table 3.2 – The CIMP Statuses of TET2-Mutant and IDH-Mutant Colorectal Cancers: The number and 

proportion of cancers from the TCGA-COAD and TCGA-READ domains described as either CIMP-, CIMPLow, 

CIMPHigh. Also included are the number and proportion of cancers with no CIMP status assigned to them. 

Details on the CIMP statuses of cancers with pathogenic mutations in TET2, IDH1 or IDH2, alongside their 

wild-type (WT) counterparts is also presented. 

 

While these apparent correlations with CIMP are encouraging, it is possible that these 

observations are influenced by the relatively small sample size of cancers with pathogenic 

mutations in TET2 or IDH (1.33% and 0.95% of all cancers respectively). Therefore, in order 

to more thoroughly investigate the correlation of pathogenic TET2 and IDH mutations with 

CIMP+ cancer, additional CRC datasets with CIMP status data were obtained from the 

S:CORT consortium and DFCI. As discussed in Chapter I of this thesis, CIMP has been 

previously associated with MSI+ cancers, mutations in BRAF or KRAS, female patients, an 

older age of onset and localisation to the proximal colon (181,184). Therefore, in order to 

further strengthen the analysis, only cancers with all of this clinical information, plus tumour 

stage and the mutation status of TET2, IDH1 and IDH2 were included in the analysis. In total, 

1,256 cancers had all the relevant information across the three datasets, 338 from TCGA-

COAD and TCGA-READ, 472 from the S:CORT consortium and 446 from DFCI. From this 

data, a series of linear mixed-effects models were constructed using a binary CIMP status (0 

for CIMP- and 1 for CIMP+) as the outcome variable with fixed effects of MSI status, patient 

diagnosis age, patient sex, tumour stage and tumour location (either proximal or distal colon). 

This allowed each candidate CIMP driver gene suggested to be correlated with CIMP to be 

studied in turn as another fixed effect of the model. To correct for any variation between 

studies, the study associated with each patient (either TCGA-COAD / TCGA-READ, 

S:CORT or DFCI) was input into the model as a random effect. 

Firstly, BRAF and KRAS were used as positive controls given their previously established 

correlation with CIMP. Unsurprisingly, pathogenic mutations in BRAF (n = 161) were 

significantly correlated with CIMP+ disease (odds ratio = 1.522, 95% confidence intervals = 

1.409 – 1.644, p < 2.2 x 10-16). Similarly, cancers with pathogenic KRAS mutations (n = 444) 

were also significantly correlated with CIMP+ disease (odds ratio = 1.086, 95% confidence 

intervals = 1.033 – 1.141, p = 0.00114). Interestingly, pathogenic mutations in IDH1 (n = 7) 

were also significantly correlated with CIMP+ cancers (odds ratio = 1.931, 95% confidence 

intervals = 1.424 – 2.619, p = 2.44 x 10-5), suggesting that the associations with CIMP 

reported in the TCGA data alone may be accurate. For cancers with mutations in TET2 and 

IDH2, only data from TCGA-COAD, TCGA-READ and DFCI were included in the model 

since neither of these genes were a part of the S:CORT sequencing panel. For cancers with 

truncations in TET2 (n = 3) there was no significant correlation with CIMP+ disease, possibly 
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due to the low number of samples that were able to be included in the model due to a lack of 

the necessary clinical data for many TET2-mutant cancers. There was also a non-significant 

correlation between IDH2-mutant cancers (n = 2) and CIMP. Similarly to TET2, this was 

possibly a consequence of the low number of IDH2-mutant cancers. However, when IDH1 

and IDH2 mutations were combined (n = 9), a more significant correlation with CIMP+ 

cancer was identified than for either IDH gene alone (odds ratio = 1.826, 95% confidence 

intervals = 1.396 – 2.39, p = 1.23 x 10-5). The data for each model is presented in Table 3.3. 

In summary, these data suggest that pathogenic mutations in IDH1 and IDH2 are significantly 

correlated with CIMP in CRC according to analysis of three separate datasets. There is also 

data supporting a correlation between TET2 mutations and CIMP from TCGA-COAD and 

TCGA-READ data alone. However, the small number of CRCs with TET2 mutations and a 

lack of necessary clinical co-variate data have made this correlation difficult to confirm 

across multiple datasets. 

 

3.3.4 – CIMP+ CRCs Present with Hyper-Methylation of CpG Islands 

& Bivalent Promoter Regions 
 

The above data suggest that IDH-mutant and, to a lesser extent, TET2-mutant CRCs are 

correlated with CIMP+ disease. As discussed in Chapter I of this thesis, CIMP+ cancers are 

characterised by the hyper-methylation of CpG islands and gene promoters, often including 

those of key tumour suppressor genes (99). In order to compare the regions of hyper-

methylation in CIMP+ cancers compared to their CIMP- counterparts, probes which are 

significantly differentially methylated in CIMP+ cancers compared to CIMP- cancers first 

needed to be identified. These probes could be identified by converting the β-values of each 

of the 20,618 probes to M-values and linear models were fitted for the M-values of each 

probe, comparing CIMP+ cancers to CIMP- cancers. As seen in Figure 3.10a, CIMP+ cancers 

presented with an increase in the number of probes with an M-value > 0, which corresponds 

to a β-value > 0.5. This indicates that a number of probes were hyper-methylated in CIMP+ 

cancers compared to their WT counterparts. In addition to this, of the 9,020 probes with 

significantly altered methylation in CIMP+ cancers (p(BHC) < 0.05), 8.432 (93.48%) were 

hyper-methylated whereas only 588 (6.52%) were significantly hypo-methylated (see Figure 

3.10b). 

These differentially methylated probes in CIMP+ cancers could be mapped to CpG islands, as 

defined by probe annotation data from Illumina. Of the 20,618 methylation probes used in 

previous analyses, 15,665 (75.98%) mapped to CpG island regions. Of the 8,432 significantly 

hyper-methylated probes (p(BHC) < 0.05) in CIMP+ CRCs compared to CIMP- cancers, 6,597 

(78.24%) mapped to CpG island regions, which represented a significantly greater proportion 

than would be expected (p(χ
2

) < 0.00001, Table 3.4). However, of the 588 hypo-methylated 

probes, only 183 (31.12%) mapped to CpG islands, which was significantly fewer than 

expected (pχ
2

) < 0.00001, Table 3.4). This data indicates that hyper-methylated probes in 

CIMP+ cancers localise to CpG islands, as has been previously reported in the literature – 

whereas hypo-methylated probes appear to not localise to these regions. 

 



109 
 

 

Table 3.3 – Linear Mixed-Effects Model of TET2-Mutant and IDH-Mutant Colorectal Cancers: Linear 

mixed-effects modelling using CIMP+ as the outcome variable and MSI+, male sex, tumour stage IV, diagnosis 

age and proximal colon localisation as fixed effects that can have an effect on the outcome variable. Also 

assessed are several candidate genes potentially correlated with CIMP+ cancers that have been assessed in turn 

with each of the above co-variates, including BRAF, KRAS, TET2, IDH1 and IDH2. Presented are the odds ratio 

of each co-variate in the model, as well as the 95% confidence intervals and p-value (P(Odds Ratio)) associated with 

this odds ratio. 

BRAF 

Variable: Odds Ratio: 95% Confidence Intervals: P(Odds Ratio): 

BRAF Mutation 1.522 1.409 – 1.644 < 2 x 10-16 

MSI+ 1.275 1.179 – 1.38 1.62 x 10-9 

Male Sex 1.00241 0.958 – 1.0491 0.917 

Tumour Stage IV 0.989 0.936 – 1.044 0.681 

Diagnosis Age 1.00454 1.0024 – 1.00668 3.35 x 10-5 

Proximal Colon 1.193 1.136 – 1.252 1.81 x 10-12 

KRAS 

Variable: Odds Ratio: 95% Confidence Intervals: P(Odds Ratio): 

KRAS Mutation 1.086 1.033 – 1.141 0.00114 

MSI+ 1.559 1.446 – 1.68  < 2 x 10-16 

Male Sex 0.984 0.939 – 1.032 0.51312 

Tumour Stage IV 1.011 0.955 – 1.07 0.71474 

Diagnosis Age 1.00495 1.00273 – 1.00718 1.37 x 10-5 

Proximal Colon 1.239 1.179 – 1.303 < 2 x 10-16 

TET2 

Variable: Odds Ratio: 95% Confidence Intervals: P(Odds Ratio): 

TET2 Mutation 0.796 0.574 – 1.105 0.17266 

MSI+ 1.638 1.523 – 1.763  < 2 x 10-16 

Male Sex 0.971 0.92 – 1.024 0.27554 

Tumour Stage IV 1.019 0.945 – 1.098 0.62517 

Diagnosis Age 1.0033 1.00082 – 1.0058 0.009 

Proximal Colon 1.211 1.146 – 1.28 2.54 x 10-11 

IDH1 

Variable: Odds Ratio: 95% Confidence Intervals: P(Odds Ratio): 

IDH1 Mutation 1.931 1.424 – 2.619 2.44 x 10-5 

MSI+ 1.534 1.131 – 2.08  < 2 x 10-16 

Male Sex 0.99 0.951 – 1.031 0.685 

Tumour Stage IV 1.016 0.96 – 1.075 0.582 

Diagnosis Age 1.0051 1.0028 – 1.0073 8.44 x 10-6 

Proximal Colon 1.253 1.193 – 1.317 < 2 x 10-16 

IDH2 

Variable: Odds Ratio: 95% Confidence Intervals: P(Odds Ratio): 

IDH2 Mutation 1.501 0.9 – 2.502 0.1202 

MSI+ 1.624 1.51 – 1.746 < 2 x 10-16 

Male Sex 0.969 0.919 – 1.022 0.24952 

Tumour Stage IV 1.021 0.947 – 1.1 0.58705 

Diagnosis Age 1.0034 1.00087 – 1.0059 0.00832 

Proximal Colon 1.212 1.147 – 1.281 2.07 x 10-11 

IDH1 & IDH2 

Variable: Odds Ratio: 95% Confidence Intervals: P(Odds Ratio): 

IDH1/2 Mutation 1.826 1.396 – 2.39 1.23 x 10-5 

MSI+ 1.529 1.42 – 1.646 < 2 x 10-16 

Male Sex 0.99 0.945 – 1.038 0.682 

Tumour Stage IV 1.016 0.96 – 1.075 0.576 

Diagnosis Age 1.0049 1.0027 – 1.0071 1.57 x 10-5 

Proximal Colon 1.255 1.194 – 1.398 < 2 x 10-16 
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Figure 3.10 – CIMP+ Colorectal Cancers Show Probe Hyper-Methylation Compared to CIMP- Cancers: 

(a) A density plot showing the distributions of M-values of the 20,618 methylation probes included the batch-

corrected analysis of colorectal cancers from The Cancer Genome Atlas datasets. Shown are the M-value 

distributions of CIMP- (blue) and CIMP+ (red) colorectal cancers. (b) A volcano plot comparing the log2 fold-

change in the DNA methylation of each of the 20,618 probes and the associated –log10 Benjamini-Hochberg 

corrected p-value of this change (p(BHC)). Shown on the plot are probes that are significantly hyper-methylated 

(red, p(BHC) < 0.05), hypo-methylated (blue, p(BHC) < 0.05) and unchanged (grey, p(BHC) ≥ 0.05). 

a) 

b) 
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In addition to CpG island regions, differentially methylated probes in CIMP+ cancers could 

also be mapped to promoter regions. The locations of promoter regions in large intestine 

tissue was obtained from Ensembl (268) and, of the 20,618 methylation probes described 

above, 16,754 (81.26%) mapped to these promoter regions. Of the 8,432 hyper-methylated 

probes in CIMP+ cancers, 6,741 (79.95%) mapped to promoter regions. Interestingly, this 

represented a significantly smaller proportion than would have been expected (p(χ
2

) = 

0.00195, Table 3.4). Of the 588 significantly hypo-methylated probes in CIMP+ cancers, 302 

(51.36%) mapped to these bulk promoter regions, representing significantly less than would 

be expected (p(χ
2

) < 0.00001, Table 3.4). This data indicates that differentially methylated 

probes in CIMP+ cancers appear to not preferentially localise to bulk promoter regions. 

This data goes against what has previously been reported in the literature, where CIMP+ 

cancers are thought to show preferential hyper-methylation of CpG islands and the promoter 

regions of tumour suppressor genes. The study by Court & Arnaud suggested that bivalent 

promoter regions were the true regions of preferential hyper-methylation in CIMP+ cancer 

(371). From this study, a map of bivalent promoter regions was obtained and it was found 

that 3,922 (19.02%) of the 20,618 methylation probes mapped to these bivalent promoter 

regions. Of the 8,432 hyper-methylated probes in CIMP+ cancers, 2,715 (32.2%) probes 

mapped to these regions – which is significantly more than would be expected (p(χ
2

) < 

0.00001, Table 3.4). Of the 588 significantly hypo-methylated probes, 39 (6.63%) mapped to 

bivalent promoter regions, which was significantly less than would be expected (p(χ
2

) < 

0.00001, Table 3.4).  This data indicates that hyper-methylated probes in CIMP+ cancers map 

to bivalent promoter regions, as previously suggested by Court & Arnaud (371). 

In order to further investigate this, a total of 2,046 of the significantly hyper-methylated 

probes in CIMP+ cancers (24.26%) also presented with a log2(Fold Change) in methylation of 

> 1, indicating extensive hyper-methylation of these probes. Of these 2,046 extensively 

hyper-methylated probes, a total of 1,270 (62.07%) mapped to bivalent promoter regions, 

perhaps further indicating that bivalent promoter regions were the target of aberrant hyper-

methylation in CIMP+ cancer. As seen in Figure 3.11, the mean β-value of the extensively 

hyper-methylated probes inside bivalent promoter regions (n = 1,270) was significantly 

greater than the mean β-value of probes outside bivalent promoters (n = 776) in CIMP+ 

cancers, according to a paired Wilcoxon test (p < 2.2 x 10-16).  

Overall, it appears that hyper-methylated probes in CIMP+ cancers preferentially map to CpG 

islands and bivalent promoter regions of the genome. Therefore, this may represent a 

mechanism by which hyper-methylation may drive tumorigenesis via the transcriptional 

silencing of key tumour suppressor genes. The data previously presented in this chapter 

suggest that TET2-mutant and IDH-mutant CRCs may be correlated with CIMP+ disease. 

Given the role of TET2 in the regulation of DNA methylation and its hypothesised inhibition 

in IDH-mutant cancers, it would be interesting to assess any differences between TET2-

mutant and IDH-mutant CIMP+ cancers and their WT CIMP+ counterparts to see if they may 

represent a sub-class of CIMP+ CRC with unique characteristics. 
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Table 3.4 – Genomic Features Overlapping with Differentially Methylated Probes in CIMP+ Colorectal Cancers: A summary of the genomic regions that differentially 

methylated probes in CIMP+ cancers compared to CIMP- cancers are suggested to preferentially localise to. Included are the number and proportion of the 20,618 methylation 

probes mapping to each genomic feature, the expected number of the 8,432 hyper-methylated or 588 hypo-methylated probes in CIMP+ cancers that should map to the same 

genomic feature based on this proportion, the observed number of differentially methylated probes mapping to the feature, the chi-squared test statistic (χ2) for the feature and 

its associated p-value (p(χ
2

)). The genomic features investigated are CpG islands, promoter regions obtained from large intestine (233) and bivalent promoter regions obtained 

from Court & Arnaud (329). 

 

 

 

 

Hyper-Methylated Probes (n = 8,432): 

Genomic Feature: Total # Overlapping Probes (%): Expected # Overlapping Hyper-Methylated Probes (%): Observed # Overlapping Hyper-Methylated Probes (%): χ2: P(χ
2
): 

CpG Islands 15,665 (75.98) 6,407 (75.98) 6,597 (78.24) 23.462 < 0.00001 

All Promoters 16,754 (81.26) 6,852 (81.26) 6,741 (79.95) 9.596 0.00195 

Bivalent Promoters 3,922 (19.02) 1,604 (19.02) 2,715 (32.2) 950.3 < 0.00001 

Hypo-Methylated Probes (n = 588) 

Genomic Feature: Total # Overlapping Probes (%): Expected # Overlapping Hypo-Methylated Probes (%): Observed # Overlapping Hypo-Methylated Probes (%): χ2: P(χ
2
): 

CpG Islands 15,665 (75.98) 447 (75.98) 183 (31.12) 650.217 < 0.00001 

All Promoters 16,754 (81.26) 478 (81.26) 302 (51.36) 346.403 < 0.00001 

Bivalent Promoters 3,922 (19.02) 112 (19.02) 39 (6.63) 58.776 < 0.00001 
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3.3.5 – TET2-Mutant & IDH-Mutant CIMP+ Cancers Show Small 

Increases in DNA Methylation at Bivalent Promoters Compared to 

Other CIMP+ Cancers 
 

Sections 3.3.2 and 3.3.3 suggest that TET2-mutant and IDH-mutant CRCs may be associated 

with DNA hyper-methylation and CIMP+ disease. Section 3.3.4 presented data suggesting 

that hyper-methylated probes in CIMP+ cancers compared to CIMP- cancers preferentially 

mapped to CpG islands and bivalent promoter regions. However, so far little has been done to 

compare the characteristics of TET2-mutant and IDH-mutant CIMP+ CRCs to their WT 

CIMP+ counterparts. To this end, the average DNA methylation of the 20,618 probes used 

above from TET2-mutant or IDH-mutant CIMP+ CRCs were compared to the average DNA 

methylation of TET2-WT CIMP+ or IDH-WT CIMP+ CRCs respectively. As seen in Figure 

3.12 TET2-mutant CIMP+ CRCs appeared to present with higher average DNA methylation 

than TET2-WT CIMP+ CRCs, however this increase was not significant (p = 0.25, Figure 

3.12a). The same, albeit non-significant, increase in DNA methylation was also seen in 

Figure 3.11 – CIMP+ Colorectal Cancers Show Preferential Hyper-Methylation of Bivalent Promoter 

Regions: Boxplots indicating the mean DNA methylation β-value of extensively hyper-methylated probes 

(log2(Fold Change) > 1, p(BHC) < 0.05) inside and outside of bivalent promoter regions in  CIMP+ colorectal 

cancers. 
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IDH1-mutant CIMP+ CRCs (p = 0.28, Figure 3.12b). Interestingly, IDH2-mutant CIMP+ 

CRCs presented with a near-significant increase in average DNA methylation compared to 

their WT CIMP+ counterparts (p = 0.099, Figure 3.12c), which was also seen when IDH1-

mutant and IDH2-mutant CIMP+ CRCs were combined (p = 0.058, Figure 3.12d). This 

suggests that there may be some differences between TET2-mutant or IDH-mutant CIMP+ 

CRCs and their WT CIMP+ counterparts.  

In order to investigate this in more detail, the mean probe β-values for the 2,046 extensively 

hyper-methylated probes were calculated for the TET2-mutant or IDH-mutant CIMP+ cancers 

and compared to the mean probe β-value in TET2-WT or IDH-WT CIMP+ cancers using a 

paired Wilcoxon test. As seen in Figure 3.13, the mean β-value of these extensively hyper-

methylated probes in TET2-mutant and IDH-mutant cancers was significantly higher than in 

their WT CIMP+ counterparts. As seen in Figure 3.13a, The mean β-value of these probes 

was significantly greater in TET2-mutant CIMP+ cancers compared to TET2-WT CIMP+ 

cancers (p < 2.2 x 10-16). The same trend was also apparent in the IDH1-mutant CIMP+ 

CRCs, which also presented with significantly greater mean probe β-values than their WT 

CIMP+ counterparts (p = 1.6 x 10-6, Figure 3.13b). IDH2-mutant CIMP+ cancers (Figure 

3.13c) also presented with a significantly increased mean β-value of these extensively hyper-

methylated probes compared to their WT CIMP+ counterparts (p < 2.2 x 10-16). When the 

IDH1-mutant and IDH2-mutant CIMP+ cancers were combined (Figure 3.13d), the average 

β-value of these extensively hyper-methylated probes was significantly greater than that of 

IDH-WT CIMP+ CRCs (p < 2.2 x 10-16). Overall, the data presented in Figure 3.12 and 

Figure 3.13 suggest that TET2-mutant and IDH-mutant CIMP+ CRCs may present with an 

even greater degree of hyper-methylation than their WT CIMP+ counterparts. 

In order to determine if this increase in methylation was a consequence of the clinical 

characteristics of the TET2-mutant and IDH-mutant CIMP+ cancers, the diagnosis ages, MSI 

status and tumour mutation burden of TET2-mutant and IDH-mutant CIMP+ CRCs were 

compared to WT CIMP+ CRCs, as both age and MSI have previously been shown to correlate 

with CIMP+ disease (see Table 3.3). As seen in Figure 3.14, there were non-significant 

differences in the diagnosis ages of the TET2-mutant or IDH-mutant CIMP+ CRCs compared 

to their WT CIMP+ counterparts. As seen in Figure 3.14a, TET2-mutant CIMP+ CRCs 

appear, on average, to be slightly older than TET2-WT CIMP+ CRCs, although the difference 

was not significant (p = 0.15, Figure 3.14a). Conversely, IDH1-mutant cancers appeared to 

be slightly younger than IDH1-WT CIMP+ cancers, however this again was not significant (p 

= 0.43, Figure 3.14b). CIMP+ CRCs with pathogenic IDH2 mutations were slightly older than 

their IDH2-WT counterparts, a difference that was nearly significant (p = 0.082, Figure 

3.14c). When IDH1-mutant and IDH2-mutant cancers were combined (Figure 3.14d), the 

IDH-mutant cancers were older than the IDH-WT cancers, but this difference was non-

significant (p = 0.62). 

In order to assess if there was a significant difference in the MSI status of TET2-mutant or 

IDH-mutant CIMP+ CRCs compared to WT CIMP+ CRCs, a Fisher’s Exact Test (FET) was 

performed, comparing the number of MSS and MSI+ cancers of each genotype. Although the 

proportion of TET2-mutant CIMP+ CRCs that were also MSI+ (n = 2/2) was higher than 

TET2-WT CIMP+ cancers (n = 43/147), this difference was not significant (p(FET) = 0.0898). 

There was also no significant difference in the proportion of IDH1-mutant CIMP+ CRCs that 

were MSI+ (n = 0/3) compared to their IDH1-WT counterparts (n = 45/146, p(FET) = 0.554). In  
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a) 

d) 

c) 

b) 

Figure 3.12 – Average DNA Methylation of TET2-Mutant or IDH-Mutant CIMP+ Colorectal Cancers: 

The average DNA methylation β-value of cancers taken from the TCGA-COAD and TCGA-READ datasets. 

Shown are the average DNA methylation β-values of either wild-type (WT – red) CIMP+ cancers or CIMP+ 

cancers with pathogenic mutations (blue) in TET2 (a), IDH1 (b), IDH2 (c) or either IDH1 or IDH2 (d). 
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a) 

d) 

c) 

b) 

Figure 3.13 – Average DNA Methylation of Hyper-Methylated Probes in TET2-Mutant or IDH-Mutant 

CIMP+ Colorectal Cancers: The average DNA methylation β-value of extensively hyper-methylated probes 

(log2(Fold Change >1, p(BHC) < 0.05) in wild-type (WT – red) CIMP+ colorectal cancers or CIMP+ cancers with 

pathogenic mutations (mutant – blue) in TET2 (a), IDH1 (b), IDH2 (c) or either IDH1 or IDH2 (d). 



117 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14 – Diagnosis Age of TET2-Mutant or IDH-Mutant CIMP+ Colorectal Cancers: The diagnosis 

age of cancers taken from the TCGA-COAD and TCGA-READ datasets. Shown are the average diagnosis ages 

of either wild-type (WT – red) CIMP+ cancers or CIMP+ cancers with pathogenic mutations (blue) in TET2 (a), 

IDH1 (b), IDH2 (c) or either IDH1 or IDH2 (d). 

a) 

d) 

c) 

b) 
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IDH2-mutant CIMP+ CRCs, the proportion of MSI+ cancers (n = 1/2) was not significantly 

different from IDH2-WT CIMP+ CRCs (n = 44/147, p(FET) = 0.514). When IDH1 and IDH2 

mutations were combined, the proportion of IDH-mutant CIMP+ CRCs (n = 1/5) was not 

significantly different from IDH-WT CIMP+ cancers (n = 44/144, p(FET) = 1). 

When the total mutation burdens of TET2-mutant and IDH-mutant CRCs were compared to 

their WT CIMP+ counterparts (Figure 3.15), no significant differences were identified. While 

TET2-mutant CIMP+ cancers presented with a slightly higher average mutation burden than 

TET2-WT CIMP+ cancers (Figure 3.15a), this difference was not significant (p = 0.095). The 

same trend was identified in IDH1-mutant CIMP+ cancers (p = 0.66, Figure 3.15b), IDH2-

mutant CIMP+ cancers (p = 0.8, Figure 3.15c) and CIMP+ CRCs with pathogenic mutations in 

either IDH1 or IDH2 (p = 0.61, Figure 3.15d). Overall, there appear to be no differences in 

the ages, MSI statuses or mutation burdens of these TET2-mutant and IDH-mutant CIMP+ 

CRCs compared to WT CIMP+ cancers, therefore not explaining the slight increase in 

average DNA methylation identified in these cancers in Figure 3.12 and Figure 3.13. 

As shown in Table 3.4 and Figure 3.11, CIMP+ cancers appear to show preferential hyper-

methylation of bivalent promoter regions. Therefore, the increase in DNA methylation in 

TET2-mutant and IDH-mutant CIMP+ CRCs compared to their WT CIMP+ counterparts may 

be a consequence of a further increase in DNA methylation at these bivalent promoter regions 

in TET2-mutant and IDH-mutant CIMP+ cancers. Therefore, the 2,046 extensively hyper-

methylated probes were categorised as either within bivalent promoter regions (n = 1,270) or 

not within these regions (n = 776). The mean probe β-value for these types of probe could 

then be calculated for both TET2-mutant and IDH-mutant CIMP+ cancers – as well as in their 

WT CIMP+ counterparts. As seen in Figure 3.16, there is evidence to suggest that the mean β-

value of these extensively hyper-methylated probes was highest in bivalent promoter regions 

of TET2-mutant or IDH-mutant CIMP+ cancers. As seen in Figure 3.16a, the mean β-value of 

probes in bivalent promoter regions was significantly greater than the mean β-value of probes 

outside bivalent promoter regions in TET2-WT CIMP+ cancers (p = 8.6 x 10-5). The mean β-

value of TET2-mutant CIMP+ cancers in these bivalent promoter regions was even higher 

than that if the TET2-WT CIMP+ cancers. However, possibly due to the low number of 

TET2-mutant cancers, this difference was not significant (p = 0.35, Figure 3.16a). A similar 

trend was also observed in IDH1-mutant CIMP+ cancers, where the mean β-value of probes 

in bivalent promoters was significantly higher than the mean β-value of probes outside these 

regions in IDH1-WT CIMP+ CRCs (p = 0.0001, Figure 3.16b). The mean β-value of probes 

in bivalent promoters was greater still in IDH1-mutant CIMP+ cancers, but this difference 

was not significant (p = 0.64, Figure 3.16b). Upon examination of IDH2-mutant CIMP+ 

cancers, the mean β-value of probes inside bivalent promoter regions was significantly 

greater than that of probes outside of bivalent promoters in IDH2-WT CIMP+ cancers (p = 

8.6 x 10-5, Figure 3.16c). The mean β-value of probes in bivalent promoters in IDH2-mutant 

CIMP+ cancers was even higher still than the mean β-value of its WT CIMP+ counterparts – 

however this difference was not significant (p = 0.38, Figure 3.16c). When IDH1-mutant and 

IDH2-mutant CIMP+ cancers were combined (Figure 3.16d), the mean β-value of probes in 

bivalent promoters was significantly greater than that of probes outside bivalent promoters in 

IDH-WT CIMP+ cancers (p = 0.00011, Figure 3.16d). Interestingly, the mean β-value of 

probes in bivalent promoters of IDH-mutant CIMP+ cancers was also significantly greater 

than that of probes outside bivalent promoters in IDH-WT CIMP+ cancers (p = 0.04, Figure 
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Figure 3.14 – Mutation Burden of TET2-Mutant or IDH-Mutant CIMP+ Colorectal Cancers: The total 

mutation burden of cancers taken from the TCGA-COAD and TCGA-READ datasets. Shown are the mutation 

burdens of either wild-type (WT – red) CIMP+ cancers or CIMP+ cancers with pathogenic mutations (blue) in 

TET2 (a), IDH1 (b), IDH2 (c) or either IDH1 or IDH2 (d). 

a) 

d) 

c) 

b) 
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c) 

d) 

Figure 3.16 – Hyper-Methylated Probes within Bivalent Promoters in TET2-Mutant and IDH-Mutant CIMP+ Colorectal Cancers: The mean probe β-values of the 

2,046 extensively hyper-methylated (log2(Fold Change) > 1, p(BHC) < 0.05) probes in TET2-mutant or IDH-mutant CIMP+ colorectal cancer and their wild-type (WT) CIMP+ 

counterparts. Shown are the mean probe β-values of probes located within (n = 1,270) and outside (n = 776) bivalent promoter regions in cancers with pathogenic mutations 

in TET2 (a), IDH1 (b), IDH2 (c) or either IDH1 or IDH2 (d). 



122 
 

3.16d). The mean β-value of probes inside bivalent promoters was higher in IDH-mutant 

CIMP+ cancers than their WT CIMP+ counterparts, although this difference was not 

significant (p = 0.35, Figure 3.16d). Overall, this data indicates that probe hyper-methylation 

at bivalent promoters may be further increased in TET2-mutant and IDH-mutant CIMP+ 

CRCs compared to their WT CIMP+ counterparts. However, the limited number of TET2-

mutant and IDH-mutant CIMP+ CRCs present within the TCGA-COAD and TCGA-READ 

datasets meant that these increases were not significant.  

 

3.3.6 – Significantly Hyper-Methylated Probes in TET2-Mutant & 

IDH-Mutant CIMP+ Cancers Map to Candidate Tumour Suppressor 

Genes 
 

Following the suggestion that TET2-mutant and IDH-mutant CIMP+
 CRCs show greater 

enrichment of hyper-methylated probes at bivalent promoter regions than their WT CIMP+ 

counterparts, the final stage of analysis was to characterise the similarities between of TET2-

mutant and IDH-mutant CIMP+ CRCs. When TET2-mutant CIMP+ CRCs (n = 2) were 

compared to TET2-WT CIMP- cancers (n = 232), a total of 613 significantly hyper-

methylated probes were identified (p(BHC) < 0.05). The five IDH-mutant CIMP+ cancers 

presented with 2,756 significantly hyper-methylated probes compared to IDH-WT CIMP- 

cancers (n = 234) (p(BHC) < 0.05). Of the 613 hyper-methylated probes in TET2-mutant 

cancers, 317 (51.71%) were also significantly hyper-methylated in IDH-mutant cancers. 

These 317 significantly hyper-methylated probes in TET2-mutant and IDH-mutant CIMP+ 

cancers were then mapped to their closest gene based on the associated probe annotation data 

provided by Illumina. As seen in Table 3.5, thirty-seven significantly hyper-methylated 

probes were located near the transcription start site of thirty-two genes which have been 

previously suggested to be down-regulated in cancer. Hyper-methylation of the region around 

the transcription start site of these genes would indicate epigenetic silencing in these TET2-

mutant and IDH-mutant CIMP+ cancers, perhaps driven by aberrant CIMP-mediated DNA 

hyper-methylation (373). Of the thirty-seven significantly hyper-methylated probes around 

the transcription start sites of these candidate tumour suppressor genes, twenty-two (59.46%) 

mapped to bivalent promoters. This suggests that hyper-methylation of these regions is not 

only a characteristic of CIMP+ cancers, but may also represent a mechanism by which CIMP 

may drive tumorigenesis. Genes of particular interest in Table 3.5 include members of the 

Ras-associated domain family (RASSF), which have been suggested to be involved in cell 

cycle arrest and apoptosis (374). Aberrant promoter hyper-methylation, resulting in 

transcriptional silencing, of RASSF5 and RASSF1 have been previously reported in CRC, 

indicating that these are tumour suppressor genes and their epigenetic silencing in CIMP+ 

cancers may have a role in driving tumorigenesis (374). Other candidate tumour suppressor 

genes with previous evidence of promoter hyper-methylation in CRC include deleted in lung 

and oesophageal cancer 1 (DLEC1 – see Table 3.5). A number of studies have identified 

reduced DLEC1 expression in CRC via promoter hyper-methylation, whereas over-

expression of the DLEC1 protein has been shown to reduce tumour clonogenicity in a number 

of cancer types (375,376).  
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Probe #: Probe ID: Chromosome #: Position (hg19): Within Bivalent Promoter? Associated Gene: Reference: 

1 cg00282347 1 6,241,040 Yes CHD5 (377) 

2 cg06154570 1 40,105,764 Yes HEYL (378) 

3 cg23698058 1 84,544,097 No PRKACB (379) 

4 cg19452316 1 206,680,966 Yes RASSF5 (374) 

5 cg26491213 2 45,168,819 Yes SIX3 (380) 

6 cg05098471 2 66,662,163 Yes MEIS1 (381) 

7 cg00234616 2 74,740,572 Yes TLX2 (382) 

8 cg25361106 2 74,740,746 Yes TLX2 (382) 

9 cg23881725 3 38,080,642 Yes DLEC1 (375) 

10 cg21554552 3 50,378,425 Yes RASSF1 (374) 

11 cg20881888 3 50,383,079 Yes ZMYND10 (383) 

12 cg06156376 3 157,823,814 Yes SHOX2 (384) 

13 cg26359204 4 85,419,877 Yes NKX6-1 (385) 

14 cg02519806 4 119,810,036 No SYNPO2 (386) 

15 cg07786760 4 155,412,677 Yes DCHS2 (387) 

16 cg21504918 5 150,400,001 No GPX3 (388) 

17 cg21516478 5 150,400,328 No GPX3 (388) 

18 cg17820459 5 150,400,531 No GPX3 (388) 

19 cg09038885 5 159,343,148 Yes ADRA1B (389) 

20 cg05874450 6 105,627,246 No POPDC3 (390) 

21 cg22030890 6 146,865,233 No RAB32 (391) 

22 cg04113075 6 146,865,487 No RAB32 (391) 

23 cg04528819 7 130,418,315 Yes KLF14 (392) 

24 cg09835543 9 93,405,134 Yes DIRAS2 (393) 

25 cg02676865 10 99,259,738 Yes UBTD1 (394) 

26 cg13055001 11 67,169,813 No PPP1CA (395) 

27 cg22946876 12 26,111,213 No RASSF8 (396) 

28 cg25917510 12 54,402,888 No HOXC8 (397) 

29 cg05022306 12 54,403,254 No HOXC8 (397) 

30 cg02007463 12 56,101,543 No ITGA7 (398) 
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Probe #: Probe ID: Chromosome #: Position (hg19): Within Bivalent Promoter? Associated Gene: Reference: 

31 cg25995916 12 108,155,205 No PRDM4 (399) 

32 cg24777065 14 92,413,917 Yes FBLN5 (400) 

33 cg02831604 15 76,628,725 Yes ISL2 (401) 

34 cg06220235 16 11,349,023 No SOCS1 (402) 

35 cg16303453 16 66,879,016 Yes CA7 (403) 

36 cg20199629 17 48,207,508 Yes SAMD14 (404) 

37 cg09441152 18 77,712,293 Yes SLC66A2 (405) 
 

Table 3.5 – Cancer-Associated Genes Mapping to Hyper-Methylated Probes in Both TET2-Mutant & IDH-Mutant CIMP+ Colorectal Cancers: Details of the 

candidate tumour suppressor genes associated with significantly hyper-methylated probes in TET2-mutant and IDH-mutant CIMP+ colorectal cancers compared to their wild-

type CIMP- counterparts. Included are the ID of the probe, the chromosome and position (hg19) of the probe, the gene associated with the probe and the reference number of 

the study implicating the down-regulation of this gene in cancer. 
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In summary, there was a large degree of overlap between significantly hyper-methylated 

probes in TET2-mutant and IDH-mutant CIMP+ CRCs compared to their respective WT 

CIMP- counterparts. Of these common probes, approximately 10% were located around the 

transcription start site of candidate tumour suppressor genes which have been reported in a 

number of different cancers – including CRC (see Table 3.5). More than half of these probes 

were found within bivalent promoters, further exemplifying the functional significance of 

these regions in tumorigenesis in CIMP+ cancers. 

 

3.4 – Discussion 

 

Alterations to the DNA methylation profile of cells have been associated with tumorigenesis 

in several types of cancer, including CRC (see Figure 1.1). Cancers are frequently 

characterised by global DNA hypo-methylation accompanied by localised regions of DNA 

hyper-methylation – often acting to epigenetically silence tumour suppressor genes (406). 

Further characterisation of the role of DNA methylation in CRC identified a subset of cancers 

with extensive CpG site hyper-methylation (CIMP+ cancers) (211,215). As discussed in 

Chapter I of this thesis, both the underlying causes and potential clinical implications of 

CIMP+ cancer remains incompletely understood (215,217). Chapter II of this thesis suggested 

that reduced expression of TET2 is associated with CRC disease predisposition. The role of 

this gene in driving active DNA de-methylation suggests that reduced expression of the gene 

may be associated with DNA hyper-methylation – which may consequently drive CRC 

development. Contrary to the hypothesis set out in section 3.1.5, knockout of Tet2 in the 

intestinal tissues of mice did not result in tumorigenesis, with Tet2-knockout animals 

presenting with no obvious abnormalities in these tissues. Furthermore, IHC analysis 

revealed no significant reductions in 5-hmC or gain of 5-mC in Tet2-knockout animals 

compared to controls. However, IHC has limited utility in quantitatively assessing the 

changes in the DNA methylation profile of these animals, especially given the scarcity of 5-

hmC in DNA. The study by Verma et al. identified localised, but not global, hyper-

methylation in triple TET-knockout human embryonic stem cells – perhaps further indicating 

that methylation analysis via IHC may not provide an accurate assessment of the 

consequences of Tet2 loss on DNA methylation (407). Alternatively, it could be that Tet1 and 

Tet3 activity is increased in Tet2-deficient animals to compensate for this loss, which may 

explain the lack of methylation changes in Tet2-knockout animals compared to controls. 

