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Abstract  

Colorectal cancer (CRC) is the second highest cause of cancer-related mortality in 

the UK and incidence is increasing, particularly in younger patients. 5-year survival 

rates in CRC cases diagnosed at later stage are particularly low, highlighting a 

need for effective preventative interventions and improved therapies. 

Aspirin has been found in multiple large studies to be effective in reducing CRC 

risk, particularly when taken for a long period of time. However, potential side-

effects and complications such as the increased risk of bleeding limit its clinical 

utility as a prophylactic agent. Further understanding of the mechanisms 

underlying aspirin’s anti-cancer effects will help optimise benefits from its use, such 

as improving patient stratification, dosage, timing of treatment and identifying 

synergistic therapies.  

In order to identify novel mechanisms of long-term aspirin exposure, CRC cell lines 

were previously treated with aspirin long-term (52 weeks). Proteomic analysis of 

these cells highlighted a potential role for aspirin in regulating cellular metabolism. 

Metabolic reprogramming is a key aspect of cancer cell biology and work is 

ongoing to identify methods of targeting cellular metabolism for cancer therapy. 

Therefore, the focus of this thesis is the role of aspirin in regulating cancer cell 

metabolism and investigating metabolic vulnerabilities that could be exploited to 

increase the efficacy of existing therapies. 

This project describes the effect of long-term aspirin on regulation of a number of 

key metabolic enzymes, as well as causing a shift in nutrient utilisation and TCA 

cycle carbon sources. It was found that aspirin inhibits glutaminolysis and 

increases utilisation of glucose. Based on these findings, aspirin was subsequently 

found to increase sensitivity of CRC cell lines to metabolic inhibitors, most notably 

CB-839, which is currently in clinical trials for a number of different cancer types. 

This effect was maintained in physiological cell culture medium, suggesting it is 

likely to be applicable to in vivo conditions. 

Findings from this project have highlighted in detail a novel mechanism of action 

of aspirin on CRC cells, potentially contributing to its function in cancer prevention. 

Results also suggest that combining aspirin with CB-839 may be an effective 

clinical approach for treatment of advanced CRC, supporting future clinical trials in 

patients who currently have limited effective therapeutic options.  
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 Introduction to colorectal cancer  

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

second most common cause of cancer death after lung cancer (1). 5- and 10-year 

survival rates for CRC are 59% and 57% respectively, although this is highly 

dependent on the stage diagnosed; 5 year survival rate is 90% for patients 

diagnosed with stage 1, however this drops to 10% with stage 4 (1). While overall 

CRC incidence has been slowly decreasing for several decades, partly due to the 

introduction of screening programs, the incidence in younger people is increasing. 

A recent study found that in the US since 1974, incidence of rectal cancer has 

decreased by 2% every year in patients over 75 years old but increased by 4% 

annually in patients in their 20s (2). Consistent with this, Chambers et al. recently 

found that CRC incidence in the UK has rapidly increased in patients aged 20-39, 

highlighting a need for increased awareness of CRC symptoms in younger 

patients, and possible future changes to the current screening policies (3). 

Currently in England, CRC screening is performed by a faecal immunochemical 

test (FIT) every two years in patients aged 60-74, though shortly expanding to start 

from the age of 56.  

The large majority of CRC cases (90-95%) are sporadic, meaning they occur de 

novo in patients with no specific germline genetic risk factors (4). Risk factors for 

developing sporadic CRCs include inflammatory bowel disease (Crohn’s disease 

or ulcerative colitis), lifestyle related factors such as obesity and smoking and 

particularly factors relating to diet such as high amounts of processed meat and 

lack of fibre (1). Type 2 diabetes is also associated with an increased risk of 

developing CRC (5).  

There are also inherited conditions caused by germline mutations which 

dramatically increase the risk of developing CRC. Familial adenomatous polyposis 

(FAP) is caused by a germline mutation in the adenomatous polyposis coli (APC) 

gene (6). Patients with FAP develop hundreds of polyps (adenomas) on their 

intestinal wall by early adulthood, which can eventually develop into invasive 

carcinomas. Therefore, these patients have a very high risk of developing CRC. 

Another familial condition that predisposes patients to CRC is Lynch syndrome, 

also known as hereditary non-polyposis colorectal cancer (HNPCC). This is an 

autosomal dominant condition caused most frequently by mutations in DNA 

mismatch repair proteins such as MSH2 and MLH1, leading to development of 

CRC at an average age of 45 (7). 
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1.1.1 The colonic epithelium 

CRCs are adenocarcinomas, arising from the glandular epithelium that lines the 

colon and rectum. In the normal colonic epithelium (Figure 1.1), the cells are 

organised into crypts, which increase the surface area of the colon for absorption. 

The cell population is maintained by stem cells known as crypt-based columnar 

cells (CBCCs), which self-renew and produce transit amplifying cells, also known 

as progenitor cells, which move progressively up the crypts and become more 

differentiated epithelial cells such as enterocyte absorptive cells, goblet cells (for 

mucous production), neuroendocrine cells (for neural and hormonal signalling in 

the gut), and tuft cells (for immune surveillance, and possibly stem cell functions). 

Deep secretory cells are important for maintaining the stem cell niche at the base 

of the crypt. Wnt signalling (further discussed in section 1.1.3) is also important for 

the maintenance of the stem cell population, and there is a gradient in levels of 

Wnt signalling from the base to the top of the crypt.  

Colonic stem cells express a number of markers that distinguish them from 

differentiated cells, such as CD44 (8), LGR5 and ASCL2 (9). In a similar way to 

the normal cell population, CRCs are thought to be initiated and maintained by a 

subset of the population of tumour cells known as cancer stem cells (CSCs) (10). 

Expression of stem cell markers has been shown to be a predictor of relapse in 

CRC patients who have undergone curative treatment (11). Therefore, targeting 

CSCs is a priority for research into cancer therapies.  
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1.1.2 Stepwise carcinogenesis 

CRCs develop in a stepwise manner, developing from normal crypts of the 

epithelium to benign polyps (adenomas), and eventually into an invasive 

carcinoma which can also metastasise to distant sites such as the liver (6). This 

progression is underpinned by a well-defined series of genetic mutations (12, 13); 

while the precise order in which the mutations occur in CRCs varies, the genes 

and pathways that are impacted tend to be similar. For example, the majority of 

CRCs are initiated by upregulated Wnt/β-catenin signalling, with 80% of CRCs 

containing a mutation in the APC gene (6). As well as sequence mutations, there 

are also epigenetic alterations such as hypomethylation that contribute to tumour 

progression (6). A summary of the process is shown in Figure 1.2, along with detail 

about the underlying molecular processes, which will be discussed in the next 

section.  

Figure 1.1  The colonic crypt 

The epithelium of the colon is organised into crypts. The cell population is maintained by 

crypt-based columnar cells (stem cells), which divide to self-renew and form progenitor 

cells. Progenitor cells move progressively up the crypt as they form more differentiated cell 

types such as enterocyte absorptive cells, goblet cells, neuroendocrine cells and tuft cells. 

Deep secretory cells are important for maintaining the stem cell niche. Wnt signalling is 

also important for the maintenance of stem cells; there is a gradient in the amount of Wnt 

signalling from the top to the bottom of the crypt. Adapted from (10). Created with 

BioRender.com. 
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1.1.3 Molecular basis of colorectal cancer 

APC mutations, which are the most common initiating mutation in CRC (Figure 

1.2), lead to dysregulation of Wnt signalling. The Wnt signalling pathway and the 

role of APC is illustrated in Figure 1.3. Briefly, loss of APC function leads to 

constitutive expression of Wnt target genes due to β-catenin accumulation, 

including c-myc, cyclin D and PPARδ which promote cell cycle progression and 

proliferation (14).  As mentioned previously, germline APC mutations lead to a 

dramatically increased risk of CRC. The vast majority of sporadic CRCs have an 

APC mutation, but in the few that do have wild type APC, other mutations in the 

same pathway are often found, such as in phosphorylation sites of β-catenin that 

prevent its degradation (6). 

Figure 1.2  Adenoma to carcinoma sequence 

Colorectal cancers develop in a stepwise manner from benign adenomas, also known as 

polyps, to carcinomas that invade surrounding tissues. This progression is underpinned by 

well characterised molecular changes. Genes that are commonly mutated at each stage of 

the progression pathway are shown in white boxes. APC is a common initiating mutation. 

Blue boxes show the common underlying molecular processes that facilitate the 

accumulation of mutations, including microsatellite instability (MSI), chromosomal 

instability (CIN) and CpG island hypermethylation.  Adapted from (13). Created with 

BioRender.com. 
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Figure 1.3  The role of APC in Wnt signalling 

APC forms part of the destruction complex along with Axin, GSK3 and CK1. In the absence 

of Wnt ligands, the destruction complex phosphorylates β-catenin (β-cat). This leads to 

recognition by β-TrCP and ubiquitination and degradation of β-catenin by the proteasome, 

preventing the activation of the TCF transcription factor. Groucho remains bound to TCF to 

prevent its activation. When Wnt ligands bind the Frizzled and LRP receptors, the 

destruction complex is recruited to the cell membrane by Dishevelled (Dvl) and 

ubiquitination of β-catenin is prevented, which causes accumulation of newly synthesised 

β-catenin. When APC is mutated and its function lost, this prevents the function of the 

destruction complex, leading to the accumulation of β-catenin, even in the absence of Wnt 

ligands. β-catenin is then translocated into the nucleus where it interacts with transcriptions 

factor TCF and initiates gene transcription. Adapted from (14). Created with 

BioRender.com. 
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Another pathway that is commonly constitutively activated in CRC is the 

Ras/Raf/Mek/Erk pathway (Figure 1.4). This is normally activated by ligands 

binding to receptor tyrosine kinases (RTKs) such as epidermal growth factor 

receptor (EGFR), which leads to activation of the small GTPase Ras via the 

GRB2/SOS complex, causing Ras to bind GTP. Activated Ras triggers a kinase 

activation cascade beginning with Raf followed by Mek and Erk, which has many 

downstream effects including regulating survival (15). This pathway is affected by 

two commonly mutated genes in CRC, KRAS and BRAF (Figure 1.2), which occur 

in approximately 32-40% and 15% of CRCs respectively, leading to receptor 

independent activation of the pathway (16).  

