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 Abstract 

Colorectal cancer (CRC) is the third most common cancer worldwide. Observational studies and 

randomised controlled trials for vascular events have shown aspirin as a possible chemopreventative 

agent in CRC. Aspirin is a well-established inhibitor of the (COX)/(PGE2) signalling pathway. However, 

an aspirin derivative (NCX-4016) that does not inhibit COX activity was reported to have a better 

chemopreventative effect in a mouse model of colon cancer implicating other unknown aspirin anti-

cancer effects. More recently aspirin has been reported to induce post-transcriptional modifications, 

specifically, protein and histone acetylation.  

The aim of this PhD thesis was to investigate the effect of short-term and long-term aspirin exposure 

in colorectal adenoma cells (RG/C2) by looking at the regulation of cell growth as well as changes in 

DNA methylation, gene and protein expression. Mendelian randomisation (MR) was used to assess 

whether variations in aspirin metabolite levels are associated with risk of CRC.  

Through combining multiple ‘omics, short-term aspirin was not found to regulate genome-wide DNA 

methylation but was implicated in regulating specific gene expression e.g. suppressing STMN1. This 

led to a reduction in cell migration, which may partly explain the anti-metastatic function of aspirin. 

Conversely, cells exposed long-term to aspirin (≥18 weeks) were less responsive to aspirin’s growth 

inhibition. Long-term treatment resulted in a genome-wide effect on DNA methylation, highlighting 

a previously unreported role for aspirin in epigenetic regulation. Finally, the MR approach showed a 

possible association between aspirin metabolism and cancer risk, complementing other 

epidemiological evidence with regards to aspirin use and cancer risk.  

For the first time, combining population-based and laboratory-based methods have identified 

possible new mechanisms of aspirin’s action. Genetic variants may help inform the effect of aspirin 

use on CRC risk and epigenetic modifications from long-term use could help identify patients who 

become less responsive to the drug.  
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Chapter 1 Introduction 

1.1 Thesis overview 

1.1.1 Overview 

In this thesis, I have applied laboratory and epidemiological methods to interrogate the effect of 

aspirin on colorectal adenoma cells.  

The introduction chapter (Chapter 1) provides an overview of the project as well as the aims and 

objectives. It describes the molecular biology behind colorectal cancer as well its descriptive 

statistics. The chapter then introduces aspirin and its current usage before discussing the 

epidemiological evidence that shows it may be a chemopreventative agent. The chapter follows on 

from this by describing what is already known about aspirin’s mechanism of action. A summary of 

epigenetics such as DNA methylation and histone modifications follows on from this. Finally, the 

chapter describes a causal analysis method called Mendelian randomisation which may help to 

interrogate the effect of aspirin on risk of colorectal cancer.  

Chapter 2 provides details of both the laboratory-based methods as well as the epidemiological 

methods applied in this thesis, although details of the methods are present in their relevant 

chapters. Chapter 3 investigates the effect of short-term and long-term aspirin treatment on cell 

growth using 2D and 3D cell models. Chapter 4 describes an approach combining both laboratory-

based methods and epidemiological-based methods to identify new targets of aspirin. Chapter 5 

assesses the effect of long-term aspirin treatment on DNA methylation of adenoma cells. Chapter 6 

investigates the effect of aspirin on risk of colorectal cancer through the use of a Mendelian 

randomisation approach.  Finally, chapter 7 attempts to combine the overall findings from the thesis 

and the implications and further analyses that may follow-on from these results.  

1.1.2 Importance of an inter-disciplinary approach 

Epidemiological approaches are powerful in that they have the ability to interrogate multiple 

questions in a short space of time. On the other hand, laboratory-based methods traditionally take 

longer for a discovery to be made and can be biased due to the investigator’s previous 

knowledge/opinions. Through combining both approaches, it is possible that epidemiology can be 

used as a non-biased approach to identify possible genes affected by aspirin use that also alter the 

risk of colorectal cancer and then validate these results through functional analyses within the 

laboratory. The combination allows for the identification of new targets not otherwise considered 

and may facilitate a faster turn around of identifying novel and significant results.  
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The opposite is also true in that epidemiological approaches may help validate laboratory-based 

methods. Many a time, the translation of findings from the laboratory into the clinic is unsuccessful 

(1). It may be that epidemiological approaches can be used to test laboratory findings before these 

results are tested in the clinic to save both time and money. In this project, we used epidemiological 

and basic scientific approaches together to identify new targets of aspirin as well as to identify 

whether long-term aspirin significantly alters DNA methylation in colorectal adenoma cells. These 

results may help in directing towards generating drugs for new targets of aspirin as well as 

identifying signature methylation profiles related to long-term aspirin treatment.  

1.1.3 Aims and objectives 

This thesis aims to address the effect of short-term and long-term aspirin treatment on colorectal 

adenoma cells. Cell culture was used to investigate the effect of aspirin on cell growth within a 

laboratory setting exploring cell survival, cell death and other assays. Causal analysis methods, 

namely Mendelian randomisation, was used to assess whether variations in aspirin metabolites 

(salicylic acid and salicyluric acid) affected risk of colorectal cancer. More specifically, this thesis aims 

to address these questions: 

1- Does the length of duration of aspirin treatment affect cell survival in in vitro settings 

(Chapter 3)? 

2- Are there new targets of aspirin that have not yet been identified in the literature that may 

explain part of the protective effect of the drug (Chapter 4)? 

3- Does the length of duration of aspirin treatment affect the epigenetics, more specifically 

DNA methylation, of colorectal adenoma cells (Chapter 5)? 

4- Can we address the effect of aspirin treatment on risk of colorectal cancer through a 

Mendelian randomisation approach (Chapter 6)? 

I hypothesise that there are new targets of aspirin that may partially explain its chemopreventative 

properties. I also think that long-term aspirin treated cells become less sensitive to the drug, and this 

may be through aspirin’s effect on epigenetics. Furthermore, I believe that with suitable genetic 

instruments, I will be able to predict how aspirin metabolites may affect the risk of colorectal cancer.  
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1.1.4 Publications and presentations 

Published 

The Telomeres Mendelian Randomization Collaboration. Association Between Telomere Length and 
Risk of Cancer and Non-Neoplastic Diseases. A Mendelian Randomization Study. JAMA Oncol. 
2017;3(5):636-651. doi:10.1001/jamaoncol.2016.5945 
 

In preparation, related to this thesis 

Dawe, K., Nounu, A., Elsworth, B., Carr, H., Holly, J., Perks, C., Martin, R., Lewis, S. J., Gaunt, T., 
Williams, A. C., Higgins, J., Vincent, E. E.. Generating mechanistic hypotheses for the association of 
aspirin with colorectal cancer using text mining.  
 
Nounu, A., Sharp, G. C., Greenhough, A., Bristol Bioresource Laboratories, Relton, C. L., Williams, A. 
C. Combining ‘omics and epidemiology to uncover mechanisms linking aspirin treatment to reduced 
risk of colorectal cancer. See Chapter 4.  
 
Nounu, A., Falk, L., Sharp, G. C., Bristol Bioresource Laboratories, Williams, A. C., Relton, C. L.. The 
effect of long-term aspirin treatment on DNA methylation in colorectal cancer. See Chapter 5.  
 
Nounu, A., GECCO consortium, TwinsUK, UKBiobank , Williams, A. C., Relton, C. L. Salicylic acid and 
risk of colorectal cancer- a Mendelian randomisation approach. See Chapter 6.  
 
 
Other publications in progress 

Kazmi, N., Wade, K. H., Nounu, A., Langdon, R.J., Tan, V. Y., Yarmolinsky, J., Zheng, J., Hemani, G., 
Torres, R., Johansson, M., Gaunt, T.,  Hung, R., Amos, C., Lewis S. J., Martin, R. M., Brennan, P., 
Relton, C. L., Davey Smith, G., Haycock, P. Identifying smoking-independent pathways for risk of lung 
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Presentations 

NCRI conference 2017, Liverpool. Title: Combining ‘omics and epidemiology to uncover mechanisms 
linking aspirin treatment to reduced risk of colorectal cancer; oral presentation.  
 
26th World Cancer Conference 2017, Dubai: Combining ‘omics and epidemiology to uncover 
mechanisms linking aspirin treatment to reduced risk of colorectal cancer; poster presentation 
 

1.1.5 Contributions 

All experiments/analysis in this thesis were carried out by myself, except for these datasets which 

were generated by others and used in my analyses: SILAC proteomic data of aspirin treated RG/C2s  

(generated by Alexander Greenhough- a member of our laboratory group), methylation data of 

aspirin treated RG/C2s (the DNA samples were prepared by myself but the samples were run on the 

methylation arrays by the Bristol Bioresource Laboratory), transcriptomic data was obtained from 
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dbGAP (published by Sabates-Bellver  et al 2007),  logistic regression summary data for CRC risk 

(obtained from GECCO(2)), measured aspirin metabolite and genotype data (provided by Twins UK 

(3)) and an alternative source for summary data for CRC risk also stratified between aspirin users and 

non-users (obtained from UK Biobank (4)).   

With regards to statistical analyses, I am very grateful to Dr Gemma Sharp for her help with quality 

control and running an EWAS with the methylation data as well as Dr Edward Mountjoy and Dr David 

Hughes for both their help in running linear regressions for the genotypes on changes in aspirin 

metabolite levels.  
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1.2 An introduction to colorectal cancer 

1.2.1 What is colorectal cancer? 

Colorectal cancer is a cancer that develops either in the colon (large intestine or bowel) or the 

rectum. The colon is divided into 4 sections and these are: the ascending colon, the transverse colon, 

the descending colon and the sigmoid colon. Cancer can develop in any of these or in the rectum 

which is found at the end of the colon (Figure 1-1) (5). A vast majority of colorectal cancer arise from 

the epithelium in what is known as the adenoma to carcinoma sequence (Chapter 1.3.2).  

 

Figure 1-1- Structure of the colon and the rectum 

The colon is comprised of 4 sections: the ascending colon, the transverse colon, the descending colon and the 
sigmoid colon. At the end of the colon is where the rectum is located.  

1.2.2 Incidence and mortality patterns  

In 2015, colorectal or bowel cancer was the 4th most common cancer in the UK with around 41,700 

new cases each year. Bowel cancer incidence rates have remained stable over the last decade and 

mortality rates have decreased by 42% (6). Worldwide, it accounts for the third highest number of 

cancer cases and patient prognosis is directly correlated to timing of detection (7). 

More than 50% of cases occur in more developed regions of the world with the highest incidence 

rates in Australia (44.8 per 100,000 for men and 32.2 per 100,000 for women) whereas the lowest 

incidence for men and women can be found in Western Africa (4.5 and 3.8 per 100,000, respectively) 

(8).  



 

6 
 

In terms of mortality, CRC was the second highest cause of cancer-related deaths in 2016 in the UK. 

For both males and females, it accounts for the 3rd most common cause of death by cancer. 

Mortality rates have decreased by 14% over the last 10 years and are predicted to fall by 23% by the 

year 2035 (6). Unlike incidence rates which are higher in developed regions of the world, mortality 

rates are higher in the less developed areas of the world (8). 

Although incidence rates for over 50s has remained relatively stable, rates in the under 50s age 

group has increased by 33% between 1993-2015 in the UK population (9). This rising incidence trend 

is also found in the same age group in the United States. In adults aged 20-39, colon cancer 

incidence trends have risen by 1%-2.4% each year since the 1980s and rectal cancer has risen by 

3.2% each year in 20-29 year olds between 1974-2013. In adults over 55, rates have generally been 

declining for both colon and rectal cancer (10). These statistics show a worrying trend that CRC 

incidence is increasing in the younger age groups and this highlights a need to find better prevention 

strategies to reduce risk of cancer.  

1.2.3 Factors that increase risk of colorectal cancer 

Whilst genetic susceptibility may play a role in a small proportion of CRC cases, most of CRC cases 

occur in individuals with no genetic predisposition or family history of the disease so are not 

inherited and are sporadic (11,12). It has been estimated that 48% of colorectal cancer cases in the 

UK may be due to environmental and lifestyle risk factors (13). Similarly, it has been estimated that 

57.5% of CRC cases are attributable to environmental and lifestyle risk factors in the United States 

(14). These statistics highlight that environmental and modifiable factors play a large role in risk of 

CRC. Importantly, it is thought that the rising trend in colorectal cancer in the younger age groups is 

due to changes in diet and lifestyle. 

 Although a reduction in CRC incidence in older age groups may be attributable to a general 

reduction in alcohol consumption and smoking (10,15), birth cohorts have also shown a cumulative 

rising trend in obesity (16) which parallels the trend of CRC incidence. This suggests that obesity and 

CRC incidence may be linked (10).  

There are also many other environmental factors that affect risk of CRC. Many factors have been 

shown to increase the risk of CRC and these include: processed meat consumption alcohol 

consumption, tobacco smoke (17), a high BMI and obesity (18) and exposure to radiation (17). On 

the other hand, physical activity (19,20) and a high fibre diet (21,22) are both associated with a 

decreased risk. The exact mechanisms by which these factors affect the risk of CRC still remains to 

be answered although it has been suggested that one plausible route might be through their effect 

on the gut microbiome (23).  
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1.2.4 Colorectal cancer diagnosis 

To reduce colorectal cancer incidence, screening methods have been adopted to detect and remove 

adenomas and polyps to prevent tumour progression. Currently, two screening methods are 

commonly used. These are stool-based screening tests and visual examinations. One of the early 

signs of CRC is bleeding, therefore stool-based examinations typically involve a faecal occult blood 

(FOB) test that is used to test for human haemoglobin. On the other hand, visual examinations 

include endoscopic (colonoscopy and flexible sigmoidoscopy) examinations as well as radiologic 

examinations (computed tomography colonography). These are often used as a follow-up to positive 

FOB tests (as the stool test sometimes produces false positive results) and allow direct visualisation 

of the colon and thus removal of polyps (24).  

Within the UK, these two types of screening methods are routinely offered to patients through the 

National Health Service (NHS). A flexible sigmoidoscopy is offered to all patients over 55 years of age 

and the FOB test is given every two years to patients between the ages of 60-74 (25).  

1.3 Molecular aspects of colorectal cancer 

1.3.1 Colonic crypt structure 

The main role of the intestines is for nutrient digestion and absorption (26). The luminal surface of 

the colon is comprised of a single layer of epithelial cells that form a crypt structure otherwise 

known as the crypts of Lieberkühn (27). The main purpose behind the structure of the crypts is to 

protect the stem and progenitor cells at the base from damaging factors in the lumen such as 

microbiota-derived metabolites (28). Unlike the small intestine, the colon has no villi but rather a flat 

surface epithelium (26). 

 Intestinal multipotent stem cells are found at the base of the crypt that allow for a 5-day rate of 

colonic epithelium renewal (Figure 1-2) (27) and are also referred to as crypt base columnar cells 

(CBC) (26). Through asymmetrical division, they produce transit-amplifying cells that divide 4-5 times 

before they become terminally differentiated (26). These cells are able to differentiate into 3 types 

of terminally differentiated cells: colonocytes (also known as enterocytes), goblet cells and 

enteroendocrine cells (26). These cells are also able to differentiate into Paneth cells that play a role 

in innate immunity. Paneth cells are mainly found in the small intestine but can be present in the 

ascending colon (29). The equivalent of Paneth cells in the colon are deep crypt secretory (DCS) cells 

which are interspersed between the CBC cells. These cells provide a niche for the stem cells, 

evidenced by the loss of the stem cells when DCS cells were eliminated in colonic organoids (30). 

DCS cells allow for stem cell maintenance and self-renewal through their expression of the Notch 

ligands Dll1 and Dll4 (31).  
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At the bottom of the crypt is what is known as the stem cell niche. It is here that the stem cells are 

found along with mesenchymal cells called pericryptal myofibroblasts that produce the WNT signal 

ligands that then bind to the Frizzled receptors on the stem cells (29). The WNT and Notch signalling 

pathways are important for maintaining an undifferentiated and proliferative state at the base of the 

crypt. WNT signalling is highest at the base of the crypt and lowest towards the lumen (26).  

Stem cells are able to differentiate into 3 cell types. The first type, colonocytes, are found at the top 

of the crypt and absorb water and electrolytes. The second, goblet cells, secrete mucins which allow 

for lubrication and provide a layer of protection from foreign particles such as bacteria and also 

protects from mechanical damage (32). The third type of cells are enteroendocrine cells, of which 

there are multiple types. These cells secrete hormones such as ghrelin, somatostatin, gastrin, and 

others (33).   

Another rarer epithelial cell type are tuft cells which are involved in activating a type 2 response to 

parasitic infections. They secrete interleukin-25 (IL-25) into the lamina propria which results in the 

induction of a Th2 cell response (34). These tuft cells have also been shown to express LGR5 as well 

as other markers of stem cells that are usually only expressed in the crypt, indicating that these cells 

may act as reserve stem cells (35). Other cells that also play a role in intestinal immunological 

responses are microfold cells (M cells). These cells are present in the small and large intestine and 

transcytose pathogens from the lumen and transport them to the lymph tissues (36). Lastly, it has 

been reported that there are stem cells that differ to the CBCs and are slow cycling. These cells are 

found at the ‘+4’ position in the crypt relative to the central cell in the crypt base which is given 

position 0. It is thought that both can give rise to cells of all lineages but the exact relationship 

between the active and quiescent stem cells requires further research (37).  
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Figure 1-2- Structure of the colonic crypt (image adapted from Humphries and Wright, 2008 and 
Barker 2014 (29,38)) 

The base of the crypt contains LGR5+ stem cells which are able to divide to form transit amplifying cells. At the 
+4 position is another stem cell with a more quiescent phenotype. Transit amplifying cells can terminally 
differentiate into the 3 main cell types: enterocytes, goblet cells and enteroendocrine cells. A rarer type of cell 
found in the crypt are tuft cells which are involved in an immune response against parasitic infections. Around 
the stem cells at the base are mesenchymal cells known as pericryptal myofibroblasts that produce ligands 
that stimulate an active WNT pathway in the stem cells. Other cells are also present in the intestinal crypt such 
as DCS cells and M cells but are not pictured here.  

A normal colonic epithelium usually has a smooth surface with evenly spaced crypts. However, this 

regular structure is disrupted in colorectal cancer with branching  and irregular crypts and the 

presence of a high quantity of desmoplastic stroma (39).   

1.3.2 Adenoma-carcinoma sequence 

In 1990, Vogelstein proposed a model in which multiple genetic mutations may provide epithelial 

cells with a growth advantage thereby resulting in cancer. In his model, he stated that it was the 

accumulation of genetic events, and not their order, which is the cause of this outcome. He 

proposed that the initiating event is a mutation in the gene adenomatous polyposis coli (APC) which 

leads to deregulation of β-catenin signalling and the formation of adenomas. This mutation is then 

followed by others for tumour progression (40). This is now known as the adenoma-carcinoma 

sequence which is summarised in Figure 1-3 (41). However, the adenoma-carcinoma sequence is an 

over-simplification of the alterations required for cancer progression, as not all tumours follow this 

sequence and other genetic mutations may be present (42).  
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Figure 1-3- Schematic of the adenoma-carcinoma sequence in colorectal cancer (adapted from 
Walther et. al 2009 (41)) 

The adenoma-carcinoma sequence presented highlights some of the well-known mutations along the pathway 
but is an over-simplification of all mutations involved in colorectal cancer progression. One of the first events 
to occur along the adenoma-carcinoma sequence is the loss of the APC gene or mutations in the β-catenin 
gene  which leads to adenoma formation (40,43). APC promotes degradation of β-catenin therefore preventing 
it from entering into the nucleus and inducing transcription of WNT target genes. Loss of APC through 
mutations results in constitutive transcriptional activation of these WNT target genes (44). Aberrant WNT 
signalling is a common occurrence in colorectal cancer and is involved in cancer stem cell maintenance and 
metastasis (45). Further mutations occur along the sequence such as those in KRAS, loss of chromosome 18q 
and SMAD4, mutations in BRAF and CDC4. For progression to cancer, mutations may occur in TP53 gene, BAX 
and IGF2R. Along this sequence, mismatch repair deficiency and increasing CIN may play also role in tumour 
progression (41).  

1.3.3 Molecular pathways involved in CRC 

Within the literature, three major molecular pathways contribute to tumour progression leading to 

CRC. These are: 

- The chromosomal instability (CIN) pathway 

- The microsatellite instability (MSI) pathway 

- The CpG Island Methylation Phenotype (CIMP) pathway 

The most common of these pathways is the CIN pathway thought to be the cause of 70% of sporadic 

colorectal cancers. It is characterised by the accumulation of many chromosomal abnormalities 

whether numerically (aneuploidy) or structurally resulting in an abnormal karyotype (46,47). This 

pathway can result in chromosomal rearrangements, loss of heterozygosity at tumour suppressor 

genes and mutations within oncogenes (such as APC, P53 and KRAS) and tumour suppressor genes 

(46). 
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MSI is a condition in which DNA is prone to hypermutations due to the inability to repair the DNA 

through the mismatch repair (MMR) pathway (48). Microsatellites range from 1-6 base pairs of a 

repeating nucleotide sequence. They are prone to mutations as DNA polymerases cannot bind to 

them efficiently resulting in insertions and/or deletions. A consequence of this is frameshift 

mutations which ultimately can result in protein truncations(46). The MSI pathway is implicated in 

around 15% of sporadic colorectal cancers (48).  

CIMP describes a molecular subtype of cancer whereby there is a high frequency of 

hypermethylation at some CpG islands (49). One commonly used panel to determine CIMP status is 

called the Weisenberger panel of genes and includes CACNA1G, NEUROG1, RUNX3, SOCS1 and IGF2 

(50). Colorectal cancers that exhibit CIMP can be further classified as either CIMP-high or CIMP-low; 

CIMP-high tumours are hypermethylated in 3 or more of these 5 genes and commonly have an 

activating mutation in BRAF whereas CIMP-low tumours are hypermethylated in 1-3 of these 

Weisenberger panel of genes and are accompanied with KRAS mutations (51).  

These 3 pathways are not mutually exclusive and it is possible that tumours may progress through 

their combined effect (46).  

As well as the genetic components that may lead to tumour progression, there is also the 

contribution of epitranscriptomics and gut microbiomics. Epi-transcriptomics relates to post-

translational modifications such as N6-methyladenosine (m6A), 5-methylcytosine (m5C), inosine (I), 5- 

hydroxymethylcytosine (hm5C)  and pseudouridine (Ψ), that functionally modify RNA molecules (52). 

Alterations to the epitranscriptome have been implicated in colorectal cancer development (53). 

Furthermore, it has recently come to light that cancer progression might be affected by bacterial 

species, for example, colorectal cancer metastasis is associated with the presence of the 

Fusobacterium species of bacteria (54). 

Overall, colorectal cancer has multiple pathways for development and these include genetic 

pathways, epigenetic changes, epitranscriptomic changes as well as changes in the gut microbiota.  

1.3.4 Cancer stem cells 

Stem cells are cells that have two main qualities: the ability to self-renew and the ability to generate 

differentiated cells for a specific tissue (multipotency) (27). Recently, it has become increasingly 

clear that stem cell hierarchies are plastic- this means that differentiated cells have the ability to de-

differentiate to take the place of any lost stem cells. This is heavily influenced by the stem cell niche 

(55).   



 

12 
 

Much like adult stem cells which give rise to tissue specific cells, a cancer stem cell (CSC) theory was 

developed that states that tumours originate from hidden tumour stem cells. A small subset of cells 

within the tumours have the ability to self-renew and produce more differentiated cells (56) 

indicating a hierarchical organisation. These cells are termed CSCs and are recognisable through 

specific markers such as leucine-rich repeat-containing G-protein-coupled receptor 5 (LGR5) (57). 

This explains many observations such as tumour recurrence after chemotherapy or radiotherapy, 

tumour dormancy and metastasis (55).  

Some tumours, such as glioblastoma, follow a unidirectional and hierarchical system whereby CSCs 

divide and differentiate and not the reverse, therefore targeting CSCs in these tumours prevents 

tumour regeneration (Figure 1-4) (58). Within other tumours, and much like adult stem cells, tumour 

cells may exhibit plastic properties in that both CSCs and non-CSCs have the ability to transition 

between the two states depending on external stimuli (55). The evidence for this was provided by de 

Sousa e Melo et. al (2017) who showed that ablation of LGR5+ CSC cells in mouse tumours 

temporarily prevents tumour growth. LGR5- cells then proliferate to replace the LGR5+ pool of cells 

and therefore allow tumour growth to continue (59). In these types of tumours, the 

microenvironment and extracellular signals are believed to influence cell plasticity. This is why 

therapies in these tumours should target the niche rather than the CSCs to prevent tumour 

regeneration (Figure 1-4) (55).  
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Figure 1-4- Consequences of therapies targeting CSCs (adapted from Batlle and Clevers, 2017 (55)) 

Some tumour CSCs follow a unidirectional hierarchy whereby the CSCs divide and differentiate into cancer 
cells. Targeting the CSCs in this case is enough to diminish tumour growth and results in a cure. In other cases, 
CSCs are more plastic and niche signals can instruct more differentiated cells to de-differentiate after CSC loss. 
In this case, targeting CSCs only is likely to fail as progeny cells will replace and regenerate the lost CSCs. 
However, targeting niche signals that are needed for CSC maintenance will be more effective and prevent 
plasticity therefore resulting in tumour diminution (55).  
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1.3.5 Colorectal cancer metastasis 

The cause of almost 90% of cancer-related mortalities is due to cancer metastasis (60). CRC can 

spread from a local site and disseminate widely through metastasis. Cancer can metastasise to 

distant organs, which are commonly the lung and liver for CRC (Figure 1-5) (42). Invasive and motile 

cells can enter the blood stream and be transported to other organs. Most of these cells don’t 

survive in the circulation for reasons not yet known. Even from the small percentage that do, not all 

are able to establish a colony due to the foreign hostile environment (61). However, some cells can 

remain dormant for years before allowing the eventual regeneration of a tumour (62). They are able 

to survive in a foreign organ usually due to the acquisition of a stem-like phenotype providing them 

with self-renewal and growth capabilities. (42).  

 

Figure 1-5- Colorectal cancer cell migration (adapted from Tauriello et. al (2017) (42)) 

The colonic tumour may be comprised of multiple clones of heterogenous cells. These cells disseminate into 
the blood stream where a few are able to survive and migrate to distant organs such as the liver or the lungs. 
These cells can lay dormant for a long period of time before allowing for tumour regeneration in distant sites.  

Cancer stem cells in CRC are able to self-renew and have the ability to initiate tumours and are 

thought to give rise to metastatic stem cells (63). It is believed that some of these cells are at the 

forefront of a tumour in tumour buds which are small clusters of detached cancers cells. These cells 

typically express genes involved in the breakdown of the extra-cellular matrix as well as so those 

needed for epithelial-mesenchymal transition (64). 
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1.3.6 Epithelial to mesenchymal transition (EMT) 

One important process that occurs during metastasis is epithelial to mesenchymal transition (EMT). 

This involves tumour cells from an epithelium derived carcinoma, such as CRC, acquiring a 

mesenchymal phenotype. Epithelial cells are polarised, immotile and are connected via several types 

of junctions. They also usually interact with the basement membrane. Once EMT occurs, these cell-

cell and cell-basement contacts are disrupted with a remodelling of the cell cytoskeleton allowing 

them to become more motile (Figure 1-6) (65,66).  

 

Figure 1-6- Epithelial to mesenchymal transition (adapted from Lamouille et. al (2014) (67)) 

Epithelial cells are characterised by their cell-cell junctions and properties such as apical-basal polarity and 
cortical actin. Once these cells undergo EMT, they lose the cell-cell junctions and become more individual as 
well as having front-rear polarity and expressing actin stress fibres. All of these lead to cell motility.  

Genes that encode epithelial cell junction proteins such as E-cadherin are downregulated via 

transcription factors such as Snail (68). At the same time, genes which promote mesenchymal 

adhesion are upregulated such as vimentin and fibronectin (69). Three groups of transcription 

factors (TFs) are activated early on in EMT and these include: 

• the SNAIL family of TFs , SNAIL and SLUG (69) 

• the Zinc finger E-box-binding homeobox 1 (ZEB) family of TFs, ZEB1 and ZEB2 (69) 

• the TWIST family bHLH transcription factor 1 (TWIST) family of TFs, TWIST1 and TWIST2 (69) 

As well as upregulation of these transcription factors, many signalling pathways are implicated in 

EMT. In the early stages of a tumour, the transforming growth factor beta (TGF-β) signalling pathway 
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possesses tumour suppressive properties but as the tumour advances, it has been shown to 

promote EMT in CRC (70). The secretion of TGF-β from platelets results in the expression of SNAIL, 

vimentin and fibronectin which promote EMT (71).  The WNT signalling pathway also promotes EMT 

and has been shown to increase the expression of SNAIL thereby repressing E-cadherin and allowing 

local invasion (72).  

Therefore, through upregulation of transcription factors and signalling pathways that promote EMT, 

cells become more invasive and motile allowing the cancer to metastasise.  

1.4 Aspirin  

1.4.1 History of aspirin 

Aspirin is the most widely used drug worldwide (73). Salicylic acid (a derivative of aspirin) is found in 

willow trees and myrtle plants. It was used to treat pain, inflammation and fever as far back as 

3000BC (74).  

Aspirin as acetylsalicylic acid was initially prepared by Felix Hoffman, a German chemist, in1897. The 

literature suggests that his motivation was to produce an analgesic that would reduce the pain that 

his father was experiencing due to rheumatic fever but without the unpleasant effects of sodium 

salicylate (75). He found that by acetylating salicylic acid it reduced the side effects caused by its 

prolonged use (76). 

 In 1899, pure acetylsalicylic acid was then produced by Bayer, a German pharmaceutical company, 

under the registered trademark name of Aspirin. However, Arthur Eichengrün, claims that he was 

the one who instructed Hoffman to produce acetylsalicylic acid. However, he could not refute 

Hoffman’s claim that he developed aspirin due to the political nature of the situation as Eichengrün 

was a Jew and the Nazi party had gained power. Therefore it took Eichengrün 15 years before he 

was able to contest what Hoffman had published (75).  

1.4.2 Use of aspirin  

Aspirin has been used clinically for many purposes. Its primary use is in prophylaxis to prevent 

cardiovascular disease occurrence through inhibiting platelet aggregation (77). Aspirin has also been 

shown to be useful as an analgesic to treat fever, inflammation and acute pain (78), for protection 

against cardiovascular disease (79), to reduce the risk of recurrent stroke (80) and to prevent 

preterm pre-eclampsia (81). A meta-analysis of observational studies published in 2018 has shown 

that aspirin is protective against many cancers including ovarian, gastric, esophageal, colorectal and 

breast cancers (82).   
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1.4.3 Sources of salicylates 

As well as intake through aspirin, salicylates are found in natural sources such as fruits and 

vegetables, herbs and spices and some beverages (83).Two studies have published the salicylic acid 

content of certain food types from the Scottish population and the Australian population (83,84).  

 Wood et.al (2011) conducted a systematic review of salicylates in food in a Scottish population. 

Their results found that the main sources of salicylate intake were alcoholic beverages, other 

beverages including fruit juices, fruits and vegetables, tomato-based sauces and herbs and spices 

(Figure 1-7). Wood et.al (2011) were able to measure levels of salicylic acid in foods by using high-

performance liquid chromatography (HPLC) with electrochemical detection and then using these 

results to estimate median salicylate intake in the UK population through the use of semi-

quantitative food frequency questionnaires and applying it to a food composition database. They 

estimate that the male median intake of salicylic acid is 4.4mg/day and the female intake is 

3.2mg/day (84). Other sources of salicylate intake include mouth wash, toothpaste and food 

preservatives (85). 

 

Figure 1-7- Relative amount of food groups contributing to total salicylate intake in Scottish 
population (adapted from Wood et. al (2011) (84)) 

In the Australian population, Malakar et. al (2017) conducted a gas chromatography-mass 

spectrometry (GC/MS) approach to quantify the amount of total salicylic acid (both free and bound 

forms) in common Australian food items (fruits, vegetables, nuts and beverages). The 5 foods 

containing the highest amount of total salicylic acid are summarised in Table 1-1. When compared to 

the results achieved by Wood et.al (2011), there are some differences (83,84). This highlights one of 
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the problems of measuring dietary intake of salicylic acid which is that the levels vary in different 

varieties of the same food (84). It is likely that salicylate content of primary foods is affected by 

many factors such as plant varieties, seasonality, growing conditions and storage (86).  This makes it 

difficult to measure dietary intake and therefore results should be interpreted with caution.  

Table 1-1- The top 5 salicylate containing foods in an Australian study (83) 

Food Variety Salicylic acid content (mg/kg) 

Malakar et. al (2017) Wood et. al (2011) 

Cumin powder 604.97 29.76 

Coriander powder 207.18 - 

Vanilla bean extract 130.26 - 

Cinnamon powder 57.24 0.78 

Drinking chocolate powder 51.48 - 

A (-) denotes an unavailable/unmeasured result. 

1.4.4 Aspirin and its side effects 

Unfortunately, aspirin intake is not without some side-effects. Long term aspirin use is associated 

with upper gastrointestinal bleeding (87), the risk of which increases with age (87). Aspirin use is also 

associated with haemorrhagic stroke (88), peptic ulcerations (89) as well as nephrotoxicity and 

tinnitus (78). 

The benefit of long-term aspirin use needs to be measured against the risk of side effects. It is 

estimated that 10-20 years of aspirin use in 1250 individuals would prevent death from CRC for 1 

person (90).Cuzick et. al (2015) found that prophylactic use of aspirin at doses between 75-

325mg/day for at least 5 years provides a favourable benefit-harm profile where benefits increase 

with time(91). On the other hand, 4-6 years of aspirin treatment would result in at least one major 

gastrointestinal haemorrhage or stroke in 800 individuals (92). Clearly, there is a need to develop a 

safer form of aspirin, or combine it with another drug, or stratify the population by identifying those 

most likely to benefit so as to improve the risk-benefit balance (93).  

Aspirin intolerance can also be found in hypersensitivity diseases. Some patients suffer from salicylic 

acid hypersensitivity and up to 2.5% of Europeans may be affected by this (94). Aspirin-exacerbated 

respiratory disease (AERD) is the induction of an asthma attack in asthmatic patients through intake 

of a non-steroidal anti-inflammatory drug (NSAID) such as aspirin (95,96). The US National Heart, 

Lung and Blood Institute states that within adult patients, 21% have AERD (97). Aspirin intolerance 

can also induce urticaria in a condition known as aspirin-induced urticaria (AIU) (95). A study by 

Sánchez-Borges et. al (2015) found that 12.2% of patients with urticaria had AIU (98). Therefore, 

care needs to be taken before aspirin to avoid adverse side effects.   
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1.5 Epidemiological evidence for aspirin use and reduction of 

colorectal cancer risk 

1.5.1 Epidemiological approaches to studying the role of aspirin in CRC- a brief introduction 

As defined by the World Health Organization (WHO), “Epidemiology is the study of the distribution 

and determinants of health-related states or events (including disease), and the application of this 

study to the control of diseases and other health problems” (99). Therefore, this involves studying 

the distribution of diseases as well as trying to identify the causes. With regards to the relationship 

between aspirin and CRC, many epidemiological study designs have been used to address this.  

1.5.2 Conventional epidemiological study designs 

When faced with a question of whether an exposure results in an outcome, this question may be 

assessed through employing one of the methods listed in Figure 1-8. This is known as the “hierarchy 

of evidence” and the study designs are ranked in order of the weight of evidence they provide to 

infer causality. The methods differ by how much confounding (or internal validity) is present.  

(100,101).  

Systematic reviews aim to systematically and comprehensively locate all information related to a 

particular question using an organised, transparent method with a replicable procedure. The 

quantitative results generated from a systematic review are then summarised using meta-analytic 

techniques to produce an overall summary of knowledge pertaining to a particular topic (102). The 

main advantage behind systematic reviews and meta-analyses is that they summarise large 

quantities of data and help to improve the precision in estimating risk by combining multiple pieces 

of evidence (103) such as the Cochrane reviews (104). However, they are limited by only 

summarising known interventions and can be influenced by publication bias. Publication bias is the 

defined as the publication of studies with positive findings or studies in English and a lower 

frequency of publications with null findings (105). Therefore, results from systematic reviews 

become limited and influenced by this (106). 

RCTs are considered the gold standard for investigating the effect of an exposure on a specific 

outcome. Whilst observational studies, such as cohort studies and case-control studies, investigate 

both the exposure and outcome, RCTs observe the outcome of a given and specified exposure. In 

RCTs, a study sample (often small) is divided into two groups each of which is randomly assigned to 

either the treatment or a placebo. The major advantage of RCTs is that they allow the investigation 

of cause-effect relationships whilst minimising bias and avoiding the issue of confounding (107), by 

virtue of their randomised design. 
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Figure 1-8- A pyramid depicting the hierarchy of evidence based on epidemiological studies. 
Adapted from Petticrew et al (2003) and Davies et. al (2018)  (100,101) 

Whilst RCTs are considered the “gold” standard when testing for causality, sometimes it is neither 

ethical nor possible for them to be carried out. In these instances, the next methods used are well 

designed observational studies: cohort studies and case-control studies (108). The modern definition 

of a cohort study refers to a group of people who are followed during their lifecourse to determine 

incidence or mortality rates for a particular outcome (109). On the other hand, case-control studies 

involve identifying cases through their outcome status and then following them up. Once cases have 

been identified, controls are selected as being subjects without the outcome but are from the same 

population (108).  Cases and controls are matched based on age, sex and race as these are typically 

strong confounders of disease (110). Case-control studies are used to investigate rare outcomes or 

to investigate outcomes with long latency periods because the cases are selected at the beginning of 

the study (108). Observational studies allow the identification of possible associations between 

exposures and outcomes which can then be tested in an RCT setting.   
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1.5.3 Randomised trials for the prevention of vascular events 

The most convincing evidence for aspirin’s protective effect against CRC comes from randomised 

control trials for primary and secondary prevention of vascular events.  

Rothwell et. al (2010) used data from 4 trials in the UK and Sweden as these had centralised death 

certification for secondary prevention data analysis.  to analyse the results. Results included 4 

randomised trials, 2 for primary prevention (Thrombosis Prevention Trial, British Doctors Aspirin 

Trial) and 2 for secondary prevention of vascular events (Swedish Aspirin Low Dose Trial, UK-TIA 

Aspirin Trial). By combining data from these trials, it was shown that aspirin reduced the 20-year risk 

of colon cancer incidence (HR 0.76; 95% CI: 0.60-0.96, p=0.02) and mortality (HR 0.65, 95% CI: 0.48-

0.88, p= 0.005) (111).  

Rothwell et. al (2011) then limited their search to trials that had a mean or median treatment 

duration of 4 years. A meta-analysis of 3 randomised trials with long-term follow up for daily aspirin 

use (10-20 years)  for the prevention of vascular events was undertaken and showed that aspirin 

reduces the risk of death due to colorectal cancer (pooled hazard ratio(HR) 0.51; 95% CI: 0.35-0.74, 

p=0.0005) (112). 

Using data from five primary prevention trials for vascular events that contained data on weight, 

Rothwell et. al (2018) also stratified by lower bodyweight (<70 kilograms) and higher bodyweight 

(>70 kilograms) and found that low-dose aspirin of 75-100mg decreases the 20-year risk of CRC in 

those with lower bodyweight (HR 0.64, 95% CI: 0.50-0.82, p=0.0004) but had no significant effect on 

those with higher bodyweight (HR 0.87, 95% CI: 0.71-1.07, p=0.32). Higher doses of aspirin (≥325 

mg) was able to significantly decrease the risk of CRC for patients weighing up to 80kg (HR 0.69, 95% 

CI: 0.55-0.87, p=0.0014) but still showed no apparent protective effect for those weighing ≥80 kg (HR 

1.08, 95% CI: 0.83-1.39) (113).  

As well as investigating risk of incidence and mortality, Rothwell et. al (2012) also addressed the 

effect of daily aspirin on cancer metastasis. They included 5 randomised trials of aspirin use for 

vascular events (British Doctors Aspirin Trial UK Transient Ischaemic Attack Aspirin Trial, Thrombosis 

Prevention Trial, Prevention of Progression of Arterial Disease and Diabetes Trial and Aspirin for 

Asymptomatic Atherosclerosis Trialist) and found that aspirin reduced the risk of metastasis in CRC 

patients that did not present with metastasis initially (HR 0.29, 95% CI: 0.11-0.57, p= 0.0008) (114).  

Overall, these results suggest that long-term aspirin use for the prevention of vascular events also 

reduces the risk of CRC incidence and mortality and this is more pronounced in those with a lower 

body weight.  
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1.5.4 Evidence from observational studies 

As well as the evidence from randomised trials of aspirin for prevention of vascular events for a 

reduction in CRC incidence and mortality, observational studies have also shown a reduction in risk 

of CRC. A meta-analysis of observational studies involving case-control and cohort studies was 

carried out to identify the effect of aspirin use on the relative risk (RR) of CRC. Qiao et. al (2018) 

conducted a systematic review and identified 39 observational studies dating from 1989 - 2017 that 

have included aspirin use as an exposure and CRC as an outcome. After undertaking a random 

effects meta-analysis, it was shown that aspirin decreases the risk of colorectal cancer (RR: 0.78; 

95% CI: 0.71-0.84) (Figure 1-9) (82), which follows with the RCT-derived evidence.  
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Figure 1-9- Forest plot of aspirin use and the risk of colorectal cancer using data from 
observational studies (adapted from Qiao et. al (2018) (82)) 

A systematic review was carried out to identify all case-control and cohort studies that investigated the 
relative risk of aspirin use on colorectal cancer and results were combined via a meta-analysis. Abbreviations: 
RR, relative risk; CI, confidence intervals.  
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1.5.5 Aspirin for the prevention of colorectal adenomas 

Adenomas are precursors of most CRCs (115) therefore one of the strategies to prevent CRC 

incidence is to prevent adenoma progression to cancer. One such method may be through the use of 

aspirin to prevent this secondary progression. The effect of aspirin on the prevention of colorectal 

adenoma recurrence has been studied using randomized clinical trials. Some of these studies 

include:  

• Aspirin/Folate Polyp Prevention Study (AFPPS) (116) 

• Association pour la Prévention par l’Aspirine du Cancer Colorectal (APACC) (117) 

• Colorectal Adenoma prevention study originated in the cooperative trials group cancer and 

Leukaemia Group B (CALGB) (118) 

• United Kingdom Colorectal Adenoma Prevention (ukCAP) (119) 

• Japan Colorectal Aspirin Polyps Prevention (J-CAPP) (120) 

The results of these studies are summarised in Table 1-2 with significant results in a bold red font. 

Cole et. al (2009) carried out a meta-analysis combining the results of all these studies excluding the 

J-CAPP trial. Through a random-effects meta-analysis, they showed that aspirin use reduced the risk 

of any adenoma recurrence (RR 0.83, 95% CI: 0.72-0.96, p= 0.012) and advanced adenoma 

recurrence (RR 0.72, 95% CI: 0.57-0.90, p=0.0046). High aspirin doses (300 or 325mg/d) also 

significantly decreased the risk of advanced adenoma recurrence (RR 0.71, 95% CI: 0.56-0.92, 

p=0.0089) but did not significantly decrease the risk of any adenoma. Only the AFPPS and APACC 

trials investigated the effect of low dose aspirin (81mg or 160mg/d) and together they show that 

low-dose aspirin reduced the risk of any adenoma recurrence (RR 0.83, 95% CI: 0.71-0.96, p=0.012) 

but not advanced lesions (121).  

1.5.6 Drug repurposing 

Drug repurposing (also known as drug repositioning, drug re-profiling, therapeutic switching and 

drug re-tasking (122)) is defined as the use of approved drugs for new diseases (123). It is believed to 

take around 10-17 years from the conception of a drug to when it becomes a licensed treatment for 

disease with a  success rate of less than 10% (124). There are several advantages with regards to 

drug repurposing. Since the drug is already being used for other diseases, the safety profile is well-

known. Furthermore, it reduces the large cost of creating a new drug and bringing it into the clinic 

(123).  

Examples of drugs that have been repurposed over the years include: thalidomide, lithium, sildenafil, 

cyclosporine and warfarin. One other such example is aspirin (122). Aspirin is commonly used to 

treat cardiovascular diseases (77) and as an analgesic to treat fever, inflammation and acute pain 
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(78). Recent observational and RCT evidence with regards to aspirin’s protective effect against 

colorectal cancer (Chapter 1.5.3 and Chapter 1.5.4) have highlighted how aspirin may be repurposed 

as a chemopreventative agent.  

1.5.7 Current clinical trials 

To specifically address the question of how aspirin may be beneficial in preventing cancer 

progression/recurrence, randomised controlled trials are currently being conducted. Within the UK 

and India, the “Add-aspirin” trial has recruited patients with lung, gastro-oesophageal, colon and 

prostate tumours and has randomised patients to either 100mg or 300mg of daily aspirin intake or a 

matched placebo. These patients have undergone curative treatment for their tumours such as 

surgery and are then randomised to the treatment with an active follow-up of at least 5 years. The 

primary outcome for CRC is disease-free survival and overall survival after 5 years with secondary 

outcomes including toxicity, adherence and cardiovascular events (125).  

Similarly, the ASPirin Intervention for the REDuction of colorectal cancer risk (ASPIRED) trial is being 

conducted within the Massachusetts General Hospital, randomising patients to either daily low-dose 

of aspirin (81mg) or standard dose (325mg) or placebo. Participants will have had the removal of at 

least one adenoma during an endoscopy within 9 months of enrolment for the study. The trial 

duration is a minimum of 8 weeks and maximum of 12 weeks to investigate the primary endpoint of 

urinary PGE-M (a biomarker of prostaglandin levels) levels as well as various other secondary 

endpoints such as the expression of WNT signalling genes and aspirin’s effect on bacterial 

populations and microbial pathways associated with CRC within the stool and saliva (126). 

Other ongoing randomised controlled trials include: 

• Aspirin to Reduce Risk of Initial Vascular Events (ARRIVE) (127) 

• Aspirin for Dukes C and High Risk Dukes B Colorectal Cancers (ASCOLT) (128) 

• ASPirin in Reducing Events in the Elderly (ASPREE) (129)  

• CAPP3 (130) 

• Systematic Evaluation of Aspirin and Fish Oil (seAFOod) polyp prevention trial (131) 

The results from these trials will better inform whether aspirin should be used as a 

chemopreventative measure for colorectal cancer alone or in combination with other dietary factors 

and the effects seen at different dosages. These will help advise clinical recommendations to 

patients and may reduce the burden of CRC. Aspirin is a cheap intervention so the potential impact 

of using it to prevent CRC is very high.   
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Table 1-2- Clinical trials comparing aspirin and placebo for the prevention of colorectal adenomas (adapted from Drew et. al (2016) (132)) 

Trial 
Name 

Primary 
end point 

Inclusion criteria Participants (n) Median duration of 
follow-up years 

Aspirin dose RR (95% CI)  References 

Adenoma Advanced 
Adenoma 

AFPPS Recurrent 
adenoma 

Recent resection 
of colorectal 
adenomas 

1,084 3.0 81 mg per day 0.81 (0.69 - 0.96) 0.62 (0.39 - 0.97) (116,121) 

325mg per day 0.96 (0.82–1.12) 0.86 (0.58–1.30) 

Any aspirin 0.88 (0.77–1.02) 0.74 (0.52–1.06) 

APACC Recurrent 
adenoma 

Recent resection 
of colorectal 
adenomas 

184 4.0 160mg per day 0.88 (0.65–1.19)  1.19 (0.65–2.21) (117,121) 

300mg per day 1.03 (0.77–1.37)  0.58 (0.25–1.37) 

Any aspirin 0.95 (0.75–1.21)  0.91 (0.51–1.60) 

CALGB Adenoma Recent resection 
of Dukes’ stage A 
or B1 CRC or B2 
CRC and 5-year 
disease-free 
survival 

517 1.1 325mg per day 0.61 (0.44–0.86)  0.77 (0.29–2.05) (118,121) 

ukCAP Recurrent 
adenoma 

Recent resection 
of colorectal 
adenomas 

853 3.0 300mg per day 0.79 (0.63–0.99)  0.63 (0.43–0.91) (119,121) 

J-CAPP Recurrent 
adenoma 
and CRC 

Recent resection 
of colorectal 
adenomas and 
CRCs 

311 2.0 100mg per day 0.60 (0.36–0.98), pooled with advanced 
melanoma 

(120) 

Significant results are in a bold and red font. Abbreviations: AFPPS, Aspirin/Folate Polyp Prevention Study; APACC, Association pour la Prévention par l’Aspirine du Cancer 
Colorectal; CALGB, Colorectal Adenoma prevention study originated in the cooperative trials group cancer and Leukaemia Group B; CI, confidence interval; CRC, colorectal 
cancer; J-CAPP, Japan Colorectal Aspirin Polyps Prevention; RR, relative risk; ukCAP, United Kingdom Colorectal Adenoma Prevention. *Trial had a 2 × 2 factorial design. 
ukCAP: aspirin with or without folate supplement (0.5 mg per day). 



 

27 
 

1.6 Aspirin: mechanism of action 

1.6.1 An overview of what is known about aspirin’s mechanism of action 

The evidence provided by RCTs and observational studies have shown a possible chemopreventative 

property of aspirin. The literature provides many possible methods and mechanisms by which this 

may be so. These are summarised in Figure 1-10 and further expanded on in the remainder of this 

Chapter and Chapter 1.7.  

 

Figure 1-10- Well-known mechanisms of action of aspirin that may affect risk of CRC.  

This is a very simplified diagram of the mechanism of action of aspirin. These pathways are the ones that will 
be focussed on in this thesis.  

1.6.2 Aspirin and platelets 

Megakaryocytes are cells found within the bone marrow that produce platelets, which are important 

for maintaining blood vessel integrity, hemostasis and to induce blood clots, all to prevent excessive 

bleeding through platelet aggregation (76). Platelet aggregation follows a three-step sequence: 

initiation, extension and stabilization (Figure 1-11).  

• Initiation:  

Initially, platelets will bind to von Willebrand factor (vWF) and collagen at injured sites in 

the endothelium. This adhesion stimulates platelet activation leading to a release of bound 

ionic calcium to become free inside the platelet (133). This results in the release of 

adenosine diphosphate (ADP), thromboxin and thromboxane A2 (TXA2) from the activated 

platelets (76).  

• Extension: 

The release of ADP, thromboxin and TXA2 then activates other platelets to bind to the initial 

platelets bound to the site of injury (76).  
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• Stabilisation 

Platelets continue to aggregate through binding of surface glycoproteins, fibrin, fibrinogen 

and vWF. Further signalling events occur to maintain these platelet interactions and prevent 

them from dispersing due to other external forces (76).  

 

 

Figure 1-11- The platelet clotting cascade 

At the exposure to an injury/cut to the blood vessel wall, platelets circulating in the blood will bind to free 
collagen and von Willebrand factor (vWF) expressed by endothelial cells. This activates the platelets to release 
bound calcium ions to become free inside the platelets as well as stimulating platelets to release adenosine 
diphosphate (ADP), thromboxin and thromboxane A2 (TXA2). These activate other platelets to bind the first 
layer of platelets bound to the site of injury and they become more stable through expressing surface 
glycoproteins, fibrin, fibrinogen and vWF. These interactions stabilise platelets against external forces.   

Factors such as ADP, TXA2, thrombin, epinephrine and collagen all activate G protein-coupled 

receptors to activate phospholipase A2. This enzyme then cleaves phosphatidylcholine to produce 

arachidonic acid which can be converted to a variety of prostaglandins such as prostaglandin E2  by 

the cyclooxygenase enzymes (COX-1 and COX-2) (76). These prostaglandins play a role in the 

inflammatory response and can also be further broken down into TXA2 to further mediate platelet 

activation and aggregation (Figure 1-12) (76,133).  
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Figure 1-12- The prostaglandin synthesis pathway in platelets 

The release of factors such as ADP, TXA2, thrombin, epinephrine and collagen all activate G protein-coupled 
receptors to activate phospholipase A2. This enzyme then cleaves phosphatidylcholine into arachidonic acid 
which is further converted to prostaglandins via the COX-1 enzyme. These prostaglandins further mediate the 
inflammatory response as well as platelet activation. Aspirin can inhibit the production of prostaglandins 
through acetylating COX-1 in platelets and thus inactivating them.  

 

1.6.3 Aspirin inhibition of COX-1 and COX-2  

COX-1 and COX-2 enzymes are involved in the conversion of arachidonic acid into prostaglandins. 

Platelets primarily express COX-1. Aspirin can inhibit the COX enzymes through acetylating the serine 

residues 529 in COX-1 and 516 in COX-2 (134) . These serine residues are found in the active site of 

the enzyme thereby their acetylation blocks the ability of the enzyme’s active site from binding to 

any substrates (135). This acetylation irreversibly inhibits the enzyme therefore decreasing the 

production of prostaglandins (Figure 1-12). In platelets, the activity of this enzyme can only be 

recovered through formation of new platelets (76).  

COX-1 is considered to be the constitutive isoform of the two enzymes and is expressed in most 

tissues. On the other hand COX-2 expression can be induced with low levels detected in normal 

tissues. However, evidence suggests that it is more complex than previously believed. COX-1 is 

uniformly expressed in almost all tissues, with most of the protein expression found in blood vessels, 

platelets, smooth muscle cells, interstitial cells and mesothelial cells. COX-2 expression is more 

highly variable although expression can be found in almost all tissues and mostly expressed in their 

parenchymal cells (136).  

Increased expression of  COX-2 is commonly found in colorectal adenomas and carcinomas (137). 

Therefore, the cyclooxygenase(COX)/prostaglandin E2(PGE2) signalling pathway is frequently 

upregulated in CRC and contributes to cancer progression through upregulating various pathways 

such as angiogenesis and cell proliferation as well as inhibiting apoptosis (138). Deregulation of the 

pathway can affect the various hallmarks of cancer such as evading apoptosis, self-sufficiency in 

growth signals, the ability to replicate continuously, to promote angiogenesis the ability to 

metastasise and the ability to evade the immune response (139). Part of the chemopreventative 
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effect of aspirin on CRC incidence and mortality may be explained through its ability to inhibit the 

COX-2/PGE2 signalling pathway. The evidence from this comes in the form of COX-2 selective 

inhibitors that reduce the risk of CRC (140,141).  

1.6.4 The crosstalk between platelets, tumour progression and aspirin 

The literature has shown that there may exist a feedback loop between platelets and tumours cells 

in that tumour cells may activate platelets and platelets may stimulate tumors to grow and later 

metastasise.  

Platelets are involved in allowing tumour progression in many ways. These include: 

• Platelet aggregation around the tumour cells in the vasculature. This protects tumour cells 

from immune surveillance (142) 

• Platelets induce tumour cell arrest in the vasculature as well as disruption of the 

endothelium to allow tumour cells to invade tissues and form secondary lesions (142,143) 

• Platelets promote angiogenesis by inducing epithelial cells to proliferate and form new 

blood vessels (142).  

• Platelets may promote tumour metastasis through interaction with cancers cells thus 

activating the TGFβ/Smad and nuclear factor kappa-light-chain-enhancer of activated B cells 

(NFκB) signalling pathways in the tumour cells and promoting EMT (71). 

To further investigate the effect of platelets on cancer metastasis, immunodeficient NOD-scid 

IL2Rγnull (NSG) mice were injected with HT29 cells that were either cultured with or without platelets 

in vitro before injection. These mice were used as they are also used as a model for lung metastases. 

Injection of HT29 cells previously cultured with platelets increases the urinary PGE-M levels (the 

metabolite of PGE2) compared to those not previously cultured with platelets. They also treated 

mice with an aspirin dosage that would only inhibit COX-1 activity in platelets and showed that this 

reduced the metastatic potential of HT29 cells previously cultured with platelets. Furthermore, pre-

treatment of HT29 cells with platelets reduced the protein and mRNA expression of E-cadherin. This 

effect was prevented when platelets were exposed to aspirin (144). Therefore, their results provide 

evidence that platelets may play a role in promoting tumour metastasis and that aspirin may reduce 

risk of metastasis through its effects on platelets.  

1.6.5 Aspirin’s effect on colorectal cancer cells in cell culture 

As well as reducing tumour metastasis through its effect on platelets, aspirin has also been shown to 

affect cancer cells independently of platelets. Using HCT116 and C26 cells, aspirin reduced the 

metastatic potential of these cells (145). It was also shown using SW620 and HCT116 cells that 
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aspirin was able to induce cellular senescence in cell culture (146).Furthermore, aspirin has been 

shown to inhibit cell cycle progression through arresting cells at G1 phase of the cell cycle (147). 

These provide evidence that aspirin’s effect on CRC cells is not solely through its effect on platelets.  

1.7 Epigenetics 

1.7.1 DNA structure 

In 1974, Kornberg proposed that 200 base pairs of DNA are wrapped around a histone core (148). X-

ray diffraction led to the discovery of a histone octamer consisting of two copies of the histone 

proteins H2A, H2B, H3 and H4 making up a histone core (149). DNA consisting of 146 base pairs 

wraps around this histone core. Extended from these histones are histone tails that are prone to 

post-translational modifications (Figure 1-13 A) (150). This structure is a repeating unit termed a 

nucleosome which can be further stabilised and compacted by another H1 histone protein (150). The 

first level of DNA organisation is termed ‘beads-on-a-string’ which consists of the repeating 

nucleosome structure with linker DNA between them (Figure 1-13 B) (151).  
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Figure 1-13- Models of the nucleosome and beads on a string 

(A)A nucleosome consists of 146 base pairs of DNA that wraps around a histone core comprised of duplicates 
of 4 histone proteins: H2A, H2B, H3 and H4. Extending from these histones are histone tails that are subject to 
post-translational modification. This structure is further compacted and stabilised by the histone H1 protein. 
(B) The nucleosome is a repeating structure with linker DNA in between. This forms the first level of DNA 
organisation and is termed ‘beads-on-a-string’.  

1.7.2 What is epigenetics 

Epigenetics refers to the changes in gene function that are not due to DNA sequence variations but 

rather they are due to a system that regulates the expression of DNA which can be inherited during 

cell division (152). Epigenetics affects the compactness of the DNA thus regulating gene expression. 

Highly condensed chromatin is called heterochromatin and contains genes that are not expressed. 

On the other hand, euchromatin is more open and accessible thus allowing for gene expression 

(Figure 1-14). The structure of the chromatin is affected by histone modifications, DNA methylation 

and nucleosome positioning (152).  
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Figure 1-14- Models of euchromatin and heterochromatin 

DNA can have an active or open structure whereby allowing gene expression, termed euchromatin. DNA can 
also contain inactive genes and a compressed structure, termed heterochromatin.  

Epigenetics is comprised of: 

- Post-translational modifications of proteins such as histone modifications- the main 

modification that affects accessibility of the DNA for transcription factors is acetylation 

(153). 

- DNA methylation- a methyl group is added to a carbon of a cytosine residue (154). This 

usually results in silencing of the gene with the removal of acetylation from the histone 

molecules (155) 

- miRNAs- small non-coding RNAs that have the ability to regulate translation of mRNA into 

proteins (156) 

1.7.3 Post-translational modifications of histones 

Several amino acids on the histone tails are subject to post-translational modifications. These are 

summarised in Table 1-3. They include acetylation, methylation, phosphorylation, sumoylation, 

ubiquitylation, deamination, adenosine diphosphate (ADP)-ribosylation and proline isomerization. 

These modifications have the ability to affect functions such as transcription, repair and 

condensation (157). More recently, other modifications have been discovered such as 

propoionylation and butyrylation (158). Others also include arginine acetylation, lysine ribosylation 

and phosphorylation and arginine acetylation (152,159). Figure 1-15 summarises the best studied 

modifications that are present on the N-terminus of histone tails (150,160). Acetylation and 

phosphorylation both neutralise the positive charge of lysine therefore reducing the electrostatic 

attractions between the histone tails and the DNA. 
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Table 1-3- Different types of histone modifications. Adapted from Kouzarides, 2007 ((157) 

Chromatin modification Amino acids modified Functions affected 

Acetylation Lysine (K-ac) Transcription, repair, replication, 
condensation 

Methylation Lysine (K-me1, K-me2, K-me3) Transcription, repair 

Methylation Arginine (R-me1, R-me2a, R-
me2s) 

Transcription 

Phsophorylation Serine (S-ph) and threonine (T-ph) Transcription, repair, 
condensation 

Ubiquitylation Lysine (K-ub) Transcription, repair 

Sumoylation Lysine (K-su) Transcription 

ADP ribosylation Glutamic acid (E- ar) Transcription 

Deimination Arginine converted to citrulline (R 
> Cit) 

Transcription 

Proline Isomerization Proline cis isomer to trans isomer 
(P-cis > P-trans) 

Transcription 

 

 

Figure 1-15- Schematic showing the post-translational modifications of histone tails. Adapted from 
Lawrence et. al 2016 (160) 

The figure summarises the locations of 4 types of post-translational modifications on histone tails H2A, H2B, 
H3 and H4. These include: methylation (green), acetylation (pink), phosphorylation (blue) and ubiquitination 
(beige). The position of the amino acids is labelled in black for lysine (K), arginine (R), serine (S), threonine (T).  