The lack of a malignant phenotype in these Tet2-knockout animals, while disappointing, does 

not necessarily mean that TET2 does not represent a novel cancer predisposition gene. As 

discussed in Chapter I of this thesis, the previous study by Kim et al. crossed the same Tet2fl/fl 

animals used in this chapter with an MMTV-cre, producing a Tet2 deficiency in the mammary 

tissue of these animals (298). While the Tet2-knockout animals presented with impaired 

differentiation of luminal cells and other breast tissue abnormalities, a further cross with 

PyMT-mutant animals was required for enhanced tumorigenesis to be observed. Therefore, it 

may be prudent in future analyses to abolish Tet2 expression in animals predisposed to CRC 

development. This could be done by crossing Tet2;Vil1-cre animals with APCMin/+ animals, a 

line commonly used in the study of CRC development – as these animals often present with 
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intestinal tumours at three or four months of age (408,409). It is possible that, similarly to the 

study by Kim et al., Tet2-knockout in animals predisposed to CRC development may present 

with accelerated tumorigenesis compared to Tet2-proficient controls.  

 

While the Tet2-knockout animals presented in this chapter presented with no malignant 

phenotype, there may have been some abnormalities within the intestinal compartment that 

could not be reported by the methods used in this chapter. Previously, knock-in of the 

Idh1R132H mutation into the intestinal compartment using Vil1-cre also resulted in no gross 

abnormalities or tumorigenesis – but did result in a modest but significant increase in both 

DNA methylation and 2-HG (unpublished data). Therefore, it would be worthwhile to 

perform more in-depth quantitative analysis of DNA methylation in Tet2;Vil1-cre animals in 

addition to the IHC performed for 5-hmC and 5-mC. Methylation array analysis may reveal 

more quantifiable changes in DNA methylation in Tet2-knockout animals compared to their 

Tet2-WT counterparts and also allow any changes in DNA methylation to be mapped to 

genomic features, for example bivalent promoter regions and the promoters of candidate 

tumour suppressor genes. The previous study by Kamdar et al. identified promoter hyper-

methylation in seven candidate tumour suppressor genes of TET2-knockout prostate cancer 

cells, suggesting that TET2 may drive disease progression via this mechanism (410). These 

(potentially more subtle) abnormalities were not investigated further as the aims of this 

chapter were to assess the role of Tet2-knockout in driving colorectal tumorigenesis – 

therefore representing a model of human disease. This meant that this chapter aimed to only 

assess gross changes in the intestinal tissues of Tet2-knockout animals. 

 

It was also presented in this chapter that pathogenic mutations in TET2 or IDH in human 

CRCs were correlated with CIMP+ disease and presented with DNA hyper-methylation 

compared to their WT counterparts. This was perhaps not unexpected, given the well-

described hyper-methylation of TET2-mutant and IDH-mutant AML (330). In the context of 

AML, mutations in TET2 and IDH have been reported to be mutually exclusive, indicating 

that the common mechanism underlying pathogenesis in both TET2-mutant and IDH-mutant 

AML is the abolition of TET2 activity (296,297,330). This mutual exclusivity was also 

apparent in the context of CRC, indicating that this same mechanism is the likely driving 

force underpinning the DNA hyper-methylation in these CRCs. However, the limited number 

TET2-mutant and IDH-mutant cancers makes this phenomenon less striking than in AML, 

where mutations in TET2 or IDH are much more common. It was also shown in this chapter 

that TET2-mutant and IDH-mutant CIMP+ CRCs show a slight, albeit non-significant 

increase in DNA methylation compared to WT CIMP+ cancers, indicating that these cancers 

may even represent a distinct sub-class of CIMP+ cancer, characterised by substantial DNA 

hyper-methylation. These TET2-mutant and IDH-mutant CIMP+ CRCs presented with 

significantly increased DNA methylation of probes identified as extensively hyper-

methylated in CIMP+ cancers compared to their WT CIMP+ counterparts – further indicating 

that these TET2-mutant and IDH-mutant cancers may be characterised by a greater degree of 

hyper-methylation than WT CIMP+ cancers. These TET2-mutant and IDH-mutant CIMP+ 

cancers showed no significant differences in age, MSI status or total mutation burden 

compared to their WT CIMP+ counterparts, indicating that the difference in methylation was 

not a consequence of differing clinical characteristics.  
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As discussed in sections 3.1.1 and 3.1.4, TET2 plays a critical role in catalysing active DNA 

de-methylation and 2-HG produced by mutant IDH is thought to inhibit TET2 activity 

(296,297,309,330). Therefore, in both TET2-mutant and IDH-mutant cancers, DNA hyper-

methylation should also be accompanied by a reduction in global 5-hmC as a consequence of 

this reduction in TET2 activity (411). The study by Haffner et al. identified a reduction of 5-

hmC in human colon cancer, despite the rarity of TET2 or IDH mutations in this tumour type 

(333,411). Furthermore, the study by Uribe-Lewis et al. performed TET2 knock-down in the 

CRC cell line HCT116 and observed a substantial decrease in 5-hmC (333). The same study 

also identified that up to 30% of promoters marked by 5-hmC are bivalent promoter regions 

and, similarly to the results presented in this chapter, suggested that bivalent promoter 

regions are vulnerable to hyper-methylation in cancer (333). However, the study suggested 

that 5-hmC may play a role in protecting these bivalent promoter regions from aberrant DNA 

hyper-methylation (333). The study by Verma et al. showed that triple knockout of TET 

genes from human embryonic stem cells resulted in hyper-methylation of bivalent promoters 

of developmental genes and suggested that the TET proteins were responsible for protecting 

bivalent promoter regions from aberrant hyper-methylation (407). Therefore, it could be that 

loss of 5-hmC at bivalent promoter regions – driven by either mutations in TET2 or its 

inhibition by 2-HG – means these regions are no longer protected from aberrant DNA hyper-

methylation, which may explain the (non-significant) increase in DNA methylation of the 

TET2-mutant and IDH-mutant cancers compared to their WT CIMP+ counterparts (333,407). 

 

A limitation of the results presented in this chapter relates to the number of TET2-mutant and 

IDH-mutant CIMP+ CRCs present within the TCGA-COAD and TCGA-READ domains. The 

limited number of cancers meant that the potential associations with CIMP and enhanced 

hyper-methylation at bivalent promoters were not always significant. As discussed in section 

3.1, mutations in TET2 and IDH are rare in CRC, meaning that in order to obtain methylation 

data from additional CRCs with TET2 or IDH mutations a vastly expanded dataset would be 

required. This was addressed in part by using additional data from the S:CORT consortium 

and DFCI, which provided additional TET2-mutant and IDH-mutant cancers. However, TET2 

and IDH2 were not part of the S:CORT panel of driver genes, meaning that the same analysis 

of methylation array data in these cancers was not possible. Similarly, methylation array data 

from DFCI was not available, meaning DNA methylation analysis of cancers from this cohort 

could not be performed. 

 

The profiles of hyper-methylated probes in TET2-mutant and IDH-mutant CIMP+
 CRCs 

showed substantial overlap, indicating similarities between the two types of CIMP+ cancer. 

The study by Wilson et al. also observed a sizable overlap between the differentially 

methylated regions of TET2-mutant and IDH-mutant AMLs (412). These common hyper-

methylated probes shared between TET2-mutant and IDH-mutant CRC included probes 

mapping to regions around the transcription start site of candidate tumour suppressor genes. 

Examples of these genes include glutathione peroxidase 3 (GPX3), which plays an important 

role in the protection of cells from oxidative DNA damage (413). Interestingly, promoter 

hyper-methylation of GPX3 has been identified in a number of cancer types, including colon, 

gastric and ovarian cancer (388,413). The study by Barrett et al. studied Gpx3-/- mice and 

found that these animals presented with inflammation of the colonic tissue and an increased 

number of tumours compared to control animals (388). Other candidate tumour suppressor 
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genes included sterile alpha motif domain containing 14 (SAMD14), which has been reported 

to undergo promoter hyper-methylation and be associated with a poor prognosis in gastric 

cancer (404). In addition to their role in potentially driving colorectal tumorigenesis, the 

promoter hyper-methylation of some of these candidate tumour suppressor genes may have 

clinical utility as novel CRC biomarkers (384). The study by Bergheim et al. suggested that 

circulating cell-free DNA (ccfDNA) may be used to detect promoter hyper-methylation of 

candidate tumour suppressor genes, for example short stature homeobox 2 (SHOX2) (384). 

The study found a correlation between SHOX2 promoter methylation in ccfDNA and tumour 

stage, nodal infiltration status and metastasis – indicating that this gene may have potential as 

a biomarker of disease progression (384). Similarly, the study by Naumov et al. suggested 

that hyper-methylation of CpG sites around the transcription start site of T-cell leukaemia 

homeobox 2 (TLX2) may also act as a biomarker for CRC (414). Therefore, it is possible that 

promoter hyper-methylation of other candidate tumour suppressor genes may also have the 

same potential as biomarkers for CRC pathogenesis. As presented in Chapter II of this thesis, 

inherited DNA variants may reduce the expression of TET2 and predispose an individual to 

CRC. Given the potential of these candidate tumour suppressor genes as CRC biomarkers and 

the promoter hyper-methylation of these genes in TET2-mutant CRC, there may be clinical 

benefits in screening ccfDNA of at risk individuals with inherited variants affecting TET2 

expression. Earlier detection of promoter hyper-methylation of these candidate tumour 

suppressors may improve prognosis of affected individuals and serve as an effective method 

of monitoring disease progression and response to anti-cancer therapies. 

 

In addition to the hyper-methylation of promoters and the region around the transcription 

start site driving gene silencing, aberrant DNA hyper-methylation may have alternative 

mechanisms of altering gene expression in cancer (415). The study by Arechederra et al. 

suggested that hyper-methylation of CpG islands within either the 5’ untranslated region or 

gene bodies up-regulates gene expression, potentially driving the aberrant over-expression of 

oncogenes in hepatocellular carcinoma (415). While the analysis in this chapter has been 

restricted to assessing gene silencing via hyper-methylation of the promoter or first exon 

(373), it is possible that CRC pathogenesis may also be driven in TET2-mutant and IDH-

mutant cancers via hyper-methylation within the gene bodies of oncogenes associated with 

CRC tumorigenesis. However, more than 80% of the DNA methylation probes used in this 

chapter mapped to promoters, making assessment of gene body hyper-methylation difficult – 

thus representing one of the limitations of this analysis. In subsequent analyses, DNA 

methylation profiling of TET2-mutant and IDH-mutant CRCs should be expanded to include 

more non-promoter elements of the genome, thus allowing an assessment of gene body 

hyper-methylation of CRC-associated oncogenes. Furthermore, this data could be combined 

with RNA-sequencing data from these cancers in order to observe the effect of promoter or 

gene body hyper-methylation on the expression of the associated tumour suppressor genes 

and oncogenes respectively. 

 

DNA hyper-methylation has frequently been observed at bivalent promoter domains (416). 

The study by Court & Arnaud, similarly to the data presented in this chapter, suggest that 

hyper-methylation in CIMP+ cancers map to bivalent promoter domains (371). Furthermore, 

nearly two-thirds of the extensively hyper-methylated probes in CIMP+ cancers mapped to 

these bivalent promoter regions, further indicating their potential vulnerably to CIMP-
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mediated hyper-methylation. Perhaps bivalent promoters represent regions of characteristic 

hyper-methylation in CIMP+ cancers, potentially adding additional criteria that define CIMP+ 

disease in addition to the small number of panel genes used to date (213,217). If bivalent 

promoters represent a preferred target for hyper-methylation in CIMP+ cancers, the number 

of candidate genes driving tumour development in these cancers may be substantially 

reduced, potentially providing a clearer illustration of the mechanisms of tumorigenesis in 

CIMP+ cancers. In addition to this, the characteristic DNA hyper-methylation of CIMP+ 

cancers may also represent unique opportunities for therapeutic intervention. Novel 

approaches which target the epigenetic profiles of cancer cells have shown in vitro potential 

as future anti-cancer therapies (417). The study by Lee et al. suggests that the development of 

a novel histone de-acetylase inhibitor was able to reduce the proliferation of CRC cells and 

induce apoptosis in vitro, suggesting that epigenetic therapies may offer substantial clinical 

benefits (417). As discussed in Chapter I of this thesis, DNA de-methylating agents – such as 

5-aza – show promising efficacy in reversing DNA hyper-methylation in vitro, but are 

hampered by toxicity which prevents them from being translated into the clinic (206,207). In 

recent years, a number of drug candidates that inhibit mutant IDH have been developed, with 

the goal of inhibiting the production of 2-HG (418–420). Examples of these include 

ivosidenib, which inhibits mutant IDH1 (421). Ivosidenib was able to reduce serum 2-HG 

and induce differentiation in AML and can be safely combined with other anti-cancer 

therapies (421). In addition to this, mutant IDH2 inhibitors have also been developed, 

including enasidenib – which has been shown to reduce 2-HG by up to 90%, reverse DNA 

methylation alterations and induce differentiation in AML (421). Therefore, it may be that 

these IDH inhibitors may also be of use in patients with IDH-mutant CRC, where reductions 

in 2-HG and the induction of differentiation may improve survival of these patients. 

 

As discussed in Chapter I of this thesis, there is currently no universally-accepted model for 

the development of CIMP in cancer. Some publications have implicated mutations in BRAF 

as the causal factor driving a CIMP+ tumour (422). However, the data presented in this 

chapter indicates a role for TET2 and IDH mutations in CIMP development. While TET2 and 

IDH mutations remain rare in CRCs and thus cannot explain the hyper-methylation observed 

in a substantial proportion of CIMP+ cancers, it is possible that TET2 and IDH mutations in 

CRC represent one potential mechanism for the development of CIMP+ disease. In 

conclusion, the data presented in this chapter suggest that DNA hyper-methylation is 

potentially driven by mutations in the TET2 or IDH genes, therefore abolishing active DNA 

de-methylation pathways. These TET2-mutant and IDH-mutant CIMP+ CRCs may represent 

a sub-cluster of CIMP+ cancers with unique features compared to their WT CIMP+ 

counterparts and therefore may represent a plausible model for the origins of CIMP in a 

subset of CRCs. 
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Chapter IV – The Role of MBD4 in Colorectal Tumorigenesis 
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4.1 – Background 
 

4.1.1 – Mutation Signatures Underpin Cancer Development 
 

Chapter I of this thesis highlighted the importance of both germline and somatic mutations in 

driving tumorigenesis in several cancer types, with mutations in key cancer-specific driver 

genes facilitating tumour development (4,5). There are many potential mechanisms 

underlying these mutations, both endogenous and exogenous – resulting in a single cancer 

potentially presenting with thousands of mutations (423). In recent years, the development of 

cost-effective next-generation sequencing technologies has deepened our understanding of 

the underlying mechanisms that underpin these driver gene mutations (424). As a result of 

this, the Catalogue of Somatic Mutations in Cancer (COSMIC) database has catalogued more 

than fifty somatic “mutation signatures” that describe patterns in single-base substitutions 

(SBS) and suggest the potential mechanisms by which these SBS occur (423,425,426). 

Examples of these mutation signatures include SBS3, which shows an extensive number of 

single-nucleotide variations (SNVs) across many trinucleotide contexts (see Figure 4.1a). It 

has been proposed that this mutation signature is driven by defective homologous 

recombination DNA repair mechanisms (425). Another common somatic mutation signature 

is SBS4, characterised by C → A mutations, particularly in the context CCA or CCC, with 

the middle base of the three being subject to mutation (see Figure 4.1b). This mutation 

signature has been attributed to tobacco smoking and is therefore often identified in lung 

cancer (425,427). The study by van den Heuvel et al. identified SBS4 in nearly a third of 

non-small cell lung cancer tumours and was found to be correlated with the earlier stages of 

disease development (427). While there has been progress in recent years in describing the 

underlying mechanisms of several somatic mutation signatures, the potential mechanism 

behind many of these signatures is yet to be described. In addition to SBS, double-base 

mutation signatures (DBS), insertion-deletion signatures (ID) and copy-number signatures 

(CN) have also been described by the COSMIC database (423,425). 

 

 

 

 

 

 

 

 

 

 

 

a) 

b) 
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There is evidence that mutation signatures can be detected in normal human tissues, including 

the colon, lung, endometrium and bladder, suggesting that mutation signatures may be 

functionally important in driving tumorigenesis and are not simply a reflection of passenger 

mutations that occur post-tumour development (423). However, the utility of mutation 

signatures in the clinic remains limited. While there are obvious cancer-associated risk 

factors associated with mutation signatures, for example tobacco smoking (SBS4) and ultra-

violet light exposure (SBS7), the mutation signatures present within a cancer may also be of 

use in predicting response to specific chemotherapeutic agents (428). The meta-analysis by 

Litchfield et al. of over one thousand cancers treated with immune checkpoint inhibitor 

therapy identified a significant association between APOBEC-associated mutation signatures 

(e.g. SBS2) and response to immune checkpoint inhibition (429). The study by Chopra et al. 

identified forty-three cancers with defective homologous recombination (therefore presenting 

with the mutation signature SBS3) and reported improved prognosis after receiving treatment 

with poly-ADP ribose polymerase (PARP) inhibitors for two weeks pre-surgery in addition to 

subsequent chemotherapy (430). While mutation signatures may provide some insight into 

treatment response, there are also a number of mutation signatures associated with specific 

chemotherapeutics. For example, SBS11 is associated with temozolomide and SBS24 is 

associated with aflatoxin B1 – both DNA alkylating agents (431). These mutation signatures 

associated with chemotherapeutic agents may have clinical utility in predicting the long-term 

effects of treatment (432). 

 

4.1.2 – SBS1 
 

While many mutation signatures, including the examples provided above, have been 

associated with specific biological processes, exogenous DNA damage or anti-cancer 

therapies, two mutation signatures have been associated with patient age. These signatures 

are suggested to be the result of mutation accumulation throughout the life of an individual. 

Therefore, older individuals are thought to accumulate more mutations over their lifetimes in 

what is referred to as a “clock-like” pattern. These clock-like signatures are SBS1 and SBS5 

(see Figure 4.2a and Figure 4.2b respectively) (426). SBS5 is characterised by a largely even 

distribution of SNVs across a number of trinucleotide contexts, with a particular enrichment 

for C → T and T → C mutations with a mechanism of action that is yet to be identified 

(426,433). However, unlike SBS5, SBS1 shows significant SNV enrichment in a restricted 

number of trinucleotide contexts (426). These mutations are almost exclusively C → T 

mutations in the context ACG, CCG, GCG and TCG – therefore representing C → T 

mutations at CpG sites (425,426). It has been suggested that the underlying mechanism 

associated with SBS1 is the failure to repair the spontaneous deamination of 5-mC to  

 

Figure 4.1 – Mutation Signatures in Cancer: Examples of two of the somatic mutation signatures identified in 

the COSMIC database. The mutational spectra, as well as the trinucleotide context for each signature is shown. 

Examples include SBS3 (a) – a signature associated with defective homologous recombination-based DNA 

repair and SBS4 (b) – associated with tobacco smoking. All signature plots obtained from the COSMIC 

database (https://cancer.sanger.ac.uk/signatures/sbs/). 
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thymine, thus resulting in a T:G DNA mismatch which is propagated into a C → T mutation 

following DNA replication (434,435). 

Spontaneous deamination of both methylated and non-methylated cytosine is a common 

occurrence, with the deamination of 5-mC and non-methylated cytosine resulting in thymine 

and uracil respectively (435). The deamination of 5-mC is far more common than the 

deamination of non-methylated cytosine, occurring approximately five times more 

frequently, equating to approximately twelve deamination events per genome per day 

(434,436). Furthermore, single-stranded DNA is thought to be at 100-fold greater risk of 

spontaneous deamination than double-stranded DNA (437,438). The deamination of 5-mC to 

thymine results in a T:G mispairing in the DNA which is normally repaired by thymine DNA 

glycosylase (TDG) or methyl-CpG binding domain 4 (MBD4) acting in concert with BER 

proteins (312,436). However, failure to repair this T:G mismatch results in a C → T mutation 

at CpG sites, which represent the most common SNV in tumorigenesis (312,425,436). 

Interestingly, the number of SBS1-associated C → T mutations are not consistent across 

human tissues but instead are correlated with mitosis (425,426). Therefore, the number of C 

→ T mutations are highest in tissues with rapid cellular turnover, possibly as a consequence 

of the increased rate of DNA replication exposing single-stranded DNA more frequently – 

increasing the likelihood of spontaneous deamination of 5-mC (425,439,440). Intestinal 

tissues have the fastest rate of cellular turnover of any tissue, indicating that these tissues may 

be at greatest risk of C → T mutagenesis at CpG sites (425,439,440). 

a) 

b) 

Figure 4.2 – Clock-Like Mutation Signatures: The two age-dependent, or “clock-like”, mutation signatures 

described by COSMIC in cancer. Shown are the mutation spectra, trinucleotide context and frequency of 

mutation associated with SBS1 (a) and SBS5 (b). All signature plots obtained from the COSMIC database 

(https://cancer.sanger.ac.uk/signatures/sbs/). 
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The study of Lee-Six et al. identified SBS1 in more than 85% of investigated intestinal crypts 

and was concluded to be a ubiquitous mutation signature of the normal colon (433). The rate 

of SBS1-associated mutation accumulation was found to vary across the colon, ranging from 

12.7 mutations per year in the descending/sigmoid colon to 16.8 mutations per year in the 

ascending colon and caecum (433). In the study by Alexandrov et al., SBS1 could be 

identified in several types of cancer, including CRC, ovarian cancer, pancreatic cancer and 

lung adenocarcinoma, further highlighting its relevance in human disease (425). 

 

4.1.3 – MBD4 Mutations in Human Cancer 
 

As discussed above, spontaneous deaminations of 5-mC are repaired by TDG or MBD4 

working in unison with the BER pathway and the failure to repair these deaminations is 

associated with SBS1 (312,435,441). The MBD4, also referred to as MED1, protein consists 

of an N-terminal methylcytosine-binding domain and a C-terminal glycosylase domain which 

displays homology with bacterial endonucleases involved in BER (442). Following 

deamination of 5-mC to thymine, MBD4 excises the mispaired thymine from DNA via the 

cleavage of an N-glycosidic bond – therefore catalysing the first step in the BER pathway 

(312,443,444). It has also been demonstrated that MBD4 is also able to excise mispaired 

uracil, produced by the deamination of non-methylated cytosine, albeit with a lower affinity 

than for mispaired thymine (312). This excision generates an abasic site in the DNA which is 

subsequently repaired by BER proteins, via DNA polymerase-β mediated filling of the abasic 

site and subsequent re-ligation of the DNA (312,445). A summary of MBD4-mediated repair 

of spontaneous deamination events is presented in Figure 4.3. 

Germline mutations in MBD4 have been identified in multiple cancers, including AML, CRC 

and uveal melanoma (446–448). Somatic mutations in MBD4 are more common in MSI+ 

cancers due to a number of highly repetitive regions in the protein-coding sequence of the 

gene – including an A(10) tract between codons 310-313 and three A(6) sequences between 

codons 247-248, 280-282 and 327-329 (449). An illustration of the structure of the MBD4 

protein is provided in Figure 4.4. In CRC, it is estimated that between 20-43% of primary 

MSI+ carcinomas harbour inactivating mutations in MBD4, whereas the study by Riccio et al. 

reported no mutations in MBD4 at these repetitive regions in MSS cancers, indicating that 

these regions may be mutation hotspots in MSI+ cancers only – which is plausible given the 

reported increase in frameshift mutations at repetitive regions in MSI+ cancers (96,449). 

Unsurprisingly, patients with germline mutations in MBD4 presented with an increased 

number of C → T mutations at CpG sites (221,446,447). The study by Sanders et al. 

identified three AML patients with germline biallelic inactivation of MBD4, one with a single 

homozygous in-frame deletion (MBD4H567del) and two siblings with compound heterozygous 

mutations, including a MBD4V314Rfs*13 frameshift mutation and a splice acceptor mutation 

which disrupted exon seven (446). These cancers had a remarkably high mutation burden 

which was more than thirty-fold higher than other AMLs from the TCGA cohort (446). 

Strikingly, more than 95% of mutations in these three AMLs were C → T mutations at CpG 

sites, which were not attributed to old age as all three patients were less than thirty-five years 

old (446). Two of the three patients also presented with a number of colorectal polyps, 

suggesting that MBD4 mutations may also drive colorectal polyposis (446). 
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Figure 4.4 – The Structure of the MBD4 Gene: A diagrammatic illustration of the structure of the methyl-

CpG binding domain 4 (MBD4) gene. Shown are the N-terminal methyl-CpG binding domain (MBD) and the 

C-terminal glycosylase domain (GD), as well as the two A(6) and one A(10) tract within the protein-coding 

sequence. Created with BioRender.com (https://app.biorender.com/). 

Figure 4.3 – MBD4-Mediated Repair of Spontaneous Deamination: A schematic illustration of the 

mechanism by which spontaneous deamination of 5-methylcytosine (5-mC) is repaired. Spontaneous 

deamination of 5-mC (top) to thymine results in a T:G mismatch in the DNA (right) that is recognised by the 

DNA glycosylase methyl-CpG binding domain 4 (MBD4). MBD4 then catalyses the cleavage of an N-glycosidic 

bind in the DNA, excising the mispaired thymine and subsequently creating an abasic site (bottom). This abasic 

site is then filled with the correct base via components of the base excision repair (BER) pathway, including 

DNA polymerase-β and DNA ligase (left). The repaired T:G mismatch is then re-methylated. Created with 

BioRender.com (https://app.biorender.com/). 
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The report by Tanakaya et al. identified a forty-two year old woman with a germline 

heterozygous MBD4Q73* mutation and subsequent somatic LoH (447). This patient presented 

with approximately thirty colonic polyps despite having no previous family history of CRC – 

and no germline mutations in any previously identified CRC predisposition gene (447). 

Similarly to the AML patients reported by Sanders et al., the patient presented with an 

increased number of C → T mutations at CpG sites (447). Furthermore, the study by Palles et 

al. performed whole-genome or whole-exome sequencing on 309 individuals from 198 likely 

unrelated families with multiple cases of colorectal adenomas or familial CRC and a further 

1,611 individuals in replication cohorts with family history of colorectal adenomas, familial 

CRC or CRC with other tumours (221). Three individuals presented with homozygous 

germline truncations in MBD4, one deletion resulting in MBD4S205Tfs*9 and two duplications 

resulting in MBD4E314Rfs*13 (221). One individual presented with approximately sixty 

colorectal adenomas at thirty-six years of age, increasing to seventy following 

panproctocolectomy at age forty-seven (221). The same patient was subsequently diagnosed 

with MDS seven months post-surgery, which progressed to AML three months later (221). 

The second of these patients presented with thirty-three colorectal adenomas following 

panproctocolectomy at age fifty-three and was later diagnosed with uveal melanoma – and 

the third subject presented with twenty colorectal adenomas following panproctocolectomy at 

age thirty-nine (221). Interestingly, the brother of this third subject also carried the same 

homozygous MBD4E314Rfs*13 duplication and, when investigated via colonoscopy, presented 

with twenty colorectal polyps later determined to be colorectal adenomas with low-grade 

dysplasia (221).  

Whole-exome sequencing was then performed on some of the colorectal adenomas from the 

first of these three subjects, as well as some of the colorectal adenomas presented by one of 

the patients from the previously discussed study by Sanders et al., revealing a greatly 

increased mutation burden compared to sporadic colorectal adenomas (221). The vast 

majority of these mutations (>95%) were C → T mutations at CpG sites (221,446). 

Therefore, the mutation signatures of these adenomas almost totally recapitulated the existing 

COSMIC SBS1 signature (see Figure 4.2a), which is unsurprising given the previously 

established role of MBD4 in repairing the spontaneous deamination of 5-mC (221,312). 

Interestingly, these adenomas presented with a significant enrichment of the APCR1450* 

mutation compared to sporadic colorectal adenomas, a mutation which is driven by a C → T 

mutation at a CpG site (221). Similarly, the three MBD4-mutant AMLs in the study by 

Sanders et al. presented with C → T mutations at CpG sites in key AML driver genes – 

including DNMT3AR882C, IDH1R132C and IDH2R140Q (446). Therefore, it is possible that 

germline loss of MBD4 may be able to drive the accumulation of C → T mutations at CpG 

sites in key driver genes, presenting a potential mechanism for driving tumorigenesis. 

Further study in the context of CRC by Wong et al. in Mbd4-knockout mouse models found 

no evidence of enhanced tumorigenesis or inferior survival in Mbd4-/- or Mbd4+/- animals 

compared to Mbd4-WT controls (450). Interestingly, cells of the small intestine of Mbd4-/- 

animals presented with a near two-fold increase in mutation burdens compared to WT 

controls (450). A greater proportion of these mutations were C → T mutations at CpG sites in 

Mbd4-/- animals (62%) compared to WT controls (28%) (450). Subsequent crosses with 

Apc1638N/+ animals revealed a near-significant increase in tumour multiplicity of Mbd4-/-

;Apc1638N/+compared to Mbd4+/+;Apc1638N/+ animals (450). These double-mutant animals also 
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presented with a significant increase in both intestinal micro-adenomas and tumours of the 

jejunum or ileum compared to single-mutant controls (450). Interestingly, these double-

mutant animals presented with a significant increase in mutations in the wild-type allele of 

Apc, with 79% of Mbd4-/-;Apc1638N/+ animals harbouring a truncation in the wild-type Apc 

allele vs only 32% of Mbd4+/+;Apc1638N/+ animals (450). Consistent with the results presented 

by Palles et al., the majority (82%) of these Apc mutations in double-mutant animals were C 

→ T mutations at CpG sites, indicating that Mbd4 loss may drive Apc mutations via 

unrepaired spontaneous deaminations of 5-mC within the Apc protein-coding sequence 

(221,450). 

 

4.1.4 – Chapter Aims 
 

The COSMIC mutation signature SBS1 has been characterised by a mutation spectrum 

almost exclusively comprised of C → T mutations at CpG sites (425). This mutation 

signature has been associated with an age-related accumulation of mutations resulting from 

unrepaired spontaneous deaminations of 5-mC to thymine (425). Germline mutations in 

MBD4 have been demonstrated to increase the number of C → T mutations at CpG sites in a 

number of cancer types, which may result in mutations in key cancer driver genes 

(221,446,450). However, the role of MBD4 as a novel cancer predisposition gene has yet to 

be fully explored. Recently, Degasperi et al. reported an additional six patients with germline 

mutations in MBD4 with subsequent somatic LoH in breast cancer, sarcoma and uveal 

melanoma – however the molecular features of these cancers are yet to be reported (451). In 

addition to this, there are a number of CpG site-specific factors that may influence the 

likelihood of spontaneous deaminations occurring. These factors include the DNA 

methylation status, replication timing and transcription strand of the CpG site – the roles of 

which are yet to be fully explored in C → T mutagenesis at CpG sites. Previous studies by 

Fang et al. and Poulos et al. have suggested that more highly-methylated CpG sites are at 

higher risk of C → T mutation than lowly-methylated sites (452,453). Poulos et al. also 

suggested that CpG sites located in later-replicating regions of the genome are more likely to 

undergo C → T mutagenesis than those in earlier-replicating regions (453). This may be a 

result of the reduced activity of DNA MMR in these later-replicating regions (454). Previous 

studies in bacteria have suggested that spontaneous deaminations are more common on the 

coding strand of DNA compared to the template strand (455). This may be a result of single-

stranded DNA being more vulnerable to deamination than double-stranded DNA – a state in 

which the coding strand of DNA is exposed to during transcription, while the template strand 

is shielded by a complex of transcription-associated proteins (434,437,455,456). Therefore, 

the aims of this chapter are as follows: 

 

• Assess the role of germline and somatic MBD4 mutations in cancer pathogenesis by 

assessing effects on mutation burden, mutation signature composition and driver gene 

profiles. 

• Assess the role of DNA methylation status, replication timing and transcription strand 

on C → T mutagenesis at CpG sites of the genome. 
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The hypotheses associated with these chapter aims are as follows: 

 

• Germline and somatic mutations in MBD4 will drive an increase in C → T mutations 

at CpG sites and an increase in the prevalence of SBS1 compared to MBD4-WT 

controls. 

• MBD4-mutant cancers will present with pathogenic C → T mutations at CpG sites 

within the protein-coding sequence of cancer-specific driver genes. 

• C → T mutations at CpG sites will be more prevalent in highly-methylated regions of 

DNA compared to lowly-methylated regions. 

• C → T mutations at CpG sites will be more prevalent in later-replicating regions of 

DNA compared to earlier-replicating regions. 

• C → T mutations at CpG sites will be more prevalent on the coding strand of DNA 

than the template strand. 

 

4.2 – Materials & Methods 
 

4.2.1 – 100,000 Genomes Project Data 
 

Whole-genome sequencing of colorectal adenocarcinomas (hg38-aligned) from V14 of the 

100KGP CRC domain (n = 2,988) were filtered to remove non-CRCs (n = 354), cancers 

sequenced using a PCR-based library preparation methodology (n = 198), samples derived 

from metastases (n = 148) and samples with prior DNA-damaging chemotherapy or 

radiotherapy pre-dating sampling (n = 381). Whole-genome sequencing data available from 

this dataset included 100x coverage from the tumour sample and an average coverage of 33x 

from the accompanying normal blood (295). This left a total of 1,907 primary, treatment-

naïve CRCs with PCR-free library preparation to be carried forward for further analysis. A 

further eighteen hyper-mutated samples with pathogenic mutations in the exonuclease 

domain of DNA polymerase-ε (POL-ε – n = 17) or DNA polymerase-δ (POL-δ – n = 1) were 

excluded from the analysis, leaving a total of 1,889 cancers to be taken forward. Cancers 

were categorised as either MSI+ or MSS by Dr Juan Fernández-Tajes using the Detecting 

Microsatellite Instability by Next-Generation Sequencing (mSINGS) tool (457). This analysis 

indicated there were a total of 357 MSI+ cancers and 1,532 MSS cancers. Participant ages 

were calculated using the accompanying clinical data of each cancer by Dr Steve Thorn. 

Germline and somatic VCFs generated using the Strelka2 variant caller were then searched 

for truncations in the MBD4 gene. Cancers with germline truncations in MBD4 were assessed 

for LoH by analysing the associated Sequenza copy number data for the cancer (458). 

Samples that harboured somatic mutations were analysed further via chi-squared (χ2) testing 

with one degree of freedom to determine if the mutation was homozygous or heterozygous. 

In addition to this, somatic VCFs from cancers with germline MBD4 mutations and somatic 

LoH described by Degasperi et al. (n = 6) were also obtained for downstream analysis (451). 



139 
 

For each cancer, only somatic variants with the “PASS” flag in the VCF filter field were used 

for downstream analyses.  

 

4.2.2 – MBD4-/- Polyp Whole-Genome Sequencing 
 

Four adenomatous colorectal polyps were extracted from one of the patients reported in the 

study by Palles et al., who presented with a germline biallelic MBD4S205Tfs*9 mutation. Three 

polyps were collected from the descending colon and one from the sigmoid colon to be used 

in whole-genome sequencing analysis (221). Polyp samples were prepared for whole-genome 

sequencing analysis by Dr Sara Galavotti (University of Birmingham). Briefly, DNA was 

extracted from the polyps and accompanying normal blood using the Qiagen AllPrep DNA 

and RNA extraction kit (Qiagen – catalogue #80284) according to the manufacturer’s 

instructions. The resultant DNA was quantified and sent to Novogene for whole-genome 

sequencing. The resulting sequencing files were assessed for sequencing quality and lack of 

adaptor sequences using FastQC (Babraham Bioinformatics) (459). Sequencing reads from 

both polyp samples and the control blood were aligned to the hg38 reference genome 

according to the BCBio pipeline. Germline and somatic variant calling was performed using 

the VarDict and Strelka2 variant callers respectively (460,461).  

 

4.2.3 – Mutation Spectrum & Signature Extraction 
 

The SBS mutation spectrum of the MBD4-mutant cancers identified by Degasperi et al., 

including total SNV burden and mutation counts for each of the ninety-six trinucleotide 

contexts, was obtained from the supplementary materials of the study (451). The range of 

cancers presenting with a germline truncation in MBD4 and subsequent somatic LoH 

included ductal breast cancer (n = 2), lobular breast cancer (n = 1), myxofibrosarcoma (n = 

1), sarcoma of unspecified sub-type (n = 1) and uveal melanoma (n = 1) (451). In addition to 

this, the same mutation spectra data from MBD4-WT cancers of each of the above tumour 

types was also available in the supplementary data (451). The ages of each participant at 

tumour sampling were calculated in the same way as described above. 

In order to extract mutation signatures from these cancers, as well as the primary CRCs and 

MBD4-mutant polyps described in sections 4.2.1 and 4.2.2 respectively, SigProfilerExtractor 

was used (462). Briefly, somatic mutations from each cancer that were flagged as “PASS” for 

all quality filters were used as the input for mutation signature extraction. The chromosome 

number, genomic position (hg38), relevant filter information, reference allele and alternate 

allele were used to identify the spectrum of SBS, doublet mutations (DBS) and 

insertions/deletions (ID) for each cancer. For each of these mutation classes, decomposed 

mutation signatures were generated, describing the prevalence of previously reported 

mutation signatures (COSMIC V3.2) in the mutation spectrum of each cancer.  
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4.2.4 – Characterisation of Driver Gene Mutations 
 

Following the identification of samples with germline inactivation of MBD4, somatic VCFs 

of each sample could be searched for mutations in cancer-specific driver genes. Following a 

literature search for commonly-mutated driver genes in CRC, breast cancer, sarcoma and 

uveal melanoma, each MBD4-mutant sample was searched for pathogenic mutations in these 

driver genes. Following this, the genomic co-ordinates (hg38) of C → T or G → A mutations 

in these driver genes could be searched in the UCSC genome browser (hg38) to identify if the 

driver gene mutation was localised to a CpG site (372). 

 

4.2.5 – DNA Methylation, Replication Timing & Transcription Strand 

Mutation Mapping 
 

Fractional methylation data from whole-genome bisulphite sequencing of normal sigmoid 

colon was obtained from the RoadMap Epigenomics Consortium and converted from hg19 

genomic co-ordinates to hg38 using the UCSC LiftOver tool (372,463). This fractional 

methylation data contained a quantitative estimate of DNA methylation for 27,134,409 CpG 

sites in the genome ranging from 0 – 1, where 0 indicates an unmethylated CpG site and 1 

indicates a highly-methylated CpG site. From this data, CpGs could be assigned to one of 

twelve DNA methylation bins (0, 0.01 – 0.1, 0.11 – 0.2 etc.) based on their quantitative DNA 

methylation estimate (see Table 4.1). 