Another pathway activated by RTKs is the phosphoinositide 3-kinase (PI3K) 

pathway (see Figure 1.4). Binding of a ligand to the RTK causes activation of PI3K, 

which converts the phospholipid phosphatidylinositol (4,5)-bisphosphate (PIP2) 

into phosphatidylinositol (3,4,5)-trisphosphate (PIP3). This leads to recruitment and 

activation of AKT which has many downstream effects including activation of 

mammalian target of rapamycin (mTOR) signalling, a kinase that regulates many 

cellular functions including proliferation and survival. The PIK3CA gene, which 

encodes the p110α subunit of PI3K, is mutated in around 18% of CRCs (Figure 

1.2) (17), leading to upregulation of PI3K signalling. Loss of function of the 

phosphatase and tensin homolog (PTEN) protein is also associated with 

carcinogenesis, as PTEN converts PIP3 back to PIP2, therefore inhibiting PI3K 

signalling. PTEN function may be lost by multiple mechanisms, including gene 

deletion and hypermethylation of the promoter region (18).  

One study found that over half of sporadic CRCs had a mutation in at least one of 

the KRAS, BRAF, or PIK3CA genes, and this was associated with significantly 

lower 3-year survival rate (17). This highlights the importance of these pathways 

in CRC development. Targeted therapies aimed at these pathways such as the 

EGFR inhibitors cetuximab and panitumumab have proven effective in patients 

with advanced CRC (19), however mutations in the downstream effectors in these 

pathways can facilitate resistance to these therapies (16).  
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Mutational progression of colorectal epithelial cells is thought to occur by three 

main pathways (20). The microsatellite instability (MSI) pathway occurs in around 

15-20% of CRCs, and is caused by mutations in mismatch repair (MMR) proteins, 

leading to high error rates in DNA replication and an increased rate of further 

tumorigenic mutations occurring. In around 70% of CRC cases, development 

occurs due to chromosomal instability (CIN), which leads to large chromosomal 

alterations such as gains and losses of whole or large portions of chromosomes, 

and loss of heterozygosity (LOH). The final pathway is the CpG island methylator 

phenotype (CIMP), which is characterised by hypermethylation of CpG islands 

within the genome, which are epigenetic alterations which can lead to silencing of 

genes including tumour suppressors (20). 

Figure 1.4  Ras-Raf-Mek-Erk and PI3K pathways 

Binding of a ligand to a receptor tyrosine kinase (RTK) such as epidermal growth factor 

receptor (EGFR) triggers the kinase activation cascade consisting of Ras, Raf, Mek and 

Erk. Activated RTKs also activate PI3K which converts PIP2 to PIP3, leading to AKT 

activation which has many downstream effects.  Adapted from (16). Created with 

BioRender.com. 
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1.1.4 CMS subtypes 

While the classic signalling pathways and mutations implicated in CRC are well-

established, more recently work has been done to further subcategorise CRC 

based on gene expression profiles into consensus molecular subtypes (CMS), in 

order to better predict disease progression and therapeutic response. In 2015, four 

subtypes of CRC were categorised in this way, which are summarised in Table 1.1 

(21, 22).  

The four subtypes vary in their pathways of mutational progression as well as the 

mutations present and the subsequent phenotypes. CMS1 is characterised by 

CIMP and MSI pathways of genetic alterations, with high frequency of BRAF 

mutations and large involvement of immune cells within the tumours (21). CMS2-

4 progress by the CIN pathway, and are distinguished based on their gene 

expression (shown in Table 1.1) (21). CMS2 is referred to as the ‘canonical’ 

subtype, and contains a high frequency of Wnt and Myc activating mutations. 

CMS3 is the ‘metabolic’ subtype, with a high frequency of mutations that lead to 

dysregulated metabolism, such as KRAS. And finally, CMS4 is the ‘mesenchymal’ 

subtype, which has upregulations of pathways involved with the epithelial-

mesenchymal transition (EMT), which gives the cells a more highly metastatic 

phenotype (21). Because of this, CMS4 has the worst prognosis of the four 

subtypes, with the worst relapse-free survival as well as overall survival (22). 
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Table 1.1  Consensus molecular subtypes for colorectal cancer 

Abbreviations: consensus molecular subtype (CMS), microsatellite instability (MSI), CpG 

island methylator phenotype (CIMP). Adapted from (21, 22).  

 

Subtype 

name 

CMS1 

MSI Immune 

CMS2 

Canonical 

CMS3 

Metabolic 

CMS4 

Mesenchymal 

Molecular 

features 

MSI, CIMP 

high, 

hypermutation 

Somatic copy 

number 

alteration - 

high 

Mixed MSI 

status 

Somatic copy 

number 

alteration - low  

CIMP low 

Somatic copy 

number 

alteration - 

high 

Common 

mutations 

BRAF 

mutations 

 KRAS 

mutations 

 

Tumour 

features 

Immune 

infiltration and 

activation 

Wnt and Myc 

activation 

Metabolic 

deregulation 

Stromal 

infiltration, 

TGF-β1 

activation, 

angiogenesis 

Prognosis Worse survival 

after relapse 

  Worse relapse-

free and 

overall survival 
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 Colorectal cancer metabolism  

1.2.1 Introduction to cellular metabolism 

Metabolism can be defined as the sum of biochemical reactions within cells which 

involve the transfer of energy (23). Metabolism is a key aspect of cancer cell 

biology, and is fundamental to meeting the energetic and biosynthetic demands of 

chronic proliferation, as well as adapting to the changing and often metabolically 

stressful microenvironment. The importance of metabolism for cancer growth and 

development is increasingly being recognised; there is a rapidly growing body of 

research leading to its incorporation by Hanahan and Weinberg as an emerging 

hallmark of cancer in their more recent review (24). The apparent specificity of 

certain metabolic characteristics in cancer cells makes them attractive targets for 

cancer therapies. There are existing therapies that exploit these changes, such as 

asparaginase for acute lymphoblastic leukaemia which has been in use for many 

years (25) and there is a large amount research into new ways of targeting cancer 

metabolism.  

Cellular metabolism consists of an enormous and complex network of pathways, 

however the key pathways for producing energy (in the form of adenosine 

triphosphate, ATP) from nutrients in cells are glycolysis, the tricarboxylic acid 

(TCA) cycle and oxidative phosphorylation (oxphos), otherwise known as central 

carbon metabolism.  

Glycolysis involves the breakdown of glucose into pyruvate. A small amount of ATP 

is also produced from glycolysis without the need for oxygen (anaerobic 

respiration). To maintain this process, lactate is produced from pyruvate, in order 

to regenerate the NAD+ that is required for the pathway. Pyruvate can also be 

converted into acetyl-coA, before entering the TCA cycle. The TCA cycle occurs in 

the mitochondria and involves the stepwise oxidation of acetyl-coA, and production 

of ATP. As well as producing ATP, intermediate metabolites of both glycolysis and 

the TCA cycle feed into biosynthetic pathways, in order to produce the necessary 

macromolecules for cell proliferation. The steps of glycolysis and the TCA cycle, 

with the branch points for biosynthesis and key enzymes for cancer metabolism 

which will be discussed in subsequent sections, are shown in Figure 1.5 and Figure 

1.6.  

Key biosynthetic pathways branching from glycolysis and the TCA cycle include 

lipid synthesis, amino acid synthesis such as the serine biosynthesis pathway (26), 
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the pentose phosphate pathway (PPP) and one carbon metabolism. The PPP is 

important for the production of NADPH required for anabolic pathways, as well as 

precursors for nucleotide biosynthesis. One carbon metabolism is also important 

for nucleotide biosynthesis and it produces one-carbon units that contribute to 

methylation reactions such as histone and DNA methylation (27). 

As TCA cycle intermediates can exit the cycle to fuel anabolic pathways, carbon 

entry into the cycle occurs by multiple entry points in order to maintain flow through 

the cycle. There are several entry points that are alternate to the conversion of 

pyruvate to acetyl-CoA, and these are known as anaplerotic pathways, or 

anaplerosis (see Figure 1.6). Pyruvate anaplerosis can occur by the direct 

conversion of pyruvate to oxaloacetate by pyruvate carboxylase (PC). As well as 

glucose, glutamine is also a key carbon source for the TCA cycle. Glutamine 

anaplerosis occurs via conversion of glutamine to α-ketoglutarate.  
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Figure 1.5  Overview of glycolysis and branch points for cancer metabolic 

reprogramming 

Steps in the conversion of glucose to pyruvate (glycolysis). Dark blue shows enzymes that 

are key for cancer metabolic reprogramming. Red and green show key branch points for 

biosynthesis. Acronyms: dihydroxyacetone phosphate (DHAP), hexokinase (HK), reduced 

nicotinamide adenine dinucleotide phosphate (NADPH), phosphofructokinase (PFK), 

pyruvate kinase (PKM), lactate dehydrogenase (LDH), glucose-6-phosphate dehydrogenase 

(G6PD). Created with BioRender.com. Adapted from (26). 