1.7.4 Histone acetylation 

Crystallography studies in 1997 showed that histone tails extend from histone proteins in the 

nucleosome (150). These tails contain lysine residues that have a positively charged amine group. 

Histone acetyltransferases (HATs) and histone deacetyltransferases (HDACs) are enzymes that 

regulate the acetylation of the lysine residues. HATs are able to transfer an acetyl group from acetyl-
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CoA thus removing the positive amine charge (Figure 1-16) (161) thereby weakening the 

electrostatic interactions between the histone tails and the DNA phosphate backbone which is 

negatively charged (153). This allows the DNA to be open and accessible to transcription factors 

(153,159). Conversely, HDACS remove the acetyl group ergo returning the positive charge and 

allowing for DNA compaction (162). As well as affecting DNA accessibility to transcription factors, 

histone acetylation may also prevent DNA from compacting into higher order structures allowing for 

transcription as well (153). 

 

Figure 1-16- The effect of histone acetylation on DNA compaction. Adapted from Cress & Seto, 
2000 (153) and Yang & Seto 2007 (163) 

(A) DNA is tightly packed due to the positive charge of the histone tails and the negative charge of the DNA 
phosphate backbone. HATs remove this positive charge by acetylating the histone tails thereby allowing the 
DNA to be less compact. HDACs are able to remove the acetylation and thus the histones resume their positive 
charge. (B) The figure shows lysine residues that normally have positive charge due to the amine group. HATs 
are able to remove the amine group (red) and replace it with an acetyl group (purple) thereby removing the 
positive charge. On the other hand, HDACs are able to remove the acetyl group and replace it with a positively 
charged amine group.  
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1.7.5 Histone methylation 

Another type of histone modification involves the methylation of lysine and arginine residues on 

histone side chains. Histone methyltransferases (HMTs) are a group of enzymes that catalyse the 

addition of a methyl group and histone demethylases (HDMs) catalyse the removal of the methyl 

group (164). Histone methylation does not affect the electrostatic charge of histones therefore it 

does not affect the structure of chromatin. Instead, methyl groups allow the binding of 

transcriptional complexes which is why histone methylation can allow both expression and silencing 

of genes (164). An example of this is that histone 3 lysine 4 trimethylation (H3K4me3) is associated 

with transcriptional activation whereas histone 3 lysine 9 trimethylation (H3K9me3) and histone 3 

lysine 27 trimethylation (H3K27me3) are associated with gene silencing (157,165). As well as 

affecting gene transcription and DNA replication, histone methylation has also been shown to be 

associated with various cancer pathways and aberrant methylation has been observed in CRC (164).  

1.7.6 Post-translational modifications of other proteins 

As well the modification of histones, other proteins with catalytic functions such as enzymes can also 

be modified through post-translational modifications (PTM). These are covalent modifications that 

occur after DNA transcription and translation into proteins (166) These include: acetylation, 

phosphorylation, glycosylation, methylation and ubiquitylation (166). These modifications can affect 

enzymatic activity, localisation within the cell, interactions with other proteins, the ability to bind 

DNA and also the stability of the protein. The most well-characterised PTM is protein 

phosphorylation and over the last 20 years, protein acetylation has also come to the forefront of 

research (167). Proteins can be acetylated through the addition of an acetyl group to an amino acid. 

This can be on serine and threonine residues (168) as well lysine residues on histones, of which 

results in chromatin decondensation and gene transcription (167). 

1.7.7 DNA methylation 

DNA methylation is the covalent addition of a methyl group (-CH3) to the fifth position on a cytosine 

residue in a cytosine-guanine dinucleotide (5’-CpG-3’). A cytosine bound to a guanine residue via a 

phosphate bond is commonly called a CpG dinucleotide. Most of these dinucleotides are 

methylated. However, some are unmethylated in clusters known as CpG islands which are 

commonly found in promoter regions of genes (169,170). 
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Figure 1-17- Location of CpG dinucleotides in relation to CpG islands 

Shores are considered 2-kb sequences either side of the CpG island, shelves are 2-kb sequences next to the 
shore. Open sea regions are CpG dinucleotides not found near the CpG islands or the shores and shelves. 
Abbreviations: N, north; S, south.  

The location of CpG dinucelotides can also be found in regions around the CpG islands called: north 

shores, north shelves, south shores and south shelves. Shores are considered 2-kb sequences either 

side of the CpG island, shelves are 2-kb sequences next to the shore. In addition, CpG dinucleotides 

not found near the CpG islands or shores and shelves are termed open sea regions (Figure 1-17) 

(171). Most of the tissue-specific DNA methylation is located in the shores of CpG islands (172). Also, 

shore methylation may affect splice variant expression as well as inactivating transcription (173).   

Methylation of cytosine residues is catalysed by DNA methyltransferases (DNMTs). There are three 

DNMTs, two of which methylate new sites (DNMT3a and DNMT3b) and one that maintains the 

current methylation status (DNMT1) (174,175). The removal of DNA methylation is thought to occur 

either through a passive mechanism or an active mechanism. The passive process involves 

preventing the maintenance methylases from maintaining current methylated sites during DNA 

replication (176). As for the active removal of methylation, three mechanisms have been proposed: 

the removal of the methyl group from the cytosine, the removal of the whole cytosine base or the 

modification of the methylated cytosine residue (176). It was shown in 2009 that 5-methylcytosine 

(5mC) can be oxidised into 5-hydroxymethylcytosine (5hmC) (177) and this is catalysed by ten-eleven 

translocation (TET) enzymes (177,178). It has been proposed that the conversion of 5mC to 5hmC is 

an intermediate during DNA demethylation (179), however, it may also be involved in transcriptional 

regulation and act as a unique epigenetic mark (180). Further reactions occur to return the 5hmC 

into a demethylated cytosine residue as summarised in Figure 1-18.  
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Figure 1-18- The pathway of DNA methylation and demethylation 

Cytosine is methylated via a DNA methyltransferase (DNMT) into 5-methylcytosine (5mC). TET enzymes oxidise 
5mC into 5-hydroxymethylcytosine (5hmC) and further oxidises this into 5-formylcytosine (5fC) and 5-
carboxylcytosine (5caC). Thymine DNA glycosylation (TDG) can then cleave 5fC and 5caC to form cytosine 
(181).  

It is believed that DNA methylation can prevent transcription factors from binding to promoter 

regions and thereby prevent gene transcription. Methylation can attract methyl-binding proteins , of 

which some can recruit repressor complexes that modify histones resulting in a compact chromatin 

structure (182,183).  

1.7.8 DNA methylation and its role in cancer 

Widespread changes in DNA methylation have been observed in multiple forms of cancer including 

colorectal cancer when compared to normal adjacent tissue. These methylation patterns are used to 

determine CRC subtypes (184) as well as identifying the CRC from healthy normal tissue (173)  and to 

develop biomarkers to detect CRC (185).  

It is commonly believed that methylation may play a causal role in cancer through hypermethylation 

of gene promoters which results in silencing of tumour suppressor genes and hypomethylation of 

oncogene promoters resulting in an increase in transcription (186). Whilst aberrant DNA methylation 

is present in cancer, there are still many questions that are unanswered, such as whether DNA 

methylation is the cause of cancer or just an effect, the timing of when the genes are 

silenced/methylated and which genes need to be silenced for cancer progression (186) .  
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1.7.9 Changes in DNA methylation during adenoma to carcinoma progression 

Recent evidence has shown that changes in DNA methylation occur as an early event in the 

progression from adenoma to carcinoma sequence. The methylation status of 18 adenomas was 

assessed using the Illumina HumanMethylation450 Beadchip arrays revealing 86460 differentially 

methylated probes where 40% were hypermethylated and 60% hypomethylated compared to 

normal colon mucosa. Luo et al. carried out cluster analysis on the adenoma samples using the 

10,000 most variable CpG probes and their results revealed two distinguishable CpG patterns- 

adenomas with high methylation termed adenoma-H and adenomas with low methylation termed 

adenoma-L. They also found that methylation pattern of adenoma-L polyps was similar to normal 

colon mucosa, unlike adenoma-H patterns which were more similar to intermediate and highly 

methylated CRC samples. These results suggest that the epigenome of adenomas may help identify 

the 90% of polyps that remain benign and those that will progress to CRC (187). 

1.7.10 Aspirin and epigenetics 

The most well-known effect of aspirin on epigenetics is its role in protein, enzyme and DNA 

acetylation, shown as far back as 1968 (188). Aspirin has the ability to acetylate proteins directly, for 

example, serine residues in the COX-1 and COX-2 enzymes (134). Aspirin also acetylates other 

proteins as well as histones although whether this is directly or indirectly is not yet clear.  Guo et. al 

(2016) showed that aspirin treatment was able to increase the percentage of histone 3 lysine 27 

trimethylation acetylation (H3K27ac) positive cells compared to untreated in mice models (189). 

Tatham et. al (2017) undertook a proteomic approach to look at the effect of aspirin on the lysine 

acetylome in HeLa cells and showed that aspirin was able to acetylate histone proteins hence having 

a global role on transcription (78). Evidence for aspirins indirect effect on acetylation is shown 

through experiments carried out by Passacquale et. al (2015) who showed that aspirin and salicylic 

acid increased the activity of histone acetyltransferases (HATs) and reduced the activity of histone 

deacetylases (HDACs) in HUVECs treated with tumour necrosis factor α (TNF-α) (190). Therefore 

aspirin also histone acetylation indirectly through influencing the activity of the proteins involved in 

acetylation/deacetylation. Since aspirin is known to influence DNA and histone acetylation, it may be 

that aspirin is affecting other epigenetic modifications such as DNA methylation. This is discussed in 

more detail in Chapter 4.1.  
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1.8 Mendelian randomisation and the study of cancer 

1.8.1 What is causality? 

As previously stated by Rothman and Greenland, the cause of a disease or event is defined as an 

event, condition or characteristic that occurred before the initiation of the disease and that was 

necessary for the disease to occur, or would have resulted in the disease eventually (191). However, 

researchers now understand that multifactorial diseases exist and that there may be many risk 

factors small in magnitude associated with the outcome as opposed to one main exposure that leads 

to disease (192). This is also found within genetic epidemiology, rarely is it that a single genetic 

polymorphism would result in a disease and it is more likely that a combination of many genetic 

polymorphisms may contribute to disease risk (193)  

Sir Austin Bradford-Hill listed 9 factors to be considered when trying to assess causality and these 

include: strength of association, consistency, specificity, temporality, biological gradient, plausibility, 

coherence, experiment and analogy and these are often referred to as the Bradford Hill Criteria 

(194). Using these nine criteria, the evidence that the exposure associated with the disease may be 

causal thus informs / decision making (195,196). 

1.8.2 Limitations of previous epidemiological studies of the role of aspirin in CRC 

Limitations of trials with regards to cancer prevention include the fact that prevention trials focus on 

a limited time frame as opposed to life-long exposures (197). Often times, a sufficient follow-up 

period to a trial is not given which means that sometimes the effect of an intervention is 

undetected. Furthermore, the issue with long term chemoprevention trials can be non-compliance 

of those taking the intervention and contamination of the control arm (198).  

With regards to observational epidemiology such as case-control and cohort studies, these also have 

their own disadvantages summarised in Figure 1-19. These include: 

- Confounding: where the exposure is not directly associated with the disease but is 

associated with other factors that do alter disease risk (199) 

- Reverse causation: where the exposure is instead affected by the outcome rather than the 

exposure affecting the outcome (199).  



 

41 
 

 

Figure 1-19- Graphical view of causation, reverse causation and confounding.  

Abbreviations: X, exposure; Y, outcome; C, confounding.  

Two examples of where observational epidemiological results have failed to replicate in RCT settings 

include the observation that increased dietary β-carotene reduces the risk of smoking-related 

cancers and the inverse association observed between vitamin E and coronary heart disease (CHD) 

(200,201). Early observational studies indicated a possible association between increased β-carotene 

intake from the diet and reduction of risk of certain cancers (202) as well as cardiovascular disease 

(203). However, when an RCT was conducted, no evidence of an association was found between β-

carotene supplementation and neoplasms and cardiovascular disease (200). Observational studies 

showed evidence that vitamin E reduced the risk of vascular disease incidence (204,205). Based on 

this evidence, an RCT was conducted but found no association between vitamin E intake and heart 

attacks and strokes (201). 

Whilst RCTs and observational studies have shown that aspirin may reduce the risk of CRC (Chapter 

1.5.3 and Chapter 1.5.4), they do not provide us with any mechanistic insights into how it does so. 

Therefore, whilst these types of studies are useful tools to study association, other analyses need to 

be undertaken to identify mechanisms of action, including other epidemiological analyses as well as 

laboratory-based methods.  
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1.8.3 How can recent developments in epidemiology be applied to understand the role of 

aspirin in CRC 

Epidemiology is an expanding field advanced by new technologies and platforms. These 

advancements allow the interrogation of multiple questions in a short time frame. Some of these 

methods are summarised below.  

Genome-wide association studies (GWASs) are experiments used to detect associations between  

hundreds and thousands of single nucleotide polymorphisms (SNPs) and an exposure/trait (206). 

They are generally conducted to understand disease aetiology to be able to then prevent or treat a 

disease (207). GWASs are useful as they provide a non-biased approach in assessing which variants 

may be causal, therefore they are not influenced by prior scientific knowledge (206). GWASs have 

been useful in identifying mutations that are found in monogenic diseases thereby informing disease 

aetiology (208). As well as understanding the consequence of a SNP on an exposure/outcome, SNPs 

can be used as proxies for an exposure to test for an exposure’s association with an outcome of 

interest.  This is the basis of Mendelian randomisation which seeks to assess whether a specific 

exposure is causally associated with a specific outcome (209). In the context of this study, SNPs 

associated with aspirin metabolites may help show an association between the metabolites and risk 

of CRC.  

Therefore, the strength in using methods such as GWASs and Mendelian randomisation is that they 

allow the identification of SNPs associated with an exposure and then causally assessing whether it 

affects an outcome, thereby informing whether an RCT should be conducted or not. RCTs have 

previously been carried out on the basis of findings from observational data only to find null 

associations costing the investigators both time and money. This is discussed in more detail in 

Chapter 6.1.3.  

In much the same sense, epigenome-wide association studies (EWASs) detect associations of 

changes in DNA methylation between hundreds of thousands of CpG sites and an exposure/trait. In 

the context of cancer, DNA methylation patterns are clinically relevant for 2 reasons: they may 

provide biomarkers to diagnose and predict disease outcome and they may also be used as drug 

targets (210). DNA methylation can be used in a mediation analysis, which is where an exposure may 

affect DNA methylation which may affect an outcome (211).  In the context of this study, it may be 

that aspirin affects DNA methylation and it is these changes in epigenetics that alter the risk of CRC. 

Therefore, this helps in assessing whether changes in DNA methylation (by aspirin) is causally 

associated with CRC helping to identify a mechanism of action of aspirin.   
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1.8.4 Aspirin metabolism pathway 

Aspirin (acetylsalicylic acid) is broken down into many metabolites- a summary of this breakdown is 

shown in Figure 1-20. Aspirin is the acetylated form of salicylic acid. It has a half-life of ~20 minutes 

in circulating blood and after ingestion, it is rapidly deacetylated to form salicylic acid which has a 

half-life of 2-4 hours (212,213).   

Initially, aspirin is absorbed through the cell membrane in the stomach, however, most of the drug is 

absorbed in the small intestine due to the higher pH and larger surface area  (214,215).  The initial 

step in the metabolism of aspirin is its’ hydrolysis to salicylic acid catalysed by serine esterases which 

can be found in both the intestinal wall, the liver and erythrocytes (216). After absorption into the 

blood stream, aspirin can be metabolised to salicylic acid in either the plasma or the erythrocytes 

through similar but slightly different enzymes. In the plasma, these serine esterases are 

butyrylcholinesterase (BCHE) and a homodimer of the enzyme platelet- activating factor 

acetylhydrolase (PAFAH1b2). On the other hand, in erythrocytes it is metabolized by BCHE  as well as 

a heterodimer PAFAH1b2/PAFAH1b3 (217). Expression of BCHE protein and mRNA has also been 

found in the liver and small intestine indicating aspirin hydrolysis into salicylic acid may occur in 

these tissues as well (218).  The most active compounds from the pathway include acetylsalicylic 

acid (219) and its breakdown product salicylic acid (220).  

Most of salicylic acid is metabolised in the liver (221). Salicylic acid is transported to the liver where 

it is then metabolised through conjugation with glycine to form salicyluric acid. Around 63% of 

salicylic acid is converted to salicyluric acid through the enzyme  Acyl-CoA Synthetase Medium-Chain 

Family Member 2B (ACSM2B) (221). Salicyluric acid is the major metabolite of salicylic acid that is 

excreted via the urine (222). Salicylic acid and salicyluric acid can be broken down further into other 

metabolites as shown in Figure 1-20. The other enzymes involved in the metabolic pathway include: 

UDP-glucuronosyltransferase 1-6 (UGT1A6), cytochrome P450 (CYP2C9) (221). Genetic variants 

within these enzymes as well as ACSM2B, BCHE and PAFAH1b2/3 will be used to proxy for levels of 

the aspirin metabolites. Approximately 90% of aspirin is metabolized to salicylic acid and only 10% of 

unchanged aspirin is secreted in the urine (221). Salicylic acid and its metabolites are excreted 

mainly by the kidneys (223).  

Whilst BCHE is able to convert acetylsalicylic acid into salicylic acid, other esterases also exist such as 

paraoxonase-1 (PON1) (224). However, the actual contribution of PON1 to this reaction is not yet 

clear (217). Nonspecific esterases also hydrolyse aspirin to salicylic acid in the liver, therefore other 

enzymes than those mentioned may also be involved (221). Whilst UGT1A6 is the main enzyme 

involved in the conjugation of salicylic acid into salicyl ohenolic or acyl glucuronide, other closely 
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related enzymes are also able to catalyze the same reaction including: UGT1A1, 1A3, 1A7, 1A8, 1A9, 

1A10, 2B4 and 2B7 (225). As well as enzymatic metabolism of aspirin, a small percentage of cells can 

be hydrolysed into salicylic acid non-enzymatically (226).  

Concentrations of aspirin achieved in the plasma were measured using a high-performance liquid 

chromatography assay. Nagelschmitz et. al (2014) found that oral doses of 100mg, 300mg and 

500mg of aspirin achieved peak plasma concentrations of 1.01 mg/L, 3.01 mg/L and 4.84 mg/L, 

respectively (227) but very little is known in the literature with regards to the concentrations of 

aspirin that are achieved within tissues and it is possible that higher concentrations are attained in 

some tissues, including colorectal compared to plasma.  With regards to the concentrations used in 

this thesis, 0.5mM aspirin equates to 2.78 mg/L, 2mM equates to 11.1 mg/L and 4mM equates to 

22.2 mg/L. Whilst 0.5mM is a clinically relevant concentration, 2mM and 4mM are higher than oral 

doses of 500mg but may be clinically relevant when investigating the effect of intravenous aspirin 

administration.  

 

Figure 1-20- Aspirin metabolism pathway 

Roughly 10% of aspirin remains unchanged and is excreted in the urine as aspirin. Aspirin is broken down into 
various metabolites, the most active of them being salicylic acid (220). Various enzymes are involved in the 
metabolism pathway. The percentages indicate how much of the drug is being metabolised in that pathway. 
Abbreviations: BCHE, butyrylcholinesterase; PAFAH1b2, platelet- activating factor acetylhydrolase 2; 
PAFAH1b3, platelet- activating factor acetylhydrolase 3; UGT1A6, UDP-glucuronosyltransferase 1-6 and 
ACSM2B, Acyl-CoA Synthetase Medium-Chain Family Member 2B. 
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1.8.5 Mendelian randomisation 

Mendelian randomisation (MR) is a method that utilizes Mendel’s second law but within the context 

of an epidemiological setting. This law is the law of random assortment which suggests that traits 

are inherited independently of each other (199,228). Used in a contemporary context, this refers to 

the independent inheritance of genotypes, alleles and phenotypes (209). MR seeks to use genetic 

polymorphisms, most commonly single nucleotide polymorphisms (SNPs), to proxy for modifiable 

exposures to test for their association with diseases (209).  

There are three main assumptions when carrying out an MR. These are: 

1- The genetic instrument is associated with the exposure 

2- The genetic instrument is independent of any confounders that may affect the relationship 

between the exposure and outcome 

3- The genetic instrument is independent of the outcome given the exposure and confounders. 

(209) 

 

Figure 1-21- Directed acyclic graph (DAG) showing the model used in a MR approach 

The genetic instrument is associated with the exposure independently of any confounders associated with the 
exposure and outcome. The instrument is only affecting the outcome through the exposure. Violations of the 
main assumptions are highlighted as red arrows.  

 

Figure 1-22- Directed acyclic graph (DAG) used in the context of our study using genetic 
instruments to interrogate the effect of salicylic acid levels on risk of colorectal cancer. 
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Therefore, genetic instruments can be used to proxy as an exposure and to test for an association 

with the outcome (Figure 1-21). For example, 11 SNPs strongly associated with selenium levels in the 

blood predict a 114 µg/L increase in selenium levels. These SNPs are therefore used to “represent” 

an increase in selenium levels. These SNPs can then be tested for associations with various outcomes 

such as cancer. If such an association holds true, then the conclusion would be that an increase in 

selenium levels may be affecting risk of cancer (229). In the context of the current study, single 

nucleotide polymorphisms (SNP) will be used as genetic instruments to proxy for changes in levels of 

aspirin metabolites (salicylic acid and salicyluric acid) and to then test for an association with CRC 

incidence (Figure 1-22). The idea is that salicylic acid is responsible for a large proportion of the anti-

cancer activity of aspirin in humans and that plasma levels of this metabolite may correlate with the 

efficacy of aspirin in humans. Reactions catalysing the formation of other metabolites will reduce the 

levels of salicylic acid, which would lead to decreased efficacy. Therefore, salicyluric acid plasma 

concentrations would be expected to inversely correlate with efficacy.  MR will be used to proxy for 

both these metabolites under the hypothesis that SNPs that predict increased levels of salicylic acid 

also predict a decreased risk of CRC and SNPs that predict an increase in levels of salicyluric acid 

predict an increased risk of CRC.  

 

Figure 1-23- A schematic comparing Mendelian randomisation and randomised controlled trials. 
Adapted from Davey Smith et al, 2005 (230) 

Mendelian randomisation has been likened to a randomised controlled trial in that alleles are 

randomly segregated at conception the same way that an intervention is randomly allocated at the 

start of a trial (Figure 1-23) (230,231). This lends to many advantages for the use of MR which 

include: 

- Reduced confounding: genetic variants are generally not prone to confounding by factors 

such as behavioural, physiological and socioeconomic (230). 



 

47 
 

- Unlikelihood for reverse causation: the onset of disease will not influence the genetic 

variants and exposure history of individuals with disease will not be differentially reported  

- Reduced selection biases: how participants are selected into a study is unlikely to influence 

the genetic variants  

- Reduced attenuation by errors: genetic variants will proxy for exposure level across a 

lifetime and therefore the associations will not be affected by random imprecise 

measurements of the exposure  

However, this is not to say that MR is without limitations. These are summarised in Table 1-4. 

Table 1-4- Limitations that need to be considered when conducting an MR approach 

Limitation Explanation 

Genetic instrument A reliable association between the genetic instrument and exposure needs to be 
established (230) where enough data needs to be present to establish reliable 
associations between genotype and trait or phenotype (232). The effect of the 
genetic instrument on the outcome occurs only through the intermediate 
phenotype proposed and the effect of the genetic instrument on the outcome is 
similar to the effect of the intermediate phenotype/environmental exposure on the 
outcome (232). 

Confounding Linkage disequilibrium can occur where  the genetic variant of interest is inherited 
with other genetic variants that may be the true cause of the disease (230). Another 
cause of confounding can be from population stratification-i.e. mating non-random 
(232).  

Segregation Alleles are randomly assigned at conception so segregational distortion at the locus 
of interest does not occur (232). 

Pleiotropy Genetic variants may affect multiple pathways or exposures leading to the inability 
to make definitive conclusions (230).  

Canalisation Genetic variants that could potentially be disrupted are dampened or buffered by 
other processes such genetic redundancy-more than one gene having a similar 
function (230). 

Survival The genetic variant has not led to a selective survival (232). 

Parent-of-origin There is no parent-of-origin effect in that the phenotypic effect of the genetic 
variant is not affected by whether it is inherited by the mother or father (232).  

 

1.8.6 Multiple instruments 

In genetic epidemiology, genome-wide association studies have allowed the identification of many 

SNPs associated with various exposures, but all with small effect sizes (206). Therefore to increase 

statistical power, a genetic risk score can be calculated using multiple SNPs. This genetic risk score 

represents the additive effect of SNPs in combination to explain more of the variance in the 

exposure of interest thereby increasing power and avoiding weak instrument bias (233). For 
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example, the effect of a SNP that is estimated to increase aspirin concentration by 0.02mM on the 

risk of colorectal cancer may be difficult to detect unless a very large sample size was available. To 

overcome this, multiple SNPs that predict small changes in aspirin concentration can be combined 

such that if 8 SNPs predicted an overall increased aspirin concentration of 2mM, the effect of this on 

colorectal cancer would be more easily detected without needing extremely large sample sizes.  

An unweighted method may be used which adds together the effect of various variants but more 

commonly, a weighted approach is used such as the inverse-variance weighted (IVW) method. The 

SNPs used to generate this score are generally not in linkage disequilibrium (LD) so are 

independently inherited, although SNPs that are in low to moderate LD can be combined into a 

genetic risk score through methods such as the likelihood-based method which is a form of weighted 

generalised linear regression (234). 

One consideration to be made when incorporating many SNPs into the risk score is that any of these 

SNPs may potentially be pleiotropic- i.e. it is not solely associated with the exposure of interest but 

also with other risk factors or pathways (horizontal pleiotropy) (233) . This is why it is important to 

examine the SNP-exposure and SNP-outcome effect estimates, for example, through a scatter plot to 

identify horizontal pleiotropy. Outliers can be visualised and this will help discern whether the 

pleiotropic SNP is affecting the slope of association thereby biasing the results (directional 

pleiotropy). To test for this, a sensitivity analyses termed “leave-one-out” can be adopted whereby 

one SNP from the variants is left out of the analysis and the tests are carried out again to see 

whether the SNP dropped is responsible for affecting the exposure-outcome association (235). To 

detect directional pleiotropy, methods such as MR-Egger regression and weighted median approach 

may be used (236,237).  

An example of detecting pleiotropy through scatter plots and leave-one out analyses is shown in 

Figure 1-24. An MR approach to look at the effect of caffeine consumption on platelet count was 

conducted. The scatter plot shows a SNP that is an outlier and appears to be biasing the results of 

the inverse variance weighted method (light blue line) and the MR egger approach (dark blue line) 

towards it. The leave-one out analysis shows that the SNP biasing the results is rs2240466 as the 

removal of this SNP from the analysis produces a more positive association between caffeine 

consumption and platelet count as well as smaller confidence intervals.  
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Figure 1-24- Example of identifying pleiotropy through scatter plots and leave-one out analyses 

The scatter graph plots the effect of the SNP on caffeine consumption on the x-axis and the effect of the SNP 
on platelet count on the y-axis. Each dot represents a SNP and the lines through the dot represent the 
confidence intervals of the SNP effect on caffeine consumption (parallel to the x-axis) and SNP effect on 
platelet count (parallel to the y-axis). Scatter plot regression lines: light blue, inverse variance weighted 
method; dark blue, MR egger; light green, weighted median. The leave-one out analysis shows the summary 
result when each SNP is systematically removed. Each dot represents the combined effect of the SNPs 
(representing caffeine consumption) on platelet count but excluding the name of the SNP on the y-axis. The 
lines through the dots represent the confidence intervals. The red line is the overall effect of all the SNPs on 
the outcome. Both graphs show a SNP (rs2240466) which appears to be an outlier in the scatter graph and the 
leave-one out analysis thereby biasing the results.  

The ideal in an MR study is to use a single instrument with a genetic variant whose function is well-

known and measured. However, the only problem with this is that the SNP may have a small effect 

which is why a genetic risk score combining many SNPs is adopted. However, this may introduce bias 

as the biological effects of some of the SNPs included may not be known. One approach is to carry 

out an analysis using a small number of SNPs with known function, and then to expand this in a 
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secondary analysis with a larger number of SNPs knowing that there may be some biological 

uncertainty (238).  

1.8.7 MR methodology 

When there is only one genetic instrument to proxy for an exposure, the method used to quantify 

the effect of the genetic instrument on the exposure is called the Wald estimator. This is shown in 

Figure 1-25. In the case of a linear regression of the instrument and exposure, a beta estimate is 

calculated. When the outcome is binary, a logistic regression is carried out to calculate a log odds 

ratio (OR). Wald ratios are calculated by dividing the per-allele effect of the SNP (the log OR) on the 

outcome by the per allele effect of the SNP (beta) on the exposure. 

 However, it is more common that there is more than one instrument and these need to be 

regressed to understand the relationship between the exposure and the outcome (209). Many 

methods currently exist for regressing the exposure on the outcome. The simplest method to use is 

the two-stage least squares approach. This involves carrying out a least-squares regression of the 

exposure on the genetic instrument and then carrying out a least-squares regression of the outcome 

on the value calculated by the first regression (209). This can be either in a one sample setting 

(where the same sample is used to measure instrument-exposure and instrument-outcome 

association) or using a two-sample approach where a different sample is used to measure the 

instrument-exposure and instrument-outcome association (239). 

Whilst individual data can be used in two-sample settings, logistical issues (such as data storage) and 

privacy concerns have made it more common to use summary data instead (240). Two-sample MR 

methodology has been developed whereby summary level data for gene-exposure data and gene-

outcome data from different samples can be used (241). The advantage of using summary data has 

motivated the development of various methods to test for exposure and outcome association using 

genetic instruments (240). The most widely used method in a two-sample MR is the inverse variance 

weighted method (Figure 1-25) but other methods that relax the strict assumptions of MR have also 

been developed such as maximum likelihood method, mode-based methods and weighted median 

approach. These are summarised in Table 1-5 .  
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Figure 1-25- Wald ratio and inverse-variance weighted (IVW) method  

(A) A directed acyclic graph (DAG) used in the context of our study using genetic instruments to interrogate the 
effect of salicylic acid levels on risk of colorectal cancer. Linear regressions of the SNP-exposure are conducted 
to calculate the per allele effect of the SNP on salicylic acid levels (beta) and logistic regressions are carried out 
to calculate the per allele effect of the SNP on colorectal cancer risk (logOR). (B) Wald ratios are calculated by 
dividing the per-allele effect of the SNP (the log OR) on the outcome (βZY) by the per allele effect of the SNP 
(beta) on the exposure(βZX). 95% confidence intervals (95% CIs) are calculated by using the standard errors 
(SE) of each Wald ratio. These standard errors are calculated by diving the SE of the SNP-outcome association 
by the SE of the SNP-exposure association. To obtain the inverse variance weighted estimates, the Wald ratios 
are weighted by the inverse variance. The regression is conditioned to pass through zero implying that when 
the value of the exposure is 0, the value of the outcome is also 0. The inverse variance weighted method 
assumes that all the SNPs are valid instrumental variables. To obtain a pooled causal estimate of the exposure-
outcome association, individual Wald ratios and 95% CIs are pooled and presented as a forest plot.  
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Table 1-5- A summary of two-sample MR methods and their advantages and limitations 

MR Method Description Advantage Limitation 

Inverse variance 
weighted (IVW) 

The Wald ratio estimates the causal 
effect for different SNPs. The inverse 
variance weighted estimate of the 
Wald ratios is combined by a fixed-
effects meta-analysis approach 
(234). The point estimates from this 
method are akin to a weighted linear 
regression of the SNP-outcome and 
SNP-exposure associations (242).  
The gene-outcome association 
coefficient is regressed on the gene-
exposure association coefficient. The 
weights are obtained by the inverse 
variance of the gene-outcome 
association and the intercept must 
pass through zero. The slope from 
this method informs of the effect of 
the exposure on the outcome (241).  
 

Efficient method 
when all the genetic 
proxies are valid 
instruments (237) 

The IVW estimate can be 
bias even if just one of 
the genetic instruments 
is invalid (237) 

Maximum 
likelihood 

This method is used to find the linear 
relationship between the gene-
exposure and gene-outcome 
coefficients (243). The model 
assumes a that both SNP-exposure 
and SNP-outcome associations are 
normally distributed (234). Direct 
maximisation of the likelihood can 
be used to estimate the causal effect 
of the exposure on the outcome, 
which is assumed to be the same for 
all SNPs (244).  
 
 

- Gives 
appropriately sized 
confidence intervals 
when imprecision in 
the estimate is 
present unlike the 
IVW which will 
provide over-precise 
causal estimates 
(243).  
-Allows for 
uncertainty in both 
gene-exposure and 
gene-outcome 
coefficients (243).  
-Useful in 
overlapping samples 
as it allows for some 
correlation between 
the SNP association 
with exposure and 
SNP association with 
the outcome (234). 

The InSIDE assumption is 
required: strength of the 
gene-exposure 
association must not 
correlate with the 
strength of bias due to 
horizontal pleiotropy 
 
 

MR Egger 
methods 

Just like the IVW approach, the 
gradient from this method also 
represents the causal estimate. The 
only difference is that the intercept 
is not constrained to 0 (236). This 
method is used to address the issue 
of horizontal (directional) pleiotropy: 
the association of a SNP with 
multiple traits independently of the 
exposure being investigated. This 
violates one of the assumptions of 
MR (242). Pleiotropy can usually be 

-Addresses the issue 
of horizontal 
pleiotropy (241) 
-Can be applied 
using summary level 
data (241) 
-Can provide 
consistent estimates 
even when all the 
genetic instruments 
are invalid (237) 
 

The Instrument Strength 
Independent of Direct 
Effect (InSIDE) 
assumption is required. 
The effect of the genetic 
variants on gene-
outcome are 
independently  
distributed and not 
correlated with the gene-
exposure associations 
(236).  
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visualised in a funnel plot whereby 
the MR estimate is plotted against 
its precision. The presence of 
symmetry in the plot would indicate 
the absence of pleiotropy (241). 
Pleiotropy is also detected through 
regressing the gene-outcome 
coefficient on the gene-exposure 
coefficient but without constraining 
the intercept to pass through zero 
(236). The intercept from this test 
provides an indication of directional 
pleiotropy- if the gene-exposure 
association is 0 then so should be 
the gene-outcome association. Any 
other result indicates that the effect 
of the gene on the outcome may not 
be through the exposure being 
investigated. The slope from MR-
Egger regression adjusts the 
exposure-outcome association for 
directional pleiotropy (241).  

  

MR Egger 
bootstrap 

Bootstrapping is a technique in 
which you create many smaller 
datasets from your original dataset 
to repeat your analysis in. Our 
samples are only a small 
representation of the true 
population and therefore by 
randomly selecting observations 
from our sample this will be a more 
true representation of the original 
population (245). Therefore, the MR 
Egger bootstrapping approach is 
simply carrying out the MR Egger 
test in multiple smaller samples.  
 

Can be used when 
assumptions for a 
normal distribution 
are not met (245).  

Need to have a large 
sample size (246) to 
avoid extreme values 
from the distribution.  

Median-based 
estimator 

Simple Median: 
This is the median of the ratio 
estimates which provides a 
consistent causal estimate even 
when 50% of the genetic 
instruments are invalid. This method 
is used to test the violation of all MR 
assumptions (237). 
Weighted Median 
Whilst in the simple approach, 50% 
of the instruments need to be valid, 
with the weighted approach, “at 
least 50% of the weight of the 
estimator comes from valid IVs”. This 
is beneficial when fewer than 50% of 
the variants are valid instruments 
but the weight of the valid 
instruments contributes to at least 
50% of the weighted causal estimate 
(237).  

-Can be applied 
using summary level 
data (241) 
-Provides consistent 
value of causal 
effect even when 
50% of the genetic 
instruments are 
invalid unlike the 
IVW approach 
where one invalid 
SNP can bias the 
results (237)  
-Does not suffer 
from low power like 
the MR Egger (236) 

At least 50% of the 
genetic instruments need 
to be valid 
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Mode-based 
method 

Simple mode: 
This method involves grouping the 
SNPs into clusters based on having 
similar causal effects. The cluster 
with the most number of SNPs is 
used to calculate the causal effect 
(247).  
Weighted mode: 
This is similar to the IVW and 
weighted median approach in that 
within each cluster, the contribution 
of the SNP to that cluster is weighted 
based on the inverse variance of the 
effect of the SNP on the outcome 
(248). 

If all the SNPs in a 
cluster are valid 
instruments then 
the causal estimate 
calculated is an 
unbiased result 
(247).  
 

If any of the genetic 
instruments in the cluster 
are not valid then bias 
may be introduced (247).  
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1.9 Thesis overview 

In this thesis, epidemiological and laboratory-based approaches will be used to explore causality and 

potential mechanisms of aspirin on CRC.  

A schematic for the aims of each chapter are summarised in Figure 1-26. Based on observational studies that 

show that timing and duration of aspirin intake have different effects on risk of CRC (Chapter 3.1.1), we aim 

to assess whether any functional phenotypic differences between short-term and long-term aspirin 

treatment are present in the context of cell culture (Chapter 3). Aspirin has a well-known effect on protein 

acetylation (78) and possibly modulates DNA methylation (249). Due to these evidences, we aim to assess 

whether aspirin’s effect on DNA methylation is a potential mechanism for the differences observed in cell 

growth due to short-term and long-term treatment (Chapter 4, short-term treated cells; Chapter 5, Long-

term treated cells). Finally, to causally assess whether aspirin is affecting risk of CRC in the population, we 

aim to identify SNPs that are associated with aspirin metabolites levels (salicylic acid and salicyluric acid) and 

to then test the association of these SNPs with risk of CRC incidence (Chapter 6).  

 

Figure 1-26- Overview of the questions addressed in this thesis to explore causality and potential 
mechanisms of aspirin on CRC.  
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Chapter 2 Methods 

2.1 Cell culture 

2.1.1 Cell lines 

2.1.1.1 RG/C2 

The cell line used in this project as an in vitro model is the human colorectal adenoma cell line S/RG/C2 

(referred to as RG/C2 henceforth whereby the prefix “S” denotes that they are from a sporadic tumour) and 

their origin is parental S/RG cells. This cell line was isolated from a colonic adenoma from a 59-year old 

female patient with no previous history of colorectal cancer. They were established in this laboratory as 

being anchorage-dependent cells that are non-tumorigenic when injected into athymic mice (250). RG/C2 

cells express WT full length APC (251) as well as wild type KRAS and PIK3CA (252) but express mutant TP53 

(253). These cells also express a one mutant β-catenin allele (Greenhough, University of Bristol, personal 

communication). 

2.1.1.2 LS174T 

This cell line was obtained from American Type Culture Collection (ATCC, Rockville, MD, USA). It was 

obtained from a 58 year old Caucasian female patient with a Duke’s type B adenocarcinoma (254). These 

cells express the wild type forms of APC and p53 proteins (255,256). These cells express mutant β-catenin 

that are degradation-resistant and a mutated and activated K-RAS (257,258).  

2.1.1.3 SW620 

This cell line was obtained from American Type Culture Collection (ATCC, Rockville, MD, USA). These cells are 

obtained from a 51-year-old Caucasian male with a Duke’s type B adenocarcinoma. This cell line is derived 

from a lymph node secondary tumour after the cells metastasised (254). Mutations in this cell line are 

present in K-RAS, APC and p53 proteins (259).  

2.1.2 Conditions for cell maintenance 

RG/C2s were cultured in Dulbecco’s Modified Eagles Medium (DMEM) (Life Technologies, Paisley, UK) and 

was supplemented with 20% foetal bovine serum (FBS) (Life Technologies, Paisley, UK), L-glutamine (2mM) 

(Life Technologies), penicillin (100 units/ml) (Life Technologies), streptomycin (100 ug/ml) (Life Technologies) 

and insulin (0.2 units/ml) (Sigma, Poole, UK). LS174Ts and SW620s were cultured with 10% FBS (Life 

Technologies), ), L-glutamine (2mM) (Life Technologies), penicillin (100 units/ml) (Life Technologies) and 

streptomycin (100 ug/ml) (Life Technologies).  

Cells were maintained in T25 (25cm2) flasks and were medium changed every 3-4 days under sterile 

conditions. They were incubated with 5% CO2 at 37oC in a non-humidified incubator.  
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2.1.3 Cell passaging 

When cells reached confluence, they were passaged by firstly washing with 1x phosphate buffered saline 

(PBS pH 7.4; Severn Biotech Ltd, Kidderminster, UK) and then incubated at 37oC for 5-10 minutes with 0.1% 

trypsin (w/v) (BD Bioscience, Oxford, UK) and 0.1% (w/v) ethylenediaminetetraacetic acid ((EDTA) Sigma). To 

neutralize the trypsin, fresh medium was added. The suspension was transferred to a universal tube and 

centrifuged at 3000rpm for a duration of 3 minutes. After centrifugation, the supernatant was aspirated, and 

fresh medium was added to resuspend the cells. To ensure that the cell clump was resuspended as single 

cells, cells were repeatedly syringed with a 1.2mm blunt needle. For experiment set up, cells were counted 

and seeded into T25 flasks or 24 or 48 well plates (Corning, New York, USA) at appropriate densities.  

2.1.4 Cell storage and recovery in liquid nitrogen 

Cells were passaged within a limit of ~10 passages to maintain cell line characteristics and avoid molecular 

changes that occur after multiple passages. Therefore, stocks for the cell line were frozen and stored in 

liquid nitrogen for future use.  

Firstly, cells were trypsinized, pelleted and resuspended in growth medium that contains 10% dimethyl 

sulfoxide ((DMSO) VWR International. Lutterworth, UK) which is a cryoprotectant. Cells were then aliquoted 

into 1ml cryovials (Thermo Scientific, Waltham, Massachusetts, USA), placed into a cryo-1oC-freezing 

chamber (Thermo Scientific) and slowly frozen down at a cooling rate of -1oC per minute at -70oC. Once cells 

had reached -70oC, the cryovials were stored in liquid nitrogen (-196oC) for storage.  

To retrieve fresh stocks of cells, cryovials were thawed in an incubator at 37oC and resuspended in normal 

growth medium. Cells were then subject to centrifugation at 3000rpm for 3 minutes to achieve pellets. The 

medium containing DMSO was then aspirated and cells were resuspended in fresh growth medium upon 

which they were seeded into T25 flasks and incubated at 37oC. 

2.1.5 Cell counting 

It was shown in 1993 that floating cells found in the growth medium of flasks are apoptotic and so can be 

used to count the number of apoptotic cells (260). To do this, the medium that cells were cultured in was 

transferred to a universal tube whereby 7.5μl of this medium was loaded onto a Neubauer counting 

chamber to count the apoptotic cells. To count adherent (live) cells, the same procedure as cell passaging 

was followed up to the resuspension of the cell clump. Cells were resuspended in 10ml of fresh growth 

medium and syringed to break the clumps onto single cells. Depending on the cell density, cells were further 

diluted to a ratio of 1:10 (50μl cell suspension with 450μl of PBS or fresh growth medium) and then counted 

on the Neubauer counting chamber.  
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2.1.6 Seeding 

Experiments were seeded at the same density per flask. Cell counting was carried out as previously 

described and the cells were seeded into new T25 flasks according to the desired cell density and then fresh 

growth medium was added to make up 4mL per flask. 

2.2 Cell Treatments in 2D 

2.2.1 Acetylsalicylic acid (Aspirin) 

Aspirin (Sigma) was dissolved in either ethanol or fresh growth medium for use in experiments. Aspirin was 

dissolved in fresh growth medium at 12mM by dissolving 0.0432g of aspirin in 20mL of fresh growth 

medium. For growth as spheroids, 12mM of aspirin was dissolved in advanced DMEM (Life Technologies). 

For 2D cell culture, flasks were treated with various concentrations of aspirin dissolved in fresh growth 

medium as shown in Table 2-1. For short term experiments, cells were treated for 24 hours before being 

lysed. Alongside the short-term aspirin treatments, RG/C2 cells were seeded in various aspirin doses and 

have been continually treated with aspirin since 29.10.2015 and these are termed the long-term aspirin 

treated cells.  

Table 2-1- Aspirin concentrations used in 2D cell culture 

Aspirin 
concentration 
(mM) 

Total volume of 12mL Equivalent aspirin 
concentration (mg/L) Volume of 

normal growth 
medium (mL) 

Volume of 
aspirin medium 
(mL) 

0 12 0 0 

0.5 11.5 0.5 2.78 

2 10 2 11.1 

4 8 4 22.2 

 

Nagelschmitz et. al (2014) measured plasma conocentrations of aspirin and found that oral doses of 100mg, 

300mg and 500mg of aspirin achieved peak plasma concentrations of 1.01 mg/L, 3.01 mg/L and 4.84 mg/L, 

respectively. They also showed that intravenous administration of 250mg and 500mg of aspirin achieved 

peak plasma concentrations of 29.62 mg/L and 54.25 mg/L, respectively (227).  With regards to the 

concentrations used in this thesis, 0.5mM aspirin equates to 2.78 mg/L, 2mM equates to 11.1 mg/L and 

4mM equates to 22.2 mg/L (Table 2-1). Whilst 0.5mM is a clinically relevant concentration, 2mM and 4mM 

are higher than oral doses of 500mg but may be clinically relevant when investigating the effect of 

intravenous aspirin administration.  

2.2.2 N-(2-Quinolyl)valyl-aspartyl-(2,6-difluorophenoxy)methyl ketone (QVD) 

QVD is an irreversible, broad spectrum caspase inhibitor that is able to permeate the cell therefore inhibiting 

all major caspase-mediated apoptosis pathways. QVD was stored as a liquid at 10mM concentration at -20oC. 

Cells were treated with 10µM QVD (Millipore, Billerica, Massachusetts, USA) for 3 hours before the medium 
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was changed with fresh medium treated with 4mM aspirin and QVD for 72 hours. Cells were treated in the 

dark as QVD is light-sensitive.  

2.2.3 Vehicle controls 

The use of dimethyl sulfoxide (DMSO) was used as a vehicle for QVD therefore this was controlled for in 

experiments by the addition of DMSO to all cells to ensure treatment conditions contained equal 

concentrations of DMSO. The final concentration of DMSO was never more than 0.2%. 

2.3 Transfections 

Cells were medium changed 24 hours before transfection to 10% or 20% DMEM (depending on cell line 

growth properties) free of penicillin or streptomycin. Trypsin was added to these sub-confluent cells which 

were counted and seeded at a concentration of 1-1.5 million cells per flask (depending on the growth 

properties of the cell line) in T12.5 flasks (Corning). To increase the efficiency of transfection and rate of 

transfection, cells were seeded in 10% or 20% DMEM free of penicillin and streptomycin (P/S-free). Non-

targeting (control) siRNA and gene-specific siRNA was added as well as 5µL of RNAiMAX (Life Technologies) 

in 500µL of Opti-MEM (Life Technologies), as stated in the manufacturer’s instructions, to achieve a final 

concentration of 25nM. Cells were incubated for 16 hours at 37oC before the medium containing the siRNA 

complexes was aspirated and 10% or 20% P/S free medium (depending on cell line growth properties) added 

in its place. Cells were lysed at time points of interest relative to the time point of siRNA addition. Details 

about the siRNA sequence used in this thesis are shown in Table 2-2.  

Table 2-2- SiRNA sequence 

Target Supplier Catalogue number Sequence (5’ - 3’) 

STMN1 Santa Cruz sc-36127 Sequence A 
CCAGAUCCAGACUGUAAGAtt 
Sequence B 
GGGAGAAACUGAAAGUGUUtt 
Sequence C 
CCUCCUGGUUGAUACUUGUtt 

 

2.4 Spheroids 

2.4.1 Cell culture 

Spheroids were cultured in Advanced DMEM/F12 with reduced FBS supplementation ((ADF) Life 

Technologies). The base medium contained 0.1% BSA, 2mM L-glutamine, 10mM Hepes, 100μg/ml 

streptomycin and 100 units/ml penicillin. Fifty millilitre aliquots were transferred to falcon tubes and stored 

at -20oC. This medium was further supplemented with these cell nutrients: N2 ((1:100) Life Technologies), 

B27 ((1:50) Life Technologies) and N-acetyl-cysteine ((1:500) Sigma). The medium was supplemented with 

further factors as shown in Table 2-3.  
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Table 2-3- Further supplements added to medium for spheroid culture (261) 

Reagent/Growth factor Concentration Supplier 

hEGF 50ng/mL PeproTech, Rocky Hill, USA 

hNoggin 100ng/mL RD Systems, Minneapolis, USA 

hGastrin 10nM Sigma, Poole, UK 

Nicotinamide 10mM Sigma, Poole, UK 

 

RG/C2 cells were counted using the protocol described previously but cells were resuspended in PBS. After 

counting, a cell suspension volume was calculated in order to seed 400 cells per well and using pre-frozen 

pipette tips, the cell suspension was resuspended in the appropriate volume of Matrigel© (BD Biosciences) 

to give 400 cells per 20 μL of Matrigel©/well. Matrigel© will set at room temperature therefore it was kept 

on ice during this process. Forty-eight well plates were incubated at 37oC before use and then 20μL of 

Matrigel© was aliquoted as a blob into the inner 24 wells. Plates were incubated at 37oC for a time period 

between 10-30 minutes to allow the Matrigel© to set. To keep the moisture inside the plate, 500μL of sterile 

PBS was pipetted into the outer wells of the 48 well plate.  Matrigel blobs were cultured in 200μL of 

appropriate medium and this was changed every 4 days. Plates were placed in a sandwich box with a moist 

tissue-which was changed every 2-4 days- to maintain humidity levels. Spheroids were then monitored and 

imaged at days 4, 7, 11, 14 and 21 using a widefield microscope in the Wolfson Bioimaging Facility using 

Leica Application Suite Advanced Fluorescence Lite 2.6.0  

Each well was imaged three times firstly at magnifications of 20X, 10X and 5X depending on the size of the 

spheroids. The images were then run through MATLAB R2015a to automatically calculate the area of the 

spheroids in each image. The median of the areas were then plotted using GraphPad Prism 5.  

A       B  

Figure 2-1- Diagram of plate organization for culturing of spheroids 

(A) The wells along the outside of the 48-well plate were filled with PBS to retain moisture and prevent medium 
evaporation whilst the 24 wells inside the plate were used for spheroid growth. (B) This is a diagram of how a 
Matrigel© blob (blue) with suspended RG/C2 cells (white) looks inside a well filled with growth medium (orange).  
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2.5 Cell Treatment in 3D 

2.5.1 Acetylsalicylic acid 

Aspirin was dissolved in fresh growth medium at 12mM by dissolving 0.0432g of aspirin in 20mL ADF. For 3D 

cell culture, 24 or 48 well plates (Corning) were treated with various concentrations of aspirin dissolved in 

advanced DMEM (Table 2-4).  

Table 2-4- Concentrations of aspirin dissolved in Advanced DMEM used in 3D cell culture 

Aspirin 
concentration 
(mM) 

Total volume of 2000μL 

Volume of 
supplemented 
medium (μL) 

Volume of 
Advanced DMEM 
medium (μL) 

Volume of aspirin 
medium (μL) 

0 1000 1000 0 

0.5 1000 83.33 916.67 

2 1000 166.67 833.33 

4 1000 333.33 666.67 

6 1000 666.66 333.33 
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2.6 Apoptosis and cell cycle assays 

2.6.1 Measurement of attached/floating yield number and apoptosis 

After treatment of RG/C2 cells in 2D experiments, floating cells were collected and attached cells harvested 

by trypsinisation. Attached and floating cells were separately counted and floating cells were calculated as a 

percentage of the total cell population. Previously, it has been shown that >90% of floating cells present 

apoptotic morphology whereas <3% of attached cells exhibit this morphology (260).   

2.6.2 Fluorescence-activated cell sorting (FACS) 

RG/C2 cells were treated with 0, 2 and 4mM aspirin for 24 hours. Floating and attached cells were collected 

and washed with PBS. Cells were fixed with 70% ethanol while vortexing and incubated for at least 1 hour at 

-20oC. Cells were then spun down, washed with PBS and syringed at least 3 times to dissolve cell clumps. A 

concentration of 1.5 x106  cells was taken from each experiment and stained with. 1,5-bis{[2-(di-

methylamino) ethyl]amino}-4, 8-dihydroxyanthracene-9,10-dione (DRAQ5)( eBioscience, San Diego, CA) at a 

concentration of 10µM for 30 minutes. DRAQ5 is light sensitive so cells were stained and maintained in the 

dark. Data was analysed by flow cytometry using the Novocyte 3000 (Acea Biosciences, San Diego, USA).  

Data was collected using the Software NovoExpress (Acea Biosciences) and manually analysed using FlowJo 

(version 7.6.5) 

2.6.3 Assessment of apoptosis in 3D cultures using fluorescent dyes 

To assess whether aspirin is causing apoptosis, RG/C2s were grown as spheroids for 14 days before being 

treated with aspirin for 72 hours and stained with calcein AM and ethidium homodimer 1. Calcein AM is a 

permanent cell dye that is taken up by live cells and undergoes acetoxymethyl ester hydrolysis by 

intracellular esterases to convert the compound into green fluorescent calcein. Ethidium homodimer is 

unable to permeate the cell and is weakly fluorescent until bound to DNA whereby it emits red fluorescence.  

Spheroids were stained with 10µM calcein AM (ThermoFisher, Newport, UK) and 5µM ethidium homodimer 

(ThermoFisher) to each well. These compounds are light sensitive therefore the stains were added in the 

dark and the plate was covered with foil for 30 minutes before being imaged using a confocal microscope.   

2.7 Western Blotting 

Western blotting is a technique used to detect specific proteins from any given cells/tissues. Firstly, proteins 

are separated using a technique called sodium dodecyl polyacrylamide gel electrophoresis (SDS-PAGE). The 

proteins migrate through the gel according to their relative molecular weight. Then proteins are transferred 

onto a membrane whereby they are incubated with a primary and secondary antibody that is specific for the 

protein of interest so that the protein can be visualised.  
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2.7.1 Preparation of cell lysate 

The cell lysis procedure is always carried out on ice. Firstly, the medium was aspirated before cells were 

washed twice with ice-cold PBS. Cells were lysed in 1X cell lysis buffer (Table 2-6) to obtain whole cell 

extracts. They were incubated with the buffer for 10 minutes before cell lysate was collected using a scraper 

and transferred to an Eppendorf tube. Lysates were centrifuged at 18500rpm for 10 minutes and then the 

supernatant was transferred to new Eppendorf tubes and stored at -70oC. The protein was quantified for 

each sample using the Bio-Rad DC protein assay kit according to the manufacturer’s instructions (Bio-Rad, 

Hemel Hampstead, UK) following which 40μg-100μg of sample was prepared. Laemmli buffer (Table 2-6) was 

added to the cell lysate and the sample was boiled for 5 minutes at 100oC. These samples were then stored 

at -20oC.   

2.7.2 SDS Page 

Western gels with various acrylamide percentages depending on protein size were run using Mini-Protean 3 

Electrophoresis apparatus (Bio-Rad). Equal volumes of samples were loaded into the separate wells as well 

as a Precision Plus Protein Kaleidoscope marker (Bio-Rad). Gels were initially run in running buffer (Table 2-6) 

at 100V until the samples had passed through the stacking gel upon which they were run at 180-200V for 1 

hour.  
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Table 2-5- Polyacrylamide gels 

Resolving gel Supplier 9% 12.5% Stacking gel (4.5%) 

Resolving Buffer 
1.5M Tris 
pH8.8/0.4% SDS 

National 
Diagnostics, 
Hessle, UK 

4.4mL 4.4mL - 

Stack Buffer 0.5M 
Tris pH6.8/0.4% 
SDS 

National 
Diagnostics, 
Hessle, UK 

- - 2mL 

30% 
acrylamide/1%bis 

National 
Diagnostics, 
Hessle, UK 

5.2mL 7.3mL 1.1mL 

ddH2O Severn Biotech Ltd, 
Kidderminster, UK 

7.9 mL 5.8mL 4.4mL 

Ammonium 
persulphate 
(0.5g/ml in distilled 
water) 

Sigma, Poole, UK 110μL 110μL 57μL 

TEMED BioRad, Hemel 
Hampstead, UK 

3.6μL 3.6μL 1.8μL 

Table 2-6- Buffers in western blotting 

Solution/Buffer Composition 

Cell Lysis Buffer 1 tablet of Protease Inhibitor Cocktail (Roche 
Diagnostics, Germany) per 10mL of lysis buffer (New 
England Biolabs, Ipswich, Massachusetts, USA) 

5X Laemmli Buffer 62mM Tris-HCL pH 6.8, 10% (v/v) glycerol, 5% (v/v) 
2-mercaptoethanol, 0.01% bromophenol blue 

Running buffer  14.4g glycine (National Diagnostics) and 3g Tris 
(National Diagnostics) and 1g SDS (Fisher Scientific, 
Loughborough, UK) dissolved in 1 litre H2O 

Transfer buffer 14.4g glycine (National Diagnostics) and 3g Tris 
(National Diagnostics) dissolved in 800mL H2O plus 
200mL methanol 

10 X TBS stock solution 1 pack of 20x TBS powder sachet (Severn Biotech 
Ltd) with 2 litres H2O.   

Milk blocking buffer 50mL of 1X TBS diluted in water with 2.5g powdered 
milk  

TBST 1X TBS with 1% (w/v) tween (Sigma, Poole, UK) 

Stripping buffer 1% SDS (w/v), 25mM glycine in H2O, pH adjusted to 
2 using hydrochloric acid 

2.7.3 Wet transfer 

After gel electrophoresis, gels were soaked in transfer buffer (Table 2-6) to remove any residual SDS. The 

apparatus was assembled in a transfer cassette (Figure 2-2) and the proteins were transferred on an 

Immobilon polyvinylidine difluoride (PVDF) membrane (Millipore) using a Transblot Cell (Bio-Rad) at a 

voltage of 125V for 1.5 hours in transfer buffer (Table 2-6). 
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Figure 2-2- Diagram of assembly of apparatus for wet transfer. A sponge and two filter papers were placed 
on either side of the Immobilon PVDF membrane and gel. 

2.7.4 Protein detection 

After transfer, the Immobilon PVDF membranes were blocked in milk blocking buffer (Table 2-6) for one 

hour. They were then incubated at 4oC with the primary antibody diluted in 5mL milk blocking buffer in a 

sealed plastic bag and left to rotate overnight. The antibodies and their concentrations are listed in Table 

2-7.  