In addition to this, DNA replication timing data for the CRC cell line HCT116 was obtained 

from Dr Duncan Sproul (University of Edinburgh) and Dr Ioannis Kafetzopoulos (Babraham 

Institute). Quantitative replication timing estimates for 10,000 base-pair windows of the 

genome were obtained via the Repli-Seq method described by Marchal et al. (464). Briefly, 

two replicates of HCT116 cells were treated with the thymidine analogue bromodeoxyuridine 

(BrdU), fixed in ethanol and stained with propidium iodide – allowing cells to be separated 

according to cell cycle stage by fluorescence-activated cell sorting (FACS) (464). Cell 

populations in early, mid and late S-phase were isolated for lysis and DNA extraction. 

Genomic DNA was then sonicated and prepared for BrdU immunoprecipitation before finally 

being sequenced. The replication timing (T) value for each 10,000 base-pair region was 

defined as the ratio of reads in early S-phase compared to late S-phase: 

 

 

𝑅𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑇𝑖𝑚𝑖𝑛𝑔 (𝑇) = ln(
𝐸𝑎𝑟𝑙𝑦

𝐿𝑎𝑡𝑒
) 
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Replication timing values across the genome were then smoothed using quantile 

normalisation, in order to reduce noise. From this quantification of replication timing, the 

genome could be divided into four equally-sized replication timing bins – Earliest (T > 

2.33304025), Early (-0.461036 ≤ T ≤ 2.3304025), Late (-1.8222075 ≤ T < -0.461036) and 

Latest (T < -1.8222075). This replication data was then combined with the above fractional 

methylation data using BEDTools (v2.30) to provide a T-value for 27,099,859 CpG sites in 

addition to their DNA methylation estimate. The number of CpG sites in each DNA 

methylation and replication timing bin is presented in Table 4.1. From this data, somatic C → 

T mutations at CpG sites in each cancer, represented as either C → T or G → A mutations, 

could be binned according to both DNA methylation and replication timing using BEDTools 

(v2.30). In order to correct for differences in the number of CpG sites in each bin, the number 

of mutations in a bin was normalised against the number of CpGs in the bin according to the 

following formula, similar to previous work described by Sanders et al. (446): 

 

 

 

𝑀𝑢𝑡𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 =  𝑀𝑥/(
𝑁𝑥

1,000,000
) 

 

 

 

Where Mx represents the number of C → T mutations at CpG sites in bin x and Nx is the 

number of CpG sites in bin x (see Table 4.1). This provides the number of mutations per 

million CpGs for each bin, allowing comparisons to be made between methylation and 

replication timing bins. 

Transcription strand data was obtained from Gencode for hg38, assigning a gene as either 

being transcribed on the sense (trx+) or antisense (trx-) strand of the DNA (465). In total, the 

transcription strand of 15,316,904 CpGs could be inferred from this data. The number of 

CpGs on each transcription strand is presented in Table 4.2. Mutations could then be assigned 

to either the coding or template strand of a gene according to the convention set out by 

Vӧhringer et al. (466). Briefly, it can be assumed that the coding strand of trx+ genes is the 5’ 

→ 3’ DNA strand, whereas the template strand is the 3’ → 5’ strand. Conversely, the coding 

strand of trx- genes can be defined as the 3’ → 5’ DNA strand and the template strand as the 

5’ → 3’ (466). Therefore, coding strand C → T mutations at CpG sites can be represented as 

either C → T mutations in trx+ genes or G → A mutations in trx- genes. Alternatively, 

template strand mutations are represented by C → T mutations in trx- genes or G → A 

mutations in trx+ genes. The C → T mutations at CpG sites in each cancer were binned as 

above using BEDTools (v2.30). The rate of C → T mutagenesis at CpG sites was calculated  
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Table 4.1 – CpG Site DNA Methylation & Replication Timing Distribution: The number of CpG sites found within each DNA methylation and replication timing bin of 

the genome, according to fractional methylation data of the normal sigmoid colon and Repli-Seq data from the colorectal cancer cell line HCT116. Each column represents 

one of the twelve possible DNA methylation bins of the genome (ranging from 0 – 1) and each row represents one of the four replication timing bins of the genome (Earliest, 

Early, Late and Latest). 

 

 

 

 

 

 

 

# CpG Sites: 0 0.01 – 0.1 0.11 – 0.2 0.21 – 0.3 0.31 – 0.4 0.41 – 0.5 0.51 – 0.6 0.61 – 0.7 0.71 – 0.8 0.81 – 0.9 0.91 – 0.99 1 Total: 

Earliest 694,339 602,568 147,037 155,811 204,836 281,637 316,732 422,848 716,854 1,716,719 5,014,966 338,282 10,612,629 

Early 233,566 231,985 71,449 87,908 120,828 179,115 213,025 303,816 535,601 1,282,430 3,383,876 221,772 6,865,371 

Late 68,720 82,367 37,493 57,952 86,330 135,056 172,162 262,622 476,485 1,106,427 2,123,362 104,684 4,713,660 

Latest 66,505 110,886 53,230 71,304 102,776 157,427 204,738 312,647 546,398 1,212,966 1,987,113 82,209 4,908,199 

Total: 1,063,130 1,027,806 309,209 372,975 514,770 753,235 906,657 1,301,933 2,275,338 5,318,542 12,509,317 746,947 27,099,859 
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Table 4.2 – CpG Site DNA Methylation & Transcription Strand Distribution: The number of CpG sites found within each DNA methylation bin and transcription strand, 

according to fractional methylation data of the normal sigmoid colon and Gencode data on the direction of transcription of genes. Each column represents one of the twelve 

possible DNA methylation bins of the genome (ranging from 0 – 1) and each row represents whether a gene is transcribed on the sense (trx+) or antisense (trx-) strand. 

# CpG Sites: 0 0.01 – 0.1 0.11 – 0.2 0.21 – 0.3 0.31 – 0.4 0.41 – 0.5 0.51 – 0.6 0.61 – 0.7 0.71 – 0.8 0.81 – 0.9 0.91 – 0.99 1 Total: 

trx+ 358,959 332,317 86,842 99,421 135,810 199,943 234,881 331,394 582,202 1,399,919 3,807,020 241,583 7,810,291 

trx- 351,222 328,064 86,486 97,211 131,091 190,992 224,866 318,261 558,274 1,340,868 3,647,016 232,262 7,506,613 

Total: 710,181 660,381 173,328 196,632 266,901 390,935 459,747 649,655 1,140,476 2,740,787 7,545,036 473,845 15,316,904 
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the same way as above, to correct for the differences in the number of CpG sites in each 

DNA methylation bin (see Table 4.2). 

 

4.2.6 – Statistical Analysis 
 

Comparisons between the total SNV burdens, ages, number C → T mutations at CpG sites 

and proportion of the total SNV burden between MBD4-mutant and MBD4-WT cancers was 

performed using a Wilcoxon test via the R package ggpubr (365). In the instances where 

there were multiple groups being compared, a Kruskal-Wallis test was also performed in 

addition to pairwise Wilcoxon tests between each group. In order to compare the slopes of the 

relationship between C → T mutation rate at CpGs sites and fractional methylation, linear 

regressions and interaction terms between equations were calculated. When comparing the 

total number of mutations on the coding and template transcription strands in each cancer, a 

log2(Coding/Template) ratio of mutations was calculated. 

 

4.3 - Results 

 

4.3.1 – Germline Mutations in MBD4 Drive Elevated C → T 

Mutagenesis at CpG Sites 
 

In addition to the four colorectal polyps from a patient with a germline biallelic truncation in 

MBD4 and the cancers described by Degasperi et al., the CRC domain of the 100KGP was 

searched for additional cancers with MBD4 truncations. Of the 1,889 primary, treatment-

naïve cancers with a PCR-free library preparation, a total of 129 cancers with truncations in 

MBD4 were identified, 122 somatic and 7 germline. In agreement with previous findings, the 

vast majority (121 – 93.8%) of these mutations were identified in MSI+ cancers. Sequenza 

copy number data from each of the seven CRCs with germline truncations in MBD4 indicated 

no somatic LoH and inspection of the binary alignment map (BAM) files of each of these 

cancers indicated that these germline truncations were heterozygous. Therefore, the only 

samples with germline biallelic loss of MBD4 included in this analysis were the six cancers 

described by Degasperi et al. with germline heterozygous MBD4 truncations and subsequent 

somatic LoH and the four colorectal polyps extracted from a patient with a germline biallelic 

MBD4S205Tfs*9 mutation. 

In order to characterise these cancers and colorectal polyps in more detail, the mutation 

signatures of each sample were extracted using SigProfilerExtractor. According to the study 

by Degasperi et al., cancers with germline MBD4 mutations and somatic LoH presented with 

the novel mutation signature SBS96 (451). Similarly to SBS1, this mutation signature is 

characterised almost exclusively by C → T mutations at CpG sites, but presents with a 

greater proportion of C → T mutations in the context CCG and fewer in the context GCG 

than SBS1 (see Figure 4.5a) (410). As seen in Figure 4.5, the mutation signatures of each  
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Figure 4.5 – Mutation Signatures of Cancers and Colorectal Polyps with Germline MBD4 Mutations: The 

mutation signatures of several cancer types with germline heterozygous truncations in MBD4 subsequent loss of 

the wild-type allele. Presented is the mutation signature SBS1 (a, obtained from 

https://cancer.sanger.ac.uk/signatures/sbs/). Also presented are the mutation signatures, as determined by 

SigProfilerExtractor, of ductal breast cancers (b), lobular breast cancer (c), myxofibrosarcoma (d), sarcoma of 

unspecified sub-type (e) and uveal melanoma (f) recently proposed to present with SBS96 as a result of MBD4 

mutation. Mutation signatures are also presented for colorectal polyps isolated from a patient with a germline 

biallelic truncation in MBD4 (g). 

Lobular Breast Cancer 

Ductal Breast Cancer 

Myxofibrosarcoma 

Sarcoma of Unspecified Sub-type 

Uveal Melanoma 

a) 

f) 

e) 

d) 

c) 

b) 

MBD4
-/-

 Colorectal Polyps g) 

SBS1 
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MBD4-mutant cancer reported by Degasperi et al. more closely resembled this novel 

signature than SBS1 (Figure 4.5b – Figure 4.5f). In addition to this, the four MBD4-mutant 

colorectal polyps described above also presented with a mutation signature that strongly 

resembled SBS96 (Figure 4.5g), suggesting that this mutation signal is truly associated with 

loss-of-function MBD4 mutations – characterised almost exlusively by C → T mutations at 

CpG sites. 

The unique mutation signatures of these cancers with germline mutations in MBD4 suggest 

that C → T mutations at CpG sites represent the dominant mutation type. Therefore, mutation 

counts for each of the ninety-six potential trinucleotide contexts were extracted for each 

cancer, available in the supplementary material of Degasperi et al. (451). These mutation 

channels could then be compared to cancers that were presumed to be MBD4-WT. 

Interestingly, for each cancer type presented by Degasperi et al., the MBD4-mutant cancers 

displayed an increase in total SNV burden, number of C → T mutations at CpG sites and the 

proportion of the total SNV burden comprised by these C → T mutations at CpG sites. 

However, in most cases there was only one MBD4-mutant cancer so these increases were not 

significant. In the MBD4-mutant ductal breast cancers (n = 2), there was an increase in the 

total SNV burden compared to MBD4-WT cancers (n = 1,633). However, this increase in 

SNV burden was not significant (p = 0.12, Figure 4.6a). These MBD4-mutant cancers were 

also slightly younger than their MBD4-WT counterparts, but again this difference was not 

significant (p = 0.46, Figure 4.6b). However, there was a significant increase in both the 

number (p = 0.015, Figure 4.6c) and proportion (p = 0.014, Figure 4.6d) of C → T mutations 

at CpG sites in the MBD4-mutant cancers compared to the MBD4-WT group. Since there was 

no significant difference between the ages of the MBD4-mutant and MBD4-WT cancers 

(Figure 4.6b), this increase in the C → T mutation burden at CpG sites could not be explained 

by the ages of the MBD4-mutant cancers.  

Similarly, the single MBD4-mutant lobular breast cancer also presented with a higher total 

SNV burden than the MBD4-WT lobular breast cancer population (n = 313). However, again 

possibly due to the low number of MBD4-mutant cancers, this increase was not significant (p 

= 0.17, Figure 4.7a). There was also no significant difference in the ages of the MBD4-mutant 

and MBD4-WT cancers (p = 0.9, Figure 4.7b). Similarly to ductal breast cancer, the MBD4-

mutant lobular breast cancer presented with a much higher number (Figure 4.7c) and 

proportion (Figure 4.7d) of C → T mutations at CpG sites which, despite the low number of 

MBD4-mutant cancers, was nearly significant (p = 0.085). 

This trend was also apparent outside of breast cancer. In myxofibrosarcoma, the single 

MBD4-mutant cancer showed a non-significant increase in the total SNV burden compared to 

MBD4-WT cancers (n = 114) (p = 0.18, Figure 4.8a). Similarly to ductal breast cancer, this 

MBD4-mutant cancer was also younger than its MBD4-WT counterparts (Figure 4.8b), 

although this difference was not significant (p = 0.17).  Furthermore, there was also a near-

significant increase in both the number (p = 0.094, Figure 4.8c) and proportion (p = 0.089, 

Figure 4.8d) of C → T mutations at CpG sites in the MBD4-mutant cancer compared to the 

MBD4-WT cancers. In the single MBD4-mutant sarcoma of unspecified sub-type, there was a 

similar non-significant increase in the total SNV burden (p = 0.24, Figure 4.9a) compared to 

MBD4-WT cancers (n = 292). This was accompanied by no difference in the ages of the 

MBD4-mutant and MBD4-WT cancers (p = 0.81, Figure 4.9b). Furthermore, there was also a 

non-significant increase in both the number (p = 0.092, Figure 4.9c) and proportion (p =  
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0.085, Figure 4.9d) of C → T mutations at CpG sites in the MBD4-mutant cancer compared 

to MBD4-WT cancers.  

In addition to the MBD4-mutant breast cancers and sarcomas described above, the single 

MBD4-mutant uveal melanoma presented with a non-significant increase in the total SNV 

burden compared to its MBD4-WT (n = 7) counterparts (p = 0.25, Figure 4.10a). This MBD4-

mutant cancer was also younger than the MBD4-WT cancers, although this difference was 

not significant (p = 0.5, Figure 4.10b). There were also non-significant increases in the 

number (Figure 4.10c) and proportion (Figure 4.10d) of C → T mutations at CpG sites in the 

MBD4-mutant cancer compared to the MBD4-WT group (p = 0.25). Overall, this indicates 

that the MBD4-mutant cancers presented in the study by Degasperi et al. are associated with 

increased C → T mutagenesis at CpG sites compared to their MBD4-WT counterparts. 

 

Figure 4.6 – The Mutation Profile of MBD4-Mutant Ductal Breast Cancer: Boxplots comparing the total 

single-nucleotide variation (SNV) burden (a), sampling age (b), number of C → T mutations at CpG sites (c) 

and the proportion of the total SNV burden that are C → T mutations at CpG sites (d) of MBD4 wild-type ductal 

breast cancers (WT) and ductal breast cancers with a germline truncation in MBD4 and somatic loss of 

heterozygosity (Mutant).  

a) 

d) c) 

b) 

Ductal Breast Cancer: 
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In contrast to this, the mutation spectrum and mutation signature profile of the CRCs with 

germline heterozygous truncations in MBD4 was not significantly different to MBD4-WT 

cancers. As seen in Figure 4.11, MSS CRCs with germline heterozygous MBD4 truncations 

(n = 5) had no significant differences in SNV burden (p = 0.65, Figure 4.11a) or age (p = 

0.17, Figure 4.11b) compared to MSS MBD4-WT CRCs (n = 1,524). Furthermore, these 

cancers presented with no differences in both the number (p = 0.38, Figure 4.11c) or 

proportion (p = 0.36, Figure 4.11d) of C → T mutations at CpG sites compared to their 

MBD4-WT counterparts. Following mutation signature extraction from these cancers, there 

was no difference in the number (p = 0.35, Figure 4.11e) or proportion (p = 0.38, Figure 

4.11f) of SNVs attributed to the mutation signature SBS1 in these CRCs with germline 

heterozygous MBD4 truncations compared to MBD4-WT cancers. The same was apparent in 

MSI+ CRCs with germline heterozygous MBD4 truncations (n = 2). As seen in Figure 4.12, 

there were no difference in the SNV burden (p = 0.65, Figure 4.12a) or ages (p = 0.33, Figure 

4.12b) of these cancers with germline heterozygous MBD4 truncations compared to MSI+  

Figure 4.7 – The Mutation Profile of MBD4-Mutant Lobular Breast Cancer: Boxplots comparing the total 

single-nucleotide variation (SNV) burden (a), sampling age (b), number of C → T mutations at CpG sites (c) 

and the proportion of the total SNV burden that are C → T mutations at CpG sites (d) of MBD4 wild-type 

lobular breast cancers (WT) and the single lobular breast cancer with a germline truncation in MBD4 and 

somatic loss of heterozygosity (Mutant).  

a) 

c) d) 

b) 

Lobular Breast Cancer: 
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MBD4-WT CRCs (n = 236). There was also no difference in the number (p = 0.31, Figure 

4.12c) or proportion (p = 0.64, Figure 4.12d) of C → T mutations at CpG sites compared to 

MBD4-WT cancers. When the mutation signatures were extracted from these MSI+ CRCs, 

there was no difference in the number (p = 0.35, Figure 4.12e) or proportion (p = 0.93, Figure 

4.12f) of SNVs attributed to SBS1 compared to MBD4-WT cancers. Overall, this data 

indicates that germline heterozygous truncations in MBD4 have no effect on C → T 

mutagenesis at CpG sites and therefore have no bearing on the prevalence of SBS1 within 

these cancers. 

However, the MBD4-mutant colorectal polyps with a germline biallelic MBD4 truncation 

presented with significant differences compared to MSS MBD4-WT CRCs. As seen in Figure 

4.11, the MBD4-mutant polyps presented with an increased SNV burden compared to MBD4-

WT CRCs (p = 0.0077, Figure 4.11a). The individual from whom the polyps were extracted 

was significantly younger than the MBD4-WT CRCs (p = 0.0018, Figure 4.11b). This was 

perhaps expected given that these were colorectal polyps being compared to CRCs. There 

was also a significant increase in both the number (p = 0.00055, Figure 4.11c) and proportion  

Figure 4.8 – The Mutation Profile of MBD4-Mutant Myxofibrosarcoma: Boxplots comparing the total 

single-nucleotide variation (SNV) burden (a), sampling age (b), number of C → T mutations at CpG sites (c) 

and the proportion of the total SNV burden that are C → T mutations at CpG sites (d) of MBD4 wild-type 

myxofibrosarcomas (WT) and a myxofibrosarcoma with a germline truncation in MBD4 and somatic loss of 

heterozygosity (Mutant). 

a) 

c) d) 

b) 

Myxofibrosarcoma: 
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(p = 0.00054, Figure 4.11d) of C → T mutations at CpG sites in these MBD4-mutant 

colorectal polyps compared to the MBD4-WT CRCs. The SNV burden and proportion of this 

burden comprised of C → T mutations at CpG sites was comparable to the whole-exome 

sequencing analysis of Palles et al. of colorectal polyps from MBD4-deficient individuals 

(221). Mutation signature extraction from these polyps revealed a significant increase in both 

the number (p = 0.00055, Figure 4.11e) and proportion (p = 0.00054, Figure 4.11f) of SNVs 

attributed to SBS1, indicating that these MBD4-mutant colorectal polyps present with 

increased C → T mutagenesis at CpG sites compared to MBD4-WT CRCs, which is reflected 

in the mutation signature composition of these groups. 

While there was an apparent increase in C → T mutagenesis at CpG sites of cancers with 

germline heterozygous MBD4 truncations and subsequent somatic LoH and in the MBD4-

mutant colorectal polyps, the consequences of somatic MBD4 truncations on C → T 

Figure 4.9 – The Mutation Profile of MBD4-Mutant Sarcoma of Unspecified Sub-type: Boxplots 

comparing the total single-nucleotide variation (SNV) burden (a), sampling age (b), number of C → T mutations 

at CpG sites (c) and the proportion of the total SNV burden that are C → T mutations at CpG sites (d) of MBD4 

wild-type sarcomas of unspecified sub-type (WT) and a sarcoma of unspecified sub-type with a germline 

truncation in MBD4 and somatic loss of heterozygosity (Mutant). 

a) 

c) d) 

b) 

Sarcoma of Unspecified Sub-Type: 
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mutagenesis at CpG sites has yet to be fully explored in CRC. As previously described, a 

total of 122 CRCs presented with somatic truncations in MBD4. In order to determine if these 

truncations were likely heterozygous or homozygous, χ2 analysis on the number of mutant 

reads in the BAM files of each cancer could be performed to identify if, after incorporating 

tumour purity estimates, the number of mutant reads was significantly greater than would be 

expected if the mutation was heterozygous. Similarly, the same analysis could be performed 

to identify if the number of mutant reads was not significantly less than the expected number 

if the mutation was homozygous. In order to correct for multiple testing, a Bonferroni-

corrected p(χ
2

) threshold was set at 0.00041 (0.05/122). As seen in Table 4.3, a total of twelve 

CRCs presented with a p(χ
2

) below this threshold. These cancers also has a p(χ
2

) ≥ 0.05 when 

the null hypothesis assumed the mutation was homozygous, suggesting with high confidence 

that these cancers had somatic biallelic truncations in MBD4. All of these cancers were MSI+ 

a) 

c) d) 

b) 

Uveal Melanoma: 

Figure 4.10 – The Mutation Profile of MBD4-Mutant Uveal Melanoma: Boxplots comparing the total 

single-nucleotide variation (SNV) burden (a), sampling age (b), number of C → T mutations at CpG sites (c) 

and the proportion of the total SNV burden that are C → T mutations at CpG sites (d) of MBD4 wild-type uveal 

melanoma (WT) and the single uveal melanoma with a germline truncation in MBD4 and somatic loss of 

heterozygosity (Mutant). 
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Figure 4.11 – The Mutation Profile of MBD4-Mutant Colorectal Polyps: Boxplots comparing the total single-nucleotide variation (SNV) burden (a), sampling age (b), 

number of C → T mutations at CpG sites (c), the proportion of the total SNV burden that are C → T mutations at CpG sites (d), the number of SNVs attributed to the 

COSMIC signature SBS1 (e) and the proportion of SNVs attributed to SBS1 (f) of microsatellite stable colorectal cancers that are MBD4 wild-type (WT) or have either 

somatic or germline heterozygous truncations in MBD4. Also included is data from colorectal polyps extracted from a patient with a germline biallelic MBD4 truncation. 

 

 

 

 

e) 

f) 
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Figure 4.12 –  The Mutation Profile of MSI+ Colorectal Cancers with MBD4 Mutations: Boxplots comparing the total single-nucleotide variation (SNV) burden (a), 

sampling age (b), number of C → T mutations at CpG sites (c), the proportion of the total SNV burden that are C → T mutations at CpG sites (d), the number of SNVs 

attributed to the COSMIC signature SBS1 (e) and the proportion of SNVs attributed to SBS1 (f) of microsatellite unstable colorectal cancers that are either MBD4 wild-type 

(WT) or harbour somatic heterozygous MBD4 truncations, germline heterozygous MBD4 truncations or likely biallelic somatic MBD4 truncations. 

 

e) 

f) 
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Cancer #: MBD4 Mutation: Tumour Purity 

(%): 

Alternate 

Reads: 

Expected Reads 

if Heterozygous: 

P(χ
2

): Expected Reads 

if Homozygous: 

P(χ
2

): 

1 MBD4E314fs* 39 35 19 0.000051 38 0.5047 

2 MBD4E314fs* 58 50 25 < 0.00001 49 0.8777 

3 MBD4E314fs* 78 52 28 < 0.00001 57 0.1628 

4 MBD4E314fs* 53 59 31 < 0.00001 61 0.2128 

5 MBD4E314fs* 61 69 34 < 0.00001 68 0.8951 

6 MBD4E314fs* 67 55 32 < 0.00001 64 0.0591 

7 MBD4E314fs* 53 69 32 < 0.00001 64 0.375 

8 MBD4E314fs* 44 61 25 < 0.00001 50 NA 

9 MBD4E314fs* 12 20 7 < 0.00001 15 0.146 

10 MBD4E314fs* 34 54 22 < 0.00001 45 0.081 

11 MBD4E314fs* 37 53 26 < 0.00001 51 0.7323 

12 MBD4E314fs* 48 51 29 < 0.00001 58 0.2279 
 

 

Table 4.3 – Somatic Homozygous MBD4 Truncations in 100,000 Genomes Project Samples: Details of the samples with homozygous truncations in the MBD4 gene in 

the colorectal cancer domain (V14) of the 100,000 Genomes Project. Included are the specific MBD4 mutation present within the sample, the estimated tumour purity of the 

sample and the number of reads that aligned to the mutant allele (Alternate Reads). Also included are the expected number of reads if the mutation was either heterozygous or 

homozygous and the associated chi-squared (χ2) p-values (p(χ
2

)). 
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and harboured the MBD4E314fs* mutation, a common mutation within the A(10) tract of the 

MBD4 protein-coding sequence. 

A total of three MSS CRCs harboured somatic heterozygous truncations in MBD4 (see Figure 

4.11), but these cancers presented with no differences in SNV burden (p = 0.98, Figure 4.11a) 

or age (p = 0.88, Figure 4.11b) compared to MBD4-WT cancers. These cancers also had no 

differences in the number (p = 0.69, Figure 4.11c) or proportion (p = 0.64, Figure 4.11d) of C 

→ T mutations at CpG sites compared to their MBD4-WT counterparts. The number (p = 

0.82, Figure 4.11e) and proportion (p = 0.82, Figure 4.11f) of SNVs attributed to SBS1 was 

also not significantly different to MBD4-WT cancers, overall indicating that MSS cancers 

with somatic heterozygous truncations in MBD4 did not present with increased C → T 

mutagenesis at CpG sites compared to their MBD4-WT counterparts. 

In MSI+ CRCs, a total of 107 cancers had somatic heterozygous MBD4 truncations, with an 

additional twelve harbouring likely homozygous truncations (see Table 4.3). Interestingly, 

both of these groups of cancer presented with an increased SNV burden compared to their 

MBD4-WT counterparts (p = 0.025 and p = 0.027 respectively, Figure 4.12a). However, there 

were no differences in the ages of the MSI+ cancers with somatic heterozygous (p = 0.88, 

Figure 4.12b) or homozygous (p = 0.57, Figure 4.12b) MBD4 truncations compared to their 

MBD4-WT counterparts. Similarly, these cancers had no differences in the number (p = 0.35 

and p = 0.12 respectively, Figure 4.12c) or proportion (p = 0.24 and p = 0.58 respectively, 

Figure 4.12d) of C → T mutations at CpG sites compared to MBD4-WT CRCs. Following 

mutation signature extraction, MSI+ CRCs with somatic heterozygous or homozygous MBD4 

truncations presented with no differences in the number of SNVs assigned to SBS1 compared 

to MBD4-WT cancers (p = 0.63 and p = 0.11 respectively, Figure 4.12e). Surprisingly, 

despite not having a significant difference in the number of SNVs assigned to SBS1 

compared to MBD4-WT cancers, CRCs with somatic heterozygous MBD4 truncations 

presented with a significantly lower proportion of SNVs attributed to SBS1 than MBD4-WT 

cancers (p = 0.034, Figure 4.12f). However, there was no significant difference in the CRCs 

with somatic homozygous MBD4 truncations (p = 0.6, Figure 4.12f). Therefore, this data 

suggests that somatic truncations in MBD4, including likely biallelic truncations, have no 

effect on C → T mutagenesis at CpG sites in MSI+ CRC or the prevalence of SBS1 within 

these cancers. 

Overall, this data suggests that germline mutations in MBD4 and the subsequent loss of the 

WT allele drives a significant increase in C → T mutagenesis at CpG sites in a number of 

cancer types, including breast cancer, sarcoma and uveal melanoma, which could not be 

explained by patient age. In addition to this, colorectal polyps with a germline biallelic 

mutation in MBD4 also presented with this increase in C → T mutagenesis at CpG sites 

compared to MBD4-WT CRCs. However, this same phenomenon could not be replicated in 

CRCs with somatic mutations in MBD4, as even cancers with likely biallelic truncations in 

MBD4 showed no significant difference in the number of C → T mutations at CpG sites 

compared to MBD4-WT cancers. Therefore, it may be the case that germline mutations in 

MBD4, either biallelic or heterozygous with subsequent loss of the WT allele, may represent 

a novel cancer predisposition syndrome, acting via an increase in C → T mutagenesis at CpG 

sites. It would therefore be prudent to characterise the driver gene profile of these MBD4-

mutant cancers in order to investigate the mechanism by which this novel predisposition 

syndrome may operate. 
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4.3.2 – Germline MBD4 Mutations May Drive Pathogenic Mutations 

in Cancer Driver Genes 
 

In section 4.3.1, it was suggested that germline mutations in MBD4, either biallelic or 

monoallelic with loss of the WT allele, drives an increase in the number of C → T mutations 

at CpG sites – potentially via an accumulation of unrepaired spontaneous deaminations as a 

consequence of MBD4 loss. Interestingly, this increase in C → T mutagenesis at CpG sites 

could not be explained by age, as there was some evidence to suggest that MBD4 loss may be 

correlated with cancer development at a younger age. Therefore, it is possible that germline 

mutations in MBD4 represent a novel cancer predisposition syndrome as suggested by Palles 

et al., driving tumorigenesis via the accumulation of pathogenic C → T mutations at CpG 

sites within the protein-coding sequence of key cancer-specific driver genes (221). 

In order to test this theory, the MBD4-mutant cancers identified by Degasperi et al. were 

searched for pathogenic C → T mutations at CpG sites in the protein-coding sequence of 

cancer-specific driver genes. The results of this analysis are presented in Table 4.4. 

Interestingly, several pathogenic C → T mutations at CpG sites were detected across a range 

of cancer-specific driver genes. In ductal breast cancer, point mutations were identified in 

TP53 and MRE11A – genes where pathogenic mutations have been linked to disease 

pathogenesis (467,468). Following variant effect prediction, both TP53R248W and 

MRE11AR351C were categorised as “deleterious” and “probably damaging” by the Sorting 

Intolerant from Tolerant (SIFT) and Polymorphism Phenotyping (PolyPhen) algorithms 

respectively. In addition to this, a second MBD4-mutant ductal breast cancer presented with a 

truncation in Ring Finger Protein 31 (RNF31), a gene which has been previously suggested to 

alter TP53 signalling in breast cancer (469). In MBD4-mutant lobular breast cancer, a 

pathogenic mutation in PTEN was identified according to both the SIFT and Polyphen 

algorithms (Table 4.4). The role of PTEN as a breast cancer driver gene has been well 

documented, while the PTENR130Q mutation present in this MBD4-mutant cancer has been 

previously reported in invasive breast cancer by Yang et al. (470). 

Furthermore, MBD4-mutant myxofibrosarcoma and sarcoma of unspecified sub-type 

presented with truncations in the TP53 gene (Table 4.4). Mutations in TP53 have previously 

been suggested to be present in 44% of myxofibrosarcomas while sarcomas in general are 

estimated to make up 25% of cancers with inherited TP53 deficiency – further indicating the 

role of TP53 as a sarcoma driver gene (471,472). In uveal melanoma, a cancer where MBD4 

mutations are thought to be drivers, the MBD4-mutant cancer presented with a truncation in 

BRCA1-Associated Protein 1 (BAP1) and a pathogenic missense variant in GNA11 (Table 

4.4). Both of these genes have been reported as drivers in uveal melanoma, with germline 

BAP1 mutations associated with a genetic predisposition to uveal melanoma and pathogenic 

mutations in GNA11 identified in 32% of primary uveal melanomas and 57% of uveal 

melanoma metastases (473,474).   

When the same driver gene analysis was performed on the MBD4-mutant colorectal polyps 

(Table 4.5), each of the polyps was found to harbour pathogenic mutations in the protein-

coding sequence of APC. Given the previously reported role of APC as a CRC driver gene 

(see Chapter I of this thesis for a full description), this is perhaps not unexpected. As seen in 
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Table 4.4 – C → T Mutations at CpG Sites in MBD4-Mutant Cancer Driver Genes: Details of pathogenic C → T mutations in the coding regions of known cancer driver 

genes. Included are the type of  MBD4-mutant cancer, the specific driver gene mutation, the genomic co-ordinates of the driver gene mutation (hg38), the reference and 

alternate alleles of the mutation and the consequences of the mutation according to the Sorting Intolerant from Tolerant (SIFT) or Polymorphism Phenotyping (Polyphen) 

variant effect predictors. NA = Not Applicable. 

 

 

 

 

 

 

 

Cancer #: Cancer Type: Gene Mutation: Position (hg38): Reference Allele: Alternate Allele: SIFT: PolyPhen: 

1 Ductal Breast Cancer MRE11AR351C Chr11:94,467,860 G A Deleterious Probably Damaging 

1 Ductal Breast Cancer TP53R248W Chr17:7,674,221 G A Deleterious Probably Damaging 

2 Ductal Breast Cancer RNF31R176* Chr14:24,150,230 C T NA NA 

3 Lobular Breast Cancer PTENR130Q Chr10:87,933,148 G A Deleterious Probably Damaging 

4 Myxofibrosarcoma TP53R174* Chr17:7,673,704 G A NA NA 

5 Sarcoma of Unspecified Sub-Type TP53R81* Chr17:7,674,894 G A NA NA 

6 Uveal Melanoma BAP1R60* Chr3:52,408,551 G A NA NA 

6 Uveal Melanoma GNA11R183C Chr19:3,115,014 C T Deleterious Probably Damaging 
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Table 4.5, each polyp harboured an APCR1450* truncation, as well as some polyps harbouring 

unique APC truncations. For example, one of the polyps also presented with APCR234* and 

APCR387* in addition to the common APCR1450* mutation. Furthermore, two of the polyps also 

presented with pathogenic mutations in the suspected CRC driver genes Epidermal Growth 

Factor Receptor (EGFR), APC Membrane Recruitment Protein 1 (AMER1) and F-Box & WD 

Repeat Domain-Containing 7 (FBXW7). A list of the CRC-specific driver gene mutations 

present in these polyps is presented in Table 4.5.  

The presence of pathogenic C → T mutations at CpG sites in the protein-coding sequence of 

key cancer driver genes in these MBD4-mutant cancers and colorectal polyps perhaps 

suggests a mechanism by which germline loss of MBD4 may act to drive tumorigenesis in a 

number of different cancer types. If this is truly the case, germline MBD4 mutations may 

therefore represent a novel cancer predisposition syndrome associated with the development 

of several tumours, including breast cancer, sarcoma, uveal melanoma and possibly CRC – 

given that the MBD4-mutant polyps presented with C → T mutations at CpG sites within the 

APC coding sequence. It is possible, given enough time for unrepaired spontaneous 

deaminations of 5-mC to accumulate, that these polyps may develop into CRC as a result of 

C → T mutations at CpG sites in the protein-coding regions of other CRC driver genes. 

While this data potentially provide a mechanism by which cancer-specific driver genes may 

mutate in individuals with germline mutations in MBD4, further work may be required to 

determine if there are any factors that influence the likelihood of a CpG site undergoing 

spontaneous deamination, factors which can be used to identify CpG sites – and potentially 

genes – that are at high risk of mutation via this mechanism in individuals with germline 

MBD4 mutations.  

 

4.3.3 – C → T Mutations are Enriched at Highly-Methylated CpG 

Sites 
 

Following the analyses presented above, it could be concluded that germline mutations in 

MBD4, both biallelic and monoallelic with loss of the WT allele, drive an increase in C → T 

mutagenesis at CpG sites, as is the case in MBD4-mutant breast cancer, sarcoma, uveal 

melanoma and colorectal polyps (see section 4.3.1). However, the same is not seen in cancers 

with somatic mutations in MBD4, including cancers with likely biallelic somatic truncations. 

These C → T mutations at CpG sites seen in cancers with germline mutations in MBD4 and 

subsequent LoH included pathogenic mutations in cancer-specific driver genes, suggesting 

that the loss of MBD4 may drive tumorigenesis in these cancers via unrepaired spontaneous 

deamination of 5-mC within the protein-coding sequences of cancer driver genes. However, 

as discussed in section 4.1.4, there are a number of factors that have been suggested to 

influence the likelihood of an unrepaired spontaneous deamination being propagated into a C 

→ T mutation at a CpG site. These include DNA methylation, as it is thought that more 

highly-methylated CpG sites are at higher risk of deamination (452,453). Other factors 

include replication timing – where CpGs in later-replicating regions of the genome are 

thought to be at higher risk due to less efficient repair mechanisms and the transcription 

strand a CpG site lies on – where CpGs on the coding strand are thought to be more  
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Polyp: Gene Mutation: Position (hg38): Reference Allele: Alternate Allele: SIFT: PolyPhen: 

Descending Colon 1 APCR232* Chr5:112,792,494 C T NA NA 

Descending Colon 1 APCR405* Chr5:112,819,245 C T NA NA 

Descending Colon 1 APCR1450* Chr5:112,839,942 C T NA NA 

Descending Colon 2 APCR564* Chr5:112.828,919 C T NA NA 

Descending Colon 2 APCR876* Chr5:112,838,220 C T NA NA 

Descending Colon 2 APCR1450* Chr5:112,839,942 C T NA NA 

Descending Colon 2 EGFRR962C Chr7:55,200,351 C T Deleterious Probably Damaging 

Descending Colon 3 FBXW7R222* Chr4:152,346,992 G A NA NA 

Descending Colon 3 APCR1450* Chr5:112,839,942 C T NA NA 

Descending Colon 3 AMER1R626* ChrX:64,191,411 G A NA NA 

Sigmoid Colon APCR283* Chr5:112,815,507 C T NA NA 

Sigmoid Colon APCR405* Chr5:112,819,245 C T NA NA 

Sigmoid Colon APCR1450* Chr5:112,839,942 C T NA NA 
 

 

Table 4.5 – Pathogenic C → T Mutations at CpG Sites in MBD4-Mutant Colorectal Polyps: Details of pathogenic C → T mutations in the coding regions of known 

colorectal cancer driver genes in MBD4-mutant colorectal polyps. Included are the polyp number, the specific driver gene mutation, the genomic co-ordinates of the driver 

gene mutation (hg38), the reference and alternate alleles of the mutation and the consequences of the mutation according to the Sorting Intolerant from Tolerant (SIFT) or 

Polymorphism Phenotyping (Polyphen) variant effect predictors. NA = Not Applicable. 
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vulnerable to deamination as they are exposed as single-stranded DNA compared to the 

template strand, which has been suggested to be shielded from deamination by transcription-

associated proteins (435,453,455,456).  