 



Chapter 1   Introduction 

14 
 

 

 

 

Figure 1.6  Overview of the TCA cycle and key steps for cancer metabolic 

reprogramming 

Steps of the TCA cycle, including intermediate metabolites and production of NADH, 

FADH2, CO2 and ATP. Blue shows key enzymes for cancer metabolism, red shows 

branching pathways for biosynthesis and anaplerosis. Acronyms: adenosine 

di/triphosphate (ADP/ATP), flavin adenine dinucleotide (FAD/FADH2), fumarate hydratase 

(FH), isocitrate dehydrogenase (IDH), nicotinamide adenine dinucleotide (NAD+/NADH), 

pyruvate carboxylase (PC), pyruvate dehydrogenase (PDH), pyruvate dehydrogenase 

kinase 1 (PDK1), succinate dehydrogenase (SDH). Created with BioRender.com. Adapted 

from (26). 
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The TCA cycle also involves reduction of NAD+ and FAD+ to NADH and FADH2 

respectively, which carry electrons to the electron transport chain (ETC) on the 

inner membrane of the mitochondria, shown in Figure 1.7. Transport of electrons 

along the ETC facilitates the pumping of protons from the mitochondrial matrix into 

the intermembrane space, creating an electrochemical gradient and consuming 

oxygen, which is the final electron acceptor and results in conversion to water. The 

flow of protons back across the inner mitochondrial membrane through the enzyme 

ATP synthase (complex V) drives the conversion of ADP (adenosine diphosphate) 

to ATP, which is used as the ‘energy currency’ of the cell to drive unfavourable 

reactions. This process is known as oxidative phosphorylation (oxphos), and is the 

method by which the majority of ATP is produced in the cell.  

Although the TCA cycle and the ETC/oxphos are distinct processes, their activities 

are intimately linked by NADH levels. For example, accumulation of NADH due to 

decrease in ETC activity leads to allosteric inhibition of TCA cycle enzymes (28). 

Therefore, TCA cycle activity will closely reflect ETC and oxphos activity, and vice 

versa.  
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As rapidly proliferating cancer cells have increased requirements for both ATP and 

biosynthesis, they tend to increase flux through all of the pathways involved in 

central carbon metabolism. However, there is generally thought to be a tendency 

of cancer cells to increase glycolysis to a greater extent, resulting in an increase 

lactate production, even in the presence of sufficient oxygen. This phenomenon is 

known as aerobic glycolysis or the Warburg effect (further discussed in Section 

1.2.4). However, this trend does not apply across all cancers. The specific 

metabolic program of cancer cells depends on many factors, including their site of 

origin and mutational status. 

Figure 1.7  Electron transport chain 

The TCA cycle in the mitochondria produces NADH and FADH2, which donate electrons to 

the electron transport chain (ETC). The ETC is on the inner mitochondrial membrane and 

consists of complexes I-V. Complexes I, III and IV facilitate pumping of protons into the 

intermembrane space from the mitochondrial matrix. These flow back across the 

membrane via complex V, leading to production of ATP.  
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1.2.2 Oncogenic signalling pathways and metabolism 

While metabolic reprogramming has previously been thought not to be a driver but 

a secondary outcome of tumorigenesis, it is now understood that many of the 

initiating and driver mutations in cancer directly influence metabolic pathways (29). 

Some examples that are related to CRC are discussed here. A summary of the 

effects of these signalling pathways and how they integrate with metabolic 

pathways is shown in Figure 1.8. 

1.2.2.1 Wnt 

Wnt signalling, the most common deregulated pathway involved in initiation of CRC 

tumorigenesis (see Figure 1.3), has been recently found to directly promote 

reprogramming of glycolysis in colorectal cancer (30). It was found that pyruvate 

dehydrogenase kinase 1 (PDK1, see Figure 1.6) was a novel Wnt target, therefore 

Wnt signalling regulates the rate of conversion of pyruvate to acetyl co-A. 

1.2.2.2 PI3K 

The PI3K pathway (see Figure 1.4) is another example of a common pathway 

which is deregulated in CRC which can influence metabolism. Activation of AKT 

downstream of PI3K signalling can increase glucose metabolism via upregulation 

of glucose transporters and glycolytic enzymes (31). Oncogenic PIK3CA mutations 

have also been shown to regulate glutamine metabolism in CRC (32). 

1.2.2.3 Myc 

Myc (which is also target of the Wnt and PI3K pathways) has an important role in 

regulating tumorigenic metabolism (33). A recent study showed that Myc activation 

reprograms cell metabolism at the adenoma stage of CRC development, including 

downregulation of genes involved in mitochondrial biogenesis (29, 34). Myc is also 

an important regulator of glutamine metabolism (35). 

1.2.2.4 mTORC1 and AMPK 

mTORC1 (mammalian target of rapamycin complex 1) is activated downstream of 

AKT and is another important metabolic regulator.  mTORC1 signalling leads to 

regulation in several metabolic pathways (36), but its key role is integration of 

growth signals and nutrient abundance, activating anabolic/biosynthesis pathways 

and cell proliferation when the conditions are favourable. Presence of both 

essential and non-essential amino acids signal to activate mTORC1 (37). 

Constitutive mTORC1 signalling can therefore promote tumorigenesis, however, 
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excessive signalling can lead to cell death if proliferation is promoted when there 

are insufficient nutrients available. AMPK is an important signalling partner of 

mTORC1, which acts to inhibit mTORC1 and prevent cell proliferation when 

nutrients are scarce, therefore promoting cell survival in nutrient deplete 

environments, which cancer cells often face (38). Therefore, a balance between 

mTORC1 and AMPK signalling is essential for controlling cancer cell metabolism 

to promote increased growth and maintain survival.  

1.2.2.5 p53 

p53 is a key tumour suppressor protein involved in regulating cell cycle arrest and 

apoptosis, and loss of function of p53 occurs in a large proportion of CRC cases 

(29). p53 is increasingly being recognised as an important regulator of cell 

metabolism, and loss of p53 has been found to increase glycolytic flux (39). 

1.2.2.6 Ras  

Ras signalling, induced by receptor tyrosine kinases (RTKs) and affected by 

multiple mutations in CRC such as KRAS and BRAF (see Figure 1.4), can also 

influence metabolic pathways. Both KRAS and BRAF mutations have been found 

to drive reprogramming of glucose and glutamine metabolism in CRC cells (40). 

KRAS mutations have recently been shown to increase glutamine consumption in 

mouse models of CRC (41). BRAF mutated colorectal tumours have also recently 

been shown to have increased expression of the glycolytic enzyme enolase 2 (42). 

Activation of Ras signalling can also activate mTORC1. 

1.2.2.7 HIF 

Hypoxia inducible factor (HIF) signalling, which is important for regulating 

metabolism in response to low oxygen levels in normal cells, often becomes 

deregulated in cancer cells and influences metabolic reprogramming, such as 

promoting glycolysis. This is further discussed in section 1.2.5. 
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1.2.3 Role of metabolites in tumorigenesis 

As well as oncogenic signalling affecting metabolism, metabolites themselves can 

influence signalling pathways in cells, affecting their tumorigenicity. The term 

“oncometabolites” is used to describe metabolites that can directly cause cells to 

become cancerous when they build up to unusually high levels, due to certain 

mutations in metabolic enzymes. Examples of oncometabolites include succinate, 

fumarate and R-2-hydroxyglutarate (R-2HG), the accumulation of which are 

caused by mutations in succinate dehydrogenase (SDH), fumarate hydratase (FH) 

Figure 1.8  Cancer metabolism and signalling pathways 

Overview of oncogenic signalling pathways that influence metabolism. mTORC1 signalling 

promotes anabolic pathways such as protein, nucleotide and lipid synthesis. Glycolysis can 

be regulated by many pathways including p53, Myc and Wnt signalling. Glutaminolysis can 

also be regulated by Myc and mTORC1. Abbreviations: receptor tyrosine kinase (RTK). 

Adapted from (26). Created with BioRender.com.  
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and isocitrate dehydrogenase (IDH) respectively, which occur in certain familial 

cancer syndromes (43). There are a variety of mechanisms by which these 

metabolites are thought to induce tumorigenesis, but a key mechanism is by the 

inhibition of α-ketoglutarate dependent dioxygenases (αKGDDs) (43). This group 

of enzymes includes prolyl hydroxylases (PHDs), which are involved in the 

degradation of hypoxia inducible factors (HIFs) in the presence of sufficient 

oxygen. Therefore, oncometabolites can lead to the constituent activation of HIFs, 

which promotes tumorigenesis (further described in section 1.2.5). These 

metabolites also inhibit other classes of αKGDDs that are involved in epigenetic 

modification, such as ten-eleven translocation proteins (TETs) and histone lysine 

demethylases (KDMs), leading to CpG island hypermethylation and histone 

hypermethylation, which can promote tumorigenic phenotypes (43). 

Conversely, the TCA cycle metabolite α-ketoglutarate has been found in multiple 

scenarios to have anti-tumorigenic properties, via activation of αKGDDs. A recent 

study showed that in CRC organoids that had adapted to low-glutamine conditions, 

supplementation with α-ketoglutarate was sufficient to reduce Wnt signalling and 

stemness, which occurred at least in part through the promotion of TET activity and 

DNA demethylation (44). A similar effect has also been found in epidermal stem 

cells (45). Oncogenic epidermal stem cells were found to be reliant on extracellular 

serine, despite the ability to synthesise it. It was shown that activity of the serine 

synthesis pathway leads to an increase in α-ketoglutarate and activation of 

αKGDDs, promoting stem cell differentiation, therefore shutting down this pathway 

and relying on exogenous serine is a mechanism for promoting tumorigenesis (45).  