After incubation with the primary antibody, membranes were washed three times for 10 minutes in TBS-T 

(Table 2-6). Following this, they were then incubated with horseradish peroxidase conjugated secondary 

antibodies (dilution 1:1000) in milk buffer (Table 2-6) for 1 hour at room temperature. Membranes were 

then washed for a further three times at 10 minutes each in TBS-T to remove any unbound secondary 

antibody. Visualisation of the protein bands was done using LumiGLO chemiluminescent substrate (KPL, 

Gaithersburg, Maryland, USA). Blots were incubated with chemiluminescence chemicals for 1 minute before 

being transferred to a cassette with one to three films. The exposure time varied from 1 second to 20 

minutes depending on the strength of the antibody signal, and then films were developed using a Compact 

X4 Film Processor (XO-graph Imaging Systems Ltd., Stone House, UK). Subsequently, films were scanned onto 

a computer using Epson Perfection V750 Pro and the images were processed using Adobe Photoshop CS6 (64 

Bit).  
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Table 2-7- Western blotting- primary and secondary antibodies  

Target Species Source Cat. No. Dilution 

Cleaved PARP Rabbit Abcam (Bristol, UK) Ab32064 1:10000 

Cleaved Caspase- 

3 

Rabbit Cell Signalling (Danvers, 

Massachusetts, USA) 

9664S 1:1000 

Tubulin Mouse Sigma (Poole, UK) T9026 1:10000 

STMN1  Rabbit Cell Signalling (Danvers, 

Massachusetts, USA) 

3352S 1:500 

Mouse-IgG 

Peroxidase 

Goat Sigma (Poole, UK) A4416 1:1000 

Rabbit-IgG 

Peroxidase 

Goat Sigma (Poole, UK) A6154 1:1000 

2.7.5 Stripping western blots and re-probing 

Membranes were stripped of previous antibodies if more than one protein was going to be examined. 

Membranes were incubated at room temperature in stripping buffer (Table 2-6) for 30-60 minutes to 

remove previous antibodies. Following this, they were incubated in TBS-T twice for 10 minutes and blocked 

in milk blocking buffer (Table 2-6) for 60 minutes. Membranes were then probed with alternative primary 

and secondary antibodies as previously described in Chapter 2.7.4. 

2.8 Gene expression analysis 
2.8.1 RNA sample collection 
To assess the levels of mRNA expression, RNA was collected from RG/C2 cells and LS174T cells in response to 

short term aspirin treatment (24 hours). After cells were treated, they were then washed with PBS and then 

1mL of TRI-reagent was added to each flask. After this, cells were scraped and transferred to a sterile and 

RNAse-free eppendorf. If not used immediately, samples were stored at -80oC.  

2.8.2 RNA isolation  
To separate the different phases, 0.2mL of chloroform was added to each sample. The eppendorfs were then 

shaken for 15 seconds before being incubated at room temperature for 2-3 minutes. The samples were then 

centrifuged at 12,000 g at 4oC for 15 minutes. The results in the separation of the sample into 3 separate 

layers- protein, DNA and RNA. The top layer containing aqueous RNA was transferred to another Eppendorf 

and 0.5mL of 100% isopropanol was added. Samples were then mixed and incubated at room temperature 

for 10 minutes so that the RNA precipitates. To pellet the RNA, the samples were centrifuged at 12,000 g for 

10 minutes at 4oC. The supernatant was removed and 1mL of 75% ethanol was added, after which the 

samples were vortexed briefly and then centrifuged at 7500 g for 5 minutes at 4oC. Following this, the 

supernatant was discarded and the RNA pellet was left to air dry for 10 minutes. RNA was then resuspended 
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in 50µL of RNase-free water and incubated in a heat block set at 60oC for 10 minutes. Unless used 

immediately, samples were frozen at -80oC.  

2.8.3 RNA purification and production of cDNA 
For RNA purification, a polymerase chain reaction (PCR) hood which contains a ultraviolet (UV) lamp was 

used. The UV lamp sterilises the workspace by destroying potential contaminants, in particular, DNA. The 

hood was sterilised with UV light for 30 minutes before any handling of RNA. Before proceeding onto the 

production of cDNA, samples were cleaned using the QIAGEN RNeasy clean kit (Qiagen, Manchester, UK) as 

per the manufacturer’s instructions. 

The concentration and purity of RNA in the samples was quantified using a Nanodrop (Thermo Scientific, 

Karlsruhe, Germany) and ND-100 software. RNA samples were considered pure if they had an A260/280 ratio 

above 2. For each sample, 2µg of RNA and 1µL of oligo dT primer (Promega, Madison, Wisconsin, USA) were 

added together to a pair of sterile RNase-free PCR tubes. These samples were then placed in the PCR 

machine for 5 minutes at 70oC to melt the secondary structure within the template. To prevent the structure 

from reforming, samples were immediately placed on ice. To each annealing template, 5µL of M0MLV 5x 

reaction buffer (Promega), 5µL dNTP (Promega) and 0.63µL of Recombinant RNasin Ribonculease Inhibitor 

(Promega) were added in the order as stated. When a large number of samples was being prepared, a 

master mix was made up. One PCR tube per pair was used as a control by adding 1µL of ddH2O whereas the 

other sample had 1µL of reverse transcriptase, M-MLV RT (Promega), added. The samples were made up to 

25µL through the addition of ddH2O. The tubes were gently mixed before being incubated at 40oC for 60 

minutes. After this, cDNA was diluted to a concentration of 0.01µg/µL through the addition of 175µL of 

ddH2O to each sample. Unless used immediately, cDNA samples were stored at -20oC.  

2.8.4 Quantitative real time polymerase chain reaction (qPCR) 
To determine the level of mRNA expression for a particular gene, cDNAs generated from the RNA samples 

were used for qPCR. Primers were obtained from (Qiagen) and Quantifast SYBR green (QIAGEN) containing 

dNTPs, SYBR green I dye, ROX dye and hot start Taq polymerase was used. A master mix was made 

containing Quantifast SYBR green, ddH2O and primer sets for the gene of interest. In a 96 well polypropylene 

plate (Agilent Technologies, West Lothian, UK), 10.5µL of the master mix and 2µL of the cDNA was added. 

For each sample, 3 replicates were carried out and to control for contaminating DNA, each sample had a no 

RT control. To consolidate the samples, the plate was spun and the qPCR plate was then analysed using a 

MxPro 3005P Real-time Thermal Cycler (Agilent Technologies) and fluorescence data was generated using 

the thermal profile shown in Table 2-8, after which the results were viewed on the M-X-Pro software 

(Stratagene, Stockport, UK). The primers used in this study are shown in Table 2-9. As a reference dye, ROX 

was used and samples were normalised to a housekeeping gene. Error bars represent the standard deviation 

of the qPCR data.  
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Table 2-8- Cycling conditions for qPCR 

Step Temperature (oC) Time Number of cycles 

Activation 95 10 minutes 1 

Denaturation 94 15 seconds 40 

Annealing and extension 
(fluorescence measured at 
the end of each cycle) 

60 1 minute  

 

Table 2-9- Primers for qPCR 

Gene Manufacturer Cat. Number/sequence 

MCM2 Qiagen, Manchester, UK QT00070812 

MCM5 Qiagen, Manchester, UK QT00084000 

POLD2 Qiagen, Manchester, UK QT01668912 

STMN1 Qiagen, Manchester, UK QT00039417 

TK1 Qiagen, Manchester, UK QT00083874 

 

To confirm efficient target detection and amplification, standard curves were produced. To confirm that 

primers were detecting and amplifying a single product, dissociation curves were analysed.  

2.9 Migration assays 

2.9.1 Cell seeding 
Cells were detached from T25 flasks using 0.1% trypsin, centrifuged as previously mentioned in Chapter 2.1.3 

to produce a cell pellet and resuspended in FCS free culture medium.  Cells were counted and 1.5ml of cell 

solution was seeded on to the membrane of a 6-well plate transwell (Corning) at a concentration of 

1x106/ml. Cells were then incubated for 10 minutes at 37 °C and 5% CO2 to allow them to settle. Into the 

bottom of the well, 2.6ml of chemoattractant (10% FCS medium) was carefully added to avoid creating 

bubbles to produce a chemotactic gradient. Cells were left for 24 hours.  

2.9.2 Cell staining 
The medium was aspirated from the top of the transwell and any remaining cell and media were carefully 

removed using a cotton bud. To wash the transwells, they were then inserted into another 6 well plate 

containing 3mL of PBS. After this, the transwells were transferred to another 6 well plate containing 3mL of 

70% ethanol for 10 minutes to fix the cells. The transwells were then removed from the ethanol and allowed 

to dry.  

To stain the cells, 0.5% crystal violet solution (Sigma) was used. The transwells were inserted into a 6 well 

plate containing 3mL of crystal violet solution and left for 10 minutes. After this, the crystal violet was 

washed off by dipping the transwells into water carefully so as to avoid washing off the fixed cells. The 

transwells were then left to dry.  
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2.9.3 Cell quantification 
The number of stained cells that had migrated through the pore were counted at a magnification of x20 at 

10 random sites. The number of cells was then averaged for each well. Three images were taken per well 

using a DS-5 Nikon camera using the software NIS Elements software. Relative change in cell numbers was 

calculated between 0mM aspirin treated cells and 4mM treated cells as well as control cells and STMN1 

siRNA treated cells.  

 

2.10  Methylation analysis 

A short overview of the methodology for methylation analysis is depicted in Figure 2-3. (1) After DNA is 

extracted from the cells, it is bisulphite converted so that all unmethylated C residues are converted to T 

bases instead and methylated C residues remain. (2) After bisulphite conversion, samples are loaded onto 

the array. This example shows the MethylationEPIC BeadChip (850K array) Infinium (210) array. (3) This array 

contains wells with beads that have 50 base pair probes that are complementary to specific sequences of 

bisulphite converted DNA (262). Two types of probes are present in this array and these are shown in Figure 

2-4. (4) After hybridisation, a fluorescently labelled dNTP is incorporated to the 3’ end of the probe to 

identify whether the C remains (after bisulphite conversion) or whether it has been converted to a T base 

(263). The fluorescent signal is then measured using an Illumina iScan.   
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Figure 2-3- Schematic overview of the steps involved in the analysis of DNA methylation using 
MethylationEPIC BeadChip (850K array) Infinium array.  

(1) After DNA extraction, the DNA is bisulfite converted so that only methylated C residues remain and all unmethylated 
C residues are converted to Ts. (2) The samples are then run over the methylation array. (3) Within the array are wells 
that contain beads that have 50 base pair probes that are complementary to specific sequences of bisulphite converted 
DNA. (4) After hybridisation, a fluorescently labelled dNTP is incorporated to the 3’ end of the probe to identify whether 
the C remains (after bisulphite conversion) or whether it has been converted to a T base. The fluorescent signal is then 
measured using an Illumina iScan.  

2.10.1 DNA extraction 
DNA was extracted from short term aspirin treated RG/C2 cells (24 hours) and long-term aspirin treated cells 

(75 weeks) using the TRIzol™ Reagent protocol (ThermoFisher) and the PureLink Genomic DNA Mini Kit 

(ThermoFisher), respectively, and then stored at -20oC as per the manufacturer’s instruction. The 

concentration of DNA was measured using a NanoDrop (Thermo Scientific) so that the appropriate 

concentration could be made for bisulphite conversion.  

2.10.2 Bisulphite conversion 
DNA was diluted to produce 500ng in a volume of 20µL.This was treated with bisulfite using the EZ DNA 

Methylation-Gold kit (Zymo Research, Irvine, CA). Eluation volume was 12µL. The bisulphite conversion 

cycling conditions are shown in Table 2-10.  



 

71 
 

Table 2-10- Bisulphite conversion cycling conditions 

Temperature Time Number of cycles 

98oC 10 minutes 1 

64oC 2.5 hours 1 

4oC up to 20 hours (optional) 1 

2.10.3 Measuring DNA methylation 

After conversion, The Illumina Infinium® HumanMethylation450K (450K array) BeadChip (Illumina Inc. 

CA, USA) (171) and the MethylationEPIC BeadChip (850K array) Infinium (210) (Illumina) were used to 

generate methylation data for RG/C2 cells treated with 24 hours aspirin and 75 weeks of aspirin treatment, 

respectively. More details on the 450K and 850K array can be found in Chapter 4.1.7.1 and Chapter 5.1.3.1, 

respectively. With regards to the 850K array, there are two types of probes and these are described in more 

detail in Figure 2-4. An Illumina iScan was used to scan the arrays and initial quality review was evaluated 

using GenomeStudio (version 2011.1).  

In order to minimize confounding by batch effects, samples were randomly distributed across the slides. 

Batch variables were recorded using the laboratory information management system (LIMS). For each 

sample, LIMS also records the quality control (QC) metrics from the standard control probes. Samples failing 

quality control ((>10% probes with a detection P-value ≥ 0.01) were removed from further analysis.  

The 450K and 850K assays measure the proportion of molecules methylated at each CpG site on the array. 

The methylation levels are expressed as a “Beta” value (β-value) which is the ratio of the methylated probe 

intensity and the overall intensity with values ranging from 0 to 1 where 0 indicates no cytosine methylation 

and 1 indicates complete cytosine methylation. Methylation data were pre-processed using R (version 3.3.1). 

Sample quality control and functional normalisation were carried out using the Meffil package (264). 
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Figure 2-4- The two types of probes found on the MethylationEPIC BeadChip (850K array) Infinium array. 
Adapted from Infinium® MethylationEPIC BeadChip datasheet (265). 

The Infinium I probes have 2 separate sequences for each CpG site. The unmethylated (U) bead measures the 
unmethylated signal and the methylated (M) bead measures the methylated signal. (A) An unmethylated bisulphite 
converted sequence hybridises to the probe on the U bead, an A nucleotide is incorporated, and a signal is detected in 
the RED channel. When this same unmethylated bisulphite converted sequence hybridises to the M bead, this results in 
a mismatch at the 3’ end and therefore this inhibits single base extension. (B) A methylated bisulphite converted 
sequence hybridises to the U bead and mismatch occurs at the 3’ end as a result. When this methylated sequence 
hybridises to the M bead, a G nucleotide is incorporated, and this allows single base extension and a signal is detected 
in the GREEN channel. (C) With regards to the Infinium II probes, the unmethylated and methylated sequences are 
measures on the same probe. The probe is designed to match the sequence of both the methylated and unmethylated 
DNA sequences. If the unmethylated bisulphite converted sequence binds to the probe, a labelled A nucleotide binds to 
the sequence and a signal is detected on the RED channel. If the methylated bisulphite converted sequence binds to the 
probe, a labelled G nucleotide binds to the sequence and a signal is detected on the GREEN channel (263).  
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2.11  Pyrosequencing 
After DNA is extracted and bisulphite converted, DNA is amplified using PCR. Through nucleotide 

incorporation and light emission, sequences of methylated DNA can be detected through pyrosequencing, 

summarised in Figure 2-5 and Figure 2-6. Details of the method are described below.  

 

Figure 2-5- The incorporation of the nucleotide to the sequencing primer. Adapted from the Qiagen 
website (266).  

(A) Bisulphite-sequenced DNA is amplified using PCR where one of the primers is biotinylated. (B) After denaturation, 
the single-stranded PCR amplicon that has been biotinylated is isolated and binds to a sequencing primer. (C) The 
single-stranded template and the hybridized primer are incubated with 4 enzymes: DNA polymerase, ATP sulfurylase, 
luciferase and apyrase. They are also incubated with the substrates adenosine 5' phosphosulfate (APS) and luciferin. (D) 
The first nucleotide (deoxyribonucleotide triphosphate (dNTP)) is added. The DNA polymerase incorporates the 
complementary nucleotide into the sequencing primer. Each incorporation releases a pyrophosphate (PPi).  
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Figure 2-6- Detection of light caused by dNTP incorporation. Adapted from the Qiagen website (266). 

(A) The pyrophosphate (PPi) released by the incorporation of the nucleotide is converted to ATP by the enzyme ATP 
sulurylase in the presence of APS. This ATP then allows the conversion of luciferin to oxyluciferin by the enzyme 
luciferase. This reaction generates light which is detected by CCD sensors and seen as a peak in the output (Pyrogram). 
The height of each peak indicates how many nucleotides were incorporated. (B) Apyrase continuously degrades the 
unincorporated nucleotides. Another nucleotide is added once degradation is complete. (C) The addition of each dNTP 
is done sequentially. The complementary DNA strand is elongated, and the sequence of the nucleotides is deduced 
from the peaks in the Pyrogram trace.  
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2.11.1 DNA extraction 
DNA was extracted from short term aspirin treated RG/C2 cells (24 hours) and long-term aspirin treated cells 

(110 weeks) using the PureLink Genomic DNA Mini Kit (ThermoFisher) and then stored at -20oC as per the 

manufacturer’s instruction. The concentration of DNA was quantified using a Nanodrop (Thermo Scientific) 

so that the appropriate concentration could be made for bisulphite conversion.  

2.11.2 Bisulphite conversion 
DNA was diluted to produce 500ng in a volume of 20µL. This was treated with bisulfite using the EZ DNA 

Methylation-Gold kit (Zymo Research). Eluation volume was 12µL. The bisulphite conversion cycling 

conditions are shown in Table 2-11.  

Table 2-11- Bisulphite conversion cycling conditions 

Temperature Time Number of cycles 

98oC 10 minutes 1 

64oC 2.5 hours 1 

4oC up to 20 hours (optional) 1 

 

2.11.3 CpG site primer design 
The forward sequences of the CpG sites were obtained from the Illumina library. The forward sequences 

were then entered into BLAT (http://genome.ucsc.edu/cgi-bin/hgBlat) and 300 base pairs were added on 

either side of the sequence to allow for primer design. Common SNPs and CpG sites located in this region 

were marked. The DNA region was then entered into the Zymo website 

(http://www.zymoresearch.de/tools/bisulfite-primer-seeker) to convert the sequence into the bisulfite 

modified sequence. This sequence was then copied into PyroMark Assay Design software (Qiagen) and the 

CpG site of interest was set as the target region. After the software designed multiple primers to analyse the 

CpG site of interest, primers that were most suitable for the assay were chosen. The software assigns scores 

to the primers out of 100 calculated according to many factors such as the likelihood of mispriming, the 

primer length (optimal is 200 base pairs or less) and the chance of primer dimer. We used a threshold score 

of 80 or more as a cut-off for a suitable primer for the assay.   

2.11.4 PCR  
To amplify the DNA, PCR was carried out using 96 well plate formats on the DNA samples and EpiTect control 

DNA, 100% methylated and 0% methylated (Qiagen, Manchester, UK). Four µL of the bisulfite treated DNA 

was added to 50µL of the PCR reaction containing the reagents listed in Table 2-12. PCR was carried out 

using a Senquest PCR machine (Genflow, UK) and the thermal cycle was programmed as listed in Table 2-13.  

  

http://genome.ucsc.edu/cgi-bin/hgBlat
http://www.zymoresearch.de/tools/bisulfite-primer-seeker
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Table 2-12- PCR reagents 

Reagent Supplier Volume for 1 sample 
(µL) 

PyroMark PCR Master 
Mix 

Qiagen, Manchester, UK 25 

CoralLoad concentrate Qiagen, Manchester, UK 5 

Forward primer 
(0.2µmol/L, biotinylated) 

IDT, Leuven, Belgium 0.2 

Reverse primer 
(0.2µmol/L) 

IDT, Leuven, Belgium 0.2 

dH2O  19.6 

Total volume 50 

 

Table 2-13- PCR cycling conditions 

Temperature Time Number of cycles 

95oC 15 minutes 1 

94oC 30 seconds  
45 56oC 30 seconds 

72oC 30 seconds 

72oC 10 minutes 1 

4oC hold 1 

 

2.11.5 Gel Electrophoresis 
To confirm the PCR products and the presence of DNA, 7µL of the samples were loaded into wells of a 1% 

(W/V) agarose gel alongside a GeneRuler 100 bp DNA Ladder (Thermo Scientific), in 1 X TBE buffer with 10µL 

of GelRed™ Nucleic Acid Gel Stain 10,000X (Biotium, Fremont, CA) per 100ml. The bands were then observed 

using UV light using UVP ChemStudio PLUS (Analytik Jena, Jena, Germany) and images were visualised and 

captured using the VisionWorks® Software (Analytik Jena).  

2.11.6 Pyrosequencing primers 
Using the PyroMark Assay Design Software 2.0 (Qiagen), pyrosequencing assays and primers were designed. 

The oligonucleotides were purchased from IDT (Leuven, Belgium). Target sequences for the PCR and 

pyrosequencing primers are shown in Figure 2-7. Details on CpG sites and the primers designed for PCR and 

pyrosequencing are found in Table 2-14 and Table 2-15, respectively.  
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Illumina probe ID: cg02490185 

TTTTGTTGGGTAGAGGAATAGTATATTTAAAGGTTAAGGGTAGGTTTTTTATTGTTGTAGAGTTTTAGAGGGGTTTTCGGGACGGTG
TTATATTAGTTATTTGTTTGTTTTATTTTTTTAGGGTTGGTTATTTGTTAGTAGAGTAGAGGATTTCGGAGGTTTTGGTTTTAAGTTTGT
TTAGATTTTTAATTGATAGTAAGTGGTTATCGAGTGGGTTTGAGTGATCGTTTTATAGGGATGAGATTTGGTTGGGAGTTAGGAG 

Illumina probe ID: cg16799926 

GGGGAAGGAAAGGGAATTATTATTTGTTGAGTTTGTTGTTTGTGTTTTTTTATGTTATTCGTACGATAATTTAATGTGAATGTTATTAT
TTTTAGGTAATTGTTGAAGAAACGGAAGTTTAAAGAGGTAAGAGATTTGGTTAAGGTTA 

Illumina probe ID: cg26432519 

AGGAGGGAGGGAATTAGTTATTTTTTGGGAGGAGATGTTTTGTTTAGATAGAAAGCGATATATTGTGGAGAAAATTTGGATTGATT
AG 

Forward primer 

Reverse primer 

Sequencing primer 

CpG site of interest 

Other CpG sites 

Figure 2-7- PCR and pyrosequencing primers target sequence 

Nucleotides highlighted in yellow are the target sequences of the forward primer for PCR. Nucleotides highlighted in 
blue are the target sequences of the reverse primer for PCR. Nucleotides highlighted in grey are target sequences for 
the pyrosequencing assay. CpG sites highlighted in green are the target CpG site of interest, all other CpG sites in the 
sequence are highlighted in pink.  

Table 2-14- CpG site information required for PCR and pyrosequencing primer design 

Illumina 
probe ID for 
CpG site 

Chr Genomic Region Strand Infinium 
Design 
Type (I 
or II) 

Genome 
Build/Assembly 

CpG 
site 
Chr 

CpG site 
position 

cg02490185 1 26136539-
26137260 

Forward II 
 

37 
 

1 26136899 

cg16799926 14 70,546,335-
70,547,056 

Reverse II 
 

37 
 

14 70546695 

cg26432519 18 44,086,996-
44,087,717 

Forward II 
 

37 
 

18 44087356 

Abbreviations: Chr, chromosome.  
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Table 2-15- Primers designed for PCR and pyrosequencing 

Illumina probe 
ID for CpG site 

Oligonucleotide Sequence 5’ -> 3’ Length of PCR 
product 

cg02490185 Forward oligo TTTTGTTGGGTAGAGGAATAGTATATTTAA 262 

Reverse oligo /5BiosG/ATTTGGTTGGGAGTTAGGAG 

Sequencing oligo TGTTAGTAGAGTAGAGGAT 

cg16799926 Forward oligo GGGGAAGGAAAGGGAATTAT 143 

Reverse oligo AGTTTAAAGAGGTAAGAGATTTGGTTA/3BiosA/ 

Sequencing oligo ATTATTTTTAGGTAATTGTTGAAG 

cg26432519 Forward oligo GGAGGGAGGGAATTAGTT 88 

Reverse oligo TATATTGTGGAGAAAATTTGGATTGATTA/3BiosG/ 

Sequencing oligo AGGAGATGTTTTGTTTAGATA 

Biotinylation is required so that the amplified sequences can bind to the streptavidin beads required for the 
pyrosequencing assay. Abbreviations: 5Bios, 5’ biotinylated nucleotide; 3’Bios, 3’-biotinylated nucleotide.  

2.11.7 Pyrosequencing assay 

2.11.7.1 PCR product immobilization to beads 

In a 96-plate format, 40µL of amplicon was inserted along with 1.5µL of streptavidin sepharose beads (GE 

Healthcare, Stockholm, Sweden) and 40µL binding buffer (Qiagen). The plate was sealed and agitated on a 

shaker for 10 minutes to avoid the sepharose beads from sedimenting.  

2.11.7.2 Preparation of the PyroMark Q96 Plate low 

In each well of the PyroMark Q96 Plate low (Qiagen), 0.16µL of 100µM sequencing primer (IDT, Leuven, 

Belgium) was inserted with 40µL of annealing buffer (Qiagen).  

2.11.7.3 Strand separation 

Filter probes with a vacuum applied were used to transfer the DNA from the PCR plate to the 

pyrosequencing plate using the PyroMark Q96 Vacuum Workstation (Qiagen) and this was set up as per the 

manufacturers’ instructions. The filter probes were washed in pure water and then lowered into the PCR 

plate to capture the beads that contain the template DNA. Once all the liquid was aspirated, the filter probes 

were lowered into 70% ethanol for 5 seconds. The probes were then transferred to the Denaturation 

Solution (Qiagen) for 5 seconds. After this, the probes were lowered into the Wash Buffer (Qiagen) for a 

total of 10 seconds. The filter probes were then held over the PyroMark Q96 Plate low at which point the 

vacuum was turned off. This allows the beads to be released into the plate containing the sequencing primer 

and the annealing buffer. 

2.11.7.4 Annealing of sequencing primer to samples 

In order for the sequencing primer to anneal to the samples, the PyroMark Q96 Plate low was placed on a 

heating block for 2 minutes at 80oC. The plate was then removed and allowed to cool for 10 minutes at room 

temperature.  

2.11.7.5 Reagent preparation 

Reagents were prepared according to the PyroMark Gold Q96 Reagents (Qiagen) instructions. The enzyme 

solution, substrate solution and the dNTP solutions containing A, C, G and T nucleotides were pipetted into 
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the appropriate PyroMark Q96 Cartridge (Qiagen) compartments as instructed by the manufacturers’ 

instructions.  

2.11.7.6 Pyrosequencing 

Once the cartridge containing the reagents was loaded, pyrosequencing was carried out using a PyroMark 96 

ID pyrosequencer (Qiagen). Results were analysed using the PyroMark Q96 Software (Qiagen).  

2.12  Mendelian randomisation 

In order to carry out a Mendelian randomisation analysis of the aspirin metabolites and risk of colorectal 

cancer, datasets with genetic data as well as measured metabolite levels or recorded cancer information 

were contacted and permission requested to use their data. These datasets are described below. 

2.12.1 TwinsUK cohort details and genotyping information 

2.12.1.1 Cohort and genotyping platform 

TwinsUK is a registry of ~12,000 volunteer twins in the UK aged between 18-103 years with a mean age of 55 

years. The percentage of monozygotic twins is 51% and the percentage of dizygotic twins is 49% and around 

83% of the registry consists of females. More details on the registry has been published previously (3). 

TwinsUK dataset genotyping was achieved with 4 types of Illumina arrays: HumanHap300, HumanHap610Q, 

1M-Duo and 1.2MDuo 1M.  

2.12.1.2 Metabolite measurements 

Salicylic acid was measured using gas chromatography-mass spectrometry (GC/MS) and salicyluric acid was 

measured using liquid chromatography-mass spectrometry (LC/MS). TwinsUK used the Metabolon platform 

(Metabolon Inc., Durham, USA) which is a non-targeted metabolomic analysis. It uses 2 LC/MS injections 

(one for acid and for basic species) as well as one GC/MS injection per sample. This allows the detected of 

510 small molecules that include salicylic acid and salicyluric acid. Since this is an untargeted approach, the 

metabolite measures are quantitative values of relative changes as opposed to the targeted approach which 

would achieve absolute quantification of metabolite concentrations (3,267).  

2.12.1.3 Quality control 

Sample exclusion criteria included a sample call rate <98%, heterozygosity across all SNPs ≥2 standard 

deviations from the sample mean, evidence of non-European ancestry assessed by principal components 

analysis comparison with HapMap3 populations and observed pairwise identical by descent probabilities 

suggesting sample identity errors.  

SNP exclusion criteria included a Hardy-Weinberg equilibrium P-value < 10-6 assessed in a set of unrelated 

samples; a minor allele frequency (MAF) < 1% which was assessed in a set of unrelated samples and a SNP 

call rate <97% (for SNPs with MAF ≥ 5%) or < 99% (for 1% ≤ MAF < 5%). 

2.12.1.4 Imputation 

The imputations were performed using the Michigan Imputation Server. 
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2.12.2 GECCO cohort details and genotyping information 

2.12.2.1 Cohort and genotyping platform 

We used epidemiological and genetic data from 11895 cases and 14659 population-based controls from 25 

studies part of the Genetics and Epidemiology of Colorectal Cancer Consortium (GECCO) and Colon Cancer 

Family Registry (C-CFR) (Table 2-16). Full details on the consortium have been previously published (2).  

A list of the platforms used for SNP genotyping for each of the studies are summarised in Table 2-16.  

Table 2-16- Study populations included in GECCO consortium 

Study Name Platform Design Country N 
Case 

N Control N Female N 
Male 

Total* 

ASTERISK Illumina 
CytoSNP 
BeadChip 

Case-
control 

France 892 947 763 1076 1839 

CCFR Set 1 Illumina 
Human1M and 
Human1M-Duo 

Case-
control 

United 
States, 
Canada, 
Australia 

1171 980 1075 1076 2151 

CCFR Set 2 Illumina 
Human1M and 
Human1M-Duo 

Case-
control 

United 
States, 
Canada, 
Australia 

787 0 420 358 787 

COLO 2&3 Illumina 
CytoSNP 
BeadChip 

Case-
control 

United 
States 

87 125 95 117 212 

DACHS Set 
1 

Illumina 
CytoSNP 
BeadChip 

Case-
control 

Germany 1710 1708 1395 2023 3418 

DACHS Set 
2 

 Case-
control 

Germany 666 498 435 729 1164 

DALS Set 1 Illumina 610K 
and 550K 
platforms 

Case-
control 

United 
States 

706 710 615 801 1416 

DALS Set 2 Illumina 
CytoSNP 
BeadChip 

Case-
control 

United 
States 

410 464 414 460 874 

HPFS Set 1 OmniExpress Cohort United 
States 

227 230 0 457 457 

HPFS Set 2 OmniExpress Cohort United 
States 

176 172 0 348 348 

HPFS_AD OmniExpress Cohort United 
States 

313 345 0 658 658 

MEC Illumina 
CytoSNP 
BeadChip 

Cohort United 
States 

328 346 313 361 674 

NHS Set 1 OmniExpress Cohort United 
States 

391 774 1165 0 1165 

NHS Set 2 OmniExpress Cohort United 
States 

158 181 339 0 339 

NHS_AD OmniExpress Cohort United 
States 

513 578 1091 0 1091 

OFCCR Affymetrix 
GeneChip 
Human 

Case-
control 

Canada 602 522 581 543 1,124 
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Abbreviations: ASTERISK, French Association Study Evaluating RISK for sporadic colorectal cancer; C-CFR, Colon-Cancer 

Family Registry; CPSII, Cancer Prevention Study II; Colo 2&3, A case-control study from the University of Hawai’i;; 

DACHS, Darmkrebs: Chancen der Verhütung durch Screening; DALS, Diet, Activity, and Lifestyle Study; HPFS_AD, Health 

Professionals Follow-up Study for colorectal adenoma; MEC, Multiethnic Cohort; NHS, Nurses' Health Study; OFCCR, 

Ontario Colorectal Cancer Family Registry; PHS, Physicians' Health Study; PLCO, Prostate, Lung, Colorectal, and Ovarian; 

PMH-CCFR, Post-Menopausal Hormone-CCFR Study; VITAL, CancerScreening Trial; VITamins And Lifestyle cohort; WHI 

WGS, Women's Health Initiative Whole-Genome Sequencing. *Sample sizes based on GECCO GIGS data.  

2.12.2.2 Quality Control 

For all the studies included in GECCO and C-CFR, the following quality control checks were implemented. The 

sample exclusion criteria include: sample call rate ≤ 97%, heterozygosity, unexpected duplicates, unexpected 

relative pairs, gender discrepancy and PCA outlier of HapMap2 CEU cluster.  

The SNP exclusion criteria includes: SNP call rate ≤ 98%, lack of Hardy–Weinberg equilibrium in controls 

(P < 1 × 10−4), MAF < 5/sample size (CytoSNP) or 5% (WHI Set1, PLCO Set1 and DALS Set1) and SNPs that 

don’t perform consistently across platforms. SNP imputation was performed using MACH for all studies and 

SNPs were imputed to haplotype consortium reference panel.  

2.12.2.3 Imputation 

MACH was used to carry out imputation to haplotype consortium reference for all studies.  

mapping 100K 
and 500K Array 
Set and a 10K 
non-
synonymous 
SNP chip 

PHS Set 1+2 OmniExpress Cohort United 
States 

375 389 0 764 764 

PLCO 
Rematch 

Illumina 550K Cohort United 
States 

505 522 419 608 1027 

PLCO Set 1 Illumina 550K 
and 610K 
platforms 

Cohort United 
States 

533 1976 667 1842 2509 

PLCO Set 2 Illumina 
CytoSNP 
BeadChip 

Cohort United 
States 

486 415 383 518 901 

PMH-CCFR Illumina 
CytoSNP 
BeadChip 

Case-
control 

United 
States, 
Canada, 
Australia 

280 122 402 0 402 

VITAL Illumina 
CytoSNP 
BeadChip 

Cohort United 
States 

285 288 273 300 573 

WHI Set 
1+Hip 

Illumina 550K, 
550K duo, and 
610K 

Cohort United 
States 

313 1467 1780 0 1780 

WHI Set 2 Illumina 
CytoSNP 
BeadChip 

Cohort United 
States 

651 816 1467 0 1467 

WHI WGS  Cohort United 
States 

610 309 919 0 919 
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2.12.3 UK Biobank cohort details and genotyping information 

2.12.3.1 Cohort and genotyping platform 

UK Biobank is a population-based health research resource that contains ~500,000 people aged recruited 

between 2006-2010 across the UK aged between 38-78 years. Participants provided a range of information 

such as lifestyle measures and demographics through questionnaires and interviews. Patients also provided 

blood, urine and saliva samples as well as blood pressure readings. A full description of the study design and 

participants has been described previously (4).  

The number of successfully genotyped samples is 488,377. Individuals were genotyped using the UK BiLEVE 

array (n=49,979) and UK Biobank axiom array (n=438,398). The MRC IEU UK Biobank GWAS pipeline has 

been published (268).  

2.12.3.2 Quality control 

Samples excluded are those where sex-mismatch (identified by comparing genetic sex and reported sex) was 

identified or in individuals with sex-chromosome aneuploidy. The sample was also restricted to those of 

white British ancestry. In addition, kinship was estimated and individuals who were related to other 

individuals were removed. SNP exclusion criteria included multiallelic SNPs or those with MAF ≤1%. Quality 

Control filtering of the UK Biobank data has been published (269). 

2.12.3.3 Imputation 

Genotype imputation was performed using IMPUTE2 algorithms (270)  to a reference set combining the 

UK10K haplotype and Haplotype Reference Consortium (HRC) reference panels (271)  

2.12.4 Mendelian randomisation analysis 
Mendelian randomisation (MR) is a method that utilizes Mendel’s second law but within the context of an 

epidemiological setting. This law is the law of random assortment which suggests that traits are inherited 

independently of each other (199,228). MR seeks to use genetic polymorphisms, most commonly single 

nucleotide polymorphisms (SNPs), to proxy for modifiable exposures to test for their association with 

diseases (209).  

SNPs from enzymes involved in aspirin metabolism and metabolite data was extracted from the TwinsUK 

registry. Linear regression analyses were carried out to identify SNPs associated with the metabolites salicylic 

acid and salicyluric acid. SNPs were clumped removing all SNPs in high LD within 10,000kb of the variant of 

interest and leaving only the SNP with the lowest p-value of association with the exposure. Logistic 

regression analyses were carried out using the SNPs and colorectal cancer risk as the outcome using data 

from GECCO and UK Biobank. Alleles were harmonised before Wald ratios were calculated. Results were 

summarised using the IVW method, maximum likelihood approach, the MR Egger approach, the MR Egger 

(bootstrap) approach, the simple median approach, the weighted median approach, the simple mode 

approach and the weighted mode approach. Sensitivity analyses were carried out through leave-one-out 

analyses and funnel plots. Analyses were carried out in R version 3.2.3 using the “Two-Sample MR” package 



 

83 
 

(248). This package allows the formatting, allele harmonisation and thus analysis of summary data in an 

automated manner. A web interface for this package also exists at http://app.mrbase.org/ (Figure 2-8). A 

more detailed methods description can be found in Chapter 6.1.6. 

  

http://app.mrbase.org/
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Figure 2-8- Screenshots of MR-Base web platform 

(A)A screen shot of choosing SNPs to proxy for the exposure of interest. (B) A screen shot of choosing the outcome of 
interest. (C) A screen shot for conducting LD clumping, allele harmonisation and choosing the method of analysis 
desired.  
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2.13  Statistical analysis 

2.13.1 Laboratory-based experiments 

Results are mean values of raw or log-transformed data +/- standard deviations (SD) where three 

independent experiments were undertaken.  P-values less than or equal to 0.05 (p ≤ 0.05) were considered 

statistically significant (*). Two asterisks indicate p ≤ 0.01 (**) and three asterisks indicate p ≤ 0.001 (***). 

GraphPad Prism (GraphPad Software Inc, California, USA) was used to calculate statistical significance using 

Analysis of Variance (ANOVA) and Student’s T test with a Dunnett’s multiple comparison test and Bonferroni 

multiple comparison test as a post-hoc test. We used a Chi square (X2) test with Yates' continuity correction 

to calculate significance of an association between an observed and expected outcome. Statistical tests used 

in each analysis are stated appropriately.  

2.13.2 Population-based significance- adjusting for multiple testing 

The Bonferroni correction divides the alpha level by the number of statistical tests being carried out- whilst it 

is the most conventional and simple method, it tends to be overly conservative, thereby rejecting 

associations that may be true and also has lower power (272,273). This has been described in Chapter 

4.1.7.2. 

An alternative method to the Bonferroni correction, is the false discovery rate (FDR) adjusted P-value. The 

false discovery rate describes the probability at which you discover, for example, a SNP association with an 

exposure which is untrue and has simply occurred due to chance, therefore it is a false positive (273). This 

has been described in Chapter  4.1.7.2 
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Chapter 3  Aspirin’s effect on colorectal adenoma cell 

growth in vitro 

This chapter aims to address the effect of short-term and long-term aspirin treatment on cell survival using 

in vitro culture, circled in red in Figure 3-1. Firstly, epidemiological evidence that indicates differing effects of 

aspirin pre and post-diagnosis of cancer are compiled before a description of 3D culture systems is 

introduced. 

 

Figure 3-1- Overview of the questions addressed in this thesis to explore causality and potential 
mechanisms of aspirin on CRC. 

3.1 Background 

3.1.1 Aspirin pre and post-diagnosis 

Although evidence for aspirin’s protective effect is clear (Chapter 1.5), studies comparing aspirin’s beneficial 

properties pre-diagnosis and post-diagnosis have shown that the timing of aspirin intake may affect how 

early the beneficial properties of aspirin are observed and also indicate that different mechanisms of aspirin 

resistance may be observed possibly explained by the cells being at different stages of cancer.  

A large amount of evidence has been published in the literature to support aspirin’s beneficial effects at 

reducing colorectal cancer (CRC) incidence and mortality pre-diagnosis (112,274,275). We focus here on the 

studies that compared the effect of aspirin both pre and post-diagnosis. Chan et. al were the first to report 

that aspirin use post-diagnosis was more effective at increasing survival, especially in tumours that 

expressed high cyclooxygenase 2 (COX-2) (276). They showed that aspirin use post-diagnosis was associated 

with decreasing the risk of CRC mortality by 47% (HR: 0.53, 95% CI 0.33-0.86) and that aspirin use pre-



 

87 
 

diagnosis did not decrease risk of mortality (HR: 0.89, 95% CI 0.59-1.35).  Other similar studies are 

summarised in Table 3-1.  

More recently, a meta-analysis approach by Li et. al (2015) was carried out to pool the results of these 

studies. They combined results from seven studies for pre-diagnosis and seven studies for post-diagnosis 

aspirin use. The results from their meta-analysis showed that aspirin use post-diagnosis reduced the risk of 

all-cause mortality (HR: 0.84, 95% CI 0.75-0.94) whereas pre-diagnosis aspirin use was not associated with 

reducing this risk (HR: 1.01, 95% CI 0.96-1.06). However, their results also showed that neither pre-diagnosis 

(HR: 0.77, 95% CI 0.52-1.14) nor post-diagnosis aspirin use (HR: 0.93, 95% CI 0.82-1.05) was associated with 

decreasing the risk of CRC-specific mortality (277).  

Since 2015, several other studies have been carried out summarised in Table 3-2. Their results are conflicting 

as Hua et. al (2017) showed that aspirin post-diagnosis but not pre-diagnosis decreased the risk of CRC 

specific mortality (278) whereas Bains et. al (2016) showed aspirin intake pre-diagnosis and post-diagnosis 

was effective at reducing CRC-specific mortality (279) and Gray et. al (2018) showed that neither aspirin pre 

or post-diagnosis reduced CRC-specific mortality (280). Most strikingly, a recent randomised controlled trial 

(RCT) for the effect of aspirin on disability-free survival has shown that aspirin increases the risk of CRC-

specific mortality in elderly individuals (HR: 1.77, 95% CI 1.02-3.06) (281).  

Taken together, these studies suggest that aspirin may be exerting different effects depending on whether it 

is taken for a short time period (short-term) or whether it is taken for a longer time period (long-term) and 

we hypothesise that long-term exposure may result in an acquired “resistance”. This raises the possibility 

that previous long-term aspirin users are less sensitive or more resistant to the protective effects 

experienced by post-diagnosis users due to acquired phenotypic changes.  
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Table 3-1- A summary of studies that compared the effect of aspirin pre and post-diagnosis  

Author/Year/Reference/ 

study type 

N Aspirin users N 
Aspirin 
non-
users 

Pre/Post-
diagnosis 

Median 
years 
of 
follow 
up 

Outcome Result of aspirin use 

Chan 2009 (276)- cohort 549 730 pre-
diagnosis 

11.8 CRC 
mortality 

HR: 0.89 

(95% CI, 0.59-1.35) 

post-
diagnosis 

11.8 CRC 
mortality 

HR: 0.53  

(95% CI, 0.33-0.86) 

Bastiaannet 2012 (282)-
cohort 

2086 prescribed 
aspirin/NSAIDs 
prediagnosis 
and 
postdiagnosis, 
1219 prescribed 
aspirin/NSAIDs 
postdiagnosis 
only 

1176 pre-
diagnosis 

3.5 CRC 
overall 
survival 

RR: 0.96  

(95% CI, 0.84-1.09) 

post-
diagnosis 

3.5 CRC 
overall 
survival 

RR: 0.75 

(95% CI, 0.62-0.92) 

frequent 
users post 
diagnosis 

3.5 CRC 
overall 
survival 

RR: 0.69  

(95% CI, 0.56-0.86) 

McCowan 2013 (283)-
cohort 

1340 1650 pre-
diagnosis 

2.8 CRC 
mortality 

HR: 0.96  

(95% CI, 0.84-1.11) 
(adjusted) 

post-
diagnosis 

2.8 CRC 
specific 
mortality 

HR: 0.58  

(95% CI, 0.45-0.75) 
(adjusted) 

pre-
diagnosis 

2.8 all cause 
mortality 

HR: 0.99  

(95% CI, 0.90-1.09) 

post-
diagnosis 

2.8 all cause 
mortality 

HR: 0.67  

(95% CI, 0.57-0.79) 
(adjusted) 

Abbreviations: NSAIDs, non-steroidal anti-inflammatory drugs; HR, hazard ratio; RR, relative risk. Statistically significant 
results are in bold, red font. 
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Table 3-2- A summary of results from recent studies comparing the effect of aspirin pre and post-diagnosis 

Study/Year/Reference/ 
Study type 

N Aspirin users N 
Aspirin 
non-
users 

Pre/Post-
diagnosis 

Median 
years of 
follow up 

Outcome Result of aspirin 
use 

Hua 2017 ((278)-
cohort 

676 1397 pre-
diagnosis 

1 year pre-
diagnosis,5 
years post-
diagnosis  

CRC-
specific 
survival 

HR: 0.45  

(95% CI, 0.19-
1.08) 

post-
diagnosis 

5 years 
post-
diagnosis 

CRC 
specific 
survival 

HR: 0.39  

(95% CI, 0.19-
0.78) 

Bains 2016 (279)- 
cohort 

1711 2680 pre and 
post-
diagnosis 

3 years CRC-
specific  
survival 

HR: 0.77  

(95% CI 0.71-0.84) 
(adjusted) 

post-
diagnosis 

3 years CRC-
specific 
survival 

HR: 1.00  

(95% CI 0.87–1.14) 
(adjusted) 

Gray 2018 (280)- 
cohort 

2150 6241 pre-
diagnosis 

at least 1 
year pre-
diagnosis, 
3.6 years 
post 
diagnosis 

CRC-
specific 
mortality 

HR: 0.96  

(95% CI 0.88-1.05) 
(adjusted) 

post-
diagnosis 

3.6 years  CRC-
specific 
mortality 

HR: 1.17  

(95% CI 1.00-1.36) 
(adjusted) 

McNeil 2018 (281) - 
RCT 

9525 9589 pre-
diagnosis 

4.7 years CRC-
specific 
mortality 

HR: 1.77 

(95% CI 1.02-3.06) 

Abbreviations: RCT, randomised controlled trial; HR, hazard ratio; RR, relative risk. Statistically significant results are in 
bold, red font. 

3.1.2 Aspirin resistance 

Genetic aspirin resistance is a well-documented phenomenon with regards to coronary artery disease, but 

patients respond differently to aspirin- raising the possibility of aspirin resistance. Aspirin resistance follows 

two definitions for either clinical resistance or laboratory resistance. In terms of clinical resistance this is 

when aspirin fails to prevent another coronary event occurring, laboratory aspirin resistance is when the 

drug fails to prevent platelet reactivity/aggregation (133,284,285).   

 Upon long-term administration patients undergo tachyphylaxis i.e. they become less responsive to the 

effects of aspirin the longer they take it. (284) This was demonstrated as early as 1999 and 2001 where 

studies showed that those who took aspirin before treatment for coronary syndromes responded less to 

aspirin intake and had a higher risk of cardiac events. (286,287). Reasons for genetic aspirin resistance in the 
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context of cardiovascular diseases include single nucleotide polymorphisms in genes such as COX and 

receptors and integrin complexes on the surface of platelets (288). In the context of COX, polymorphisms 

may occur in the serine residues targeted by aspirin for acetylation thus inhibiting aspirin from acetylating 

the enzyme and rendering it inactive.  

It is possible that the concept of tachyphylaxis may be present in the context of cancer. As shown by the 

epidemiological studies (Chapter 3.1.1), not everyone benefits from the chemopreventative properties of 

aspirin thereby indicating that a subset of the population harbours a genetic resistance to aspirin. However, 

what is currently unclear is the existence of acquired aspirin “resistance” whereby cells become more 

resistant to aspirin over time. We therefore aimed to investigate the effects of aspirin on cell survival and 

apoptosis in 2D and 3D cell culture upon short-term (24-168 hours) and long-term (at least 18 weeks) 

treatment.  

3.1.3 Three-dimensional culturing systems 

To assess the effect of short-term and long-term aspirin use, we treated human adenoma cells in culture. 

One limitation of growing cells in 2D culture is that they do not form the cell-cell as well as the cell-

extracellular matrix (ECM) interactions and structures that are formed in vivo (289).  Three-dimensional 

culture systems are much better at mimicking in vivo conditions making them useful for tumour modelling 

(290,291).  

It is becoming increasingly clear that culturing cells in 2D vs 3D result in different gene and protein 

expression profiles. Takagi et. al (2007) found that the prostate cancer cell line LNCaPs grown in 3D exhibit 

more similar microarray expression profiles to solid tumour tissues compared to monolayer cultures (292).  

Yu et. al (2016) also showed using stable isotope labelling of amino acids (SILAC) that the proteome and 

phosphoproteome of colon carcinoma HT29 cells grown in 2D and 3D culturing systems vary and found that 

cells grown in 3D were enriched for proteins involved in RNA binding and cytoskeletal organisation (293). It is 

for these reasons that 3D culture systems are being utilised more to investigate the effects of treatments on 

cancer cells as evidenced by the increasing number of methods developed (294).  

Many 3D culturing systems have emerged, including: multicellular tumour spheroids, suspension culture, 

device-assisted culture, gel embedding culture and scaffold culture (295). One example of a gel embedding 

culture is growing cells within Matrigel©. Matrigel© is the commercial trade name for a basement 

membrane extract derived from the Engelbreth-Holm-Swarm (EHS) cell line of mouse sarcoma cells 

(296,297). It contains many extracellular matrix proteins such as laminin, nidogen-1 (entactin), collagen and 

other growth factors (297). In 2011, Sato et. al published a method for culturing organoids from human 

colon epithelial cells and adenoma cells that exhibited similar architecture and self-renewal capacity of cells 

within the colonic epithelium using Matrigel© supplemented with various growth factors (298). In the 
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following experiments, we have used an adapted method based on that published by Sato et. al (2011), to 

grow human adenoma derived cell lines in 3D.   

3.1.4 Hypothesis and aims 

Hypothesis: 

Long-term aspirin treatment confers resistance in adenoma cells. 

Aims: 

1- To investigate the short-term effects of aspirin on cell growth and survival in 2D models 

2- To investigate the short-term effects of aspirin on cell growth and survival in 3D models 

3- To investigate the long-term effects of aspirin on cell growth and survival in 3D models 

4- To establish whether exposure to aspirin results in an acquired phenotypic change  

3.2 Methods 

In order to assess aspirin’s effect on the number of attached and floater cells, RG/C2 cells were grown in 

both 2D culture with 0, 2 and 4mM concentrations of aspirin treatment for a maximum of 96 hours. Aspirin 

dosages are based on previous experiments from our laboratory and time points were chosen based on 

when the effect of aspirin was most clear for the outcome to be measured. Details on cell culture, treatment 

and counting can be found in the methods (Chapter 2.1). To assess whether aspirin was affecting apoptosis, 

cells were treated with QVD (Chapter 2.2.2). Western blots were carried out to confirm that QVD treatment 

was inhibiting apoptosis (Chapter 2.7). To assess aspirin’s effect on cell cycle progression, cells were subject 

to FACS analysis (Chapter 2.6.2). RG/C2 cells with short-term aspirin treatment (7 days) were also grown in 

3D culture (Chapter 2.4). Using 3D culture, short-term aspirin treated cells (72 hours) were stained with 

calcein AM and ethidium homodimer 1 to assess aspirin’s effect on apoptosis (Chapter 2.6.3).  

RG/C2 cells were also grown with long-term aspirin (18 weeks) in 2D culture. Cells were then extracted and 

grown in 3D culture (Chapter 2.4). Images were taken using widefield microscopy and areas were calculated 

using MATLAB R2015a (Chapter 2.4). Long-term aspirin treated cells were also removed from aspirin and 

their growth was measured in 3D culture (Chapter 2.4). 
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3.3 Results  

3.3.1 Short term aspirin treatment (up to 7 days) in 2D and 3D models 

Pre- and post-diagnosis aspirin use appear to have differing effects on CRC survival and mortality (Chapter 

3.1.1) giving rise to the possibility of acquired “resistance”. To investigate, we decided to carry out short-

term and long-term aspirin treatment of cells within the laboratory. Initially, we cultured RG/C2 cells with 

aspirin in 2D culture for 96 hours to confirm aspirin response of adenoma cells in 2D and the effect on cell 

growth and apoptosis. The same experiments were carried out in 3D culture to compare the response to 

aspirin in 3D culture with previous 2D culture system results (290,291).  

3.3.1.1 Aspirin causes a decrease in attached cells and increase in floating cell numbers in RG/C2 cells in 2D 

culture 

Previously, our laboratory has shown that aspirin is able to induce cell cycle arrest but not apoptosis of 

RG/C2 cells in 2D culture (299). Before investigating aspirin’s effect on 3D culture, we carried out baseline 

experiments in 2D models first to establish the response.   

RG/C2 cells were cultured with 0, 2 and 4mM aspirin for a period of 24, 48, 72 and 96 hours. The number of 

attached cells and the number of floating cells were counted for each time point and the percentage floating 

cells were calculated. A one-way ANOVA and Dunnett’s multiple comparison test to calculate significance 

were applied.  

Our results show that 2mM aspirin does not significantly decrease the number of attached cells at any of the 

time points. It also has no significant effect on the percentage floaters. The higher aspirin dose of 4mM 

treatment significantly decreases the number of attached cells at 48 (p ≤ 0.001), 72 (p ≤ 0.05) and 96 hours 

(p ≤ 0.001) and significantly increases the percentage floaters at 48 (p ≤ 0.001), 72 (p ≤ 0.05) and 96 hours (p 

≤ 0.001). Therefore only 4mM aspirin decreases cell growth and increases the percentage of floaters, 

previously shown to indicate apoptosis (260). 

Figure 3-2 shows that the number of attached cells in 4mM aspirin treated RG/C2s does not change across all 

time points. At 72 and 96 hours, the average number of cells with 4mM aspirin treatment is 5.16 x106 (SD 

1.47) and 4.3 x 106 (SD 1.24) , respectively, and the average number in the untreated is 8.57 x 106 (SD 1.32) 

9.08 x 106 (SD 0.91), respectively. The percentage floaters at 72 and 96 hours for 4mM treatment is 5.78% 

(SD 1.07) and 7.99% (SD 1.51), respectively, and the untreated is 3.76% (SD 0.84) and 4.97% (SD 1.25), 

respectively. The increase in percentage floaters is not enough to explain the decrease of the number of 

attached cells at 4mM compared to the untreated cells suggesting that aspirin is inducing growth arrest 

rather than inducing apoptosis.  
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Figure 3-2- Short-term aspirin treatment decreases the number of attached cells and increases the 
percentage floaters.  

RG/C2 adenoma cells were treated with 0, 2 and 4mM aspirin for 24, 48, 72 and 96 hours. The number of attached and 
floating cells were counted, and percentage floaters was calculated. Aspirin significantly decreases the number of 
attached cells at 4mM but not 2mM at (48 (p ≤ 0.001), 72 (p ≤ 0.05) and 96 hours (p ≤ 0.001). The percentage floaters 
also increased with 4mM aspirin treatment at 24 (p ≤ 0.05), 72 (p ≤ 0.05) and 96 hours (p ≤ 0.01). Results are mean 
values from 4 repeat experiments with standard deviations and a one-way ANOVA and Dunnett’s multiple comparison 
test (*** p ≤ 0.001, **p ≤ 0.01 and * p ≤ 0.05).  
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3.3.1.2 Aspirin does not induce apoptosis in RG/C2 cells in 2D culture at 72 hours 

To identify whether the increase in percentage floating cells was due to apoptosis, RG/C2 cells were treated 

with 4mM aspirin and QVD (a broad spectrum caspase inhibitor (300))(10µM) for 72 hours. This time point 

was chosen as a significant decrease in the number of attached cells and a significant increase in the 

percentage floaters was achieved. A one-way ANOVA and Dunnett’s multiple comparison test to calculate 

significance were applied.  

Our results firstly show that 4mM aspirin treatment at 72 hours has no significant effect on the percentage 

of floating cells in the controls but QVD treatment significantly decreases the percentage floaters in both 

aspirin untreated (p ≤ 0.001) and aspirin treated (p ≤ 0.001) (Figure 3-3 A).  Apoptosis inhibition is confirmed 

through western blotting which shows that QVD treatment decreases the levels of cleaved PARP and cleaved 

caspase 3 (Figure 3-3 B). With regards to the attached cells, aspirin significantly decreases the number of 

attached cells which is unaffected by QVD treatment (p ≤ 0.001); there is no significant change in the 

number of attached cells between 4mM aspirin treated cells with and without QVD (Figure 3-3 C).  

The results show that although QVD inhibits apoptosis (as indicated by the decrease in percentage floaters 

and the decrease in the expression of proteins involved in the caspase-driven apoptotic pathway), there was 

no significant change between 4mM QVD treated and untreated RG/C2s indicating that the decrease in cell 

yield in aspirin treated cells is not due to an induction of apoptosis. 
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Figure 3-3- Short-term Aspirin does not induce apoptosis in RG/C2 cells in 2D culture at 72 hours  

RG/C2 adenoma cells were treated with 4mM aspirin +/- QVD (10µM) for 72 hours. DMSO was used as a vehicle 
control.  The number of attached and floating cells were counted, and percentage floaters was calculated. Cell lysates 
were extracted to confirm apoptosis inhibition. A – indicates absence of treatment (vehicle or QVD) and a + sign 
indicates the addition of treatment (DMSO or QVD). Cell count results are mean values from 3 repeat experiments with 
standard deviations and a one-way ANOVA and Dunnett’s multiple comparison test (*** p ≤ 0.001, **p ≤ 0.01 and * p ≤ 
0.05, NS= non-significant). Western blotting results are representative of data from 3 independent experiments.  (A) 
4mM aspirin treatment has no significant effect on the percentage of floating cells in the controls but QVD treatment 
significantly decreases the percentage floaters in both untreated (p ≤ 0.001) and aspirin treated cultures (p ≤ 0.001). (B) 
Western samples set up in parallel with the experiment were used to investigate cleaved PARP, cleaved caspase 3 
(19kDa) and fully cleaved caspase 3 (17kDa). Tubulin was used as a loading control. These results show that QVD 
treatment reduces cleaved PARP, cleaved caspase 3 and fully cleaved caspase 3.  (C) Aspirin significantly decreases the 
number of attached cells with vehicle (p ≤ 0.001) and with QVD treatment (p ≤ 0.001). There is no significant difference 
in the number of attached cells in aspirin treated cells with and without QVD treatment.  
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3.3.1.3 Aspirin significantly increases the percentage of cells in G0/G1 phase and decreases the percentage of 

cells in S phase in 2D culture 

Due to 4mM aspirin doses significantly decreasing cell numbers but not significantly increasing percentage 

floaters, we investigated whether aspirin causes cell cycle arrest. Adenoma cells were treated with 0, 2 and 

4mM aspirin for 24 hours. Cells were then collected, fixed and stained with DRAQ5 before being analysed by 

flow cytometry. A one-way ANOVA and Dunnett’s multiple comparison test to calculate significance were 

applied.   

Our results show that 2mM aspirin treatment has no significant effect on the percentage of cells in G0/G1 

phase or S phase but 4mM significantly increases the percentage of cells in G0/G1 from 60.76% (SD 1.37) in 

the untreated to 68.41% (SD 0.56) (p ≤ 0.01) (Figure 3-4 A, Table 3-3). 4mM aspirin treatment also 

significantly decreases the percentage of cells in S phase from 18.9% (SD 2.58) in the untreated to 11.82% 

(SD 0.37) (p ≤ 0.01) (Figure 3-4 B, Table 3-3). Representative images of the cell cycle graphs analysed in 

FlowJo (version 7.6.5) are shown in Figure 3-4 C. These results confirm that 4mM aspirin reduces cell cycle 

progression.  
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Table 3-3- The percentage of cells at each stage in the cell cycle 

Aspirin concentration (mM) 

Cell cycle 

G0/G1 S G2/M 

Percentage SD Percentage SD Percentage SD 

0 60.76 1.37 18.9 2.12 18.86 2.59 

2 60.63 2.3 20.23 1.88 17.45 3.34 

4 68.41 0.56 11.82 1.58 17.27 0.38 

 

 

Figure 3-4- 4mM Aspirin significantly increases the percentage of cells in G0/G1 phase and decreases the 
percentage of cells in S phase.  

 RG/C2 adenoma cells were treated with 0, 2 and 4mM aspirin for 24 hours. Live and dead cells were extracted and 
stained with DRAQ5. Data was analysed by flow cytometry using the Novocyte 3000. Results are mean values from 3 
repeat experiments with standard deviations and a one-way ANOVA and Dunnett’s multiple comparison test (*** p ≤ 
0.001, **p ≤ 0.01 and * p ≤ 0.05) (A) 4mM aspirin treatment significantly increases the percentage of cells in G0/G1 
phase (p ≤ 0.01) but 2mM has no significant effect. (B) 4mM aspirin significantly decreases the percentage of cells in S 
phase (p ≤ 0.01) but no significant effect is observed with 2mM treatment. (C) Representative images from one FACS 
experiment. The green peaks indicate the percentage of cells at G0/G1, the yellow peaks indicate the percentage of cells 
in the S phase and blue peaks indicate the number of cells at G2/M phase. Images were manually analysed in FlowJo 
(version 7.6.5). 
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3.3.1.4 Aspirin reduces cell growth in 3D cultures 

To investigate the effect of short-term aspirin treatment in 3D models  we grew the cells as spheroids in 

Matrigel because these models allow us to better characterise the phenotypic effect of aspirin on colorectal 

adenomas (291).  