To further investigate this, fractional methylation data from whole-genome bisulphite 

sequencing of the normal sigmoid colon was combined with replication timing data from the 

CRC cell line HCT116 or transcription strand data obtained from Gencode (465,475). Tissue-

specific fractional methylation and replication timing data could not be obtained for breast, 

soft tissue or melanocytes – therefore methylation and replication timing analysis was 

restricted to CRC and the MBD4-mutant colorectal polyps. Using this data, each CpG site in 

the genome could be assigned to one of twelve DNA methylation bins, ranging from 0 (non-

methylated) to 1 (highly-methylated), and C → T mutations in cancers or polyps could 

subsequently be assigned to one of these bins. As seen in Figure 4.13, there was a significant 

positive correlation between DNA methylation and the rate of C → T mutagenesis at CpG 

sites in MSS CRCs and the MBD4-mutant colorectal polyps. These significant correlations 

were observed in MSS MBD4-WT CRCs (r2 =0.7275, p = 0.000421), CRCs with somatic 

heterozygous MBD4 truncations (r2 = 0.6546, p = 0.001435) and MSS CRCs with germline 

heterozygous MBD4 truncations (r2 = 0.7508, p = 0.000266). Interestingly, the most 

significant association between DNA methylation and the rate of C → T mutagenesis at CpG 

sites was seen in the MBD4-mutant colorectal polyps (r2 = 0.9319, p < 0.00001 – Figure 

4.13). Furthermore, the regression slope (α) for the association between DNA methylation 

and the C → T mutation rate at CpG sites was significantly higher in these MBD4-mutant 

polyps (α = 1130.6) compared to MBD4-WT CRCs (α = 78.6, p < 0.0001). The slopes of the 

MSS CRCs with somatic (α = 84.1) or germline (α = 116.1) were not significantly greater 

than their MBD4-WT counterparts (p = 0.827 and p = 0.166 respectively). Despite the 

difference in regression slope, the regression constant, which represents the C → T mutation 

rate when methylation is zero, was not significantly different in the MBD4-WT cancers and 

the MBD4-mutant colorectal polyps (p = 0.516), suggesting that it is more highly-methylated 

CpG sites that are at greatest risk of C → T mutagenesis in these polyps. The fact that both 

the r2 correlation and the regression slope between DNA methylation and the rate of C → T 

mutagenesis at CpG sites was greater in the MBD4-mutant polyps than in MBD4-WT CRCs 

suggests that highly-methylated CpG sites may be more at risk of C → T mutagenesis via 

unrepaired spontaneous deaminations of 5-mC propagating into C → T mutations as a 

consequence of MBD4 deficiency. 

When the same analysis was performed in MSI+ CRCs (see Figure 4.14), significant positive 

correlations between DNA methylation and the rate of C → T mutagenesis at CpG sites were 

identified in MBD4-WT CRCs (r2 = 0.755, p = 0.000244), CRCs with somatic (r2 = 0.7284, p 

= 0.000413) or germline (r2 = 0.826, p = 0.000043) heterozygous MBD4 truncations and 

cancers with likely biallelic somatic MBD4 truncations (r2 = 0.8002, p = 0.000086). 

However, the regression slope of MSI+ MBD4-WT CRCs (α = 390) was not significantly 

different compared to CRCs with somatic heterozygous truncations (α = 396.1, p = 0.953), 

germline heterozygous truncations (α = 342.4, p = 0.587) or somatic likely biallelic 

truncations (α = 516.3, p = 0.254) in MBD4. This indicates that while there may be a 

significant correlation between DNA methylation and the rate of C → T mutagenesis at CpG 

sites in MSI+ CRCs, truncations in MBD4 do not increase the strength of this association,  
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further indicating that only biallelic germline loss of MBD4 drives an increase of C → T 

mutagenesis of highly-methylated CpG sites. 

 

4.3.4 – C → T Mutations at CpG Sites are Enriched in Late-

Replicating DNA 
 

In addition to the DNA methylation status of a CpG site, recent evidence has suggested that 

DNA in later-replicating regions of the genome is at greater risk of mutation than DNA in 

early-replicating regions (454). This is thought to be due to the differential activity of the 

DNA MMR pathway throughout the cell cycle, with early-replicating DNA being thought to 

benefit from the highest degree of MMR activity (454). To investigate if DNA replication 

timing was also a factor that could influence the likelihood of a C → T mutation at a CpG 

site, Repli-Seq replication timing data was combined with the fractional DNA methylation 

described above to divide the genome into four replication timing bins – Earliest, Early Late 

and Latest.  

 

Figure 4.13 – The Relationship Between DNA Methylation and C → T Mutation Rates in MSS Colorectal 

Cancer & MBD4-Mutant Colorectal Polyps: The association between fractional DNA methylation and the 

rate of C → T mutagenesis at CpG sites in MSS MBD4 wild-type colorectal cancer, colorectal cancers with 

somatic heterozygous MBD4 truncations, colorectal cancers with germline heterozygous MBD4 truncations and 

MBD4-mutant colorectal polyps. 
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In MSS CRCs and the MBD4-mutant colorectal polyps, a significant enrichment of mutations 

in later-replicating DNA was identified across all groups. In MBD4-WT MSS CRCs, there 

were significant correlations between fractional DNA methylation and C → T mutation rates 

in all four replication timing bins (Figure 4.15a, Table 4.6). Further analysis of these 

correlations revealed a significant cumulative increase in the methylation-mutation rate 

regression slope in each of the three other replication timing bins compared to the earliest 

replicating bin (Methylation x Replication Timing = 28.95, p < 0.0001, Table 4.7). The same 

correlations between methylation and the rate of C → T mutagenesis at CpG sites were 

identified in all four replication timing bins of MSS CRCs with somatic heterozygous MBD4 

truncations (Figure 4.15b, Table 4.6). Like MBD4-WT cancers, there was also a significant 

cumulative increase in regression slope in the other replication timing bins compared to 

earliest-replicating bin (Methylation x Replication Timing = 33.88, p = 0.001, Table 4.7). In 

CRCs with germline heterozygous MBD4 truncations, significant correlations were identified 

between methylation and C → T mutagenesis at CpG sites in all four replication timing bins 

(Figure 4.15c, Table 4.6). There was also a significant cumulative increase in the regression 

slope of this association in later-replicating regions of the genome (Methylation x Replication 

Timing = 35, p = 0.002, Table 4.7). 

Figure 4.14 – The Relationship Between DNA Methylation and C → T Mutation Rates in MSI+ Colorectal 

Cancer: The association between fractional DNA methylation and the rate of C → T mutagenesis at CpG sites 

in MSI+ MBD4 wild-type colorectal cancer, colorectal cancers with somatic heterozygous MBD4 truncations, 

colorectal cancers with germline heterozygous MBD4 truncations and colorectal cancers with likely somatic 

biallelic MBD4 truncations. 
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In the MBD4-mutant colorectal polyps, there were significant correlations between DNA 

methylation and C → T mutation rates in all four replication timing bins (Figure 4.15d, Table 

4.6), with replication timing significantly increasing the slope of this regression equation 

(Methylation x Replication Timing = 140.2, p = 0.003 – Table 4.7). The detailed regression 

analysis of each group of cancers are presented in Tables 4.6 and 4.7. 

As discussed above, there is a suggestion that the MMR pathway is not as active in late-

replicating regions of the genome as it is in early-replicating regions, which is thought to 

 

Figure 4.15 – The Effect of DNA Replication Timing on C → T Mutagenesis at CpG Sites of MSS 

Colorectal Cancers and MBD4-Mutant Colorectal Polyps: Graphs comparing the relationship between 

fractional DNA methylation and C → T mutation rates in the earliest (blue), early (red), late (yellow) and latest 

(purple) replicating regions of the genome. Included are analyses of MSS MBD4 wild-type colorectal cancer (a), 

colorectal cancers with somatic heterozygous MBD4 truncations (b), colorectal cancers with germline 

heterozygous MBD4 truncations (c) and MBD4-mutant colorectal polyps (d). 

a) 

d) c) 

b) 
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Table 4.6 – Regression Analysis of MSS Colorectal Cancers & MBD4-Mutant Colorectal Polyps: The regression equations of the relationship between DNA 

methylation and C → T mutation rates at CpG sites in MSS colorectal cancers and MBD4-mutant colorectal polyps. Included are the replication timing bin, the regression 

slope, the regression constant, the methylation-mutation rate r2 correlation, the Pearson’s R correlation measure of this relationship and the p-value associated with the 

Pearson’s R statistic (p(Pearson’s R)).

MSS MBD4-WT (n = 1,524):  

Replication Timing Bin: Regression Slope: Regression Constant: r2: Pearson’s R: P(Pearson’s R): 

Earliest 45 13.51 0.8097 0.8998 0.000067 

Early 59.8 32.58 0.676 0.8222 0.00103 

Late 104.8 33.96 0.7829 0.8848 0.000131 

Latest 126.4 49.2 0.807 0.8983 0.000072 

MSS MBD4 Somatic Heterozygous Truncation (n = 3): 

Replication Timing Bin: Regression Slope: Regression Constant: r2: Pearson’s R: P(Pearson’s R): 

Earliest 42.4 10.8 0.836 0.9143 0.000031 

Early 70.3 20.7 0.5968 0.7725 0.003228 

Late 105.6 37.3 0.509 0.7134 0.009186 

Latest 143.3 41.6 0.7541 0.8684 0.000248 

MSS MBD4 Germline Heterozygous Truncation (n = 5): 

Replication Timing Bin: Regression Slope: Regression Constant: r2: Pearson’s R: P(Pearson’s R): 

Earliest 63.9 11.8 0.8738 0.9348 < 0.00001 

Early 92.5 31.3 0.8479 0.9208 0.000021 

Late 141.6 44.9 0.763 0.8735 0.000206 

Latest 164.2 56 0.6217 0.7885 0.002308 

MBD4-Mutant Colorectal Polyps (n = 4): 

Replication Timing Bin: Regression Slope: Regression Constant: r2: Pearson’s R: P(Pearson’s R): 

Earliest 990.8 -50.2 0.9316 0.9652 < 0.00001 

Early 1040.1 -15.1 0.9211 0.9597 < 0.00001 

Late 1311.2 21.5 0.8983 0.9478 < 0.00001 

Latest 1367.8 34.9 0.9289 0.9638 < 0.00001 
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Table 4.7 – The Effect of Replication Timing on Methylation-Mutation Rate Associations in MSS 

Colorectal Cancer & MBD4-Mutant Colorectal Polyps: Regression equations for the effect of fractional 

DNA methylation and replication timing on C → T mutation rates at CpG sites. Included are the variables of the 

equation – DNA methylation, replication timing, the interaction term between the two, the regression constant 

and the p-value of each (p(Coefficient)). 

 

drive the increase in mutation rates in later-replicating regions. Therefore in MSI+ CRCs, 

which possess defective DNA MMR, this replication timing dependent increase in 

methylation-mutation rate regression slopes was not observed – due to the absence of 

functional MMR in all replication timing bins in these cancers. In MSI+ MBD4-WT CRCs, 

while there were significant correlations between DNA methylation and C → T mutation 

rates in three replication timing bins (Figure 4.16a, Table 4.8), there was not a significant 

correlation in the latest replication timing bin (r2 = 0.1728, p = 0.178955). In addition to this, 

unlike in MSS CRCs, replication timing had no effect on the slope of the methylation-

mutation rate association (Methylation x Replication Timing = -48.1, p = 0.279 – Table 4.9).  

The same trend was identified in MSI+ CRCs with somatic heterozygous MBD4 truncations 

(Figure 4.16b), where all replication timing bins except the latest (r2 = 0.1333, p = 0.243228 

– Table 4.8) presented with significant methylation-mutation rate correlations. There was also 

no significant effect of replication timing on this association (Methylation x Replication 

Timing = -56.6, p = 0.24 – Table 4.9). In MSI+ CRCs with germline heterozygous MBD4 

truncations, significant correlations between DNA methylation and C → T mutation rates 

were observed in all four replication timing bins (Figure 4.16c, Table 4.8), but replication 

timing had no effect on the slope of these correlations (Methylation x Replication Timing = 

22.1, p = 0.46 – Table 4.9). Finally, the MSI+ CRCs with likely somatic biallelic MBD4 

truncations (Figure 4.16d) presented with significant associations in three of the four  

MSS MBD4-WT (n = 1,524):  

Regression Variable: Coefficient: P(Coefficient): 

DNA Methylation 40.6 0.002 

Replication Timing 10.84 0.008 

Methylation x Replication Timing Interaction Term 28.95 < 0.0001 

Constant 16.05 0.034 

MSS MBD4 Somatic Heterozygous Truncation (n = 3): 

Regression Variable: Coefficient: P(Coefficient): 

DNA Methylation 39.6 0.03 

Replication Timing 10.89 0.061 

Methylation x Replication Timing Interaction Term 33.88 0.001 

Constant 11.3 0.294 

MSS MBD4 Germline Heterozygous Truncation (n = 5): 

Regression Variable: Coefficient: P(Coefficient): 

DNA Methylation 63.1 0.003 

Replication Timing 14.62 0.0028 

Methylation x Replication Timing Interaction Term 35 0.002 

Constant 14.1 0.249 

MBD4-Mutant Colorectal Polyps (n = 4): 

Regression Variable: Coefficient: P(Coefficient): 

DNA Methylation 967.1 < 0.0001 

Replication Timing 29.2 0.276 

Methylation x Replication Timing Interaction Term 140.2 0.003 

Constant -46 0.358 
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replication timing bins, with a non-significant association in the latest replicating DNA (r2 = 

0.169, p = 0.184304 – Table 4.8). Like all the MSI+ CRCs before, there was no significant 

effect of replication timing on the methylation-mutation rate regression equation 

(Methylation x Replication Timing = -72.6, p = 0.189 – Table 4.9). The complete regression 

analysis of these MSI+ CRCs are presented in Tables 4.8 and 4.9. 

Overall, this data suggests that C → T mutations are not only more likely at highly-

methylated CpG sites but also CpG sites in late-replicating regions of the genome. In MSS 

CRC this was apparent by the significant increase in the methylation-mutation rate slope in 

later-replicating DNA. However, in MSI+ CRC, the effect of replication timing appears to be  

Figure 4.16 – The Effect of DNA Replication Timing on C → T Mutagenesis at CpG Sites of MSI+ 

Colorectal Cancer: Graphs comparing the relationship between fractional DNA methylation and C → T 

mutation rates in the earliest (blue), early (red), late (yellow) and latest (purple) replicating regions of the 

genome. Included are analyses of MSI MBD4 wild-type colorectal cancer (a), colorectal cancers with somatic 

heterozygous MBD4 truncations (b), colorectal cancers with germline heterozygous MBD4 truncations (c) and 

colorectal cancers with likely biallelic somatic MBD4 truncations (d). 

a) 

c) d) 

b) 
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Table 4.8 – Regression Analysis of MSI+ Colorectal Cancer: The regression equations of the relationship between DNA methylation and C → T mutation rates at CpG 

sites in MSI+ colorectal cancers. Included are the replication timing bin, the regression slope, the regression constant, the methylation-mutation rate r2 correlation, the 

Pearson’s R correlation measure of this relationship and the p-value associated with the Pearson’s R statistic (p(Pearson’s R)). 

 

 

 

 

MSI+ MBD4-WT (n = 236):  

Replication Timing Bin: Regression Slope: Regression Constant: r2: Pearson’s R: P(Pearson’s R): 

Earliest 374 239.3 0.8633 0.9291 0.000013 

Early 343 334.1 0.7318 0.8555 0.000387 

Late 313 430 0.4882 0.6987 0.011475 

Latest 224 618.9 0.1728 0.4157 0.178955 

MSI+ MBD4 Somatic Heterozygous Truncation (n = 107): 

Replication Timing Bin: Regression Slope: Regression Constant: r2: Pearson’s R: P(Pearson’s R): 

Earliest 397 245.8 0.8551 0.9247 0.000017 

Early 348 360.7 0.6775 0.8231 0.001005 

Late 335 439.1 0.5317 0.7292 0.007124 

Latest 213 663.4 0.1333 0.3651 0.243228 

MSI+ MBD4 Germline Heterozygous Truncation (n = 2): 

Replication Timing Bin: Regression Slope: Regression Constant: r2: Pearson’s R: P(Pearson’s R): 

Earliest 301 165.1 0.8672 0.9312 0.000011 

Early 322 185.3 0.8001 0.8945 0.000086 

Late 272 271.6 0.5213 0.722 0.008015 

Latest 391 300.3 0.6566 0.8103 0.001393 

MSI+ MBD4 Somatic Homozygous Truncation (n = 12): 

Replication Timing Bin: Regression Slope: Regression Constant: r2: Pearson’s R: P(Pearson’s R): 

Earliest 501 232.3 0.9201 0.9592 < 0.00001 

Early 445 347.2 0.7462 0.8638 0.000292 

Late 436 463 0.4862 0.6973 0.011714 

Latest 262 725 0.169 0.4111 0.184304 
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Table 4.9 – The Effect of Replication Timing on Methylation-Mutation Rate Associations in MSI+ 

Colorectal Cancer: Regression equations for the effect of fractional DNA methylation and replication timing 

on C → T mutation rates at CpG sites. Included are the variables of the equation – DNA methylation, replication 

timing, the interaction term between the two, the regression constant and the p-value of each (p(Coefficient)). 

 

of less importance. While replication timing may not have a significant effect on the slope of 

the association between DNA methylation and mutation rate in MSI+ CRCs, there were still 

more mutations in these late-replicating regions of the genome compared to the early-

replicating regions. Therefore, it could be concluded increasing DNA methylation and later 

replication timing, particularly in MSS CRCs, are two factors that may increase the rate of C 

→ T mutagenesis at CpG sites. 

 

4.3.5 – Spontaneous Deamination of 5-mC is not Influenced by 

Transcription Strand 
 

As well as the DNA methylation and replication timing bin of a CpG site, previous data has 

suggested that the transcription strand of a CpG site may also influence the likelihood of C → 

T mutagenesis via unrepaired spontaneous deamination (437,456). As discussed previously, 

single-stranded DNA is at higher risk of spontaneous deamination than double-stranded 

DNA. It has previously been suggested that during transcription, the single-stranded DNA of 

the template strand is shielded by transcription-associated proteins, reducing the likelihood of 

deamination (437,455,456). Therefore, it has been hypothesised that single-stranded DNA of 

MSI+ MBD4-WT (n = 236): 

Regression Variable: Coefficient: P(Coefficient): 

DNA Methylation 385.8 < 0.0001 

Replication Timing 123.5 < 0.0001 

Methylation x Replication Timing Interaction Term -48.1 0.279 

Constant 220.4 < 0.0001 

MSI+ MBD4 Somatic Heterozygous Truncation (n = 107): 

Regression Variable: Coefficient: P(Coefficient): 

DNA Methylation 408.3 < 0.0001 

Replication Timing 133.1 < 0.0001 

Methylation x Replication Timing Interaction Term -56.6 0.24 

Constant 227.6 < 0.0001 

MSI+ MBD4 Germline Heterozygous Truncation (n = 2): 

Regression Variable: Coefficient: P(Coefficient): 

DNA Methylation 288.4 < 0.0001 

Replication Timing 49.2 0.008 

Methylation x Replication Timing Interaction Term 22.1 0.46 

Constant 156.8 < 0.0001 

MSI+ MBD4 Somatic Homozygous Truncation (n = 12): 

Regression Variable: Coefficient: P(Coefficient): 

DNA Methylation 520 < 0.0001 

Replication Timing 159.4 < 0.0001 

Methylation x Replication Timing Interaction Term -72.6 0.189 

Constant 202.8 0.002 
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the transcriptional coding strand, which is not protected by these proteins, remains vulnerable 

to deamination.  

To investigate if this was the case in CRC and the MBD4-mutant colorectal polyps, 

transcription strand data obtained from Gencode was combined with the fractional DNA 

methylation data used previously (463,465,475). This provided an estimate of transcription 

direction for 15,316,904 CpG sites – allowing C → T mutations to be assigned to either the 

coding or template transcription strand. The total number of C → T mutations at CpG sites 

assigned to either the coding or template transcription strand for each cancer or polyp could 

then be used to calculate the log2(Coding/Template) ratio of mutations on each transcription 

strand. Surprisingly, in MSS CRCs and the MBD4-mutant colorectal polyps, this ratio of 

transcription strand mutations was not significantly different in any group (see Figure 4.17). 

This included the MBD4-mutant colorectal polyps, which presented with a 

log2(Coding/Template) ratio that was not significantly different to the MSS MBD4-WT CRCs 

(p = 0.7, Figure 4.17). When this analysis was extended to MSI+ cancers, the same result was 

observed. As seen in Figure 4.18, the log2(Coding/Template) ratio was not significantly 

different in any of the MBD4-mutant MSI+ CRCs compared to their MBD4-WT counterparts 

(Figure 4.18). This data may suggest that spontaneous deaminations are not more common on 

the transcriptional coding strand as first hypothesised, as there appears to be no difference in 

the transcription strand bias between MBD4-mutant and MBD4-WT samples. 

In order to more closely investigate this phenomenon, the transcription strands of C → T 

mutations at the CpG sites of the MBD4-mutant breast cancers, sarcomas and uveal 

melanoma described in sections 4.3.1 and 4.3.2 were calculated and compared to the MBD4-

mutant colorectal polyps. Surprisingly, there was no difference in the log2(Coding/Template) 

ratios of the MBD4-mutant colorectal polyps and any of the other MBD4-mutant cancer types 

(p(Kruskal-Wallis) = 0.8, Figure 4.19). However, both the myxofibrosarcoma and sarcoma of 

unspecified sub-type did appear to show more of a bias towards the coding strand than any of 

the other MBD4-mutant cancers – although these differences were not significant. 

In order to conclude if the transcription strand distribution of C → T mutations was affected 

by the DNA methylation status of a CpG site, C → T mutations on each transcription strand 

were binned into one of the twelve DNA methylation bins described above. Interestingly, no 

significant differences were identified between regression equations of the coding and 

template transcription strands in MSS CRCs or the MBD4-mutant polyps (Figure 4.20). In 

MBD4-WT cancers (Figure 4.20a), while there were still significant associations between C 

→ T mutations and DNA methylation for both the coding (r2 = 0.6925, p = 0.000785) and 

template (r2 = 0.6448, p = 0.001661) strands, there was no difference in the slope of the 

regressions for the coding (α = 32.39) and template (α = 33.44) strands (p = 0.918). The same 

observations were made in CRCs with somatic heterozygous MBD4 truncations (Figure 

4.20b). Significant correlations between DNA methylation and C → T mutation rates were 

observed for the coding (r2 = 0.609, p = 0.002745) and template (r2 = 0.5763, p = 0.004194) 

transcription strands, however there was no significant difference in the regression slopes of 

the coding (α = 34.5) or template (α = 34.83) strands (p = 0.979). As seen in Figure 4.19b, 

there may be more mutations on the coding strand in these cancers due to an apparent 

difference in regression constant between the transcription strands. However, this difference 

was not significant (p = 0.638). In MSS CRCs with germline heterozygous MBD4 truncations 

(Figure 4.20c), there were also significant correlations between DNA methylation and C → T 
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Figure 4.17 – Transcription Strand Bias of MSS Colorectal Cancer & MBD4-Mutant Colorectal Polyps: Boxplots showing the log2(Coding/Template) ratios of the 

number of C → T mutations at CpG sites on each transcription strand. Included are MSS MBD4 wild-type colorectal cancer (WT), colorectal cancers with somatic 

heterozygous MBD4 truncations, colorectal cancers with germline heterozygous MBD4 truncations and MBD4-mutant colorectal polyps. 
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Figure 4.18 – Transcription Strand Bias of MSI+ Colorectal Cancer: Boxplots showing the log2(Coding/Template) ratios of the number of C → T mutations at CpG sites 

on each transcription strand. Included are MSI+ MBD4 wild-type colorectal cancer (WT), colorectal cancers with somatic heterozygous MBD4 truncations, colorectal cancers 

with germline heterozygous MBD4 truncations and colorectal cancers with likely somatic biallelic MBD4 truncations. 
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Figure 4.19 – Transcription Strand Biases of MBD4-Mutant Cancers & Colorectal Polyps: The log2(Coding/Template) ratio of C → T mutations at CpG sites of 

differing transcription strands. Shown are the transcription strand mutation ratios of MBD4-mutant colorectal polyps, ductal breast cancer, lobular breast cancer, 

myxofibrosarcoma, sarcoma of unspecified sub-type and uveal melanoma. 
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mutation rates for both the coding (r2 = 0.7066, p = 0.000616) and template (r2 = 0.7119, p = 

0.000562) strands. Similarly to the cancers described above, there was no significant 

difference in the regression slope of the coding (α = 40.23) and template (α = 49.14) 

transcription strands (p = 0.495). When the same analysis was performed on the MBD4-

mutant colorectal polyps (Figure 4.20d), significant correlations were observed between 

DNA methylation and the rate of C → T mutagenesis at CpG sites on both the coding (r2 = 

0.8902, p < 0.00001) and template (r2 = 0.8916, p < 0.00001) transcription strands. However, 

similarly to the MSS CRCs, there was no significant difference between the regression slopes 

of the coding (α = 523.5) and template (α = 505.3) strands (p = 0.804). 

When this analysis was also performed in the context of MSI+ CRCs (Figure 4.21), there 

were significant associations between C → T mutations and DNA methylation on both 

transcription strands but no significant differences in the regression slopes of each strand. In 

MSI+ MBD4-WT CRCs (Figure 4.21a), there were significant correlations between DNA  

Figure 4.20 – Transcription Strand Bias Association with DNA Methylation in MSS Colorectal Cancer & 

MBD4-Mutant Colorectal Polyps: Charts showing the relationship between fractional DNA methylation and C 

→ T mutation rates on the coding (blue) and template (red) transcription strands. Included are charts for MSS 

MBD4 wild-type colorectal cancer (a), colorectal cancers with somatic heterozygous MBD4 truncations (b), 

colorectal cancers with germline heterozygous MBD4 truncations (c) and MBD4-mutant colorectal polyps (d). 

a) 

c) d) 

b) 
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methylation and C → T mutation rates on both the coding (r2 = 0.7208, p = 0.000477) and 

template (r2 = 0.7627, p = 0.000207) transcription strands. However the regression slopes of 

the coding (α = 185.8) and template (α = 196.1) strands were not significantly different from 

each other (p = 0.842). In MSI+ CRCs with somatic heterozygous MBD4 truncations (Figure 

4.21b), there were also significant correlations between DNA methylation and C → T 

mutation rates on both the coding (r2 = 0.7486, p = 0.000278) and template (r2 = 0.7775, p = 

0.000149) strands. Like MBD4-WT cancers, there was no significant difference in the 

regression slope of the coding (α =197.8) and template (α =201.1) strands (p = 0.948). The 

same trend was apparent in MSI+ CRCs with germline heterozygous MBD4 truncations 

(Figure 4.21c), where there were significant correlations between DNA methylation and the 

rate of C → T mutagenesis at CpG sites on both the coding (r2 = 0.8542, p = 0.000017) and 

template (r2 = 0.7348, p = 0.000366) transcription strands. While in these cancers the 

regression slope of the coding strand (α = 181.1) was greater than that of the template strand 

Figure 4.21 – Transcription Strand Bias Association with DNA Methylation in MSI+ Colorectal Cancer: 

Charts showing the relationship between fractional DNA methylation and C → T mutation rates on the coding 

(blue) and template (red) transcription strands. Included are charts for MSI+ MBD4 wild-type colorectal cancer 

(a), colorectal cancers with somatic heterozygous MBD4 truncations (b), colorectal cancers with germline 

heterozygous MBD4 truncations (c) and colorectal cancers with likely biallelic somatic MBD4 truncations (d). 

a) 

d) 

b) 

c) 
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(α = 152.6), this difference was not significant (p = 0.45). The cancers with likely somatic 

biallelic truncations in MBD4 (Figure 4.21d) also presented with significant correlations 

between DNA methylation and C → T mutation rates on both the coding (r2 = 0.8307, p = 

0.000037) and template (r2 = 0.8001, p = 0.000086) transcription strands. Similarly to Figure 

4.21c, the regression slope of the coding strand (α =255.2) was greater than the regression 

slope of the template strand (α =249.1), but this difference was not significant (p = 0.91). 

In summary, it appears that the likelihood of spontaneous deamination of 5-mC is not 

influenced by transcription strand. If CpG sites on the coding strand were indeed more 

vulnerable to spontaneous deamination than those on the template strand as previously 

suggested, a large coding strand bias would have been expected in the MBD4-mutant 

colorectal polyps compared to the MBD4-WT cancers. However this bias was not observed. 

Therefore, from all the factors studied, it appears that only the DNA methylation and 

replication timing associated with a CpG site influence the likelihood of C → T mutagenesis 

at CpG sites via unrepaired spontaneous deaminations of 5-mC. 

 

4.4 – Discussion 
 

The spontaneous deamination of 5-mC to thymine represents a key mechanism of C → T 

mutagenesis at CpG sites in the human genome (295). As discussed in section 4.1.2, C → T 

mutations at CpG sites are associated with the mutation signature SBS1, a clock-like 

signature thought to be a consequence of the age-dependent accumulation of unrepaired 

spontaneous deaminations of 5-mC (425,476). This mutation signature is so prevalent in 

human cancer that, in a recent landscape paper of 2,023 whole-genome sequenced CRCs, 

99% of cancers presented with SBS1 to some degree, with this signature on average 

accounting for 15.5% of all SNVs (295). In most instances, these spontaneous deaminations 

associated with SBS1 are repaired by a combination of MBD4, TDG and the BER pathway 

(see Figure 4.3). However, patients identified by Sanders et al. with germline biallelic 

truncations in MBD4 presented with a greatly elevated mutation burden, predominantly 

consisting of C → T mutations at CpG sites (446). Interestingly, these AMLs presented with 

C → T mutations at CpG sites in the protein-coding sequences of cancer driver genes, 

indicating that MBD4 mutations may drive tumorigenesis via the propagation of unrepaired 

spontaneous deaminations into pathogenic driver mutations. 

In order to investigate this, a series of MBD4-mutant cancers and colorectal polyps were 

compared to their MBD4-WT counterparts. Recently, Degasperi et al. identified a novel 

mutation signature associated with MBD4 deficiency, which they termed SBS96 (451). This 

mutation signature was remarkably similar to SBS1 but presented with a greater proportion of 

C → T mutations in the context CCG than in the context GCG. When the mutation signatures 

of the MBD4-mutant breast cancers, sarcomas and uveal melanoma identified by Degasperi et 

al. from 100KGP data and the MBD4-mutant colorectal polyps were extracted, each 

presented with a signature that resembled SBS96. In addition to this, these cancers and polyps 

presented with a greatly increased number of C → T mutations at CpG sites compared to 

their MBD4-WT counterparts – indicating that unrepaired spontaneous deaminations within 

these cancers and polyps were propagating into C → T mutations at CpG sites. Furthermore, 
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these MBD4-mutant cancers either showed no age difference or were younger than their 

MBD4-WT counterparts, meaning that this increase in C → T mutagenesis at CpG sites could 

not be explained by patient age. 

However, CRCs presenting with somatic MBD4 truncations, including twelve with likely 

homozygous truncations, did not present with SBS96 or an increased number of C → T 

mutations at CpG sites compared to MBD4-WT cancers. This data is consistent with what has 

previously been reported by Poulos et al., where MSI+ CRCs with somatic MBD4 truncations 

had no difference in the number of C → T mutations at CpG sites compared to MBD4-WT 

cancers (453). This data indicates that only cancers with germline MBD4 mutations, either 

biallelic or monoallelic with subsequent loss of the WT allele, present with the increased 

number of C → T mutations at CpG sites. This may be a consequence of the age-dependent 

mechanism by which these mutations are thought to accumulate. Patients with germline 

mutations in MBD4 can be assumed to have a longer period of MBD4 deficiency than cancers 

with somatic mutations in MBD4, representing a longer period of time over which unrepaired 

spontaneous deaminations of 5-mC can accumulate. However, the use of DNA sequencing 

read counts to determine if a somatic MBD4 truncation was heterozygous or homozygous 

represents one of the limitations of this analysis. While other sources of DNA-sequencing 

data (e.g. TCGA) have accompanying RNA-sequencing data, this was not available for 

cancers from 100KGP data. Should suitable RNA-sequencing data have been available for 

these cancers, a more reliable assessment of these somatic MBD4 mutations could have been 

performed. 

Further analysis of these MBD4-mutant cancers and colorectal polyps identified pathogenic C 

→ T mutations at CpG sites within the protein-coding sequences of cancer-specific driver 

genes. These genes included PTEN and TP53, which have been identified as drivers in 

several types of cancer (61,212,472,477,478). It is therefore plausible that the mechanism by 

which germline deficiencies in MBD4 may drive tumorigenesis is via spontaneous 

deaminations of 5-mC, which may otherwise be repaired in MBD4-proficient individuals, 

propagating into pathogenic C → T mutations in cancer driver genes. As discussed in section 

4.1.3, previous work by Sanders et al. characterised this scenario in MBD4-mutant AML – 

where pathogenic C → T mutations were identified at CpG sites of the coding sequence of 

DNMT3A, IDH1 and IDH2 (446). Similarly, the MBD4-mutant uveal melanoma investigated 

in this chapter presented with pathogenic C → T mutations at CpG sites within the coding 

sequences of the driver genes GNA11 and BAP1. This confirms previous work by Derrien et 

al., who identified six uveal melanoma patients with germline MBD4 mutations (479). These 

MBD4-mutant cancers presented with a mutation signature similar to SBS96 identified by 

Degasperi et al., while two-thirds of these cancers presented with pathogenic GNA11 and 

BAP1 mutations (479). In addition to this, the MBD4-mutant colorectal polyps investigated in 

this chapter presented with pathogenic C → T mutations at CpG sites of the APC protein-

coding sequence. Tanakaya et al. also reported colorectal polyposis in a patient with germline 

MBD4 deficiency, indicating a potential role for MBD4 in driving this phenotype (447). 

The study by Palles et al. suggested that patients with germline MBD4 mutations were 

predisposed to the development of colorectal polyps, AML and other haematological 

malignancies (221). However, the data presented in this chapter suggest that these patients 

may also be predisposed to the development of breast cancer and sarcoma. Although an in 

situ breast ductal carcinoma was reported in an MBD4-mutant patient in the study by Palles et 
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al., the data presented in this chapter is, to the best of my knowledge, the first time MBD4 

deficiency has been implicated in disease predisposition for either of these cancer types. 

Palles et al. recommended the use of MBD4 in diagnostic testing panels for colorectal 

polyposis, AML and uveal melanoma, in order to improve patient prognosis via earlier 

detection and screening of at risk individuals (221). The data presented in this chapter suggest 

that MBD4 may also have the same clinical utility in breast cancer and sarcoma, potentially 

improving patient outcomes in the contexts of these diseases too. In addition to this, previous 

studies have suggested that MBD4-mutant cancers have improved responses to certain anti-

cancer therapies (480). The study by Saint-Ghislain et al. suggests that MBD4-mutant 

metastatic uveal melanomas show better response to immune-checkpoint blockade therapy 

than MBD4-WT cancers (60% vs 4% respectively) (480). Furthermore, MBD4-mutant 

cancers showed improved overall survival and progression-free survival compared to their 

MBD4-WT counterparts (480). This suggests that patients with cancer predispositions driven 

by germline mutations in MBD4 may benefit from a different course of anti-cancer therapies 

than MBD4-WT cancers, potentially providing an opportunity for the use of personalised 

medicine in these patients. 

In the context of CRC, the data presented here and in previous studies suggest that germline 

mutations in MBD4 predispose individuals to colorectal polyposis, however there is little data 

suggesting that it also predisposes individuals to the subsequent development of CRC. The 

study of Mbd4-/- mice by Wong et al. found no evidence of enhanced colorectal 

tumorigenesis compared to Mbd4+/+ controls, despite a marked increase in the number of C 

→ T mutations at CpG sites of the Mbd4-/- animals (450). From this data, it could be 

concluded that MBD4 is not involved in driving CRC pathogenesis and that the colorectal 

polyps observed in MBD4-mutant patients may never develop into CRC. However, given the 

proposed indirect mechanism described above by which MBD4 deficiency may predispose 

individuals to cancer, it is possible that the twenty-four month timescale used in the study by 

Wong et al. was not long enough for unrepaired spontaneous deaminations to accumulate in 

these Mbd4-/- animals. While twenty-four months is considered an extended lifespan for mice, 

in humans the timescale for unrepaired spontaneous deaminations to accumulate in MBD4-

mutant patients is far longer – with the youngest MBD4-mutant patient in the study by Palles 

et al. presenting with colorectal polyps at eighteen years of age (221). Furthermore, when the 

Mbd4-/- mice in the study by Wong et al. were crossed onto an Apc-deficient background, 

intestinal tumorigenesis was enhanced in the Mbd4-/- animals compared to controls – with 

most animals presenting with pathogenic C → T mutations at CpG sites of the remaining Apc 

allele (450). This suggests that, on the appropriate background, Mbd4 deficiency may drive 

CRC tumorigenesis in mice. As discussed in Chapter I of this thesis, the classical 

pathogenesis of CRC is thought to be driven by the sequential acquisition of pathogenic 

mutations in key CRC driver genes, including APC, BRAF and TP53. The MBD4-mutant 

colorectal polyps described in this chapter presented with a number of C → T mutations at 

CpG sites that resulted in APC truncations, which is not unexpected given the well-

documented role of APC deficiency in the colorectal polyposis syndrome FAP (118). While 

the most common CRC-associated mutation in BRAF (BRAFV600E) is driven by an A → T 

mutation in the context CAC, approximately half of pathogenic TP53 truncations are C → T 

mutations at CpG sites, suggesting MBD4-mutant cancers may also develop these mutations 

(447). Overall, this it is possible that the MBD4 deficiency of the affected individuals with 

colorectal polyps may subsequently drive the progression of these polyps into CRC.  
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Alternatively to mutations in the protein-coding sequence of cancer driver genes, an 

additional mechanism to modify the expression of these genes may also exist in patients with 

germline MBD4 deficiency. As discussed in Chapter II of this thesis, aside from pathogenic 

mutations in the coding sequence of genes, there are other mechanisms by which an SNV 

may alter the expression of genes. SNVs outside the coding region of genes may act as 

eQTLs, which may either up-regulate or down-regulate the expression of a gene. While this 

chapter has focussed on C → T mutations at CpG sites within the coding sequence of driver 

genes, the majority of the C → T mutations at CpG sites in MBD4-mutant cancers lie outside 

the protein-coding regions of these genes. Therefore, it is plausible that these mutations may 

act to indirectly alter the expression of cancer-specific driver genes, either by altering 

transcription factor binding or the local chromatin conformation. It would be interesting to 

map these C → T mutations at CpG sites outside of coding regions to genomic features, 

similar to the in silico analysis performed in Chapter II. In the future this could be combined 

with RNA-sequencing data to potentially explain the altered gene expression of any driver 

genes without direct changes to the protein-coding sequence of that gene. 