Furthermore, a novel mechanism of epigenetic alteration by metabolites has 

recently been discovered. Lactate has been shown to modify histones with a novel 

epigenetic marker ‘lactylation’, which led to stimulation of gene transcription (46). 

These examples demonstrate how metabolic pathways and metabolites can 

directly influence cell fate and tumorigenicity.  

1.2.4 The Warburg effect 

Metabolic reprogramming in cancer cells was first recognised in the 1920s when 

Otto Warburg observed that cancer cells preferentially rely on glycolysis for energy 

production even in the presence of sufficient oxygen, resulting in a higher glucose 

consumption and lactate excretion than normal cells (47). This characteristic of 

cancer cells is known as aerobic glycolysis or the Warburg effect, and has been 

well established in many cancer types including CRC (29). The Warburg effect is 
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exploited to detect metastatic tumours using fluorine-18 fluorodeoxyglucose 

positron emission tomography ([18F]FDG-PET) scanning. Due to increased uptake 

of glucose, the radioactive tracer FDG has a higher uptake in cancer tissue relative 

to healthy tissue, which can be visualised in the scan. As glycolysis produces ATP 

less efficiently than oxphos, it was at first unclear why cancer cells tend to rely 

more on this pathway. However, upregulation of glycolysis allows the build-up of 

glycolytic intermediates which can be diverted into anabolic pathways that are 

required to produce the biomass required for the high level of proliferation in cancer 

cells, such as the pentose phosphate pathway (PPP) which is required for the 

production of nucleotides (48). This may be an explanation as to the increased 

reliance on glycolysis, due to the increased demand for biosynthesis to support 

proliferation. 

As well as providing biosynthetic intermediates, the Warburg effect can also affect 

the tumour microenvironment. Increased lactate excretion leads to extracellular 

acidification, which can promote tumour invasiveness, angiogenesis, and 

immunosuppression (49, 50). Lactate can also provide a fuel source for 

surrounding cancer cells and stromal cells, and has been shown to directly enter 

the TCA cycle (51). 

1.2.5 Molecular drivers of the Warburg effect 

The Warburg effect is driven by several known molecular changes and gene 

expression alterations within metabolic pathways. Several signalling pathways 

known to be implicated in CRC progression have been found to directly promote 

the Warburg effect. β-catenin signalling induced by APC loss has been recently 

shown to induce the Warburg effect (52), as well as p53 signalling (53). 

These signalling pathways lead to regulation of key metabolic enzymes and 

transporters that promote aerobic glycolysis. Several of these have been shown to 

be important drivers of tumorigenesis and linked to poor patient outcomes in CRC, 

and some examples are discussed below. 

1.2.5.1 Glucose transporter 1 

As glycolysis produces fewer ATP molecules per molecule of glucose, cells 

undergoing the Warburg effect must increase their intake of glucose in order to 

produce a sufficient amount of energy and carbon for biosynthetic pathways. One 

way in which this is achieved is by the upregulation of glucose transporter 1 

(GLUT1), which transports glucose across the plasma membrane into the 
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cytoplasm. GLUT1 has been shown to be significantly more highly expressed in 

CRC compared to the adjacent healthy tissue, and increased GLUT1 expression 

significantly associated with poorer prognosis of CRC (54). GLUT1 expression has 

also been found to be impacted by KRAS mutation; KRAS mutant CRC cells have 

been found to express significantly higher levels of GLUT1 compared to KRAS 

wild-type cells (55). 

1.2.5.2 Hexokinase 2 

Another enzyme involved in promoting the Warburg effect is hexokinase 2 (HK2), 

which catalyses the first step of glycolysis by conversion of glucose to glucose-6-

phosphate. HK2 is one of a family of four HK genes, and expression of this 

particular isoform is usually limited to skeletal muscle, heart and adipose tissue 

(56). However, it also plays an important role in the metabolic reprogramming of 

cancer cells and has been found to be upregulated in several cancer types 

including breast (57) and stomach (58).  

The role of HK2 in CRC is not completely clear. Increased expression of HK2 would 

be expected to increase the Warburg effect, increase tumour growth and 

subsequently lead to poorer patient outcomes. One study correlated positive HK2 

expression in clinical samples with increased tumour size and higher stage of 

disease (59). However, another study of HK2 in CRC patients found the reverse 

relationship, with lower HK2 expression being associated with poorer progression-

free and overall survival (60). However, in this study there was an association 

between increased HK2 expression in the tumour stromal cells and poorer 

outcomes (60). Therefore this difference in results may be partly explained by the 

metabolic interaction of tumour cells with the microenvironment including the 

surrounding stromal cells, known as the reverse Warburg effect (61). In this model, 

tumour cells induce the surrounding stromal cells to undergo aerobic glycolysis, 

providing the substrates such as lactate and pyruvate to the tumour cells, which 

can enter the TCA cycle and allow them to undergo more efficient ATP production 

via oxphos (61). This model is also supported by the association between tumours 

with high ratio of stroma-carcinoma composition and poorer prognoses (62). 

Therefore, the stroma-specific expression of HK2 needs to be studied in more 

detail to fully understand the importance of HK2 in CRC progression.  
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1.2.5.3 Pyruvate kinase 

Expression of pyruvate kinase (PK) isoforms is another key mechanism that 

promotes the Warburg effect. This is the final rate limiting enzyme in glycolysis, 

catalysing the conversion of phosphoenolpyruvate to pyruvate (Figure 1.5). This 

enzyme is expressed from a single gene (PKM) but has two main splice variants: 

PKM1, which is expressed in most normal tissues, and PKM2, which is often 

expressed in cancer cells (63). PKM1 and PKM2 vary by one exon (Figure 1.9); 

the PKM gene has 12 exons in total, and exons 9 and 10 are unique to PKM1 and 

PKM2 respectively (64, 65). Splice factors that regulate expression of PKM1/2 

include polypyrimidine tract binding protein (PTB), heterogeneous nuclear 

ribonucleoprotein A1 and A2 (hnRNPA1 and hnRNPA2), which repress production 

of PKM1 (66), and serine/arginine-rich splicing factor 3 (SRSF3), which promotes 

production of PKM2 (65, 67) (see Figure 1.9).  

High expression of the PKM2 splice variant is known to be an important factor in 

the promotion of the Warburg effect in cancer cells. PKM2 is less catalytically active 

than PKM1, which leads to decreased production of pyruvate (65, 68). This 

reduces the substrate available for the TCA cycle, meaning cells become more 

reliant on glycolysis for ATP production. It also increases the pool of glycolytic 

intermediates available for anabolic pathways. By these same mechanisms, PKM2 

is also important for the proliferation of normal cells; deletion of PKM2 in primary 

mouse embryonic fibroblasts prevents proliferation due to the insufficient 

production of nucleotides (69). PKM2 is often upregulated in CRC, and 

upregulation of PKM2 has been found to be a significant indicator of poorer 

prognosis in CRC patients (70, 71). It has also recently been found to be regulated 

by Wnt/β-catenin signalling (52). Furthermore, the PKM splicing proteins PTB, 

hnRNPA1 and SRSF3 (see Figure 1.9) have all been found to be overexpressed 

in patient CRC samples compared to adjacent healthy tissue, and silencing these 

proteins with siRNA has been found to slow cell growth by increasing the reliance 

on oxphos as well as inducing cell death (72). A recent study suggests that the 

long non-coding RNA SNHG6, which is a known oncogene in CRC, was found to 

interact with hnRNPA1 to induce alternative splicing of PKM and increase the 

PKM2/PKM1 ratio (73). 
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1.2.5.4 Pyruvate dehydrogenase kinase 1 

Another key enzyme controlling the switch between glycolysis and oxphos in 

cancer cells is pyruvate dehydrogenase kinase 1 (PDK1). This is an inhibitor of the 

pyruvate dehydrogenase kinase (PDH) complex, which converts pyruvate to 

acetyl-CoA so it can enter the TCA cycle (see Figure 1.6). Activation of PDK1 

would therefore decrease activity of PDH, decreasing entry of pyruvate into the 

TCA cycle and promoting the Warburg effect. Regulation of PDK1 by HIF-1 is an 

important component of regulating the switch from oxidative metabolism to 

glycolysis in hypoxia (74). It has also been shown to be a direct target of Wnt 

signalling in the promotion of the Warburg effect in CRC (30). Attempts have been 

made to inhibit PDK1 for cancer therapy, as this could promote increased reliance 

on oxphos and decrease the Warburg effect. PDK1 inhibitor dichloroacetate (DCA) 

has been shown to promote oxidative phosphorylation and reduce glycolysis, 

leading to cell cycle arrest and apoptosis in CRC cells (75). 

 

 

Figure 1.9  Alternative splicing of the PKM gene 

The gene consists of 12 exons, and exons 9 and 10 are unique to the two main splice 

variants PKM1 and PKM2 respectively. Splicing of the PKM product is controlled by splicing 

factors PTB, hnRNPA2/1, SRSF3. Adapted from (65). Created with BioRender.com. 
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1.2.5.5 Lactate dehydrogenase 

In order to rely on energy production from glycolysis, cells must regenerate the 

nicotinamide adenine dinucleotide (NAD) required by glycolytic reactions to 

continually produce pyruvate. This is achieved by converting pyruvate into lactate, 

which is catalysed by lactate dehydrogenase (LDH) (Figure 1.5) (76). LDHA, a 

subunit of the LDH tetramer, is upregulated in CRC, and knockdowns of LDHA in 

CRC cell lines have been shown to reduce cell proliferation (77). LDHA has 

recently been found to be regulated by Wnt/β-catenin signalling and contribute to 

the Warburg effect in CRC cells (52). 