Adenoma cells were grown in a 3D culture system adapted from Sato et. al (2011) (Chapter 2.4) for 2 weeks 

and then treated with 0, 0.5, 2, 4 and 6mM aspirin for 7 days (298). Images of the spheroids was taken at day 

14 and 21. These time points were based on data from previous experiments in the laboratory. Average 

spheroid sizes for each condition was calculated and the data was converted to the log scale to achieve a 

normal distribution and therefore carry out statistical tests of significance. The average change in spheroid 

size from day 14 to day 21 for each aspirin condition was calculated. A one-way ANOVA and Dunnett’s 

multiple comparison test to calculate significance were applied. 

The results show that aspirin significantly reduces the growth of RG/C2 cells at 2mM (p ≤ 0.05), 4mM (p ≤ 

0.001) and 6mM (p ≤ 0.001) (Figure 3-5 A) and representative images show that increasing the aspirin 

concentration slows down the growth rate of the spheroids, especially at 4mM and 6mM (Figure 3-5 B).  One 

difference between the results obtained from 2D and 3D experiments is that spheroids are more sensitive to 

aspirin treatment than cells grown in monolayers. Interestingly there is no change in size between day 14 

and day 21 at 4mM and 6mM (0.03 (SD 0.04) and 0.00 (SD 0.03)) indicating that aspirin inhibits cell growth in 

3D suggesting maximum inhibition of growth can be achieved at 4mM. However, possible induction of 

apoptosis needs to be examined in 3D cultures as cells are more sensitive than in 2D.  
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Figure 3-5- Aspirin decreases the growth of RG/C2 cells grown in 3D culture 

 RG/C2 cells were grown as 3D spheroids for 2 weeks and then treated with 0, 0.5, 2, 4 and 6mM aspirin for 7 days. 
Images were taken at days 14 and 21 and average spheroid areas were calculated for each condition. In order to carry 
out statistical tests, data was converted to the log scale to achieve a normal distribution. (A) Aspirin significantly slows 
the growth of RG/C2 cells at 2mM (p ≤ 0.05), 4mM (p ≤ 0.001) and 6mM (p ≤ 0.001). Results are log mean values from 3 
repeat experiments with standard deviations and a one-way ANOVA and Dunnett’s multiple comparison test to 
calculate significance (*** p ≤ 0.001, **p ≤ 0.01 and * p ≤ 0.05). (B) Widefield microscopy images of untreated RG/C2 
spheroids at day 14 at x10 magnification and images of spheroids at day 21 treated with aspirin for 7 days at x5 
magnification. The images show that increasing the aspirin concentration slows down the growth rate of the spheroids, 
especially at 4mM and 6mM.  

3.3.1.5 Aspirin does not increase the percentage of dead cell staining in 3D cultures 

To investigate the effect of short term aspirin on apoptosis in 3D, we adopted a live/dead cell staining 

approach of 3D cultured cells using calcein-AM to stain live cells and ethidium homodimer to stain dead 

cells. Live cells emit a green fluorescence and dead cells emit a red fluorescence. Therefore, RG/C2 cells were 

cultured for 14 days as 3D spheroids and then treated with aspirin for 72 hours before staining. We used 

4mM aspirin since it appears to cause maximum inhibition of cell growth (Figure 3-5). Images were taken 
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using a confocal microscope and then analysed using Imaris x64 version 7.6.5 to calculate the volume of live 

and dead cells. 

 

Figure 3-6- Live/dead cell staining of spheroids show that aspirin has no significant effect on apoptosis.  

RG/C2 cells were grown as 3D spheroids for 2 weeks and then treated with 0 and 4mM aspirin for 72 hours. (A) Live 
cells were stained with calcein-AM (green fluorescence) and dead cells were stained with ethidium homodimer (red 
fluorescence). Images were taken with a confocal microscope and are 3 representative images selected at random for 
each treatment shown. (B) Volumes of green and red spheroids were analysed and the percentage volume of red (dead 
cells) within the spheroid was calculated. There is no difference in percentage of dead cells between aspirin treated and 
untreated spheroids. Results are mean percentages from 3 repeat experiments with standard deviations and Student’s 
t-test.  

 

The images in Figure 3-6 A show that calcein-AM and ethidium homodimer stain live and dead cells in 

spheroids. In order to better quantify whether there is an increase in cell death with aspirin, volumes of 

green and red cells were calculated and the percentage of dead cells in the spheroid was obtained by 

dividing the volume of red cells by the total spheroid volume. The results suggest a potentially clinically 

important effect size, however, after applying a Student’s t-test, our results show that aspirin does not 
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significantly increase the percentage of apoptotic cells in 3D culture (Figure 3-6 B) similar to that observed in 

2D culture(Figure 3-3 C).  In the case of this example, it may be that more repeats would have improved the 

significance of the results, indicating that our results may not have had enough power to identify a 

significant effect of aspirin on apoptosis in 3D cell culture.  

Overall, our results show that both in 2D and 3D cell culture, cell growth was reduced and we confirmed that 

this was not through apoptosis. We did, however, observe that cells were more sensitive to aspirin 

treatment as spheroids. For this reason, we decided to continue using 3D models to investigate the effect of 

long-term aspirin treatment on adenoma cells.  

3.3.2 Long -term aspirin treatment and its affect on cell growth in 3D culture 

We have shown that short-term aspirin treatment (up to 7 days) is able to significantly reduce cell growth at 

4mM aspirin. Epidemiological studies have shown that pre and post-diagnosis aspirin intake may impact how 

effective the drug is at reducing the risk of CRC (Chapter 3.1.1). This suggests that long-term aspirin exposure 

may result in a phenotypic change in the cells and raises the possibility that previous long-term aspirin 

treatment renders the cells less sensitive to its protective effects.  

3.3.2.1 Long-term aspirin treatment does not significantly affect spheroid growth in 3D cultures 

In order to model long-term exposure, adenoma cells were cultured in 2D for a total of 18 weeks with bi-

weekly dosages of aspirin. Cells were then harvested and seeded into Matrigel© for growth as spheroids. 

Cells were grown for a total of 14 days during which aspirin treatment was continued. Average spheroid area 

for each condition was calculated and the data were converted to a log scale to achieve a normal distribution 

and therefore carry out statistical tests which require a normal distribution to avoid violating assumptions. A 

one-way ANOVA and Dunnett’s multiple comparison test to calculate significance were applied.  

By looking at average log spheroid area on day 14, the results show that aspirin has no effect regardless of 

the dose (Figure 3-7 A). Figure 3-7 B also shows that long-term aspirin culture has no effect on the rate of 

cell growth in 3D culture. There is no difference between the change in average spheroid size between 0mM 

(0.61, SD 0.14) and 4mM (0.48, SD 0.20) at day 14 compared to day 7. Both results indicate that cells have 

adapted to aspirin treatment and therefore become “resistant” to its inhibition of cell cycle progression that 

was observed in experiments with short-term aspirin addition (Chapter 3.2). This suggests that cells become 

less sensitive to aspirin when cultured long-term either indicating an acquired phenotypic change or that 

aspirin is selecting for cells that are “resistant” to its effects.  
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Figure 3-7- Long-term aspirin treatment has no significant effect on cell growth in 3D culture. 

RG/C2 cells were grown with 0, 0.5, 2, 4mM aspirin for 18 weeks in 2D culture. Cells were then grown in Matrigel© for 
14 days. Images were taken at day 7 and day 14 and areas of the spheroids were calculated. In order to carry out 
statistical tests, data was converted to the log scale to achieve a normal distribution. Results are log mean values from 3 
repeat experiments with standard deviations and a one-way ANOVA and Dunnett’s multiple comparison test to 
calculate significance (*** p ≤ 0.001, **p ≤ 0.01 and * p ≤ 0.05). (A) Aspirin has no significant effect on the average 
spheroid area at day 14. (B) There is no significant change in growth between the different concentrations therefore 
aspirin does not affect the rate of spheroid growth. 
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3.3.2.2 Removal of long-term aspirin treatment from RG/C2s has no significant effect on their growth 

Our results indicate that cells adapt to long-term culture with aspirin. To identify whether this is a 

permanent phenotypic change, we investigated the effect of removing aspirin from cells previously grown 

with long-term aspirin treatment. 

RG/C2 cells were cultured for 28 weeks with 0, 0.5, 2 and 4mM aspirin for 28 weeks in 2D culture. Cells were 

then harvested and grown aspirin-free in Matrigel © for a total of 21 days. Images were taken at days 4, 7, 

11, 14 and 21 and average spheroid areas for each condition was calculated. The data was converted to a log 

scale to achieve a normal distribution and therefore carry out statistical tests. A one-way ANOVA and 

Dunnett’s multiple comparison test to calculate significance were applied.  

Our results show that removing aspirin from previously long-term treated cells has no significant effect on 

the rate of cell growth in 3D culture (Figure 3-8 A).The results further show that removal of aspirin from cells 

previously treated for 28 weeks has no effect on the change in spheroid area at day 21 compared to day 4 

indicating that the speed of their growth is not affected by the removal of aspirin (Figure 3-8 B). To further 

interrogate this, we compared the average spheroid area of each previously treated aspirin condition (0.5, 2 

and 4mM) to untreated cells at day 21 and found that removing aspirin has no significant effect on spheroid 

area (Figure 3-8 C). 
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Figure 3-8- The removal of aspirin from RG/C2s previously on 28 weeks of aspirin in 2D has no significant 
effect on the size of spheroid areas in 3D culture. 

RG/C2 cells were cultured with 0, 0.5, 2 and 4mM aspirin for 28 weeks in 2D culture. Cells were then cultured in 
Matrigel© 3D with no aspirin treatment for a total of 21 days. Images were taken at days 4, 7, 11, 14 and 21 and areas 
of the spheroids were calculated. To carry out statistical tests, data was converted to the log scale to achieve a normal 
distribution. Results are log mean values from 3 repeat experiments with standard deviations and a one-way ANOVA 
and Dunnett’s multiple comparison test to calculate significance (*** p ≤ 0.001, **p ≤ 0.01 and * p ≤ 0.05). (A) The 
change in average spheroid area between day 21 and day 4 was calculated and shows that removing aspirin has no 
significant effect on the speed of spheroid growth. (B) A comparison of spheroid areas relative to untreated cells shows 
that removing aspirin treatment has no significant effect on spheroid area. (C) The average spheroid areas for each 
aspirin condition was plotted against days 4, 7, 11, 14 and 21. These results show that there is no significant effect of 
removing aspirin from previous long-term treated cells on their growth in 3D.  

 

Overall, these results indicate two possible/interlinked consequences of long-term aspirin exposure to cells. 

Either the aspirin treatment has selected for cells “resistant” to its effects or cells have acquired a 

phenotypic change to adapt to growth with aspirin (Figure 3-9). Both of these phenomena would be part of a 

process of selection that resulted in an “acquired resistance” of a cell population.  
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Figure 3-9- Acquisition of aspirin resistance 

Long-term aspirin exposure may result in cells acquiring phenotypic changes. The result is the selection of cells with 
these acquired changes.  

 

3.4 Discussion 

Epidemiological studies have shown that aspirin is indeed effective at reducing the risk of CRC. Results of 

somecohort studies have shown that aspirin intake after diagnosis is more effective than pre-diagnosis 

indicating that shorter durations of aspirin treatment after diagnosis are more effective than pro-longed 

aspirin treatment pre-diagnosis (276–278,282,283). However, results from other groups suggested 

otherwise (279,280). We investigated the short-term and long-term effects of aspirin within in vitro cultures 

to investigate the issue of the potential differing influences of time-scale of drug administration.  

Our results show that short-term aspirin treatment in 2D cultures significantly inhibits cell growth through 

cell cycle arrest but does not induce apoptosis. Luciani et. al showed that aspirin induced cell death mainly in 

cells that expressed p53 (147).This may explain why induction of cell death by salicylate in RG/C2s was not 

significant (299), as they are hemizygous at the p53 locus and their remaining allele is mutant. However 

Elder et. al also showed that induction of cell death was not significant in PC/AA adenoma cells (299) and 

these express wild-type p53 (301). Therefore, the available evidence supports the explanation that aspirin 

induces growth arrest of p53 +/- adenoma cells but not apoptosis.   

Our results also show that RG/C2 cells are more sensitive to lower aspirin doses in 3D cultures. Cancer cell 

response to drug therapy in 3D culture can cause cells to either be more sensitive or more resistant to 

treatment than 2D cultures (302). Howes et. al (2014) found that microtubule-targeting agents and inhibitors 

of epidermal growth factor receptor (EGFR) were more cytotoxic to breast cancer cells in 3D spheroids 

compared to cells grown as monolayers akin to our observation of 3D culture sensitising cells to lower doses 

of aspirin (303). It is becoming increasingly clear that drugs that require pre-clinical testing should be carried 

out in 3D as well as 2D models as they better inform of drug potency and therefore may improve the success 

of new drugs being tested in clinical trials (302).  

Long-term aspirin treatment in 3D culture shows that aspirin has no significant effect on spheroid growth or 

apoptosis. This indicates that cells either adapt to conditions (“acquired resistance”) with aspirin and/or that 

aspirin is selecting for cells “resistant” to its effects. Drug resistance is not a new phenomenon with regards 

to cancer. Cree et. al (2017) summarised 6 methods for drug resistance: (1) a mutation in drug targets, (2) 

removal of drugs through expression of drug pumps, (3) expressing new detoxification methods, (4) reduced 
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sensitivity to apoptosis, (5) a better ability to repair damage caused to DNA and (6) a change in cell 

proliferation (304). In the context of aspirin, it may be that cells become “resistant” through adopting any 

one of these methods or that we are specifically selecting for cells that have better mechanisms of e.g. drug 

removal through expression of pumps or cells that express COX with genetic polymorphisms that prevent 

aspirin acetylating and inactivating COX’s active site. The effect of long-term aspirin use on adenoma cells 

requires further experiments and characterisation.  

If long-term aspirin treated cells are acquiring “resistance”, we would expect a “rebound” effect once the 

aspirin is removed. We expected cells previously treated long-term with aspirin to grow at an increased rate 

compared to untreated once the aspirin is removed. Our results showed that removal of aspirin treatment 

from cells previously treated for 28 weeks shows no significant results in the context of spheroid growth. 

This suggests that aspirin treatment is selecting for genetically “resistant” cells as opposed to cells acquiring 

“resistance”.  

Whilst no results have been published with regards to the effect of discontinued aspirin use on the risk of 

CRC, it may be that aspirin removal can increase risk of cancer. It may be that we observed no significant 

effect of discontinued aspirin treatment after previous 28 weeks of treatment as this time scale was not 

enough for cells to revert to a sensitive phenotype. It may be that the adenoma cells needed to be cultured 

with aspirin for a longer time period to observe any reversion from the removal of aspirin. In addition, it may 

be that we had selected for cells that are genetically “resistant” to aspirin and therefore the presence or 

absence of aspirin has no effect on their growth.  

Whilst we postulate that discontinuation of aspirin use may result in an increased risk of cancer, results by 

McNeil et. al (2018) showed that aspirin increases risk of cancer-specific mortality in elderly individuals in a 

recent RCT for the effect of aspirin on disability-free survival (HR: 1.77, 95% CI 1.02-3.06) (281). These results 

contrast with previous literature that aspirin reduces risk of colorectal cancer incidence (Chapter 1.5). These 

results indicate the exact mechanism of aspirin “resistance” is still unknown and further research is required.  

Overall, we have observed that short-term aspirin treatment does not induce apoptosis but rather inhibits 

cell cycle progression. This observation is no longer significant once cells have been cultured with aspirin 

long-term indicating that either aspirin is selecting for “resistant” cells or cells have undergone an acquired 

phenotypic adaptation to withstand the continued aspirin treatment (the removal of aspirin has no effect on 

cell growth in previously long-term treated adenoma cells). If this result was due to an acquired “resistance”, 

we would expect a rebound effect of cells once aspirin is removed; however, no such effect is seen. This 

suggests that aspirin is selecting for genetically “resistant” cells. For this reason, there is a need to 

investigate the phenotypic changes of aspirin treatment to be able to identify whether cells are selected for 

or whether over time if aspirin removed cells revert their sensitivity. Therefore, markers of resistance or 

phenotypic changes need to be identified in order to answer this question.  



 

107 
 

Chapter 4 Combining ‘omics to identify new potential 

targets of aspirin 

This chapter (and the next) aim to address one of the possible mechanisms by which aspirin may have 

differing effects depending on short-term and long-term culture, of which we postulate may be due to DNA 

methylation. This chapter also seeks to identify possible new targets of aspirin through combining multiple 

‘omics (methylomic, transcriptomic and proteomic), circled in red in Figure 4-1.  

 

Figure 4-1- Overview of the questions addressed in this thesis to explore causality and potential 
mechanisms of aspirin on CRC. 

4.1  Background 

4.1.1  Evidence for COX-independent effects of aspirin 

Aspirin is a well-established inhibitor of the pro-tumorigenic cyclooxygenase (COX)/prostaglandin 2 (PGE2) 

signalling pathway reviewed in Greenhough et. al (2009) (305) and this is through the irreversible acetylation 

of the COX enzyme (306).  

One of the earliest pieces of evidence for COX-independent effects of aspirin was published by Bak et. al 

(1998). They showed that NCX-4016, an aspirin derivative that does not inhibit COX, had a higher 

chemopreventative effect compared to aspirin in a mouse model of colon cancer indicating that aspirin may 

act through other mechanisms not yet known. This study showed that NCX-4016 reduced the mean number 

of aberrant crypt foci by 85% whereas aspirin reduced them by 64% (307). 
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Other evidence for the presence of COX-independent effects is presented by Waskewich et. al (2002) who 

tested the effect of a COX-2 selective inhibitor, celecoxib, on hematopoietic and epithelial cancer cell lines 

and found that it is most effective at inhibiting growth in COX-2 negative cells (308).  

Together, these results and early studies that investigated aspirin’s effect on other pathways provided 

evidence that aspirin also has COX-independent targets. The other targets of aspirin are summarised in 

Chapter 4.1.2.  

4.1.2  COX-independent targets of aspirin 

Other than just targeting the COX enzymes, aspirin can also target many other proteins. It has been shown to 

inhibit IκB kinase (IKK) and NF-κB in vivo and in vitro (309,310) as well as downregulating proteins such as c-

myc, cyclin D1, cyclin A and proliferating cell nuclear antigen (PCNA) thereby causing cell cycle arrest (311). It 

has also been implicated in affecting the WNT/β-catenin signalling pathway through increasing the 

phosphorylation of protein phosphatase 2 A (PP2A). This inhibits PP2A’s activity which then leads to an 

increase in phosphorylation of β-catenin resulting in reduced activity of the Wn/β-catenin pathway (312). 

 Aspirin has also been shown to increase the permeability of the mitochondrial membrane resulting in the 

release of cytochrome C thereby activating apoptosis (313–315). Furthermore, it has been shown that the 

aspirin breakdown product salicylate is able to inhibit the uptake of calcium by the mitochondria causing an 

anti-proliferative effect (316).  

Research to identify new targets explaining aspirin’s efficacy has increased. Some of the most recently 

identified targets are summarised in Table 4-1 along with the consequence of being targeted by aspirin. They 

include: E1A-associated protein p300 (EP300) (317), toll-like receptor 4 (TLR4) (145), homeobox protein 

NANOG (NANOG) (318), cyclin dependent kinase 1 (CDK1) (319), glucose-6-phosphate dehydrogenase 

(G6PD) (320), p53 (321) and signal transducer and activator of transcription 3 (STAT3) (322).  
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Table 4-1- Proteins recently identified to be targeted by aspirin and the consequence of their targeting. 

Protein Aspirin’s effect on protein Consequence Reference 

E1A-associated protein p300 
(EP300) 

competitively inhibits the 
bindning of acetyl 
coenzyme A (AcCoA) 

EP300’s acetyltransferase  
activity is inhibited so this 
inhibits acetylation of other 
proteins. The end result is 
induction of autophagy. 

(317) 

Toll-like recetor 4 (TLR4) Aspirin reduces TLR4 
expression 

Blocks lipopolysaccharide (LPS) 
from gram-negative bacteria 
from activating TLR4 which 
would usually result in cancer 
cell migration and epithelial-
mesenchymal transition (EMT). 

(145) 

Homeobox protein NANOG 
(NANOG) 

Reduces protein 
expression and stability 

Inhibiting NANOG may inhibit 
cancer stem cells thereby 
inhibiting tumour growth and 
stemness 

(318) 

Cyclin dependent kinase 1 
(CDK1) 

Aspirin acetylates Lys34 of 
this protein 

Unknown whether this affects 
its activity 

(319) 

Glucose-6-phosphate 
dehydrogenase (G6PD) 

Aspirin acetylates 14 
lysine residues in this 
protein 

Inhibition of G6PD activity 
resulting in a reduction of 
ribose sugars and NAPDH 
production 

(320) 

p53 Aspirin acetylates p53 Unknown effect on protein 
function and structure 

(321) 

Signal transducer and 
activator of transcription 3 
(STAT3) 

Aspirin induces the 
transcription of the long 
non-coding RNA OLA1P2 

Blocks phosphorylated STAT3 
thereby reducing the risk of cell 
growth and metastasis 

(322) 

 

4.1.3 Aspirin and post-translational modifications: protein lysine acetylation 

Protein acetylation involves the transfer of an acetyl group from acetyl coenzyme A to a specific amino acid 

in the protein resulting in a post-translational modification (323). Protein acetylation occurs in two forms- 

the first being the acetylation of N-termini from newly formed polypeptide chains (324) and the second 

being the acetylation of lysine residues either in histones or other proteins (325).  

Aspirin has been shown as far back as 1968 to acetylate proteins, enzymes and DNA (188). Aspirin has the 

ability to acetylate proteins directly, such as the COX-1 and COX-2 enzymes, as well as indirectly influencing 

acetylation (Chapter 4.1.4). Aspirin is also able to acetylate many proteins that interact with platelets. These 

include fibrinogen, albumin and haemoglobin (188,326,327). Other proteins also targeted for acetylation 

include p53 and glucose-6-phosphate dehydrogenase (320,328).  

4.1.4 Aspirin and post-translational modifications: histone lysine acetylation  

Recent evidence has shown that aspirin has the ability to acetylate histones and therefore alter epigenetics. 

Passacquale et. al (2015) treated human umbilical vein endothelial cells (HUVECs) with both tumour necrosis 

factor α (TNF-α) and aspirin to investigate their effect on histone acetylation, more specifically, histone H3 

acetylation. They found that TNF-α alone did not change H3 acetylation levels but in the presence of aspirin, 

there was a higher amount of acetylation compared to controls. They also found that aspirin and salicylic 

acid increased the activity of histone acetyltransferases (HATs) and reduced the activity of histone 
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deacetylases (HDACs) in HUVECs treated with TNF-α (190). Their results lend evidence to the idea that as 

well as directly acetylating proteins, aspirin also affects the activity of enzymes involved in acetylation. 

Conversely, Fernandez et. al (2017) found that sodium salicylate decreases the activity of lysine 

acetyltransferases (KATs) in in vitro assays. They also observed that increased sodium salicylate 

concentrations resulted in a decrease of acetylated histones (329).  

Guo et. al (2016) investigated the effect of aspirin on histone H3 lysine 27 acetylation (H3K27ac). In general, 

histone acetylation opens the chromatin allowing it to be accessible to transcription factors and allow gene 

transcription (153) therefore H3K27ac is an active chromatin mark. In this study, the mice were treated with 

dextran sulfate sodium used as an inflammatory stimulus and azoxymethane to initiate colitis-accelerated 

colon carcinogenesis. It was found that co-treating these mouse models with aspirin perhaps surprisingly 

resulted in the decrease in protein expression as well as inhibition of HDACs, consequently resulting in a 

higher percentage of H3K27ac positive cells compared to untreated. In contrast, they also showed that 

aspirin was able to reduce H3K27ac at the promoters of inflammatory markers such as inducible nitric oxide 

synthase (iNOS), tumour necrosis factor alpha (TNF-α) and interleukin 6 (IL-6) thereby reducing their gene 

expression (189).  

Tatham et. al (2017) undertook a proteomic approach to look at the effect of aspirin on the lysine acetylome 

in HeLa cells. They identified 12069 lysine sites acetylated by aspirin in 3763 proteins. Their results show that 

of the 12069 lysine sites targeted by aspirin only 10% of these were within histone sites. However, the 

histone sites targeted by aspirin can experience a more than 10 fold increase in acetylation occupancy and 

some are over 100 fold more acetylated (78).  Their results further confirm that aspirin has the ability to 

acetylate histone proteins hence having a global role on transcription.  

Overall, aspirin has the ability to influence protein and histone acetylation directly or through affecting the 

activity of enzymes involved in acetylation or deacetylation.  

4.1.5 Aspirin and DNA methylation 

The field of aspirin and its effect on DNA methylation is relatively unknown. Those that have explored this 

focused their attention on the association rather than the effect of aspirin on a subset of CpG sites from the 

CpG Island Methylator Phenotype (CIMP). CIMP refers to methylation events that occur in a specific subset 

of adenomas and CRC therefore being involved in the pathogenesis of the cancer (49). Slattery et. al (2006) 

examined the association of aspirin with methylation of 5 CIMP CpG sites including MINT1, MINT2, MINT31, 

p16 and hMLH1 and found that aspirin was not associated with CIMP positive tumours (330).  

Other studies have focused on how the methylation of certain sites impacts aspirin absorption. Li et.al (2017) 

identified that hypomethylation of ABCB1, a protein involved in aspirin absorption in the intestines, was 

associated with a lower absorption of aspirin (331).  
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Whilst few studies have interrogated the effect of aspirin on genome-wide promoter CpG methylation, 

Noreen et. al (2014) investigated the effect of aspirin on age-associated DNA methylation in normal colon 

biopsies using the Infinium HumanMethylation27 Beadchip arrays that identifies the methylation state of 

27,578 CpGs. They found that aspirin intake suppressed the age-dependent hypermethylation of CpG sites 

and that the methylation retardation effect of aspirin was more pronounced in individuals with a high body 

mass index (BMI)/ than those with a normal BMI. They also analysed the sites that were hypermethylated 

with both age and CRC and found aspirin to suppress their methylation (249).   

To our knowledge, there have been no published studies on the epigenome-wide effect of aspirin on CpG 

methylation using the more recent platforms such as the Infinium HumanMethylation450 BeadChip® and the 

Infinium MethylationEPIC BeadChip (Illumina, Inc. CA, USA) which interrogate methylation at over 480,000 

and 850,000 CpG sites, respectively.  The use of these platforms allows the cost-effective interrogation of a 

large number of CpG sites across the genome therefore allowing the study of aspirin’s effect on DNA 

methylation over 850,000 CpG sites.  

4.1.6 Interplay between acetylation and DNA methylation 

It has long been believed that actively transcribed regions of CpG islands are unmethylated, lack histone H1 

and contain hyperacetylated H3 and H4 (332).  Rose and Klose (2014) stated that DNA methylation results in 

many effects to chromatin of which include histone deacetylation, methylation and a compact chromatin 

structure (333).  

Whilst the exact relationship between DNA methylation and histone modifications is complex, the literature 

indicates that correlations between DNA methylation and histone acetylation exist. In the context of cancer, 

Sheffield et. al (2017) investigated the relationship between DNA methylation and 7 histone marks in 3 

Ewing sarcoma tumours and found a consistent inverse relationship between DNA methylation and H3K27 

acetylation (334). Other evidences for an inverse correlation between these epigenetic modifications is 

provided by Heyn et.al (2016)  who investigated the relationship between DNA methylation and H3K27 

acetylation at super-enhancer regions in normal breast tissue and found an inverse correlation- super-

enhancers that exhibited low DNA methylation had a high level of H3K27 acetylation and vice versa (335). 

More recently, González et. al showed that mice treated with methamphetamine (a psychostimulant) 

resulted in a decrease in levels of histone 3 and 4 acetylation and an increase in CpG methylation (336).  

Whilst all of these studies are unrelated to aspirin, their results show an inverse relationship between 

histone acetylation and DNA methylation. Since Guo et. al (2016) showed that aspirin treatment increased 

the acetylation of H3K27 in mouse models of colon cancer (189), and studies have shown that aspirin 

influences protein and histone acetylation, this led us to hypothesise that aspirin may also be altering 

(reducing) genome-wide DNA methylation.  



 

112 
 

4.1.7 Methods for assessing DNA methylation 

4.1.7.1 Measuring changes in DNA methylation 

There are many methods to measure DNA methylation, of which the most comprehensive method is whole 

genome bisulfite sequencing to understand the complete methylome. However, this approach is only 

realistic when processing a small number of samples as it is very costly and time-consuming. The Infinium 

HumanMethylation450 BeadChip® (450K array; Illumina, Inc. CA, USA) allows interrogation of more than 

480,000 CpG sites and is useful for many reasons such as reagent costs, time of labour and its ability to 

interrogate multiple samples (337).  

Through the incorporation of labelled nucleotides, the Illumina methylation arrays have been designed so 

that methylated CpG sites emit a different fluorescence to unmethylated CpG sites. The intensity of the 

fluorescence is measured and a ratio of the fluorescent signal of the methylated site to the signal from the 

unmethylated and methylated combined is calculated (338). This ratio is called beta (β). It’s values range 

from 0 to 1 and roughly represents changes in percentage methylation where 0 is equal to 0% and 1 is equal 

to 100% (339). These beta values are absolute values and when a comparison between samples or groups is 

made they can be positive to represent an increase in methylation or negative to represent a decrease in 

methylation. These beta values allow for direct biological interpretation of results, unlike some other 

methods (340). 

Major changes (>60%) in DNA methylation can result in diseases by affecting gene repression or expression. 

For more complex diseases, a more subtle change in methylation (<10%) can be observed (341). According to 

a review by Michels et. al, it has been suggested that methylation changes of <5% should be interpreted with 

caution but changes of >10% provide increased confidence in the biological significance of the result (342). 

Other criteria for identifying methylation changes that affect biological pathways are summarised in Table 

4-2. In the context of this study, we aim to identify CpG sites with a change of at least 10% in DNA 

methylation by aspirin treatment.  
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Table 4-2- Criteria for identifying methylation changes that affect biological pathways- adapted from 
Michels et. al (342)  

Criteria Confidence that methylation difference mediates biological pathway 

Increase confidence Decrease confidence 

Statistical significance Reaches genome-wide 
significance 

Does not meet predefined 
significance threshold that takes 
into account multiple testing 

Effect size (difference in 
methylation) 

Large (>10% difference) Small (<5% difference) 

Bias and confounding Bias and confounding are 
prevented by design or controlled 
for in the analyses 

Bias or uncontrolled confounding 
may exist and explain the 
differences observed 

Genomic location Differential methylation is in a 
region that may impact regulation 
of transcription 

Current knowledge cannot 
explain the influence of the 
observed difference in 
methylation at that locus on 
regulation of transcription  

Functional relevance Affects expression Does not affect expression 

Biological relevance Gene codes for known biological 
function 

Biological relevance of DMR 
location unknown or unrelated to 
phenotype 

Validation Findings are replicated in an 
independent human cohort or 
animal model using a different 
technique 

No validation of results 
attempted or results are not 
replicated in a validation study 

 

4.1.7.2 Adjustment for multiple testing 

One of the issues with increasing the number of tests and using the conventional P-value cut-off of 0.05 is 

that there is an increasing chance of finding false positives. For example, if 10000 CpG sites were tested for 

association with aspirin treatment, by chance 500 of these sites would be associated with aspirin.  However, 

it is highly unlikely that all of these CpG sites are truly associated with drug treatment. Methods exist to 

reduce the chance of these false positives and these include the Bonferroni correction and the false 

discovery rate adjusted P-value. The Bonferroni correction divides the alpha level by the number of 

statistical tests being carried out, so if 382,486 CpG sites were being tested for significance, the Bonferroni 

corrected P-value would be 0.05/382,486 = 1.31x10-7. Therefore, if a CpG site association with aspirin is 

below this P-value, this provides stronger evidence that this association is not due to chance. Whilst it is the 

most conventional and simple method, it tends to be overly conservative, thereby rejecting associations that 

may be true and also has lower power (272,273).  

An alternative method to the Bonferroni correction, is the false discovery rate (FDR) adjusted P-value. The 

false discovery rate describes the probability at which you discover, for example, a SNP association with an 

exposure which is untrue and has simply occurred due to chance, therefore it is a false positive (273). In the 

context of multiple comparisons, Benjamini & Hochberg (1995) termed an FDR-adjusted P-value which sets a 

limit on the false discovery rate (343). When an FDR-adjusted P-value of 0.05, this informs us that the result 
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actually being a false positive from the null associations in the dataset is 5%. Therefore, the lower the P-

value, the less likely the result is a false positive (344).  

4.1.8 Hypothesis and aims: 

Hypothesis: 

Short term aspirin treatment induces phenotypic changes in cells although the underlying mechanisms for 

this are not yet fully understood. These have the potential to be used to identify anti-cancer function of 

aspirin.  

Aims: 

1- To compare genome-wide DNA methylation levels in RG/C2 cells following short-term aspirin 

treatment 

2- To combine methylomic, proteomic and transcriptomic data to identify new targets of aspirin action 

3- Validation and functional analyses of targets of aspirin action 

4- To confirm aspirin’s effect on DNA methylation through pyrosequencing validation 

4.2 Methods 

4.2.1 SILAC proteomic analysis 

Previously in our laboratory, a stable isotope labelling with amino acids in cell culture (SILAC) approach was 

carried out on RG/C2 cells treated with aspirin to obtain proteomic data. Control cells (0mM aspirin) were 

cultured with an L-arginine and L-lysine (light labelling), 2mM were cultured with  2H4-lysine and 13C6-arginine 

(medium labelling) and 4mM were cultured with 15N2
13C6-lysine and 15N4

13C6-arginine (heavy labelling) 

(Cambridge Isotope Laboratory, Massachusetts, United States). These methods were informed by the SILAC-

based mass spectrometry approach by Trinkle-Mulcahy et. al (2008) (345).  

Cells were cultured with aspirin and the isotopes for 24 hours before extracting protein lysates. This 

experiment was carried out in duplicate. Details of SILAC labelling and proteomics have been previously 

published (346).  

4.2.2 Transcriptomic analysis 

A published transcriptomic dataset generated by Sabates-Bellver et. al (2007) that compared mRNA levels of 

normal and colorectal adenoma samples from 32 patients was used (347). This was obtained from GEO 

DataSets (348).  
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4.2.3 DNA methylation methylomic analysis 

4.2.3.1 Short-term aspirin treatment 

The exposure variable in this analysis was the short-term treatment (24 hours) of RG/C2 cells with aspirin. 

RG/C2 cells were cultured in 2D with 0mM, 2mM and 4mM aspirin in technical duplicates with 5 biological 

repeats resulting in a total number of 30 samples, of which 22 samples had sufficient DNA for the analysis.  

Aspirin was considered a continuous exposure variable when comparing the effect of 0mM, 2mM and 4mM 

therefore identifying the change in methylation per 2mM increase of aspirin treatment. Aspirin was also 

considered a binary exposure when comparing untreated (0mM) to treated (2mM and 4mM) cells.  

4.2.3.2 DNA methylation 

The main outcome measure in this analysis was the level of DNA methylation at each of the CpG sites in the 

450K array for RG/C2 cells treated with 0mM, 2mM and 4mM aspirin. Laboratory methods, QC and pre-

processing of the methylation assay was described in Chapter 2.10. Of the 22 samples, 11 samples failed 

quality control (>10% probes with a detection P-value ≥ 0.01); however, these were not excluded due to the 

small sample size as a smaller sample size reduces power and makes it more likely that a null association is 

detected when actually a true association exists between aspirin treatment and effect on CpG site 

methylation (349).  

 

4.2.3.3 Other variables 

The bisulphite conversion batch for each sample was the only adjustment made in this analysis. Due to the 

controlled nature of the experiments it was not necessary to consider any other covariates.  

4.2.3.4 DNA methylation analysis- multivariable regression analysis  

Using DNA samples obtained from RG/C2 cells, methylation at 485,512 CpG sites was measured using the 

450K array. We conducted multiple linear regressions with the exposure defined as aspirin treatment as a 

continuous variable (0mM, 2mM and 4mM) or aspirin treatment as a binary variable (untreated vs. treated) 

and the outcome defined as methylation (untransformed β-values). Analyses were run with adjustment for 

batch effects only.  

DNA methylation sites were annotated using the Meffil package (264). A thorough assessment by Naeem et. 

al (2014)  identified probes that may not be accurate (350). We therefore removed these sites as well as sites 

on sex chromosomes from the analysis. Therefore, the total number of CpG sites assessed in our analysis 

was 382,486. CpGs considered to be “EWAS-significant” were those which were below the Bonferroni 

correction calculated using the total number of tests performed (P=0.05/382,486 = 1.31x10-7) (Chapter 

4.1.7.2). CpGs with values below this were considered true positives and worthy of further investigation. The 

limitation of the Bonferroni correction is that it assumes that all CpG sites are independent of each other 

when this may not be true. For this reason, we also applied a less conservative statistical threshold called the 
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false discovery rate (FDR) which is based on the method by Benjamini-Hochberg also used to adjust for 

multiple testing (351). Using this method, CpG sites with FDR below a 0.05 threshold were considered EWAS-

significant.  

4.2.4 Power calculations 

Power calculations were carried out using the statistical software G*Power 3.1.9.2 (352). Our study had 

80.8% power to detect a mean methylation difference between aspirin treated and untreated samples of 0.1 

beta (or 10% change in methylation) with a standard deviation of 0.1 for 20 treated samples vs 10 untreated 

samples at an α of 0.05.  

4.3 Results 

4.3.1 Linear regression results of aspirin use as a binary variable showed a higher effect on DNA 

methylation than aspirin use as a continuous variable 

Our experiments have shown that aspirin inhibits cell growth and does not induce apoptosis. Whilst aspirin is 

a well-established inhibitor of COX2 (134), it is becoming increasingly obvious that it is a pleiotropic drug that 

has many targets. In order to identify targets that may explain the anti-cancer effect of aspirin, we decided 

to carry out a multi-omic approach combining methylomic data through DNA extraction of RG/C2 cells 

treated with aspirin for 24 hours, proteomic data previously available from our laboratory and publicly 

available transcriptomic data.  

DNA was extracted from RG/C2 cells treated with 0, 2 and 4mM aspirin for 24 hours. DNA methylation was 

measured using the Illumina Infinium HumanMethylation 450K BeadChip assay. Given that aspirin treatment 

was administered at 3 doses and we had no prior evidence for a continuous vs. a threshold effect on aspirin 

DNA methylation, we initially compared the use of exposure data in a binary and continuous way. Linear 

regressions of the effect of aspirin as a continuous variable (0, 2 and 4mM) and as a binary variable (aspirin 

treated vs untreated) on the effect of DNA methylation were run. Results were plotted as waterfall plots to 

present the highest changes (both increase and decrease) in DNA methylation associated with treatment 

(Figure 4-2). Results were also plotted as Manhattan plots using the qqman package (353) to show the P-

values of each CpG site aspirin association (Figure 4-3).  

The results from our methylation analysis show that the changes in methylation β values from aspirin use as 

a binary variable (treated vs untreated) have a more pronounced effect on methylation levels compared to 

the regression analysis that compares methylation levels per 2mM aspirin. The waterfall plots in Figure 4-2 

show that the highest change in methylation per 2mM increase of aspirin ranges between a decrease of 0.20 

(20%) and an increase of 0.2 (20%). The range of β values from treated vs untreated is higher showing the 

highest increase in methylation as 0.35 (35%) and the highest decrease as 0.37 (37%). 
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In general statistics, for a result to be considered statistically significant, an alpha level of 0.05 is adopted, 

although many consider significance to be an arbitrary cut-off and other parameters should be used to judge 

the weight of evidence of any association. Therefore, if the P-value is less than 0.05 then it is below the alpha 

level and considered to be statistically significant and the null hypothesis is rejected. For results of an EWAS 

to be considered statistically significant, they should pass a correction threshold for multiple testing. When 

carrying out multiple statistical tests, the chance of false positives results or results that are associated when 

actually the null hypothesis is true (termed type I error) increases. Therefore adjustments for multiple 

testing needs to be made (272). 

The Manhattan plots in Figure 4-3 show that aspirin does not enrich for methylation at a specific genomic 

locus but appears to be have more widespread effects. To correct for testing of multiple CpG sites on the 

effect of methylation, we applied a Bonferroni correction and calculated an FDR-adjusted P-value (Chapter 

4.1.7.2). After calculating a Bonferroni corrected P-value, none of the CpG sites’ P-values was below the 

threshold of 1.31x10-7. We also applied an FDR adjusted P-value whereby this needs to be below 0.05 for 

results to be considered significant (343). Whilst neither of these analyses reach this threshold, the results 

from aspirin treated vs untreated achieved lower p-values than the change in DNA methylation per 2mM 

aspirin increase. The Manhattan plots in Figure 4-3 show that the lowest P-value identified from our linear 

regression where aspirin was included as a continuous variable was 2.56x10-5 whereas the lowest from our 

linear regression where aspirin was considered a binary variable was 7.75x10-6. Each dot represents a CpG 

site therefore the higher the dot, the lower the P–value. Continuous variables tend to be better powered 

statistically to discern an effect than binary variables. However, aspirin use as a binary variable in the model 

has produced more statistically significant results, indicative of a threshold effect.  

Despite the fact that our EWAS analysis did not identify clear and robust associations between aspirin 

treatment and changes in DNA methylation at specific CpG sites, we did observe quite widespread 

differences associated with treatment that fell below the conventional threshold for statistical significance 

(P≤0.05). We therefore opted to use the data in an integrated approach by combining it with proteomic and 

transcriptomic data to establish whether collective evidence from all three ‘omic platforms might help to 

highlight potential pathways of aspirin action.  
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Figure 4-2- Aspirin exposure as a binary variable in the EWAS regression model shows a larger effect on 
methylation when compared to aspirin as a continuous variable 

RG/C2 cells were treated with 0, 2 and 4mM aspirin for 24 hours before DNA was extracted. Samples were then 
bisulfite converted and run over the Illumina Infinium HumanMethylation 450K BeadChip assay. The data generated 
from the assay was processed using the Meffil package in R (version 3.3.1) and the methylation at each CpG site was 
quantified. Methylation levels are expressed as a “Beta” value (β-value) with values ranging from 0 to 1 where 0 
indicates no cytosine methylation and 1 indicates complete cytosine methylation. (A) Waterfall plot of the linear 
regression results of aspirin use as a continuous variable (0, 2 and 4mM) show that per 2mM aspirin treatment, the 
highest decrease in DNA methylation is -0.20 (20%) and the highest increase is 0.20 (20%). The beta values denote the 
change in methylation per 2mM aspirin increase in concentration. (B) Waterfall plot of the linear regression results of 
aspirin use as a binary variable (treated vs untreated) show that aspirin’s highest effect on DNA methylation is a  
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Figure 4-3- Aspirin exposure as a binary variable in the EWAS regression model produces more discernible 
differences in DNA methylation when compared to aspirin considered as a continuous variable. 

RG/C2 cells were treated with 0, 2 and 4mM aspirin for 24 hours before DNA was extracted. Samples were then 
bisulfite converted and run over the Illumina Infinium HumanMethylation 450K BeadChip assay. The data generated 
from the assay was processed using the Meffil package in R (version 3.3.1) and the methylation at each CpG site and 
their P-value for significance was quantified. There is no epigenome-wide significance line on the plots as this would 
equate to 1.31x10-7 which is not present on the y-axis of either graph. (A) Manhattan plot showing the location of each 
CpG site (x-axis) against the P-value of the change in DNA methylation (y-axis) when aspirin use is a continuous variable 
(0, 2 and 4mM). Each dot represents a P-value for a particular CpG site. The smallest P-value achieved per 2mM aspirin 
treatment is 2.65 x 10-5. (B) Manhattan plot showing the location of each CpG site (x-axis) against the P-value of the 
change in DNA methylation (y-axis) between treated and untreated cells. Each dot represents a P-value for a particular 
CpG site. The smallest P-value achieved between aspirin treated and untreated is 7.75 x 10-6.  
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4.3.2 4mM aspirin treatment causes a decrease in protein expression 

To identify novel targets of aspirin, we investigated the effect of aspirin on multiple ‘omics, one of which is 

the proteome. The intention was to combine results from the methylomic data with the proteomic data to 

find new targets of aspirin that may be influenced by epigenetic regulation.  

RG/C2 cells were cultured for 24 hours with 0, 2 and 4mM aspirin using a SILAC approach. Control cells were 

cultured with a light amino acid, 2mM were cultured with a medium amino acid and 4mM were cultured 

with a heavy amino acid. When cells divide in culture, eventually the normal amino acids are replaced by the 

isotope labelled ones. These produce different molecular weights for proteins which are then detected using 

mass spectrometry (354). This data was previously available from our laboratory and results were analysed.  

 The SILAC approach detected 5886 proteins in total. To identify changes in protein expression, we used a 

1.4-fold change as a threshold between 4mM/control and 2mM/control as previously used by another group 

(355). We also limited our results to protein fold changes that had <100% variability (to remove results with 

extreme values of variability) and a count of at least 2 or more. By applying this threshold, we identified that 

aspirin affects the expression of 131 proteins (Figure 4-4 A), further details on these proteins can be found in 

the Appendix 1. Of these, 129 proteins were found to decrease in expression and only 2 proteins increased in 

expression indicating that 4mM aspirin treatment decreased expression of 98.5% of the proteins measured 

(Figure 4-4 B). 

As short-term aspirin appears to mainly decrease protein expression, we decided to focus on these proteins. 

The next step was to combine these protein expression changes with the relevant loci with DNA methylation 

data so a protein that decreases expression would be expected to have an increase in its’ CpG site 

methylation. This would provide more evidence to the gene expression being a target of aspirin.  
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Figure 4-4- Aspirin treatment alters the expression of 131 proteins.  

RG/C2s were cultured with 0, 2 and 4mM aspirin for 24 hours using a SILAC approach.  Control cells were cultured with 
a light amino acid, 2mM were cultured with a medium amino acid and 4mM were cultured with a heavy amino acid. 
The proteins were then detected using mass spectrometry and fold changes between the different treatments were 
calculated. (A) Data was filtered by setting a threshold of 1.4-fold change in protein expression between 4mM/control 
and 2mM/control, <100% variability and a count of at least 2 or more. This showed that aspirin affects the expression of 
131 proteins. (B) Results were stratified between proteins that increase or decrease expression with 4mM aspirin 
treatment. From the 131 proteins identified, 129 proteins experienced a decrease in expression.  
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4.3.3 Combining proteomic, methylomic and transcriptomic data identifies 7 genes targeted by 

aspirin 

Since aspirin decreased expression of 98.5% of the proteins assayed using the SILAC approach, we then 

identified genes within this group that also showed changes in methylation. To do this, we set a threshold of 

≥0.1 change in β as this denotes increased methylation which has previously been associated with inhibiting 

access by transcription factors causing decreased protein expression (170). 

The 129 proteins that showed decreased protein expression were matched to the methylomic data. Proteins 

were matched to the methylome by searching for the lowest P-value cis CpG site (defined as 1Mb either side 

of the gene start site (Figure 4-5). This yielded a match of 125 sites (Figure 4-7 A).  

 

Figure 4-5- Schematic of choosing a cis CpG site that is ≤ 1 megabase (Mb) from the gene start site. 

To try and identify new targets of aspirin, we used a published transcriptomic dataset generated by Sabates-

Bellver et. al (2007) that compared mRNA levels of normal and colorectal adenoma samples from 32 patients 

(347).  We sought to establish whether the proteins that showed a decrease in expression with aspirin were 

involved along the pathway from normal to adenoma progression (Figure 4-6). Therefore, the transcriptomic 

data was matched to the 129 proteins identified via the SILAC approach, and gene expression data from 

normal to adenoma progression was available for 114 of these genes (Figure 4-7 A).  

 

 

Figure 4-6- Schematic of the increase in mRNA from normal to adenoma progression. 
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Figure 4-7- Combining ‘omics data identifies aspirin as potentially targeting the expression of 7 new 
proteins 

Proteomic data using the SILAC approach was combined with changes in methylation between aspirin treatment (2mM 
and 4mM) and control as well as a published transcriptomic dataset by Sabates-Bellver et. al (2007) of changes in gene 
expression between normal colorectal and adenoma samples. (A) Methylomic and transcriptomic data were matched 
to the proteomic data. Overall, information from all 3 ‘omics was available for 114 proteins. (B) After setting a threshold 
of a 1.4 fold decrease in protein expression, a 10% increase in DNA methylation and a 1.4 fold decrease in gene 
expression, 7 proteins are potentially targeted for decreased expression by aspirin treatment.  
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Table 4-3- The thresholds used to identify proteins that decrease in expression with aspirin treatment 

Overall change in 

gene and protein 

expression 

Fold change in 

Protein expression 

(4mM asp treated vs 

untreated) 

Change in 

Methylation (β) (asp 

treated vs untreated) 

Fold change in Gene 

expression (adenoma 

vs normal) 

Decreased ≤0.714 ≥0.1 ≥1.4 

 

Once data for the 114 genes was collated, a threshold was set for each dataset. The thresholds for 

identifying genes that have decreased protein and gene expressions are summarised in Table 4-3. The first 

threshold set was applied to the proteomic data. Boulon et. al showed that a >1.4 fold change in protein 

expression would eliminate most of the contaminants, low affinity and low abundance interacting partners 

(356). Therefore, our inclusion criteria of a >1.4 fold decrease in protein expression was applied to the SILAC 

proteomic data, as well as a count of at least 2 or more and <100% variability to remove results with 

extreme values of variability.  

A threshold of ≥0.1 change in methylation β values was set for the 125 CpG sites matched to the SILAC data. 

This is guided by a review by Michels et. al who suggested that methylation changes of <5% should be 

interpreted with caution but changes of >10% provide increased confidence in the biological significance of 

the result (342). As for the fold changes in gene expression, 1.4 was used as a threshold due to results by 

Morey et. al who showed that these results were shown to be highly correlated with qPCR results (357). 

Overall, we set a 1.4 fold decrease (≤0.714 fold change in protein expression in 4mM treated compared to 

untreated) in protein expression, an increase in methylation of at least 10% and a 1.4 fold increase in gene 

expression as our threshold for identifying new proteins targeted by aspirin (Table 4-3). After the thresholds 

were defined and set, we identified seven proteins that were potentially targeted by aspirin. The 

combination of the proteomic, methylomic and transcriptomic results are shown as a Venn diagram in Figure 

4-7 B. The diagram shows that 7 genes survive the thresholds set for all 3 datasets. These are: 

minichromosome maintenance complex component 2 (MCM2), minichromosome maintenance complex 

component 5 (MCM5), Non-structural maintenance of chromosomes element 1 (NSMCE1), DNA polymerase 

delta subunit 2 (POLD2), stathmin 1 (STMN1), dimethyladenosine transferase 2 (TFB2M) and thymidine 

kinase 1 (TK1). The fold change in protein and gene expression as well as the change in methylation are 

summarised in Table 4-4.  
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Table 4-4- A summary of the changes in expression/methylation of the 7 identified targets 

Gene 

Name 

GenBank 
Accession number 

CpG site Change in gene 
expression (fold 
change) of normal 
to adenoma 
samples 

Change in protein 
expression (fold 
change) of 0mM 
aspirin treated 
adenoma cells vs 
4mM 

Change in 
methylation (β) 
of aspirin treated 
vs untreated 
adenoma cells Illumina Probe ID Chromosome Genome location 

MCM2 NM_004526 cg03255953 3 127056972 2.69 0.61 0.34 

MCM5 NM_006739 cg27116232 22 35775959 1.84 0.62 0.20 

MCM5 NA cg27116232 22 35775959 2.01 0.62 0.20 

NSMCE1 AF161451 cg03631519 16 28081266 1.43 0.70 0.25 

POLD2 NM_006230 cg26390609 7 44579467 1.96 0.35 0.16 

STMN1 NM_005563 cg02490185 1 26136899 1.84 0.61 0.26 

TFB2M NM_022366 cg03896752 1 245727658 1.50 0.56 0.18 

TK1 BC007986 cg22386583 17 78753756 2.09 0.46 0.16 

TK1 NM_003258 cg22386583 17 78753756 2.42 0.46 0.16 

GenBank Accession number refers to the transcript variant of the mRNA. Abbreviations: MCM2, minichromosome maintenance complex component 2; MCM5,  minichromosome 
maintenance complex component 5; NSMCE1, non-structural maintenance of chromosomes element 1; POLD2, DNA polymerase delta subunit 2 ; STMN1, stathmin 1; TFB2M,  
dimethyladenosine transferase 2;, TK1,  thymidine kinase 1; NA= missing values, not found from Sabates-Bellver et al’s raw data.  
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Figure 4-8- STRING diagram showing the interactions between the 7 proteins identified from combining 
the 3 datasets.  

Using the STRING resource, an experimental relationship of protein-protein association between MCM2, MCM5 and 
POLD2 was found, which have also been found to be co-expressed. Through text mining approaches, a protein-protein 
association was found between TK1, MCM2, MCM5 and POLD2. The proteins TFB2M, NSMCE1 and STMN1 are 
independent with no evidence of interaction with the other proteins.  

Using the STRING resource, protein interactions were investigated to identify whether there were common 

pathways that were regulated by aspirin treatment (358).The diagram shows that 4 of the 7 proteins interact 

and are co-expressed or identified as interacting through text mining. The proteins MCM2, MCM5 and 

POLD2 have further evidence of protein interaction via published experimental data which also shows that 

they are co-expressed. Text mining approaches have also shown a protein-protein interaction between these 

three proteins along with TK1(Figure 4-8). The proteins TFB2M, NSMCE1 and STMN1 are independent with 

no evidence of interaction with the other proteins. 
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4.3.4 Short term aspirin decreases STMN1 mRNA in RG/C2s and LS174Ts but not SW620s 

By combining the multiple ‘omics, we have identified 7 possible targets of aspirin of relevance to colorectal 

cancer. Since there were no publicly available transcriptomic datasets for aspirin’s effect on colorectal 

adenomas, we opted to use one that only compared normal and adenoma samples to see if our targets 

experience an increase in gene expression along the tumour progression pathway. This meant that we 

needed to carry out quantitative polymerase chain reaction (qPCR) for our identified targets to verify 

whether they were indeed targets of aspirin.  

RG/C2 cells were cultured for 24 hours with 0, 2 and 4mM aspirin. Cells were then treated with TRIZOL, RNA 

was extracted and samples were then subject to qPCR reaction. This was carried out for the following genes: 

MCM2, MCM5, POLD2, TK1 and STMN1. These genes were chosen as MCM2, MCM5, POLD2, TK1 have been 

shown to be functionally related and the literature has shown protein-protein interaction as well as their co-

expression. We also chose STMN1 as this protein has been shown to be associated with metastasis (359). 

Results are mean values from 3 repeat experiments with standard deviations and a one-way ANOVA and 

Dunnett’s multiple comparison test to calculate significance. 

The results show that relative to control, aspirin has no significant effect on the expressions of MCM2, 

POLD2 and TK1 at either 2 or 4mM (Figure 4-9 A, C and E). Aspirin does significantly affect the gene 

expression of MCM5 at 4mM (p ≤ 0.05) but not at 2mM. Aspirin also significantly affects the gene expression 

of STMN1 at both 2mM (p ≤ 0.05) and 4mM (p ≤ 0.01).  

The results show that aspirin significantly decreases the mRNA expression of MCM5 at 4mM (p≤0.01) aspirin 

and STMN1 both at 2mM (p≤0.05) and 4mM (p≤0.01) (Figure 4-9). However, aspirin does not significantly 

affect the mRNA expression of MCM2, POLD2, and TK1. Our proteomic results show that aspirin decreases 

the protein expression of MCM5 and STMN1 at 4mM by 0.62 and 0.61, respectively. Our qPCR results also 

show that aspirin decreases their gene expression to 0.54 (SD 0.17) and 0.45 (SD 0.23), respectively. 

Therefore, with regards to these 2 genes, aspirin is consistently decreasing their gene expression.  
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Figure 4-9- Graphs of RG/C2 qPCR results showing the average relative quantity of the mRNA expression 
for 5 of the 7 targets: MCM2, MCM5, POLD2, STMN1 and TK1. 

RG/C2 cells were cultured for 24 hours with 0, 2 and 4mM aspirin. Cells were then treated with TRIZOL and RNA was 
extracted. Samples were then subject to qPCR reaction. Results show the average relative quantity to control. Results 
are mean values from 3 repeat experiments with standard deviations and a one-way ANOVA and Dunnett’s multiple 
comparison test to calculate significance (*** p ≤ 0.001, **p ≤ 0.01 and * p ≤ 0.05). (A) Aspirin treatment had no 
significant effect on MCM2 gene expression at 2 and 4mM.  (B) Aspirin treatment significantly decreased MCM5 gene 
expression at 4mM (p ≤ 0.05) but not 2mM. (C) Aspirin treatment had no significant effect on POLD2 gene expression at 
2 and 4mM. (D) Aspirin significantly decreased STMN1 gene expression at both 2mM (p ≤ 0.05) and 4mM (p ≤ 0.01). (E) 
Aspirin treatment has no significant effect on TK1 gene expression at 2mM and 4mM.  
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Since STMN1’s gene expression was regulated at both 2 and 4mM aspirin, we investigated whether it was 

also regulated in cancer derived cells LS174T and SW620 cells (derived from a lymph node metastatic 

patient). This is because the protein expression of STMN1 has been significantly associated with TNM staging 

and lymph-node metastasis (359). Therefore we wanted to test if aspirin can also decrease its mRNA 

expression at other stages in the tumour progression pathway and whether this may partly explain how 

aspirin reduces the risk of cancer metastasis (114). We cultured LS174T and SW620 cells for 24 hours with 0, 

2 and 4mM aspirin. Cells were treated with TRIZOL and RNA was extracted. Samples were then subject to a 

qPCR reaction. Results are mean values from 3 repeat experiments with standard deviations and a one-way 

ANOVA and Dunnett’s multiple comparison test to calculate significance.  

Our results show that aspirin significantly decreases the mRNA expression of STMN1 at 4mM to 0.64 average 

relative quantity (SD 0.09) (p ≤ 0.01) but not 2mM aspirin in LS174T cells (Figure 4-10 A). Aspirin does not 

significantly affect STMN1 gene expression in SW620 cells at 2mM or 4mM (Figure 4-10 B). These results 

suggest that stathmin-1 is less regulated in carcinoma cells compared to adenoma derived cells.  

Overall, our results show that 4mM aspirin decreases the gene expression of STMN1 at both the adenoma 

stage and the carcinoma stage but has no significant effect on STMN1 expression in metastatic cells 

indicating that aspirin is most effective on pre-metastatic tumours.  
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Figure 4-10- Graphs of LS174T and SW620 qPCR results showing the average relative quantity of the mRNA 
expression of STMN1.  

LS174Ts and SW620s were cultured for 24 hours with 0, 2 and 4mM aspirin.  Cells were then treated with TRIZOL and 
RNA was extracted. Samples were then subject to qPCR reaction. Results show the average relative quantity to control. 
Results are mean values from 3 repeat experiments with standard deviations and a one-way ANOVA and Dunnett’s 
multiple comparison test to calculate significance (*** p ≤ 0.001, **p ≤ 0.01 and * p ≤ 0.05). (A) Aspirin treatment 
significantly decreased the gene expression of STMN1 at 4mM (p ≤ 0.01) but not 2mM aspirin. (B) Aspirin treatment had 
no significant effect on the gene expression of STMN1 at 2mM or 4mM.  

4.3.5 Aspirin decreases the protein expression of Stathmin-1 in RG/C2s and LS174Ts 

In order to confirm that aspirin decreased STMN1 protein expression, we carried out western blotting 

experiments. RG/C2 and LS174T cells were cultured in 2D with 0, 2 and 4mM aspirin for 24, 48, 72 and 96 

hours. Cell lysates were obtained, and samples were used in a western blotting experiment.  