In addition to describing the role of germline MBD4 mutations in cancer predisposition, this 

chapter also assessed a number of factors previously suggested to influence the likelihood of 

spontaneous deamination of an individual CpG site. These factors included the DNA 

methylation status, replication timing and transcription strand of the CpG site, with more 

highly-methylated CpG sites, CpG sites in late-replicating regions of the genome and CpG 

sites on the coding transcription strand thought to be the most at risk. When this was 

investigated using normal sigmoid colon fractional methylation data, a positive correlation 

was identified between DNA methylation and the C → T mutation rate at CpG sites. This 

correlation was identified in MBD4-mutant colorectal polyps and also in MBD4-WT CRCs 

and CRCs with germline or somatic MBD4 truncations. While MSI+ CRCs with somatic 

MBD4 truncations showed no difference in the relationship between DNA methylation and 

the C → T mutation rate at CpG sites compared to MBD4-WT cancers, both the regression 

slope and the r2 measure of this correlation was greater in the MBD4-mutant colorectal 

polyps than in MSS MBD4-WT CRCs, indicating that the correlation between DNA 

methylation and C → T mutagenesis at CpG sites was stronger in these polyps. From this 

data, it could be concluded that highly-methylated CpG sites are more likely to undergo 

spontaneous deamination, as the MBD4-mutant polyps are deficient in a key component of 

the repair pathway for these deaminations and present with a higher C → T mutation rate at 

highly-methylated CpG sites than MBD4-proficient cancers. The positive correlation between 

DNA methylation and C → T mutation rates at CpG sites has previously been reported in the 

studies by Poulos et al. and Fang et al., who performed similar analyses using whole-genome 

sequencing data available from other sources (452,453). However, a limitation of the data 

presented in this chapter and the previous studies described above is the use of reference 

fractional methylation data from the normal sigmoid colon. As described in Chapter I of this 

thesis, alterations in DNA methylation patterns represents one of the key alterations that 

underpin the adenoma-carcinoma sequence of CRC pathogenesis (195). These changes can 

include hyper-methylation of regions of DNA that were previously hypo-methylated, 

especially at the promoter regions of key tumour suppressor genes (195). Therefore, the 

binning of C → T mutations based on the DNA methylation status of a CpG site in the 

normal sigmoid colon may not provide an accurate representation of the true DNA 

methylation status of that CpG site. Ideally, DNA methylation analysis would be performed 
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on each individual cancer or colorectal polyp, however this is often unpractical – while the 

use of methylation arrays would not provide the depth of information that the whole-genome 

bisulphite sequencing data used in this chapter was able to provide. 

It was also identified in these colorectal polyps and cancers that the C → T mutation rate at 

CpG sites was highest in late-replicating genomic regions. Previous studies have suggested 

that the DNA MMR pathway is less active in late-replicating DNA, consequently increasing 

the mutation rate in these regions (454). In MSS CRCs and MBD4-mutant colorectal polyps, 

the association between DNA methylation and the C → T mutation rate at CpG sites was 

significantly stronger in late-replicating DNA compared to early-replicating DNA, whereas 

this difference was non-significant in MSI+ CRCs. This indicates that the suggestions made in 

this previous study may be accurate, with the weaker association with replication timing in 

MSI+ CRCs a consequence of the MMR deficiencies present in these cancers. This resembles 

data from the study by Poulos et al., who also identified significant differences in the 

association between DNA methylation and mutation rates in late-replicating DNA in MSS 

CRCs, while not replicating this in MSI+ cancers (453). However, the data presented in this 

chapter extends this analysis by utilising a significantly expanded sample size in addition to 

tissue-appropriate replication timing data with a finer-scale of resolution compared to the 

1Mb windows from lymphoblastoid cell lines used in this previous study (453). Furthermore, 

the study of MBD4-mutant AML by Sanders et al. also identified an enrichment of C → T 

mutations at CpG sites in late-replicating DNA (446). There could be a number of 

mechanisms to explain this enrichment, the first being a simplistic model where spontaneous 

deaminations in late-replicating genomic regions have less time to be repaired before cell 

division, making them more likely to propagate into mutations. Alternatively, in line with 

previous data, the enrichment in late-replicating DNA may be linked to the MMR pathway. 

The study by Bellacosa et al. has previously suggested that MBD4 is able to interact with the 

MMR protein MLH1, which has in turn been associated with altered expression of other 

MMR genes (481,482). Given this interaction between MBD4 and the MMR pathway, it is 

possible that these proteins may act as a vehicle for the transport of MBD4 to the sites of 

DNA mismatches produced by the spontaneous deamination of 5-mC. If so, it may be that in 

late-replicating DNA MBD4 is less likely to be transported to the site of spontaneous 

deaminations as a consequence of reduced MMR activity. This could be tested in the future 

via chromatin immunoprecipitation and testing for co-localisation of MBD4 and MMR 

proteins. If this was to be the case, it might be expected that the replication timing profile of 

the MBD4-mutant colorectal polyps may more closely resemble MSI+ CRCs. However, it is 

possible that to some degree the loss of MBD4 is compensated for by TDG, which performs a 

similar role in the BER pathway, in early-replicating regions of the genome. Currently, there 

is very little data investigating the potential association between TDG and MMR proteins, 

meaning this hypothesis would require further investigation. 

Contrary to what has been previously reported regarding transcription strand bias of 

spontaneous deaminations, neither the CRCs nor MBD4-mutant colorectal polyps studied in 

this chapter presented with transcription strand bias. The same trend was also reported in 

MBD4-mutant AML by Sanders et al., which implies that spontaneous deamination may not 

be affected by transcription strand as previously suggested (446). While transcription may not 

influence the likelihood of spontaneous deamination, there are other circumstances where 

single-stranded DNA may be exposed within cells, thus making the DNA more vulnerable to 
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deamination. One such example of this is during DNA replication, where the double-stranded 

DNA helix is unwound by DNA helicase to reveal single-stranded DNA to act as a template 

for the replicative DNA polymerases (483). If the process of DNA replication is indeed 

associated with enhanced risk of deamination, tissues with the highest rate of cellular 

turnover – and therefore the highest rate of DNA replication – may present with more 

deaminations than tissues with lower cellular turnover. As discussed in section 4.1.2, 

intestinal tissues have the highest rate of cellular turnover of any tissue, suggesting this tissue 

may be at the greatest risk of spontaneous deamination (439,484).  

Overall, the data presented in this chapter suggests that DNA methylation and replication 

timing influence the likelihood of a CpG site undergoing spontaneous deamination. 

Identifying these factors and potentially others (e.g. those hypothesised above) may be of 

clinical relevance in patients with germline MBD4 mutations. For example, it has been shown 

that highly-methylated CpG sites in late-replicating regions of the genome are at greater risk 

of deamination, therefore CpG sites within the protein-coding sequence of cancer-specific 

driver genes that fit these criteria may consequently be at greater risk of deamination. 

Therefore, it may be possible to predict from this which driver genes are likely to mutate in 

these patients, providing opportunities for surveillance and potentially clinical intervention in 

some circumstances.  

In summary, the data presented in this chapter suggest that germline, but not somatic, 

truncations in MBD4 predispose affected individuals to breast cancer, sarcoma, uveal 

melanoma and colorectal polyposis, with potential subsequent progression to CRC. The data 

in this chapter has identified a potential mechanism that underpins this predisposition and 

also suggest a number of factors that may affect the rate of spontaneous deamination of 5-mC 

– as well as suggesting additional factors that merit further investigation. Therefore, this 

chapter has expanded on previous studies to provide a comprehensive analysis of the 

consequences of germline MBD4 truncations in a number of cancer types and how this 

information could be translated to clinically benefit affected individuals. 
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Chapter V – DNA Replication Errors as an Alternative 

Mechanism of C → T Mutagenesis at CpG Sites 
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5.1 – Background 
 

5.1.1 – Other Mutation Signatures Characterised by C → T Mutations 

at CpG Sites 
 

Chapter IV of this thesis discussed the mutation signature SBS1, a signature almost 

exclusively characterised by C → T mutations at CpG sites (425). SBS1 has previously been 

attributed to the failure to repair the spontaneous deamination of 5-mC to thymine, a repair 

process that is dependent on MBD4 and/or TDG  (425,441,450). As seen in Chapter IV of this 

thesis, a variety of cancers with germline mutations in MBD4, as well as colorectal polyps 

from a patient with a germline biallelic truncation in MBD4, present with increased C → T 

mutagenesis at CpG sites, thereby supporting the hypothesis that SBS1 is characterised by the 

accumulation of C → T mutations arising from unrepaired deaminations of 5-mC.  

However, in addition to SBS1 (see Figure 5.1a), there are a number of other mutation 

signatures described in the COSMIC database that are at least partially characterised by C → 

T mutations at CpG sites. For example, the mutation signature SBS10b, which is associated 

with defective DNA “proofreading” – caused by mutations in the exonuclease domain of 

DNA POL-ε (485). As presented in Figure 5.1b, SBS10b is primarily characterised by C → T 

mutations in the context TCG, with nearly half of all SNVs attributed to this trinucleotide 

context. Mutation signatures SBS6 (Figure 5.1c) and SBS15 (Figure 5.1d) also present with a 

high number of C → T mutations at CpG sites. Both of these mutation signatures are 

associated with defective DNA MMR with particular enrichment of C → T mutations in the 

context GCG. The presence of other mutation signatures characterised by C → T mutations at 

CpG sites implies there may also be an alternative mechanism to unrepaired spontaneous 

deamination of 5-mC by which C → T mutagenesis occurs at CpG sites.  

 

5.1.2 – DNA Polymerase Mutations in Cancer 
 

5.1.2.1 – DNA Polymerases δ & ε 
 

The accurate replication of the three-billion base-pairs of the human genome is essential for 

the maintenance of genomic stability and the prevention of potentially tumour-initiating 

mutations. This is, in part, achieved by the high-fidelity of cellular replicative polymerases 

working in concert with active DNA “proofreading” and other DNA repair mechanisms 

(486,487). In addition to the MMR pathway, the role of which in maintaining genomic 

integrity will be described in section 5.1.3, DNA polymerase (POL) proteins themselves also 

play a key role in preventing DNA replication errors propagating into potentially pathogenic 

mutations (452,486,488). In eukaryotic cells, there are fifteen known POL enzymes – 

however, most DNA replication requires only three (489–491). These are the DNA primase 

POL-α and the bulk DNA polymerases POL-ε and POL-δ – which are responsible for 

synthesising the leading and lagging strand respectively during DNA replication (489). 
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d) 

b) 

a) 

c) 

Figure 5.1 – Other Mutation Signatures Characterised by C → T Mutations at CpG Sites: Other mutation 

signatures from the COSMIC database that present with an enrichment of C → T mutations at CpG sites. 

Presented in each plot are the enrichments of each of the ninety-six potential trinucleotide context of a single-

base substitution mutation. Signatures presented include SBS1 (a), SBS10b (b), SBS6(c) and SBS15 (d). All 

signature plots obtained from the COSMIC database (https://cancer.sanger.ac.uk/signatures/sbs/). 
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In mammals, the POL-δ enzyme is comprised of four sub-units – each encoded by a different 

gene (489). The catalytic p125 sub-unit is encoded by the POLD1 gene and the p50, p68 and 

p12 sub-units are encoded by the POLD2, POLD3 and POLD4 genes respectively (489). 

Similarly, the POL-ε protein is also made up of four sub-units, with the 225kDa catalytic sub-

unit p261 encoded by the POLE gene, whereas the additional sub-units p59, p12 and p17 are 

the products of the POLE2, POLE3 and POLE4 genes respectively (489). 

 

5.1.2.2 – DNA Polymerase Exonuclease Activity 
 

In mammals, POL-δ, POL-ε and POL-γ possess intrinsic 3’ → 5’ exonuclease activity, due to 

their critical roles in the synthesis of new DNA strands during replication (492). This 

exonuclease activity allows these polymerases to “proofread” the newly-synthesised DNA 

strand and correct any errors that may arise during the process of DNA replication (492). The 

activity of this exonuclease domain is critical to maintain the low intrinsic replication error 

rates of POL-δ and POL-ε, which have error rates of 1 in 105 – 106 base-pairs and 1 in 106 – 

107 base-pairs respectively (493). The importance of this DNA “proofreading” is highlighted 

by the sixty-fold increase in mutation rates in cells lacking a functional POL-δ exonuclease 

domain (494).  

The exonuclease domains of these DNA polymerases are located at the N-terminus of the 

protein, where conserved amino acid residues play a critical role in both DNA binding and 

catalysing the removal of nucleotides from the newly-synthesised DNA strand at the site of a 

base-pair mismatch arising from a replication error – allowing the error to be corrected (495). 

The process of “proofreading” the newly-synthesised strand during DNA replication is 

summarised in Figure 5.2. 
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5.1.2.3 – DNA Polymerase Mutations in Colorectal Cancer 
 

Mutations in the exonuclease domain of POL-δ and POL-ε have been associated with the 

development of several types of cancer, including endometrial cancer and CRC (156,496). 

Whole-exome sequencing of CRCs from TCGA revealed for the first time hyper-mutated 

cancers with somatic POL-ε EDMs (69). Subsequently, Palles et al. identified germline 

mutations in the exonuclease domain of POL-δ and POL-ε that predisposed affected 

individuals to the development of colorectal adenomas (156). The adenomas presented by 

these carriers of POL-δS478N or POL-εL424V showed chromosomal instability as well as 

pathogenic mutations in a number of known CRC driver genes, including APC, BRAF and 

KRAS (156). Interestingly, these adenomas showed no signs of MSI, indicating that MMR 

deficiencies were not the cause of these driver gene mutations (156). When these equivalent 

mutations were studied in yeast (POL-δL479S and POL-εC462S), the exonuclease activity of 

these polymerases was abolished – resulting in a greatly increased mutation rate compared to 

POL-WT yeast (156). 

Further studies have associated cancers with pathogenic POL-ε exonuclease domain 

mutations (EDMs) with an “ultra-mutagenic” phenotype on an otherwise MSS background 

(452,497,498). These cancers present with an exceptionally high mutation burden of more 

than 100 mutations per Mb, primarily attributed to unrepaired DNA replication errors as a 

consequence of abolished DNA “proofreading” mechanisms (452,497,498). Following the 

previous study by Palles et al., subsequent studies have identified a number of additional 

pathogenic POL-ε EDMs associated with this ultra-mutagenic phenotype, including POL-

εP286R, POL-εV411L and POL-εS459F – which have been identified in endometrial cancer and 

CRC (452,499,500). In total, POL-ε EDMs are present in approximately 7% of all 

endometrial cancers and approximately 3% of CRCs (501,502). Despite the associated hyper-

mutated phenotype described above, mutations in the POL-ε exonuclease domain may be 

associated with more favourable patient outcomes in endometrial cancer (501). In the study 

by Church et al., patients harbouring POL-ε EDMs were associated with fewer instances of 

disease recurrence (6.2% vs 14.1%) and cancer-related death (2.3% vs 9.7%) compared to 

their POL-ε WT counterparts (501). The study by Li et al. identified a significant correlation 

between tumour mutation burden and survival in endometrial cancer, as well as a significant 

correlation between POL-ε EDMs and tumour mutation burden, suggesting that cancers with 

POL-ε EDMs may be associated with improved survival (503). 

In the context of CRC, the study by Domingo et al. identified sixty-six cancers with 

pathogenic POL-ε EDMs and found that they were significantly younger (median age of 54.5 

years vs 67.2 years) and more common in males (75.8% vs 55.5%) than MSS POL-ε WT 

CRCs (504). In addition to this, CRCs with POL-ε EDMs presented with increased tumour 

infiltration by CD8+ lymphocytes and increased cytotoxic T-cell markers than MSS POL-ε 

Figure 5.2 – The Mechanism of Polymerase-Mediated “Proofreading” During DNA Replication: A 

diagrammatic illustration by which DNA polymerases repair replication errors via intrinsic exonuclease domain 

“proofreading” activity. Firstly, DNA polymerase epsilon (POL-ε), synthesising the leading strand during DNA 

replication (1) may make an error during replication – resulting in a DNA mismatch (2). The mispaired base is 

then excised by the exonuclease domain of POL-ε (3) and is replaced by the correct base (4). Created with 

BioRender.com (https://app.biorender.com/). 
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WT CRCs (504). This, coupled with the significantly reduced risk of disease recurrence of 

POL-ε mutant CRCs compared to MSS POL-ε WT cancers, suggests that POL-ε EDMs may 

be associated with a more favourable prognosis in CRC (504). In the recent CRC landscape 

study, mutation signatures associated with defective POL-ε “proofreading” were present in 

1.84% (SBS10a) and 0.84% (SBS10b) of CRCs respectively. When combined with the 

previous work by Palles et al., it could be concluded that POL-ε EDMs represent a driver 

mutation in a subset of CRCs. 

Overall, pathogenic mutations in the exonuclease domain of POL-ε are associated with a 

hyper-mutated phenotype in CRC and endometrial cancer. Interestingly, these EDMs are also 

associated with the mutation signature SBS10b, which is predominantly characterised by C 

→ T mutations in the context TCG, suggesting that unrepaired DNA replication errors 

associated with defective “proofreading” may represent an alternative mechanism to 

unrepaired spontaneous deaminations of 5-mC for C → T mutagenesis at CpG sites. 

 

5.1.3 – Defective DNA Mismatch Repair in Colorectal Cancer 
 

5.1.3.1 – DNA Mismatch Repair 
 

In addition to polymerase-mediated “proofreading” during DNA replication, the DNA MMR 

pathway represents another mechanism by which cells are able to maintain genomic stability. 

Like DNA “proofreading”, the MMR pathway is able to correct DNA mismatches which are 

erroneously produced during DNA replication, preventing their propagation into potentially 

tumour-initiating mutations (505). Overall, the removal of DNA mismatches associated with 

replication errors by either polymerase-mediated “proofreading” or the MMR pathway is 

estimated to improve the fidelity of DNA replication 100-fold (494). The MMR pathway 

involves a number of proteins, including heterodimers between the eight eukaryotic MutS 

homologue (MSH) proteins, referring to MutS-directed MMR that has been previously 

identified in bacteria (506). Heterodimers between MSH2 and MSH6 form the MutS-α 

complex, which is involved in repair of single-base DNA mismatches (507). In addition to 

this, heterodimers between MSH2 and MSH3 form the MutS-β complex, which work in 

tandem with MutS-α to repair smaller insertion-deletion loops (IDLs) (507). The MutS-β 

complex is also involved in the repair of larger IDLs between two and eight base-pairs in size 

(507). MSH1 is thought to be involved in the MMR pathway for mitochondrial DNA, while 

the MSH4 and MSH5 proteins are related to meiosis and not the repair of DNA mismatches 

produced by DNA replication errors (507). 

In addition to these MutS heterodimers, another important component of the eukaryotic 

MMR pathway are MutL homologue (MLH) proteins, named after similar proteins first 

identified in E. coli (508). The MLH1 protein forms heterodimers with PMS2, PMS1 and 

MLH3 to form the MutL-α, MutL-β and MutL-γ complexes respectively, with the MutL-α 

complex being the most prominent of these three (508). These MutL complexes have critical 

endonuclease activity that form part of the DNA MMR pathway (127,509,510). Upon the 

identification of a DNA mismatch by the MutS complex, MutL complexes are recruited to 

the site of the mismatch and generate a nick in the DNA either 5’ or 3’ of the mismatch 
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(509,510). If this nick is 5’ of the mismatch, MutS-α, replication protein A and the DNA 

exonuclease 1 (EXO1) are required for MMR, whereas if the nick is 3’ of the mismatch, 

proliferating cell nuclear antigen and replication factor C are also required for repair (511–

513). Following the generation of this DNA nick, DNA is excised by EXO1 past the point of 

the DNA mismatch and re-synthesised by POL-δ (514). A summary of the DNA MMR 

pathway is provided in Figure 5.3. 

 

Figure 5.3 – An Overview of the Mismatch Repair Pathway: A diagrammatic illustration of the human 

mismatch repair pathway. Starting with mispaired bases (T:G mismatch), mismatch repair complexes MutS-α 

and MutL-α are recruited alongside DNA exonuclease 1 (EXO1). MutL-α oversees the nicking of a single base 

near the mismatch allowing EXO1 to excise the DNA past the point of the mismatch before repair is completed 

by DNA polymerase δ. Created with BioRender.com (https://app.biorender.com/). 

 

One of the major challenges facing the MMR pathway is ensuring the correct DNA strand is 

repaired. Given that DNA mismatches are often the result of DNA replication errors, repair 

proteins should be directed to the newly-synthesised DNA strand and not the parental strand 

(507). During DNA replication, this newly-synthesised daughter strand is unmethylated, 

allowing the MutH complex in prokaryotes to discriminate this strand from the parental 

strand by nicking at hemi-methylated sites around the DNA mismatch (515). However, in 

eukaryotes this DNA nicking is performed by MutL (see Figure 5.3). In addition to this, there 

are no MutH proteins in eukaryotes, meaning our understanding of the mechanisms 

underlying strand discrimination remains incomplete (515). 

 

5.1.3.2 – DNA MMR Pathway Deficiency in Colorectal Cancer 
 

As described in Chapter I of this thesis, pathogenic mutations in genes involved in the MMR 

pathway are a driver of MSI in several cancer types, including CRC, gastric cancer and 
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endometrial cancer (516). Approximately 15% of all CRCs are classified as MSI+ and present 

with a higher somatic mutation burden than MSS cancers – further exemplifying the 

importance of the MMR pathway in ensuring the fidelity of DNA replication (486,507). 

When studied in yeast, mutations in components of the MMR pathway increased the rate of 

frameshift mutations at small microsatellite repeat regions of the genome, which are typically 

between one and six base-pairs in length and account for approximately 3% of the genome 

(517). The clinical utility of the MSI status of a cancer is described in Chapter I of this thesis, 

as is the CRC predisposition syndrome Lynch Syndrome (LS) – which is a consequence of 

germline pathogenic mutations in components of the MMR pathway. 

In a recent CRC landscape paper, whole-genome sequencing analysis revealed a number of 

mutation signatures associated with MMR deficiency were present in CRC, including SBS15, 

SBS26 and SBS44 (295). As seen in Figure 5.1d, the mutation signature SBS15 is 

characterised by a large number of C → T mutations at CpG sites and was identified in 

6.77% of all CRCs by the recent study (295). This suggests that, in addition to unrepaired 

spontaneous deaminations of 5-mC (SBS1) and unrepaired replication errors caused by 

defective DNA “proofreading” (SBS10b), defective DNA MMR also has a role in C → T 

mutagenesis at CpG sites. Interestingly, previous studies have suggested that both unrepaired 

spontaneous deaminations of 5-mC and unrepaired POL-ε replication errors contribute to C 

→ T mutagenesis at CpG sites in MSI+ cancers (518,519). The study by Fang et al. suggested 

that deficiencies in the MutS complex are associated with an increase in unrepaired 

spontaneous deaminations, whereas mutations in components of the MutL complex are 

associated with the propagation of unrepaired DNA replication errors (518). In addition to 

this, the study suggests that cancers with MutS deficiencies present with a greater number of 

C → T mutations at CpG sites and a greater representation of SBS1 than cancers with 

mutations in MutL proteins – thereby suggesting that MutS proteins, like MBD4, are involved 

in the repair of spontaneous deaminations (518). This increase was also seen in the study by 

Sanders et al., who studied patients with constitutive deficiencies in MMR proteins (519). 

 

5.1.4 – Chapter Aims 
 

The identification of mutation signatures in CRC with an enrichment of C → T mutations at 

CpG sites other than SBS1 further emphasises the importance of these mutations in disease 

pathogenesis. The specific aetiologies of these additional signatures, including SBS10b and 

SBS15, also suggest that there may be an alternative mechanism driving C → T mutagenesis 

at CpG sites in addition to unrepaired spontaneous deaminations of 5-mC. These mutation 

signatures are attributed to defective POL-ε “proofreading” and MMR respectively, 

indicating that unrepaired replication errors may represent the underlying mechanism behind 

the enhanced C → T mutagenesis at CpG sites in these cancers. However, previous studies 

have suggested that MSI+ cancers may accumulate these mutations via a combination of both 

unrepaired spontaneous deaminations and replication errors (see section 5.1.3.2). Therefore, 

this chapter will explore the extent to which DNA replication errors drive C → T mutagenesis 

at CpG sites in CRC, with particular emphasis placed on MSI+ cancers. Similarly to work 

performed in Chapter IV of this thesis, this chapter will also assess if there are any other 

factors that influence the likelihood of a DNA replication error occurring at a CpG site, 
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including DNA methylation and replication timing. In order to achieve this, this chapter aims 

to: 

 

• Assess the number of C → T mutations at CpG sites and mutation signatures of CRCs 

with POL-ε EDMs and/or MSI in comparison to MSS, POL-WT cancers. 

• Compare the number of C → T mutations at CpG sites and mutation signatures of 

MSI+ CRCs with mutations in MutS or MutL complex proteins. 

• Assess the replication strand bias of these mutations in these cancers using previously 

published replication strand data (520) and use this to determine the likely 

mechanisms behind replication error-induced C → T mutagenesis at CpG sites. 

• Assess the relationship between DNA methylation / replication timing and the C → T 

mutation rate at CpG sites in these cancers. 

 

The above aims are accompanied by the following hypotheses: 

 

• MSI+ CRCs and CRCs with pathogenic POL-ε EDMs will present with a higher C → 

T mutation burden at CpG sites than MSS POL-WT CRCs. 

• CRCs with POL-ε EDMs will show a strong bias of C → T mutations at CpG sites on 

the leading strand template, indicating that these mutations arise from unrepaired 

DNA replication errors. 

• MSI+ CRCs with MutS deficiencies will present with a higher number of C → T 

mutations at CpG sites than MSI+ cancers with MutL deficiencies. 

• MSI+ CRCs with MutL deficiencies will show a bias of C → T mutations at CpG sites 

of the leading strand template, whereas MSI+
 CRCs with MutS deficiencies will show 

no strand bias, suggesting that these mutations are a consequence of unrepaired 

spontaneous deaminations of 5-mC. 

 

5.2 – Materials & Methods 
 

5.2.1 – 100,000 Genomes Project Data 
 

Similarly to the analysis in Chapter IV of this thesis, primary, treatment-naïve CRCs with a 

PCR-free library preparation were identified from the CRC domain of the 100KGP (see 

section 4.2.1 for a detailed description of these cancers). Of these 1,907 cancers, 359 were 

categorised as MSI+ via mSINGS analysis and eighteen presented with somatic mutations in 

the exonuclease domain of either POL-δ (n = 1) or POL-ε (n = 17). A complete list of these 

POL-mutant cancers is presented in Table 5.1.  There were no cancers with germline 

mutations in the exonuclease domain of either POL-δ or POL-ε. SNVs were extracted from 

the somatic VCFs associated with each individual cancer and included in downstream 

analysis only if they presented with the “PASS” flag in the filter field.
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Cancer #: Chromosome #: Position (hg38): MSI Status: Reference Allele: Alternate Allele: Mutation: Previously Reported? 

1 12 132,673,261 MSS G A POL-εS459F Yes (521) 

2 12 132,673,261 MSS G A POL-εS459F Yes (521) 

3 12 132,673,271 MSS C G POL-εA456P Yes (521) 

4 12 132,673,703 MSS C G POL-εV411L Yes (521) 

5 12 132,673,703 MSS C A POL-εV411L Yes (521) 

6 12 132,673,703 MSS C A POL-εV411L Yes (521) 

7 12 132,673,703 MSS C G POL-εV411L Yes (521) 

8 12 132,673,703 MSS C A POL-εV411L Yes (521) 

9 12 132,676,598 MSI+ G A POL-εP286L Yes (522) 

10 12 132,676,598 MSS G C POL-εP286R Yes (499) 

11 12 132,676,598 MSS G C POL-εP286R Yes (499) 

12 12 132,676,598 MSS G C POL-εP286R Yes (499) 

13 12 132,676,598 MSS G C POL-εP286R Yes (499) 

14 12 132,676,598 MSS G C POL-εP286R Yes (499) 

15 12 132,676,598 MSS G C POL-εP286R Yes (499) 

16 12 132,676,598 MSS G C POL-εP286R Yes (499) 

17 12 132,676,598 MSS G C POL-εP286R Yes (499) 

18 19 50,402,733 MSI+ G A POL-δG321D No 

 

Table 5.1 – Pathogenic DNA Polymerase Exonuclease Domain Mutations in Colorectal Cancer: A list of primary, treatment-naïve colorectal cancers with pathogenic 

mutations in the exonuclease domain of DNA polymerase-δ (POL-δ) or DNA polymerase-ε (POL-ε) identified from the 100,000 Genomes Project. Presented are the 

chromosome number and co-ordinates (hg38) of the exonuclease domain mutation, the MSI status of the cancer, the reference and alternate alleles associated with the 

mutation, the associated amino acid change and whether this mutation has been previously reported in human cancer (with reference number in brackets).. 
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5.2.2 – MutS & MutL Classification 
 

Following the identification of the 359 MSI+ CRCs described above, the 357 MSI+ POL-WT 

CRCs were then classified as either MutS-deficient or MutL-deficient. A list of CRCs with 

truncations or pathogenic missense variants in the MMR proteins MLH1, PMS2, MSH2 and 

MSH6 was provided by Güler Gül (University of Edinburgh). MSI+ cancers with germline 

pathogenic mutations in MSH2 or MSH6 could be classified as LS patients with MutS 

deficiency and individuals with germline MLH1 mutations were categorised as LS patients 

with MutL deficiency. Furthermore, cancers with likely somatic biallelic inactivation of 

MSH2 or MSH6, as determined by χ2 analysis, were categorised as cancers with somatic 

MutS deficiency. Similarly, cancers with likely somatic biallelic inactivation of MLH1 were 

categorised as cancers with somatic MutL deficiency. In the instances where an otherwise 

MSI+ cancer presented with no mutations in any of the above MMR genes, it was assumed 

that the MSI+ phenotype of the cancer was a consequence of MLH1 promoter hyper-

methylation, a common mechanism of MLH1 inactivation (see Chapter I of this thesis). 

 

5.2.3 – Mutation Spectrum & Signature Extraction 
 

The trinucleotide context of each SNV and the mutation signatures of the 1,907 CRCs 

described in section 5.2.1 were extracted in the same way as described in Chapter IV of this 

thesis. Briefly, only somatic SNVs with the “PASS” flag in the filter field of the VCF were 

included in mutation signature extraction. SigProfilerExtractor was used to extract the 

trinucleotide context of each input SNV and also to extract the pre-defined COSMIC 

mutation signature(s) (COSMIC V3.2) present in these cancers (383). 

 

5.2.4 – DNA Methylation, Replication Timing, Bivalent Promoter & 

Replication Strand Mutation Mapping 
 

Similarly to Chapter IV of this thesis, fractional DNA methylation data from the normal 

sigmoid colon and replication timing data from the CRC cell line HCT116 were used to bin C 

→ T mutations at CpG sites according to the DNA methylation and replication timing bins 

described previously (see section 4.2.5 and Table 4.1). Methylation and replication timing 

binning was performed as described in section 4.2.5, with the same twelve DNA methylation 

bins and four replication timing bins being used for the 27,099,859 CpG sites. In addition to 

this, a total of 855,851 CpG sites mapped to the bivalent promoter regions described in 

Chapter III of this thesis (371). The number of CpG sites in each DNA methylation bin is 

presented in Table 5.2. C → T mutations at CpG sites could then be binned to these bivalent 

promoter regions using BEDTools (v2.30). 

Previously published replication strand data from the study by Haradhvala et al. was provided 

by Dr Marketa Tomkova (University of Oxford) (520). This data uses the replication timing 

profiles of six lymphoblastoid cell lines described by Koren et al. – comprising of mother-

father-offspring trios of either European or West-African heritage (523). From this, 20,000 

base-pair regions of the genome could be characterised as either left-replicating or right-
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replicating, indicating the direction of travel of the replication fork from the origin of 

replication (520). Replication strand co-ordinates were lifted to genome build hg38 using the 

UCSC LiftOver tool (372). This replication direction data could then be combined with the 

fractional DNA methylation data to give a replication direction estimate for 9,638,264 CpG 

sites. The number of CpG sites in each methylation bin categorised as left-replicating or 

right-replicating is presented in Table 5.3. Following this, C → T mutations at CpG sites 

could be assigned to either left-replicating or right-replicating DNA using BEDTools (v2.30).  

From this data, the ratio of C → T to G → A mutations could be calculated in both left-

replicating and right-replicating DNA in order to identify the mechanism by which C → T 

mutations at CpG sites might be produced. This data could then be combined with fractional 

methylation data to produce an association between DNA methylation and replication strand, 

with the number of C → T mutations at CpG sites normalised against the number of CpG 

sites in each bin (see Table 5.3) in a similar method to what is described in section 4.2.5. In 

addition to this, the number of C → T mutations at CpG sites on each replication strand was 

used to calculate a log2(Leading/Lagging) ratio of mutations for each cancer. 

 

5.2.5 – Statistical Analysis 
 

Similarly to Chapter IV of this thesis, comparisons between the total SNV burdens, the 

number of C → T mutations at CpG sites, ages and mutation signature compositions of each 

group of cancers was performed using a Wilcoxon test via the R package ggpubr (365). In the 

instances where there were multiple groups being compared, a Kruskal-Wallis test was used 

in addition to pairwise Wilcoxon tests between groups, again via the R package ggpubr. In 

addition to this, comparisons between the regression equations for the correlation of DNA 

methylation and C → T mutation rate at CpG sites were performed using interaction terms 

between regression constants. To compare the number of mutations on the template leading 

and lagging strands in each cancer, a non-parametric paired Wilcoxon rank test was 

performed by the PairedData package (370). 

 

5.3 – Results 
 

5.3.1 – Characteristics of MSI+ CRCs and CRCs with POL-ε EDMs 
 

CRCs with pathogenic EDMs in DNA POL-δ or POL-ε are known to present with a hyper-

mutated phenotype, characterised by potentially millions of SNVs within the genomes of 

tumour cells (156,159,499). Similarly, MSI+ CRCs also present with an elevated number of 

SNVs compared to their MSS counterparts (295). In the recent CRC landscape study, CRCs 

with POL-ε EDMs presented with more than 100 mutations per Mb and MSI+ CRCs on 

average presented with more than 50 – while MSS POL-WT CRCs presented on average with 
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Table 5.2 – CpG Site DNA Methylation & Bivalent Promoter Distribution: The number of CpG sites at bivalent promoter regions found within each DNA methylation 

bin, according to fractional methylation data of the normal sigmoid colon and bivalent promoter data obtained from Court & Arnaud. Each column represents one of the 

twelve possible DNA methylation bins of the genome (ranging from 0 – 1). 

 

 

 

  

 

 

 

 

 

 

 

 

 

# CpG Sites: 0 0.01 – 0.1 0.11 – 0.2 0.21 – 0.3 0.31 – 0.4 0.41 – 0.5 0.51 – 0.6 0.61 – 0.7 0.71 – 0.8 0.81 – 0.9 0.91 – 0.99 1 Total: 

Bivalent Promoters 242,408 366,518 73,792 37,783 27,998 23,027 18,614 15,809 15,151 17,310 16,925 516 855,851 
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Table 5.3 – CpG Site DNA Methylation & Replication Strand Distribution: The number of CpG sites found within each DNA methylation bin and replication strand, 

according to fractional methylation data of the normal sigmoid colon and replication strand data obtained from Haradhvala et al. Each column represents one of the twelve 

possible DNA methylation bins of the genome (ranging from 0 – 1) and each row represents whether a CpG site is located within a Left-Replicating or Right-Replicating 

region of the genome. 

# CpG Sites: 0 0.01 – 0.1 0.11 – 0.2 0.21 – 0.3 0.31 – 0.4 0.41 – 0.5 0.51 – 0.6 0.61 – 0.7 0.71 – 0.8 0.81 – 0.9 0.91 – 0.99 1 Total: 

Left-Replicating 154,118 172,984 55,190 68,191 94,876 140,584 170,437 247,611 433,266 1,004,062 2,219,461 114,466 4,875,156 

Right-Replicating 142,573 158,942 52,851 65,573 92,009 137,319 167,269 243,752 426,276 983,212 2,180,055 113,277 4,763,108 

Total: 296,691 331,926 108,041 133,764 186,795 277,903 337,706 491,363 859,542 1,987,274 4,399,516 227,743 9,638,264 
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less than 10 mutations per Mb (295). Therefore, it could be inferred that these cancers may 

also present with a greater number of C → T mutations at CpG sites than their MSS POL-WT 

counterparts. In order to investigate this, the mutation spectrum of 1,907 primary, treatment-

naïve CRCs was extracted from the 100KGP dataset. Of these cancers, 1,548 were MSS and 

359 were MSI+, while a total of 18 presented with pathogenic mutations in the exonuclease 

domain of either POL-δ or POL-ε. A detailed breakdown of these cancers is presented in 

Figure 5.4.  

 

As seen in Figure 5.4, two MSI+ CRCs presented with POL EDMs, one cancer with a POL-

δG321D mutation and one cancer with a POL-εP286L mutation (see Table 5.1 for details). This 

POL-δ mutant MSI+ cancer did not present with any of the mutation signatures indicative of 

POL-δ “proofreading” deficiency (data not shown), so was excluded from further analyses. In 

addition to this, while the POL-ε mutant MSI+ cancer presented with the expected mutation 

signatures (data not shown), the POL-εP286L mutation was not observed in any MSS cancer 

(see Table 5.1), making comparisons between MSS and MSI+ cancers with POL-ε EDMs 

difficult. Therefore, this cancer was also excluded from downstream analyses. 