1.2.5.6 Hypoxia inducible factor-1α 

Hypoxia inducible factor-1α (HIF-1α) is also key to promoting the Warburg effect in 

CRC. HIFs are associated with activation of pathways such as glycolysis which 

allow cells to survive in conditions of low oxygen, and are important for allowing 

tumour cells to survive in the hypoxic conditions within tumours once they outgrow 

their blood supply, or where there is poor perfusion from the tumour vasculature 

(78, 79). However, they are also involved in promoting tumour cells growth in 

normoxic conditions by promoting aerobic glycolysis and the Warburg effect (79); 

expression of PKM (80), HK2 (60), GLUT1, LDH (77) and PDK1 (74) are all 

induced by HIF-1α.  HIF-1α is commonly overexpressed in CRC and has been 

found to be associated with poorer prognosis (81). 

1.2.6 Role of oxidative metabolism in cancer 

When Otto Warburg originally observed the trend for increased aerobic glycolysis 

in cancer cells, he deduced that cancer was therefore caused by defective 

mitochondrial metabolism, and that impaired oxphos was a feature of all cancer 

cells (82). While some cancers are known to have dysfunctional mitochondrial 

metabolism due to mutations in TCA cycle enzymes such as FH, SDH and IDH as 

previously mentioned (43), the majority of cancer cells do still utilise mitochondrial 

metabolism; oxphos is actually increased compared to healthy tissue in several 

cancer types (26). Furthermore, increased lactate production does not necessarily 

indicate a defect in mitochondrial metabolism, as lactate has recently been shown 

to directly enter the TCA cycle therefore fuelling oxphos (51). This phenomenon 

has also been demonstrated specifically in CRC cells, and was found to occur 

particularly in conditions of nutrient depletion (83). 



Chapter 1   Introduction 

26 
 

As well as being an efficient method of ATP production, the TCA cycle is important 

for fuelling anabolic pathways, such as nucleotide, fatty acid and amino acid 

synthesis in cancer cells (see Figure 1.6) (26, 84). The ETC itself has also been 

shown to be essential for biosynthesis as well as ATP production. In 2020, a study 

by Martínez-Reyes et al. showed that the ETC was important for the synthesis of 

nucleotides by activation of dihydroorotate dehydrogenase (DHODH), a key 

enzyme for purine synthesis (85). Complexes I and II of the ETC regenerate NAD 

and FAD by donating electrons to ubiquinone, converting it to ubiquinol. Complex 

III oxidises ubiquinol back to ubiquinone, which provides an electron acceptor for 

DHODH. Martínez-Reyes et al. showed that lack of complex III led to impaired 

tumour growth. This could be rescued by ectopic expression of alternative oxidase, 

which could also regenerate ubiquinone, but not an NADH oxidase that allowed 

regeneration of NAD. This shows that NAD regeneration is not the main function 

of complex III, and that it is required for activation of DHODH (85).  

Recent studies have also shown that ETC function is important for synthesis of 

aspartate and asparagine; asparagine and aspartate supplementation have been 

shown to rescue proliferation when the ETC is inhibited, suggesting synthesis of 

these amino acids is a key function of the ETC (86-91).  These findings challenge 

previous assumptions that the main function of the ETC is ATP production.  

There is significant heterogeneity in the utilisation of mitochondrial metabolism for 

growth in different cancers; one recent study that measured mitochondrial 

membrane potential in vivo found that mitochondrial function significantly differed 

between multiple sub-types of lung cancer (92). This study demonstrates the 

importance of mitochondrial metabolism in cancer, and how the original concept of 

the Warburg effect is an oversimplified view of cancer metabolism.  

Recent studies have also highlighted the importance of oxidative metabolism in 

CRC specifically (31); one study found that in CRC biopsy material, there was an 

upregulation of oxphos compared to surrounding healthy tissue (93). Oxphos has 

also been found to be an important feature of drug resistance and stemness in 

cancer cells (94, 95). A recent study compared mitochondrial function in CRC cell 

lines with different metastatic capabilities, finding that cells with increased 

metastatic potential has increased mitochondrial function, particularly increased 

function of complex I of the ETC, and were sensitive to inhibition of complex I, 

suggesting ETC and mitochondrial function is important for the metastatic potential 

of the cells (96). 

https://www.nature.com/articles/s41586-020-2475-6#auth-Inmaculada-Mart_nez_Reyes
https://www.nature.com/articles/s41586-020-2475-6#auth-Inmaculada-Mart_nez_Reyes
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Copy number of mitochondrial DNA (mtDNA) has been used as a way of 

investigating mitochondrial function in cancer cells. Increased copy number of 

mtDNA has been observed to induce oxphos, and enhance cell proliferation and 

metastatic potential of CRC cells (97), and a correlation between mtDNA copy 

number and CRC stage in patient samples has also been observed (98). 

Interestingly, it has been recently found that age-associated mutations in mtDNA 

that lead to defects in oxphos in the intestinal crypts may promote development of 

CRC, suggesting that as well as increasing oxphos, oxphos deficiency may also 

provide a growth advantage for tumour cells in certain contexts (99).  

Similarly to the Warburg effect, classic signalling pathways and driver mutations in 

CRC have been shown to directly influence oxidative metabolism as previously 

mentioned, including KRAS/BRAF, Myc and p53 (31). 

1.2.7 Metabolism and stem cells 

Metabolism is also recognised as an important regulator in the maintenance of 

stem cells (100). This has significant implications for research into cancer therapies 

due to the importance of cancer stem cells (CSCs) in tumour regeneration and 

disease relapse. Although the metabolism of CSCs has been found to be highly 

plastic depending on the microenvironment, CSCs are generally thought to have a 

higher reliance on oxphos for energy production than the main population of cancer 

cells (101), and this has been found to be the case in CRC cells (102). More 

detailed understanding of the unique metabolic characteristics of CSCs will provide 

opportunities to improve CSC targeted therapy.   
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1.2.8 Glutamine metabolism in cancer 

As well as relying on increased glucose metabolism, cancer cells also heavily rely 

on glutamine. Glutamine is a ‘conditionally essential’ amino acid, as it can be 

synthesised by cells but is required in larger amounts in metabolic stress, and is 

an important source of energy and biomass formation in rapidly dividing cells (103). 

Many cancer cell lines in several cancer types have been found to be ‘glutamine 

addicted’, meaning they cannot grow in the absence of glutamine (104).  

1.2.8.1 Roles of glutamine 

Glutamine is imported into the cell via transporters such as SLC1A5 (ASCT2, 

alanine-serine-cystine transporter 2) (105). This is one of several glutamine 

transporters however, it is of particular interest due to its increased expression 

being associated with CRC (106, 107).  

Once imported, glutamine has several important roles in cancer cell metabolism 

(103, 108). It can be broken down by glutaminolysis to form α-ketoglutarate (α-KG) 

allowing it to enter the TCA cycle, a process known as anaplerosis (Figure 1.8). 

Glutamine is converted first to glutamate, this is mainly carried out by glutaminase 

enzymes 1 and 2 (GLS1 and GLS2), and then to α-ketoglutarate (α-KG) (109). 

Glutamate can be converted to α-KG by two main pathways, either by glutamate 

dehydrogenase (GLUD) which releases ammonia, or by transaminases, which 

transfer the amine group to other metabolites (Figure 1.10).  

Glutamine anaplerosis is particularly important in the Warburg effect as there is a 

decreased proportion of glucose entering the TCA cycle. It has been shown that 

glutamine can fuel the TCA cycle independently of glucose in hypoxia or glucose 

depletion in B lymphocytes (110). Though previously thought to be mainly an 

important source of nitrogen for biosynthesis of amino acids and nucleotides, in 

2007 DeBerardinis et al. showed that a large proportion of nitrogen derived from 

glutamine is excreted, highlighting it’s importance as a carbon source for the TCA 

cycle in cancer (111). 

By TCA cycle anaplerosis, glutamine contributes to ATP production, but it can also 

be used as a carbon and nitrogen for the synthesis of nucleotides and amino acids, 

as well as uridine diphosphate N-acetylglucosamine (UDP-GlcNAc), which 

supports the processing of proteins (112). Utilisation of glutamine for synthesis of 

pyrimidines has recently been shown to be increased by PTEN mutations (113). 

Another recent study has shown that an increased expression of phosphoribosyl 
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pyrophosphate amidotransferase (PPAT) is important for diverting glutamine into 

nucleotide biosynthesis pathways and supporting proliferation in cancer cells 

(114).  

Once glutamine is converted into glutamate by GLS1/GLS2, this can also be used 

to regenerate glutathione, which is an electron acceptor that is able to clear excess 

reactive oxygen species (ROS) (103). This is particularly important for survival of 

cancer cells as the higher metabolic rate leads to an increase in ROS production, 

which can lead to cell death if the levels are too high. Glutamate, along with other 

amino acids, is important for maintaining synthesis of glutathione in cancer (115). 

Glutamine can also be converted to citrate via α-KG, an anti-clockwise step in the 

TCA cycle. This is known as reductive carboxylation and supports the diversion of 

citrate into lipid synthesis pathways (103).  