Firstly, we showed striking changes in stathmin-1 expression over time, noticeably it increases with 

increasing confluence in RG/C2 cells. Our results show that aspirin is indeed reducing the protein expression 

of STMN1 at 48, 72 and 96 hours with 2 and 4mM aspirin in RG/C2s although it has no effect on protein 

expression at 24 hours (Figure 4-11 A).  Our results also show that aspirin decreases STMN1 expression in 

LS174Ts at 24 and 48 hours with 4mM and at 72 and 96 hours with both 2 and 4mM (Figure 4-11 B).  

Therefore, we confirmed that aspirin reduces both the gene expression and protein expression of STMN1 in 

both adenoma and carcinoma cells. This result led us to investigate the functional importance of this protein 

and the consequence of reducing its expression and how it affects tumour progression.  
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Figure 4-11- Aspirin decreased the protein expression of STMN1 in RG/C2s and LS174Ts 

RG/C2 and LS174T cells were cultured with 0, 2 and 4mM aspirin for 24, 48, 72 and 96 hours. Cell lysates were 
extracted, and western blotting was carried out. Tubulin was used as a loading control. Results are representative of 
data from 3 separate experiments. (A) Aspirin decreased STMN1 protein expression from 48 hours onwards at both 2 
and 4mM in RG/C2 cells. (B) Aspirin decreased STMN1 protein expression at 48 hours with 4mM and at 72 hours 
onwards with 2 and 4mM in LS174Ts.  
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4.3.6 STMN1 knockdown has no effect on the number of attached and floating cells 

In order to determine the functional effect of STMN1 expression, we investigated the effect of knocking 

down STMN1 expression on the number of attached and floating cells, in order to see if the effect of aspirin 

treatment could be recapitulated (Chapter 3.3.1.1).  

To determine which time points and concentration of STMN1 siRNA we would use, we carried out a dose 

response experiment. RG/C2 cells were cultured for 24, 48, 72 and 96 hours with 25nM and 50nM STMN1 

siRNA. Cell lysates were extracted and western blotting was carried out.  

The results show that STMN1 siRNA knocked down STMN1 expression from 48 hours onwards with both 25 

and 50nM concentrations (Figure 4-12 A). Therefore, we used a concentration of 25nM and a starting time 

point for measurements at 48 hours (for suppression of stathmin-1 protein expression) to set up an 

experiment investigating the effect of STMN1 knockdown on the number of attached and floating cells.  

RG/C2s were cultured with 25nM of STMN1 siRNA for 48, 72 and 96 hours. Experiments were also set up 

with control siRNA to compare results of STMN1 knockdown vs control. The number of attached and floating 

cells were counted, and percentage floaters was calculated. Cell count results are mean values from 3 repeat 

experiments with standard deviations and a one-way ANOVA and Dunnett’s multiple comparison test. 

Western samples were set up in parallel with the experiment to confirm STMN1 knockdown and tubulin was 

used as a loading control. 

 Our results show that STMN1 knockdown has no significant effect on the number of attached cells in all the 

time points (Figure 4-12 B) and it also has no significant effect on the percentage floating cells (Figure 4-12 

C). We confirmed via western blotting that STMN1 was indeed knocked down at 48, 72 and 96 hours (Figure 

4-12 D).  

In summary, STMN1 expression has no significant effect on the number of attached and floating cells. This 

indicates that aspirin’s effect on reducing the number of attached cells is independent to its effect on STMN1 

expression. This suggests suppression of stathmin-1 does not mediate the effect of aspirin on cell survival.  
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Figure 4-12- STMN1 knockdown has no significant effect on cell counts in RG/C2 cells 

RG/C2 cells were cultured with 25nM of STMN1 siRNA for 48, 72 and 96 hours. The number of attached and floating 
cells were counted, and percentage floaters was calculated. Cell lysates were extracted to confirm STMN1 knockdown. 
A – indicates the absence of the control or STMN1 siRNA and a + indicates the presence of the siRNA. Cell count results 
are mean values from 3 repeat experiments with standard deviations and a one-way ANOVA and Dunnett’s multiple 
comparison test (*** p ≤ 0.001, **p ≤ 0.01 and * p ≤ 0.05). Western blotting results are representative of data from 3 
separate experiments.  (A) STMN1 siRNA was added to RG/C2 cells for 24, 48, 72 and 96 hours at 25nM and 50nM to 
find out which time point and concentration of siRNA was best to use for STMN1 knockdown experiments. STMN1 
siRNA at 25nM successfully knocked down STMN1 protein expression at 48 hours and onwards. (B) STMN1 knockdown 
had no significant effect on the number of attached cells at 48, 72 and 96 hours. (C) STMN1 knockdown had no 
significant effect on the percentage floaters at 48, 72 and 96 hours. (D) Western samples set up in parallel with the 
experiment were used to confirm STMN1 knockdown. Tubulin was used as a loading control. The results show that 
STMN1 was successfully knocked down from 48 hours onwards.  
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4.3.7 STMN1 knockdown increases the percentage of cells in G0/G1 phase and decreases the 

percentage of cells in G2 phase in RG/C2 cells 

Since the knockdown of STMN1 has no effect on cell viability, we investigated its effect on cell cycle 

progression.  

RG/C2s were cultured with 25nM of STMN1 siRNA or negative control siRNA for 48 hours. Cells were then 

collected, fixed and stained with DRAQ5 before being analysed by flow cytometry (Figure 4-13). Western 

samples were set up alongside the experiment to confirm STMN1 knockdown and tubulin was used as a 

loading control (Figure 4-13 C). 

The results show that STMN1 knockdown causes a small but significant increase in the percentage of cells at 

G0/G1 phase of the cell cycle from 53.43% (SD 0.71) to 56.43% (SD1.93) (p ≤ 0.05) (Figure 4-13 A, Table 4-5). 

STMN1 knockdown also significantly decreases the percentage of cells at G2 from 23.16% (SD 2.16) to 

17.56% (SD 2.11) (Figure 4-13 B, Table 4-5).  

Although these results show that STMN1 knockdown has a significant effect on cell cycle progression, it only 

increases the percentage of cells in G0/G1 phase by 4% and decreases the percentage of cells in G2 phase by 

5.6%. We previously showed that 24-hour treatment of 4mM aspirin increases the percentage of cells in 

G0/G1 phase by 7.65% (Chapter 3.3.1.3). Whilst the decreased expression of STMN1 may partly explain this 

effect, these results suggest that a decrease in STMN1 expression is not causing the arrest observed in 

aspirin treated cells.  
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Table 4-5- The percentage of cells at each stage in the cell cycle. 

Aspirin 

concentration 

(mM) Experiment 

Cell cycle 

G0/G1 S G2/M 

Percentage SD Percentage SD Percentage SD 

Neg siRNA 1 51.95 0.82 24.2 0.79 24.69 1.72 

2 53.25 9.48 26.01 2.77 20.69 0.98 

3 52.10 1.21 21.71 0.33 24.10 1.27 

average 52.43 0.71 23.97 2.16 23.16 2.16 

STMN1 siRNA 1 55.71 0.76 21.67 0.50 19.87 1.52 

2 54.97 1.52 23.35 1.92 15.71 0.62 

3 58.61 2.28 20.51 1.79 17.10 1.88 

average 56.43 1.93 21.84 1.43 17.56 2.11 

 

 

Figure 4-13- STMN1 knockdown significantly increases the percentage of cells in G0/G1 and decreases the 
percentage of cells in G2.  

RG/C2 cells were cultured with 25nM of STMN1 siRNA for 48 hours. Cells were collected, fixed and stained with DRAQ5 
and then analysed using flow cytometry. Cell lysates were extracted to confirm STMN1 knockdown. A – indicates the 
absence of the control or STMN1 siRNA and a + indicates the presence of the siRNA. Results are mean percentages from 
3 repeat experiments with standard deviations and Student’s t-test. (*** p ≤ 0.001, **p ≤ 0.01 and * p ≤ 0.05). Western 
blotting results are representative of data from 3 separate experiments. (A) STMN1 knockdown increased the 
percentage of cells in G0/G1 phase (p ≤ 0.05). (B) STMN1 knockdown significantly decreased the percentage of cells in 
G2 phase (p ≤ 0.05).(C) Western samples set up in parallel with the experiment were used to confirm STMN1 
knockdown. Tubulin was used as a loading control. The results show that STMN1 was knocked down at 48 hours.  
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4.3.8 Aspirin decreases LS174T cell migration 

As the literature states that STMN1 is involved in CRC metastasis (360), we carried out transwell migration 

assays to investigate the effect of both aspirin and STMN1 knockdown on the ability of cells to migrate.  

RG/C2 cells are adenoma cells therefore are unable to migrate through transwells. Since we previously 

showed that aspirin decreases the expression of STMN1 in LS174T cells (Chapter 4.3.4), we decided to use 

this carcinoma cell line for the migration assays.  

LS174T cells were treated with 4mM aspirin in 2D cell culture for 48 hours. Cells were then extracted, 

counted and seeded into transwells in FCS-free medium. To create a chemotactic gradient, wells were filled 

with FCS supplemented media. After 24 hours, cells on the bottom of the transwell were fixed, stained with 

crystal violet and counted. Western samples were set up alongside the experiment to confirm STMN1 was 

regulated by aspirin and tubulin was used as a loading control. 

 The results show that 48 hours of aspirin treatment reduces the amount of crystal violet stained cells 

(purple) that migrate through the transwell pores (Figure 4-14 A). Relative to untreated, aspirin significantly 

reduces the number of cells to 0.7 (SD 0.14) (p ≤ 0.01) ( Figure 4-14 B). The western blots also confirm a 

decrease in STMN1 expression when treated with siRNA (Figure 4-14 C).  

These results show that aspirin significantly decreases the number of cells that migrate through the 

transwell pores. Although we have confirmed through western samples that there is a reduced protein level 

of STMN1, it is unclear whether the reduction in cell migration is through this mechanism.  
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Figure 4-14- Aspirin reduces the number of LS174T cells that migrate through transwell pores. 

LS14T cells were treated with 4mM aspirin for 48 hours in 2D cell culture. Cells were then extracted and seeded into 
transwells in FCS free medium. Wells were filled with FCS supplemented media to create a chemotactic gradient. After 
24 hours, cells were fixed and stained using crystal violet before being counted. Results are mean number of cells from 
4 repeat experiments with standard deviations and Student’s t-test (*** p ≤ 0.001, **p ≤ 0.01 and * p ≤ 0.05).. (A) 
Transwell images for one of the four experiments showing the pores (white) and the crystal violet stained cells that 
have moved through the pores (purple). These images show that there were less cells that migrated through from the 
4mM aspirin treated samples. (B) Aspirin significantly reduced the amount of cells that migrated through the transwell 
pores (p ≤ 0.01). (C) Western samples set up in parallel with the experiment were used to confirm STMN1 knockdown. 
Tubulin was used as a loading control. The results show that 4mM aspirin treatment reduced the protein levels of 
STMN1 at 48 hours. 
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4.3.9 STMN1 knockdown decreases cell migration in LS174T cells 

To address whether a reduction in STMN1 protein levels reduces migration in LS1174Ts, we measured 

migration after knocking down STMN1 expression. 

LS174T cells were treated with 25nM of STMN1 siRNA in 2D cell culture for 48 hours. Cells were then 

extracted, counted and seeded into transwells in FCS-free medium. To create a chemotactic gradient, wells 

were filled with FCS supplemented media. After 24 hours, cells on the bottom of the transwell were fixed, 

stained with crystal violet and counted. As before, western samples were set up alongside the experiment to 

confirm STMN1 knockdown and tubulin was used as a loading control. 

The results show that 48 hours of STMN1 siRNA treatment reduces the amount of cells that migrate through 

the transwell pores (stained in crystal violet) (Figure 4-15 A). Relative to untreated, STMN1 siRNA reduces 

the number of cells to 0.26 (SD 0.14) (p ≤ 0.001) (Figure 4-15 B). The western blots also confirm a decrease in 

STMN1 protein levels when treated with siRNA (Figure 4-15 C).  

Our results confirm that STMN1 is required for cell migration and suggest that the reduction in metastasis in 

patients who take aspirin may be partially explained by aspirin’s effect of decreasing STMN1 levels.  
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Figure 4-15- STMN1 knockdown reduces the number of LS174T cells that migrate through transwell pores.  

LS14T cells were treated with 25nM STMN1 siRNA for 48 hours in 2D cell culture. Cells were then extracted and seeded 
into transwells in FCS free medium. Wells were filled with FCS supplemented media to create a chemotactic gradient. 
After 24 hours, cells were fixed and stained using crystal violet before being counted. Results are mean number of cells 
from 3 repeat experiments with standard deviations and Student’s t-test (*** p ≤ 0.001, **p ≤ 0.01 and * p ≤ 0.05).. (A) 
Transwell images for one of the 3 experiments, showing the pores (white) and the crystal violet stained cells that have 
moved through the pores (purple). These images show that there were less cells that migrated through when STMN1 
was knocked down. (B) STMN1 knockdown significantly reduced the amount of cells that migrated through the 
transwell pores (p ≤ 0.001). (C) Western samples set up in parallel with the experiment were used to confirm STMN1 
knockdown. Tubulin was used as a loading control. The results show that STMN1 was knocked down at 48 hours with 
STMN1 siRNA. 
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4.3.10 Aspirin’s effect on the methylation site of STMN1 

So far we have shown that aspirin reduces the protein level of STMN1 which may explain the decreased 

migration capability of aspirin treated cells. One question that we wanted to answer was how aspirin is 

reducing the protein level of STMN1. Our methylomic data shows that aspirin increases the methylation of 

the most significant cis CpG site (1mB either side of STMN1’s gene start site) by 26%. Therefore, we 

hypothesise that aspirin may be increasing the CpG methylation at the promoter of STMN1.  

To address this question, we cultured RG/C2 cells for 24 hours with 0, 2 and 4mM aspirin in 2D cell culture. 

DNA was extracted and then quantified before being subject to bisulphite modification, PCR and 

pyrosequencing. Details on primer design and methods can be found in Chapter 2.11. We then applied a 

one-way ANOVA and Dunnett’s multiple comparison test to calculate significance.  

In order to carry out pyrosequencing, we first needed to check that the PCR amplified samples indeed 

contain DNA and that the primer is amplifying the desired product. The results show that DNA is present in 

all samples but there appears to be DNA contamination in the bisulphite modified control sample but no 

contamination in the control sample for PCR (Figure 4-16 A). The gel also shows that the primers are 

successfully amplifying the desired PCR product only.  

After carrying out pyrosequencing, 24 hour aspirin treatment had no discernible effect on DNA methylation. 

At 0mM, the percentage methylation at the Illumina probe cg02490185 for the CpG site at chromosome 1 

position 26136899 is 74.27% (SD 1.87) and the percentage methylation at 2mM and 4mM is 71.46% (SD 

3.89) and 74.69% (SD 3.01), respectively (Figure 4-16 B and Table 4-6). The results of pyrosequencing differ 

to the results using the Infinium Human Methylation 450K BeadChip only for the effect of 0mM aspirin 

treatment on the methylation of the CpG site from the Illumina probe ID cg02490185. The pyrosequencing 

results show that 0mM aspirin treatment is associated with methylation at the CpG site at the level of 

74.27% (SD1.87) whereas the Infinium Human Methylation 450K BeadChip shows that 0mM aspirin is 

associated with the methylation level 47.96% (SD 20.14). The results for 2mM and 4mM using both methods 

are similar.  

Firstly, the pyrosequencing experiment requires replication as the agarose gel indicates DNA contamination 

in the bisulphite modified control and therefore we cannot be sure that the rest of the samples have not also 

been contaminated. If in fact the pyrosequencing results that we have observed are true, they indicate that 

short term aspirin treatment has no significant effect on the methylation of the CpG site measured by the 

Illumina probe cg02490185. However, it is worth noting that this CpG site may not have any effect on STMN1 

expression therefore the methylation of other CpG sites associated with STMN1 expression need to be 

measured before any conclusions can be made about aspirin’s effect on DNA methylation and STMN1 

expression. There is also a need to assay more CpG sites across the gene locus and its regulatory elements.  
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Figure 4-16- Short term aspirin treatment has no significant effect on the CpG site from the Illumina probe 
cg02490185 methylation 

RG/C2 cells were cultured for 24 hours with 0, 2 and 4mM aspirin in 2D cell culture. DNA was extracted and then 
quantified before being subject to bisulphite modification, PCR and pyrosequencing. Results are mean values from 3 
repeat experiments with standard deviations and a one-way ANOVA and Dunnett’s multiple comparison test to 
calculate significance (*** p ≤ 0.001, **p ≤ 0.01 and * p ≤ 0.05). (A) The agarose gel shows that the primers successfully 
produce the desired PCR product and that there is DNA present in all samples. The gel also shows that there appears to 
be DNA contamination in the bisulphite modified control (H2O BM control) but not the PCR control (H2O PCR control). 
(B) Aspirin has no significant effect on the methylation of the CpG site at the Illumina probe ID cg02490185.  
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Table 4-6- Average percentage methylation of the CpG site at the Illumina probe ID cg02490185 using the 
Infinium Human Methylation 450K BeadChip and pyrosequencing after 24 hours of aspirin treatment in 
RG/C2 cells 

Aspirin 

concentration 

Infinium Human Methylation 450K 

BeadChip Pyrosequencing 

Average 

percentage 

methylation SD 

Average 

percentage 

methylation SD 

0mM 47.96 20.14 74.27 1.87 

2mM 73.13 4.63 71.46 3.89 

4mM 72.41 16.82 74.69 3.01 

 

 

4.4  Discussion 

By combining multiple ‘omics, we set out to identify novel targets to explain the anti-cancer effect of aspirin. 

Aspirin has many targets, but these alone do not fully explain aspirin’s effect on cancer cells (Chapter 4.1.1 

and Chapter 4.1.2). The combination of omics has many uses, one of which is to identify new potential 

therapeutic targets and predictive biomarkers for cancer as well as improving classification of cancer tissue 

(361). Through combining proteomic, methylomic and transcriptomic datasets, we identified 7 potentially 

new targets of aspirin. After carrying out qPCR, we confirmed that aspirin decreases gene expression of 

MCM5 and STMN1. We focused on STMN1 gene and protein expression as its’ mRNA and protein levels have 

previously been reported to be higher in colon tumours compared to adjacent normal tissue (p<0.05) in 

Chinese patients and that the expression of this protein was significantly associated with TNM staging and 

lymph node metastasis (p<0.05) (359). 

Whilst we showed that STMN1 gene and protein expression was reduced in adenoma (RG/C2s) and 

carcinoma cells (LS174Ts) when treated with aspirin, this was not the case in metastatic cells (SW620s) 

indicating that aspirin’s effect on STMN1 expression is most effective in pre-metastatic cells. Our results 

indicate that aspirin is most effective on adenoma cells as it significantly reduces STMN1 gene expression at 

both 2 and 4mM aspirin whereas it only reduces STMN1 gene expression in LS174Ts at 4mM. Therefore, 

these results suggest that aspirin is a more effective chemopreventative agent for early stage lesions as the 

more advanced the tumour is, the less sensitive it is to aspirin treatment with regards to STMN1 regulation. 

To confirm this in vitro observation, the expression of this protein needs to be investigated in vivo using CRC 

patient biopsies of aspirin-users at different stages of the tumour progression pathway and non-users as well 

as normal colon samples.  
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Stathmin-1 is a microtubule destabilizer and plays a role in cell cycle progression, cell survival, segregation of 

chromosomes and cell motility (362).  The stathmin-1 protein has two domains to allow it to bind to tubulin 

and to promote microtubule catastrophe, as shown in Figure 4-17 (363). The microtubule-destabilising 

activity of stathmin was identified back in 1996. It was shown that stathmin has the ability to promote the 

microtubule catastrophe directly (364) and it also has the ability to form a stable T2S ternary complex by 

sequestering the free αβ-tubulin heterodimers therefore preventing the incorporation of tubulin into the 

growing microtubules (365).  

 

Figure 4-17- A diagram of the stathmin-1 protein  

It has a sequence of 149 amino acids (aa) and two main domains: a catastrophe promoting domain at the N-terminus 
consisting of aa 1-99 that allows the protein to bind to microtubules and a tubulin binding domain at the C-terminus 
from aa 25-149 that allows the protein to sequester free αβ-tubulin heterodimers. The diagram also shows the four 
sites of phosphorylation (blue font) and the kinases responsible for this.  

Stathmin-1 is also required during cell cycle progression. It undergoes phosphorylation during prophase to 

inhibit its activity and allow the formation of the mitotic spindle. As cells continue on to anaphase and 

telophase, stathmin is dephosphorylated so that the spindle can be disassembled through microtubule 

catastrophe (Figure 4-18) (363). Stathmin overexpression induces cells to accumulate in the G2/M phase of 

the cell cycle and may also partially inhibit the transition from prophase to metaphase. Also, substitution of 

the serine phosphorylation sites with alanine caused an accumulation of cells in mitosis before metaphase 

(366).  
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Figure 4-18- Diagram showing the involvement of stathmin during cell cycle progression. 

During prophase, stathmin-1 is phosphorylated on Ser-25 and Ser-38 by CDK-1 to inhibit its activity. After chromosome 
segregation, the mitotic spindle is no longer needed, therefore stathmin-1 is dephosphorylated and promotes 
microtubule catastrophe.  

Stathmin is required for correct formation of the mitotic spindle and to allow segregation of the sister 

chromatids. Increased expression/activity or depletion of stathmin affects the integrity of the spindle 

formation therefore results in chromosome misalignment. The consequence of this is the delay or 

prevention of M phase progression (363). For this reason, we investigated the effect of STMN1 knockdown 

on cell proliferation and cell cycle progression. We found that knockdown had no significant effect on 

proliferation, although it did actually reduce the percentage of cells in G2/M phase of the cell cycle. This is 

consistent with stathmin-1 overexpression causing cell accumulation in G2/M (366). Our observation is in 

line with research involving other cancer cell lines that showed stathmin depletion resulted in a delay in the 

G2 phase and apoptosis (367). Carney et. al (2012) demonstrated that a reduction in stathmin expression 

delayed cells in G2 which they suggested maybe through microtubule stabilisation (367).  

STMN1 has also been shown to be associated with metastasis in cancers such as pancreatic and breast 

cancer as well as colon (359,368,369). This is of particular interest as aspirin reduces the odds of colorectal 

adenocarcinoma metastasis by 64% (OR:0.36 (CI: 0.18-0.74)) (114). Therefore, we hypothesised that 

reduction in expression of STMN1 caused by aspirin may be playing a role in reducing cancer migration and 

hence metastasis. Our results show that aspirin reduces the migration of colorectal carcinoma cells. A more 
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apparent reduction in migration compared to aspirin treated cells was observed when STMN1 expression is 

knocked down, leading us to hypothesise that aspirin reduces STMN1 expression which reduces cell 

migration. However, to confirm that aspirin is reducing cell migration through decreasing STMN1 protein 

expression, cell migration experiments need to be repeated whereby aspirin treated cells are also 

transfected with STMN1 to rescue the phenotype. If the reduction in cell migration is reversed, then this 

gives more evidence that aspirin is reducing cell migration through decreasing STMN1 expression. 

Although STMN1 was considered to only affect microtubule stabilisation, results by Tan et. al (2018) 

revealed that STMN1 affects the expression and phosphorylation of the actin cytoskeleton regulator 

vasodilator-stimulated phosphoprotein (VASP) (370)- these proteins are involved in promoting actin filament 

elongation (371). VASP can be phosphorylated at Ser-157 and Ser-239. Phosphorylation at Ser-157 results in 

the binding of phosphorylated VASP to tubulin and may play a role in assembling and stabilising the spindle 

fibres and promoting cancer metastasis (370,372). Tan et. al (2018) showed that silencing of STMN1 in HCT-

116 cells results in a decrease of VASP Ser-157 phosphorylation suggesting a mechanism by which aspirin 

may reduce cell migration and therefore metastasis (370). It is also becoming increasingly clear that 

microtubules may play a role in cancer migration as evidenced by Panopoulos et. al (2011) who showed that 

glioblastoma motility occurred through microtubules in the absence of actin polymers (373). The direct 

mechanism of how STMN1 may be affecting cell migration needs to be investigated further.  

The method by which aspirin affects STMN1 expression is unclear. We carried out pyrosequencing of the 

lowest P-value cis CpG site (defined as 1Mb either side of the gene start site) to the start site of STMN1 

(Illumina probe ID cg02490185) but the effect of aspirin on DNA methylation of this site was not significant. 

It may be that this site does not affect STMN1 expression and aspirin may be acting on alternative CpG sites. 

One other factor to consider is that the cell line used to look at the effect of DNA methylation is RG/C2s and 

their doubling time is 24 hours. Changes or maintenance of DNA methylation occur during DNA replication 

(374). Replicating DNA can be actively methylated  and maintained through the enzyme DNA (cytosine-5)-

methyltransferase 1 (DNMT1) (175,375)  or passively demethylated through the absence of the DNA 

methylation maintenance enzymes during replication (376). It may be that 24 hours is not a long enough 

time period to observe significant changes in DNA methylation caused by aspirin. Therefore, in order to 

obtain more conclusive results, the ideal would be to repeat this experiment in more than one cell line at 

different time points and/or measure DNA methylation levels at alternative or additional CpG sites. In the 

future, it would be important to obtain methylomic data from CRC patients who take aspirin and compare 

them to patients who are non-aspirin users.  

Whilst we did not investigate it further, aspirin treatment also reduced MCM5 gene expression. 

Minichromosome maintenance (MCM) proteins work together to form a helicase complex consisting of 6 

homologous proteins. It consists of MCM2-MCM7 and this hexamer is involved in unwinding double 

stranded DNA during DNA replication (377). Downregulation of MCM proteins has been reported to induce 
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G1 and G2 arrest in colon adenocarcinoma cells (378). This correlates with our results (Chapter 3.3.1.3) that 

aspirin induces cell cycle arrest in adenoma cells and it may be through the downregulation of MCM5 

expression.   

To identify new targets of aspirin, we combined both laboratory (proteome and cell culture results) and 

epidemiological (EWAS) approaches. To our knowledge, we have shown for the first time that aspirin affects 

the genetic and protein expression of STMN1 and this may be one of the mechanisms by which aspirin 

reduces the risk of cancer metastasis. Further investigations on STMN1 expression needs to be carried out in 

vitro to confirm this effect. These results may also have implications therapeutically, as new drugs may be 

designed to target STMN1 expression to reduce the risk of CRC metastasis and therefore avoiding the 

unwanted side effects of aspirin. Our results show the strength of combining different techniques which in 

combination serve to reduce or eliminate the biases of each individual approach used to address the 

hypothesis. In order for further questions in the aspirin and cancer field to be answered, approaches such as 

ours need to be undertaken such as elucidating the effect of long-term aspirin treatment on colorectal 

cancer.  
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Chapter 5 Long-term aspirin treatment and its effect on 

DNA methylation of adenoma cells  

This chapter aims to address one of the possible mechanisms by which aspirin may have differing effects 

depending on short-term and long-term culture, this time focusing on the effect of long-term aspirin on DNA 

methylation, circled in red in Figure 5-1. Any significant targets identified from this analysis may help identify 

how or why patients become “resistant” to aspirin.  

 

Figure 5-1- Overview of the questions addressed in this thesis to explore causality and potential 
mechanisms of aspirin on CRC. 

5.1 Background 

The observational studies summarised in Chapter 3.1.1 suggest that aspirin may be exerting different effects 

depending on whether it is taken for a short time period (short-term) or whether it is taken for a longer time 

period (long-term) and we hypothesise that long-term exposure may result in an acquired “resistance”. For 

the purpose of this chapter, aspirin “resistance” denotes a decreased sensitivity to the protective effect of 

aspirin. Aspirin plays a role in epigenetic regulation, of which its effect on acetylation is the most well-known 

(Chapter 4.1.3 and Chapter 4.1.4). We have previously shown that short term aspirin treatment (24 hours) 

has a relatively small effect on DNA methylation in colorectal adenoma cells (Chapter 4.3.1). Since aspirin 

appears to have a different effect when taken short-term or long-term, we set out to identify whether this 

was through its effect on DNA methylation.  



  

148 
  

5.1.1 Colorectal cancer causal pathway 

There are many potential mechanistic pathways that may contribute to the colorectal cancer development. 

These include genetics, epigenetics and the microbiome. With regards to genetics, it is well understood that 

sporadic tumours may occur through the CIN pathway which leads to an abnormal karyotype (46,47), and/or 

through the microsatellite instability (MSI) pathway, whereby inefficient repair of insertions and/or deletions 

leads to DNA frameshifts and possibly truncated proteins (Chapter 1.3.3) (46,48).  

As well as genetic contributions to disease progression, there is also an epigenetic component. Some 

sporadic colorectal cancers exhibit CpG island methylation phenotype (CIMP) pathway resulting in 

hypermethylation at some CpG sites (49). Furthermore, it has recently come to light that cancer progression 

can be affected by bacterial species, for example, colorectal cancer metastasis is associated with the 

presence of the Fusobacterium species of bacteria (379). Not only that, the intestinal microbiota has a major 

effect on patient response to immunotherapy (54).  

It is thought that a combination of all of these factors may affect both risk and progression of cancer.    

5.1.2 Long term aspirin and DNA methylation  

Despite evidence to support aspirin in epigenetic regulation (Chapter 4.1), investigation into the effect of 

long-term aspirin use on DNA methylation in colorectal cancer is lacking. One evidence for the effect of long-

term treatment on healthy colon comes from Noreen et. al (2014) who explored the effect of long-term 

aspirin (at least 2 years or more) use in 546 healthy women and showed that long-term aspirin use was 

associated with a >50% suppression of rate of methylation at promoter for hMLH1 and MGMT when 

compared to non-users (249).  

In human gastric mucosa, Tahara et. al (2010) showed that use of aspirin for around 2 years was associated 

with reduced E-cadherin 1 (CDH1) methylation although state that the exact mechanism by which aspirin is 

able to affect methylation is unclear (380). Michigami et. al (2017) took this one step further and 

investigated the effect of long-term aspirin use (3 years or more) on the methylation status of seven genes in 

patients with atrophic gastritis and gastric cancer. They concluded that aspirin does affect certain 

methylations sites in patients with chronic gastritis who have precancerous conditions; aspirin was shown to 

reduce CDH1 methylation in the atrophic mucosa as well as reducing CIMP methylation in intestinal 

metaplasia (381).  

Evidence for the effect of other non-steroidal anti-inflammatory drugs (NSAIDs) on DNA methylation was 

also carried out by Tahara et. al (2009) who investigated the effect of aspirin, loxoprofen sodium, lornoxicam 

and etodolac on four promoters in non-neoplastic gastric mucosa. These promoters are: p14 (ARF), p16 

(INK4a), death-associated protein kinase (DAP-kinase), and E-cadherin (CDH1). Their results show that 

chronic NSAID use (at least 3 months) was associated with a reduction in methylation of these four sites 

(382).  
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Wilson et. al (2015) examined the effect of regular NSAID use (defined as taking an NSAID at least triweekly 

for 3 months or more) on DNA methylation of 27589 CpG sites using the Infinium HumanMethylation27 

BeadChip (27K array) in whole blood from 871 women as a discovery sample and then examined 485512 

CpG sites using the Illumina Infinium HumanMethylation450 BeadChip 450,000 CpG site platform (450K 

array) in 187 women as a replication sample. Unfortunately, they could not replicate the results from their 

discovery sample in the smaller replication set and concluded that NSAID usage may only have a small effect 

on DNA methylation (383).   

Overall, it is evident that the literature lacks information on the epigenome-wide effect of long-term aspirin 

treatment, and this is not only limited to colorectal cancer. There is also a lack of suitable models (cell lines 

or mouse models) to study the effect of long-term aspirin treatment on DNA methylation.  

5.1.3 Methods for assessing DNA methylation 

5.1.3.1 MethylationEPIC BeadChip (Infinium) microarray 

Whilst bisulfite genomic sequencing of multiple clones is the most comprehensive method to determine the 

methylation status of CpG sites in a DNA sequence, this method is limited because it is difficult to use at a 

large scale for monetary and time reasons. For this reason, DNA methylation arrays were developed and are 

more cost-effective and labour-efficient (210). The Illumina Infinium HumanMethylation450 BeadChip 

450,000 CpG site platform (450K array; Illumina Inc., CA, USA) has been widely used to look at changes in 

DNA methylation (171). However, a new array was developed, MethylationEPIC BeadChip Infinium (850K 

array), to include over 850,000 CpG sites. The purpose behind this was to incorporate 333,265 CpG sites that 

are located in enhancer regions (i.e. gene regulatory regions) (210) that were identified by the projects 

FANTOM5 (384) and ENCODE (385,386) which are both online resources for DNA data (such as enhancer 

regions, promoters, transcription factors) in the human genome. A summary of the location of the CpG sites 

from the 850K array in relation to gene regions and CpG context as well as the percentage of sites associated 

with RNA transcripts is summarised in Table 5-1, Table 5-2 and Table 5-3. If aspirin is affecting DNA 

methylation, it is possible that it targets specific sites based on genetic regions or relative to CpG islands.  
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Table 5-1- Percentage of CpG sites for specific gene regions in the 850K array 

Gene region Percentage of CpG sites 

Proximal promoters: 

-200 bp upstream of transcription start site 

-1500 bp upstream of transcription start site 

-Exon 1 

-5’UTR 

-3’UTR 

25.8% 

5.4% 

10.6% 

0.4% 

9.4% 

0.9% 

Gene bodies 40% 

Intergenic regions 33.3% 

 

Table 5-2- Percentage of CpG sites located in relation to CpG islands in the 850K array 

CpG context Percentage of CpG sites 

North shelf 9.63% 

North shore 3.69% 

Island 18.65% 

South shore 8.22% 

South shelf 3.43% 

Open sea 56.38% 

Shores are considered 2-kb sequences either side of the CpG island, shelves are 2-kb sequences next to the shore. Open 
sea regions are CpG dinucleotides not found near the CpG islands or the shores and shelves. Abbreviations: N, north; S, 
south.  

Table 5-3- Percentage of CpG sites associated with RNA transcripts in the 850K array 

RNA transcript Percentage of CpG sites 

coding messenger RNA 74.4% 

non-coding RNA (miRNA and 

long non-coding RNA) 

0.85% 

no associated transcript 24.6% 
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5.1.3.2 Inflation in EWAS 

Inflation refers to an overestimation of statistical significance meaning that CpG sites that are not truly 

associated with aspirin treatment are incorrectly calculated as significant. Inflation of test statistics results in 

an overestimation of findings that are statistically significant and therefore increases the number of findings 

that are false positives (387). In the context of aspirin, this means that methylation of CpG sites that are not 

actually significantly altered by aspirin treatment are incorrectly calculated as being significantly associated. 

This phenomenon is common and a major concern in GWAS, but is also present in EWAS (388).  

It is thought that the main cause of inflation and bias is through unmeasured biological and technical 

confounding (389). The term “confounding factors” refers to an unobserved variable that is correlated with 

both the variable of interest and the outcome variable, and this phenomenon is commonly known as 

confounding (390). This means that a variable other than our exposure of interest (that may not be 

accounted for) is also affecting the results thereby inflating the P-values to be more significant. For example, 

another variable that we did not control for might be truly influencing CpG site methylation rather than our 

exposure of interest (aspirin) itself. Confounding factors can be known, e.g. batch effects, or unknown and 

are therefore considered in statistical models in a variety of ways including as a named covariate in a 

statistical model (391) or as a hidden covariate, e.g. surrogate variables (392) or a latent factor (393). 

Batch effects are measurements that may behave differently across different conditions and are not related 

to the scientific/biological variable in a study. Examples of this include the day each experiment was run or 

whether it was a different technician carrying out each experiment. It can also include whether different 

chips/reagents/instruments were used for each experimental subset. Whilst batch effects often play a role in 

high-through put genomics research, they can also affect experiments such as northern blots or quantitative 

PCR but is harder to detect in these assays (391). 

Quantile-quantile (QQ) plots are plots that allow the visualisation of whether all the data points are more 

significantly associated with an exposure than is due to chance (Figure 5-2). These plot expected P-values 

(from a standard normal distribution) versus observed P-values (from our experiment) (389).  If we take an 

example of the association of aspirin with 100 CpG sites, we can plot the P-values of our results against the 

P-values we would expect from a standard normal distribution. The standard normal distribution is 

standardised according to the z-scores. This score represents how many standard deviations away from the 

mean the value is. Therefore standardization involves converting the raw scores from your distribution into 

standard deviation units (394). In this case, the standard normal distribution would be divided into the same 

number of quantiles as our distribution of interest (CpG site methylation) so 100 quantiles. The 

corresponding z-score for each quantile can then be used to calculate P-values for each quantile. P-values 

from our test statistics are plotted against the P-values from the standard normal distribution. If the P-values 

from the methylation results follow a normal distribution, then a diagonal line can be drawn at a 45o angle 

(Figure 5-2 A) (395). If there is a variable that is influencing all the results (systematic error) to be more 
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significant than we would expect according to a standard normal distribution, then all of the points would 

shift at an angle higher than 45o indicating inflation (Figure 5-2 B) (389). Ideally, most of the P-values should 

follow a standard normal distribution but only a couple may be more associated with the exposure than is 

due to chance/what we would expect (C). Any points outside this line indicate that the theoretical 

distribution isn’t correct or that some other factor is affecting the P-value such as a true association with the 

exposure (396)  
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Figure 5-2- QQ plot explanation 

QQ plots are plots that help visualise whether data follows a predicted P-value or whether the P-value of our CpG site 
methylation is more associated with the exposure than we would expect. Methylation results are split into quantiles 
which means they are split into the total number of CpG sites measured, e.g. 100. The standard normal distribution is 
standardised according to the z-score. This score represents how many standard deviations away from the mean the 
value is. The standard normal distribution is also split according to the same number of quantiles (100) as the CpG 
methylation beta values. These z-scores can then be used to calculate P-values for each quantile. P-values from our 
distribution of test statistics are plotted against the P-values from a standard normal distribution. If the P-values from 
the methylation results follow a normal distribution, then a diagonal line can be drawn at a 45o angle (A). If there is 
another factor shifting all the P-values away from the standard normal distribution, then we can deduce that there may 
be a variable not adjusted for that is confounding all the results (B). Ideally, most of the P-values should follow a 
standard normal distribution but only a couple may be more associated with the exposure than is due to chance/what 
we would expect.  
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5.1.3.3 Surrogate variable analysis 

Confounding is a common issue within epidemiological studies. Even a well-designed study may experience 

confounding due to logistical reasons or variations in sample quality. One major issue is when it is not known 

what these confounding factors are (392). A possible consequence of confounding is that it may hide true 

associations turning them from true positives to false negatives or the opposite (397).  

DNA methylation variation may be influenced by other factors other than the primary variable of interest. 

These sources can be categorised as 3 factors: 

- Unmodelled factors: these are other variables that have been measured but just not included in the 

statistical model due to reasons such as sample size restrictions.  

- Unmeasured factors: these are variables that may cause variation in DNA methylation but were not 

measured 

- Gene-specific noise: random fluctuations in the expression of genes independent of one another.  

To deal with these confounders, Leek and Storey (2007) developed an algorithm called Surrogate Variable 

Analysis (SVA) (392). This method seeks to identify groups of genes that are affected by each unobserved 

factor and then estimates the effect of this factor based on the expression of these genes. (392) Whilst SVA 

was developed for gene expression studies, the same basic ideas can apply to DNA methylation studies. We 

used SVA to adjust for confounding in our results.  

5.1.3.4 Adjusting for multiple testing 

A Bonferroni and FDR-adjusted P-value were both calculated to adjust for the issue of multiple testing. These 

have been described in more detail in Chapter 4.1.7.2  

5.1.3.5 Interpreting EWAS results 

Through the incorporation of labelled nucleotides, the Illumina methylation arrays have been designed so 

that methylated CpG sites emit a different fluorescence to unmethylated CpG sites. The intensity of the 

fluorescence is measured and a ratio of the fluorescent signal of the methylated site to the signal from the 

unmethylated and methylated combined is calculated (338). This ratio is called beta (β). It’s values range 

from 0 to 1 and roughly represents changes in percentage methylation where 0 is equal to 0% and 1 is equal 

to 100% (339). These beta values can be positive to represent an increase in methylation or negative to 

represent a decrease in methylation. These beta values allow for direct biological interpretation of results, 

unlike other methods (340). According to a review by Michels et. al, they suggested that methylation 

changes of <5% (β=0.05) should be interpreted with caution but changes of >10% (β=0.10) provide increased 

confidence in the biological significance of the result (342).  

5.1.4 Hypothesis and aims 

Hypothesis: 
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Long-term aspirin treatment is associated with differences in DNA methylation and hence gene expression. 

Aims: 

1- To identify whether long-term aspirin treatment is associated with differences in DNA methylation in 

colorectal adenoma cells. 

2- To validate differentially methylated CpG sites using pyrosequencing 

5.2 Methods 

5.2.1 DNA methylation analysis- variables 

5.2.1.1 Long-term aspirin treatment 

The exposure variable in this analysis was the long-term treatment (75 weeks) of RG/C2 cells with aspirin. 

RG/C2 cells were cultured in 2D with 0mM, 0.5mM, 2mM and 4mM aspirin with 3 biological repeats 

resulting in a total number of 12 samples.  

Aspirin treatment was considered a binary exposure variable to compare untreated (0mM) vs treated 

(0.5mM, 2mM and 4mM). This was because initial exploratory analysis showed no indication of a dosage 

effect.  

5.2.1.2 DNA methylation 

The main outcome measure in this analysis was the level of DNA methylation at each of the CpG sites in the 

850K array for RG/C2 cells treated with 0mM, 0.5mM, 2mM and 4mM aspirin. Laboratory methods, QC and 

pre-processing of the methylation assay was described in Chapter 2.10. All 12 samples passed quality control 

measures (>10% probes with a detection P-value ≥ 0.01).  

 

5.2.2 DNA methylation analysis- Multivariable regression analysis  

Using DNA samples obtained from RG/C2 cells, methylation at 865,859 CpG sites was investigated using the 

850K array. Samples were distributed randomly on the arrays. 

We conducted multiple linear regressions with the exposure defined as aspirin treatment as a binary variable 

(untreated (0mM) vs treated (0.5mM, 2mM and 4mM)) and the outcome defined as methylation 

(untransformed β-values). Analyses were run with adjustment for batch effects only.  

DNA methylation sites were annotated using the Meffil package (264). CpGs considered to be “EWAS-

significant” were those which were below the Bonferroni corrected threshold using the total number of tests 

performed (P=0.05/865,859 = 5.77x10-8). CpGs with values below this are considered true positives and 

worth investigating. The limitation of the Bonferroni correction is that it assumes that all CpG sites are 

independent of each other when this may not be true. For this reason, we also applied a less conservative 

test called the false discovery rate (FDR) which is based on the method by Benjamini-Hochberg also used to 



  

156 
  

adjust for multiple testing (351). Using this method, CpG sites with an FDR adjusted P -value below a 0.05 

threshold were considered EWAS-significant.  

5.2.3 DNA methylation- Surrogate variable analysis 

To try and adjust for unknown confounders, we adopted the Surrogate Variable Analysis developed by Leek 

and Storey (392). This method seeks to identify groups of loci that are affected by each 

unobserved/unknown factor and then estimates the effect of this factor based on DNA methylation. We 

included 6 surrogate variables in the linear regression model as these were the maximum number of 

variables that could be calculated using the sva package developed by Leek et. al (2012) (398) calculated in 

the software: R (version 3.3.1).  

Therefore the multiple variable regression was repeated with the exposure defined as aspirin treatment as a 

binary variable (untreated (0mM) vs treated (0.5mM, 2mM and 4mM) and the outcome defined as 

methylation (untransformed β-values) but this time adjusting for batch effects and 6 surrogate variables.  

5.2.4 Power calculations 

Power calculations were carried out using the statistical software G*Power 3.1.9.2 (352). Our study had 

80.6% power to detect a mean methylation difference between aspirin treated and untreated samples of 

0.18 beta (or 18% change in methylation) with a standard deviation of 0.1 for 9 treated samples vs 3 

untreated samples at an α of 0.05. 

5.3 Results 

5.3.1 Multivariable regression 

The literature has alluded to the fact that aspirin can affect protein and histone acetylation (Chapter 4.1). 

However, it’s effect on DNA methylation is unclear. The literature suggests an inverse association between 

histone acetylation and CpG site methylation (Chapter 4.1.6). For this reason, we sought to investigate the 

effect of long-term aspirin on DNA methylation.  

RG/C2 cells were cultured with 0mM, 0.5mM, 2mM and 4mM aspirin continuously for 75 weeks. DNA was 

extracted, and bisulphite converted. Each repeat was set up on separate dates and DNA was extracted from 

cells when they reached a certain confluency. DNA methylation was measured using the MethylationEPIC 

BeadChip Infinium array and samples were randomly distributed on the array. Multivariable regression was 

carried out to compare the effect of aspirin treatment (0.5mM, 2mM and 4mM) versus no treatment on DNA 

methylation, adjusting only for batch. Results were plotted as Manhattan plots using the qqman package 

(353) to show the P-values of each CpG site. We used the Bonferroni method to adjust for multiple testing 

(Chapter 5.1.3.4) therefore we divided a P-value of 0.05 by the total number of CpG sites on the array 

(865859) to obtain a Bonferroni adjusted P-value of 5.77 x 10-8. This was done to reduce the number of 

results that are falsely associated with aspirin treatment (previously explained in Chapter 5.1.3.4). The 
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results show that 1562 CpG sites fell below the Bonferroni P-value threshold for significance of 5.77 x 10-8. 

Since a high number of CpG sites fell below this threshold, we decided to use the more stringent threshold of 

5 x 10-8 as is currently used for genome wide association studies of which 1492 CpG sites fell below this P-

value.  

We also used an FDR adjusted P-value which informs us of the probability of a result being a false positive 

when it is truly from the null associations (Chapter 5.1.3.4). We identified that 27709 CpG sites fell below the 

FDR value of 0.05 which means that the probability of these CpG sites being false positive is 5% or less 

(Figure 5-3 A). 

Since a large quantity of CpG sites fell below the more stringent P-value threshold for significance (5 x 10-8), 

we plotted a QQ plot to identify whether inflation (too many CpG sites associated with aspirin) due to 

possible confounders of results was present. Quantile-quantile (QQ) plots are plots that allow the 

visualisation of whether all the data points are more significantly associated with an exposure than is due to 

chance. These plot expected P-values (from a standard normal distribution) versus observed P-values (from 

our experiment) (389). Quantile-quantile plots are explained in more detail in Chapter 5.1.3.2. In this graph, 

the minus log10-transformed P-values of the results are plotted against P-values expected from a null 

distribution. The genomic inflation factor (λ) was used to compare the distribution of the P-values from the 

epigenome-wide distribution with those from the expected null distribution. If there is no inflation, the value 

of λ would be equal to 1. Our results show that there is strong inflation (λ=2.27) (Figure 5-3 B) indicating that 

there may be some confounding not adjusted for in our multivariable regression model.  

Overall, it appears that aspirin is affecting the methylation of a large number of CpG sites, however, our QQ 

plot indicates that this association may be due to confounders systematically influencing methylation of all 

the CpG sites. 
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Figure 5-3- Manhattan and QQ plot for epigenome-wide association study of long-term aspirin treatment 
on RG/C2 cells DNA methylation. 

RG/C2 cells were treated with 0, 0.5, 2 and 4mM aspirin for 75 weeks. DNA was then extracted, bisulphite converted, 
and methylation was measured using the MethylationEPIC BeadChip Infinium array. Multivariable regression was 
carried out adjusting only for batch. (A) The Manhattan plot shows each CpG site, displayed as a dot, plotted according 
to its genomic co-ordinates along the X axis and plotted as the negative logarithm of the P-value for association of 
aspirin with CpG site methylation along the Y axis. The plot shows that 1492 CpG sites fell below the more stringent P-
value threshold for significance (5 x 10-8) (red line) and 27709 fell below the FDR adjusted P-value cut-off of 0.05. (B) 
The QQ plot shows the minus log10-transformed P-values of long-term aspirin treatment on CpG site methylation 
corrected for batch effects against quantiles from the null distribution. The red line indicates the line of equality 
whereby the P-values from our study should be plotted if they followed a null distribution. The 95% confidence 
intervals are shaded in grey and the black lines indicate the 0.05 P-value significance level. Strong inflation (inflation 
factor λ= 2.27) was observed. 
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5.3.2 Multivariable regression with surrogate variable analysis 

Our results suggest that aspirin’s effect on DNA methylation is confounded by unknown factors as indicated 

by the QQ plot (Figure 5-4 B) and inflation factor of 2.27. To try and adjust for these unknown confounders 

so that we identify the effect of aspirin only on DNA methylation, we adopted the Surrogate Variable 

Analysis developed by Leek and Storey (392). Through mathematical modelling, this method seeks to identify 

loci that are affected by each unobserved/unknown factor and then estimates the effect of this factor based 

on DNA methylation.  

Multivariable regression was carried out to compare the effect of aspirin treatment (0.5mM, 2mM and 

4mM) versus no treatment on DNA methylation, adjusting for batch and 6 surrogate variables. The results 

show that no CpG sites fell below the more stringent P-value threshold for significance (5 x 10-8) and the FDR 

adjusted P-value cut-off of 0.05 (Figure 5-4 A). Our results also show that there is no evidence of inflation 

(λ=0.96) (Figure 5-4B) indicating that there may have been some confounding previously present that is now 

adjusted for in our multivariable regression model by including these surrogate variables. 

To identify which results make more biological sense, a comparison was made of the raw average 

methylation of 0mM, 0.5mM, 2mM and 4mM aspirin treated cells of the top 10 most significant CpG sites 

from the models adjusted for batch only and the models adjusted for batch and 6 surrogate variables.  

The results of the model adjusted for batch only show that the top 10 aspirin-associated CpG sites show a 

clear change in raw DNA methylation of each aspirin treatment.  The most robustly associated CpG site 

cg05514510 (P-value-= 2.58E-16) showed that aspirin decreases CpG site methylation by 33% in 0.5mM, 

2mM and 4mM treated cells when comparing the raw averages of DNA methylation (Table 5-4).  

On the other hand, when fully adjusting for SVs, the results are greatly attenuated with no sites being FDR 

significant. The effect sizes predicted by fully adjusting are also difficult to interpret, for example, SVA 

predicts a change of -0.87 which equates to a decrease in 87% methylation at the Illumina probe ID 

cg16799926. However, the raw methylation values suggest a decrease of 38% from 0mM to any aspirin 

treatment (0.5mM, 2mM and 4mM). In this case, fully adjusting for SVs may be too stringent and may be 

removing the real signal from aspirin treatment. When calculating the correlation coefficient between the 6 

SVs and aspirin concentration, the first SV is highly correlated with aspirin treatment with an R2 of 0.96 

indicating that this SV is simply adjusting for the effect of aspirin treatment.  

Furthermore, the changes in average raw methylations of the most statistically significant CpG sites when 

including surrogate variables are not as obvious. The most significant CpG site after applying SVA is 

cg21232203 (P-value=2.01E-06) whereby aspirin decreases the percentage of methylation by 7% in 0.5mM 

treated cells and 5% in 2mM and 4mM treated cells when comparing the raw averages of DNA methylation 

(Table 5-5). In addition, the CpG site cg07001545 shows no difference in raw DNA methylation at all 

concentrations.   
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It may be that surrogate variable analysis is inappropriate to be applied to experiments carried out in a 

laboratory setting. Laboratory experiments are controlled environments where it is unlikely that unknown 

confounding will occur. In the case of this experiment, each set of repeat was set up on the same day, 

treated with aspirin at the same time and DNA was extracted when they reached a certain confluency. The 

only difference is the time point at which the cells were lysed due to the 2mM and 4mM treated cells 

growing much slower than the control and 0.5mM aspirin treated cells. Whilst controlling for unknown 

factors is important in conventional EWAS, it is unlikely that this is needed in the laboratory setting. To 

confirm whether aspirin is affecting levels of DNA methylation, applying a method that assays fewer sites 

and that is less susceptible to batch effects such as methylation-specific PCR or pyrosequencing needs to be 

used to study a subset of CpG sites. The level of inflation observed in the QQ plot remains a concern and may 

be indicative of technical issues with the analysis. Reassurance could be found by repeating the entire 

experiment and randomizing the samples to different arrays. 

For the purpose of further analyses, the multivariable regression adjusting only for batch (i.e. results from 

the minimally adjusted model) will be used onwards as the controlled environment of the experiment makes 

it unlikely that external confounding factors are present. Therefore, we believe that aspirin may have a 

genome-wide effect on DNA methylation thereby influencing many CpG sites.  
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Figure 5-4- Manhattan and QQ plot for epigenome-wide association study of long-term aspirin treatment 
on RG/C2 cells DNA methylation with surrogate variable analysis.  

RG/C2 cells were treated with 0, 0.5, 2 and 4mM aspirin for 75 weeks. DNA was then extracted, bisulphite converted, 
and methylation was measured using the MethylationEPIC BeadChip Infinium array. Multivariable regression was 
carried out adjusting for batch and 6 surrogate variables. (A) The Manhattan plot shows each CpG site, displayed as a 
dot, plotted according to its genomic co-ordinates along the X axis and plotted as the negative logarithm of the P-value 
for association of aspirin with CpG site methylation along the Y axis. The plot shows that no CpG sites fell below the P-
value threshold for significance (5 x 10-8) (red line) and the FDR adjusted P-value cut-off of 0.05. (B) The QQ plot shows 
the minus log10-transformed P-values of long-term aspirin treatment on CpG site methylation corrected for batch 
effects against quantiles from the null distribution. The red line indicates the line of equality whereby the P-values from 
our study should be plotted if they followed a null distribution. The 95% confidence intervals are shaded in grey and the 
black lines indicate the 0.05 P-value significance level. No evidence of inflation (inflation factor λ=0.96) was observed. 
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Table 5-4- Results of lowest 10 P-values of multivariable variable regression (adjusting only for batch) on the effect of aspirin on DNA methylation in RG/C2 cells 

Illumina 
probe ID for 

CpG site 
Chr 

Gene 
Region 

Position* 

Multivariable linear regression comparing 
methylation of aspirin treated with 

untreated (adjusted for batch) 
(N=9 (treated) vs N=3 (untreated)) 

Multivariable linear regression comparing 
methylation of aspirin treated with 

untreated (adjusted for batch and 6 SVs) 
(N=9 (treated) vs N=3 (untreated)) 

Average fluorescent signal of 
methylation for each treatment 

individually 
(N= 3 for each concentration) 

Effect 
size§ SE P-value 

FDR 
adjusted 
P-value 

Effect 
size§ SE P-value 

FDR 
adjusted 
P-value 

0mM 0.5mM 2mM 4mM 

(β) (β) 

cg05514510 21 - 37987644 -0.33 0.0024 2.58E-16 2.23E-10 -0.14 0.22 0.565 0.9999 0.35 0.02 0.02 0.02 

cg07139509 14 C14orf162 70038717 -0.20 0.0021 7.37E-15 1.99E-09 -0.43 0.11 0.028 0.9999 0.22 0.02 0.02 0.02 

cg16438832 4 SORCS2 7341811 -0.35 0.0036 8.24E-15 1.99E-09 -0.56 0.23 0.098 0.9999 0.38 0.04 0.03 0.03 

cg22064581 6 - 34113293 -0.30 0.0033 9.17E-15 1.99E-09 -0.28 0.20 0.263 0.9999 0.33 0.02 0.02 0.02 

cg16799926 14 SLC8A3 70546695 -0.38 0.0043 1.46E-14 2.52E-09 -0.87 0.16 0.012 0.9999 0.43 0.05 0.04 0.04 

cg26432519 18 LOXHD1 44087356 -0.84 0.0113 6.98E-14 1.01E-08 -1.51 0.39 0.030 0.9999 0.89 0.03 0.06 0.04 

cg07427438 16 - 4819304 -0.19 0.0026 8.59E-14 1.06E-08 0.10 0.08 0.300 0.9999 0.2 0.01 0.02 0.02 

cg07736530 11 - 33479526 -0.41 0.0059 1.27E-13 1.10E-08 -0.71 0.34 0.129 0.9999 0.46 0.04 0.05 0.04 

cg08670313 11 TENM4 79082422 -0.25 0.0036 1.28E-13 1.10E-08 -0.40 0.30 0.274 0.9999 0.3 0.04 0.04 0.05 

cg17504584 1 IQCC 32671645 -0.21 0.0030 1.34E-13 1.10E-08 -0.35 0.17 0.141 0.9999 0.26 0.06 0.05 0.05 

*Chromosomal position based on NCBI human reference genome assembly Build 37.3 § Effect size = ratio of methylated fluorescence signal over total fluorescence signal of 

methylated and unmethylated (β). It’s values range between 0 and 1 and roughly represents changes in percentage methylation where 0 is equal to 0% and 1 is equal to 100%. A 

positive value denotes an increase in methylation and a negative value denotes a decrease in methylation. (-) CpG site not mapped to a gene region. 
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Table 5-5- Results of lowest 10 P-values of multivariable variable regression (adjusting for batch and 6 surrogate variables) on the effect of aspirin on DNA 
methylation in RG/C2 cells 

Illumina probe 
ID for CpG site 

Chromosome 
Gene 

Region 
Position* 

Multivariable linear regression comparing methylation 
of aspirin treated with untreated including surrogate 

variables  
((N=9 (treated) vs N=3 (untreated)) 

Average fluorescent signal of methylation for 
each treatment individually 

(N= 3 for each concentration) 

Effect size§ 
SE P-value 

FDR 

adjusted P-
value 

0mM 0.5mM 2mM 4mM 

(β) 

cg21232203 20 CTSZ 57574714 -1.11 0.011 2.01E-06 0.6907 0.87 0.8 0.82 0.82 

cg16581782 12 RPH3A 1.13E+08 -4.64 0.049 2.56E-06 0.6907 0.42 0.4 0.33 0.24 

cg15897840 5 - 1.35E+08 -5.20 0.055 2.67E-06 0.6907 0.56 0.54 0.48 0.79 

cg06928924 5 ISOC1 1.28E+08 0.37 0.004 3.19E-06 0.6907 0.03 0.03 0.03 0.03 

cg07001545 10 ERCC6 50747328 -0.08 0.001 5.57E-06 0.8228 0.01 0.01 0.01 0.01 

cg00725654 7 HECW1 43314146 -2.57 0.036 5.81E-06 0.8228 0.92 0.93 0.89 0.83 

cg25899954 18 - 8660164 0.99 0.014 6.65E-06 0.8228 0.94 0.94 0.92 0.91 

cg00916973 17 - 43580461 1.30 0.024 1.40E-05 0.9999 0.77 0.74 0.75 0.78 

cg17743249 X PHKA2 18923628 1.19 0.022 1.43E-05 0.9999 0.87 0.9 0.89 0.9 

cg03124708 9 RALGDS 1.36E+08 0.90 0.017 1.45E-05 0.9999 0.03 0.03 0.05 0.04 

*Chromosomal position based on NCBI human reference genome assembly Build 37.3 § Effect size = ratio of methylated fluorescence signal over total fluorescence signal of 

methylated and unmethylated (β). It’s values range between 0 and 1 and roughly represents changes in percentage methylation where 0 is equal to 0% and 1 is equal to 100%. A 

positive value denotes an increase in methylation and a negative value denotes a decrease in methylation. (-) CpG site not mapped to a gene region. 

 

.
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5.3.3 Aspirin favours decreasing the methylation of CpG sites 

Initially, we analysed the effect of aspirin on over 850,000 CpG sites from the 850K array through 

Manhattan plots and QQ plots to identify the statistically significant CpG sites. We investigated the 

general effect of aspirin on DNA methylation on the sites that were below the P-value threshold for 

significance (5 x 10-8) to eliminate any results which would otherwise be falsely associated with 

aspirin treatment (previously explained in Chapter 5.1.3.4). This means that only CpG sites with P-

value s below 5 x 10-8  are considered to be associated with aspirin  

After carrying out multivariable regression to compare the effect of aspirin treatment (0.5mM, 2mM 

and 4mM) versus no treatment on DNA methylation adjusting only for batch, a P-value threshold for 

significance (5 x 10-8) was set. This yielded 1492 CpG sites that fell below this cut-off (Figure 5-3 A).  