As seen in Figure 5.5a, the total SNV burdens of MSI+ POL-WT CRCs and MSS CRCs with 

POL-ε EDMs was significantly greater than that of MSS POL-WT cancers (p < 2.2 x 10-16 

and p = 5.7 x 10-12 respectively) and the MBD4-mutant colorectal polyps described in 

Chapter IV of this thesis (p = 0.00061 and p = 0.00041 respectively). Furthermore, the SNV 

burden of the MSS POL-ε mutant CRCs was significantly greater than the SNV burden of 

Figure 5.4 – Colorectal Cancers with Microsatellite Instability & DNA Polymerase Exonuclease Domain 

Mutations: A flowchart summarising the microsatellite instability (MSI) and DNA polymerase (POL) mutation 

statuses of the 1,907 primary, treatment-naïve colorectal cancers (CRCs) identified in V14 of the 100,000 

Genomes Project Data. Created with BioRender.com (https://app.biorender.com/). 
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a) 

b) 



201 
 

 

Figure 5.5 – The Mutation Profile of Colorectal Cancers with Microsatellite Instability & DNA Polymerase Exonuclease Domain Mutations: Characteristics of 

colorectal polyps extracted from a patient with a germline biallelic MBD4 truncation and colorectal cancers from the 100,000 Genomes Project. Colorectal cancers were 

classified as microsatellite stable (MSS) or unstable (MSI+) without mutations in the exonuclease domain of DNA polymerase-ε (POL-WT) and MSS cancers with POL-ε 

exonuclease domain mutations (POLE-Mutant). Included are the total single-nucleotide variation (SNV) counts from these individuals (a), the ages of the participants (b), the 

number of C → T mutations at CpG sites (c) and the proportion of the total SNV burden comprised by these mutations (d). 

c) 

d) 
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MSI+ POL-WT cancers (p = 1.5 x 10-11). It was also observed that MSI+ POL-WT CRCs 

were significantly older than their MSS POL-WT counterparts (p = 7.4 x 10-7, Figure 5.5b) 

and the MBD4-deficient individual from whom the polyps were extracted (p = 0.0026, Figure 

5.5b). MSS CRCs with POL-ε EDMs were significantly younger than their MSS (p = 

0.00025, Figure 5.5b) and MSI+ (p = 2.3 x 10-5, Figure 5.5b) POL-WT counterparts. 

Interestingly, MSI+ POL-WT and MSS POL-ε mutant cancers had a significantly greater 

number of C → T mutations at CpG sites than MSS POL-WT CRCs (p < 2.2 x 10-16 and p = 

5.6 x 10-12 respectively – Figure 5.5c). Similarly to the total SNV burden, the number of C → 

T mutations at CpG sites was significantly greater in MSS POL-ε mutant CRCs than MSI+ 

POL-WT cancers (p = 3 x 10-11, Figure 5.5c). However, the proportion of the total SNV 

burden made up of C → T mutations at CpG sites was significantly smaller in MSI+ POL-WT 

and MSS POL-ε mutant CRCs compared to MSS POL-WT cancers (p = 3 x 10-5 and p = 1.3 

x 10-5 respectively – Figure 5.5d) and the MBD4-mutant colorectal polyps (p = 0.00059 and p 

= 0.00041 respectively – Figure 5.5d). This was possibly a consequence of the increased 

number of SNVs in other contexts to C → T mutations at CpG sites in these cancers, 

including the C → A mutations common in cancers with POL-ε EDMs (SBS10a) and T → C 

mutations common in MSI+ cancers (SBS26). 

Following mutation signature extraction from the MBD4-mutant colorectal polyps and CRCs 

described above, the number of SNVs attributed to SBS1 was significantly greater in the 

MBD4-mutant colorectal polyps (p = 0.00055, Figure 5.6a), MSI+ POL-WT CRCs (p < 2.2 x 

10-16, Figure 5.6a) and MSS POL-ε mutant CRCs (p = 0.0027, Figure 5.6a) compared to the 

MSS POL-WT cancers. However, only the MBD4-mutant polyps (p = 0.00054, Figure 5.6b) 

presented with a greater proportion of SNVs attributed to SBS1 than the MSS POL-WT 

cancers. The MSI+ POL-WT (p < 2.2 x 10-16, Figure 5.6b) and MSS POL-ε mutant (p = 7.8 x 

10-12, Figure 5.6b) CRCs presented with a significantly smaller proportion of SNVs attributed 

to SBS1 than MSS POL-WT cancers. Unsurprisingly, only the MSS POL-ε mutant CRCs 

presented with SBS10b (Figure 5.6c and Figure 5.6d), whereas only the MSI+ POL-WT 

cancers presented with SBS15 (Figure 5.6e and Figure 5.6f), indicating that there were 

differences in the mutation signatures of these groups of CRCs. 

In order to characterise the association between DNA methylation and the rate of C → T 

mutagenesis at CpG sites in these groups of cancers, C → T mutation at CpG sites were 

binned into the same twelve DNA methylation bins described in Chapter IV of this thesis. As 

seen in Figure 5.7, there were significant correlations between DNA methylation and the rate 

of C → T mutagenesis at CpG sites in the MBD4-mutant colorectal polyps (r2 = 0.9319, p < 

0.00001), MSS POL-WT CRCs (r2 = 0.7269, p = 0.000426), MSI+ POL-WT CRCs (r2 = 

0.7549, p = 0.000245) and MSS CRCs with POL-ε EDMs (r2 = 0.6902, p = 0.000816). As 

previously discussed in Chapter IV of this thesis, the regression slope for the association 

between DNA methylation and the rate of C → T mutagenesis at CpG sites was significantly 

steeper in the MBD4-mutant colorectal polyps (α = 1130.6) than in the MSS POL-WT 

cancers (α = 78.7, p < 0.0001). Interestingly, the regression slopes of the MSI+ POL-WT (α = 

396.8) and MSS POL-ε mutant (α = 4,070) CRCs were also significantly steeper than that of 

the MSS POL-WT cancers (p < 0.0001). This may suggest that as well as in the MBD4-

mutant polyps, highly-methylated CpG sites in MSI+ POL-WT and MSS POL-ε mutant CRCs 

may also be at greater risk of C → T mutagenesis than more lowly-methylated CpG sites. 

The regression constant of the MSS POL-WT cancers was not significantly different to that
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e) 

f) 

Figure 5.6 – Mutation Signature Distribution of Colorectal Cancers with Microsatellite Instability & DNA Polymerase Exonuclease Domain Mutations: The number 

and proportion of single-nucleotide variations (SNVs) attributed to specific mutation signatures in colorectal polyps extracted from an individual with a germline biallelic 

MBD4 truncation, microsatellite stable (MSS) or unstable (MSI+) colorectal cancers without DNA polymerase exonuclease domain mutations (POL-WT) and MSS colorectal 

cancers with POL-ε exonuclease domain mutations. Included are the number (a) and proportion (b) of SNVs attributed to SBS1, the number (c) and proportion (d) of SNVs 

attributed to SBS10b and the number (e) and proportion (f) of SNVs attributed to SBS15. 
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of the MBD4-mutant colorectal polyps (p = 0.516) or the MSS POL-ε mutant CRCs (p = 

0.602) – indicating that, at the point where DNA methylation is zero, there was no difference 

in the rate of C → T mutagenesis at CpG sites between these groups. The regression constant 

of the MSI+ POL-WT cancers was significantly greater than in the MSS POL-WT cancers (p 

< 0.0001), suggesting that the rate of C → T mutagenesis at unmethylated CpG sites was 

higher in these cancers. 

The association between DNA replication timing and the rate of C → T mutagenesis at CpG 

sites was then investigated in these polyps and CRCs (see Chapter IV of this thesis for a 

detailed description of the method). As seen in Figure 5.8 and Table 5.4, there were  

Figure 5.7 – The Effect of DNA Methylation on C → T Mutagenesis at CpG Sites in MBD4-Mutant 

Colorectal Polyps & Colorectal Cancers: The association between the C → T mutation rate at CpG sites and 

DNA methylation in colorectal cancer (CRC) whole-genome sequencing data obtained from the 100,000 

Genomes Project and data from colorectal polyps. Included are colorectal polyps from a patient with a germline 

biallelic MBD4 truncation, microsatellite stable (MSS) DNA polymerase (POL) wild-type (WT) CRCs, 

microsatellite unstable (MSI+) POL-WT CRCs and MSS cancers with pathogenic mutations in the exonuclease 

domain of POL-ε (POLE-Mutant). 
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significant positive correlations between DNA methylation and the rate of C → T 

mutagenesis at CpG sites in all four replication timing bins in the MBD4-mutant colorectal 

polyps (Figure 5.8a), MSS POL-WT CRCs (Figure 5.8c) and MSS POL-ε mutant cancers 

(Figure 5.8d). However, this significant correlation was only seen in three replication timing 

bins in MSI+ POL-WT CRCs (Figure 5.8c). In the latest replication timing bin, the 

association between DNA methylation and the rate of C → T mutagenesis at CpG sites was 

not significant (r2 = 0.1577, p = 0.20119 – Table 5.4). As seen in Table 5.5, there was a 

significant cumulative increase in the regression slope for the relationship between DNA 

methylation and the rate of C → T mutagenesis at CpG sites in the MBD4-mutant colorectal 

polyps (Methylation x Replication Timing = 140.2, p = 0.003 – Table 5.5), MSS POL-WT  

a) 

c) d) 

b) 

Figure 5.8 – The Effect of Replication Timing on C → T Mutagenesis at CpG Sites in MBD4-Mutant 

Colorectal Polyps & Colorectal Cancers: The association between DNA methylation and the rate of C → T 

mutagenesis at CpG sites in the earliest (blue), early (red), late (yellow) and latest (purple) replicating regions of 

the genome in MBD4-mutant colorectal polyps (a), microsatellite stable (MSS) DNA polymerase wild-type 

(POL-WT) colorectal cancers (b), microsatellite unstable POL-WT colorectal cancers (c) and MSS POL-ε 

mutant colorectal cancers (d). 
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Table 5.4 – Replication Timing Regression Analysis of MBD4-Mutant Colorectal Polyps & Colorectal Cancer: The regression equations of the relationship between 

DNA methylation and C → T mutation rates at CpG sites in MBD4-mutant colorectal polyps, microsatellite stable (MSS) DNA polymerase wild-type (POL-WT) colorectal 

cancers, microsatellite unstable (MSI+) POL-WT colorectal cancers and MSS colorectal cancers with POL-ε exonuclease domain mutations. Included are the replication 

timing bin, the regression slope, the regression constant, the methylation-mutation rate r2 correlation, the Pearson’s R correlation measure of this relationship and the p-value 

associated with the Pearson’s R statistic (p(Pearson’s R)). 

 

MBD4-Mutant Colorectal Polyps (n = 4):  

Replication Timing Bin: Regression Slope: Regression Constant: r2: Pearson’s R: P(Pearson’s R): 

Earliest 990.8 -50.2 0.9316 0.9652 < 0.00001 

Early 1040.1 -15.1 0.9211 0.9597 < 0.00001 

Late 1311.2 21.5 0.8938 0.9478 < 0.00001 

Latest 1367.8 34.9 0.9289 0.9638 < 0.00001 

MSS POL-WT Colorectal Cancers (n = 1,532): 

Replication Timing Bin: Regression Slope: Regression Constant: r2: Pearson’s R: P(Pearson’s R): 

Earliest 44.9 13.52 0.8091 0.8995 0.000068 

Early 59.8 32.58 0.656 0.8222 0.00103 

Late 105.4 34.05 0.7261 0.8521 0.000432 

Latest 126.4 49.2 0.807 0.8983 0.000072 

MSI+ POL-WT Colorectal Cancers (n = 357): 

Replication Timing Bin: Regression Slope: Regression Constant: r2: Pearson’s R: P(Pearson’s R): 

Earliest 389 240.5 0.8663 0.9308 0.000011 

Early 361 337.4 0.7476 0.8646 0.000284 

Late 331 428.3 0.5157 0.7181 0.008531 

Latest 224 636.2 0.1577 0.3971 0.20119 

MSS POL-ε Mutant Colorectal Cancers (n = 16): 

Replication Timing Bin: Regression Slope: Regression Constant: r2: Pearson’s R: P(Pearson’s R): 

Earliest 2,519 179 0.7695 0.8772 0.000178 

Early 4,144 319 0.7018 0.8377 0.000671 

Late 5,139 477 0.6427 0.8017 0.001705 

Latest 5,352 667 0.6398 0.7999 0.001786 
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Table 5.5 – The Effect of Replication Timing on Methylation-Mutation Rate Associations in MBD4-

Mutant Colorectal Polyps & Colorectal Cancers: Regression equations for the effect of fractional DNA 

methylation and replication timing on C → T mutation rates at CpG sites in MBD4-mutant colorectal polyps, 

microsatellite stable (MSS) DNA polymerase wild-type (POL-WT) colorectal cancers, microsatellite unstable 

(MSI+) POL-WT colorectal cancers and MSS colorectal cancers with POL-ε exonuclease domain mutations.  

Included are the variables of the equation – DNA methylation, replication timing, the interaction term between 

the two, the regression constant and the p-value of each (p(Coefficient)). 

 

CRCs (Methylation x Replication Timing = 29.02, p < 0.0001 – Table 5.5) and MSS POL-ε 

mutant CRCs (Methylation x Replication Timing = 952, p = 0.024 – Table 5.5). This suggests 

that highly-methylated CpG sites in late-replicating regions of the genome appear to be at 

greater risk of C → T mutagenesis in these polyps and cancers that lowly-methylated CpG 

sites in early-replicating regions of the genome. In the MSI+ POL-WT CRCs, there was no 

significant cumulative change in the regression slope between the replication timing bins 

(Methylation x Replication Timing = -52.7, p = 0.253 – Table 5.5), indicating that the rate of 

C → T mutagenesis at CpG sites is less influenced by replication timing in these cancers – as 

previously shown in Chapter IV of this thesis.  

While the above data indicate that there may be some similarities between the MBD4-mutant 

colorectal polyps, MSI+ POL-WT CRCs and MSS CRCs with POL-ε EDMs (e.g. increased 

numbers of C → T mutations at CpG sites compared to MSS POL-WT CRCs and a 

significant association between DNA methylation and the rate of C → T mutagenesis at CpG 

sites), there is little in this data that may indicate the mechanism(s) underlying C → T 

mutagenesis at CpG sites in these samples. Previous data by Tomkova et al. suggested that C 

→ T mutagenesis in POL-ε mutant CRCs is primarily driven by unrepaired POL-ε replication 

errors propagating into C → T mutations in the next round of DNA replication, whilst also 

MBD4-Mutant Colorectal Polyps (n = 4): 

Regression Variable: Coefficient: P(Coefficient): 

DNA Methylation 967.1 < 0.0001 

Replication Timing 29.2 0.276 

Methylation x Replication Timing Interaction Term 140.2 0.003 

Constant -46 0.358 

MSS POL-WT Colorectal Cancers (n = 1,524): 

Regression Variable: Coefficient: P(Coefficient): 

DNA Methylation 40.6 0.002 

Replication Timing 10.85 0.009 

Methylation x Replication Timing Interaction Term 29.02 < 0.0001 

Constant 16.06 0.036 

MSI+ POL-WT Colorectal Cancers (n = 357): 

Regression Variable: Coefficient: P(Coefficient): 

DNA Methylation 405.2 < 0.0001 

Replication Timing 127.8 < 0.0001 

Methylation x Replication Timing Interaction Term -52.7 0.253 

Constant 218.9 < 0.0001 

MSS POL-ε Mutant Colorectal Cancers (n = 16): 

Regression Variable: Coefficient: P(Coefficient): 

DNA Methylation 2,852 0.001 

Replication Timing 162 0.51 

Methylation x Replication Timing Interaction Term 952 0.024 

Constant 167 0.716 
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suggesting that this may also be the cause of C → T mutations at CpG sites in MSI+ cancers 

(524). As discussed in section 5.1.2, POL-ε is thought to be responsible for the synthesis of 

the leading strand during DNA replication, whereas POL-δ replicates the lagging strand 

(489). As a consequence of this, it has previously been reported that cancers with pathogenic 

mutations in the exonuclease domain of POL-ε present with an increased number of 

mutations on the template for leading strand synthesis (485,524). As presented in Figure 5.1b, 

the mutation signature SBS10b – which is associated with defective POL-ε DNA 

“proofreading” – is characterised by a significant enrichment of C → T mutations in the 

context TCG. Of the sixteen POL-ε mutant cancers described in section 5.3.1, a median of 

71.6% (range of 61.32% –76.82%) of C → T mutations at CpG sites were in the context 

TCG. Therefore, it is plausible that unrepaired errors made by POL-ε during the replication 

of the leading strand were the cause of the majority of the C → T mutations at CpG sites in 

these POL-ε mutant CRCs. However, in MSI+ POL-WT CRCs, these mutations only 

accounted for a median of 10.9% of C → T mutations at CpG sites (range of 3.95% – 

16.94%).  

In these MSS CRCs with POL-ε EDMs, there are two possible mechanisms by which an 

erroneous DNA mismatch produced by POL-ε during DNA replication may be propagated 

into a C → T mutation at a CpG site in the next round of replication (see Figure 5.9 and 

Figure 5.10). These include the generation of a C:A DNA mismatch (Figure 5.9) or a T:G 

mismatch (Figure 5.10) which are then propagated into C → T or G → A mutations in the 

next round of DNA replication. As seen in Figure 5.9, if C:A mismatches were the cause of C 

→ T mutagenesis at CpG sites in these POL-ε mutant CRCs, it would be expected that C → T 

mutations would be more common in left-replicating regions of the genome than G → A 

mutations. Furthermore, G → A mutations would be expected to be more common than C → 

T mutations in right-replicating DNA. Conversely, if T:G DNA mismatches were the driving 

force underpinning C → T mutagenesis at CpG sites, G → A mutations would be expected to 

be more common than C → T mutations in left-replicating DNA and C → T mutations would 

be more common than G → A mutations in right-replicating DNA (see Figure 5.10). 

In order to identify which of the above mechanisms may drive C → T mutagenesis at CpG 

sites in these POL-ε mutant CRCs, replication strand data was obtained from the study by 

Haradhvala et al., who divided the genome into 20,000 base-pair regions and classified 

regions as left-replicating or right-replicating based on replication timing data obtained from 

lymphoblastoid cell lines (520). In total, 9,638,264 CpG sites could be assigned to one of 

these states. The C → T mutations at CpG sites of the POL-ε mutant cancers, either 

categorised as C → T or G → A mutations, could then be assigned to either left-replicating or 

right-replicating regions of the genome. As seen in Figure 5.11a, the ratio of C → T / G → A 

mutations in indicated an excess of C → T mutations in left-replicating DNA and an excess 

of G → A mutations in right-replicating DNA (p = 3.1 x 10-5). Therefore, this data indicates 

that C → T mutations at CpG sites in these cancers were potentially driven by unrepaired 

C:A DNA mismatches produced during replication of the leading strand which are 

propagated into mutations in the next round of DNA replication. 

From this data, it could be concluded that C → T mutations in left-replicating DNA and G → 

A mutations in right-replicating DNA correspond to C → T mutations on the leading strand 

template, whereas C → T mutations in right-replicating DNA and G → A mutations in left-  
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 Figure 5.9 – C → T Mutagenesis at CpG Sites Driven by C:A Mismatches Erroneously Produced During DNA Replication: The mechanism by which C:A DNA 

mismatches produced by DNA polymerase-ε (POL-ε) during replication of the leading strand could propagate into C → T mutations at CpG sites in the next round of DNA 

replication. In left-replicating DNA (left), the C:A mismatch is propagated into a C → T mutation by DNA polymerase-δ (POL-δ). In right-replicating DNA (right), the C:A 

mismatch produced by POL-ε is propagated by POL-δ into a G → A mutation. Created with BioRender.com (https://app.biorender.com/). 
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Figure 5.10 – C → T Mutagenesis at CpG Sites Driven by T:G Mismatches Erroneously Produced During DNA Replication: The mechanism by which T:G DNA 

mismatches produced by DNA polymerase-ε (POL-ε) during replication of the leading strand could propagate into C → T mutations at CpG sites in the next round of DNA 

replication. In left-replicating DNA (left), the T:G mismatch is propagated into a G → A mutation by DNA polymerase-δ (POL-δ). In right-replicating DNA (right), the T:G 

mismatch produced by POL-ε is propagated by POL-δ into a C → T mutation. Created with BioRender.com (https://app.biorender.com/). 
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replicating DNA are more likely to be on the lagging strand template. By this mechanism, 

cancers with POL-ε EDMs presented with significantly more mutations on the template for 

the leading strand than the lagging strand (p = 3.1 x 10-5, Figure 5.11b), which is in 

agreement with what has been previously reported in the literature (485,518,520,524).  

Using this convention for assigning C → T mutations at CpG sites to the template for leading 

or lagging strand synthesis, a log2(Leading/Lagging) ratio of mutations could be calculated 

for each individual cancer. As seen in Figure 5.12, MBD4-mutant colorectal polyps and MSS 

POL-WT CRCs presented with a log2(Leading/Lagging) ratio of close to zero – perhaps 

indicating that these C → T mutations at CpG sites were driven by spontaneous deamination 

a) 

b) 

Figure 5.11 – Replication Strand Asymmetries of MSS Colorectal Cancers with Pathogenic DNA 

Polymerase-ε Exonuclease Domain Mutations: The ratio of C → T / G → A mutations in left-replicating and 

right-replicating regions of the genome in microsatellite stable colorectal cancers with pathogenic DNA 

polymerase-ε exonuclease domain mutations (a). Also shown are the number of C → T mutations at CpG sites 

of the leading strand template and lagging strand templates of these cancers (b). 
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of 5-mC, given that the spontaneous deamination of 5-mC is theoretically equally likely to 

occur on either replication strand. While there was no significant difference in the 

log2(Leading/Lagging) ratio of mutations between the MBD4-mutant polyps and MSS POL-

WT CRCs (p = 0.64, Figure 5.12), a number of MSS POL-WT CRCs appeared to show an 

excess of mutations on the lagging strand template. Conversely, MSI+ POL-WT CRCs and 

MSS POL-ε mutant CRCs both presented with a log2(Leading/Lagging) ratio that was 

significantly greater than their MSS POL-WT countrparts (p < 2.2 x 10-16 and p = 6 x 10-12 

respectively, Figure 5.12) – indicating that these cancers have a significant excess of C → T 

mutations at CpG sites on the leading strand template. This data suggests that unrepaired 

POL-ε replication errors may be the driving force underpinning C → T mutagenesis in these 

cancers, which is plausible given the role of both POL-ε “proofreading” and the MMR 

pathway in the repair of DNA mismatches caused by replication errors (see section 5.1). 

However, the log2(Leading/Lagging) ratio of mutations was signifcantly greater in the MSS 

POL-ε mutant CRCs than the MSI+ POL-WT cancers (p = 1.4 x 10-11, Figure 5.12).  

Overall, the data presented above indicates that MSI+ POL-WT CRCs and MSS CRCs with 

POL-ε EDMs present with a greater number of C → T mutations at CpG sites than their MSS 

POL-WT counterparts. In addition to this, these cancers also present with a steeper regression 

slope between DNA methylation and the rate of C → T mutagenesis at CpG sites than the 

MSS POL-WT cancers, perhaps indicating that highly-methylated CpG sites are at greatest 

risk of C → T mutagenesis in these cancers. Interestingly, it appears than both MSI+ POL-

WT CRCs and MSS POL-ε mutant cancers show a significant enrichment of C → T 

mutations at CpG sites on the template for leading strand synthesis compared to MSS POL-

WT cancers, suggesting that DNA replication errors may be the driving force underpinning C 

→ T mutagenesis at CpG sites in these cancers. As discussed in section 5.1, the hyper-

mutated nature of cancers with POL-ε EDMs is thought to be a result of abolished DNA 

“proofreading” mechanisms and a consequent accumulation of replication errors which are 

propagated into mutations. However, previous studies of MSI+ POL-WT cancers suggest that 

C → T mutagenesis at CpG sites may be driven by different mechanisms depending on the 

MMR gene mutated, with MutS-deficient cancers thought to accumulate mutations via 

unrepaired spontaneous deaminations of 5-mC and MutL-deficient cancers thought to 

accumulate mutations via unrepaired DNA replication errors (see section 5.1.3.2). Therefore, 

in order to further investigate this hypothesis, the MSI+ POL-WT cancers should be 

categorised as either MutS-deficient or MutL-deficient and the above analyses repeated, with 

particular emphasis placed on the replication strand analysis to identify the likely 

mechanism(s) underpinning C → T mutagenesis at CpG sites in these cancers. 

 

5.3.2 – Characteristics of MutS-Deficient & MutL-Deficient MSI+ 

POL-WT CRCs 
 

Previous studies by Fang et al. and Sanders et al. have suggested that MutS-deficient cancers 

present with more C → T mutations at CpG sites than their MutL-deficient counterparts 

(518,519). In order to investigate this in whole-genome sequencing data of CRCs from the 
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Figure 5.12 – Replication Strand Analysis of MBD4-Mutant Colorectal Polyps and Colorectal Cancers: The log2(Leading/Lagging) ratio of C → T mutations at CpG 

sites in colorectal polyps derived from a patient with a germline biallelic MBD4 truncation, microsatellite stable (MSS) DNA polymerase wild-type (POL-WT) colorectal 

cancers, microsatellite unstable (MSI+) POL-WT colorectal cancers and MSS colorectal cancers with POL-ε exonuclease domain mutations (POLE-mutant). 
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100KGP, MSI+ POL-WT CRCs were categorised as MutS-deficient if they presented with 

germline pathogenic mutations or somatic pathogenic mutations that were likely biallelic (as 

determined by χ2 analysis) in either MSH2 or MSH6. A total of six CRCs presented with 

germline MSH2 mutations, which were categorised as LS-associated MutS-deficient CRCs 

(see Table 5.6). In addition to these LS samples, twenty-eight cancers presented with 

pathogenic somatic mutations in MSH2, resulting in a Bonferroni-corrected p(χ
2

) threshold of 

0.00179 (0.05/28). Of these, three cancers presented a p(χ
2

) below this threshold and a p(χ
2

) ≥ 

0.05 when the null hypothesis assumed that these mutations were homozygous – indicating 

that these MSH2 mutations were likely biallelic (see Table 5.7). Similarly, nine MSI+ POL-

WT CRCs presented with germline MSH6 mutations (see Table 5.6) and 128 CRCs presented 

with pathogenic MSH6 mutations, resulting in a p(χ
2

) threshold of 0.000391 (0.05/128). Of 

these, four MSI+ cancers presented with a p(χ
2

) below this threshold and a p(χ
2

) ≥ 0.05 when 

the null hypothesis assumes that these mutations were biallelic (see Table 5.7). In addition to 

these cancers, four cancers presented with multiple somatic MSH6 truncations – indicating 

that these cancers may also have biallelic loss of MSH6 (see Table 5.7). This resulted in a 

total of twenty-six MSI+ POL-WT CRCs being classified as MutS-deficient, fifteen LS-

associated and eleven somatic. A summary of these cancers is provided in Figure 5.13. 

In addition to these cancers, six MSI+ POL-WT cancers presented with germline pathogenic 

mutations in MLH1, resulting in their classification as LS-associated MutL-deficient cancers 

(see Table 5.6). A further thirty cancers had somatic pathogenic MLH1 mutations, resulting in 

a Bonferroni-corrected p(χ
2

) threshold of 0.00167 (0.05/30). Four MLH1-mutant CRCs had a 

p(χ
2

) below this threshold and a p(χ
2

) ≥ 0.05 when the null hypothesis assumed the mutation 

was biallelic, indicating that the MLH1 mutation harboured by the cancer was likely to be 

biallelic (see Table 5.7). One MSI+ POL-WT CRC presented with multiple MLH1 mutations, 

indicating that this cancer may also have pathogenic mutations in both alleles of the MLH1 

gene (see Table 5.7). Cancers with pathogenic mutations in PMS2 were excluded from this 

analysis (see Figure 5.13) due to the presence of a number of pseudogenes at the PMS2 locus 

which have been shown to be highly homologous with the PMS2 gene – thus making genuine 

pathogenic PMS2 mutations difficult to to identify (525).  

As well as these PMS2-mutant cancers, the 105 CRCs with monoallelic somatic MutS 

mtations, the twelve CRCs with monoallelic somatic MutL mutations and the ten cancers 

with monoallelic somatic mutations in both MutS and MutL genes were excluded from 

downstream analyses as they could not be confidently classified as MutS-deficient or MutL-

deficient (see Figure 5.13). This left a group of 189 MSI+ CRCs with no mutations in any of 

the above MMR genes, indicating that the MSI+ phenotype was likely driven by MLH1 

promoter hyper-methylation in these cancers (see Figure 5.13). 

Following the classification of these cancers as MutS-deficient or MutL-deficient, the 

characteristics of these cancers were then compared. As seen in Figure 5.14a, there were no 

significant differences in the SNV burdens of most of the groups (p(Kruskal-Wallis) = 0.18). 

Cancers with somatic biallelic MutS mutations presented with significantly more SNVs than 

cancers with presumed MLH1 promoter hyper-methylation (p = 0.043, Figure 5.14a) – which 

represented the only significant difference between any of the groups. As seen in Figure 

5.14b, the LS-associated MutS-deficient and MutL-deficient CRCs were significantly  
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Table 5.6 – Characterisation of Lynch Syndrome MutS-Deficient & MutL-Deficient Colorectal Cancers: The details of the twenty-one microsatellite unstable (MSI+) 

DNA polymerase wild-type colorectal cancers with germline pathogenic mutations in the DNA mismatch repair (MMR) genes MSH2, MSH6 or MLH1. Included are the 

germline MMR mutation, any additional somatic MMR mutations, the estimated tumour purity and the final classification of the cancer – either Lynch Syndrome MutS-

deficient or MutL-deficient. NA = Not Applicable. 

 

Cancer #: Germline Mutation: Somatic Mutation: Tumour Purity (%): Cancer Classification: 

1 MSH2L330P NA 23 Lynch Syndrome MutS-Deficient 

2 MSH2Q76* NA 25 Lynch Syndrome MutS-Deficient 

3 MSH2A776fs* NA 48 Lynch Syndrome MutS-Deficient 

4 MSH2C333Y NA 72 Lynch Syndrome MutS-Deficient 

5 MSH2G162R MSH2Q337* 62 Lynch Syndrome MutS-Deficient 

6 MSH2R711* MSH2R680* 26 Lynch Syndrome MutS-Deficient 

7 MSH6L1211P NA 41 Lynch Syndrome MutS-Deficient 

8 MSH6T783fs* NA 40 Lynch Syndrome MutS-Deficient 

9 MSH6G32fs* MSH6E270fs* 40 Lynch Syndrome MutS-Deficient 

10 MSH6A1055P MSH6Q33* 54 Lynch Syndrome MutS-Deficient 

11 MSH6R870fs* MSH6W44* 72 Lynch Syndrome MutS-Deficient 

12 MSH6K88* MSH6N71fs* 72 Lynch Syndrome MutS-Deficient 

13 MSH6E1109* MSH6T783fs* 28 Lynch Syndrome MutS-Deficient 

14 MSH6I589fs* MSH6T783fs* 76 Lynch Syndrome MutS-Deficient 

15 MSH6G686D MSH6T783fs* 27 Lynch Syndrome MutS-Deficient 

16 MLH1T117M NA 74 Lynch Syndrome MutL-Deficient 

17 MLH1W469* NA 40 Lynch Syndrome MutL-Deficient 

18 MLH1T117M NA 54 Lynch Syndrome MutL-Deficient 

19 MLH1V7fs* NA 62 Lynch Syndrome MutL-Deficient 

20 MLH1P579fs* NA 42 Lynch Syndrome MutL-Deficient 

21 MLH1L573fs* NA 57 Lynch Syndrome MutL-Deficient 
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Table 5.7 – Characterisation of Somatic Biallelic MutS-Deficient & MutL-Deficient Colorectal Cancers: The details of the sixteen microsatellite unstable (MSI+) DNA 

polymerase wild-type colorectal cancers with likely somatic biallelic mutations in the DNA mismatch repair (MMR) genes MSH2, MSH6 or MLH1. Included are the somatic 

MMR mutation(s) harboured by the cancer, the estimated tumour purity, the observed number of reads associated with the mutation, the expected number of reads if the 

mutation was heterozygous, the p-value from the subsequent χ2 analysis (p(χ
2
)), the expected number of reads if the mutation was homozygouos and the associated (p(χ

2
)). NA 

= Not Applicable. 

 

 

 

 

 

 

Cancer #: MMR Mutation: Tumour Purity (%): Alternate 

Reads: 

Expected Reads 

if Heterozygous: 

P(χ
2
): Expected Reads 

if Homozygous: 

P(χ
2
): Cancer Classification: 

1 MSH2T788Lfs*24 40 62 18 < 0.00001 37 NA Somatic Biallelic MutS-Deficient 

2 MSH2E853* 71 74 41 < 0.00001 82 0.0872 Somatic Biallelic MutS-Deficient 

3 MSH2Y570* 35 50 25 < 0.00001 50 0.9443 Somatic Biallelic MutS-Deficient 

4 MSH6T783fs* 53 63 34 < 0.00001 68 0.3914 Somatic Biallelic MutS-Deficient 

5 MSH6T783fs* 23 31 12 < 0.00001 24 0.1122 Somatic Biallelic MutS-Deficient 

6 MSH6T783fs* 38 42 19 < 0.00001 39 0.5087 Somatic Biallelic MutS-Deficient 

7 MSH6T783fs* 34 34 18 0.0000272 36 0.7261 Somatic Biallelic MutS-Deficient 

8 MSH6I115fs* + MSH6V299fs* 26 NA NA NA NA NA Somatic Biallelic MutS-Deficient 

9 MSH6R193* + MSH6D911fs* 44 NA NA NA NA NA Somatic Biallelic MutS-Deficient 

10 MSH6F116fs* + MSH6T783fs* 25 NA NA NA NA NA Somatic Biallelic MutS-Deficient 

11 MSH6R249* + MSH6T783fs* 38 NA NA NA NA NA Somatic Biallelic MutS-Deficient 

12 MLH1V437fs* 54 62 33 < 0.00001 66 0.4239 Somatic Biallelic MutL-Deficient 

13 MLH1R354fs* 62 95 42 < 0.00001 84 NA Somatic Biallelic MutL-Deficient 

14 MLH1N38fs* 37 47 23 < 0.00001 46 0.835 Somatic Biallelic MutL-Deficient 

15 MLH1E89* 74 90 43 < 0.00001 86 0.3786 Somatic Biallelic MutL-Deficient 

16 MLH1E228* + MLH1E648* 36 NA NA NA NA NA Somatic Biallelic MutL-Deficient 
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 younger than the cancers with presumed MLH1 promoter hyper-methylation (p = 0.0019 and 

p = 0.00059 respectively, Figure 5.14b), while there were no significant differences in the 

ages of the somatic MutS-deficient cancers, somatic MutL-deficient CRCs and the cancers 

with presumed MLH1 promoter hyper-methylation. Interestingly, both the LS-associated and 

somatic MutS-deficient CRCs presented with significantly more C → T mutations at CpG 

sites than any of the MutL-deficient cancers (see Figure 5.14c), while the LS-associated 

MutL-deficient CRCs, the somatic MutL-deficient CRCs and the CRCs with presumed 

MLH1 promoter hyper-methylation presented with no difference in the number of C → T 

mutations at CpG sites (see Figure 5.14c). As seen in Figure 5.14d, C → T mutations at CpG 

sites represented a significantly greater proportion of the total SNV burden of LS-associated 

MutS-deficient CRCs than in any of the MutL-deficient groups of cancer, while in the 

somatic MutS-deficient CRCs this proportion was only significantly greater than the cancers 

with presumed MLH1 promoter hyper-methylation (p = 0.016, Figure 5.14d). Similarly, to 

what was seen in Figure 5.14c, the proportion of the total SNV burden comprised of C → T 

mutations at CpG sites was not significantly different in the LS-associated MutL-deficient 

cancers, somatic MutL-deficient cancers or the cancers with presumed MLH1 promoter 

hyper-methylation (see Figure 5.14d). Overall, this data indicates that MutS-deficient CRCs 

have a greater number of C → T mutations at CpG sites than their MutL-deficient 

counterparts that cannot be explained by patient age – which is in agreement with previous 

studies (518,519). 

Figure 5.13 – Classification of Mismatch Repair Deficiencies of Colorectal Cancers with Microsatellite 

Instability: A flow chart detailing the classification of 357 microsatellite unstable (MSI+) colorectal cancers 

(CRCs) with no mutations in the exonuclease domain of DNA polymerases δ or ε (POL-WT). Of the original 

357 cancers, 131 were excluded from classification of mismatch repair deficiencies. Subsequently, of the 226 

remaining cancers, 26 were characterised as MutS-deficient and 200 as MutL-deficient. Created with 

BioRender.com (https://app.biorender.com/). 
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a) 

b) 
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c) 

d) 

Figure 5.14 – The Mutation Profile of MutS-Deficient & MutL-Deficient MSI+ Colorectal Cancers: Characteristics of microsatellite unstable DNA polymerase wild-

type colorectal cancers extracted from the 100,000 Genomes Project. Cancers were classified as Lynch Syndrome MutS-deficient, somatic MutS-deficient, Lynch Syndrome 

MutL-deficient, somatic MutL-deficient and cancers with presumed MLH1 promoter hyper-methylation. Included are the total single-nucleotide variation (SNV) burdens of 

each cancer (a), the ages of each patient (b), the number of C → T mutations at CpG sites in each cancer (c) and the proportion of the total SNV burden comprised of this 

mutation type (d). 
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Following mutation signature extraction from these MSI+ POL-WT CRCs, LS-assocated 

MutS-deficient cancers presented with a greater number of SNVs attributed to SBS1 than the 

LS-associated MutL-deficient cancers (p = 0.00044, Figure 5.15a), somatic MutL-deficient 

cancers (p = 0.00013, Figure 5.15a) and CRCs with presumed MLH1 promoter hyper-

methylation (p = 3.6 x 10-9, Figure 5.15a). Somatic MutS-deficient CRCs had a greater 

number of SNVs attributed to SBS1 than all of the MutL-deficient groups, but this difference 

was only significant compared to the somatic MutL-deficient cancers and the cancers with 

presumed MLH1 promoter hyper-methylation (Figure 5.15a). There were no significant 

differences in the number of SNVs attributed to SBS1 in any of the MutL-deficient groups 

(Figure 5.15a). Both the LS-associated and somatic MutS-deficient had a significantly greater 

proportion of SNVs attributed to SBS1 than the cancers with presumed MLH1 promoter 

hyper-methylation (p = 4.8 x 10-6 and p = 0.0054 respectively, Figure 5.15b), while there 

were no significant differences in this proportion between any of the MutL-deficient groups 

(Figure 5.15b). Interestingly, there were no differences in the number (p(Kruskal-Wallis) = 0.92, 

Figure 5.15c) or proportion (p(Kruskal-Wallis) = 0.91, Figure 5.15d) of SNVs attributed to SBS15, 

although this may have been a consequence of the low number of cancers that presented with 

this signature. Overall, this data suggests that the increase in C → T mutagenesis at CpG sites 

in MutS-deficient CRCs (see Figure 5.14) correlates with an increase in the prevalence of the 

mutation signature SBS1, indicating that the suggestions of previous studies that these 

cancers accumulate C → T mutations at CpG sites via unrepaired spontaneous deaminations 

of 5-mC may be accurate (518,519). 