On top of TCA cycle anaplerosis and biosynthesis, glutamine can also be used as 

an amino acid exchange factor, which has recently been shown to have an 

important role in CRC. A recent study found that KRAS mutant CRCs had 

increased glutamine consumption and increased sensitivity to glutamine 

withdrawal, however this was not dependent on expression of GLS1, and there 

Figure 1.10  Overview of glutamine metabolism in cancer 

In cancer cells, glutamine can be transported into the cell by the amino acid transporter 

SLC1A5/ASCT2 and used as a carbon source for the TCA cycle, as a nitrogen donor for 

biosynthesis, and for synthesis of glutathione which neutralises ROS. Abbreviations: 

glutaminase (GLS), glutamate dehydrogenase (GLUD). Adapted from (103). Created with 

BioRender.com. 
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was not increased entry of glutamine into the TCA cycle (41). In this context, it was 

found that glutamine was being exported in order to allow import of essential amino 

acids for protein synthesis, via the large neutral amino acid transporter (LAT1), and 

these tumours showed sensitivity to genetic ablation of SLC7A5, which encodes a 

subunit of LAT1 (41). It had been previously found that the glutamine transporter 

ASCT2 and LAT1 are functionally coupled in this way to support tumour growth in 

certain cancer cells (116), but ASCT2 has also been found promote growth in a 

CRC cell line independently of LAT1 (117). More recently, it has been found that 

upregulation of LAT1 and ASCT2 in CRC cells overexpressing mutant KRAS is 

mediated by the pro-proliferative transcriptional regulator YAP1 (yes-associated 

protein 1), a transcriptional coactivator involved in the hippo tumour suppressor 

pathway (118). 

1.2.8.2 Importance of glutamine metabolism 

Understanding the role of glutamine metabolism in cancer has been difficult due to 

the nature of studying cellular metabolism in vitro. The metabolite composition of 

traditional cell culture media such a DMEM and RPMI is known not to be 

representative of metabolites available to cancer cells in the tumour 

microenvironment, including supraphysiological levels of glutamine. This can lead 

to a distinct metabolic program of cells cultured in vitro compared to in vivo 

conditions (119). As well as glutamine levels, high cysteine levels in cell culture 

media have also been shown to increase reliance on glutamine metabolism in vitro 

(120). This has led to difficulty in developing effective cancer therapies targeting 

glutamine metabolism, as drugs that are effective in vitro may not be effective in 

vivo, due to decreased reliance on glutamine.  

Despite this, it is now well established that glutamine metabolism is key for certain 

tumour types in vivo. As with all aspects of cellular metabolism, the extent of 

reliance on glutamine metabolism is greatly heterogeneous between cancer types 

and sub-types. CRC in particular has been found to be especially reliant on 

glutamine metabolism. Using in vivo metabolic tracing of 13C-glutamine, glutamine 

has been shown to enter the TCA cycle at a higher rate in tumour compared to 

normal tissue in CRC (121). Another study found that CRC cells are particularly 

reliant on glutamine entry into the TCA cycle compared to other cancer cell types, 

and this was suggested to be due to the nature of glutamine metabolism in the 

healthy colon (114). Increased reliance on glutamine to fuel the TCA cycle in 

normal intestinal tissue is thought to decrease glucose consumption and therefore 
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improve efficiency of glucose absorption into the bloodstream (114). Furthermore, 

approximately 30% of total glutamine consumption in the body is thought to occur 

in the intestine, and glutamine has been found to be important for intestinal 

function, including tissue integrity and regulation of inflammation (122). 

Increased expression of genes involved in glutamine metabolism have been 

significantly associated with CRC. GLS1, which catalyses the first stage of 

glutaminolysis, has been shown to be upregulated in CRC compared to the 

surrounding tissue, and knockdown of its expression reduces proliferation and 

viability of CRC cells (123). GLS1 expression has also been associated with a 

lower differentiation state of CRC tumours and a higher TNM stage, both of which 

are indicative of poorer prognosis (123, 124). GLS1 expression has been 

suggested to be important for the stem-like phenotype of CRC cells, as it has found 

to be increased in metastatic compared to primary tumours, and correlated with 

increased mortality and more advanced stage of disease (125).  

GLUD, which catalyses the second step of glutaminolysis from glutamate to α-KG, 

is also upregulated in CRC and a significant marker of poorer prognosis (126). 

Furthermore, increased GLUD expression has been shown to increase 

proliferation and migration of CRC cell lines, and vice versa with GLUD knockdown 

(126). Expression of the glutamine transporter ASCT2 and the glutaminolysis 

enzyme glutamic-pyruvic transaminase 2 (GPT2) have been found to be increased 

to support glutamine utilisation in the rare sub-type of CRC known as colorectal 

signet ring cell carcinoma (SRCC) (127). ASCT2 has also been found to be 

upregulated in patient CRC samples with KRAS mutations (128).GPT2 has been 

found to be upregulated by oncogenic PI3K signalling via activating transcription 

factor 4 (ATF4) in CRC, leading to increased glutamine metabolism and 

anaplerosis, and increased sensitivity to glutamine deprivation (32).  

1.2.8.3 Glutaminases in cancer 

There are two glutaminase genes in the human genome; GLS, which is located on 

chromosome 2, and GLS2, which is located on chromosome 12. GLS codes for 

the GLS protein (also known as GLS1). GLS2 codes for the GLS2 protein, also 

known liver-type glutaminase (LGA). GLS transcripts are alternatively spliced to 

create two isoforms of the GLS1 protein; kidney-type glutaminase (KGA) and 

glutaminase C (GAC), which is truncated at the C-terminus compared to KGA (129, 

130). Both the KGA and GAC isoforms of GLS1 have been found to be 

overexpressed in various cancers (131), however GAC is the more active isoform 
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and has been thought to be the most important isoform in cancer cells, therefore 

alternative splicing of GLS mRNA may be an important mechanism for increasing 

glutaminolysis in cancer cells (132, 133). Recently, it has been found that the long 

non-coding RNA (lncRNA) Colon Cancer Associated Transcript 2 (CCAT) interacts 

with Cleavage Factor I (CFIm) complex to regulate alternative splicing of GLS1 

pre-mRNA towards to GAC isoform in CRC (134). 

 

As well as alternative splicing, GLS1 activity can be modulated both by regulation 

of transcription and by post-translational modification. Transcription of GLS1 has 

been shown to be associated with oncogenic pathways, in particular c-Myc, which 

has been found to promote GLS1 expression via regulation of microRNAs (35, 

135). Multiple post-translational modifications have been identified that can affect 

GLS1 activity, including phosphorylation (136). Presence of inorganic phosphate 

(Pi) can lead to formation of an active tetramer of the protein being formed from 

the inactive dimer (132). Phosphorylation of GLS1 has been shown to be vital for 

its activation; expression levels of GLS1 do not necessarily correlate with its activity 

levels (137). Cancer cell-derived GAC has higher basal activity than recombinant 

Figure 1.11  Alternative splicing of the GLS gene 

The GLS transcript codes for two splice variants, KGA and GAC. Both variants contain 

exons 1-14. KGA is the longer isoform containing exons 16-19 at the C-terminus, whereas 

the GAC isoform only contains exon 15 at the C-terminus. Adapted from (130). Created 

with BioRender.com. 
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GAC, which can be reversed by adding phosphatases, showing that GAC 

phosphorylation is key to increasing glutaminase activity in cancer cells (137).  

GAC has been found to have the largest increase in activity at high levels of 

inorganic phosphate (Pi) compared to GLS2 and KGA, which could explain its 

importance in tumours (132). It has been suggested that as Pi levels may increase 

with hypoxic conditions, which are often found in solid tumours due to poor tumour 

vasculature, GAC may be an important component in meeting energy demands in 

response to these conditions (132). Phosphorylation and activation of GLS1 has 

been shown to be induced by the oncogenic signalling pathway Raf-Mek-Erk (138), 

as well as NFκB; activation of GLS1 was found to be an important component of 

cellular transformation downstream of induction of Rho-GTPases, which activate 

NFκB signalling, though the exact mechanism was not reported (139). However, 

more recently it has been shown that NFκB signalling leads to phosphorylation of 

GAC at Ser314 by PKCε, which leads to its activation (136). 

Post-translational modification can also affect the stability of the GLS1 protein as 

well as its activity; for example, one study has shown that SIRT5 can desuccinylate 

GLS1 protein, which protects it from ubiquitination and subsequent degradation, 

therefore increasing the stability of the protein (140). Succinylation can also affect 

GLS1 activity; a recent study found that GLS1 expression is important for 

pancreatic cancer cell proliferation, and that under oxidative stress, GLS1 has 

increased succinylation which increases glutaminolysis, increasing production of 

both NADPH and glutathione, promoting cell growth and survival (141). 

Interestingly, GLS2 expression has been found to be activated by p53 and has 

shown tumour suppressive roles in some studies (142, 143). One study has shown 

that GLS2 expression is decreased in tumour tissue in hepatocellular carcinoma, 

in contrast to GLS1 expression which is increased (144). However, GLS2 has also 

been found to promote tumorigenesis in some cases, so the role of this enzyme is 

likely to be highly context dependent (145).  
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 Aspirin and colorectal cancer  

Aspirin is a widely used non-steroidal anti-inflammatory drug (NSAID). It is an 

analgesic and anti-inflammatory agent, as well as a preventative agent in patients 

at high risk of cardiovascular disease, due to its inhibition of cyclooxygenase 1 

(COX1) in platelets and inhibition of blood clotting. It is mainly taken orally and 

absorbed in the stomach and small intestine (146). Doses vary depending on the 

intended use from 75mg/day to 1.2g/4 hours, with plasma concentrations 

reportedly reaching 144µM at the highest doses (147, 148). Concentration of 

aspirin in the intestine can reach higher levels due to low bioavailability, particularly 

with enteric coated forms, allowing unabsorbed aspirin to reach the intestine (148, 

149). It has been suggested that assuming an intestinal fluid volume of 160-750ml, 

and 50% absorption rate, a small dose of aspirin (81mg) could reach 1.4mM in the 

intestinal fluid (148). Other studies have suggested that therapeutic concentrations 

of aspirin range between 0.1-2mM (150, 151), though concentrations of 4mM and 

above are frequently used in in vitro studies. Aspirin rapidly undergoes hydrolysis 

in the plasma, intestine and liver to produce salicylic acid (146).  