Of these 1492 CpG sites, the highest increase in DNA methylation was a beta of 0.7953 which 

equates to 79.53% increase in CpG site methylation in treated vs untreated cells. The highest 

decrease in methylation was a beta of -0.8439 which is equal to a decrease of 84.39% in CpG site 

methylation (Figure 5-5 A). Furthermore, long-term aspirin treatment decreases DNA methylation of 

999 CpG sites and increases methylation of 493 sites (Figure 5-5 B).  Therefore, long-term aspirin 

treatment favours a decrease in CpG site methylation as 66.96% of the sites were demethylated.  
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Figure 5-5- Waterfall plot and summary bar chart of the effect of long-term aspirin treatment on 
CpG site methylation changes in RG/C2 cells.  

RG/C2 cells were treated with 0, 0.5, 2 and 4mM aspirin for 75 weeks. DNA was then extracted, bisulphite 
converted, and methylation was measured using the MethylationEPIC BeadChip Infinium array. Multivariable 
regression was carried out adjusting only for batch. (A) The waterfall plot shows that the highest beta of 
increase in methylation as a result of aspirin treatment is 0.7953 which equates to a 79.53% increase in CpG 
site methylation. The largest decrease in methylation is -0.8439 which equates to a 84.39% reduction in CpG 
site methylation. (B) Of the 1492 CpG sites that fell below the P-value threshold for significance (5 x 10-8), 
aspirin increased the methylation of 493 CpG sites (33.04%) and decreased the methylation of 999 CpG sites 
(66.96%).  

5.3.4 Methylation site enrichment analysis- genomic regions 

In order to further understand the effect of long-term aspirin treatment on DNA methylation, we 

investigated whether aspirin was targeting specific genomic regions and/or specific locations relative 

to the CpG island. The rationale being that this may provide insights in to the mode of action of 

functional pathways via which aspirin is exerting downstream effects on “resistance” or CRC risk.  

After applying a stringent P-value threshold for significance (5 x 10-8), 1492 CpG sites remained as 

being statistically significant. We further separated these into sites that increase in DNA methylation 

with aspirin treatment and those that decrease in methylation. We then categorised these CpG sites 

based on their genomic regions thereby calculating the percentage of them found in the proximal 

promoter (200 base pairs upstream of the transcription start site, 1500 base pairs upstream of the 

transcription start site, exon 1 and the 5’ untranslated region (UTR)), the 3’ UTR, the gene bodies 
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(exons) and the intergenic regions (introns) (Figure 5-6 A). After that, we compared these to 

percentage values of CpG sites found in these regions for the entire array (N=865859) to be able to 

identify whether aspirin treatment enriches for changes in DNA methylation at specific genomic 

regions. We used a Chi square (X2) test with Yates' continuity correction to compare the percentage 

of CpG sites in these genomic regions for sites below the P-value threshold for significance (5 x 10-8) 

that decrease/increase methylation (observed data) compared to percentages from the entire array 

(expected data).  

Table 5-6- A Comparison of the percentage of sites in genomic regions targeted by aspirin 
compared to the total percentage of sites from the array 

 
Gene region 

All sites (N= 
865859) 

P-value ≤ 5 x 10-8 significant sites of 
increased methylation (N=493) 

P-value ≤ 5 x 10-8 significant sites of 
decreased methylation (N=999) 

Percentage Percentage 
X-

squared 
P-value Percentage 

X-
squared 

P-value 

Proximal 
promoter  

35.20% 27.38% 6.481 0.0109 31.13% 3.461 0.0628 

Exon 1 1.20% 1.62% 0.414 0.5201 4.60% 89.131 3.7x10-21 

TSS200 9.40% 3.45% 17.291 3.21x10-5 7.81% 2.328 0.1271 

TSS1500 13.90% 11.36% 1.873 0.1712 7.81% 24.264 8.4x10-7 

5'UTR 10.70% 10.95% 0.008 0.9276 10.91% 0.020 0.8867 

3'UTR 1.90% 5.07% 23.203 1.46x10-6 2.00% 0.013 0.9080 

Gene body 
(exons) 

35.90% 42.19% 3.654 0.0559 33.83% 0.829 0.3625 

Intergenic 
region 

26.90% 34.69% 7.972 0.0048 35.84% 21.490 3.6x10-6 

Abbreviations: TSS200, 200 base pairs upstream of the transcription start; TSS1500, 1500 base pairs upstream 
of the transcription start site; 5’UTR, 5’ untranslated region; 3’ UTR, 3’ untranslated region. Statistically 
significant results are shown in red and bold font.  

Aspirin increases the methylation of 493 sites and decreases the methylation of 999 sites from the 

1492 CpG sites below the P-value threshold for significance (5 x 10-8). The results of the X2 test are 

summarised in Table 5-6. Of the sites that increase in methylation, an increase in methylation is 

significantly enriched in the 3’ UTR (5.07% of the 493 sites are within the 3’ UTR compared to 1.9% 

of the array, P-value = 1.46x10-6) and the intergenic regions (34.69% of the 493 sites are found in 

intergenic regions compared to 26.9% of the array, P-value= 0.0048) whereas aspirin does not target 

promoter regions for methylation (27.38% of the 493 sites are found in promoter regions compared 

to 35.2% of the array, P-value = 0.0109) and the regions 200 base pairs upstream of the transcription 

start site (3.45% of the 493 sites are found in the regions 200 base pairs upstream of the 

transcription start site compared to 9.45% of the array, P-value = 3.21x10-5) (Figure 5-6 B). There is 

no significant difference in the percentage of CpG sites targeted for increased methylation between 
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the 493 sites and the array for exon 1 regions, sites 1500 base pairs upstream of the transcription 

start site, the 5’ UTR and the gene body.   

With regards to sites of decreased methylation, aspirin demethylates intergenic regions more than 

expected (35.84% of the 999 sites are found in intergenic regions compared to 26.9% found in the 

array, P-value = 3.6x10-6) and demethylates exon 1 sites more than expected (4.60% of the 999 sites 

are found in exon 1 compared to 1.2% found in the array, P-value = 3.7x10-21). Aspirin does not 

target regions 1500 base pairs upstream of the transcription start site exon 1 sites for demethylation 

(7.81% of the 999 sites are demethylated compared to 13.9% of the array, P-value = 8.4x10-7) (Figure 

5-6 C).  There is no significant change in the percentage of CpG sites targeted for demethylation 

between the 999 sites and the array for the proximal promoter, regions 200 base pairs upstream of 

the transcription start site, the 5’ UTR, the 3’ UTR and the gene body.  

These results indicate that aspirin appears to target the 3’UTR and intergenic regions for increased 

methylation more than chance but does not target the proximal promoter and regions 200 base 

pairs upstream of the transcription start site. Aspirin also demethylates CpG sites in exon 1 and 

intergenic regions more than chance but does not target sites 1500 base pairs upstream of the 

transcription start site for demethylation.  

Overall, the results suggest that aspirin demethylates promoter regions exon 1 and 1500 base pairs 

upstream of the transcription start site and methylates 3’UTR regions. The demethylation of 

promoter sites would indicate an increase in transcription and gene expression (399) and 3’ UTR 

sites are known for regulating the fate of mRNAs such as localization, translation and degradation 

(400).  
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Figure 5-6- A comparison of CpG sites enriched for methylation and demethylation in different 
genomic regions after long-term aspirin treatment (75 weeks) in RG/C2 cells 

The percentage of methylated and demethylated CpG sites found in specific genomic regions were compared 
to the percentage of CpG sites found in these regions from the 865859 sites of the MethylationEPIC BeadChip 
Infinium array. We used a Chi square (X2) test with Yates' continuity correction to identify whether aspirin 
targets specific regions for methylation/demethylation more or less than we would expect (*** p ≤ 0.001, **p 
≤ 0.01 and * p ≤ 0.05). Abbreviations: TSS200, 200 base pairs upstream of the transcription start; TSS1500, 
1500 base pairs upstream of the transcription start site; 5’UTR, 5’ untranslated region; 3’ UTR, 3’ untranslated 
region. (A) A schematic of the genomic regions analysed and their locations within the genome. (B) Aspirin 
methylates CpG sites in the 3’UTR (p ≤ 0.001) and intergenic regions (p ≤ 0.01) more than expected but does 
not methylate sites in the proximal promoter (p ≤ 0.05) or 200 base pairs upstream of the transcription start 
site (p ≤ 0.001). (C) Aspirin demethylates CpG sites 1500 base pairs upstream of the transcription start site (p ≤ 
0.001) and within intergenic regions (p ≤ 0.001) more than chance but does not demethylate sites in exon 1 (p 
≤ 0.001).  
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5.3.5 Methylation site enrichment analysis- CpG context 

To further understand which sites/regions are targeted for methylation/demethylation by aspirin, 

we analysed the location of sites relative to CpG islands. CpG islands are clusters of CpG 

dinucleotides commonly found in promoter regions of genes (169,170).  

Statistically significant sites were calculated as above (Chapter 5.3.4) and separated into sites that 

increase in DNA methylation with aspirin treatment and those that decrease in methylation. CpG 

sites were categorised based on their CpG context by calculating the percentage of sites found in the 

north shelf, north shore, CpG island, south shore, south shelf and open sea regions (CpG sites 

located outside of these regions) (Figure 5-7 A). The annotation of the CpG islands was as follows: 

shores are considered 2-kb sequences either side of the CpG island, shelves are 2-kb sequences next 

to the shore and open sea sites are CpG dinucleotides not found in the CpG islands or the shores and 

shelves next to it (171).  

We compared these to percentage values of CpG sites found in these regions for the entire array 

(N=865859) to identify enrichment for changes in DNA methylation at certain locations relative to 

the CpG island. We used a Chi square (X2) test with Yates' continuity correction to compare the 

percentage of CpG sites in these genomic regions.  
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Table 5-7- A Comparison of the percentage of sites in the CpG content and neighbourhood context 
by aspirin compared to the total percentage of sites from the array  

  
Relation to 

Island 

All sites (N= 
865859) 

P-value ≤ 5 x 10-8 significant sites of 
increased methylation (N=493) 

P-value ≤ 5 x 10-8 significant sites of 
decreased methylation (N=999) 

Percentage Percentage 
X-

squared 
P-value Percentage 

X-
squared 

P-value 

North shelf 9.63% 10.14% 0.075401 0.7836 11.11% 1.9025 0.1687 

north shore 3.69% 4.26% 0.27028 0.6031 2.90% 1.437 0.2306 

Island 18.65% 2.03% 70.514 4.5 x 1017 14.61% 7.365 0.00665 

South shore 8.22% 9.13% 0.34884 0.5548 11.61% 12.1 5.041x10-4 

South shelf 3.43% 4.46% 1.1825 0.2769 1.90% 6.226 0.0126 

Open Sea 56.38% 69.98% 9.2859 2.31 x10-3 57.86% 0.21923 0.6396 

The annotation of the CpG islands was as follows: shores are considered 2-kb sequences either side of the CpG 
island, shelves are 2-kb sequences next to the shore and open sea sites are CpG dinucleotides not found in the 
CpG islands or the shores and shelves next to it. Statistically significant results are shown in red and bold font. 

 

Aspirin targets open sea regions for methylation more than expected (69.98% of the 493 sites are 

methylated compared to 56.38% of the array, P-value= 2.31 x10-3) but aspirin does not target CpG 

islands for methylation (2.03% of the 493 sites are methylated compared to 18.65% of the array, P-

value= 4.5 x 10-17) (Table 5-7). There is no significant change in the percentage of CpG sites that are 

methylated between the 493 sites and the array for CpG sites in the north shelf, north shore, south 

shore and south shelf (Figure 5-7 B).  

On the other hand, aspirin significantly demethylates south shore regions more than expected 

(11.61% of the 999 CpG sites compared to 8.22% of the array, P-value= 5.041x10-4). Long-term 

aspirin treatment does not target islands for demethylation (14.61% of the 999 CpG sites compared 

to 18.65% of the array, P-value= 0.00665) nor does it target south shelf regions (1.90% of the 999 

CpG sites compared to 3.43% of the array, P-value= 0.0126). There is no significant change in the 

percentage of CpG sites that are demethylated between the 999 sites and the array for CpG sites in 

the north shelf, north shore and open sea.  

Overall, these results suggest that aspirin methylates open sea regions and demethylates south 

shore regions. The consequence of methylation/demethylation of these sites is still largely unknown. 
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Figure 5-7- A comparison of CpG sites enriched for methylation and demethylation relative to the 
CpG island after long-term aspirin treatment (75 weeks) in RG/C2 cells 

The percentage of methylated and demethylated CpG sites found in specific regions relative to CpG islands 
were compared to the percentage of CpG sites found in these regions from the 865859 sites of the 
MethylationEPIC BeadChip Infinium array. Shores are considered to be 2-kb sequences either side of the CpG 
island, shelves are 2-kb sequences next to the shore and open sea sites are CpG dinucleotides not found in the 
CpG islands or the shores and shelves next to it. We used a Chi square (X2) test with Yates' continuity 
correction to identify whether aspirin targets specific regions for methylation/demethylation more or less than 
we would expect (*** p ≤ 0.001, **p ≤ 0.01 and * p ≤ 0.05).  A) A schematic of CpG sites relative to the CpG 
island. (B) Aspirin methylates CpG dinucleotides in open sea regions more than expected (p ≤ 0.01) but does 
not target CpG islands (p ≤ 0.001). (C) Aspirin demethylates CpG dinucleotides in south shore regions more 
than expected (p ≤ 0.001) but does not target CpG islands (p ≤ 0.001) and south shelf regions (p ≤ 0.01).  
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5.3.6 Gene ontology pathway 

After identifying how many sites aspirin targets for increased methylation and decreased 

methylation, we investigated whether the epigenetic effects of aspirin were targeting specific 

pathways.  

CpG site annotations (chromosome, position, gene etc.) were extracted using The Meffil package in 

R (264). CpG sites were not necessarily only in the promoter regions but could also be located in 

other coding and non-coding regions within the genomic co-ordinates of the gene. Gene names 

associated with the 493 CpG sites of increased methylation and 999 sites of decreased methylation 

were extracted. Sites were tested for ontology enrichment using the Kyoto Encyclopedia of Genes 

and Genomes (KEGG) collection of pathways in R version 3.2.3 using the missMethyl package. 

Pathways were considered statistically significant when the P-value using the FDR method was 0.05 

for over-representation of the KEGG term. This means that any pathways with an FDR-adjusted P-

value of less than 0.05 have a probability of 5% or less of being a false positive when actually they 

are a null association.  

For an increase in methylation, aspirin targets 7 CpG sites in genes involved in the pathways in 

cancer (P-value= 1.24x10-5, FDR adjusted P-value = 0.004) and 5 sites in the pathways of Human T-

lymphotropic virus infection  (P-value = 1.29x10-4, FDR adjusted P-value = 0.0207)  and human 

papillomavirus infection (P-value= 4.10x10-4, FDR= 0.0437) (Figure 5-8 A, Table 5-8).  

For a decrease in methylation, aspirin targets 29 pathways ranging from a total of 3 genes to 17 

genes. The 5 most over-represented pathways are the Mitogen-Activated Protein Kinase (MAPK) 

signalling pathway (P-value =3.66 x10-8, FDR adjusted P-value= 1.17 x10-5), protein digestion and 

absorption pathway (P-value= 8.24 x10-8, FDR adjusted P-value= 1.32 x10-5), cyclic guanosine 

monophosphate-protein kinase G (cGMP-PKG) signalling pathway (P-value = 7.77 x10-7, FDR adjusted 

P-value = 8.29 x10-5), metabolic pathways (P-value= 3.45 x10-6, FDR adjusted P-value= 2.76 x10-4) and 

cytokine-cytokine receptor interaction pathway (P-value = 1.06 x10-5, FDR adjusted P-value= 6.75 

x10-4) (Figure 5-8 B, Table 5-9). Aspirin also demethylates genes in the Human T-lymphotropic virus 

infection pathway (P-value= 1.10 x10-3, FDR adjusted P-value= 0.018).  

Aspirin demethylates CpG sites in genes involved in the MAPK signalling pathway, cytokine-cytokine 

receptor interactions, insulin secretion and PI3K-AKT signalling pathway. The MAPK signalling 

pathways is over activated and expressed in colorectal cancer progression (401). Cytokines such as 

interleukin-6 (IL-6) and tumour necrosis factor (TNF) as well as interleukin 17A (IL-17A) and 

interleukin 22 (IL-22) have been shown to be associated with the hallmarks of cancer such as 

resistance to apoptosis, proliferation, angiogenesis as well as invasion and metastasis (402) . Also, 
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several proteins involved in the insulin/insulin-like growth factor (IGF) signalling pathway are 

involved in the transformation of normal colon epithelial cells (403). As for the phosphoinositide 3-

kinase- protein kinase B (PI3K-AKT) signalling pathway, it is involved in reducing apoptosis as well as 

stimulating cell proliferation (404). These results suggest that long-term aspirin treatment targets 

the demethylation of pathways involved in cancer progression. In general, demethylation would 

result in an increase in gene expression and therefore increase the signalling of these pathways. This 

demethylation and thus activation of signalling pathways involved in cancer progression may be one 

of the mechanisms by which patients acquire “aspirin resistance” since changes in DNA methylation 

are not immediate (as seen from short-term aspirin treatment which did not significantly affect DNA 

methylation (Chapter 4.3.1)) and this suggests that aspirin’s effect on DNA methylation takes place 

over a longer period of time.  

Therefore, aspirin targets genes for increased methylation in the cancer pathways and viral 

infections. Aspirin demethylates genes involved in many signalling and metabolic pathways, of which 

some are involved in colorectal cancer progression. Overall, these results suggest that aspirin targets 

a plethora of different genes involved in many pathways through epigenetic mechanisms and 

aspirin’s effect on DNA methylation may be one of the mechanisms through which patients could 

acquire “resistance” aspirin if taken long-term prior to exposure (276).   
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Figure 5-8- Pathways targeted by aspirin through a methylation increase or decrease of their 
genes. 

After applying a more stringent P-value threshold for significance (5 x 10-8), aspirin increases methylation of 
493 CpG sites and demethylates 999 sites. Gene names associated with these CpG sites were extracted and 
were tested for ontology enrichmnent for the KEGG collection of pathways using the missMethyl package in R 
version 3.2.3. Pathways were considered to be statistically significant when the P-value using the FDR method 
was 0.05 for over-representation of the KEGG term. (A) Aspirin methylates genes in the pathways of cancer, 
HTLV-1 infection and human papillomavirus infection pathways. (B) Aspirin demethylates genes in 29 
pathways ranging from 3 genes to 17.  
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Table 5-8- Over-represented pathways of genes that increase in methylation with long-term 
aspirin treatment (75 weeks) in RG/C2 cells  

Pathway Number of 
genes in the 
KEGG term 

Number of 
genes that are 
differentially 
methylated 

P-value for over-
representation 

of the KEGG 
term 

FDR adjusted 
P-value 

Pathways in cancer 394 7 1.24x10-5 0.0040 

Human T-lymphotropic virus infection 252 5 1.29x10-4 0.0207 

Human papillomavirus infection 309 5 4.10x10-4 0.0437 

Abbreviations: FDR, false discovery rate.  

Table 5-9- Over-represented pathways of genes that decrease in methylation with long-term 
aspirin treatment (75 weeks) in RG/C2 cells  

Pathway Number of 
genes in the 
KEGG term 

Number of 
genes that are 
differentially 
methylated 

P-value for over-
representation 

of the KEGG 
term 

FDR adjusted 
P-value 

MAPK signalling pathway 254 11 3.66 x10-8 1.17 x10-5 

Protein digestion and absorption 89 7 8.24 x10-8 1.32 x10-5 

cGMP-PKG signalling pathway 162 8 7.77 x10-7 8.29 x10-5 

Metabolic pathways 1240 17 3.45 x10-6 2.76 x10-4 

Cytokine-cytokine receptor interaction 254 7 1.06 x10-5 6.75 x10-4 

Olfactory transduction 395 7 1.57 x10-5 8.35 x10-4 

Nicotine addiction 40 4 3.68 x10-5 1.68 x10-3 

Insulin secretion 85 5 5.41 x10-5 2.16 x10-3 

Terpenoid backbone biosynthesis 22 3 6.77 x10-5 2.41 x10-3 

Synaptic vesicle cycle 63 4 1.66 x10-4 5.27 x10-3 

Cardiac muscle contraction 74 4 1.81 x10-4 5.27 x10-3 

Calcium signalling pathway 180 6 1.98 x10-4 5.29 x10-3 

Glutamatergic synapse 114 5 2.62 x10-4 6.46 x10-3 

Axon guidance 174 6 3.51 x10-4 8.02 x10-3 

Pathways in cancer 394 8 5.76 x10-4 0.0123 

PI3K-AKT signalling pathway 329 7 6.85 x10-4 0.0137 

GABAergic synapse 88 4 8.31 x10-4 0.0157 

Breast cancer 151 5 9.76 x10-4 0.0173 

Human T-lymphotropic virus infection 252 6 1.10 x10-3 0.0180 

Fatty acid metabolism 47 3 1.13 x10-3 0.0180 

Natural killer cell mediated cytotoxicity 116 4 1.24 x10-3 0.0190 

Amyotrophic lateral sclerosis (ALS) 51 3 1.67 x10-3 0.0243 

cAMP signalling pathway 198 5 1.96 x10-3 0.0273 

Cholinergic synapse 112 4 2.42 x10-3 0.0323 

Apelin signalling pathway 136 4 3.15 x10-3 0.0403 

Neuroactive ligand-receptor interaction 273 5 3.50 x10-3 0.0430 

Basal cell carcinoma 63 3 3.81 x10-3 0.0449 

Adrenergic signalling in cardiomyocytes 143 4 3.96 x10-3 0.0449 

Alzheimer's disease 164 4 4.07 x10-3 0.0449 

Abbreviations: MAPK, Mitogen-Activated Protein Kinase; cGMP-PKG, cyclic guanosine monophosphate- 
protein kinase G; PI3K- AKT, Phosphoinositide 3-kinase- protein kinase B; FDR, false discovery rate. 
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5.3.7 Aspirin has the same effect on CpG site methylation regardless of dose 

The results from Chapter 5.3.2 suggest that aspirin may be having a similar effect on DNA 

methylation regardless of dose. For this reason, we decided to investigate the 10 most statistically 

significant CpG sites from the multivariable regression analysis of aspirin as a binary exposure 

variable and adjusting for batch only. Raw methylation levels for RG/C2 cells with 0mM, 0.5mM, 

2mM and 4mM aspirin treatment was extracted. A one-way ANOVA and Bonferroni multiple 

comparison test was used to calculate significance between each of the treatments.  

The levels of DNA methylation, including standard deviations, for each aspirin condition in the 10 

CpG sites is summarised in Table 5-10, where 0 denotes unmethylated and 1 denotes complete 

methylation. The results show that there is a significant decrease in methylation between 0mM 

aspirin treatment and all aspirin doses (p ≤ 0.001) in the 10 CpG sites (Figure 5-9). The results also 

show that there is no significant difference between levels of methylation between 0.5mM vs 2mM, 

0.5mM vs 4mM and 2mM vs 4mM. This is consistent for all CpG sites. It is worth to consider that the 

nature of the model run (treated vs untreated) was best powered to select for these results. 

Therefore a linear regression should be run comparing aspirin concentrations as a continuous 

exposure variable rather than binary.  

These results are important as they indicate that long-term aspirin treatment may exhibit similar 

effects on DNA methylation regardless of the dose of aspirin. Doses as low as 0.5mM affect DNA 

methylation of a CpG site to a similar magnitude as the higher doses. For example, 0.5mM aspirin 

decreases the DNA methylation of cg05514510 by 0.33 and this is the same as 2mM and 4mM. This 

could indicate that there is a threshold for aspirin’s effect on DNA methylation that is met by doses 

as small as 0.5mM.  
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 Table 5-10- Average level of methylation for each aspirin dose for the 10 most statistically 
significant CpG sites in the multivariable regression 

  
Aspirin concentration 

(mM) 

Average fluorescent signal of methylation for each treatment individually 

0mM 0.5mM 2mM 4mM 

Illumina probe ID for 
CpG site Average β SD Average β SD Average β SD Average β SD 

cg05514510 0.35 0.007 0.02 0.003 0.02 0.002 0.02 0.001 

cg07139509 0.22 0.006 0.02 0.001 0.02 0.000 0.02 0.003 

cg16438832 0.38 0.007 0.04 0.008 0.03 0.007 0.03 0.001 

cg22064581 0.33 0.012 0.02 0.002 0.02 0.004 0.02 0.003 

cg16799926 0.43 0.008 0.05 0.010 0.04 0.001 0.04 0.006 

cg26432519 0.89 0.005 0.03 0.008 0.06 0.017 0.04 0.011 

cg07427438 0.20 0.005 0.01 0.001 0.02 0.005 0.02 0.005 

cg07736530 0.46 0.005 0.04 0.005 0.05 0.017 0.04 0.005 

cg08670313 0.30 0.001 0.04 0.004 0.04 0.005 0.05 0.009 

cg17504584 0.26 0.005 0.06 0.003 0.05 0.002 0.05 0.006 
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Figure 5-9- The effect of long-term aspirin treatment on the 10 most statistically significant CpG 
sites stratified by aspirin dose. 

RG/C2 cells were treated with 0, 0.5, 2 and 4mM aspirin for 75 weeks. DNA was then extracted, bisulphite 
converted, and methylation was measured using the MethylationEPIC BeadChip Infinium array. Multivariable 
regression was carried out adjusting only for batch. A one-way ANOVA and Bonferroni multiple comparison 
test was used to calculate significance between each of the treatments (*** p ≤ 0.001, **p ≤ 0.01 and * p ≤ 
0.05, NS= non-significant). Bar charts of the average level of DNA methylation for the 10 most statistically 
significant Illumina probe IDs for CpG site methylation are shown; (A) cg05514510, (B) cg07139509, (C) 
cg16438832, (D) cg22064581, (E) cg16799926, (F) cg26432519, (G) cg07427438, (H) cg07736530, (I) 
cg08670313 and (J) cg17504584. Aspirin (0.5mM, 2mM and 4mM) significantly decreases the methylation for 
all 10 CpG sites (p ≤ 0.001) but there is no significant difference between 0.5mM and 2mM, 0.5mM and 4mM 
or 2mM and 4mM aspirin treatment on CpG site methylation levels.  
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5.3.8 Pyrosequencing 

To confirm that aspirin was directly affecting CpG methylation, validation of these results through 

pyrosequencing was attempted (171,405).  

At this point, RG/C2 cells had been cultured for 108 weeks with 0mM, 0.5mM, 2mM and 4mM 

aspirin in 2D cell culture. DNA was extracted and then quantified before being subject to bisulphite 

modification. PCR primers were designed using the PyroMark Assay Design software around the CpG 

site of interest (previously explained in Chapter 2.11). The software assigns scores to the primers out 

of 100 calculated according to many factors such as the likelihood of mispriming, the primer length 

(optimal is 200 base pairs or less) and the chance of primer dimer. We used a threshold score of 80 

or more as a cut-off for a suitable primer for the assay. We chose the first two Illumina probe 

numbers for CpG sites with the most significant P-value of association with aspirin treatment that we 

could design a primer for with a score of 80 or more. These are summarised in Table 5-11. Once 

suitable primers were designed, bisulphite modified samples were subject to PCR and 

pyrosequencing. We then applied a one-way ANOVA and Dunnett’s multiple comparison test to 

calculate statistical significance. 

Table 5-11- Primer assay scores for pyrosequencing assays of the 6 most statistically significant 
CpG sites associated with aspirin treatment 

Illumina probe ID for 

CpG site 

Assay score Gene name P-value 

cg05514510 75 C14orf162 NR_024630 2.58 x10-16 

cg07139509 Assay not possible  None annotated 7.37 x10-15 

cg16438832 79  None annotated 8.24 x10-15 

cg22064581 Assay not possible  None annotated 9.17 x10-15 

cg16799926 82 SLC8A3 1.46 x10-14 

cg26432519 87 LOXHD1 6.98 x10-14 

 

Primer scores were assessed starting with the most statistically significant CpG site from aspirin 

treatment until primers with an assay score of 80 or more (which indicates a higher likelihood of a 

successful PCR assay) were found. The CpG sites that had the highest scoring primers were the sites 

measured by the Illumina probe IDs cg16799926 and cg26432519 located in the genes solute carrier 
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family 8 member A3 (SLC8A3) and lipoxygenase homology domains 1 (LOXHD1), respectively (Table 

5-11), which had a primer assay score of 82 and 87. These CpG sites are at chromosome 14 position 

70546695 and chromosome 18 position 44087356, respectively. For this reason, we tested for 

changes in DNA methylation in these 2 CpG sites due to aspirin treatment to validate our EWAS 

results.  

In order to carry out pyrosequencing, we first checked that the PCR amplified samples contained 

DNA and that the primer was amplifying the desired product ((Figure 5-10 A). The results show that 

DNA is present in all samples but there appears to be DNA contamination in the bisulphite modified 

control sample and the PCR control sample for both CpG sites at the Illumina probe IDs cg16799926 

(Figure 5-10 A) and cg26432519 (Figure 5-11 A). The gel also shows that the primers are successfully 

amplifying the desired PCR product only. 

Table 5-12- Average percentage methylation of CpG at the Illumina probe ID cg16799926 using the 
MethylationEPIC BeadChip Infinium (850K) array and pyrosequencing after 108 weeks of aspirin 
treatment in RG/C2 cells 

SLC8A3 
MethylationEPIC BeadChip Infinium 

(850K) array 
Pyrosequencing 

Aspirin 
concentration 

Average 
percentage 
methylation 

SD 
Average 

percentage 
methylation 

SD 

0mM 42.80 0.0079 21.75 3.61 

0.5mM 4.66 0.0100 7.91 6.89 

2mM 4.34 0.0006 2.44 4.23 

4mM 4.42 0.0057 3.53 3.11 

 

Due to the contamination of the PCR control and the bisulphite modified control, it is difficult to 

derive any conclusions from the pyrosequencing results, although both methods do allude to a 

decrease in CpG site methylation with aspirin (Table 5-12 and Figure 5-10 B). Table 5-12 summarises 

the percentage methylation with each aspirin treatment for CpG site at the Illumina probe ID 

cg16799926 comparing the results from the EWAS and the results from pyrosequencing. However, 

this assay needs to be repeated before any further conclusions can be made. 
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Figure 5-10- Long term aspirin treatment (108 weeks) effect on the CpG site from the Illumina 
probe cg16799926 methylation 

RG/C2 cells were cultured for 108 weeks with 0, 0.5, 2 and 4mM aspirin in 2D cell culture. DNA was extracted 
and then quantified before being subject to bisulphite modification, PCR and pyrosequencing. Results are 
mean values from 3 repeat experiments with standard deviations and a one-way ANOVA and Dunnett’s 
multiple comparison test to calculate significance (*** p ≤ 0.001, **p ≤ 0.01 and * p ≤ 0.05). (A) The agarose 
gel shows that the primers successfully produce the desired PCR product and that there is DNA present in all 
samples. The gel also shows that there appears to be DNA contamination in the bisulphite modified control 
(H2O BM control) and PCR control (H2O PCR control). (B) Aspirin may be decreasing the percentage 
methylation of the CpG site from the Illumina probe cg16799926 at 0.5mM, 2mM and 4mM. However, the 
quality of the samples is not high therefore these results need to be repeated and checked.  
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Table 5-13- Average percentage methylation of the CpG site at the Illumina probe ID cg26432519 
using the MethylationEPIC BeadChip Infinium (850K) array and pyrosequencing after 108 weeks of 
aspirin treatment in RG/C2 cells 

LOXHD1 
MethylationEPIC BeadChip Infinium 

(850K) array 
Pyrosequencing 

Aspirin 
concentration 

Average 
percentage 
methylation 

SD 
Average 

percentage 
methylation 

SD 

0mM 88.79 0.0053 41.40 2.67 

0.5mM 3.30 0.0076 0.00 0.00 

2mM 6.26 0.0174 0.00 0.00 

4mM 3.64 0.0111 2.70 4.68 

 

Table 5-13 also shows summary results of percentage methylation with each aspirin treatment for 

the CpG site of the Illumina probe cg26432519 comparing the results from the EWAS and the results 

from pyrosequencing. Again, due to the contamination of the PCR control and the bisulphite 

modified control, it is difficult to derive any conclusions from the pyrosequencing results, although 

both methods indicate a decrease in CpG site methylation with aspirin (Table 5-13 and Figure 5-11 

B).  

Overall, whilst both methods allude to a similar effect of long-term aspirin treatment on decreasing 

DNA methylation, conclusions cannot be made before the pyrosequencing assay is repeated due to 

the presence of DNA contamination in both the bisulphite modified control and the PCR control as 

well as poor sample quality which have provided unreliable results.  
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Figure 5-11- Long term aspirin treatment (108 weeks) effect on the CpG site from the Illumina 
probe cg26432519 methylation 

RG/C2 cells were cultured for108 weeks with 0, 0.5, 2 and 4mM aspirin in 2D cell culture. DNA was extracted 
and then quantified before being subject to bisulphite modification, PCR and pyrosequencing. Results are 
mean values from 3 repeat experiments with standard deviations and a one-way ANOVA and Dunnett’s 
multiple comparison test to calculate significance (*** p ≤ 0.001, **p ≤ 0.01 and * p ≤ 0.05). (A) The agarose 
gel shows that the primers successfully produce the desired PCR product and that there is DNA present in all 
samples. The gel also shows that there appears to be DNA contamination in the bisulphite modified control 
(H2O BM control) and PCR control (H2O PCR control). (B) No peaks were detected in the 0.5mM and 2mM 
treated samples indicating poor sample quality. Aspirin significantly decrease the percentage methylation of 
the CpG site from the Illumina probe cg26432519 at 4mM (p ≤ 0.001). However, the quality of the samples is 
not high therefore these results need to be repeated and checked.  
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5.4 Discussion 

We have previously shown that short term aspirin treatment has no significant effect on genome-

wide DNA methylation (Chapter 4.3.1). However, many observational studies summarised in Chapter 

3.1.1 suggest that the duration of aspirin may affect how it alters risk of colorectal cancer. Since 

aspirin appears to have a different effect when taken short-term or long-term, we set out to identify 

whether long-term exposure to aspirin had a different effect on DNA methylation. Power 

calculations were carried out using the statistical software G*Power 3.1.9.2 (352). Our study had 

80.6% power to detect a mean methylation difference between aspirin treated and untreated 

samples of 0.18 beta (or 18% change in methylation) with a standard deviation of 0.1 for 9 treated 

samples vs 3 untreated samples.  

To our knowledge, aspirin’s effect on DNA methylation is largely unknown as most research has 

focused on its effect on protein and histone acetylation (78). Overall, we have shown that long-term 

aspirin affects genome-wide levels of DNA methylation. It did not specifically methylate multiple 

CpG sites in one or two chromosomes/genomic regions only, rather it significantly affected the 

methylation of multiple CpG sites across all the chromosomes. This is similar to aspirin’s effect on 

other epigenetic modifications as evidenced by Tatham et. al (2017) who found that aspirin 

acetylated proteins globally and did not enrich for a specific functional group when compared to a 

control list of proteins from untreated HeLa cells (78).  However, when we compared our results to a 

normal distribution through a QQ plot, it indicated the presence of confounding which was 

systematically affecting the significance of all the results. Whilst we adjusted for batch only, it may 

be that there are other factors that may be biasing the results, for example, we did not control for 

the time at which DNA was extracted from cells as this was done when cells reached a certain 

confluency in the flasks. Since 2mM and 4mM grew at a much slower rate than 0mM and 0.5mM 

aspirin treated cells, these were cultured for a longer time before DNA was extracted.  

We attempted to adjust for this confounding using surrogate variable analysis which mathematically 

calculates surrogate or potentially confounding variables and includes them in the logistic regression 

model. After carrying out SVA, the observed inflation in the test statistics was removed but the most 

statistically significant CpG sites were those with very small changes in average methylation 

fluorescence. For example, the most pronounced site using the SVA model was the CpG site from 

the Illumina probe number cg21232203 whereby aspirin decreased the percentage of methylation 

by 7% in 0.5mM treated cells and 5% in 2mM and 4mM treated cells when comparing the raw 

averages of DNA methylation. The SVA results indicate that the most significant CpG sites are those 

where aspirin hardly affects DNA methylation leading to the possible conclusion that surrogate 
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variable analysis is removing the effect of aspirin itself on CpG methylation which suggests over-

adjustment. Jaffe et al. (2015) stated that one must be careful when ‘cleaning’ biological data e.g. by 

carrying out surrogate variable analysis, as it may result in the removal of a true biological signal or 

otherwise retain unwanted variability (406). After calculating a correlation coefficient between the 6 

SVs and aspirin concentration, one of the SVs was indeed highly correlated with aspirin treatment 

with an R2 of 0.96 indicating that this SV is simply adjusting for the effect of aspirin treatment. For 

this reason, and due to the nature of the controlled laboratory environment making it unlikely for 

confounding to occur, we did not think results from surrogate variable analysis were representative 

and appropriate to use.  

After adjusting for multiple testing using a Bonferroni correction, 1562 CpG sites were shown to be 

associated with aspirin treatment. Since a high number of CpG sites fell below this threshold, we 

decided to use the more stringent threshold of 5 x 10-8 as is currently used for genome wide 

association studies of which 1492 CpG sites fell below this P-value, of which it methylated 493 and 

demethylated 999 CpG dinucleotides. 

  Overall, aspirin treatment favours a decrease in DNA methylation which is consistent with aspirin’s 

association with increased acetylation of histone proteins as indicated by the literature (78,188–

190).  The literature suggests an inverse relationship with active histone marks and DNA methylation 

as previously summarised in Chapter 4.1.6. For this reason, as previous literature suggests aspirin 

treatment increases acetylation, we would expect to observe a decrease in DNA methylation.  

In terms of genetic regions targeted by aspirin, demethylation occurs within promoter regions and 

methylation occurs in the 3‘ UTR. Hypermethylation and hypomethylation both occur in intergenic 

regions. It is known that CpG islands containing many CpG sites exist in promoter regions. The 

methylation of these dinucleotides determines whether a gene is expressed or not. CpG site 

methylation represses gene transcription and demethylation allows for gene transcription (399).  

Therefore, the demethylation of promoter sites may be increasing expression of certain genes. As 

for methylation of the 3’ UTR, these sites are known for regulating the fate of mRNAs such as 

localization, translation and degradation (400). Choi et. al (2009) stated that methylation at the 

coding boundaries (5’ UTR and 3’ UTR) plays a role in controlling RNA splicing and transcription 

elongation (407). It is also well-known that microRNAs (miRNAs) target these 3’ UTRs and their 

binding inhibits the initiation of mRNA translation (408).  The consequence of 3’ UTR methylation on 

the ability of miRNAs to bind to them is still unclear but it is possible that the increase in methylation 

at this coding boundary may affect miRNA binding and thus gene translation.  
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We tried to identify whether aspirin targets specific genetic regions or CpG sites within a specific 

CpG context. Of the most interesting results, aspirin may be demethylating promoter sites which 

would indicate an increase in transcription and gene expression (399).  With regards to CpG context, 

our results show that aspirin targets open sea regions for methylation. Open sea regions are CpG 

sites outside of the CpG islands. Blood samples from healthy Dutch patients show that these regions 

are mostly hypermethylated unlike CpG sites in islands that are mostly unmethylated (409). Klett et. 

al (2018) analysed the methylation status of 77 CRC tissues and 108 adjacent mucosa tissues using 

the 450K array. They observed the opposite association in CRC tissues whereby CpG islands were 

hypermethylated and open sea CpG sites were hypomethylated (410). Aspirin is hypermethylating 

open sea CpG sites therefore, it may be that aspirin is preventing cancer progression by reversing 

epigenetic changes that occur along the cancer development pathway suggesting a possible 

mechanism by which aspirin is therapeutic. 

CpG island shores are sequences that are 2-kb either side of the CpG island. They are important for 

cell differentiation and are targeted for aberrant DNA methylation in colorectal cancer. Irizarry et. al 

(2009) showed that most DNA methylation changes occur in the shore regions of CpG islands. They 

analysed DNA methylation from 13 colon cancers and their adjacent mucosal tissue and observed 

both hypomethylation and hypermethylation of CpG island shores (172).  McInnes et. al found that 

compared to normal mucosa, 12% of hypomethylated CpGs in colorectal tumour samples were 

found in shore regions (411). We also found a similar effect with aspirin treatment whereby the 

percentage of hypomethylated CpGs found in north and south shores totalled 11.91%. The exact 

interpretation of this biological effect is not yet clear. 

After testing CpG sites for ontology enrichment using the KEGG collection of pathways, our results 

showed that aspirin targets many pathways, especially in the sites targeted for a decrease in 

methylation: aspirin demethylates CpG sites in pathways associated with colorectal cancer 

progression such as the MAPK signalling pathway (401), the cytokine-cytokine pathway such as IL-6 

and TNF (402), the insulin and IGF signalling pathway (403) and the PI3K-AKT signalling pathway 

(404). CpG site methylation (particularly in promoter regions) represses gene transcription and 

demethylation allows for gene transcription (399). Surprisingly, as demethylation suggests an 

increase in gene expression, demethylation of CpG sites related to these pathways results in the 

over-activation of these pathways and hence cancer progression, contrary to its role as an anti-

cancer agent. However, evidence suggesting “aspirin-resistance” comes from epidemiological 

studies (Chapter 3.1.1) and from our own experiments whereby long-term aspirin treated cells are 

no longer sensitive to the growth inhibitory effect of aspirin (Chapter 3.3.2.1). The demethylation 

and over-activation of pathways involved in cancer progression may be one of the mechanisms by 
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which patients become less sensitive to aspirin treatment. Short-term aspirin treatment has no 

discernible effect on DNA methylation (Chapter 4.3.1) suggesting that long-term treatment is 

required for epigenetic modifications.  

Mansoori et. al (2017) stated that one of the mechanisms through which cancers become resistant 

to a drug is through epigenetic alterations, whether histone alterations or DNA methylation changes 

(412). The phenomenon of drug resistance through changes in DNA methylation is not unique to 

aspirin. Chen et. al (2015) found that treatment of the cervical cancer cell line S3 with oxaliplatin 

lead to resistance and increased global DNA methylation. Through monitoring of DNA methylation, 

they found that they could identify at what point cervical cancer cells became resistant to cisplatin 

and taxol (413).  

Terai et. al (2013) developed gefitinib resistant PC9 lung cancer cell lines through culturing the cells 

with the  epidermal growth factor receptor (EGFR) inhibitor drug for approximately 6 months (414). 

They then interrogated whether long-term treatment with gefitinib affected DNA methylation 

through the use of the Infinium HumanMethylation27 Bead Arrays which measures methylation for 

approximately 27,578 sites and found that methylation was increased in 640 genes of the resistant 

cells compared to the parental cells. After combining their results with cDNA microarray results for 

gene expression they identified 29 genes affected by long-term exposure to the drug, of which 2 

were involved in drug resistance (415).  Whilst they did not investigate mechanisms involved in 

epigenetic changes through long-term drug exposure, our findings are similar to their results in that 

long-term treatment with a drug may induce drug resistance through epigenetic alterations.  

Whilst we have not yet explored whether any of the CpG sites methylated are involved in drug 

resistance, it may be worth obtaining cDNA expression results for our samples as well to be able to 

identify genes where DNA methylation and leads to a change in mRNA expression, and then carry 

out functional experiments such as the induction or silencing of genes to find out if this rescues the 

cells from an “aspirin-resistant” phenotype. 

One other finding from our results that may be important for informing clinical practice is the 

apparent uniform effect of aspirin on DNA methylation regardless of dose. There is very little in the 

literature with regards to aspirin or NSAID dosage and its consequence on DNA methylation. Our 

results show that 0.5mM, 2mM and 4mM have similar effects on DNA methylation suggesting that 

there may be a concentration threshold to obtain maximum effect of aspirin on DNA methylation. 

Our results are important therapeutically as they may help clinicians recommend smaller doses of 

aspirin to patients. This is especially important to avoid the unwanted side effects of long-term 

aspirin treatment, as previously summarised in Chapter 1.4.4.  
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We attempted to validate results from an EWAS by measuring percentage methylation of specific 

CpG sites using pyrosequencing which showed a similar effect of aspirin on CpG site methylation to 

the 850K array. However, we did experience contamination in our control samples. Due to time 

constraints, it was not possible to repeat these experiments, therefore these experiments need to 

be repeated before any conclusions can be made. When the pyrosequencing method is successful, 

the advantage of it is the quantitative nature of the result- it is known to detect differences in 

methylation as small as 5%. However, in the case of our experiments, it may also be useful to 

validate our EWAS results through other methods such as digestion-based assays followed by PCR or 

qPCR or methylation specific PCR of bisulphite converted samples (416).  

With regards to chemoprevention, our results indicate that aspirin has similar effects on CpG site 

methylation regardless of dose, although we acknowledge that this needs to be shown through 

other methods such as pyrosequencing assays. If this is indeed true, it may help clinicians advise 

patients to take small doses of aspirin for chemoprevention.  

Our results indicate that aspirin has similar effects on CpG site methylation regardless of dose, 

although we acknowledge that this needs to be shown through other methods such as 

pyrosequencing assays. If this is indeed true, it may help clinicians advise patients to take small 

doses of aspirin for chemoprevention. Evidence for aspirin’s therapeutic effect comes from its 

hypermethylation of open sea CpG sites, possibly reversing CpG site hypomethylation in CRC tissue 

(410). However, our pathway analysis indicates that long-term aspirin may possibly demethylate 

cancer-associated pathways and may possibly be involved in “aspirin-resistance”. The consequence 

of long-term aspirin on DNA methylation for therapeutic use is still unclear.  

To our knowledge, we are the first to show that long-term aspirin treatment has a genome-wide 

effect on DNA methylation in colorectal adenoma cells. The consequence of the changes in DNA 

methylation caused by aspirin and how this drug is able to affect methylation patterns is not yet 

known and requires further investigation. It is important to note that these results are still 

preliminary and needs to be replicated in other cell lines or with DNA samples from adenomas in 

patients who take aspirin regularly. The identification of CpG sites that confer “aspirin resistance” 

may help in monitoring patients and inform whether the patients should continue taking the drug or 

not. For this to happen, a gene expression microarray of the long-term aspirin treated adenoma cells 

needs to take place to identify concurrent changes in DNA methylation and mRNA expression. 

Furthermore, these markers need to be validated in patients who are on long-term aspirin treatment 

to confirm the in vitro results are also present in vivo.  
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Chapter 6 Using SNPs from enzymes in the aspirin 

metabolism pathway to predict metabolite levels and 

risk of CRC – a Mendelian randomisation approach 

This chapter aims to apply a Mendelian randomisation (MR) approach to a biochemical pathway to 

identify whether SNPs can be used to proxy for aspirin metabolites and identify whether aspirin 

metabolite levels are associated with risk of colorectal cancer, circled in red in Figure 6-1. 

Considerations of using MR for biochemical pathways and cancer is first discussed before a detailed 

description of how MR is undertaken is explained.  

 

Figure 6-1- Overview of the questions addressed in this thesis to explore causality and potential 
mechanisms of aspirin on CRC. 

6.1 Background 

6.1.1 Using Mendelian randomisation to gain causal evidence in a biochemical pathway 

Mendelian randomisation (MR) has and is conventionally used to assess the causal relationship 

between a modifiable exposure (e.g. alcohol intake, smoking, dietary factors) and a disease outcome 

(209). Thanks to the increase in technologies that allow the measurement of intermediate 



    

191 
  

biomarkers at a large scale and generate GWAS data of these predictive biomarker traits (e.g. lipids, 

amino acids, c-reactive protein), MR has extended its application in this area (417).  

In this chapter, we demonstrate a novel approach that begins with knowledge of a biochemical 

pathway and seeks to apply MR to the enzymes controlling the rate limiting steps of that pathway. 

Biological knowledge of the pathway allows the informing of which genetic variants to use an 

instrumental variable in the analysis.  

A background on the aspirin metabolic pathway has been previously described (Chapter 1.8.4). This 

chapter discusses how MR has or can be used in cancer studies. Details of how MR has been carried 

out has been outlined in general (Chapter 6.1.6) before the methods and results of the analysis are 

presented.  

6.1.2 Aspirin metabolism pathway considerations 

In this thesis we focus on aspirin metabolites measured in the blood plasma (Chapter 1.8.4). With 

regards to aspirin metabolite measurements, these blood plasma measurements are dependent on 

a variety of factors, such as whether aspirin was taken just before blood was taken from the study 

participant, or whether aspirin was taken on an empty stomach or whether the participants take any 

other medications. The timing of aspirin ingestion and the other factors mentioned are important as 

they may affect the concentration of the metabolites detected. As well as through the ingestion of 

aspirin, it is also important to consider that salicylates can also be sourced from the diet, albeit at 

lower concentrations (Chapter 1.4.3). In our analysis, the metabolite measurements are likely to 

represent dietary salicylates rather than aspirin taken for medicinal purposes. 

6.1.3 The use of Mendelian randomisation to inform cancer trials 

MR is increasingly being applied in the cancer field. With respect to randomised controlled trials, an 

MR approach is useful in that it can test results from observational studies before a large amount of 

money is spent on conducting randomised controlled trials. One such example where MR would 

have been useful is with regards to The Selenium and Vitamin E Cancer Prevention Trial (SELECT) 

trial (418). Observational data had previously shown that increasing selenium levels decreases the 

risk of prostate cancer (419–421). For this reason, the SELECT trial was set up. The results from this 

trial found that selenium may increase the risk of high grade prostate cancer and risk of type 2 

diabetes and was therefore abandoned before being completed (418,422). Yarmolinsky et. al (2018) 

used an MR approach using genetic instruments that reported the same uptake of selenium as the 

trial (a median of 114 lg/L increase in circulating selenium) and their findings mimic the results of the 

trial. They found that selenium was associated with advanced prostate cancer and type 2 diabetes, 

albeit weakly (229). This MR analysis highlights how results from this approach may have been useful 
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to inform whether to conduct a trial that cost $114 million and that was actually weakly associated 

with increasing high grade prostate cancer risk (229).  

MR has been used in other instances to confirm or provide evidence for/against associations 

obtained in observational studies. A meta-analysis of observational studies for vitamin D levels and 

CRC risk showed an inverse association whereby low levels of vitamin D increases CRC risk (423). To 

test this association, He et. al (2018) used genetic instruments to proxy for 25-hydroxyvitamin D and 

actually found no causal relationship between this metabolite and risk of CRC (424).  

Alternatively, MR can be used to further confirm results from observational studies. One such 

example is the effect of high body mass index (BMI) on increasing the risk of CRC (425) Jarvis et. al 

(2016) later confirmed this through using genetic instruments associated with BMI, waist-hip ratio 

and childhood obesity and showed that these factors all increase risk of CRC (426).  

Therefore, MR is a quick and efficient way to test the effect of lifestyle or modifiable factors and 

assess their causal relationship with cancer incidence before spending large quantities of money to 

conduct clinical trials.  

6.1.4 Considerations when conducting Mendelian randomisation for exposures and cancer 

risk 

The MR approach provides some advantages over randomised controlled trials. Limitations of trials 

with regards to cancer prevention include the fact that prevention trials focus on a limited time 

frame as opposed to life-long exposures (197). Often, long follow-up period to a trial is not possible 

which means that sometimes the effect of an intervention remains undetected. Furthermore, the 

issue with long term chemoprevention trials can be non-compliance of those taking the intervention 

and contamination of the control arm (198). MR is useful in this sense because it works by the 

principal that a person’s genotype is determined at conception. Therefore the exposure that a 

particular genotype is associated with proxies for a lifelong exposure to that factor (427) 

Also, timing of exposure to prevent cancer may be most effective in the earlier stages of life and 

would therefore not be tested in a randomised controlled trial (428). However, addressing the long-

term effect of an exposure on cancer risk is not feasible as carrying out intervention trials in children 

and adolescents would not be ethical or practical (198). Again, MR is useful as it proxies for lifelong 

exposures (427).  

An important consideration when addressing the effect of an exposure on an outcome is whether 

the said exposure affects cancer incidence or cancer progression, or both. For example, dietary 

folate may reduce CRC risk before neoplasia but may promote tumour progression through 
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increased proliferation and invasion after the development of the tumour (429). It is important to 

interrogate both questions as results will affect whether the exposure/treatment should be used for 

prevention of incidence or for reducing progression. In addition, it is important to note that when 

conducting MR studies, cancers must be divided into their subtypes as exposures may have different 

effects depending on the cancer types (430).  

6.1.5 Mendelian randomisation and drug development or re-purposing 

Drug discovery is a huge business in the field of medicine. However, 85-90% of new approved drugs 

since mid-1990s provide little or no clinical advantage (431). Pre-clinical trial experiment/data focus 

solely on the drugs intended targets. This, however, is not a holistic representation of the drugs’ 

effects. Drugs may have off-target adverse effects or off-target protective/beneficial effects allowing 

for drug repurposing (123).  

It is believed to take around 10-17 years from the conception of a drug to when it becomes a 

licensed treatment for disease with a  success rate of less than 10% (124). MR has been most useful 

in drug development when it provides evidence against any causal association between a biomarker 

and diseases, therefore reducing monetary investment and time in the development of the drug 

(432).   

MR has the potential to address drug association with disease through using biomarkers of the drugs 

targets. It can also test for association with off-target effects as well as other diseases for the 

purpose of drug repositioning (433).  

As an established pharmaceutical agent, there is no lead time to ‘discover’ a new therapeutic. 

However, MR would be useful in assessing whether aspirin may have any off-target effects. This 

would highlight added benefits or competing effects that would need to be considered if this drug 

was to be used as a prophylactic for CRC prevention. Applying MR in this context could potentially 

highlight other benefits and therefore uses of aspirin.  

6.1.6 Mendelian randomisation methodology 

MR is based on the premise of using genetic variants to proxy for a specific factor of interest. The 

MR field has progressed rapidly in recent years (242) and multiple considerations need to be taken 

before the method is implemented. Some key considerations are outlined in the following sections.  

6.1.6.1 Genetic instrument selection 

These are SNPs that are found to be strongly associated with a specific exposure, commonly through 

a genome wide association study (GWAS)(206). Alternatively, a biological understanding of the 

exposure may help in formulating the question. In this case, we hypothesise that SNPs from the 
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enzymes involved in aspirin metabolism may be associated with changes in levels of the aspirin 

metabolites salicylic acid and salicyluric acid.  

6.1.6.2 Test for SNP association with exposure- salicylic acid 

Once a hypothesis has been established, the next step is to test the SNPs’ association with the 

exposure. If the exposure is continuous, then a linear regression is carried out. Essentially, this 

involves averaging the mean value of metabolite level for each of the 3 genotypes for a single SNP 

(e.g. AA, AC and CC). Then, a linear regression is carried out using the equation Y=βx+c +ε whereby β 

is the slope of the line, c is the y intercept and ε is the error term. The value of most interest is β as 

we are interested in how much the levels of salicylic acid changes per additional allele.  

Considering the example shown in Figure 6-2, for every C allele change, the predicted level of 

salicylic acid in these individuals increases by 0.4mM. Therefore, on average, individuals with an AA 

genotype for this particular SNP are predicted to have 0.2mM salicylic acid levels whereas individuals 

with a CC genotype are predicted to have 1mM salicylic acid levels.  

 

Figure 6-2- Testing for SNP association with exposure using linear regression 

Linear regression is used to test for a SNP association with a continuous outcome, in this case, salicylic acid 
levels. Average levels of salicylic acid for each genotype of a SNP are calculated including all the study 
participants. A gradient/slope (termed β) is then calculated to identify whether a statistically significant effect 
is present for each allele change. The graph shows an increase in salicylic acid levels by 0.4mM for every A > C 
allele change. Included in the regression model is a y intercept(c) and an error term (ε) and represents any 
residual error between the independent variable (SNP genotype) and the dependent variable (salicylic acid 
levels).  
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6.1.6.3 SNP clumping 

One of the main assumptions of Mendelian randomisation is that SNPs are inherited independently, 

however, this is rarely so. Linkage disequilibrium (LD) is the non-random association of SNPs due to 

their close proximity resulting in a decreased likelihood of meiotic recombination (Figure 6-3) (434). 

It is a measure of whether there is any difference between the observed frequency of the two loci 

being inherited and the expected frequency. One of the common methods to measure this is 

through calculating r2 which ranges from 0-1 where 1 denotes the 2 SNPs to always be inherited 

together, thus the value of this number describes the degree to which one SNP is inherited with 

another SNP (435). SNPs in high LD are removed so as to use one SNP to represent the association 

for the other SNPs e.g. if 5 SNPs are in high LD and have similar effect sizes, then there is no need to 

use all 5 as they are essentially “replicates” of each other, therefore one is chosen to represent all 5. 

This also helps when adjusting the results for multiple testing as it reduces the extent of corrections 

needed to account for the statistical burden of multiple testing. To choose SNPs that are truly 

independent of each other, we used an r2 cut-off of 0.001. An r2 of 1 indicates perfect LD, the closer 

the value is to 1, the higher the LD is (436). 

SNP clumping is the process of removing all SNPs in high LD within 10,000kb of the variant of 

interested and leaving only the SNP with the lowest P-value of association with the exposure.  
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Figure 6-3- Linkage disequilibrium 

SNPs may be co-inherited due to their close proximity decreasing the likelihood of meiotic 
recombination(434). The diagram shows how SNP2 and SNP3 in close proximity are not affected by meiotic 
recombination and so are inherited together.  
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6.1.6.4 Test for SNP association with outcome- colorectal cancer 

After identifying which SNPs are associated with the exposure, these SNPs are then tested for their 

association with an outcome, in this case, CRC. Since incidence of CRC is a binary variable (either a 

case or control), then a logistic regression is carried out. Cases and controls are assigned numerical 

values, 1 and 0, respectively, to be able to carry out statistical analyses. One of the issues with using 

a linear regression for a binary outcome, is that the probability of the outcome may be less than 0 or 

more than 1 which is just not possible (Figure 6-4). Therefore, two adjustments need to be made to 

the linear regression model so that the probability of the outcome being a control is never less than 

0 and the probability of it being a case is never more than 1 and this is done through fitting a logistic 

model (437). So we start off with the original linear regression model: 

 

Exponents are taken of the equation so that the probability is always above 0 

 

The equation is then divided by itself +1 so that the probability is always less than 1 

 

Then the equation is rearranged as such to provide the logistic regression model. 

 

Therefore the overall aim of a logistic regression function is to transform an S-shaped curve into a 

more straight line (437).  

Typically, when looking at an outcome, an odds ratio (OR) is calculated. This ratio represents the 

odds that the outcome will occur with the exposure against the odds that the outcome will occur 

without the exposure present (438). In the logistic regression model, since we have taken logs in the 

model, the regression coefficient is the increase in the log OR of the disease per allele change in the 

SNP (241).  
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Figure 6-4- Linear and logistic regressions 

The outcome of cases and controls has been converted to binary numerical values of 1 and 0, respectively. 
Each dot represents an individual. The red lines indicate the maximum upper and lower limits, 0 and 1. 
Therefore, in theory, the line of best fit should not go above or below these red lines. On the left is the general 
linear regression model that shows a continuous line of best fit (purple) above and below the maximum limits. 
On the right is the logistic regression model whereby the same equation of the linear regression model is log-
transformed so that the line of best fit (purple) and outcome can never be more than 1 or less than 0.  

 

6.1.6.5 Allele harmonisation 

In a two-sample MR when data are utilised from more than one source, summary level data for 

gene-exposure and gene-outcome are from different samples  (241). For this reason, it is important 

to harmonise the alleles; i.e. make sure that they both considered the same allele to be the effect 

allele (allele of interest) and that they have the same allele frequencies.  