Next, C → T mutations at CpG sites in these MSI+ POL-WT CRCs were binned according to 

their DNA methylation status in the normal sigmoid colon (see section 4.2.5 for details). As 

seen in Figure 5.16, there were significant positive correlations between DNA methylation 

and the rate of C → T mutagenesis at CpG sites in LS-assoiated MutS-deficient CRCs (r2 = 

0.9159, p < 0.00001), somatic MutS-deficient CRCs (r2 = 0.8332, p = 0.000034), LS-

associated MutL-deficient CRCs (r2 = 0.9267, p < 0.00001), somatic MutL-deficient CRCs 

(r2 = 0.8105, p = 0.000065) and cancers with presumed MLH1 promoter hyper-methylation 

(r2 = 0.6599, p = 0.001326). When the regression slopes of the relationship between DNA 

methylation and the rate of C → T mutagenesis at CpG sites were compared, the slope of the 

LS-associated MutS-deficient cancers (α = 1,244) was significantly steeper than the slope of 

the LS-associated MutL-deficient CRCs (α = 651.2, p < 0.0001), somatic MutL-deficient 

CRCs (α = 425.5, p < 0.0001) and cancers with presumed MLH1 promoter hyper-methylation 

(α = 313.4, p < 0.0001). Interestingly, the regression constant of LS-associated MutS-

deficient CRCs was not significiantly different when compared to any of the MutL-deficient 

groups – suggesting that the rate of C → T mutagenesis at CpG sites in these cancers was the 

same when DNA methylation was zero. The regression slope of the somatic MutS-deficient 

CRCs (α = 726) was significantly steeper than the slopes of the somatic MutL-deficient 

CRCs (p = 0.022) and CRCs with presumed MLH1 promoter hyper-methylation (p = 0.004). 

However, the regression constants of the somatic MutS-deficient CRCs was not significantly 

different to either of these groups of MutL-deficient cancer. Overall, this data suggests that 

highly-methylated CpG sites are most at risk of C → T mutagenesis in these MSI+ cancers, 

with MutS-deficient cancers showing steeper regression slopes than MutL-deficient cancers, 

perhaps indicating that the association between DNA methylation and the rate of C → T 

mutagenesis at CpG sites was stronger in these cancers. 
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c) 

d) 

Figure 5.15 – Mutation Signature Distribution of MutS-Deficient & MutL-Deficient MSI+ Colorectal Cancers: The number and proportion of single-nucleotide 

variations (SNVs) attributed to specific mutation signatures in microsatellite unstable DNA polymerase wild-type colorectal cancers. Cancers were classified as Lynch 

Syndrome MutS-deficient, somatic MutS-deficient, Lynch Syndrome MutL-deficient, somatic MutL-deficient and cancers with presumed MLH1 promoter hyper-

methylation. Included are the number (a) and proportion (b) of SNVs attributed to SBS1 and the number (c) and proportion (d) of SNVs attributed to SBS15. 
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Interestingly, the regression slope of the CRCs with presumed MLH1 promoter hyper-

methylation was significantly less steep than LS-associated MutL-deficient CRCs (p = 

0.001), while the regression constant for these cancers was significantly greater than LS-

associated MutL-deficient CRCs (p = 0.001) and somatic MutL-deficient cancers (p = 0.034), 

indicating that at the point that methylation was zero, the rate of C → T mutagenesis was 

higher in the cancers with presumed MLH1 promoter hyper-methylation. 

Following this, C → T mutations at CpG sites in each of these groups of MSI+ POL-WT 

CRCs were binned according to their replication timing. LS-associated MutS-deficient CRCs 

presented with significant correlations between DNA methylation and the rate of C → T 

mutagenesis at CpG sites in all four replication timing bins (Figure 5.17a and Table 5.8). The 

same positive corrlations were observed in somatic MutS-deficient cancers (Figure 5.17b, 

Table 5.8), LS-associated MutL-deficient CRCs (Figure 5.17c, Table 5.8) and somatic MutL-

deficient CRCs (Figure 5.17d, Table 5.8). In the CRCs with presumed MLH1 promoter 

hyper-methylation (Figure 5.17e), there were significant correlations between DNA  

Figure 5.16 – The Effect of DNA Methylation on C → T Mutagenesis at CpG Sites in MutS-Deficient & 

MutL-Deficient MSI+ Colorectal Cancers: The association between the C → T mutation rate at CpG sites and 

DNA methylation in whole-genome sequencing data obtained from microsatellite unstable colorectal cancers of 

the 100,000 Genomes Project. Cancers were classified as Lynch Syndrome MutS-deficient, somatic MutS-

deficient, Lynch Syndrome MutL-deficient, somatic MutL-deficient and cancers with presumed MLH1 promoter 

hyper-methylation. 
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c) 

e) 

b) a) 

d) 

Figure 5.17 – The Effect of Replication Timing on C → T Mutagenesis at CpG Sites in MutS-Deficient & 

MutL-Deficient MSI+ Colorectal Cancers: The association between DNA methylation and the rate of C → T 

mutagenesis at CpG sites in the earliest (blue), early (red), late (yellow) and latest (purple) replicating regions of 

the genome in microsatellite unstable DNA polymerase wild-type colorectal cancers. Cancers were classified as 

Lynch Syndrome MutS-deficient (a), somatic MutS-deficient (b), Lynch Syndrome MutL-deficient (c), somatic 

MutL-deficient (d) and cancers with presumed MLH1 promoter hyper-methylation (e). 
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Table 5.8 – Replication Timing Regression Analysis of MutS-Deficient & MutL-Deficient MSI+ Colorectal Cancer: The regression equations of the relationship 

between DNA methylation and C → T mutation rates at CpG sites in microsatellite unstable DNA polymerase wild-type colorectal cancers. Cancers were classified as Lynch 

Syndrome MutS-deficient, somatic MutS-deficient, Lynch Syndrome MutL-deficient, somatic MutL-deficient and cancers with presumed MLH1 promoter hyper-

methylation. Included are the replication timing bin, the regression slope, the regression constant, the methylation-mutation rate r2 correlation, the Pearson’s R correlation 

measure of this relationship and the p-value associated with the Pearson’s R statistic (p(Pearson’s R)). 

Lynch Syndrome MutS-Deficient (n = 15):  

Replication Timing Bin: Regression Slope: Regression Constant: r2: Pearson’s R: P(Pearson’s R): 

Earliest 1,165 176.7 0.9122 0.9551 < 0.00001 

Early 1,225 206.1 0.9223 0.9604 < 0.00001 

Late 1,095 342.2 0.7922 0.8901 0.000105 

Latest 1,300 377.2 0.8908 0.9438 < 0.00001 

Somatic MutS-Deficient (n = 11): 

Replication Timing Bin: Regression Slope: Regression Constant: r2: Pearson’s R: P(Pearson’s R): 

Earliest 760 202.3 0.9235 0.961 < 0.00001 

Early 702 315 0.8454 0.9195 0.000023 

Late 643 441.1 0.678 0.8234 0.000997 

Latest 526 614.4 0.3984 0.6312 0.027725 

Lynch Syndrome MutL-Deficient (n = 6): 

Replication Timing Bin: Regression Slope: Regression Constant: r2: Pearson’s R: P(Pearson’s R): 

Earliest 650.4 75.7 0.9625 0.9811 < 0.00001 

Early 623.2 137.4 0.9113 0.9546 < 0.00001 

Late 603.2 200.4 0.8579 0.9262 0.000015 

Latest 592.7 237 0.8302 0.9112 0.000037 

Somatic MutL-Deficient (n = 5): 

Replication Timing Bin: Regression Slope: Regression Constant: r2: Pearson’s R: P(Pearson’s R): 

Earliest 408.2 135.4 0.907 0.9524 < 0.00001 

Early 416.6 209.3 0.8061 0.8978 0.000074 

Late 430.7 263.6 0.7166 0.8465 0.000516 

Latest 483.6 308.1 0.6967 0.8347 0.000731 

Presumed MLH1 Promoter Hyper-Methylation (n =189): 

Replication Timing Bin: Regression Slope: Regression Constant: r2: Pearson’s R: P(Pearson’s R): 

Earliest 313 246.7 0.809 0.8994 0.000068 

Early 283 346.6 0.6404 0.8002 0.001774 

Late 241 444.8 0.3554 0.5962 0.040754 

Latest 111 658.4 0.0424 0.2059 0.520864 
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methylation and the rate of C → T mutagenesis at CpG sites in three of the four replication 

timing bins, whereas this correlation was non-significant in the latest replication timing bin 

(r2 = 0.0424, p = 0.520864 – Table 5.8), possibly as a consequence of the unusually high rate 

of C → T mutagenesis of CpG sites with a DNA methylation of between zero and thirty 

percent. As seen in Table 5.9, the DNA replication timing bin had no effect on the regression 

slope between DNA methylation and the rate of C → T mutagenesis at CpG sites in LS-

associated MutS-deficient CRCs (Methylation x Replication Timing = 27.4, p = 0.654), 

somatic MutS-deficient CRCs (Methylation x Replication Timing = -76.2, p = 0.2), LS-

associated MutL-deficient CRCs (Methylation x Replication Timing = -19.3, p = 0.512), 

somatic MutL-deficient CRCs (Methylation x Replication Timing = 24, p = 0.466) and CRCs 

with presumed MLH1 promoter hyper-methylation (Methylation x Replication Timing = -65, 

p = 0.165). Overall, this data indicates that, in these cancers, replication timing has no effect 

on the rate of C → T mutagenesis at CpG sites – consistant with what has been reported for 

MSI+ cancers throughout this thesis. 

While it is apparent that MutS-deficient MSI+ CRCs present with more C → T mutations at 

CpG sites, a greater representation of SBS1 and a steeper regression slope between DNA 

methylation and the rate of C → T mutagenesis at CpG sites than their MutL-deficient 

counterparts, the potential mechanism(s) underlying this has not yet been investigated. 

Should the theory presented by Fang et al. (that MutS-deficient cancers accumulate C → T 

mutations at CpG sites via unrepaired spontaneous deaminations of 5-mC while MutL-

deficient cancers accumulate mutations via unrepaired DNA replication errors) be accurate, 

the log2(Leading/Lagging) ratio of mutations in the MutS-deficient cancers should be closer 

to zero and resemble the MBD4-mutant colorectal polyps compared to the MutL-deficient 

CRCs, which should have a log2(Leading/Lagging) ratio of greater than zero. Surprisingly, 

there were no differences in the log2(Leading/Lagging) ratios between any of the MutS-

deficient or MutL-deficient cancers (p(Kruskal-Wallis) = 0.27, Figure 5.18) – possibly indicating 

that these cancers accumulate C → T mutations at CpG sites via the same mechanism. As 

seen in Figure 5.18, the log2(Leading/Lagging) ratio of these MSI+ cancers was greater than 

zero, indicating that there was an excess of C → T mutations at CpG sites on the template for 

leading strand synthesis – suggesting that these mutations may be a consequence of 

unrepaired DNA replication errors and not spontaneous deaminations of 5-mC. This goes 

against what has been hypothesised in section 5.1.4 and the data presented previously by 

Fang et al., who suggested that MutS is involved in the repair of spontaneous deaminations of 

5-mC (518). The suggestion that MSI+ CRCs accumulate C → T mutations at CpG sites via 

unrepaired DNA replication errors and the previous data suggesting that highly-methylated 

CpG sites are at greatest risk of mutation in both these cancers and CRCs with POL-ε EDMs 

(see Figure 5.7) implies that DNA methylation may impact the likelihood of a replication 

error occurring at a CpG site. Therefore, the next stage of analysis should be to combine the 

replication strand and fractional DNA methylation data used previously to investigate this 

hypothesis. 

 

5.3.3 – The Relationship Between DNA Methylation & POL-ε 

Replication Errors 
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Table 5.9 – The Effect of Replication Timing on Methylation-Mutation Rate Associations in MutS-

Deficient & MutL-Deficient MSI+ Colorectal Cancer: Regression equations for the effect of fractional DNA 

methylation and replication timing on C → T mutation rates at CpG sites in microsatellite unstable DNA 

polymerase wild-type colorectal cancers. Cancers were classified as Lynch Syndrome MutS-deficient, somatic 

MutS-deficient, Lynch Syndrome MutL-deficient, somatic MutL-deficient and cancers with presumed MLH1 

promoter hyper-methylation. Included are the variables of the equation – DNA methylation, replication timing, 

the interaction term between the two, the regression constant and the p-value of each (p(Coefficient)). 

 

The results presented in the previous section are contrary to the hypothesis set out in section 

5.1.4, where it was hypothesised that MutS-deficient CRCs would present with no asymmetry 

of mutations on the template for either the leading or lagging strand – similar to the MBD4-

mutant colorectal polyps. Instead, an excess of mutations on the leading strand template was 

seen, indicating that C → T mutagenesis at CpG sites in these cancers may be a consequence 

of unrepaired C:A POL-ε replication errors that propagate into mutations in the next round of 

DNA replication and not via unrepaired spontaneous deaminations of 5-mC. In Chapter IV of 

this thesis, it was shown that more highly-methylated CpG sites were at greater risk of 

spontaneous deamination. In addition to this, there was a significant positive correlation 

between DNA methylation and the rate of C → T mutagenesis at CpG sites in both POL-ε 

mutant and MSI+ POL-WT CRCs, potentially indicating that highly-methylated CpG sites 

may also be at greater risk of POL-ε replication error producing a C:A DNA mismatch. In 

order to investigate this, C → T mutations at CpG sites of either the leading or lagging strand 

Lynch Syndrome MutS-Deficient (n = 15): 

Regression Variable: Coefficient: P(Coefficient): 

DNA Methylation 1,155 < 0.0001 

Replication Timing 73.8 0.049 

Methylation x Replication Timing Interaction Term 27.4 0.654 

Constant 164.9 0.02 

Somatic MutS-Deficient (n = 11): 

Regression Variable: Coefficient: P(Coefficient): 

DNA Methylation 772 < 0.0001 

Replication Timing 136.2 < 0.0001 

Methylation x Replication Timing Interaction Term -76.2 0.2 

Constant 188.9 0.006 

Lynch Syndrome MutL-Deficient (n = 6): 

Regression Variable: Coefficient: P(Coefficient): 

DNA Methylation 646.4 < 0.0001 

Replication Timing 54.7 0.003 

Methylation x Replication Timing Interaction Term -19.3 0.512 

Constant 80.6 0.018 

Somatic MutL-Deficient (n = 5): 

Regression Variable: Coefficient: P(Coefficient): 

DNA Methylation 398.7 < 0.0001 

Replication Timing 57.2 0.006 

Methylation x Replication Timing Interaction Term 24 0.466 

Constant 143.2 < 0.0001 

Presumed MLH1 Promoter Hyper-Methylation (n = 189): 

Regression Variable: Coefficient: P(Coefficient): 

DNA Methylation 334.8 < 0.0001 

Replication Timing 133.3 < 0.0001 

Methylation x Replication Timing Interaction Term -65 0.165 

Constant 224.2 < 0.0001 
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Figure 5.18 – Replication Strand Analysis of MutS-Deficient & MutL-Deficient MSI+ Colorectal Cancers: The log2(Leading/Lagging) ratio of C → T mutations at CpG 

sites in microsatellite unstable DNA polymerase wild-type colorectal cancers. Cancers were classified as Lynch Syndrome MutS-deficient, somatic MutS-deficient, Lynch 

Syndrome MutL-deficient, somatic MutL-deficient and cancers with presumed MLH1 promoter hyper-methylation 
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template identified previously were binned according to their fractional DNA methylation in 

the normal sigmoid colon.  

In cancers where C → T mutagenesis at CpG sites was assumed to be a result of unrepaired 

spontaneous deaminations, there was no difference in the association between DNA 

methylation and the C → T mutation rate at CpG sites on the leading or lagging strand 

templates. In the MBD4-mutant colorectal polyps (Figure 5.19a), there were significant 

positive correlations between DNA methylation and the rate of C → T mutagenesis at CpG 

sites on both the leading (r2 = 0.9297, p < 0.00001 – Table 5.10) and lagging (r2 = 0.9172, p 

< 0.00001 – Table 5.10) strand templates. However the regression slopes of the leading (α = 

608.9) and lagging (α = 599.3) strand templates were not significantly different (p = 0.894). 

In MSS POL-WT CRCs (Figure 5.19b), there were also significant correlations between 

DNA methylation and the C → T mutation rate at CpG sites on both the leading (r2 = 0.7523, 

p = 0.000257 – Table 5.10) and lagging (r2 = 0.7479, p = 0.000282 – Table 5.10) replication 

strand templates. Similarly to the MBD4-mutant colorectal polyps, the regression slopes of 

the leading (α = 42.35) and lagging (α = 42.62) replication strand templates were not 

significantly different (p = 0.98). Conversely, in cancers with POL-ε EDMs – which were 

thought to accumulate C → T mutations at CpG sites via unrepaired C:A mismatches caused 

by POL-ε replication error – the association between DNA methylation and the rate of C → T 

mutagenesis at CpG sites was stronger on the leading strand template. As seen in Figure 

5.19c, there were significant correlations between DNA methylation and the rate of C → T 

mutagenesis at CpG sites on both the leading (r2 = 0.6842, p = 0.000901 – Table 5.10) and 

lagging (r2 = 0.6911, p = 0.000805 – Table 5.10) replication strand templates in POL-ε 

mutant CRCs. However, the regression slope of the leading strand template (α = 3,079) was 

significantly higher than the slope of the lagging strand template (α = 1,492, p = 0.031), 

suggesting that more highly-methylated CpG sites were at greater risk of C:A DNA 

mismatches caused by POL-ε replication errors. 

When this analysis was performed on MSI+ POL-WT CRCs (Figure 5.20), significant 

positive correlations between DNA methylation and the rate of C → T mutagenesis at CpG 

sites were observed on both the leading and lagging strand templates (Table 5.10). In LS-

associated MutS-deficient CRCs (Figure 5.20a), the regression slope of the leading strand (α 

= 689.4) was steeper than that of the lagging strand template (α = 643), but this difference 

was not significant (p = 0.599). In somatic MutS-deficient CRCs (Figure 5.20b), the 

regression slope of the leading strand (α = 423.2) was again steeper than the slope of the 

lagging strand (α = 313.8), but this difference was non-significant (p = 0.265). LS-associated 

MutL-deficient CRCs (Figure 5.20c) had a similarly steeper slope on the leading strand (α = 

340.1) than lagging strand (α = 309.7), but this difference was again non-significant (p = 

0.594). CRCs with somatic MutL mutations (Figure 5.20d) presented with a non-significant 

difference in the slopes of the leading strand (α = 232.9) and lagging strand (α = 223.9, p = 

0.862). Finally, CRCs with presumed MLH1 promoter hyper-methylation (Figure 5.20e) 

showed a similar steeper slope on the leading strand (α = 149.2) than the lagging strand (α = 

138.4) – but this difference was not significant (p = 0.862). 

Overall, this data suggests that highly-methylated CpG sites were more at risk of the 

erroneous mis-incorporation of adenine opposite a template cytosine in MSS POL-ε mutant 

CRCs, suggesting that increasing DNA methylation consequently increases the likelihood of 
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Table 5.10 – Regression Analysis of Replication Strand in MBD4-Mutant Colorectal Polyps & Colorectal Cancer: The regression equations of the relationship between 

DNA methylation and C → T mutation rates at CpG sites in colorectal polyps derived from a patient with a germline biallelic MBD4 truncation, microsatellite stable (MSS) 

and microsatellite unstable (MSI+) DNA polymerase wild-type (POL-WT) colorectal cancers and colorectal cancers with pathogenic DNA polymerase-ε (POL-ε) exonuclease 

domain mutations. MSI+ colorectal cancers were classified as Lynch Syndrome MutS-deficient, somatic MutS-deficient, Lynch Syndrome MutL-deficient, somatic MutL-

deficient and cancers with presumed MLH1 promoter hyper-methylation Included are the DNA replication strand, the regression slope, the regression constant, the 

methylation-mutation rate r2 correlation, the Pearson’s R correlation measure of this relationship and the p-value associated with the Pearson’s R statistic (p(Pearson’s R)).

MBD4-Mutant Colorectal Polyps (n = 4):  

Replication Strand: Regression Slope: Regression Constant: r2: Pearson’s R: P(Pearson’s R): 

Leading Strand Template 608.9 -5.9 0.9297 0.9642 < 0.00001 

Lagging Strand Template 599.3 -5.4 0.9172 0.9577 < 0.00001 

MSS POL-WT CRC (n = 1,532): 

Replication Strand: Regression Slope: Regression Constant: r2: Pearson’s R: P(Pearson’s R): 

Leading Strand Template 42.35 15.52 0.7523 0.8674 0.000257 

Lagging Strand Template 42.62 15.56 0.7479 0.8648 0.000282 

MSS POL-ε Mutant CRC (n = 16): 

Replication Strand: Regression Slope: Regression Constant: r2: Pearson’s R: P(Pearson’s R): 

Leading Strand Template 3,079 197 0.6842 0.8272 0.000901 

Lagging Strand Template 1,492 132 0.6911 0.8313 0.000805 

MSI+ Lynch Syndrome MutS-Deficient (n = 15): 

Replication Strand: Regression Slope: Regression Constant: r2: Pearson’s R: P(Pearson’s R): 

Leading Strand Template 689.4 128.2 0.922 0.9602 < 0.00001 

Lagging Strand Template 643 102.1 0.9214 0.9599 < 0.00001 

MSI+ Somatic MutS-Deficient (n = 11): 

Replication Strand: Regression Slope: Regression Constant: r2: Pearson’s R: P(Pearson’s R): 

Leading Strand Template 423.2 176.8 0.7531 0.8678 0.000254 

Lagging Strand Template 313.8 171.7 0.7538 0.8682 0.00025 

MSI+ Lynch Syndrome MutL-Deficient (n = 6): 

Replication Strand: Regression Slope: Regression Constant: r2: Pearson’s R: P(Pearson’s R): 

Leading Strand Template 340.1 84.4 0.8313 0.9118 0.000036 

Lagging Strand Template 309.7 62.5 0.921 0.9597 < 0.00001 

MSI+ Somatic MutL-Deficient (n = 5): 

Replication Strand: Regression Slope: Regression Constant: r2: Pearson’s R: P(Pearson’s R): 

Leading Strand Template 232.9 125.3 0.7822 0.8844 0.000133 

Lagging Strand Template 223.9 102.6 0.8175 0.9042 0.000054 

MSI+ Presumed MLH1 Promoter Hyper-Methylation (n = 189): 

Replication Strand: Regression Slope: Regression Constant: r2: Pearson’s R: P(Pearson’s R): 

Leading Strand Template 149.2 205.8 0.5126 0.716 0.008819 

Lagging Strand Template 138.4 183.8 0.5302 0.7281 0.007255 
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DNA replication erorrs occurring. The same may be true in MSI+ POL-WT cancers, which 

presented with a log2(Leading/Lagging) ratio greater than zero and a consistently steeper 

(albeit non-significant) regression slope on the leading strand compared to the lagging strand. 

 

5.3.4 – Further Characterisation of CRCs with Presumed MLH1 

Promoter Hyper-Methylation 
 

 

a) 

c) 

b) 

Figure 5.19 – Replication Strand-Specific Associations Between DNA Methylation & C → T Mutagenesis 

at CpG Sites of MBD4-Mutant Colorectal Polyps & Colorectal Cancers: The relationship between 

fractional DNA methylation from the normal sigmoid colon and the rate of C → T mutagenesis at CpG sites on 

either the leading (blue) or lagging (red) template strand for DNA replication. Included are MBD4-mutant 

colorectal polyps (a), microsatellite stable (MSS) DNA polymerase (POL) wild-type colorectal cancers (CRCs) 

(b) and MSS CRCs with pathogenic POL-ε exonuclease domain mutations (c). 
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a) 

e) 

d) c) 

b) 

Figure 5.20 – Replication Strand-Specific Associations Between DNA Methylation & C → T Mutagenesis 

at CpG Sites of MutS-Deficient & MutL-Deficient MSI+ Colorectal Cancers: The relationship between 

fractional DNA methylation from the normal sigmoid colon and the rate of C → T mutagenesis at CpG sites on 

either the leading (blue) or lagging (red) template strand for DNA replication. Cancers were classified as Lynch 

Syndrome MutS-deficient (a), somatic MutS-deficient (b), Lynch Syndrome MutL-deficient (c), somatic MutL-

deficient (d) and cancers with presumed MLH1 promoter hyper-methylation (e). 
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The data presented above suggest that MSI+ POL-WT CRCs may accumulate C → T 

mutations at CpG sites via unrepaired DNA replication errors, with more highly-methylated 

CpG sites possibly being at greatest risk of mutation. However, the group of MSI+ cancers 

with presumed MLH1 promoter hyper-methylation appear to present with some unique 

characteristics compared to other MSI+ POL-WT CRCs. As seen in Figure 5.16 and Figure 

5.17, CRCs with presumed MLH1 promoter hyper-methylation appear to present with a 

greater C → T mutation rate at lowly-methylated (0 – 30% methylation) CpG sites compared 

to other MutL-deficient cancers, particularly in the latest-replicating region of the genome. 

As discussed in section 1.4.4, the study by Samowitz et al. suggested that MLH1 promoter 

hyper-methylation represents one of the characteristics of CIMP+ cancer. As discussed in 

Chapter I and Chapter III of this thesis, CIMP+ cancers are characterised by substantial 

hyper-methylation of CpG sites throughout the genome, possibly driving tumorigenesis via 

the epigenetic silencing of tumour suppressor genes. Throughout this thesis, it has been 

suggested that highly-methylated CpG sites are more at risk of C → T mutagenesis than 

lowly-methylated CpG sites – whether tha be via unrepaired spontaneous deaminations of 5-

mC or DNA replication errors. Therefore, it could be that if these cancers with presumed 

MLH1 promoter hyper-methylation were CIMP+, the consequent hyper-methylation of CpG 

sites that are lowly-methylated in the normal sigmoid colon may increase their risk of C → T 

mutagenesis – potentially explaining the increase in mutations in the 0 – 30% methylation 

region in these cancers. 

In order to determine if these CRCs were likely to be CIMP+ in the absence of DNA 

methylation array data, CRCs with presumed MLH1 promoter hyper-methylation were 

searched for other characteristics of CIMP+ disease. As discussed in Chapter III of this thesis, 

CIMP+ CRCs appear to show preferential hyper-methylation of bivalent promoter regions. 

Therefore, C → T mutations at CpG sites in the MSI+ POL-WT CRCs described in section 

5.3.2 were mapped to the bivalent promoter regions described by Court & Arnaud (329). As 

seen in Table 5.2, a total of 855,851 CpG sites mapped to these regions, with more than half 

of these CpG sites having a fractional methylation of 0 – 30% in the normal sigmoid colon. 

As seen in Figure 5.21a, the number of C → T mutations at CpG sites within bivalent 

promoter regions was significantly higher in CRCs with MLH1 promoter hyper-methylation 

than LS-associated MutL-deficient CRCs (p = 0.0048, Figure 5.21a) and somatic MutL-

deficient CRCs (p = 0.017, Figure 5.21a). This increase made the number of C → T 

mutations at CpG sites in bivalent promoter regions in these CRCs with presumed MLH1 

promoter hyper-methylation comparable with the number of mutations seen in LS-associated 

MutS-deficient CRCs (p = 0.41, Figure 5.21a) and somatic MutS-deficient CRCs (p = 0.46, 

Figure 5.21a). The number of C → T mutations at CpG sites in bivalent promoter regions was 

not significantly different in LS-associated MutL-deficient CRCs and somatic MutL-deficient 

cancers (p = 0.66, Figure 5.21a). Interestingly, the proportion of C → T mutations at CpG 

sites mapping to bivalent promoter regions (Figure 5.21b) was significantly higher in CRCs 

with presumed MLH1 promoter hyper-methylation than LS-associated MutS-deficient CRCs 

(p = 8.4 x 10-8, Figure 5.21b), somatic MutS-deficient CRCs (p = 0.012, Figure 5.21b), LS-

associated MutL-deficient cancers (p = 0.0012, Figure 5.21b) and somatic MutL-deficient 

CRCs (p = 0.015, Figure 5.21b). Therefore, if the above hypothesis is correct and CIMP-

mediated DNA hyper-methylation at bivalent promoters consequently increases the number 

of C → T mutations, it appears that the CRCs with presumed MLH1 promoter hyper-

methylation may be CIMP+ CRCs. 
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a) 

b) 

Figure 5.21 – C → T Mutagenesis at CpG Sites within Bivalent Promoters in MutS-Deficient & MutL-Deficient MSI+ Colorectal Cancers: The number (a) and 

proportion (b) of C → T mutations at CpG sites mapping to bivalent promoter regions of the genome in microsatellite unstable DNA polymerase wild-type colorectal 

cancers. Cancers were classified as Lynch Syndrome MutS-deficient, somatic MutS-deficient, Lynch Syndrome MutL-deficient, somatic MutL-deficient and cancers with 

presumed MLH1 promoter hyper-methylation. 
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Following this suggestion that the CRCs with presumed MLH1 promoter hyper-methylation 

were CIMP+ CRCs, the number of C → T mutations in lowly-methylated (0 – 30%) regions 

of the genome in the normal sigmoid colon were compared to the rest of the genome (31 – 

100% methylation) in these cancers, in order to identify if this hypothesised CIMP-mediated 

hyper-methylation of lowly-methylated CpG sites drives an increase in the rate of C → T 

mutagenesis. As seen in Figure 5.22a, the number of C → T mutations in these lowly-

methylated regions of the genome was significantly greater in the CRCs with presumed 

MLH1 promoter hyper-methylation than in LS-associated MutL-deficient CRCs (p = 0.0036, 

Figure 5.22a) and somatic MutL-deficient cancers (p = 0.015, Figure 5.22a). Furthermore, the 

number of C → T mutations at lowly-methylated CpG sites was comparable to the number 

seen in LS-associated MutS-deficient CRCs (p = 0.27, Figure 5.22a) and somatic MutS-

deficient CRCs (p = 0.59, Figure 5.22a). Interestingly, the proportion of the total C → T 

mutation burden at these lowly-methylated CpG sites in CRCs with presumed MLH1 

promoter hyper-methylation was significantly greater than that of LS-associated MutS-

deficient CRCs (p = 3.4 x 10-8, Figure 5.22b), somatic MutS-deficient cancers (p = 0.0053, 

Figure 5.22b), LS-associated MutL-deficient cancers (p = 0.00053, Figure 5.22b) and somatic 

MutL-deficient CRCs (p = 0.012, Figure 5.22b). In comparison, the number of C → T 

mutations at CpG sites with a DNA methylation of between 31 – 100% in the normal sigmoid 

colon in these CRCs with presumed MLH1 promoter hyper-methylation was significantly 

lower than the number of mutations in LS-associated MutS-deficient CRCs (p = 1.3 x 10-7, 

Figure 5.22c) and somatic MutS-deficient CRCs (p = 0.00041, Figure 5.22c) – while not 

being significantly different to the number of mutations in LS-associated MutL-deficient 

CRCs (p = 0.65, Figure 5.22c) and somatic MutL-deficient cancers (p = 0.54, Figure 5.22c). 

In summary, it appears that MSI+ CRCs with presumed MLH1 promoter hyper-methylation 

may show some characteristics of CIMP+ disease and potentially show an increased rate of C 

→ T mutagenesis at lowly-methylated CpG sites as a consequence of CIMP-mediated DNA 

hyper-methylation increasing the likelihood of C → T mutagenesis occurring. However, from 

this data it was not possible to suggest by which mechanism – unrepaired spontaneous 

deaminations or replication errors – may drive this increase in C → T mutagenesis at these 

lowly-methylated regions. 

 

5.4 – Discussion 
 

C → T mutations at CpG sites represent the most common SNV in human cancer 

(312,426,434). Chapter IV of this thesis explored one of the mechanisms by which these 

mutations can occur in CRC, via the spontaneous deamination of 5-mC to thymine. While 

this represents one mechanism of C → T mutagenesis at CpG sites, the significantly elevated 

number of these mutations in MSI+ POL-WT CRCs and cancers with POL-ε EDMs 

compared to MSS POL-WT cancers suggests that there may be an alternative mechanism by 

which C → T mutagenesis at CpG sites is driven. The study by Tomkova et al. suggested that 

if the number of GCG → GTG mutations in MSI+ and POL-ε mutant cancers were produced 

by unrepaired spontaneous deamination alone, it would take twenty-eight and ninety-seven 

years respectively (524). This calculation assumes that every spontaneous deamination is 

propagated into a mutation and none are repaired, therefore the true estimate may be 
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31-100% Methylation: c) 

Figure 5.22 – The Number of C → T Mutations at Lowly-Methylated CpG Sites in MutS-Deficient & MutL-Deficient MSI+ Colorectal Cancers: The number (a) and 

proportion (b) of C → T mutations mapping to lowly-methylated (0 – 30% methylation) CpG sites and the number of C → T mutations at more highly-methylated (31 – 

100% methylation) regions in microsatellite unstable DNA polymerase wild-type colorectal cancers. Cancers were classified as Lynch Syndrome MutS-deficient, somatic 

MutS-deficient, Lynch Syndrome MutL-deficient, somatic MutL-deficient and cancers with presumed MLH1 promoter hyper-methylation. 
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considerably longer than this, further indicating that another mechanism may be involved in 

C → T mutagenesis at CpG sites in these cancers. Mutation signatures associated with POL-ε 

EDMs and MSI+ cancers (see Figure 5.1) have also been suggested to present with an excess 

of C → T mutations at CpG sites on the template for leading strand synthesis – indicating that 

unrepaired POL-ε replication errors may be the alternative mechanism underpinning C → T 

mutagenesis at CpG sites in these cancers (485). This claim is supported by previous 

evidence that POL-ε has difficulty replicating 5-mC, suggesting that highly-methylated 

regions of the genome are more prone to replication-induced DNA mismatches – which are 

normally repaired by a combination of POL-ε “proofreading” and the MMR pathway (524). 

Unsurprisingly, MSI+ POL-WT cancers and CRCs with POL-ε EDMs presented with 

significantly more SNVs and C → T mutations at CpG sites than MSS POL-WT CRCs. POL-

ε mutant cancers were significantly younger than their MSS POL-WT counterparts, 

indicating that the increase in C → T mutagenesis at CpG sites was not a consequence of 

older age. While MSI+ cancers were significantly older than their MSS POL-WT 

counterparts, the substantial increase in C → T mutagenesis at CpG sites in these cancers was 

unlikely to be a consequence of this, given the estimate by Tomkova et al. on the timescale 

that would hypothetically be required in these cancers to accumulate that number of 

deaminations (524). Following the identficiation of the increased SNV burden and number of 

C → T mutations at CpG sites in MSI+ POL-WT CRCs and CRCs with POL-ε EDMs 

compared to MSS POL-WT cancers, mutation signature analysis also revealed a significant 

increase in the number (but not proportion) of SNVs attributed to the mutation signature 

SBS1 in these cancers compared to their MSS POL-WT counterparts. Unsurprisingly, MSI+ 

POL-WT CRCs were the only group to present with the mutation signature SBS15 and POL-

ε mutant CRCs were the only cancers to present with SBS10b. In addition to this, MSI+ 

cancers and CRCs with POL-ε EDMs presented with a significantly steeper regression slope 

for the relationship between DNA methylation and the rate of C → T mutagenesis at CpG 

sites than their MSS POL-WT counterparts. This find has been previously reported by 

Tomkova et al. and the study by Poulos et al. (453,524).  

However, the data presented in this chapter was not able to accurately assess the additive 

effect of defective POL-ε “proofreading” and MMR in the context of CRC. The only primary, 

treatment-naïve MSI+ POL-ε mutant CRC with a PCR-free library preparation in the 100KGP 

dataset harboured a POL-εP286L mutation, whereas the EDMs present in MSS CRCs were 

POL-εP286R, POL-εV411L, POL-εA456P and POL-εS459F – making comparisons difficult. In order 

to accurately assess the additive effect of MSI and POL-ε EDMs, the same analysis could be 

extended to endometrial cancers of the 100KGP, where MSI+ POL-ε mutant cancers are more 

common. As seen in Table 5.1, an additional MSI+ CRC with a POL-δ EDM (POL-δG321D) 

was also identified in the 100KGP dataset. However this cancer presented with no mutation 

signatures associated with POL-δ EDMs (e.g. SBS10c, SBS10d and SBS20), indicating that 

POL-δG321D was not a pathogenic EDM, which would explain why it has not been previously 

reported in the literature. Therefore, it was not possible to explore the role of unrepaired 

POL-δ replication errors in C → T mutagenesis at CpG sites in this chapter, although this 

may be possible in the context of endometrial cancer. The mutation signatures listed above 

associated with POL-δ EDMs do not present with an enrichment of C → T mutations at CpG 

sites, indicating that POL-δ mediated DNA “proofreading” may not be responsible for the 

repair of these mutations in any case. The study by Andrianova et al. found no enrichment of 
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C → T mutations of any type in cancers with POL-δ EDMs, indicating that these cancers do 

not display elevated C → T mutagenesis at CpG sites driven by POL-δ replication error 

(526). 