1.3.1 Role of aspirin in CRC prevention and treatment 

The link between long-term use of aspirin and a decreased CRC incidence is well 

established; the association was first reported in a case-control study in 1988 (152, 

153), and was found in a 20-year follow up of two large randomised control trials 

(RCTs) and a review of the observational studies in 2007 (154). This analysis found 

there to be a 10-year latency before seeing a significant effect of aspirin treatment 

on CRC incidence. While high-dose aspirin (>500mg) was shown to be effective in 

reducing CRC risk, this is associated with a significantly increased risk of bleeding. 

Low-dose aspirin (75-300mg) has also been found to be effective at reducing long-

term CRC incidence in a follow up of three low-dose aspirin RCTs (155). Based on 

an evidence review of the preventative effects of aspirin, the US Preventative 

Services Task Force (USPSTF) recommended in 2016 that 50-59 year olds with 

no increased risk of bleeding take daily low-dose aspirin for the prevention of CRC, 

although it is suggested that this must be continued for at least 10 years to provide 

a benefit (156). Investigations into the efficacy of aspirin in the prevention of CRC 

are ongoing; a systematic review and meta-analysis of observational studies 

published in 2020 estimated that regular aspirin users have between 10-35% 

reduced risk of CRC; interestingly this study found that a higher dose had a 

stronger effect on risk reduction (157). Further work is also being done in order to 
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determine for which individuals the benefits of taking aspirin to prevent CRC 

outweigh the potential risks (158). 

The role of aspirin as an adjuvant treatment for CRC is emerging but less well 

established than its primary preventative role. While several years of prophylactic 

aspirin treatment are required in order to see a reduction in CRC risk due to the 

length of time over which CRCs usually develop, there is evidence that a shorter 

term effect is seen on CRC mortality, suggesting an effect of aspirin on early CRCs 

that are already present in patients at the beginning of the aspirin treatment (159). 

A study of five UK randomised controlled trials (RCTs) of daily aspirin for 

cardiovascular disease prevention found a reduced risk of diagnosis of metastatic 

adenocarcinoma after only a few years of treatment, and a reduced risk of 

subsequent metastasis in those diagnosed with non-metastatic cancer during the 

trial (159).  

Further studies have also identified a significant decreased risk of CRC mortality 

with aspirin use following a diagnosis of CRC, supporting the effectiveness of 

aspirin as an adjuvant as well as preventative therapy (160, 161). The role of 

aspirin as an adjuvant therapy in patients diagnosed with CRC is under ongoing 

investigation in clinical trials, for example the Add-Aspirin trial, which is a double-

blinded randomised trial comparing multiple doses of aspirin to a placebo on 

survival and disease recurrence in multiple cancer types (162). Most recent reports 

from this trial show there has been recruitment of 950 patients in the CRC cohort, 

there has been good adherence to the trial among participants, and that there has 

been low toxicity to the aspirin treatment in these patients (163). 

As with use of aspirin in prevention of CRC, it is not clear which patients are most 

likely to benefit from aspirin as an adjuvant therapy. Studies have found that in 

patients who are diagnosed with CRC, long-term use of aspirin prior to diagnosis 

as a primary preventative does not significantly decrease CRC mortality after a 

diagnosis (155, 160, 161). Furthermore, use of aspirin after CRC diagnosis has 

been found to only be effective at increasing survival in patients who were not using 

aspirin before their diagnosis (161). This suggests that CRCs that arise 

subsequent to the use of long-term aspirin are resistant to the anti-tumorigenic 

effects seen with aspirin use post-diagnosis. The protective effects of long-term 

aspirin use against CRC incidence has been found in one study to be limited to 

COX2 positive tumours (164), so tumours arising in patients taking long-term 

aspirin are more likely to be COX2 negative. This may explain the lack of efficacy 
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of aspirin post-diagnosis in patients previously taking long-term aspirin. Benefit 

from post-diagnosis use of aspirin has been found to be limited to COX2 positive 

tumours, and COX2 positive tumours that arose in patients who were using long-

term aspirin were still responsive to aspirin after diagnosis (161). Survival benefits 

of aspirin use after diagnosis have also been reported to be limited to tumours with 

mutated PIK3CA in CRC (165), as well as in breast cancer (166), though an inverse 

effect has also been found in HER2 positive breast cancer (167). However, this 

relationship between pre-/post-diagnosis aspirin use and survival is not completely 

established; other studies have found that both pre- and post-diagnosis use of 

aspirin is effective at reducing CRC mortality (168). These authors suggest that 

CRCs arising in long-term users of aspirin tend to be more highly differentiated, 

which is indicative of a better prognosis than poorly differentiated tumours (168). 

1.3.2 Mechanisms of action of aspirin on CRC 

There are several mechanisms by which aspirin is thought to have these anti-

tumour effects both in the prevention and treatment of CRC, however they are 

difficult to fully elucidate as aspirin and its active metabolite salicylic acid have 

many cellular targets (169).  Further characterisation of the anti-tumour 

mechanisms of aspirin is an important research priority, as this could lead to the 

development of more specific drugs that could target the same pathways as aspirin 

with fewer side effects, leading to decreased incidence of CRC and improved 

outcomes for patients without the associated risks such as gastrointestinal (GI) 

bleeding. Further understanding of the effects of aspirin is also required to inform 

dosing and timing of treatment for optimum effectiveness, and to identify which 

patients are most likely to benefit from aspirin as either a preventative or 

therapeutic measure.  

1.3.2.1 COX-dependent 

One of the main mechanisms by which aspirin is thought to impact cancer 

incidence and outcome is through its acetylation and inhibition of cyclooxygenase 

(COX) enzymes, which are responsible for producing prostaglandins (PGs) and 

thromboxanes from arachidonic acid. COX1 is a housekeeping enzyme expressed 

in many tissues, and the only form that is expressed in platelets. Inhibition of COX1 

is thought to be the main mechanism by which aspirin has vascular benefits; COX1 

inhibition in platelets is irreversible as they are anuclear and therefore unable to 

resynthesise COX1 (153). COX1 is important in platelets for the production of 

thromboxane A2 (TxA2) which is required for platelet aggregation. Platelets have 
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long been thought to be involved in promoting metastasis of tumour cells (170), 

therefore inhibition of COX1 may be a mechanism by which aspirin inhibits CRC 

progression (159, 171).  

In contrast to COX1, COX2 is selectively expressed in inflammatory and hypoxic 

conditions (172), as well as being frequently overexpressed in CRC (173). This 

leads to increased production of PGs; PGE2 in particular is thought to have many 

effects on cell signalling that promote tumorigenesis through its interaction with the 

G-protein coupled receptors (GPCRs) EP1-4, which influence many pathways 

relating to cancer hallmarks (174, 175). For example, activation of the EP2 receptor 

by PGE2 has been found to activate β-catenin signalling via the PI3K/AKT pathway, 

as well as by direct interaction with the β-catenin destruction complex (176). The 

α-subunit of the G protein associated with the EP2 receptor interacts with Axin to 

promote β-catenin release from the destruction complex (176). The βγ subunits 

activates phosphoinositide 3-kinase (PI3K), leading to the activation of the protein 

kinase AKT which inhibits the destruction complex component GSK-3β (176). Both 

of these pathways lead to increased accumulation and nuclear translocation of β-

catenin.  

Due to the many roles of PGE2 in influencing cell signalling pathways related to 

tumorigenesis, it seems clear that COX2 inhibition is one way which aspirin can 

exert anti-tumorigenic effects on colorectal epithelial cells. Although it has been 

suggested that low-dose aspirin is insufficient to inhibit COX2 in epithelial cells 

(and the effect may therefore be limited to platelets), there is evidence that COX2 

inhibition is involved, as the response to aspirin is related to levels of COX2 

expression in the tumour (161, 171).  

Interestingly, a recent study that sampled metabolites in the aerosols produced 

from cauterising different breast tumours found that tumours with PIK3CA 

mutations produced higher levels of arachidonic acid (177). As PIK3CA mutations 

has been previously shown to sensitise breast cancer cells to aspirin (166), it was 

speculated that this could be linked to the arachidonic acid levels, as aspirin inhibits 

the conversion of arachidonic acid to prostaglandins by COX (177). However, the 

mechanism has not been fully elucidated, and possibly relies on COX-independent 

mechanisms of aspirin.  

1.3.2.2 COX-independent  

Despite the clear role of COX inhibition in the anti-cancer effects of aspirin, there 

is evidence to suggest there are also COX-independent mechanisms. For 



Chapter 1   Introduction 

38 
 

example, aspirin also inhibits the growth of the COX2 negative CRC cell line 

SW480 (178). Furthermore, treatment with prostaglandins is not sufficient to 

reverse the growth inhibitory effects of the NSAID suldinac sulphide (179, 180). An 

aspirin derivative that does not inhibit COX has also been found to be more 

effective against formation of aberrant crypt foci than aspirin in a mouse study 

(181).  

Several COX-independent mechanisms of aspirin’s anti-tumour effects have been 

suggested, including modulation of the NFκB pathway (182) (illustrated in Figure 

1.12). NFκB is a family of transcription factors composed of RelA/p65, RelB, c-Rel, 

p100/p52 and p105/p50, which form dimers (most commonly RelA/p50) that 

activate transcription of a wide variety of genes involved in processes such as 

inflammation and proliferation (183). NFκB is classically activated by tumour 

necrosis factor α (TNFα) and interleukin 1 (IL-1), which lead to degradation of 

inhibitors of NFκB (IκB), which usually hold NFκB in the cytoplasm and prevent 

nuclear translocation (183). This occurs via activation of IκB kinase (IKK) complex 

containing IKKα/β and NFκB essential modulator (NEMO) (183). Upregulation of 

NFκB is a common occurrence in cancer and can contribute to tumour progression 

(184). However, the effects of NFκB can be varied and are context dependent, for 

example in some circumstances it also has pro-apoptotic effects (185).  