For example, if for a particular SNP, the exposure dataset (TwinsUK) termed the effect allele as G 

and the other allele as A, then ideally, we would want the outcome dataset (GECCO) to have also 

labelled the effect allele as G and the other allele as A. If GECCO had chosen the effect allele as A and 

the other as G, as long as the allele frequencies are similar to TwinsUK, then the effect of the 

outcome can be flipped e.g. from -0.05 to 0.05 to correspond with TwinsUK. A list of examples for 

allele harmonisations and any issues that can arise are summarised in Table 6-1.  
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Table 6-1- Allele harmonisation examples 

Description  
Effect 
allele 

Other 
allele 

Effect 
size 

Minor 
allele 

frequency 
Action 

Correct 
reference, 

unambiguous 

Exposure G A 0.5 - 
Keep 

Outcome G A -0.05 - 

Incorrect 
reference, 

unambiguous 

Exposure A G 0.5 - 
Flip outcome effect size 

Outcome C T -0.05 - 

Ambiguous 
Exposure A G 0.5 - These don’t correspond 

to the same SNP so drop Outcome A C -0.05 - 

Palindromic 
SNP, inferable 

Exposure A T  0.09 Each dataset has chosen a 
different forward strand. 
So flip the outcome effect 

size Outcome A T  0.91 

Palindromic 
SNP, not 
inferable 

Exposure A T  0.5 Unlike above, the allele 
frequency here gives no 
information so can not 

infer whether it is forward 
strand or reverse strand Outcome A T  0.5 

 

6.1.6.6 Wald ratios 

The Two Sample MR package (248,439) automatically changes the SNP association with the 

exposure so that they are all positive associations. This is done as follows: if a SNP with effect allele A 

and frequency of 0.1, with the other allele G and association with salicylic acid as -0.3, then the 

package will then simply assign allele G as the effect allele with an allele frequency of 0.9 and SNP 

effect on salicylic acid as 0.3. This process allows for ease of interpreting the results.  

Once the alleles have been harmonised and SNPs all have a positive association with the exposure of 

interest, a Wald ratio is calculated. This is calculated using the formula: logOR/β.   
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Figure 6-5- Example of Wald ratio calculation 

(A) A directed acyclic graph (DAG) showing genetic instruments to interrogate the effect of salicylic acid levels 
on risk of colorectal cancer. A linear regression of the SNP-exposure is conducted and identifies a 0.2 increase 
in salicylic acid levels per allele change. A logistic regression of the SNP-outcome is conducted and identifies a -
0.6 logOR in risk of colorectal cancer per allele change. (B) A Wald ratio is calculated by dividing the per-allele 
effect of the SNP (the log OR) on the outcome by the per allele effect of the SNP (beta) on the exposure which 
in this case is -0.6/0.2 which results in a value of 3.  

This ratio can be interpreted as the log odds ratio of the disease per unit increase/decrease to 

exposure due to the SNP (241). If for example we look at the SNP rs10882183, if the A allele in SNP 

predicts a 0.2 increase in salicylic acid and a log OR of CRC as -0.6, we would then deduce that for 

every A allele change in the SNP, the Wald ratio is - 3 (Figure 6-5). Therefore, for every A allele, the 

level of salicylic acid increases and the risk of CRC decreases.  

6.1.6.7 Summarising results 

Since more than one SNP can be used to proxy for an exposure (e.g. more than 5 SNPs may be 

associated with levels of salicylic acid and risk of CRC), then the results of the Wald ratios and their 

standard errors can be summarised using various method which include the inverse variance 

weighted (IVW) method, the maximum likelihood approach, the MR Egger approach, median-based 

estimates and mode-based approach. These have been previously described (Chapter 1.8.7). 

Essentially, these are just different methods and mathematical formulae to draw a line of best fit, 

each with different assumptions/relaxations of certain restrictions, an example of which is shown in 

Figure 6-6. The idea is to use as many methods as possible, each with different assumptions, to be 

able to assess how reliable the results are including evaluating the strength of the genetic 

instruments (SNPs) used (235,241). 
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Figure 6-6- Examples of the methods used to summarise results 

Various methods are used to summarise the Wald ratio estimates and their standard errors for the 5 SNPs 
associated with caffeine consumption and platelet count. Scatter plot regression lines: light blue, inverse 
variance weighted; dark blue, maximum likelihood; light green, MR Egger; dark green, MR Egger (bootstrap); 
light pink, simple median; dark pink, simple mode; light orange, weighted median; dark orange, weighted 
mode. These are just different methods and mathematical formulae to draw a line of best fit, each with 
different assumptions/relaxations of certain restrictions. The idea is to use as many methods as possible, each 
with different assumptions, to be able to assess how reliable the results are including evaluating the strength 
of the genetic instruments (SNPs) used. 

 

6.1.6.8 Sensitivity analyses 

Sensitivity analysis explore whether the observed relationships seen in an MR study are due to 

outliers having a disproportionate influence on the results. These analyses commonly include 

visualising the data to assess the distribution or re-running specific statistical tests in a stratified way 

or leaving specific data points out.  

Leave-one-out analyses involve systematically dropping one SNP from the analysis to see if dropping 

them results in a dramatic change in the estimate. If so, this SNP may be considered an outlier and 

may be horizontally pleiotropic i.e. it is associated with another exposure/pathway. Leave-one-out 

analyses have been previously explained (Chapter 1.8.6) (248).  

Funnel plots can also be used to visualise horizontal pleiotropy. The estimate of a SNP is plotted 

against its precision. Ideally, funnel plots should be symmetrical, meaning that there is balanced 

pleiotropy. If the plot is imbalanced, it may bias the IVW estimate(248) towards the pleiotropic SNPs, 

unlike the MR Egger estimate which is unaffected (Figure 6-7). 
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Figure 6-7- Examples of funnel plots and how they can be used to detect pleiotropy 

These are 3 examples of plots that could be obtained from an MR analysis. The plots show the causal estimate 
of each SNP on the x-axis plotted against the inverse variance of the estimate on the y-axis. Each black dot 
represents a SNP and the summary causal estimates using the IVW and MR Egger methods are represented as 
pink and blue vertical lines, respectively. (A) The causal estimates for each SNP are symmetrical about the 
causal estimate and the data are not spread out very much which indicates little pleiotropy. (B) The causal 
estimates for each SNP are more spread out but there is still symmetry indicating balanced pleiotropy. (C) The 
causal estimates for each SNP are no longer symmetrical and this biases the IVW estimate towards the 
pleiotropic SNPs. On the other hand, the MR Egger estimate is unaffected. This figure is based on a slide from a 
presentation delivered by Dr Jack Bowden (440).  

6.1.7 Limitations of Mendelian randomisation studies 

Whilst MR has many advantages, it does have some limitations which need to be considered before 

interpreting results. These are summarised in Table 6-2.  
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Table 6-2- Considerations when interpreting Mendelian randomisation results 

Limitations of MR 
studies 

 

Explanation 

Difficulty in finding 
genetic instruments 

Although genome-wide association studies (GWASs) have allowed the discovery 
of many SNP-exposure associations, these have mostly been carried out on 

inexpensive or easy traits to measure (241). There is still a lack of GWASs for 
more specific traits in particular biochemical intermediates that are not often 

measured at a scale needed for GWAS.  

Low power Genetic polymorphisms usually inform us of a small percentage of the variation 
in a trait. Due to this, MR studies require large sample sizes to detect these 
small effects. An example: to detect a SNP that explains 1% of the variation of a 
trait, one would need around 9500 cases and 9500 controls to achieve a power 
of 80% to detect an OR of 1.5 per SD change in the exposure with a P-value of 
0.05 threshold of significance. Multiple SNPs may be combined into an allele 
score to improve power but this should be done with caution otherwise bias 
may be introduced through the inclusion of invalid instruments (441).    

Winner’s curse This involves using only the most significant SNP found in a GWAS despite the 
presence of other SNPs found within the same genomic region or loci. This SNP-
trait effect may be an grossly inflated and may even be independent of the true 

effect size and is called winner’s curse or Beavis effect (442). This correlation 
may occur due to chance. If the two samples of gene-exposure association and 
gene-outcome association are different, then the winner’s curse will not affect 
the size of the causal estimate but it will tend towards a null value. However, if 

one was to use the same sample for discovery and MR analysis, the effect of the 
causal estimate will be overestimated (241).  

Poor biological 
understanding 

Plenty of GWASs have allowed the discovery of many SNP-trait associations. 
However, little is often known about these SNPs and their underlying 

mechanisms of association which may lead to counter-intuitive results (241).  

Trait heterogeneity SNPs can be associated with more than one trait or multiple aspects of the 
same trait, e.g. it may affect the size of the protein and the concentration of it 

(241).   

Canalization Genetic polymorphisms during development may allow alternative 
compensatory processes to reduce the phenotype impact of the SNP or genetic 

variant being used as a proxy for an exposure (443). This has the potential to 
lead to null or reduced associations between the genetic instrument and the 

outcome (241).   

Estimating associations 
for binary outcomes 

If the outcome is binary and the genetic associations with the outcome are 
estimated in a case-control setting, then the exposure effect on outcome is only 
approximate (444). If exposure data was obtained in a case-control setting after 
disease diagnosis, then gene-exposure associations may be subject to reverse 
causation unless the gene-exposure associations are obtained from controls 

only (445).  

 

Having described the methodological principles, strengths and limitations of the MR approach, the 

remainder of this chapter describes its application to find out if there is a causal effect of the 

different aspirin metabolites on risk of CRC, the reasoning being that whilst there is evidence for a 

possible protective effect of aspirin use on CRC, it is still unclear as to which individuals would most 

benefit.  
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6.1.8 Hypothesis and aims 

Hypothesis: 

Increased levels of salicylic acid (the active metabolite (220)) confers a protective effect against CRC 

incidence and increasing levels of salicyluric acid increase the risk of CRC through decreasing the 

levels of salicylic acid.  

Aims:  

1- To identify SNPs that can be used to proxy for salicylic acid and salicyluric acid levels 

2- To test for a causal relationship between SNPs that proxy for the metabolites and their 

association with CRC incidence in a MR framework 

3- To test for a causal relationship between SNPs that proxy for the metabolites and their 

association with CRC incidence when stratifying between aspirin users and non-users, using 

a MR framework.  

6.2 Methods 

6.2.1 Genetic instrument selection 

Through a literature search,  it was established that the enzymes involved in aspirin metabolism in 

the blood are butylrylcholinesterase (BCHE) (217) and platelet- activating factor acetylhydrolase 

(PAFAH1b2) (217) and the liver are: UDP-glucuronosyltransferase 1-6 (UGT1A6) (221), cytochrome 

P450 2C9 (CYP2C9) (221) and acyl-CoA Synthetase Medium-Chain Family Member 2B (ACSM2B) 

(221) (Figure 1-20). The reasoning behind their choice is described in more detail in Chapter 1.8.4. 

We identified the start and end sites for these genes using the Ensembl resource (446) (Table 6-3). 

Using these genome coordinates, genotyped SNPs found in these regions were extracted from 

TwinsUK genotype data.  

Whilst BCHE is able to convert acetylsalicylic acid into salicylic acid, other esterases also exist such as 

paraoxonase-1 (PON1) (224). However, the actual contribution of PON1 to this reaction is not yet 

clear (217). Nonspecific esterases also hydrolyse aspirin to salicylic acid in the liver, therefore other 

enzymes than those mentioned may also be involved (221). Whilst UGT1A6 is the main enzyme 

involved in the conjugation of salicylic acid into salicyl phenolic or acyl glucuronide, other closely 

related enzymes are also able to catalyze the same reaction including: UGT1A1, 1A3, 1A7, 1A8, 1A9, 

1A10, 2B4 and 2B7 (225). 
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Table 6-3- Chromosomal regions of the genes for the enzymes involved in the metabolism of 
aspirin 

Gene Chromosome Start site End site 

BCHE 3 165,772,904 165,837,472 

PAFAH1B2 11 117,144,267 117,176,894 

UGT1A6 2 233,691,607 233,773,300  

CYP2C9 10 94,938,658 94,989,390  

ACSM2B 16 20,536,226 20,576,427  

 

6.2.2 SNP associations with metabolites 

To calculate SNP associations with the aspirin metabolites salicylic acid and salicyluric acid, we used 

genotype and metabolite data provided by the TwinsUK registry- full details of the study are 

described in Chapter 2.12.1 (3). An inverse rank transformation was applied to the metabolites to 

makes sure there is adequate control of type I error rates. This reduced the effect of deviations and 

outliers from normality on statistical analyses (447). SNP associations with metabolites were tested 

using a linear mixed model approach implemented in BOLT-LMM (v2.2) (448) which involves 

calculating the BOLT-LMM-inf statistic (standard (infinitesimal) mixed model association) (448) to 

adjust for population structure, relatedness and repeated measures. We included age and year of 

measurement as quantitative covariates and included sex and visit (1 -3) as binary/categorical 

covariates in the regression model. Salicylic acid was measured using gas chromatography-mass 

spectrometry (GC/MS) and salicyluric acid was measured using liquid chromatography-mass 

spectrometry (LC/MS). TwinsUK used the Metabolon platform (Metabolon Inc., Durham, USA) which 

is a non-targeted metabolomic analysis. It uses 2 LC/MS injections (one for acid and for basic 

species) as well as one GC/MS injection per sample. This allows the detected of 510 small molecules 

that include salicylic acid and salicyluric acid. Since this is an untargeted approach, the original units 

of measurement are so-called "ion counts" assessed as the area under the curve of the 

corresponding peak in the mass spectrum therefore these measurements are quantitative values of 

relative changes as opposed to the targeted approach which would achieve absolute quantification 

of metabolite concentrations (3,267). Therefore a linear mixed model approach was used to test for 

associations between the SNPs and the metabolites, adjusting for age, year of measurement, sex 

and visit.  
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6.2.3 Stratification by aspirin use 

During a 5-year period starting from the year 2005, around 500,000 participants aged between 45-

64 took part in UK Biobank. An online questionnaire and interviews were used to collect data on 

medication use such as aspirin . Using the UK Biobank data, we extracted genotype data for 

individuals who take aspirin 75mg (Field ID 20003, coding 1140868226), nu-seals aspirin 75mg 

enteric-coated tablet (Field ID 20003, coding 1140864860) and aspirin (Field ID 20003, coding 

1140861806). These were classified as aspirin users. We also obtained genotype data for individuals 

who did not report taking any treatment or medications under the Field ID 20003. These were 

classified as the aspirin non-users. For each aspirin users and non-users, CRC cases and controls were 

assigned numerical values, 1 and 0, respectively.  

6.2.4 SNP associations with CRC 

Firstly, SNP associations with CRC were calculated using the GECCO consortium (2). Single variant 

analyses using unconditional logistic regression for CRC was conducted adjusting for sex, age, 

genotyping phase, batch effect for ASTERISK and 3 principal components using data provided by 

GECCO. Since a logistic regression was carried out, GECCO results are calculated as log odds ratios.  

As a replication study, UK Biobank data was also used (449). SNP associations with CRC were tested 

using a linear mixed model approach in BOLT-LMM (v2.2) (448) which involves calculating the BOLT-

LMM-inf statistic using UK Biobank data for CRC incidence adjusting for sex, genotyping array and 

the first 10 principal components. Therefore, a linear mixed model approach was conducted to test 

for SNP association with CRC incidence adjusting for age, sex and genotyping array and the first 10 

principal components). Since a linear mixed model approach was carried out using UK Biobank data, 

these results are interpreted as the change in prevalence of the outcome per copy of the effect allele 

or unit change in exposure. This means that e.g. if beta is 0.01, this is the proportionate change in 

prevalence so equates to a 1% increase in prevalence. The analysis was also repeated but stratifying 

between aspirin users and non-users in UK Biobank (Chapter 6.2.3).  

More details for the GECCO consortium and UK Biobank data are described in Chapter 2.12.  

6.2.5 Statistical methods 

Analyses were carried out in R version 3.2.3 using the “Two-Sample MR” package (248). This package 

allows the formatting, allele harmonisation and thus analysis of summary data in an automated 

manner.  
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6.2.5.1 Data formatting and LD clumping 

Data was formatted and labels renamed to the requirements of the package. Firstly, a P-value 

threshold of ≤0.05 was set on SNPs from the TwinsUK regression analysis. Using the clump_data() 

function in the package, data was LD-clumped to remove SNPs in linkage disequilibrium at an R2 of 

more than 0.001. The SNPs identified as associated with the metabolite of interest (salicylic acid or 

salicyluric acid) were then extracted from GECCO and UK Biobank datasets. In order to calculate the 

Wald ratio and estimate causal associations, genotype data for the exposure and outcome was 

harmonised using the harmonise_data() function using option 2 so that the strand of palindromic 

SNPs was inferred using the allele frequencies.  

6.2.5.2 Calculating significance - adjusting for multiple testing 

Where relevant, a Bonferroni and FDR-adjusted P-value were both calculated to adjust for the issue 

of multiple testing. These have been described in more detail in Chapter 4.1.7.2  

6.2.5.3 Power calculations 

Based on the 8 salicylic acid genetic instruments that we are identified in TwinsUK (Chapter 6.3.2), 

these variants explain approximately 0.25% of the variation in salicylic acid levels. With the GECCO 

sample size of N=28059, we have 80% power at α level 0.05 to detect an effect of salicylic acid on 

CRC risk of an odds ratio ≤0.51. In the reciprocal direction, we have 80% power to detect an effect of 

salicylic acid on CRC risk of an odds ratio ≥1.9. With the UK Biobank sample size of 462933 (of which 

641 were cases), we had 80% power at α level 0.05 to detect an effect of salicylic acid on CRC risk of 

an odds ratio ≥3.2 only. 

From TwinsUK, we also used 9 genetic instruments (Chapter 6.3.4) that explained 0.25% of the 

variation in salicyluric acid levels. Using GECCO data, we have 80% power at α level 0.05 to detect an 

effect of salicyluric acid on CRC risk of an odds ratio ≤0.51. In the reciprocal direction, we have 80% 

power to detect an effect of salicylic acid on CRC risk of an odds ratio ≥1.9. With the UK Biobank 

sample size of 462933 (of which 641 were cases), we had 80% power at α level 0.05 to detect an 

effect of salicylic acid on CRC risk of an odds ratio ≥3.2 only. The mRnd online calculator was used to 

calculate statistical power(450) (available: http://cnsgenomics.com/shiny/mRnd/).  
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6.2.5.4 MR methods 

Using the mr() function in the Two-Sample MR package, we calculated the causal estimates using 8 

methods, all of which have been summarised in Chapter 1.8.7: 

1. Inverse variance weighted (IVW) method 

2. Maximum likelihood approach 

3. MR Egger 

4. MR Egger bootstrap 

5. Simple mode 

6. Weighted mode 

7. Simple median 

8. Weighted median 

6.2.5.5 Sensitivity analyses 

The Two-Sample MR package allows for sensitivity analyses, three of which were used in this 

analysis (248). These include: 

1- Single-SNP analysis 

The causal estimate of each SNP on exposure and outcome is calculated using the Wald ratio 

method. The estimate of each SNP can then be visualised using a forest-plot.  

2- Leave-one out analysis 

This is where the summary causal estimate is calculated but dropping one SNP from the 

analysis each time to see whether the SNP dropped is predominantly responsible for 

affecting the exposure-outcome association (235). By default, the IVW method is used to 

calculate the summary causal estimate.  

3- Funnel plots 

Funnel plots can also be used to visualise horizontal pleiotropy. The estimate of a SNP is 

plotted against its precision. Ideally, funnel plots should be symmetrical, meaning that there 

is balanced pleiotropy. If the plot is imbalanced, it may bias the IVW estimate (248) towards 

the pleiotropic SNPs, unlike the MR Egger estimate which is unaffected. A diagrammatical 

representation of this is shown in Figure 6-7.  

6.2.5.6 Representation of results 

Using the TwoSample MR package, results were presented as scatter plots, forest plots showing 

single SNP ratio estimates, funnel plots and “leave-one-out” plots (248). 
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6.3 Results 

6.3.1 Study participants basic characteristics 

Data on a total of 3135 individuals was used for identifying SNP associations with salicylic acid and 

salicyluric acid using TwinsUK (3). Blood samples were taken for more than one session and these 

are summarised as visits in Table 6-4. The vast majority of the participants were female in each of 

the visits ranging from 73.11% to 96.61%. The average measures of salicylic acid and salicyluric acid 

levels varied across the different visits ranging from -0.542-0.186 and -0.259-0.260, respectively. 

Average BMI measures remained consistent ranging from 25.41 to 26.48 with the date of the first 

participant measure in October 1996 and the last participant measure in June 2015.  
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Table 6-4- Baseline characteristics of TwinsUK participants 

 

 

Visit N 
Average 

age 
Age range 

N 
Males 

N 
Females 

Percentage 
female (%) Average 

BMI 

Date of first 
participant 

measurement 

Date of last 
participant 

measurement 

Average 
measure of 
salicylic acid 

Average 
measure of 

salicyluric acid 

v1 2058 51.50 32.8-73.7 70 1988 96.60 25.41 17/10/1996 06/12/2005 -0.115 -0.259 

v2 2069 58.59 35.8-80.7 70 1999 96.61 26.48 15/10/1998 15/02/2012 0.015 0.010 

v3 2069 64.71 42.4-87.8 70 1999 96.61 26.47 30/01/2006 03/11/2014 0.186 0.260 

b1 111 38.68 18.8-70.8 14 97 87.39 25.54 24/04/1997 07/06/2001 -0.542 -0.105 

b2 424 41.18 16.1-76.4 114 310 73.11 25.73 08/03/2004 28/07/2009 -0.150 -0.037 

b3 590 47.25 18.2-79.7 125 465 78.81 25.18 20/09/2010 08/06/2015 -0.089 0.009 
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6.3.1.1 Outcome number of cases and controls 

We used epidemiological and genetic data from 11895 cases and 14659 population-based controls of 

European descent from 25 studies that were part of the Genetics and Epidemiology of Colorectal Cancer 

Consortium (GECCO) and Colon Cancer Family Registry (C-CFR). Full details on the consortium have been 

previously published (2).  We also used epidemiological and genetic data from UK Biobank of 2816 colorectal 

cancer cases and 460197 controls (Table 6-5). Individuals aged between 38-73 years were recruited between 

2006 and 2010 (451) and provided self-reported information on CRC incidence. A full description of the study 

design, participants and quality control (QC) methods have been described elsewhere (4). Further 

information for both studies is provided in Chapter 2.12. The number of CRC cases and controls stratified 

according to aspirin use are summarised in Table 6-5.  

Table 6-5- Number of cases and controls used in the analysis 

Study13175 N cases N controls 

GECCO 13175 14884 

UK Biobank 641 462292 

UK Biobank- aspirin users 7 4127 

UK Biobank- aspirin non-users 112 130751 

 

6.3.2 Salicylic acid genetic instruments 

To test for a causal relationship between the SNPs that proxy for salicylic acid with CRC incidence, we used 

genotype and metabolite data provided by TwinsUK (3). Using the genomic locations of the enzymes 

involved in aspirin metabolism, a total of 4713 SNPs were available from the dataset. We excluded SNPS that 

were hemizygous or homozygous and ran a linear mixed model regression for the remaining SNPs on salicylic 

acid adjusting for age and year of measurement, sex and visit. We then removed SNPs that were not 

associated with salicylic acid at a P-value >0.05 therefore 162 SNPs remained for the analysis. We then 

clumped these at an r2 of more than 0.001 to remove SNPs in high linkage disequilibrium (Figure 6-8). 

Therefore, we identified 8 independent SNPs that are associated with salicylic acid at a P-value of ≤0.05. 

These are summarised in Table 6-6.  
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Figure 6-8- Flow diagram of the number of SNPs used in the analysis for salicylic acid 

Using the TwinsUK dataset, a total of 4713 SNPs were genotyped for the genomic locations of the enzymes from the 
aspirin metabolism pathway. Homozygous and hemizygous SNPs were excluded from the analysis. After running the 
linear mixed model regression, we excluded SNPs not associated with salicylic acid at a P-value threshold of > 0.05. We 
then carried out LD clumping to remove SNPs in high linkage disequilibrium at an r2 of more than 0.001. The result was 
8 SNPs independently associated with salicylic acid levels at a P-value of ≤0.05.  

Table 6-6- SNPs used to proxy for salicylic acid metabolite levels from TwinsUK 

SNP 
Gene 

Chr Position 
Effect 
allele 

Other 
allele 

EAF β SE P-value 

rs10882183 CYP2C9 10 94974083 G A 0.177 -0.165 0.039 2.90E-05 

rs9922093 ACSM2B 16 20568843 T C 0.963 -0.234 0.078 0.0026 

rs58395451 ACSM2B 16 20557990 A T 0.019 0.309 0.110 0.0049 

rs62191775 UGT1A6 2 233745022 C T 0.018 0.297 0.116 0.01 

rs67095238 BCHE 3 165830829 T A 0.080 -0.137 0.056 0.015 

rs11604395 PAFAH1B2 11 117162272 A G 0.028 -0.215 0.093 0.021 

rs138780562 UGT1A6 2 233765484 ACAGT A 0.967 0.177 0.084 0.036 

rs74765243 PAFAH1B2 11 117147180 G C 0.010 -0.295 0.149 0.049 

Abbreviations: Chr, chromosome; EAF, effect allele frequency; SE, standard error.  

6.3.3 Mendelian randomisation- salicylic acid and colorectal cancer- 

6.3.3.1 GECCO 

After identifying 8 independent SNPs associated with salicylic acid, we then extracted logistic regression 

results for these SNPs from the GECCO dataset, of which only 2 were available. These are rs9922093 and 

rs58395451, both found in ACSM2B.  

To identify the effect of salicylic acid on CRC, we carried out maximum likelihood and inverse variance 

weighted approaches. Since only 2 SNPs were available, the other 6 methods could not be carried out as 

they require more than 2 SNPs.  
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For an association between exposure and outcome to be present, the MR P-value needs to be ≤0.05. Our 

results show that there is no evidence of a causal relationship between salicylic acid levels and CRC as the P-

values for the maximum likelihood method and the inverse variance weighted method are 0.885 and 0.968, 

respectively (Table 6-7).  

Table 6-7- Mendelian randomisation of salicylic acid on colorectal cancer using GECCO data.  

Method N SNP β SE 

95% confidence 
intervals P-value 

LCI UCI 

Maximum likelihood 2 0.029 0.200 -0.364 0.421 0.885 

Inverse variance weighted 2 0.016 0.400 -0.769 0.801 0.968 

Abbreviations: SE, standard error; LCI, lower confidence interval; UCI, upper confidence interval.  

This can be visualised in the scatter plots (Figure 6-9 A) where no clear evidence of a causal relationship 

between salicylic acid and CRC risk can be seen. The Two Sample MR package automatically re-assigns effect 

alleles and other alleles so that SNP associations with exposure are positive (Chapter 6.1.6.6). For example, 

with regards to the SNP rs9922093, whilst the T allele is associated with a -0.234 decrease in salicylic acid, 

the C allele is associated with an increase of 0.234 in salicylic acid levels. The Two Sample MR package then 

harmonises the alleles with the outcome data (GECCO) so that the same allele is assigned as the effect allele 

in exposure and outcome datasets. Therefore, the C allele in GECCO would also be assigned as the effect 

allele and flipped the association accordingly (e.g. positive to negative).  

The forest plot of single SNP associations (Wald ratios) shows opposing effects of an increase in salicylic acid 

on risk of CRC. Therefore, the summarised IVW result has wide confidence intervals and overlaps with the 

null (Figure 6-9 B). Also, since there are very few SNPs, it is very difficult to detect pleiotropy using a funnel 

plot (Figure 6-9. C).  

Overall, these SNPs that represent an increase in salicylic acid show no evidence of a causal relationship 

between the metabolite and CRC. However, it is difficult to detect pleiotropy since only 2 SNPs were used in 

the analysis therefore this MR needs to be repeated in other CRC datasets that have more than these 2 SNPs 

genotyped.  
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Figure 6-9- Mendelian randomisation of salicylic acid on colorectal cancer using data from GECCO 

Only 2 of the 8 SNPs associated with salicylic acid levels were available from GECCO. Using these SNPs, we conducted a 
Mendelian randomisation of salicylic acid on CRC risk. (A) Scatter plot plotting the SNP effect on salicylic acid (x-axis) 
and SNP effect on risk of CRC (y-axis). The black dots represent each SNP and the lines either side parallel to the x-axis 
and y-axis represent the 95% confidence intervals for SNP effect on salicylic acid and SNP effect on cancer risk, 
respectively. Two methods were used to summarise the results: inverse variance weighted (light blue) and maximum 
likelihood (dark blue). The results show little evidence of a causal relationship between salicylic acid and CRC risk. (B) 
Forest plot of single SNP associations (Wald ratios) for the effect of salicylic acid on CRC. The overall effect of the SNPs 
using an IVW method is shown in red. The dotted line represents a null. The two SNPs are having opposing effects on 
risk of CRC. The overall effect is a null association as the confidence intervals overlap with the dotted line of null. (C) 
Funnel plot showing the causal estimate of each SNP on the x-axis plotted against the inverse variance of the estimate 
(light blue line) on the y-axis. Each black dot represents a SNP and the summary causal estimates using the IVW 
method. The MR Egger method could not be used due to an insufficient number of SNPs. It is difficult to determine 
whether there is pleiotropy due to the small number of SNPs involved in the analysis.  
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6.3.3.2 UK Biobank- all 

Since we only had genetic information and association results with CRC for 2 of our SNPs, we sought 

alternative datasets that had genotyped more of our 8 SNPs of interest. To test the effect of the 8 SNPs 

associated with salicylic acid on risk of CRC, we used an alternative dataset with genetic information on CRC 

incidence through UK Biobank (449). After a linear mixed model approach adjusting for sex, genotyping array 

and the first 10 principal components was performed for the SNPs on risk of CRC, we extracted results for 6 

of the 8 SNPs associated with salicylic acid.  

To identify the effect of 1 standard deviation increase in salicylic acid (predicted by the genetic instruments) 

on CRC incidence, we used the 8 methods shown in Table 6-8. Unfortunately, the effect sizes (β) of salicylic 

acid on CRC were very small, the highest being 0.000901 which means that for every standard deviation 

increase in salicylic acid, the prevalence of CRC increases by 0.09% (beta: 0.000901, 95% CI: -0.00059-

0.00239). However, all the methods produced null associations as the P-values were all above 0.05.  

The results can be visualised in the scatter plot (Figure 6-10 A) which shows all the methods with various 

slopes of lines of best fit. For results to be convincing, ideally all of the regression lines should have similar 

directions and slopes as this would increase the reliability of the results (235,241). 

Table 6-8- Mendelian randomisation of salicylic acid on colorectal cancer using UK Biobank data. 

Method N SNP β SE 
95% confidence intervals P-

value LCI UCI 

Inverse variance 
weighted 

6 1.58E-04 3.47E-04 -5.23E-04 8.39E-04 0.649 

Maximum likelihood 6 1.69E-04 3.60E-04 -5.36E-04 8.75E-04 0.638 

MR Egger 6 -3.57E-04 1.16E-03 -2.62E-03 1.91E-03 0.773 

MR Egger (bootstrap) 6 9.01E-04 7.61E-04 -5.90E-04 2.39E-03 0.098 

Simple median 6 -1.60E-04 5.26E-04 -1.19E-03 8.70E-04 0.760 

Simple mode 6 -4.83E-04 7.38E-04 -1.93E-03 9.62E-04 0.541 

Weighted median 6 3.27E-04 4.63E-04 -5.81E-04 1.23E-03 0.481 

Weighted mode 6 6.14E-04 5.64E-04 -4.92E-04 1.72E-03 0.326 

Abbreviations: SE, standard error; LCI, lower confidence interval; UCI, upper confidence interval.  

The forest plot of single SNP associations (Wald ratios) shows that all 6 SNPs have large confidence intervals 

and overlap with the null. When summarised using an IVW and MR Egger approach, the overall association 

between salicylic acid and CRC also overlaps with the null due to the very large confidence intervals (Figure 

6-10 B).  

The funnel plot shows asymmetry indicating that there may be pleiotropy (Figure 6-10 C). The leave-one-out 

sensitivity analysis shows that the SNP rs10882183 may be biasing the results, however, the large confidence 

intervals of the results make it difficult to be certain (Figure 6-10 D). 

Overall, our results indicate that the SNPs we are using to proxy for salicylic acid may be pleiotropic and 

associated with other exposures. It also shows that there appears to be no significant association between 



    

216 
 

an increase in salicylic acid and an association with CRC incidence. We hypothesise that the true causal 

relationship of salicylic acid and CRC may not be clear in these results as salicylic acid obtained from the diet 

is very small in comparison to the amount that could be achieved through aspirin ingestion (Chapter 1.4.3). 

Therefore, this analysis needs to be repeated in CRC cases and controls stratifying between aspirin users and 

non-users as this may allow clearer visualisation of salicylic acid’s effect on cancer risk.  
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Figure 6-10- Mendelian randomisation of salicylic acid on colorectal cancer using data from UK Biobank 

Six of the 8 SNPs associated with salicylic acid levels were available from UK Biobank. Using these SNPs, we conducted a 
Mendelian randomisation of salicylic acid on CRC risk. (A) Scatter plot plotting the SNP effect on salicylic acid (x-axis) 
and SNP effect on risk of CRC (y-axis). The black dots represent each SNP and the lines either side parallel to the x-axis 
and y-axis represent the 95% confidence intervals for SNP effect on salicylic acid and SNP effect on cancer risk, 
respectively. Eight methods in total were used to summarise the results: inverse variance weighted (light blue), 
maximum likelihood (dark blue), MR Egger (light green), MR Egger (bootstrap) (dark green), simple median (light pink), 
simple mode (dark pink), weighted median (light gold) and weighted mode (dark gold). The results show little evidence 
of a causal relationship between salicylic acid and CRC risk. (B) Forest plot of single SNP associations (Wald ratios) for 
the effect of salicylic acid on CRC. The overall effect of the SNPs using an IVW method and MR Egger approach is shown 
in red. The dotted line represents a null. All 6 SNPs have large confidence intervals and overlap with the null. Overall, 
the results show no causal relationship between salicylic acid and CRC risk as the confidence intervals overlap with the 
null. (C) Funnel plot showing the the causal estimate of each SNP on the x-axis plotted against the inverse variance of 
the estimate on the y-axis. Each black dot represents a SNP and the summary causal estimates using the IVW method 
(light blue line) and MR Egger (dark blue line). The plot indicates pleiotropy as there is no symmetry. (D) Leave-one-out 
analysis shows the summary IVW estimate when you remove each SNP systematically from the analysis. The SNP 
excluded is shown on the left side of the graph. The summary IVW estimate is shown in red. The results show that the 
SNP rs10882183 may be biasing the results, however, the large confidence intervals of the results make it difficult to be 
certain.  
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6.3.3.3 UK Biobank- stratified between aspirin users and non-users 

To identify whether the effect of salicylic acid on CRC incidence is clearer in aspirin users, we stratified CRC 

cases and controls between aspirin users and non-users.  

To identify the effect of a one standard deviation increase in salicylic acid levels (predicted by the genetic 

instruments) on risk of CRC incidence, we calculated summary statistics of the effect of salicylic acid on CRC 

risk in aspirin users (Table 6-9) and aspirin non-users (Table 6-10). Unfortunately, the effect sizes (β) of 

salicylic acid on CRC in aspirin users and non-users were very small regardless of the method used to 

summarise the results. However, all the methods returned results that showed a null causal relationship (P-

value >0.05).  

These can be visualised in the scatter plot for aspirin users (Figure 6-11 A) and non-users (Figure 6-11 B) 

which shows all the methods with various slopes of lines of best fit. For results to be convincing, ideally all of 

the regression lines should have similar directions and slopes as this would increase the reliability of the 

results (235,241). 

Table 6-9- Mendelian randomisation of salicylic acid on colorectal cancer using UK Biobank data in aspirin 
users 

Method N SNP β SE 
95% confidence intervals 

P-value 
LCI UCI 

Inverse variance weighted 6 0.00235 0.00378 -0.00504 0.00975 0.533 

Maximum likelihood 6 0.00254 0.00392 -0.00514 0.01023 0.517 

MR Egger 6 0.01293 0.01273 -0.01203 0.03789 0.367 

MR Egger (bootstrap) 6 0.00257 0.00845 -0.01399 0.01912 0.378 

Simple median 6 0.00488 0.00530 -0.00551 0.01527 0.357 

Simple mode 6 0.00620 0.00638 -0.00630 0.01871 0.376 

Weighted median 6 0.00469 0.00498 -0.00507 0.01446 0.346 

Weighted mode 6 0.00577 0.00616 -0.00630 0.01784 0.392 

Abbreviations: SE, standard error; LCI, lower confidence interval; UCI, upper confidence interval.  

Table 6-10- Mendelian randomisation of salicylic acid on colorectal cancer using UK Biobank data in aspirin 
non-users 

Method N SNP β SE 

95% confidence 
intervals P-value 

LCI UCI 

Inverse variance weighted 6 -0.00027 0.00053 -0.00131 0.000767 0.609 

Maximum likelihood 6 -0.00028 0.00054 -0.00134 0.000779 0.605 

MR Egger 6 0.000443 0.001763 -0.00301 0.0039 0.814 

MR Egger (bootstrap) 6 -0.00092 0.001143 -0.00316 0.001322 0.191 

Simple median 6 -0.00031 0.000692 -0.00166 0.00105 0.658 

Simple mode 6 -0.00056 0.000822 -0.00217 0.001051 0.526 

Weighted median 6 -0.00052 0.000716 -0.00192 0.000882 0.466 

Weighted mode 6 -0.00057 0.000784 -0.00211 0.000967 0.501 

Abbreviations: SE, standard error; LCI, lower confidence interval; UCI, upper confidence interval.  
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The forest plot of single SNP associations (Wald ratios) for aspirin users (Figure 6-11 C) and non-users (Figure 

6-11 D) shows a null causal relationship for all 6 SNPs. The funnel plots for aspirin users (Figure 6-12 A) and 

non-users (Figure 6-12 B) both show asymmetry indicating there may be pleiotropy and this biases the IVW 

estimate. Also, the leave-one out analysis for aspirin users (Figure 6-12 C) and non-users (Figure 6-12 D) do 

not show any SNP clearly biasing the results.  

Overall, stratifying between aspirin users and non-users showed no clear causal relationship between 

salicylic acid and risk of CRC. However, the results do indicate that the SNPs used to proxy for salicylic acid 

may be pleiotropic. Therefore, better instruments need to be found in order to better interrogate the causal 

relationship of salicylic acid with risk of CRC.  
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Figure 6-11- Scatter plots and forest plots comparing the effect of salicylic acid on risk of colorectal cancer 
between aspirin users and non-users 

Six of the 8 SNPs associated with salicylic acid levels were available from UK Biobank. Using these SNPs, we conducted a 
Mendelian randomisation of salicylic acid on CRC risk stratifying between aspirin users and non-users. (A) The scatter 
graph shows the SNP effect on salicylic acid (x-axis) and SNP effect on risk of CRC (y-axis) in aspirin users. The black dots 
represent each SNP and the lines either side parallel to the x-axis and y-axis represent the 95% confidence intervals for 
SNP effect on salicylic acid and SNP effect on cancer risk, respectively. Eight methods in total were used to summarise 
the results: inverse variance weighted (light blue), maximum likelihood (dark blue), MR Egger (light green), MR Egger 
(bootstrap) (dark green), simple median (light pink), simple mode (dark pink), weighted median (light gold) and 
weighted mode (dark gold). The results show little evidence of a causal relationship between salicylic acid and CRC 
incidence in aspirin users. (B) Scatter plot showing the association between salicylic acid and CRC incidence in aspirin 
non-users. The results show little evidence of a causal relationship between salicylic acid and CRC risk in aspirin-non 
users (C) Forest plot of single SNP associations (Wald ratios) for the effect of salicylic acid on CRC in aspirin users. The 
overall effect of the SNPs using an IVW method and MR Egger approach is shown in red. The dotted line represents a 
null. All 6 SNPs have large confidence intervals and overlap with the null. Overall, the results show no causal 
relationship between salicylic acid and CRC risk in aspirin-users as the confidence intervals overlap with the null. (D) 
Forest plot of single SNP associations (Wald Ratios) for the effect of salicylic acid on CRC in aspirin non-users. Again, all 
6 SNPs have large confidence intervals and overlap with the null. Overall, the results show no causal relationship 
between salicylic acid and CRC risk in aspirin non-users as the confidence intervals overlap with the null. 
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Figure 6-12- Funnel plots and leave-one-out analysis comparing the effect of salicylic acid on risk of 
colorectal cancer between aspirin users and non-users.  

Six of the 8 SNPs associated with salicylic acid levels were available from UK Biobank. Using these SNPs, we conducted a 
Mendelian randomisation of salicylic acid on CRC risk stratifying between aspirin users and non-users. (A) Funnel plot 
showing the causal estimate of each SNP on the x-axis plotted against the inverse variance of the estimate on the y-axis. 
Each black dot represents a SNP and the summary causal estimates using the IVW method (light blue line) and MR 
Egger (dark blue line). The plot indicates that the SNPs used investigate the effect of salicylic acid on CRC risk in aspirin 
users are pleiotropic as there is no symmetry and there is a large difference between the IVW estimate and the MR 
Egger estimate. (B) Funnel plot showing that the SNPs proxying for salicylic acid levels on the risk of CRC for aspirin non-
users may be pleiotropic due to the lack of symmetry and due to the difference in the IVW estimate and MR Egger 
estimate. (C) Leave-one-out analysis shows the summary IVW estimate when you remove each SNP systematically from 
the analysis. The SNP excluded is shown on the left side of the graph. The summary IVW estimate is shown in red. In 
aspirin users, the results show that there appears to be no SNP biasing the results with an obvious change. (D) Leave-
one-out analysis of salicylic acid on CRC risk in aspirin non-users does not indicate that any of the 6 SNPs is biasing the 
results. 
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6.3.4 Salicyluric acid genetic instruments 

To test for a causal relationship between the SNPs that proxy for salicyluric acid with CRC incidence, we used 

genotype and metabolite data provided by TwinsUK (3). Using the genomic locations of the enzymes 

involved in aspirin metabolism, a total of 4713 SNPs were available from the dataset. We excluded SNPS that 

were hemizygous or homozygous and ran a linear mixed model regression for the remaining SNPs on 

salicyluric acid adjusting for age and year of measurement, sex and visit. We then removed SNPs that were 

not associated with salicyluric acid at a P-value >0.05 therefore 88 SNPs remained for the analysis. We then 

clumped these at an r2 of more than 0.001 to remove SNPs in high linkage disequilibrium (Figure 6-13). 

Therefore, we identified 9 independent SNPs that are associated with salicyluric acid at a P-value of ≤0.05. 

These are summarised in Table 6-11.  

 

Figure 6-13- Flow diagram of the number of SNPs used in the analysis for salicyluric acid 

Using the TwinsUK dataset, a total of 4713 SNPs were genotyped for the genomic locations of the enzymes from the 
aspirin metabolism pathway. Homozygous and hemizygous SNPs were excluded from the analysis. After running the 
linear mixed model regression, we excluded SNPs not associated with salicyluric acid at a P-value threshold of > 0.05. 
We then carried out LD clumping to remove SNPs in high linkage disequilibrium at an r2 of more than 0.001. The result 
was 8 SNPs independently associated with salicyluric acid levels at a P-value of ≤0.05.  
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Table 6-11- SNPs used to proxy for salicyluric acid metabolite levels from TwinsUK 

SNP Gene Chr Position Effect 
allele 

Other 
allele 

EAF β SE P-
value 

rs17108282 CYP2C9  10 94971442 T C 0.176004 -0.11082 0.038811 0.0043 

rs13072970  BCHE 3 1.66E+08 T A 0.390431 -0.0805 0.030409 0.0081 

rs74765243  PAFAH1B2 11 1.17E+08 G C 0.010412 -0.36397 0.146387 0.013 

rs56354035  ACSM2B 16 20560037 C T 0.231036 -0.08205 0.035307 0.02 

rs116987336  PAFAH1B2 11 1.17E+08 A G 0.025781 -0.21211 0.092755 0.022 

rs62035044  ACSM2B 16 20541107 T A 0.206743 -0.07662 0.036429 0.035 

rs11604395  PAFAH1B2 11 1.17E+08 A G 0.027516 -0.18568 0.090855 0.041 

rs138622483  UGT1A6 2 2.34E+08 T C 0.002231 -0.62891 0.31367 0.045 

rs62191775  UGT1A6 2 2.34E+08 C T 0.0176 0.225517 0.113362 0.047 

Abbreviations: Chr, chromosome; EAF, effect allele frequency; SE, standard error 

6.3.5 Mendelian randomisation- salicyluric acid and colorectal cancer 

6.3.5.1 GECCO 

After identifying 9 independent SNPs associated with salicyluric acid, we then extracted logistic regression 

results for these SNPs from the GECCO dataset, of which results for only 1 SNP was available. This was 

rs56354035, found in ACSM2B.   

The Two Sample MR package automatically re-assigns effect alleles and other alleles so that SNP associations 

with exposures are positive (Chapter 6.1.6.6). Therefore, for every C allele change in rs56354035, this would 

predict a 0.08205 decrease in salicyluric acid (Table 6-11). On the other hand, for every T allele change, this 

would predict a 0.08205 increase in salicyluric acid. To understand the effect of an increase of salicyluric acid 

levels on CRC risk, the positively associated allele of the SNPs was used. The Two Sample MR package then 

harmonises the alleles with the outcome data (GECCO) so that the same allele is assigned as the effect allele 

in exposure and outcome datasets.  

To identify the effect of salicyluric acid on risk of CRC, we calculated the Wald ratio which showed that an 

increase in salicyluric acid increases the risk of CRC. Therefore, for every T allele change resulting in a 

0.08205 increase in levels of salicyluric acid, the log OR of CRC increases by 0.0177, giving a Wald ratio of 

0.216 (Table 6-12). However, the P-value of the result for the SNP rs56354035 is >0.05 (P-value: 0.424) 

therefore there is no causal relationship between salicyluric acid and CRC. 

if the A allele in SNP predicts a 0.2 increase in salicylic acid and a log OR of CRC as -0.6, we would then 

deduce that for every A allele change in the SNP, the Wald ratio is- 0.3. Therefore, for every A allele, the level 

of salicylic acid increases and the risk of CRC decreases. 
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Table 6-12- Wald ratio results for salicyluric acid levels and risk of colorectal cancer 

SNP β SE P-value 

rs56354035 0.216 0.270 0.424 

Abbreviations: SE, standard error.  

Since only 1 SNP was genotyped in the GECCO consortium, this analysis needs to be repeated in an 

alternative dataset with genetic and outcome risk data for more SNPs  

6.3.5.2 UK Biobank- all 

Since we only had genetic information and association results with CRC for 1 of our SNPs, we sought 

alternative datasets that had genotyped more of our 9 SNPs of interest. We used UK Biobank as an 

alternative consortium (449) and after a linear mixed model approach adjusting for sex, genotyping array 

and the first 10 principal components was performed for the SNPs on risk of CRC, we extracted results for 7 

of the 9 SNPs associated with salicyluric acid.   

To identify the effect of 1 standard deviation increase in salicyluric acid levels (predicted by the genetic 

instruments) on CRC incidence, we used the 8 methods shown in Table 6-13. Unfortunately, the effect sizes 

(β) of salicyluric acid on CRC were very small, the highest being 0.000813 which means that our 7 SNPs that 

proxy for an increase in salicyluric acid levels increase the prevalence of CRC increases by 0.0813% by a beta 

value of (beta:0.000813, 95% CI: -0.000028 -0.001654) using the maximum likelihood method. Whilst none 

of the methods achieved a P-value significance of ≤0.05, the IVW method and the maximum likelihood 

method were only just higher than this threshold, P-value =0.052 and P-value =0.058, respectively. The 

results of both of these methods indicate that an increase in salicyluric acid levels may potentially be 

associated with an increase in risk of CRC and warrant further analysis. Since a linear mixed model approach 

was carried out using UK Biobank data, the results are interpreted as the change in prevalence per standard 

deviation increase in the metabolite. For example, with regards to the IVW estimate, this effect says that for 

1 standard deviation increase in salicyluric acid, the prevalence of CRC increased by 0.0759%.  
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Table 6-13- Mendelian randomisation of salicyluric acid on colorectal cancer using UK Biobank data 

Method N SNP β SE 
95% confidence intervals 

P-value 
LCI UCI 

Inverse 
variance 
weighted 

7 0.000759 0.000391 -0.000007 0.001524 0.052 

Maximum 
likelihood 

7 0.000813 0.000429 -0.000028 0.001654 0.058 

MR Egger 7 0.00028 0.000883 -0.001450 0.002010 0.764 

MR Egger 
(bootstrap) 

7 0.000826 0.000849 -0.000838 0.002489 0.148 

Simple median 7 0.000787 0.000596 -0.000382 0.001956 0.187 

Simple mode 7 0.000807 0.000692 -0.000550 0.002165 0.288 

Weighted 
median 

7 0.000777 0.000556 -0.000313 0.001867 0.163 

Weighted 
mode 

7 0.000835 0.000745 -0.000626 0.002295 0.306 

Abbreviations: SE, standard error; LCI, lower confidence interval; UCI, upper confidence interval.  

These results can be visualised in Figure 6-14. The scatter plot shows that all 8 methods consistently show a 

causal relationship between increasing levels of salicyluric acid and increasing levels of risk of CRC (Figure 

6-14 A).  

The forest plots of single SNP associations (Wald ratios) shows that all 7 SNPs have large confidence intervals 

and overlap with the null. When summarised using an IVW and MR Egger approach, the overall association 

between salicyluric acid and CRC also overlaps with the null due to the very large confidence intervals (Figure 

6-14 B). Although the lower confidence interval of the IVW estimate is only just below the null (-0.000007), it 

does indicate a possible causal relationship between salicyluric acid increasing the risk of CRC.  

The funnel plot shows asymmetry indicating that there may be pleiotropy (Figure 6-14 C). The leave-one-out 

sensitivity analysis does not show any SNP clearly biasing the result (Figure 6-14 D). 

Overall, our results indicate that some of the SNPs in the analysis used to proxy for salicyluric acid may be 

pleiotropic and associated with other exposures. The results of the IVW method and the maximum likelihood 

method indicate that an increase in salicyluric acid levels may potentially be associated with an increase in 

risk of CRC and warrant further analysis. 
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Figure 6-14- Mendelian randomisation of salicyluric acid on colorectal cancer using data from UK Biobank 

Seven of the 9 SNPs associated with salicyluric acid levels were available from UK Biobank. Using these SNPs, we 
conducted a Mendelian randomisation of salicyluric acid on CRC risk. (A) Scatter plot plotting the SNP effect on 
salicyluric acid (x-axis) and SNP effect on risk of CRC (y-axis). The black dots represent each SNP and the lines either side 
parallel to the x-axis and y-axis represent the 95% confidence intervals for SNP effect on salicyluric acid and SNP effect 
on cancer risk, respectively. Eight methods in total were used to summarise the results: inverse variance weighted (light 
blue), maximum likelihood (dark blue), MR Egger (light green), MR Egger (bootstrap) (dark green), simple median (light 
pink), simple mode (dark pink), weighted median (light gold) and weighted mode (dark gold). One SNP has been circled 
in red as it may be biasing the results. Overall, the results show that increased levels of salicyluric acid may increase risk 
of CRC (B) Forest plot of single SNP associations (Wald Ratios) for the effect of salicyluric acid on CRC. The overall effect 
of the SNPs using an IVW method and MR Egger approach is shown in red. The dotted line represents a null. All 7 SNPs 
have large confidence intervals and overlap with the null. Overall, the IVW estimate shows that increased salicyluric 
acid may be increasing the risk of CRC, however, the estimate still overlaps with the null. The MR Egger test also shows 
a null association. (C) Funnel plot showing the causal estimate of each SNP on the x-axis plotted against the inverse 
variance of the estimate on the y-axis. Each black dot represents a SNP and the summary causal estimates using the 
IVW method (light blue line) and MR Egger (dark blue line). The plot indicates pleiotropy as there is no symmetry and 
the IVE estimate may be biased towards the pleiotropic SNPs. (D) Leave-one-out analysis shows the summary IVW 
estimate when you remove each SNP systematically from the analysis. The SNP excluded is shown on the left side of the 
graph. The summary IVW estimate is shown in red.  
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6.3.5.3 UK Biobank -Stratifying between aspirin users and non-users 

To identify whether the effect of salicyluric acid on CRC incidence is clearer in aspirin users, we stratified CRC 

cases and controls between aspirin users and non-users.  

To identify the effect of 1 standard deviation increase in salicyluric acid levels (predicted by the genetic 

instruments) on CRC incidence, we calculated summary statistics of the effect of salicyluric acid on CRC risk 

in aspirin users (Table 6-14) and aspirin non-users (Table 6-15). Unfortunately, the effect sizes (β) of 

salicyluric acid on CRC in aspirin users and non-users were very small regardless of the method used to 

summarise the results. However, none of the methods produced results showing a causal relationship 

between the metabolite and CRC as the P-values were above 0.05. These can be visualised in the scatter plot 

for aspirin users (Figure 6-15 A) and non-users (Figure 6-15 B) which shows all the methods with various 

slopes of lines of best fit. For results to be convincing, ideally all of the regression lines should have similar 

directions and slopes as this would increase the reliability of the results (235,241). 

Table 6-14- Mendelian randomisation of salicyluric acid on colorectal cancer using UK Biobank data in 
aspirin users 

Method N SNP β SE 
95% confidence intervals 

P-value 
LCI UCI 

Inverse 
variance 
weighted 

7 0.0014 0.0045 -0.0074 0.0102 0.75 

Maximum 
likelihood 

7 0.0017 0.0046 -0.0073 0.0107 0.71 

MR Egger 7 0.0055 0.0111 -0.0162 0.0272 0.64 

MR Egger 
(bootstrap) 

7 -0.0011 0.0112 -0.0231 0.0209 0.45 

Simple median 7 0.0065 0.0065 -0.0062 0.0192 0.32 

Simple mode 7 0.0078 0.0084 -0.0086 0.0242 0.39 

Weighted 
median 

7 0.0066 0.0059 -0.0050 0.0182 0.27 

Weighted mode 7 0.0075 0.0074 -0.0071 0.0220 0.36 

Abbreviations: SE, standard error; LCI, lower confidence interval; UCI, upper confidence interval.  
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Table 6-15- Mendelian randomisation of salicyluric acid on colorectal cancer using UK Biobank data in 
aspirin non-users 

Method N SNP β SE 
95% confidence intervals 

P-value 
LCI UCI 

Inverse 
variance 
weighted 

7 0.00023 0.00060 -0.00093 0.00140 0.70 

Maximum 
likelihood 

7 0.00024 0.00061 -0.00095 0.00143 0.69 

MR Egger 7 0.00078 0.00134 -0.00186 0.00341 0.59 

MR Egger 
(bootstrap) 

7 -0.00033 0.00134 -0.00296 0.00230 0.39 

Simple median 7 0.00037 0.00081 -0.00121 0.00195 0.65 

Simple mode 7 0.00066 0.00111 -0.00152 0.00284 0.57 

Weighted 
median 

7 0.00034 0.00080 -0.00123 0.00191 0.67 

Weighted 
mode 

7 0.00052 0.00103 -0.00150 0.00253 0.63 

Abbreviations: SE, standard error; LCI, lower confidence interval; UCI, upper confidence interval.  

As previously seen with salicylic acid, Wald ratios of salicyluric acid with CRC of all 7 SNPs overlaps with the 

null for aspirin users (Figure 6-15 C) and non-users (Figure 6-15 D) and the funnel plots indicate pleiotropy 

due to the asymmetry present for aspirin users (Figure 6-16 A) and non-users (Figure 6-16 B). The leave-one 

out analysis for aspirin users (Figure 6-16C) shows that 2 SNPs (rs13072970 and rs116987336) may be biasing 

the results but no SNPs appear to bias the results for non-users (Figure 6-16 D).  

Overall, stratifying between aspirin users and non-users showed no clear causal relationship between 

salicyluric acid and risk of CRC. However, the results do indicate that the SNPs used to proxy for salicyluric 

acid may be pleiotropic. Therefore, better instruments need to be found in order to better interrogate the 

causal relationship of salicyluric acid with risk of CRC. 
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Figure 6-15- Scatter plots and forest plots comparing the effect of salicyluric acid on risk of colorectal 
cancer between aspirin users and non-users 

Seven of the 9 SNPs associated with salicyluric acid levels were available from UK Biobank. Using these SNPs, we 
conducted a Mendelian randomisation of salicyluric acid on CRC risk stratifying between aspirin users and non-users. 
(A) The scatter graph shows the SNP effect on salicyluric acid (x-axis) and SNP effect on risk of CRC (y-axis) in aspirin 
users. The black dots represent each SNP and the lines either side parallel to the x-axis and y-axis represent the 95% 
confidence intervals for SNP effect on salicyluric acid and SNP effect on cancer risk, respectively. Eight methods in total 
were used to summarise the results: inverse variance weighted (light blue), maximum likelihood (dark blue), MR Egger 
(light green), MR Egger (bootstrap) (dark green), simple median (light pink), simple mode (dark pink), weighted median 
(light gold) and weighted mode (dark gold). The results show little evidence of a causal relationship between salicyluric 
acid and CRC incidence in aspirin users. (B) Scatter plot showing the causal relationship between salicyluric acid and CRC 
incidence in aspirin non-users. The results show little evidence of a causal relationship between salicyluric acid and CRC 
risk in aspirin-non users (C) Forest plot of single SNP associations (Wald Ratios) for the effect of salicyluric acid on CRC in 
aspirin users. The overall effect of the SNPs using an IVW method and MR Egger approach is shown in red. The dotted 
line represents a null. All 7 SNPs have large confidence intervals and overlap with the null. Overall, the results show no 
causal relationship between salicyluric acid and CRC risk in aspirin-users as the confidence intervals overlap with the 
null. (D) Forest plot of single SNP associations (Wald Ratios) for the effect of salicyluric acid on CRC in aspirin non-users. 
Again, all 7 SNPs have large confidence intervals and overlap with the null. Overall, the results show no causal 
relationship between salicyluric acid and CRC risk in aspirin non-users as the confidence intervals overlap with the null. 
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Figure 6-16- Funnel plots and leave-one-out analysis comparing the effect of salicyluric acid on risk of 
colorectal cancer between aspirin users and non-users.  

Seven of the 9 SNPs associated with salicyluric acid levels were available from UK Biobank. Using these SNPs, we 
conducted a Mendelian randomisation of salicyluric acid on CRC risk stratifying between aspirin users and non-users. 
(A) Funnel plot showing the causal estimate of each SNP on the x-axis plotted against the inverse variance of the 
estimate on the y-axis. Each black dot represents a SNP and the summary causal estimates using the IVW method (light 
blue line) and MR Egger (dark blue line). The plot indicates that the SNPs used investigate the effect of salicyluric acid 
on CRC risk in aspirin users are pleiotropic as there is no symmetry and there is a large difference between the IVW 
estimate and the MR Egger estimate. (B) Funnel plot showing that the SNPs proxying for salicyluric acid levels on the 
risk of CRC for aspirin non-users may be pleiotropic due to the lack of symmetry and due to the difference in the IVW 
estimate and MR Egger estimate. (C) Leave-one-out analysis shows the summary IVW estimate when you remove each 
SNP systematically from the analysis. The SNP excluded is shown on the left side of the graph. The summary IVW 
estimate is shown in red. In aspirin users, the results show that 2 SNPs may be possibly biasing the results: rs13072970 
and rs116987336. However, the effect of this is unclear as the summary estimate after removing each SNP still overlaps 
with the null.  (D) Leave-one-out analysis of salicyluric acid on CRC risk in aspirin non-users does not indicate that any of 
the 6 SNPs is biasing the results.  
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6.4 Discussion 

Overall, we have identified 8 SNPs independently associated with salicylic acid and 9 SNPs independently 

associated with salicyluric acid at a P-value ≤0.05. These SNPs were used to test for a causal relationship 

between these metabolites and CRC risk in both GECCO and UK Biobank, as well as stratifying between 

aspirin users and non-users using UK Biobank.  

Using the SNPs that proxy for salicylic acid levels, we found no evidence of a causal relationship between the 

metabolite and risk of CRC incidence in both GECCO and UK Biobank. However, only 2 of the SNPs’ data was 

available in GECCO therefore this limited the strength of our genetic risk score (the summarised effect of all 

the SNPs combined). In addition, whilst we identified 8 SNPs associated with salicylic acid at a P-value of 

≤0.05, these SNPs did not survive the P-value threshold for multiple testing.  

One of the issues with multiple testing is that unless the result is adjusted for, then the probability of 

rejecting a null hypothesis (so accepting that a SNP is associated with a metabolite) when actually there is no 

association is inflated (452). The Bonferroni correction divides the alpha level by the number of statistical 

tests being carried out- whilst it is the most conventional and simple method, it tends to be overly 

conservative (272). In the case of salicylic acid, this would be calculated as follows: 0.05/4713 (Figure 6-8) 

=0.000011. Since none of the SNPs were associated with salicylic acid below a P-value of 0.000011, it may be 

that the genetic instruments used to proxy for the metabolite were weak instruments and therefore to truly 

test for a causal relationship between the metabolite and CRC risk, more robust instruments need to be 

found.  