One interesting aspect of the binning of C → T mutations at CpG sites based on their 

fractional methylation in the normal sigmoid colon – performed in this chapter and in Chapter 

IV of this thesis – was the seemingly bimodal distribution of the association between DNA 

methylation and the rate of C → T mutagenesis at CpG sites. The initial positive correlation 

between these two variables often peaks at around 20% methylation – before falling, rising 

again from around 40% methylation, peaking again at around 90% methylation before a final 

fall. This suggests that the relationship between DNA methylation and the rate of C → T 

mutagenesis at CpG sites is far from linear, despite the significant r2 between these two 

variables in the CRCs analysed throughout this thesis. There are a number of reasons that 

may, at least in part, explain the shape of the curve observed. As seen in Table 4.1, the 

number of CpG sites in each DNA methylation bin is not equal, with the majority of CpG 

sites having a DNA methylation of between ninety-one and ninety-nine percent. Interestingly, 

at the points where the curve starts to fall, the number of CpG sites in the bin is lower. For 

example, when a fall in the rate of C → T mutagenesis at CpG sites occurs at 100% 

methylation compared to previous bins, the number of CpG sites in this bin is only 746,947 – 

compared to millions in the previous bins. This suggests that the shape of the curve may be a 

technicial consequence of the whole-genome bisulphite sequencing analysis. However, as 

discussed in section 4.4, it may also be that the use of the normal sigmoid colon for fractional 

methylation reference data may not have been the most representative of the DNA 

methylation profiles of CRCs. Therefore, the shape of the curve may be a consequence of the 

changes in DNA methylation in each cancer compared to the reference data from the normal 

colon. As also discussed in section 4.4, the ideal analysis would have included DNA 

methylation analysis of each CRC studied in this chapter – but this was not feasible. 

Subsequent analysis identified the likely mechanism by which DNA mismatches erroneously 

produced by POL-ε during the replication of the leading strand template may drive C → T 

mutagenesis at CpG sites. Previous studies by Tomkova et al. have suggested that an 

erroneous C:A DNA mismatch produced by POL-ε could be propagated into a C → T 

mutation in the next round of DNA replication (524). Following this, the 

log2(Leading/Lagging) ratio of C → T mutations at CpG sites revealed no significant 

differences between the MBD4-mutant colorectal polyps and MSS POL-WT CRCs – 

indicating that spontaneous deaminations of 5-mC may be the driving force underpinning C 

→ T mutagenesis at CpG sites in these groups. The identification of a comparable number of 

C → T mutations at CpG sites on both the leading and lagging streand templates in the 

MBD4-mutant colorectal polyps supports what has previously been described by Fang et al., 

who reported the same phenomenon in MBD4-mutant cancers (518). This suggests that these 

mutations were likely a consequence of unrepaired spontaneous deaminations of 5-mC, a 

process which has been suggested to be independent of DNA replication – implying that 

deaminations are theoretically equally likely to occur on both the leading and lagging strand 

templates (518,519,524). Interestingly, despite not having a significantly different 

log2(Leading/Lagging) ratio of mutations to these MBD4-mutant polyps, a number of MSS 

POL-WT CRCs appeared to show a greater number of C → T mutations on the lagging 

strand template. As discussed above, the lack of C → T mutations at CpG sites in SBS10c, 
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SBS10d and SBS20 suggests that this excess of mutations on the lagging strand template was 

unlikely to be a consequence of unrepaired POL-δ replication errors, therefore suggesting that 

the C → T mutations at CpG sites in these cancers were also a consequence of unrepaired 

deaminations. Previous studies by Tomkova et al. and Fang et al. also report a 

log2(Leading/Lagging) ratio of C → T mutations at CpG sites of close to zero in MSS 

cancers, with a small excess of mutations on the lagging strand template (485,518). This is 

unexpected given what has been described in MBD4-mutant samples and possibly implicates 

DNA replication in the spontaneous deamination of 5-mC. During DNA replication, the 

leading strand is synthesised continuously and travels in the same direction as the DNA 

helicase which unwinds the DNA double helix during replication, whereas the lagging strand 

is synthesised discontinuously in the opposite direction to the helicase in short stretches 

known as Okazaki fragments (527). While the rate of elongation of both strands of the 

replication fork are comparable, it is possible that the discontinuous nature of lagging strand 

synthesis exposes the single-stranded DNA of the template strand for longer than the 

continuously-replicated single-stranded DNA of the leading strand template. As discussed in 

Chapter IV of this thesis, single-stranded DNA is more vulnerable to spontaneous 

deamination than double-stranded DNA, meaning that the exposed single-stranded DNA of 

the lagging strand template may be more at risk of spontaneous deamination than the single-

stranded DNA on the leading strand template. Bhagwat et al. investigated the rate of cytosine 

to uracil deamination following the expression of a single-stranded DNA cytosine deaminase 

in bacterial cells with defective uracil repair mechanisms (438). The study found an excess of 

unrepaired cytosine deaminations on the lagging strand template following the expression of 

cytosine deaminase in bacteria, with the number of unrepaired deaminations unsurprisingly 

being highest in repair-deficient bacteria (438). This data, coupled with the data presented in 

this chapter, imply that the process of DNA replication may, indirectly, influence the 

spontaneous deamination of 5-mC. 

The assignment of C → T mutations at CpG sites to either the leading or lagging replication 

strand template was achieved using a map of left-replicating and right-replicating regions of 

the genome from the study by Haradhvala et al. (520). This data used replication timing 

profiles from lymphoblastoid cell lines described by Koren et al., separating 20,000 base-pair 

regions of the genome into one of these two categories according to the predominant 

direction in which a region was replicated, thereby reducing noise (520,523). While this 

method has been used to assign mutations to replication strands in a number of previous 

studies, there are a number of limitations associated with this method (485,518,520,524). The 

smoothing of data into regions defined as “predominantly left-replicating” and 

“predominantly right-replicating” doesn’t make use of every origin of replication in a 

genomic region for fork mapping, instead using only the consensus from a set of replication 

origins within the same 20,000 base-pair region. A number of previous studies have made use 

of a number of different sequencing technologies to construct a high-resolution map of 

human replication origins (528–530). Using these maps, mutations could be accurately be 

called on the template for leading or lagging strand synthesis instead of using the consensus 

map from the study by Haradhvala et al., which mapped mutations to “predominantly” left-

replicating or right-replicating regions. However, the map of human replication origins 

remains far from complete, with the above studies often only defining a few thousand 

replication origins with high-confidence in the entire genome (520,528,530). Therefore, these 

maps would only encompass a fraction of the ~27,000,000 CpG sites in the genome, 
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therefore representing a poor reference dataset for replication strand mutation mapping due to 

this poor coverage. The data from Haradhvala et al. allows ~35% of CpG sites to be assigned 

a direction of replication, thus representing the option that provided the best coverage of the 

genome to use in this analysis. 

In comparison to these MSS POL-WT cancers, the log2(Leading/Lagging) ratio was 

significantly greater in MSI+ POL-WT CRCs and MSS POL-ε mutant CRCs, indicating a 

significant excess of mutations on the leading strand. While this was expected in the POL-ε 

mutant CRCs, given the well-defined role of POL-ε in the replication of the leading strand, 

the excess of mutations on the leading strand in the MSI+ POL-WT CRCs supports the 

previous work by Tomkova et al., who also suggested that unrepaired DNA replication errors 

may contribute to C → T mutagenesis at CpG sites in these cancers . However, previous 

work by Fang et al. suggested that MutS-deficient cancers accumulated C → T mutations at 

CpG sites via unrepaired spontaneous deaminations of 5-mC, whereas MutL-deficient 

cancers accumulate these mutations via unrepaired DNA replication errors (518). Therefore, 

MutS-deficient CRCs should theoretically present with a log2(Leading/Lagging) ratio of C → 

T mutations at CpG sites of approximately zero – while MutL-deficient cancers should 

present with a log2(Leading//Lagging) ratio of greater than zero, indicating an excess of 

mutations on the leading strand template. 

Therefore, the 357 MSI+ POL-WT CRCs were categorised as either MutS-deficient or MutL-

deficient. These included MSI+ cancers with germline pathogenic mutations in MMR genes, 

which were defined as LS-associated, cancers with likely biallelic somatic pathogenic MMR 

mutations (as determined by χ2 analysis) and cancers with multiple somatic mutations in the 

same MMR gene. While these cancers with multiple mutations in the same MMR gene were 

assumed to have mutations different alleles, phasing of these mutations to confirm this was 

not possible – thereby representing one of the limitations of the analysis. A total of 189 MSI+ 

CRCs presented with no mutations in any MMR gene – leading to the assumption that the 

MSI+ phenotype in these cancers was a consequence of MLH1 promoter hyper-methylation. 

This represents another limitation of this analysis. In the absence of RNA-sequencing or 

DNA methylation data from these cancers, cancers could only be assumed to have somatic 

biallelic MMR mutations or MLH1 promoter hyper-methylation. Should the appropriate data 

have been available, a more comprehensive analysis of these cancers could have been 

performed. However, the exclusion of a number of CRCs where a definitive MutS or MutL 

classification could not be made, including cancers with likely monoallelic truncations in 

MMR genes, allowed the analysis of a high-confidence set of MutS-deficient or MutL-

deficient cancers. In total, 189 (of the 226 cancers included in the final analysis (83.6%) were 

assumed to have MLH1 promoter hyper-methylation, which fits previous estimates that 

MLH1 methylation is the cause of MSI in the majority of CRCs (89). The study by Fang et al. 

analysed 316 MSI+ CRCs, endometrial cancers and stomach adenocarcinomas from the 

TCGA dataset – using the available RNA-sequencing and DNA methylation array data to 

reliably define the cancers as MutS-deficient or MutL-deficient (518). However, the analysis 

performed in this chapter has the advantage of including data from whole-genome sequencing 

analysis of a single type of cancer, compared to the predominantly whole-exome sequencing 

data used by Fang et al., who included a number of distinct cancer types in the same analysis 

(518). The use of whole-exome sequencing data for the analysis of C → T mutagenesis at 

CpG sites has several limitations, including the fact that exonic DNA is often restricted to 
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early-replicating regions of the genome and only encompasses a fraction of the number of 

CpG sites that whole-genome sequencing analysis allows – making whole-exome sequencing 

data not an accurate representation of the mechanics of C → T mutagenesis at CpG sites 

across the whole genome. 

In line with what has previously been reported by Fang et al. and Sanders et al., MutS-

deficient CRCs (both LS-associated and somatic) presented with enhanced C → T 

mutagenesis at CpG sites compared to MutL-deficient cancers that could not be explained by 

age (518,519). In addition to this, these MutS-deficient cancers showed a greater enrichment 

of the mutation signature SBS1 compared to their MutL-deficient counterparts, supporting 

the study by Giner-Calabuig et al., who performed de novo mutation signature extraction 

from 105 MSI+ cancers and found that 62.5% of cancers in the cluster that most resembled 

SBS1 were MutS-deficient (531). These MutS-deficient CRCs also presented with a steeper 

regression slope for the association between DNA methylation and the rate of C → T 

mutagenesis at CpG sites than the MutL-deficient CRCs. This increase of C → T 

mutagenesis at CpG sites in MutS-deficient cancers may be a consequence of the different 

roles of these complexes in the MMR pathway. As discussed in section 5.1.3, the MutS 

complex is crucial for the initial recognition of a DNA mismatch and recruiting the MutL 

complex to the mismatch for subsequent repair (532). It is possible that in MutS-deficient 

cancers, a lack of mismatch recognition could lead to a near-complete abolition of MMR, 

whereas in MutL-deficient cancers DNA mismatches are still recognised by the MutS 

complex and may be repaired by the remaining components of the MMR pathway – although 

this hypothesis would require substantial further investigation.  

Surprisingly, when C → T mutations at CpG sites were mapped to a replication strand in 

these MutS-deficient and MutL-deficient cancers, there was no significant difference in the 

log2(Leading/Lagging) ratio between any of the groups. This ratio indicated that there was an 

excess of mutations on the leading strand template, suggesting that unrepaired DNA 

replication errors were involved in C → T mutagenesis at CpG sites in both MutS-deficient 

and MutL-deficient CRCs. While this is contrary to both the hypothesis set out in section 

5.1.4 and the analysis of whole-exome sequencing by Fang et al., the analysis of the limited 

number of whole-genome sequenced cancers from the TCGA dataset by Fang et al. also 

revealed an excess of C → T mutations on the leading strand in both MutS-deficient and 

MutL-deficient cancers (518). Previous work by Tomkova et al. has supported the suggestion 

that MSI+ cancers present with an excess of C → T mutations at CpG sites on the leading 

strand template, although not to the same extent as CRCs with POL-ε EDMs (524). This 

provides a model to suggest that in these MSI+ cancers, POL-ε “proofreading” mechanisms 

(which are still intact) repair the majority of the C:A mismatches erroneously produced 

during DNA replication before they are propagated into C → T mutations in the next round 

of replication, while also implying that MMR is required to repair those mismatches which 

escape DNA “proofreading”. This fits the canonical role of MMR in the context of all DNA 

mismatches described in section 5.1.3, suggesting that unrepaired DNA replication errors that 

escape POL-ε “proofreading” are the cause of C → T mutagenesis at CpG sites in MSI+ 

CRCs. 

The suggestion that an adenine residue could be erroneously incorporated opposite a 5-mC by 

POL-ε during DNA replication is plausible given the structural similarities between 5-mC 

and thymine (see Figure 5.23). Interestingly, when replication strand data was combined with  



245 
 

 

fractional DNA methylation data, the regression slope of the association between DNA 

methylation and the rate of C → T mutagenesis at CpG sites was significantly greater on the 

leading strand template than the lagging strand template in MSS POL-ε mutant CRCs,  

indicating that more highly-methylated CpG sites were more at risk of C:A mispairings 

during DNA replication. Therefore, this could provide further evidence for the hypothesis 

that the erroneous C:A mispairings produced by POL-ε during replication are a consequence 

of mis-recognition of a 5-mC on the template strand as a thymine, given their structural 

similarities. As seen in Figure 5.23, unmodified cytosine bears less resemblance to thymine 

than 5-mC does, thereby potentially reducing the likelihood that that it is mis-recognised as a 

thymine by POL-ε during DNA replication, consequently resulting in the lower rate of 

replication errors seen at lowly-methylated CpG sites. This data supports what has been 

previously published by Tomkova et al., who also found that the rate of POL-ε DNA 

replication error was higher at more highly-methylated CpG sites (524). 

Furthermore, the study by Soriano et al. examined the equivalent of human POL-εP286R in 

Schizosaccharomyces pombe (pol2P287R) and found the expected increase in TCT → TAT 

mutations that characterises SBS10a in these yeast but were unable to detect the TCG → 

TTG mutation that characterises SBS10b (499). These organisms lack DNA methylation, 

further suggesting that C → T mutagenesis at CpG sites in POL-ε mutant organisms is, at 

least in part, influenced by DNA methylation. Recently, Buitrago et al. expressed murine 

DNMTs in yeast in order to explore the role of DNA methylation in the three-dimensional 

organisation of the genome (533). This model system could be used to examine the role of 

DNA methylation in C → T mutagenesis at CpG sites in POL-ε mutant yeast. If the above 

hypothesis is true and methylated CpG sites are more at risk of erroneous C:A DNA 

mismatches, the transformation of pol2P287R yeast with these DNMTs should increase the 

number of C → T mutations at CpG sites, especially in the context TCG. 

Finally, when analysing the association between DNA methylation and the rate of C → T 

mutagenesis in MSI+ POL-WT CRCs, the r2 correlation between these variables was lower in 

Figure 5.23 – Structural Similarities Between Unmodified Cytosine, 5-methylcytosine & Thymine: The 

structures of the DNA bases cytosine and thymine, as well as the structure of the modified base 5-

methylcytosine. Created with BioRender.com (https://app.biorender.com/). 



246 
 

cancers with presumed MLH1 promoter hyper-methylation. This may be a consequence of 

the increase in the C → T mutation rate at lowly-methylated CpG sites (0 – 30% methylation 

in the normal colon reference dataset). As discussed in section 5.3.4, this may be a 

consequence of CIMP-mediated hyper-methylation of these CpG sites in these cancers, 

consequently increasing the rate of C → T mutagenesis. Samowitz et al. described MLH1 

promoter hyper-methylation as one of the hallmarks of CIMP+ cancer, indicating that these 

cancers may well be CIMP+, which was further evidenced by the increase in the number of C 

→ T mutations mapping to CpG sites within bivalent promoter regions in these cancers 

compared to other MSI+ POL-WT CRCs. As described in Chapter III of this thesis, CIMP+ 

cancers may show preferential hyper-methylation of these bivalent promoter regions, further 

indicating that the enrichment of C → T mutations in these regions may be a consequence of 

CIMP-mediated DNA hyper-methylation. As also discussed in Chapter III of this thesis, 

CIMP+ disease was also correlated with tumours of the proximal colon and mutations in 

BRAF or KRAS. Therefore, it may have been possible to study if these CRCs with presumed 

MLH1 promoter hyper-methylation also correlated with these characteristics of CIMP+ 

disease, which may have added further evidence in the absence of the appropriate DNA 

methylation data from these cancers. Therefore, this represents one of the limitations of this 

analysis. In the absence of confirmatory methylation array data, these CRCs could only be 

assumed to have MLH1 promoter hyper-methylation and be CIMP+. While the same analysis 

could have been performed in CRCs from the TCGA dataset, which have the necessary DNA 

methylation data and CIMP statuses, this analysis would have been hampered by the same 

drawbacks of whole-exome sequencing data described above. DNA methylation array data is 

currently being produced for CRCs from the 100KGP dataset, which would allow for a more 

comprehensive analysis of these CRCs with presumed MLH1 promoter hyper-methylation. 

In conclusion, the data presented in this chapter suggest that unrepaired C:A DNA 

mismatches produced by POL-ε during DNA replication of the leading strand represents an 

alternative mechanism of  C → T mutagenesis at CpG sites to spontaneous deamination of 5-

mC. This chapter also presented data suggesting that highly-methylated CpG sites were more 

at risk of these C:A DNA mismatches than lowly-methylated sites in POL-ε mutant CRCs. 

These unrepaired replication errors also appear to play a significant role in C → T 

mutagenesis at CpG sites in MSI+ cancers. Overall, this data provides novel insight into how 

DNA methylation affects the mechanisms of C → T mutagenesis at CpG sites, in turn 

providing a deeper understanding of the mechanisms by which POL-ε EDMs and MMR 

deficiency may drive CRC tumorigenesis. 
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DNA methylation represents a key mechanism by which gene expression can be regulated in 

cells – while at the same time also representing a mechanism by which aberrant gene 

expression occurs in cancer (211,534). In this thesis, the mechanisms by which DNA hyper-

methylation can drive CRC pathogenesis have been described, either by inducing the 

silencing of key tumour suppressor genes or by being more directly involved in the 

mechanisms underpinning C → T mutagenesis at CpG sites within the protein-coding 

sequence of cancer driver genes. In doing so, this thesis has provided novel insights into the 

mechanisms by which CIMP may drive colorectal tumorigenesis and how DNA hyper-

methylation drives C → T mutagenesis via a combination of unrepaired spontaneous 

deaminations and DNA replications errors occurring at 5-mC. 

Chapter II of this thesis, via comprehensive analysis of GWAS meta-analysis and gene 

expression data, provided evidence suggesting that reduced TET2 expression in intestinal 

tissues predisposed individuals to CRC. While somatic mutations in TET2 have previously 

been reported in CRC and a recent CRC landscape paper identified TET2 as a candidate CRC 

driver gene, this presents what is (to the best of my knowledge) the first suggestion that 

inherited variations in TET2 expression can predispose affected individuals to CRC 

development. This finding could be explored functionally via genetically-engineered cell line 

and/or organoid models. This system could be engineered to contain the various risk alleles 

of the candidate causal variants identified in the chapter. RNA-sequencing data from these 

cell lines and/or organoid models could then be used to validate the effect of these candidate 

causal variants on TET2 expression. These cell lines and/or organoid models could also be 

used for subsequent Capture Hi-C analysis (see section 2.4), in order to evaluate the long-

range effects of these candidate causal variants on distant regions of the genome – potentially 

revealing additional candidate CRC predisposition genes. 

The 4q24 locus of chromosome 4 has previously been explored in the context of breast 

cancer and the lead variant in European populations around TET2, rs7679673, has previously 

been associated with prostate cancer predisposition (247,273). In light of this, it may also be 

worth extending the analyses performed in this chapter to breast and prostate cancer GWAS 

data. Summary statistics for each of these cancer types could be obtained from the Breast 

Cancer Association Consortium (BCAC) and The Prostate Cancer Association Group to 

Investigate Cancer-Associated Alterations in the Genome (PRACTICAL) (535,536). This 

GWAS data could be combined with eQTL data from GTEx for the relevant tissues or even 

larger-scale RNA-sequencing data from genetically-engineered cell lines containing risk 

alleles for the candidate causal variant(s) to identify if the candidate causal variant(s) reduce 

the expression of TET2 in these tissues. Overall, this may represent a new avenue of 

exploration for the role of TET2 within solid tumours, which so far has remained limited as 

much of the previous research into the role of TET2 in tumorigenesis has been focussed on 

haematological malignancies. 

Chapter III of this thesis characterised TET2-mutant and IDH-mutant CRCs, given the well-

described effect of 2-HG produced by mutant IDH on TET2 activity (297,330). The results 

presented in this chapter implicated mutations in TET2 and IDH in a novel sub-cluster of 

CIMP+ cancers, characterised by small increases in DNA methylation and enrichment of 

significantly hyper-methylated probes at bivalent promoter regions. The data presented in this 

chapter also presented evidence for the epigenetic silencing of candidate tumour suppressor 

genes in TET2-mutant and IDH-mutant cancers, providing a mechanistic insight into how 
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DNA hyper-methylation may have driven tumorigenesis in these CIMP+ cancers. While 

interesting, this data only offers an explanation for CIMP-mediated tumorigenesis in a small 

subset of CIMP+ cancers. There are a number of other candidate genes that may drive DNA 

hyper-methylation (and therefore CIMP) in cancer. Examples of these candidates include a 

number of the DNMT proteins, including the de novo methyltransferases DNMT3A and 

DNMT3B (174,175). The study by Heyn et al. identified a gain-of-function mutation in 

DNMT3A which was associated with hyper-methylation of developmental genes in 

microcephalic dwarfism (537). The majority of DNMT3A mutations reported in AML are 

DNMT3AR882H, which is thought to be associated with loss-of-function (538). In light of this, 

in addition to the lack of gain-of-function mutations reported in the literature in the context of 

CRC, it seems unlikely that DNMT3A represents a candidate CIMP driver gene. However, the 

study by Nosho et al. suggests that expression of DNMT3B is correlated with CIMP+ CRC 

(539). Additionally, the study by Verma et al. suggested DNA hyper-methylation at bivalent 

promoters in triple TET-knockout human embryonic stem cells was mediated by DNMT3B 

(407). It was described in Chapter III of this thesis that hyper-methylation of bivalent 

promoter regions was a characteristic CIMP+ cancers, meaning that DNMT3B-mediated 

hyper-methylation of these regions may drive CIMP. Therefore, DNMT3B may represent a 

candidate CIMP driver gene which warrants further investigation. RNA-sequencing and 

methylation array analysis could be used to determine if expression of DNMT3B is indeed 

correlated with CIMP+ CRC, with the necessary data available from both the TCGA-COAD 

and TCGA-READ domains. This analysis could subsequently be extended to over-expression 

of DNMT3B in both in vitro cell line and/or organoid systems and in vivo mouse models of 

colorectal tumorigenesis.  

Alternative candidate CIMP driver genes include the other members of the TET family, TET1 

and TET3. Given the roles of these proteins in active DNA de-methylation, it is plausible that 

loss-of-function mutations in these genes may drive the same DNA hyper-methylation seen in 

TET2-mutant cancers. The study by Neri et al. implicated TET1 in the regulation of Wnt 

signalling in colonic cells via de-methylation of the promoters of Wnt inhibitors (199). The 

study by Mo et al. identified loss of TET3 expression in nearly 30% of CRCs, with TET3 

mutations strongly correlating with MSI+ disease (540). Therefore, the analyses performed in 

this chapter could be extended to include TET1-mutant and TET3-mutant CRCs from the 

TCGA cohort, in order to study the effect of TET1 or TET3 loss on DNA methylation in 

CRC. These cancers could then be compared to their TET2-mutant counterparts for 

similarities in the patterns of DNA hyper-methylation. Furthermore, TET1-knockout or 

TET3-knockout cell lines, organoids or animal models may provide further insight into the 

role of these members of the TET family in colorectal tumorigenesis and also provide further 

opportunities to characterise any DNA hyper-methylation arising as a consequence of TET1 

or TET3 deficiency. A further candidate CIMP driver gene that warrants similar investigation 

is ARID1A, which plays an important role in chromatin re-modelling (541). Down-regulation 

of ARID1A has been identified in a number of CRCs and has been suggested to be a tumour 

suppressor gene and driver of CRC tumorigenesis (541,542). Overall, the further 

investigation of these candidate CIMP driver genes may improve our understanding of the 

mechanisms of CIMP-mediated tumorigenesis and potentially allow the characterisation of 

further sub-clusters of CIMP+ cancers. 
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Chapter IV of this thesis characterised the role of germline MBD4 mutations in the 

development of intestinal polyps and a number of cancer types – including breast cancer, 

sarcoma and uveal melanoma. This chapter identified that germline, but not somatic, 

mutations in MBD4 significantly increased the number of C → T mutations at CpG sites 

compared to their MBD4-WT counterparts. These mutations were likely a result of 

unrepaired spontaneous deaminations of 5-mC, which arise as a consequence of MBD4 

deficiency, which are then propagated into C → T mutations. In addition to this, it was found 

that highly-methylated CpG sites and CpG sites within late-replicating regions of the genome 

were more at risk of spontaneous deamination than lowly-methylated CpG sites and CpG 

sites in early-replicating regions of the genome. Despite previous studies suggesting CpG 

sites on the transcriptional coding strand were more at risk of spontaneous deamination than 

the template strand, there was no excess of C → T mutations at CpG sites observed on either 

transcription strand – which was in agreement with the previous work by Sanders et al., who 

also saw no excess of C → T mutations at CpG sites on either transcription strand (446,456).  

The suggestion that germline loss of MBD4 drives intestinal polyposis and various types of 

cancer implies that MBD4 carries out a novel tumour suppressor function via the repair of 

spontaneous deaminations of 5-mC. However, as discussed in section 4.4, previous studies of 

Mbd4-/- found no increase in intestinal tumorigenesis compared to control animals (450). This 

data, coupled with the lifespan of laboratory mice and the hypothesised mechanism by which 

MBD4 deficiency may drive tumorigenesis, indicates that mouse models may not represent 

the best system in which to investigate the role of MBD4 in tumorigenesis. Given the rarity of 

individuals with germline pathogenic mutations in MBD4, whole-genome sequencing data 

from individuals with germline deficiencies in MBD4 aside from those reported in this 

chapter may be difficult to obtain. While MBD4-deficient cell lines and/or organoids could 

theoretically be genetically-engineered or established from the MBD4-deficient individuals 

described above, long-term culture of these in vitro models to allow unrepaired spontaneous 

deaminations to accumulate would be expensive and unpractical. As briefly described in 

section 5.4, a recent publication by Buitrago et al. presented yeast transfected to express 

murine DNMT proteins, thereby facilitating DNA methylation within this model organism 

(533). The rapid population doubling time of yeast could be exploited in order to investigate 

the rate at which unrepaired spontaneous deaminations of 5-mC accumulate in the methylated 

yeast described in this study (533). In addition to this, these yeast could subsequently be 

transfected with murine Mbd4 in order to investigate the rate at which unrepaired 

deaminations accumulate in both Mbd4-deficient and Mbd4-proficient systems. While 

mapping these unrepaired deaminations to protein-coding genes would be uninformative, the 

effects of DNA methylation, replication timing and transcription strand on the likelihood of 

spontaneous deamination could still be investigated to validate what has been seen in human 

whole-genome sequencing data. 

As discussed in section 4.1, TDG performs the same role as MBD4 in the repair of 

spontaneous deaminations of 5-mC (312,441). Therefore, it may also be that germline 

pathogenic mutations in TDG also increase the rate of C → T mutagenesis at CpG sites as a 

consequence of unrepaired spontaneous deaminations of 5-mC. If this is true, TDG may also 

represent a novel cancer predisposition gene alongside MBD4 – potentially driving intestinal 

polyposis and the same forms of cancer seen in MBD4-deficient individuals. If the 

mechanism by which TDG deficiency drives polyposis or tumorigenesis is the same as in 
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MBD4-deficient individuals, mouse models and in vitro models would not be the best system 

to investigate the consequences of TDG deficiency for the same reasons as described above. 

However, similarly to what has been described above, the yeast models expressing murine 

DNMTs could also be engineered to express murine Tdg to further characterise the role this 

protein plays in the repair of spontaneous deaminations of 5-mC. This also possibly allows 

for the co-expression of both Tdg and Mbd4 in these yeast alongside systems which express 

just one of the two – thereby allowing the contribution of each individual protein in the repair 

of spontaneous deaminations to be quantified. Overall, the data presented in this chapter 

suggests that MBD4 represents a tumour predisposition gene, as well as an intestinal 

polyposis predisposition gene. Further mechanistic investigation of MBD4 and TDG 

deficiency in yeast would be important in order to confirm the hypothesised mechanism by 

which inactivation of these genes may drive disease pathogenesis. 

Chapter V of this thesis explored the role of DNA polymerase replication errors in C → T 

mutagenesis at CpG sites. Mutation signatures associated with POL-ε EDMs and DNA MMR 

deficiencies show an enrichment of C → T mutations at CpG sites much like SBS1, 

indicating that an alternative mechanism may also be involved in driving C → T mutagenesis 

at these sites. CRCs with POL-ε EDMs and MSI+ CRCs presented with a much greater 

number of C → T mutations at CpG sites than their MSS POL-WT counterparts, while MutS-

deficient MSI+ CRCs presented with more C → T mutations at CpG sites than MutL-

deficient MSI+ cancers – as has been previously reported in the literature (518,519). This 

phenomenon has previously been hypothesised to be a consequence of MutS playing a role in 

the repair of spontaneous deaminations, whereas MutL has been suggested to be involved in 

the repair of DNA replication errors (518). However, while the MBD4-deficient colorectal 

polyps presented with no excess of C → T mutations at CpG sites on either DNA replication 

strand as expected, cancers with POL-ε EDMs, MutS-deficient MSI+ cancers and MutL-

deficient MSI+ cancers all presented with an excess of C → T mutations at CpG sites of the 

leading strand template – indicating that these mutations were a consequence of unrepaired 

DNA replication errors. It was hypothesised in this chapter that replication errors on the 

leading strand template by POL-ε result in an adenine being erroneously incorporated 

opposite a template 5-mC. If this mismatch is not repaired (e.g. in CRCs with a POL-ε EDM 

or MMR deficiency) it is thought to propagate into a C → T mutation in the next round of 

DNA replication (see Figure 5.9). This mechanism has previously been proposed by 

Tomkova et al. due to the structural similarities between 5-mC and thymine (see Figure 5.23) 

(524). It was also suggested in this chapter that DNA methylation was correlated with the 

likelihood of DNA replication error, with highly-methylated CpG sites presenting with more 

C → T mutations than lowly-methylated sites. In addition to this, MSI+ CRCs with presumed 

MLH1 promoter hyper-methylation showed characteristics of CIMP+ disease – including an 

enrichment of C → T mutations at bivalent promoter regions. These CRCs with presumed 

MLH1 promoter hyper-methylation presented with an increase in C → T mutations at CpG 

sites with fractional DNA methylation of 0 – 30% in the normal sigmoid colon. It is possible 

in these cancers that these previously lowly-methylated CpG sites become hyper-methylated 

as a consequence of CIMP, thereby increasing the likelihood of C → T mutagenesis in these 

cancers. 

The data presented in this chapter suggests that highly-methylated CpG sites, including those 

that are possibly hyper-methylated in CIMP+ cancers, were more likely to undergo C → T 
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mutagenesis as a result of DNA replication error. In order to investigate this further, DNA 

methylation array data from CRCs with presumed MLH1 promoter hyper-methylation could 

be generated, allowing the further characterisation of these cancers – including their CIMP 

status and the DNA methylation status of these CpG sites identified as lowly-methylated in 

the normal sigmoid colon. Following this, both in vitro and in vivo methods could be 

exploited to produce models of POL-ε EDMs, MSI and CIMP in order to further investigate 

the role of DNA methylation on the likelihood of replication errors occurring. For example, 

intestinal organoids could be derived from MSI+ CRCs, cancers with POL-ε EDMs, MSI+ 

CRCs with POL-ε EDMs and CIMP+ CRCs. Whole-genome sequencing and methylation 

array analysis could subsequently be performed on these organoids in order to identify any 

correlations between DNA methylation and the rate of C → T mutagenesis at CpG sites. 

Given the current reference data used for replication strand assignment only covers 

approximately 35% of CpG sites, it may be prudent to produce a comprehensive map of the 

origins of replication in these organoids via initiation-site sequencing in order to more 

accurately assign mutations to the leading and lagging strand template strands (528). The 

number of C → T mutations at CpG sites of the leading and lagging strand templates could 

then be used to determine if C → T mutations at CpG sites in these organoids were a 

consequence of unrepaired DNA replication errors. 

In addition to these organoids, mouse models of CRC could also be used to study the 

relationship between DNA methylation and C → T mutagenesis at CpG sites. Animals with 

conditional Pol-εP286R or Msh2 alleles can be obtained commercially from the Jackson 

Laboratory (543) and subsequently crossed with Vil1-cre animals (see Chapter III of this 

thesis) to produce a targeted knock-in of Pol-εP286R and knockout of Msh2 in intestinal 

epithelial cells. Similarly to the organoids described above, whole-genome sequencing and 

methylation array analysis could be performed on intestinal tissues harvested from these 

animals at a specific age, allowing for more control over the time in which C → T mutations 

can accumulate at CpG sites compared to organoids derived from CRC patients. In addition 

to these animals, an Mlh1-knockout mouse could also be engineered in order to provide an in 

vivo model of MutL deficiency. An Mbd4-deficient mouse is also currently in development, 

providing a system in which C → T mutagenesis at CpG sites is largely assumed to be a 

consequence of unrepaired spontaneous deaminations for comparison with the Pol-εP286R, 

Msh2-knockout and Mlh1-knockout animals. In addition to crossing the above animals with 

Vil1-cre, germline Pol-εP286R, Msh2-knockout, Mlh1-knockout and Mbd4-knockout animals 

could be produced via a cross with the universal Pgk-cre (544). Organoids could then be 

derived from a number of tissues with differing rates of cellular turnover (e.g. colon, small 

intestine, liver, breast etc.) and used for subsequent whole-genome sequencing and 

methylation analysis. If the rate of C → T mutagenesis at CpG sites is influenced by DNA 

replication, in theory organoids derived from the tissue with the highest rate of cellular 

turnover would present with the greatest C → T mutation burden at CpG sites. As discussed 

in section 5.4, it is possible that DNA replication may also play a role in spontaneous 

deamination, with single-stranded DNA possibly exposed for longer on the lagging strand 

template than the leading strand template, thereby making this DNA more vulnerable to 

spontaneous deamination. If this is true, then it is possible that in the Mbd4-knockout mouse 

the rate of C → T mutagenesis would also be highest in the tissue with the highest rate of 

DNA replication. 
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The relationship between DNA methylation and C → T mutagenesis at CpG sites, as well as 

the mechanism by which these mutations may occur, could also be investigated using the 

methylated yeast system described above. MMR-deficient yeast strains and yeast with the 

equivalent Pol-εP286R mutation have previously been described in the literature (499,545). 

These strains could be transfected with murine DNMTs to produce methylated yeast strains. 

The number of C → T mutations at CpG sites could then be compared to non-methylated 

yeast strains to test if the presence of DNA methylation increases the rate of C → T 

mutagenesis at CpG sites in yeast strains with a POL-ε EDM or MMR deficiency. These 

methylated yeast strains could then be transformed with murine Mbd4 and Tdg to see if the 

presence of these proteins reduces the rate of C → T mutagenesis at CpG sites. However, 

given the hypothesised mechanism of how C → T mutagenesis is driven in these systems, it 

would be expected that the addition of these proteins would do little to reduce the rate of C → 

T mutagenesis at CpG sites. 

The data presented in Chapter III of this thesis suggests that CIMP may drive colorectal 

tumorigenesis via the epigenetic silencing of key tumour suppressor genes (see above). 

However, the data presented in Chapter V of this thesis provides an alternative mechanism 

that may explain CIMP-mediated CRC development. Hyper-methylated CpG sites in CIMP+ 

CRCs may be more at risk of C → T mutagenesis, which may result in pathogenic C → T 

mutations within the protein-coding sequence of cancer driver genes. The recent CRC 

landscape paper identified 185 potential CRC driver genes (295). One example of these 

drivers is APC, which has been extensively studied in the context of CRC. Chapter IV of this 

thesis identified a number of pathogenic mutations in this gene caused by a C → T mutation 

at a CpG site – including APCR1450* (221,295). Therefore, the role of CIMP in driving 

colorectal tumorigenesis could be investigated in more detail by a comprehensive analysis of 

both coding sequence mutations and epigenetic alterations in these 185 CRC driver genes. 

This analysis would confirm if CIMP-mediated CRC pathogenesis is primarily driven by 

unrepaired replication errors in the coding sequence of driver genes or by aberrant DNA 

hyper-methylation altering the expression of driver genes. Overall, this chapter provides 

additional insight into how DNA methylation may drive tumorigenesis, not only via promoter 

hyper-methylation of tumour suppressor genes but also via influencing the likelihood of 

POL-ε DNA replication errors. 

In conclusion, this thesis has provided a comprehensive assessment of the 4q24 locus of 

chromosome 4 in CRC predisposition and identified down-regulation of TET2, a gene 

involved in the regulation of DNA methylation, as the likely mechanism underpinning this 

GWAS association. This led to the exploration of the effect of TET2 down-regulation, either 

by mutation or inhibition by mutant IDH, on DNA methylation and the development of 

CIMP+ cancer. Upon further investigation of the characteristics of these CIMP+ cancers, a 

possible mechanism underpinning CIMP-mediated tumorigenesis was identified, with distinct 

patterns of DNA hyper-methylation observed at bivalent promoter regions, resulting in the 

epigenetic silencing of candidate tumour suppressor genes. In addition to the epigenetic 

mechanisms by which DNA methylation may drive colorectal tumorigenesis, this thesis also 

investigated how DNA hyper-methylation may influence the likelihood of C → T 

mutagenesis at CpG sites. It was suggested that highly-methylated CpG sites were more at 

risk of C → T mutagenesis than lowly-methylated CpG sites via both spontaneous 

deamination of 5-mC and the mis-incorporation of adenine opposite a template 5-mC by 
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POL-ε during DNA replication. Overall, this thesis provides a novel insight into the role of 

DNA methylation, particularly hyper-methylation, in driving colorectal tumorigenesis – 

providing mechanistic insights that may subsequently offer both prognostic and clinical 

benefits in the management of CRC. 
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