Using the SNPs that proxy for salicyluric acid, we found a possible causal relationship between the 

metabolite and risk of CRC using the UK Biobank dataset (IVW beta: 0.000759, 95% CI: -0.000007- 0.001524, 

P-value=0.052). Whilst a causal relationship between salicyluric acid and CRC risk was found, the beta 

estimate was very small (0.000759) indicating the effect of increasing salicyluric acid levels on CRC risk may 

be very small. Since a linear mixed model approach was carried out using UK Biobank data, the results are 

interpreted as the change in prevalence per standard deviation increase in the metabolite. The IVW estimate 

predicts that for every 1 standard deviation increase in salicyluric acid, the prevalence of CRC increases by 

0.0759%. If absolute values of the metabolites were measured, it may be possible to multiply the allele 

‘effect size’ to recapitulate the trial dose of aspirin as was previously done with selenium and risk of prostate 

cancer (229). However, in this case, the results from the MR analysis can be interpreted as the change in log 

OR or prevalence per standard deviation increase in the inverse ranked measurements of the metabolites. 

We hypothesise that the SNPs proxying for salicyluric acid levels may cause a more rapid hydrolysis of 

salicylic acid (the active metabolite (220)) therefore increasing levels of salicyluric acid. Therefore, it may not 

be salicyluric acid itself that is increasing the risk of CRC but rather it is the decreased time exposed to the 

protective effect of salicylic acid. Experimental studies would be required to explore this hypothesis further.  
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Our genetic variants explained approximately 0.25% of the variation in salicylic acid levels and 0.25% of the 

variation in salicyluric acid levels. Our power calculations show that we had 80% power to detect an 

association of salicylic acid on CRC risk of an odds ratio ≤0.51 and ≥1.9. in the reciprocal direction and 80% 

power to detect an association of salicyluric acid on CRC risk of an odds ratio ≤0.51 and ≥1.9. With the UK 

Biobank sample size of 462933 (of which 641 were cases), we had 80% power at α level 0.05 to detect an 

effect of salicylic acid on CRC risk of an odds ratio ≥3.2 only. Unfortunately, the genetic instruments explain a 

small variation of the metabolites, therefore large sample sizes would be needed to detect the effect of this 

variation on CRC risk. This indicates the need to find genetic instruments that explain more of the variation 

or to identify studies with a larger number of cases and controls and carry out the MR using this data.  

Upon stratifying between aspirin users and non-users, we found no causal relationship between the 

metabolites salicylic acid and salicyluric acid and their association with CRC incidence. Whilst we anticipated 

a null causal relationship between the metabolites and CRC in aspirin non-users, we postulated that there 

would be a causal relationship between the metabolites and cancer risk in aspirin-users. However, the 

number of CRC cases who documented taking aspirin in the data was only 7, indicating that out study was 

severely underpowered. This means that the study lacked a large enough sample size to detect a true causal 

relationship therefore accepting the null hypothesis (type II error). It would also explain the wide confidence 

intervals observed in the results (242).  

The difference in magnitude of causal effect estimates using GECCO or UK Biobank may be explained by the 

methods used to identify an association between the SNPs and incidence of CRC. GECCO carried out logistic 

regression analyses between the SNPs and CRC incidence. On the other hand, a linear mixed model approach 

was carried out using the UK Biobank data. These results are interpreted as the change in prevalence of the 

outcome per copy of the effect allele or unit change in exposure. This means that e.g. if beta is 0.01, this is 

the proportionate change in prevalence so equates to a 1% increase in prevalence. This explains why the 

causal effect estimates calculated using UK Biobank data appear 2 orders of magnitude smaller than using 

GECCO summary effect estimates.  

Associations between variants in enzymes in the aspirin metabolism pathway have previously been shown to 

be associated with aspirin hydrolysis. Zhou et. al (2013) had shown that a SNP in BCHE (rs6445035) was 

associated with the rate of hydrolysis of aspirin. For every A allele in this SNP, aspirin hydrolysis was 

decreased by around 1.2 nmol/ml/min (217)  Unfortunately, this SNP was not within the gene region of 

BCHE (Table 6-3) so was not used in our analysis. This highlights a limitation in the study design. It may be 

that SNPs surrounding the genes may be affecting gene expression and hence activity or transcription factor 

binding such as cis-regulatory elements (453) and long non-coding RNAs (lncRNAs) which can affect gene 

expression (454) thus impacting upon the metabolism of the very metabolites being investigated. Despite an 

association between this SNP and aspirin hydrolysis having been found, the effect of this SNP on CRC risk has 

yet to be tested.  
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Genetic variation within other enzymes have also been identified to be associated with aspirin usage. Sheth 

et. al (2018) identified SNPs within UGT1A6 gene that was associated with aspirin usage (rs2070959 and 

rs1105879). When they stratified between aspirin users and non-users, they showed a decreased risk of CRC 

for aspirin users with the wildtype SNP rs2070959 (455). They also showed that a variant in CYP2C9 

(rs1799853) which codes for a variant of the enzyme with reduced activity and metabolic activity (456) 

reduced the risk of colon cancer, however their result did not reach statistical significance once adjusted for 

multiple testing (455). These SNPs were not analysed in our approach due to them being outside the gene 

co-ordinates that were determined for the enzymes.  

Whilst these studies’ analyses point to an association between the variants and aspirin usage and therefore 

risk of CRC, not all studies have shown this association between CYP2C9 and UGT1A6 genotypes and 

response to aspirin treatment. Barry et. al (2013) initially showed an association between CYP2C9 variants 

and risk of adenoma recurrence, however, this association was no longer present once patients were 

stratified according to aspirin use (457). Two variants within UGT1A6 (rs1105879 (R184S) and rs2070959 

(T181A)) have previously been predicted to reduce the enzyme’s activity by 30-50% (458). These variants 

were tested for association with risk of CRC by Thompson et. al (2009). No association was found and the 

null association remained even after stratifying between aspirin users and non-users (459).  

The opposing results from these studies highlight the importance of identifying better genetic instruments to 

proxy for aspirin metabolite levels and address the question of aspirin usage and risk of CRC. In order to find 

more robust genetic instruments, a genome wide association study of salicylic acid and salicyluric acid is 

needed. Any SNPs that survive correction for multiple testing can then be used as proxies for the 

metabolites. It is worth noting that the idea of canalisation may exist when studying biochemical pathways 

whereby alternative metabolic routes can lead to the same phenotypic endpoint if one enzyme is 

compromised from the original pathway (199).  

 Also, the enzymes involved in the metabolism of aspirin are pleiotropic enzymes, in that they are also 

involved in metabolising other drugs and intermediates in the aspirin metabolism pathway.  For example, 

other substrates of CYP2C9 include: ibuprofen, warfarin, tamoxifen, fluvastatin and irbesartan (460). 

Therefore, it is plausible to think that SNPs in these enzymes are associated with metabolism of these drugs, 

as evidenced by GWAS’s carried out for warfarin (461) and clopidogrel (462). This means that it may not be 

appropriate to use SNPs in these enzymes to proxy for aspirin metabolites as their association with other 

exposures violates one of the assumptions of Mendelian randomisation in that the SNP should only be 

associated with the outcome through the exposure under investigation (242). In this case, being able to 

stratify by aspirin use and having data on use of other drugs would help as individuals who take only aspirin 

and no other drugs could be used in the analysis to partially control for SNP associations with other drugs.  
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To our knowledge, this is the first MR study exploring the effect of aspirin metabolites on the risk of CRC. 

Few studies have applied the basic principles of MR to study a biochemical pathway. We propose that due to 

the increased risk of pleiotropy with regards to drug hydrolysis, the use of multiple SNPs to proxy for the 

metabolites is strongly recommended as this is the best way to identify and adjust for pleiotropy. 

Furthermore, a detailed understanding of the pathway is crucial to avoid incorrect assumptions about roles 

of the enzymes involved and to better interpret the results. 

In order for MR to be applied to biochemical pathways, there is a need for GWASs of metabolic 

intermediates in general. We were limited in this study in that only salicylic acid and salicyluric acid were 

measured but not the other metabolites (Figure 1-20). However, the challenge in measuring metabolic 

intermediates is that these metabolites are dynamic and change with time, disease state and many other 

factors, so interpreting the results from a GWAS may be difficult. We were also limited in interpreting the 

results as the metabolites used in this study were measured through gas chromatography-mass 

spectrometry and liquid chromatography-mass spectrometry through an untargeted approach. This means 

that the values used in the analysis are relative changes rather than absolute values (267). In order to better 

interpret the results and transfer them to the clinic for patient advice on dosage intake, a more targeted 

approach to measuring the metabolite levels is needed.  

The advantage to including the other metabolites in our MR approach is that by limiting our analysis to a 

single linear pathway, results from this may be misleading due to the presence of horizontal pleiotropy (such 

as enzymes being involved in other pathways) (463) which was observed in our results. Using the other 

pathways, a multivariable MR approach can be conducted whereby MR is conducted on all the pathways 

involved in salicylic acid hydrolysis into the other metabolites as well. This may help to overcome the issue of 

horizontal pleiotropy as the results involve combining multiple pathways related to salicylic acid metabolism. 

Ideally, this can only be done if there are population measures of the metabolites gentisic acid, salicylacyl 

glucuronide and salicyl phenolic glucuronide (Figure 1-20). To our knowledge, these metabolites have not yet 

been measured in large studies, therefore limiting this approach. 

Our study was also limited in that whilst no data was available with regards to aspirin use, these metabolite 

measurements are likely to represent dietary salicylates rather than aspirin taken for medicinal purposes. 

The amount of salicylate obtained from the diet is much less than would be obtained for aspirin intake for 

medicinal purposes (Chapter 1.4.3). Another limitation of our study is that we tested for a causal relationship 

between aspirin metabolites and incidence of CRC but did not test for a causal relationship with tumour 

progression or metastasis. In order to fully investigate aspirin’s protective effect, then association tests 

between salicylic acid and salicyluric acid associations with tumour progression and metastasis need to be 

carried out.  
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Overall, our study has shown a possible causal relationship between salicyluric acid and increasing risk of 

CRC, although our study was severely underpowered to detect this and a causal relationship between 

salicylic acid and salicyluric acid. What is evident is that the instruments used in our MR approach may be 

weak highlighting the need to repeat this analysis after identifying more robust genetic instruments to proxy 

for the metabolites, through adopting a GWAS approach.  In order to identify a clearer effect of aspirin 

intake on risk of CRC, a larger cancer consortium containing both aspirin usage data that can be stratified 

between users and non-users is required, and this will increase power to identify any potential association.  
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Chapter 7 General Discussion 

To address the effect of aspirin on colorectal cancer (CRC), population and laboratory-based approaches 

were combined to expand on the current knowledge in the literature. This chapter summarises the main 

research findings and the possible implications of the results as well as future directions.  

Results presented in this thesis indicate that short-term and long-term aspirin treatment have different 

effects on cell proliferation and survival (Chapter 3). By combining multiple ‘omics, we found that short-term 

aspirin treatment may target STMN1 expression as a possible new target of aspirin (Chapter 4) but no effect 

on genome-wide methylation. Results from long-term aspirin treatment showed a genome-wide effect on 

DNA methylation (Chapter 5). To address the effect of aspirin on risk of CRC, a Mendelian randomisation 

(MR) approach was undertaken of which an increase in salicyluric acid levels may be associated with an 

increased risk of CRC (Chapter 6).  

7.1 Summary of main findings 

Due to the literature indicating different effects of aspirin depending on timing and duration of treatment 

(Chapter 3.1.1), we set out to address the effect of duration of treatment in a laboratory setting. Our main 

finding was that whilst short-term (7 days) aspirin treatment may slow cell growth, no such effect was 

observed in long-term (18 weeks) aspirin treatment in 3D culture suggesting developing “resistance to 

aspirin”.  

The literature has shown that one of the main mechanisms of action of aspirin is the irreversible acetylation 

and thus inactivation of the cyclooxygenase (COX) enzyme (306). However, a study showed that NCX-4016, 

an aspirin derivative that does not inhibit COX, was more chemopreventative than aspirin (307) indicating 

alternative mechanisms of action. To address this question, a combined ‘omics approach was undertaken. 

Through this, we were able to identify that aspirin may be decreasing the expression of both stathmin-1 

(STMN1) and minichromosome maintenance complex component 5 (MCM5). Stathmin-1 is a microtubule 

destabilizer and plays a role in cell motility (362). We found that decreasing the expression of STMN1 

through siRNA knockdown reduced both cell cycle progression as well as cell migration.  

In studying the effect of aspirin on the epigenome, our epigenome-wide association study (EWAS) results 

show that 24-hour aspirin treatment did not significantly affect CpG site methylation after adjustment for 

multiple testing (chapter 4). However, our long-term (75 weeks) results showed a genome-wide effect on 

DNA methylation, identifying 1492 CpG sites across the genome that are influenced by aspirin treatment. 

Aspirin decreased the methylation of 66.96% of sites, of which these were found in pathways associated 

with cancer such as the MAPK signalling pathway and PI3K-AKT signalling pathways. We also found that the 

effect of aspirin on DNA methylation seems to occur when a threshold of aspirin concentration has been 

reached and is not influenced by further increasing concentrations.  
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To help identify whether we can predict the effect of aspirin on risk of CRC, we adopted an MR approach. 

SNPs to proxy for salicylic acid and salicyluric acid were tested for an association with CRC incidence, 

stratifying between aspirin-users and non-users. No association was observed between salicylic acid and risk 

of CRC. Using the SNPs that proxy for salicyluric acid, we found a possible causal relationship between the 

metabolite and risk of CRC using the UK Biobank dataset (IVW beta: 0.000759, 95% CI: -0.000007- 0.001524, 

P-value=0.052). Since a linear mixed model approach was carried out using UK Biobank data, the results are 

interpreted as the change in prevalence per standard deviation increase in the metabolite. The IVW estimate 

predicts that for every 1 standard deviation increase in salicyluric acid, the prevalence of CRC increases by 

0.0759%. 

7.2 Interpretation of results 

Evidence from observational studies (82) and randomised trials (111,112,114) for vascular events have both 

shown aspirin to be beneficial as a chemopreventative agent thus preventing colorectal cancer incidence, 

providing evidence for aspirin’s use pre-diagnostically. Evidence for aspirin’s beneficial properties post-

diagnosis has also been shown (Chapter 3.1.1). However, some individuals who take aspirin pre-

diagnostically still develop colorectal cancer and others who take it post-diagnostically do not benefit from 

aspirin’s chemopreventative effect (279,280). These highlight the possibility that there may be individuals 

who are resistant to aspirin’s effect. The mechanism through which aspirin works is still not completely 

understood, as is the reason for how/why individuals develop aspirin resistance. 

We propose that there may be two mechanisms through which an individual may be resistant to aspirin. The 

first is through their genotype which may affect enzyme activity and therefore influence the length of time 

an individual is exposed to the protective metabolite salicylic acid. The second is an acquired resistance 

through long-term use. The changes observed from our short-term treatment experiments on adenoma cells 

provide mechanisms for how aspirin may function as a therapeutic agent. Furthermore, the changes we 

observed in long-term treatment may explain why some studies found no association between aspirin-use 

and risk of CRC (Chapter 3.1.1).  
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7.2.1 Genetic resistance and response to aspirin  

We propose that an individual’s response to aspirin may be dependent on their genotype, allowing 

individuals to be more or less responsive to the drug’s effects.  

 

Figure 7-1- Proposed mechanism of genetic “resistance” regulating levels of salicylic acid in the cells  

Due to the availability of metabolite data, we only looked at the effect of salicylic acid and salicyluric acid on 

the risk of CRC. As stated in Figure 7-1, a subset of patients may have SNPs within the enzymes BCHE and 

PAFAH1b2/PAFAH1b3 that allow efficient hydrolysis of aspirin to salicylic acid. Salicylic acid is the protective 

metabolite (220) therefore increased exposure time to this may be protective against cancer. Individuals 

may have genetic polymorphisms in the enzyme ACSM2B involved in breaking down salicylic acid to 

salicyluric acid which either allow the enzyme to be more efficient or less efficient in this process. If the 

enzyme is inefficient in its role, this would allow salicylic acid to remain for a longer time before being 

broken down, thus decreasing the risk of CRC. These individuals are termed as having genotype A. On the 

other hand, if the genetic polymorphisms allow the enzyme to be more efficient, the result is increased 

conversion of salicylic acid to salicyluric acid thus reducing the exposure time to salicylic acid and resulting in 

an increased risk of CRC due to the absence of aspirin’s protective effect. These individuals are termed as 

having genotype B.  

The idea that different genotypes and genetic polymorphisms affect enzyme efficiency has been mentioned 

in the literature. Zhou et. al (2013) had shown that a SNP in BCHE (rs6445035) was associated with the rate 

of hydrolysis of aspirin. For every A allele in this SNP, aspirin hydrolysis was decreased by around 1.2 

nmol/ml/min (217). Also, two variants within UGT1A6 (rs1105879 (R184S) and rs2070959 (T181A)) have 

previously been predicted to reduce the enzyme’s activity by 30-50% (458). Furthermore, a SNP in CYP2C9 

(rs1799853) codes for a variant of the enzyme with reduced activity and metabolic activity (456).  

An important implication from these results is the possibility that patients who will most respond to aspirin 

treatment can be identified based on their genotype or genetic variants and thus advised to take aspirin to 

reduce their risk of CRC incidence. In addition, those who have a genotype that reduces their sensitivity to 
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the drug will be advised for other treatment options and advised against long-term aspirin use (to avoid any 

unwanted side-effects of a drug from which they would not benefit).  

7.2.2 Acquired resistance and response to aspirin 

 

Figure 7-2- Proposed mechanism of action of aspirin upon short-term and long-term treatment 

Our short-term aspirin treatment experiments have provided possible mechanisms through which aspirin 

acts therapeutically to prevent cancer progression. We showed that short-term aspirin treatment may be 

inducing an increase in DNA methylation of CpG sites found in genes such as MCM5 and STMN1. We 

confirmed that aspirin was reducing the gene expression of both genes and the protein expression of 

STMN1. MCM proteins work together to form a helicase complex consisting of MCM2-MCM7 which are 

involved in DNA unwinding during DNA replication (377). Aspirin has been shown to induce cell cycle arrest 

previously through various targets (147,319). Downregulation of MCM proteins has been reported to induce 

G1 and G2 arrest in colon adenocarcinoma cells (378) therefore an alternative mechanism through which 

aspirin induces cell cycle arrest may be through the downregulation of MCM5 as was observed in our results 

(Chapter 3.3.1.3).  

STMN1 has also been shown to be associated with metastasis in cancers such as pancreatic and breast 

cancer as well as colon (359,368,369). This is of particular interest as aspirin reduces the odds of colorectal 

adenocarcinoma metastasis by 64% (OR:0.36 (CI: 0.18-0.74)) (114). We found that short-term aspirin 

treatment results in STMN1 downregulation and found that decreasing its protein expression reduced cell 

migration. This suggests a mechanism by which aspirin reduces cancer cell migration/metastasis.  

Overall, short-term aspirin treatment may be effective as a therapeutic agent by reducing cell migration and 

cell cycle progression (Figure 7-2).   
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Our long-term aspirin treatment experiments provide possible reasons why patients become less sensitive to 

the drug post-diagnosis. Firstly, our initial experiments showed that long-term aspirin treated cells were less 

sensitive to the growth inhibitory effects of aspirin. To investigate why this may be, we compared the DNA 

methylation changes of cells treated with short-term and long-term aspirin. Whilst results from short-term 

treatment were not statistically significant after adjusting for multiple testing, long-term aspirin culture 

resulted in a striking genome-wide effect on DNA methylation. Aspirin also appeared to reduce methylation 

of genes within cancer specific pathways such as the MAPK signalling pathway and PI3K-AKT signalling 

pathway which may increase the expression of genes and activity of these pathways therefore leading to 

cancer progression.  

We postulate that overall, the difference in short-term effect and long-term effect of aspirin on cell growth 

and response to aspirin may be due to the gradual changes in epigenetics, more specifically, DNA 

methylation (Figure 7-2). A more pronounced effect on DNA methylation is observed long-term and it may 

be this that allows cells to be less sensitive to aspirin treatment.  

Mansoori et. al (2017) stated that one of the mechanisms through which cancers become resistant to a drug 

is through epigenetic alterations, whether histone alterations or DNA methylation changes (412). Long-term 

drug use and development of resistance through genome wide DNA methylation changes have been 

observed with regards to other drugs such as oxaliplatin (413) and cervical cancer as well as an EGFR 

inhibitor drug and lung cancer (415). The exact mechanism by which long-term drug treatment may result in 

drug resistance through changes in DNA methylation is still unknown.  

The impact of our observations is the possibility that epigenetic signatures can be identified to determine 

patients that have become less-sensitive or “resistant” to aspirin after long-term use. This is important as it 

may be used to inform the next treatment steps for these patients to ensure therapeutic efficacy.  

It is possible that length of exposure to aspirin is not the reason for decreased sensitivity to the drug. We 

identified that long-term aspirin treatment affects epigenetics of adenoma cells. It may be that the 

protectiveness of aspirin post-diagnosis depends on a specific subtype of adenomas/tumours determined by 

the tumour’s methylation status. Lou et. al (2014) had previously identified adenoma methylation signatures 

that could be used to identify adenomas that remain benign or progress to CRC (187). It may be that aspirin 

epigenetically modifies a specific methylation signature thereby reducing the risk of cancer progression in 

some patients and having no effect in others. 

The idea that aspirin’s protective effect is dependent on an individual’s methylation status may explain the 

contrasting results of McNeil et. al (2018) who showed that in healthy, older patients, a higher mortality due 

to cancer was found in those who took aspirin compared to placebo (281). Changes in DNA methylation have 

been found in both blood and tissue with age (464). This contrasting result of aspirin increasing risk of cancer 

mortality in elderly patients may possibly be explained by the age-related changes in DNA methylation, since 
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our results indicate that aspirin can also affect DNA methylation when taken long-term. In this case, it may 

be that elderly patients are advised against taking aspirin for this reason.  

7.3 General strengths and limitations  

One of the main strengths behind the methods used here was the ability to undertake an unbiased approach 

to identify STMN1 as a potential new target of aspirin, which has not previously been stated in the literature. 

Whilst we postulate that the mechanism by which aspirin decreases the expression of STMN1 may be 

through its effect on DNA methylation, we were limited in the interpretation of the pyrosequencing results 

due to the contamination of the controls. Also, we acknowledge that this analysis was primarily carried out 

in cell lines and that the effect of aspirin on STMN1 expression needs to be investigated within patient 

samples.  

Our approach allowed untargeted and unbiased approach of interrogating multiple CpG sites as opposed to 

testing for methylation changes in a select few. The nature of culturing cells in a controlled environment 

reduced the risk of confounding giving more strength to believe that the results observed are only due to the 

treatment of aspirin. Whilst this is a strength to our approach, we also acknowledge that this analysis was 

carried out in one cell line and cannot be used to make deductions of the effect of aspirin on all CRC 

patients. This is a huge limitation in interpreting the results as different adenoma’s have different 

methylation profiles (187). Therefore, the effect of aspirin on adenomas needs to be investigated in patient 

samples as well. Furthermore, experiments need to be carried out to validate aspirin’s effect on DNA 

methylation. Also, we attempted to adjust for surrogate variables although we find one in particular to be 

highly correlated with aspirin treatment, therefore in this case, over-adjustment is an issue that needs to be 

considered, particularly when using results from laboratory-based experiments. One further limitation in our 

analysis is the fact that we only adjusted for batch. There may have been other factors that may have 

confounded the results such as the length of aspirin treatment as DNA was extracted based on cell 

confluency and not length of treatment, as cells grew at different rates under different concentrations.  

We also attempted to apply MR to a biochemical pathway to predict drug effect against a disease/outcome. 

However, a number of limitations were present in our study. By limiting the SNPs used in this study to only 

those that are within the genomic coordinates of the enzymes, we removed other potential SNPs that may 

be regulating enzyme expression outside of these regions. Therefore, we propose that a GWAS approach to 

identify other SNPs associated with the metabolites is necessary. In addition, one major limitation in this 

study is that when stratified between aspirin-users and non-users, there was only 7 CRC patients who took 

aspirin meaning that there was low power to detect the effect of the metabolites on risk of CRC. 

Furthermore, the effect of aspirin metabolites on risk of cancer progression was not addressed in this study.  

Another limitation of our MR approach was the presence of metabolite data for salicylic acid and salicyluric 

acid only, despite salicylic acid being hydrolysed to many other metabolites. By only using a single linear 
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pathway, results from this may be misleading due to the presence of horizontal pleiotropy (such as enzymes 

being involved in other pathways) (463) which was observed in our results. However, using a multivariable 

MR approach whereby MR is conducted on all the pathways involved in salicylic acid hydrolysis into the 

other metabolites as well, may help to overcome the issue of horizontal pleiotropy as the results involve 

combining multiple pathways related to salicylic acid metabolism. Ideally, it would be useful to obtain 

metabolite data on the other metabolites such as gentisic acid and salicylacyl glucuronide (Figure 1-20) and 

run a multivariable MR approach. To our knowledge, these metabolites have not yet been measured in large 

studies, therefore this approach is currently not possible.   

7.4 Strength and limitations of combining population-based and 

laboratory-based approaches 

For the advancement of research in the cancer field, the combination of different approaches and methods 

is beneficial. In this thesis, both population and laboratory-based approaches were adopted.  

One advantage of this approach is that population-based approaches allowed the interrogation of a large 

amount of data, for example, the interrogation of thousands of CpG sites. The laboratory-based approach 

then allowed investigation on a much smaller scale through the use of pyrosequencing to validate changes in 

DNA methylation at specific CpG sites. Whilst conclusions from pyrosequencing could not be made in this 

thesis, it shows the possibility that findings from epidemiology can then be validated through smaller and 

more direct approaches, providing further evidence for/against the association and increasing strength 

for/against a conclusion. Once there is evidence for these findings, validation can be carried out using 

patient samples of those who take aspirin against those who are non-users.  

One of the most common problems in epidemiology is the possibility of confounding due to the inability to 

control all variables. Epigenome-wide association studies are subject to confounding by batch effects and 

biological factors such as cellular heterogeneity (391,465). The advantage of a laboratory-based approach is 

that experiments can be designed so that the only variable that changes is the exposure of interest, allowing 

direct conclusions to be made of treatment effect. This was useful with regards to the effect of long-term 

aspirin treatment on DNA methylation- whilst surrogate variable analysis (SVA) suggested there was 

confounding, this was unlikely to be true due to the controlled nature of sample generation. It is important 

that the researcher undertaking the methods has prior and sound knowledge of the strength and limitations 

of population and laboratory-based methods. In a conventional interpretation of SVA, this would have 

indicated our results as being null, when an effect on DNA methylation may exist.  

Population-based methods involve unbiased approaches therefore not being influenced by prior knowledge 

or opinions, unlike laboratory-based methods. We adopted an unbiased approach to identify new targets of 

aspirin through the use of proteomic and methylomic data. This allowed the identification of at least two 

new targets of aspirin not previously linked to the drug in the literature. Population-based methods are 
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advantageous as they bypass the need to spend a long amount of time in the laboratory and can be used to 

provide guidance on the direction of research within the laboratory, therefore saving both time and money. 

For MR to be useful and applied in the contexts of drugs and their effect on diseases/outcomes, knowledge 

of the molecular pathway of drug metabolism is essential. We were able to conduct an MR approach 

through an understanding of the biochemical pathway of aspirin metabolism (Figure 1-20). The 

understanding of both laboratory and population-based approaches allowed the strength to interrogate and 

apply MR to a biochemical pathway, of which has not been done before. Our results would indicate that the 

aspirin metabolite salicylic acid, the active metabolite of aspirin (220), is not associated with CRC incidence 

although this is untrue due to evidence provided by observational data and randomised trials 

(82,111,112,114). Understanding the strengths and limitations of the approach allowed us to be more 

cautious in how results were interpreted, and the future work needed to be carried out.  

In the case of our MR approach, genotype data as well as metabolite and CRC risk data were already 

available thereby allowing a quick approach to address the question of aspirin metabolites and their 

association with CRC. However, the limitation of population-based methods includes when the exposure of 

interest has not yet been measured, such as the other metabolites from the aspirin hydrolysis pathway 

(Figure 1-20) or when sample sizes are too small (such as only having 7 CRC patients who are aspirin users) 

therefore there is low power to detect the effect of the aspirin metabolite on risk of CRC. To generate new 

data, such as the measurement of the other metabolites, a huge cost may be involved. Therefore, 

population-based methods are advantageous if the data is already present and a large enough sample size is 

present, otherwise, time and money are both factors that need to be considered before new data is 

generated. Since laboratory-based approaches involve a much smaller number of mouse models or cell lines, 

the costs incurred to generate data are not as high.  

Overall, population and laboratory-based approaches both provide advantages and limitations on their own, 

but together they can be used to bypass some of these limitations providing strength to form conclusions of 

associations. Time to test hypothesis, time to generate data, sample sizes and costs incurred are all factors 

to be considered over which approach is best for the questions to be addressed. Finally, knowledge and 

understanding of both fields is crucial to avoid making incorrect conclusions.  

7.5 Future directions 

Work presented in this thesis has led to many novel questions that need to be addressed. With regards to 

aspirin’s effect on STMN1 expression, further research using CRC patients is needed. This can be done 

through immunohistochemistry of patient biopsies to investigate whether STMN1 protein expression is 

indeed reduced in CRC patients who take aspirin compared to those who are non-users. The effect of STMN1 

gene and protein expression on risk of CRC may also be tested through an MR approach, whereby SNPs or 

genetic variants to proxy for STMN1 gene and protein expression can be used to then test whether they 
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affect risk of CRC. Ideally, testing for an association between STMN1 gene and protein expression with their 

effect on CRC progression would be more beneficial as this protein is linked to CRC metastasis (359). 

Furthermore, to address whether the effect of aspirin on cell migration is indeed through its decrease in 

STMN1 expression, migration assays of aspirin-treated cells induced to express STMN1 is necessary. In 

addition, assays in mice with CRISPR/Cas9 knockout of STMN1 can be used to look at tumorigenicity and 

metastasis in vivo. This will help provide further evidence for our hypothesis. 

Our long-term aspirin treated cells showed a genome-wide effect of aspirin on DNA methylation. We 

hypothesise that long-term aspirin treatment can cause methylation changes that may lead to decreased 

sensitivity or “resistance” to the drug. Experiments to validate aspirin’s effect on DNA methylation are 

necessary. It may be best to combine multiple methods to assess DNA methylation such as digestion-based 

assays followed by PCR or qPCR or methylation specific PCR of bisulphite converted samples (416). These 

validation experiments are also important as our analysis showed that 0.5mM aspirin has the same effect on 

DNA methylation as 4mM aspirin, indicating a threshold for aspirin’s effect on DNA methylation which may 

guide future dose recommendations. Also, the effect of aspirin on DNA methylation needs to be investigated 

in patient samples as our analysis only used one cell line which cannot be used to represent all tumours.  

Although our methylation analysis shows aspirin has a genome-wide effect on DNA methylation, it may be 

that only one or two of the targeted CpG sites are causally associated with drug resistance. In the case of the 

EGFR inhibitor drug and lung cancer, it was found that 2 of the genes affected by long-term exposure to the 

drug were involved in drug resistance (415). A Mendelian randomisation approach involving the use of SNPs 

to predict changes in DNA methylation may be used to identify which CpG sites influence the risk of CRC and 

therefore may help identify which sites are involved in aspirin “resistance”.  

Finally, with regards to our MR approach, a GWAS approach to identify more robust proxies for salicylic acid 

and salicyluric acid needs to be undertaken, as we only limited our SNPs to those within the genomic regions 

of the enzymes in the pathway, despite evidence in the literature that suggests cis genomic regions and long 

non-coding RNAs (lncRNAs) outside of the gene of interest itself may regulate gene expression thus 

impacting upon the metabolism of the very metabolites being investigated (453,454). In addition, one major 

limitation in this study is that when stratified between aspirin-users and non-users, there was only 7 CRC 

patients who took aspirin therefore indicating that there was low power to detect the effect of the 

metabolites on risk of CRC. Therefore, this MR approach needs to be conducted in a larger sample size with 

information on both aspirin use and CRC incidence.  
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7.6 Final conclusions 

Data from this thesis have suggested different effects of aspirin depending on short-term or long-term 

treatment. Whilst many aspirin targets are well-known in the literature, evidence for its effect on other 

proteins lead us to identify STMN1 as a potentially new target. The risk of colorectal cancer metastasis in 

aspirin users is reduced (114) and this investigation suggests this may be through the reduction of STMN1 

expression.  

For the first time, results from long-term aspirin treatment have indicated that aspirin may have a genome-

wide effect on DNA methylation which could explain the reduced effect of aspirin on cell growth in 3D 

cultures suggesting a mechanism of decreased sensitivity to aspirin or “acquired resistance”. Whilst results 

from our MR analysis were limited by many factors, repeating this approach with a larger sample size and 

more robust genetic instruments may help to identify aspirin’s role in CRC incidence.   

These findings are important as they help clarify possible mechanisms through which aspirin is 

chemopreventative pre and post-diagnosis, as well as discussing the possibility that aspirin resistance may 

occur due to genetic polymorphisms or due to methylation changes that develop through long-term use. 

These results may be important in helping decide who would most benefit from the drug for 

chemoprevention therefore possibly being used to help guide clinical recommendations of use.  
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Appendix 1 131 Proteins regulated by aspirin treatment 

Protein Gene name Fold change 
(4mM vs 
0mM) 

Variability 
(4mM vs 
0mM) 

Count 
(4mM vs 
0mM) 

28S ribosomal protein S5, mitochondrial OS=Homo 
sapiens GN=MRPS5 PE=1 SV=2 - [RT05_HUMAN] 

MRPS5 0.510 44.1 2 

39S ribosomal protein L47, mitochondrial OS=Homo 
sapiens GN=MRPL47 PE=1 SV=2 - [RM47_HUMAN] 

MRPL47 0.678 47.5 3 

Alpha-2-HS-glycoprotein OS=Homo sapiens 
GN=AHSG PE=1 SV=1 - [FETUA_HUMAN] 

AHSG 0.010 0.0 2 

Alpha-methyl-acyl-CoA racemase IIAs OS=Homo 
sapiens PE=2 SV=1 - [Q6VRU3_HUMAN] 

- 0.674 0.4 2 

ARF GTPase-activating protein GIT1 OS=Homo 
sapiens GN=GIT1 PE=4 SV=1 - [J3QRU8_HUMAN] 

GIT1 0.621 2.2 2 

Beta adrenergic receptor kinase 1 variant (Fragment) 
OS=Homo sapiens PE=2 SV=1 - [Q59F73_HUMAN] 

- 0.642 4.8 2 

Beta-2-microglobulin form pI 5.3 (Fragment) 
OS=Homo sapiens GN=B2M PE=3 SV=1 - 
[H0YLF3_HUMAN] 

B2M 0.528 0.2 3 

Biogenesis of lysosome-related organelles complex 1 
subunit 3 (Fragment) OS=Homo sapiens 
GN=BLOC1S3 PE=4 SV=1 - [K7EN58_HUMAN] 

BLOC1S3 0.452 62.2 2 

Cation-independent mannose-6-phosphate receptor 
OS=Homo sapiens GN=IGF2R PE=1 SV=3 - 
[MPRI_HUMAN] 

IGF2R 0.526 16.5 5 

CCR4-NOT transcription complex subunit 1 
OS=Homo sapiens GN=CNOT1 PE=1 SV=2 - 
[CNOT1_HUMAN] 

CNOT1 0.440 36.5 5 

CD151 antigen OS=Homo sapiens GN=CD151 PE=4 
SV=1 - [E9PL82_HUMAN] 

CD151 0.624 7.7 2 

cDNA FLJ10654 fis, clone NT2RP2005901, highly 
similar to FAST kinase domains-containing protein 2 
OS=Homo sapiens PE=2 SV=1 - [B3KMB8_HUMAN] 

- 0.559 63.0 3 

cDNA FLJ12454 fis, clone NT2RM1000555, highly 
similar to UNR PROTEIN OS=Homo sapiens PE=2 
SV=1 - [Q9GZV0_HUMAN] 

- 0.622 17.3 10 

cDNA FLJ14980 fis, clone Y79AA1000181, highly 
similar to Homo sapiens CGI-01 protein mRNA 
OS=Homo sapiens PE=2 SV=1 - [B3KNM8_HUMAN] 

- 0.476 5.9 3 

cDNA FLJ31217 fis, clone KIDNE2004095, highly 
similar to RAC-beta serine/threonine-protein kinase 
(EC 2.7.11.1) OS=Homo sapiens PE=2 SV=1 - 
[B3KP61_HUMAN] 

- 0.348 16.6 2 

cDNA FLJ37346 fis, clone BRAMY2021310, highly 
similar to Transcriptional repressor p66 beta 
OS=Homo sapiens PE=2 SV=1 - [B3KSZ4_HUMAN] 

- 0.510 7.2 2 

cDNA FLJ37836 fis, clone BRSSN2010587, weakly 
similar to Homo sapiens MDN1, midasin homolog 
(yeast) (MDN1), mRNA OS=Homo sapiens PE=2 SV=1 
- [B3KT81_HUMAN] 

- 0.673 11.9 2 
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cDNA FLJ38173 fis, clone FCBBF1000053, highly 
similar to HYDROXYMETHYLGLUTARYL-COA 
SYNTHASE, CYTOPLASMIC OS=Homo sapiens PE=2 
SV=1 - [Q8N995_HUMAN] 

- 0.594 17.0 17 

cDNA FLJ46429 fis, clone THYMU3014372, highly 
similar to DNA replication licensing factor MCM2 
OS=Homo sapiens PE=2 SV=1 - [B3KXZ4_HUMAN] 

- 0.611 17.8 19 

cDNA FLJ51203, highly similar to Thrombospondin-1 
OS=Homo sapiens PE=2 SV=1 - [B4E3J7_HUMAN] 

- 0.010 0.0 4 

cDNA FLJ51266, highly similar to Vitronectin 
OS=Homo sapiens PE=2 SV=1 - [B7Z553_HUMAN] 

- 0.017 95.3 2 

cDNA FLJ52285, highly similar to Vesicular integral-
membrane protein VIP36 OS=Homo sapiens PE=2 
SV=1 - [B4DWN1_HUMAN] 

- 0.481 38.0 12 

cDNA FLJ52523, highly similar to Arfaptin-2 
OS=Homo sapiens PE=2 SV=1 - [B4DX86_HUMAN] 

- 0.692 3.2 3 

cDNA FLJ53449, highly similar to rRNA 
methyltransferase 3 (EC 2.1.1.-) OS=Homo sapiens 
PE=2 SV=1 - [B4DKU3_HUMAN] 

- 0.010 0.0 2 

cDNA FLJ53478, highly similar to Galectin-3-binding 
protein OS=Homo sapiens PE=2 SV=1 - 
[B4DVE1_HUMAN] 

- 0.579 83.6 55 

cDNA FLJ54048, highly similar to 55 kDa erythrocyte 
membrane protein (p55) OS=Homo sapiens PE=2 
SV=1 - [B4E325_HUMAN] 

- 0.460 6.1 2 

cDNA FLJ54365, highly similar to DNA replication 
licensing factor MCM4 OS=Homo sapiens PE=2 SV=1 
- [B4DLA6_HUMAN] 

- 0.665 17.9 10 

cDNA FLJ56163, moderately similar to Mus musculus 
sushi, von Willebrand factor type A, EGF and 
pentraxin domain containing 1, mRNA OS=Homo 
sapiens PE=2 SV=1 - [B4DWM4_HUMAN] 

- 0.682 32.8 2 

cDNA FLJ56541, highly similar to Ubiquilin-2 
OS=Homo sapiens PE=2 SV=1 - [B4DZF1_HUMAN] 

- 0.456 88.7 2 

cDNA FLJ59967 OS=Homo sapiens PE=2 SV=1 - 
[B4DS67_HUMAN] 

- 0.674 3.8 2 

cDNA FLJ75871, highly similar to Homo sapiens 
staufen, RNA binding protein (STAU), transcript 
variant T3, mRNA OS=Homo sapiens PE=2 SV=1 - 
[A8K622_HUMAN] 

- 0.682 12.0 7 

cDNA FLJ76072, highly similar to Homo sapiens GIPC 
PDZ domain containing family, member 1 (GIPC1), 
transcript variant 1, mRNA OS=Homo sapiens PE=2 
SV=1 - [A8K2I7_HUMAN] 

- 0.250 33.5 3 

cDNA FLJ78157 OS=Homo sapiens PE=2 SV=1 - 
[A8K2J6_HUMAN] 

- 0.657 22.9 3 

cDNA FLJ78441, highly similar to Homo sapiens 
nucleolar and spindle associated protein 1 
(NUSAP1),mRNA OS=Homo sapiens PE=2 SV=1 - 
[A8K4B4_HUMAN] 

- 0.623 16.6 2 

cDNA FLJ90454 fis, clone NT2RP3001560, highly 
similar to Cleft lip and palate transmembrane 
protein 1 OS=Homo sapiens PE=2 SV=1 - 
[B3KQH2_HUMAN] 

- 0.562 7.4 5 
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cDNA, FLJ93255, highly similar to Homo sapiens 
solute carrier family 7 (cationic amino 
acidtransporter, y+ system), member 1 (SLC7A1), 
mRNA OS=Homo sapiens PE=2 SV=1 - 
[B2R728_HUMAN] 

- 1.499 25.0 3 

cDNA, FLJ93378, highly similar to Homo sapiens 
MCM3 minichromosome maintenance deficient 3 (S. 
cerevisiae) (MCM3), mRNA OS=Homo sapiens PE=2 
SV=1 - [B2R7C5_HUMAN] 

- 0.599 16.6 19 

cDNA, FLJ93645, highly similar to Homo sapiens 
chromatin assembly factor 1, subunit B (p60) 
(CHAF1B),mRNA OS=Homo sapiens PE=2 SV=1 - 
[B2R7X3_HUMAN] 

- 0.637 5.8 2 

cDNA, FLJ94888, highly similar to Homo sapiens 
suppression of tumorigenicity 14 (colon carcinoma, 
matriptase, epithin) (ST14), mRNA OS=Homo sapiens 
PE=2 SV=1 - [B2RAF9_HUMAN] 

- 0.349 22.5 3 

cDNA, FLJ95518 OS=Homo sapiens PE=2 SV=1 - 
[B2RBI0_HUMAN] 

- 0.010 0.0 2 

Claudin-3 OS=Homo sapiens GN=CLDN3 PE=1 SV=1 - 
[CLD3_HUMAN] 

CLDN3 0.557 14.7 3 

Creatine kinase B-type OS=Homo sapiens GN=CKB 
PE=1 SV=1 - [KCRB_HUMAN] 

CKB 0.652 1.7 3 

Cytochrome c oxidase protein 20 homolog OS=Homo 
sapiens GN=COX20 PE=1 SV=2 - [COX20_HUMAN] 

COX20 0.681 7.1 2 

Desmoglein-2 OS=Homo sapiens GN=DSG2 PE=1 
SV=2 - [DSG2_HUMAN] 

DSG2 0.507 84.3 3 

Dihydrofolate reductase OS=Homo sapiens 
GN=DHFR PE=1 SV=2 - [DYR_HUMAN] 

DHFR 0.313 18.1 3 

Dihydropyrimidinase-related protein 2 OS=Homo 
sapiens GN=DPYSL2 PE=1 SV=1 - [DPYL2_HUMAN] 

DPYSL2 0.495 4.0 3 

Dimethyladenosine transferase 2, mitochondrial 
OS=Homo sapiens GN=TFB2M PE=1 SV=1 - 
[TFB2M_HUMAN] 

TFB2M 0.556 27.5 2 

Dipeptidase 1 OS=Homo sapiens GN=DPEP1 PE=1 
SV=3 - [DPEP1_HUMAN] 

DPEP1 0.513 69.2 2 

DNA polymerase delta subunit 2 (Fragment) 
OS=Homo sapiens GN=POLD2 PE=4 SV=1 - 
[C9JHC7_HUMAN] 

POLD2 0.351 5.1 2 

DNA replication licensing factor MCM5 OS=Homo 
sapiens GN=MCM5 PE=1 SV=5 - [MCM5_HUMAN] 

MCM5 0.622 17.4 20 

E3 ubiquitin-protein ligase UBR5 OS=Homo sapiens 
GN=UBR5 PE=4 SV=1 - [E7EMW7_HUMAN] 

UBR5 0.313 6.9 3 

Eukaryotic translation initiation factor 1b OS=Homo 
sapiens GN=EIF1B PE=1 SV=2 - [EIF1B_HUMAN] 

EIF1B 0.291 42.2 2 

Fatty acid desaturase 2 OS=Homo sapiens 
GN=FADS2 PE=1 SV=1 - [FADS2_HUMAN] 

FADS2 0.258 28.8 2 

Flotillin 1 variant (Fragment) OS=Homo sapiens PE=2 
SV=1 - [Q53HQ0_HUMAN] 

- 0.713 39.0 7 

Fragile X mental retardation syndrome-related 
protein 1 OS=Homo sapiens GN=FXR1 PE=2 SV=1 - 
[B4DXZ6_HUMAN] 

FXR1 0.502 45.6 2 

Glutamate--cysteine ligase regulatory subunit 
OS=Homo sapiens GN=GCLM PE=1 SV=1 - 
[GSH0_HUMAN] 

GCLM 0.326 15.6 3 
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Golgi membrane protein 1 OS=Homo sapiens 
GN=GOLM1 PE=1 SV=1 - [GOLM1_HUMAN] 

GOLM1 0.345 24.5 7 

Golgin subfamily A member 2 OS=Homo sapiens 
GN=GOLGA2 PE=1 SV=3 - [GOGA2_HUMAN] 

GOLGA2 0.436 8.7 3 

Grancalcin (Fragment) OS=Homo sapiens GN=GCA 
PE=4 SV=1 - [H7C2Z6_HUMAN] 

GCA 0.669 19.0 2 

Heat shock protein beta-1 OS=Homo sapiens 
GN=HSPB1 PE=1 SV=2 - [HSPB1_HUMAN] 

HSPB1 0.281 8.1 7 

Hephaestin (Fragment) OS=Homo sapiens GN=HEPH 
PE=2 SV=1 - [Q5JZ08_HUMAN] 

HEPH 0.649 26.2 6 

Heterogeneous nuclear ribonucleoproteins A2/B1 
OS=Homo sapiens GN=HNRNPA2B1 PE=1 SV=2 - 
[ROA2_HUMAN] 

HNRNPA2B1 0.603 13.7 42 

Histone acetyltransferase type B catalytic subunit 
OS=Homo sapiens GN=HAT1 PE=1 SV=1 - 
[HAT1_HUMAN] 

HAT1 0.468 2.2 2 

Importin subunit alpha OS=Homo sapiens PE=2 SV=1 
- [A8K7D9_HUMAN] 

- 0.455 2.0 9 

Integrin-linked kinase associated phosphatase 
OS=Homo sapiens GN=ILKAP3 PE=2 SV=1 - 
[F8SNU7_HUMAN] 

ILKAP3 0.706 11.6 2 

Junction plakoglobin OS=Homo sapiens GN=JUP 
PE=1 SV=3 - [PLAK_HUMAN] 

JUP 0.331 28.6 7 

Keratin, type I cytoskeletal 10 OS=Homo sapiens 
GN=KRT10 PE=1 SV=6 - [K1C10_HUMAN] 

KRT10 0.010 0.0 23 

Keratin, type I cytoskeletal 9 OS=Homo sapiens 
GN=KRT9 PE=1 SV=3 - [K1C9_HUMAN] 

KRT9 0.010 0.0 8 

Keratin, type II cytoskeletal 2 epidermal OS=Homo 
sapiens GN=KRT2 PE=1 SV=2 - [K22E_HUMAN] 

KRT2 0.010 0.0 15 

Keratinocyte proline-rich protein OS=Homo sapiens 
GN=KPRP PE=1 SV=1 - [KPRP_HUMAN] 

KPRP 0.010 0.0 3 

Kunitz-type protease inhibitor 1 OS=Homo sapiens 
GN=SPINT1 PE=4 SV=1 - [F5H877_HUMAN] 

SPINT1 0.443 3.2 3 

Lymphoid specific helicase variant9 OS=Homo 
sapiens GN=HELLS PE=2 SV=1 - [Q6I7N8_HUMAN] 

HELLS 0.299 19.3 2 

Lysosome-associated membrane glycoprotein 2 
OS=Homo sapiens GN=LAMP2 PE=2 SV=1 - 
[B7Z2R9_HUMAN] 

LAMP2 0.610 12.5 7 

Methylcrotonoyl-CoA carboxylase beta chain, 
mitochondrial OS=Homo sapiens GN=MCCC2 PE=1 
SV=1 - [MCCB_HUMAN] 

MCCC2 0.594 32.0 6 

MHC class I antigen (Fragment) OS=Homo sapiens 
GN=HLA-A PE=3 SV=1 - [E5BBI6_HUMAN] 

HLA-A 0.641 0.6 2 

MHC class I antigen (Fragment) OS=Homo sapiens 
GN=HLA-B PE=3 SV=1 - [B7VU68_HUMAN] 

HLA-B 0.401 12.6 2 

Mitochondrial import inner membrane translocase 
subunit Tim23 OS=Homo sapiens GN=TIMM23 PE=1 
SV=1 - [TIM23_HUMAN] 

TIMM23 0.683 30.8 2 

Mitogen-activated protein kinase 14 isoform 4 
OS=Homo sapiens GN=MAPK14 PE=2 SV=1 - 
[B5TY32_HUMAN] 

MAPK14 0.612 83.6 2 

MKI67 FHA domain-interacting nucleolar 
phosphoprotein OS=Homo sapiens GN=MKI67IP 
PE=1 SV=1 - [MK67I_HUMAN] 

MKI67IP 0.483 0.3 2 
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Mucin-12 OS=Homo sapiens GN=MUC12 PE=4 SV=1 - 
[F5GWV9_HUMAN] 

MUC12 0.010 0.0 4 

Multidrug resistance associated protein OS=Homo 
sapiens GN=MRP3 PE=2 SV=1 - [Q96QA9_HUMAN] 

MRP3 0.698 65.5 5 

NADH dehydrogenase [ubiquinone] 1 alpha 
subcomplex subunit 4 OS=Homo sapiens 
GN=NDUFA4 PE=1 SV=1 - [NDUA4_HUMAN] 

NDUFA4 0.360 33.7 3 

NADH dehydrogenase [ubiquinone] 1 alpha 
subcomplex subunit 6 OS=Homo sapiens 
GN=NDUFA6 PE=1 SV=3 - [NDUA6_HUMAN] 

NDUFA6 0.437 10.7 2 

NADH dehydrogenase [ubiquinone] 1 beta 
subcomplex subunit 4 OS=Homo sapiens 
GN=NDUFB4 PE=1 SV=3 - [NDUB4_HUMAN] 

NDUFB4 0.478 5.3 3 

Non-structural maintenance of chromosomes 
element 1 homolog (Fragment) OS=Homo sapiens 
GN=NSMCE1 PE=4 SV=1 - [I3L1I3_HUMAN] 

NSMCE1 0.702 30.5 2 

Nox1 NAD(P)H-oxidase subunit OS=Homo sapiens 
GN=NOX1 PE=2 SV=1 - [Q8TCT3_HUMAN] 

NOX1 0.533 7.7 5 

NUCB1 protein OS=Homo sapiens PE=2 SV=1 - 
[Q96BA4_HUMAN] 

- 0.290 89.9 2 

Olfactomedin-4 OS=Homo sapiens GN=OLFM4 PE=1 
SV=1 - [OLFM4_HUMAN] 

OLFM4 0.388 16.4 34 

Oxysterol-binding protein (Fragment) OS=Homo 
sapiens GN=OSBPL8 PE=3 SV=1 - [F8VUA7_HUMAN] 

OSBPL8 0.634 15.3 2 

Palmitoyl-protein thioesterase 1 OS=Homo sapiens 
GN=PPT1 PE=1 SV=1 - [PPT1_HUMAN] 

PPT1 0.605 22.0 3 

Phosphatidate phosphatase LPIN1 OS=Homo sapiens 
GN=LPIN1 PE=2 SV=1 - [B4DET9_HUMAN] 

LPIN1 0.642 5.5 2 

Pleiotropic regulator 1 (Fragment) OS=Homo sapiens 
GN=PLRG1 PE=4 SV=1 - [H0YA24_HUMAN] 

PLRG1 0.490 13.3 2 

PNKP protein OS=Homo sapiens PE=2 SV=2 - 
[Q9BUL2_HUMAN] 

- 0.532 3.6 2 

POLDIP3 protein (Fragment) OS=Homo sapiens 
GN=POLDIP3 PE=2 SV=2 - [Q96DI9_HUMAN] 

POLDIP3 0.572 10.6 3 

Polymeric immunoglobulin receptor OS=Homo 
sapiens GN=PIGR PE=1 SV=4 - [PIGR_HUMAN] 

PIGR 0.413 75.6 11 

Probable palmitoyltransferase ZDHHC20 OS=Homo 
sapiens GN=ZDHHC20 PE=2 SV=1 - 
[B4DRN8_HUMAN] 

ZDHHC20 0.650 4.7 2 

Prolow-density lipoprotein receptor-related protein 
1 OS=Homo sapiens GN=LRP1 PE=1 SV=2 - 
[LRP1_HUMAN] 

LRP1 0.492 50.1 3 

Protein AATF OS=Homo sapiens GN=AATF PE=1 SV=1 
- [AATF_HUMAN] 

AATF 0.012 25.3 2 

Protein BUD31 homolog OS=Homo sapiens 
GN=BUD31 PE=4 SV=1 - [C9JNV2_HUMAN] 

BUD31 0.522 17.0 2 

Protein FAM134C OS=Homo sapiens GN=FAM134C 
PE=1 SV=1 - [F134C_HUMAN] 

FAM134C 0.706 3.7 2 

Protein syndesmos (Fragment) OS=Homo sapiens 
GN=NUDT16L1 PE=4 SV=1 - [K7EIN2_HUMAN] 

NUDT16L1 0.591 11.4 2 

Protein-methionine sulfoxide oxidase MICAL1 
OS=Homo sapiens GN=MICAL1 PE=1 SV=2 - 
[MICA1_HUMAN] 

MICAL1 0.555 30.9 3 

PTGFRN protein (Fragment) OS=Homo sapiens 
GN=PTGFRN PE=2 SV=1 - [Q1WWL2_HUMAN] 

PTGFRN 0.593 26.2 5 
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Putative uncharacterized protein DKFZp686K06216 
(Fragment) OS=Homo sapiens GN=DKFZp686K06216 
PE=2 SV=1 - [Q6MZF3_HUMAN] 

DKFZp686K
06216 

0.538 4.7 2 

Putative uncharacterized protein MCM6 (Fragment) 
OS=Homo sapiens GN=MCM6 PE=2 SV=1 - 
[Q4ZG57_HUMAN] 

MCM6 0.652 7.6 25 

RBM16 protein (Fragment) OS=Homo sapiens 
GN=RBM16 PE=2 SV=1 - [Q05BU5_HUMAN] 

RBM16 0.010 0.0 3 

Ribonucleoside-diphosphate reductase subunit M2 
(Fragment) OS=Homo sapiens GN=RRM2 PE=4 SV=1 
- [C9JXC1_HUMAN] 

RRM2 0.363 2.0 2 

RNA 3'-terminal phosphate cyclase-like protein 
OS=Homo sapiens GN=RCL1 PE=1 SV=3 - 
[RCL1_HUMAN] 

RCL1 0.249 42.5 4 

Serine/threonine-protein phosphatase (Fragment) 
OS=Homo sapiens GN=PPP4C PE=3 SV=1 - 
[H3BTA2_HUMAN] 

PPP4C 0.664 16.0 3 

Sister chromatid cohesion protein PDS5 homolog A 
OS=Homo sapiens GN=PDS5A PE=1 SV=1 - 
[PDS5A_HUMAN] 

PDS5A 0.552 13.9 3 

Small nuclear ribonucleoprotein F OS=Homo sapiens 
GN=SNRPF PE=1 SV=1 - [RUXF_HUMAN] 

SNRPF 0.647 7.1 3 

Solute carrier family 12 member 2 OS=Homo sapiens 
GN=SLC12A2 PE=1 SV=1 - [S12A2_HUMAN] 

SLC12A2 0.565 13.8 29 

Solute carrier family 22 member 18 OS=Homo 
sapiens GN=SLC22A18 PE=4 SV=1 - 
[E9PRM7_HUMAN] 

SLC22A18 0.667 4.4 2 

Stathmin OS=Homo sapiens GN=STMN1 PE=2 SV=1 - 
[Q96CE4_HUMAN] 

STMN1 0.614 8.1 2 

Sterol 26-hydroxylase, mitochondrial OS=Homo 
sapiens GN=CYP27A1 PE=1 SV=1 - [CP27A_HUMAN] 

CYP27A1 0.491 6.9 2 

SWI/SNF-related matrix-associated actin-dependent 
regulator of chromatin subfamily D member 2 
OS=Homo sapiens GN=SMARCD2 PE=4 SV=1 - 
[J3KMX2_HUMAN] 

SMARCD2 0.636 25.6 2 

Syndecan-1 OS=Homo sapiens GN=SDC1 PE=1 SV=3 - 
[SDC1_HUMAN] 

SDC1 0.366 42.5 3 

Thioredoxin domain-containing protein 9 OS=Homo 
sapiens GN=TXNDC9 PE=4 SV=1 - [F8WBV5_HUMAN] 

TXNDC9 0.642 12.3 2 

Thymidine kinase OS=Homo sapiens GN=TK1 PE=2 
SV=1 - [B5BU32_HUMAN] 

TK1 0.463 9.7 4 

Trans-golgi network protein 2, isoform CRA_a 
OS=Homo sapiens GN=TGOLN2 PE=2 SV=1 - 
[B2R686_HUMAN] 

TGOLN2 0.550 32.3 2 

Transporter (Fragment) OS=Homo sapiens 
GN=SLC6A6 PE=3 SV=1 - [C9JPV1_HUMAN] 

SLC6A6 0.503 7.4 2 

U2 small nuclear ribonucleoprotein B'' OS=Homo 
sapiens GN=SNRPB2 PE=1 SV=1 - [RU2B_HUMAN] 

SNRPB2 0.681 13.3 2 

U5 small nuclear ribonucleoprotein 40 kDa protein 
OS=Homo sapiens GN=SNRNP40 PE=1 SV=1 - 
[SNR40_HUMAN] 

SNRNP40 0.596 13.6 3 

Ubiquitin-conjugating enzyme E2 R2 OS=Homo 
sapiens GN=UBE2R2 PE=1 SV=1 - [UB2R2_HUMAN] 

UBE2R2 0.454 38.1 2 
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UBX domain-containing protein 1 (Fragment) 
OS=Homo sapiens GN=UBXN1 PE=4 SV=1 - 
[E9PJ81_HUMAN] 

UBXN1 0.698 50.4 3 

Uncharacterized protein (Fragment) OS=Homo 
sapiens PE=3 SV=1 - [H7C469_HUMAN] 

- 0.681 12.8 10 

Uncharacterized protein C19orf21 OS=Homo sapiens 
GN=C19orf21 PE=1 SV=1 - [CS021_HUMAN] 

C19orf21 2.170 4.5 2 

Uncharacterized protein C7orf50 (Fragment) 
OS=Homo sapiens GN=C7orf50 PE=4 SV=1 - 
[C9JQV0_HUMAN] 

C7orf50 0.508 29.5 4 

UPF0554 protein C2orf43 OS=Homo sapiens 
GN=C2orf43 PE=1 SV=1 - [CB043_HUMAN] 

C2orf43 0.713 24.9 2 

Uridine-cytidine kinase 2 OS=Homo sapiens 
GN=UCK2 PE=2 SV=1 - [B4DGD3_HUMAN] 

UCK2 0.432 4.4 2 

UV excision repair protein RAD23 homolog A 
OS=Homo sapiens GN=RAD23A PE=4 SV=1 - 
[K7ESE3_HUMAN] 

RAD23A 0.632 15.2 3 

 