The initial finding reporting that aspirin regulates NFκB signalling showed that 

aspirin inhibited IKK and prevented canonical NFκB signalling (182, 186, 187). 

However, prolonged exposure to aspirin has also been found to activate NFκB by 

inducing degradation of IκB and therefore promoting translocation of NFκB to the 

nucleus. While NFκB signalling is most commonly associated with pro-tumorigenic 

effects, in this context it was found to be pro-apoptotic (188). This mechanism was 

first identified in vitro in 2001 (188) and has been subsequently verified in in vivo 

models of CRC (189). These roles of aspirin in modulating NFκB signalling are 

illustrated in Figure 1.12. 
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More recently, it has been found that stimulation of NFκB by aspirin occurs via 

signalling in the nucleolus, the organelle with the primary role in production of 

ribosomes (190). Aspirin was found to induce degradation of TIF-IA, an important 

component in the initiation of ribosomal DNA transcription, which leads to 

disruption of nucleolar function and subsequent activation of NFκB (190, 191).  

Interestingly, the effect of aspirin on NFκB signalling has been implicated in 

overcoming therapeutic resistance in CRC. One study found that incubating CRC 

cell lines SW620 and SW480 in 5-fluorouracial (5-Fu), a common 

chemotherapeutic agent in CRC, rendered them resistant to the drug, which 

Figure 1.12  NFκB signalling and the roles of aspirin 

NFκB complexes are made up of dimers, most commonly p50 and RelA. These are 

sequestered in the nucleus by inhibitors of NFκB (IκB) until activation by signals such as 

interleukin 1 (IL1) or tumour necrosis factor α (TNFα). These activate the IKK complex, 

which is made up of IKKα/β and NFκB essential modulator (NEMO). The IKK complex 

induces ubiquitination (Ub) of IκB and degradation by the proteasome, therefore allowing 

translocation of the NFκB complex into the nucleus and activation of NFκB target genes. 

Aspirin has been shown to inhibit the IKK complex as well as induce the degradation of 

IκB. Adapted from (182). Created with BioRender.com. 

 



Chapter 1   Introduction 

40 
 

involved upregulation of NFκB signalling (192). Treating with aspirin was found to 

abolish the induction of NFκB signalling induced by 5-Fu and sensitivity to 5-Fu 

was increased in both 5-Fu resistant and sensitive cells by aspirin. This effect was 

also replicated in vivo (192). Another known inhibitor of NFκB signalling also 

increased sensitivity to 5-Fu in resistant cells, but this did not increase the effect of 

combining aspirin and 5-Fu, further supporting the hypothesis that aspirin was 

promoting 5-Fu resistance through inhibition of NFκB signalling (192). 

Aspirin has also been suggested to affect TGF-β signalling. TGF-β signalling has 

a complex role in cancer, having been found to have both tumour suppressor and 

tumorigenic properties. While it has been found to induce growth arrest and 

apoptosis, it can also promote tumorigenesis by inducing epithelial to 

mesenchymal transition (EMT), which increases the migratory and metastatic 

capacity of cancer cells (193). In one recent study, aspirin was found to reduce 

viability and migration in cells that had been induced to a mesenchymal phenotype 

with TGF-β1 (194). Aspirin has also been shown to alter expression of genes 

associated with EMT, including increasing E-cadherin and decreasing N-cadherin, 

as well as reducing expression of Snail, Slug and Twist (194). Aspirin has also 

been shown to induce secretion of TGF-β1 in CRC cells, leading to an induction of 

apoptosis (195). In this study, the effect of aspirin on viability was rescued using 

an inhibitor of TGF-β1, suggesting aspirin does act via TGF-β1 (195).  

The effect of aspirin on migratory capacity of CRC cells has also been found to be 

mediated by its effect on Wnt signalling. Aspirin has been shown to decrease Wnt 

signalling, stemness markers and markers of EMT in intestinal organoids (196). 

Furthermore, the effect of activating Wnt signalling on inducing EMT and stemness 

was attenuated by aspirin treatment in this study (196). 

Some research has also shown that aspirin may have epigenetic effects. 

Epigenetics involves chromatin modifications that do not alter the sequence of 

DNA but have effects on gene expression, such as DNA methylation and histone 

acetylation. Published studies have found aspirin to increase histone acetylation 

(197, 198). One recent study found that aspirin treatment leads to an increase in 

histone 3 methylation, which leads to suppressed expression of stemness-

associated genes in multiple cancer cell lines, independent of COX inhibition (199). 

Unpublished work from the Williams lab has shown that long-term treatment (>1 

year) of CRC cell lines with aspirin can induce a genome-wide increase in DNA 

methylation, which is not seen after short-term treatment (48-72 hours). This 



Chapter 1   Introduction 

 

41 
 

included the promoter regions of many genes and is therefore likely to influence 

transcription. The absence of this effect in short-term treatment suggests that this 

could explain how cells become resistant to long-term aspirin treatment, as seen 

in the decreased efficacy of aspirin in treating CRC patients who have previously 

taken long-term aspirin (see Section 1.3.1).  

Recent work has found that the effect of aspirin in the intestine may be in part 

reliant on metabolites of aspirin produced by gut bacteria (148). 2,3-dihydrobenzoic 

acid (2,3-DHBA) and 2,5-dihydrobenzoic acid (2,5-DHBA) are thought to be 

produced as a result of metabolism of aspirin and salicylic acid by gut bacteria and 

have been found to inhibit cyclin-dependent kinases (CDKs) and colony-forming 

ability of CRC cells (200). 
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 Aspirin and cancer metabolism  

As described in a review by Zhang et al in 2019 (201), the anti-cancer effects of 

aspirin are broad and can be related to all of the hallmarks of cancer, including 

deregulated energy metabolism. A small but increasing number studies have 

highlighted effects of aspirin on various aspects of metabolism of cancer cells, 

suggesting this may be a mechanism by which aspirin reduces cancer cell growth. 

Studies to date that identify metabolic effects of aspirin on cancer cells are 

summarised in this section.  

1.4.1 Glucose metabolism  

Aspirin was thought to affect glucose metabolism in platelets as far back as 1969, 

when it found that incubation with aspirin decreased glycolysis and release of ATP 

(202). More recently, in breast cancer stem cells (BCSCs), aspirin has been found 

to suppress glycolysis via inhibition of PDK1 (see Figure 1.6) (203). PDK1 was 

found to be required for reprogramming BSCSs to a highly glycolytic metabolism 

in hypoxia, which is important for the maintenance of stemness (203). Furthermore, 

PDK1 was found to be regulated in these cells via a signalling pathway involving 

HIF-1α and long non-coding RNA H19, which was also downregulated by aspirin 

(203).  

Aspirin has also been found to have effects on the glycolytic enzyme HK2 in 

ovarian cancer (204). Loss of function mutation in the tumour suppressor BRCA1 

is known to affect DNA damage repair, however this study discovered there is also 

an effect on metabolism; BRCA1 mutant cells showed increased glycolysis and 

increased levels of glycolytic enzyme HK2 (204). This effect was found to be 

reversed by aspirin treatment, suggesting a role for ovarian cancer 

chemoprevention in carriers of BRCA1 mutations (204).  

Two studies have shown effects of aspirin on the glycolytic enzyme 

phosphofructokinase (PFK). One study showed that both aspirin and its metabolite 

salicylic acid decreased glycolysis and activity of PFK in the breast cancer cell line 

MCF-7 (205). In hepatocellular carcinoma (HCC), aspirin was found to increase 

sensitivity of cells to sorafenib, a kinase inhibitor which is highly effective for 

treating HCC and to which resistance is common (206). A feature of resistant cells 

is high glycolytic flux and increased expression of PFK, both of which were 

countered by aspirin, leading to increased sensitivity to sorafenib (206).  



Chapter 1   Introduction 

 

43 
 

In the CRC cell lines HCT-116 and HT-29, several acetylation targets of aspirin 

linked to glycolysis have been identified, including PKM2 and LDH, although this 

was not found to affect the activity of these enzymes (169). One aspirin target in 

these cells which was found to have altered activity was glucose-6-phosphate 

dehydrogenase (G6PD), which catalyses the first step of the pentose phosphate 

pathway (PPP) and was found to have 14 lysine residues that were acetylated by 

aspirin (207). The PPP involves the synthesis of ribose sugars, a requirement for 

nucleotide biosynthesis, as well as generation of NADPH which is essential for 

glycolysis and biosynthesis, and therefore an important pathway for rapidly 

proliferating cells. G6PD has also been suggested as a promising therapeutic 

target due to its importance in tumorigenesis (208) and has been found to be 

overexpressed in CRC cells and correlates with poor prognosis (209). Therefore, 

acetylation and inhibition of G6PD may be an important mechanism by which 

aspirin acts on CRC cells.   

More recently, a study found that in hepatoma cells, aspirin treatment reduced cell 

proliferation and glucose consumption via downregulation of the glucose 

transporter GLUT1 (210). Furthermore, HIF-1α expression was also decreased by 

aspirin in these cells and induction of HIF-1α partially rescued the decrease in 

GLUT1 expression caused by aspirin (210). An NFκB binding site has also been 

found in the GLUT1 promoter (210). As NFκB signalling has previously been shown 

to be modulated by aspirin (182), this suggests that aspirin may reprogram glucose 

metabolism in cancer cells via HIF-1α and NFκB signalling and GLUT1 

downregulation (210). Aspirin has also been found to decrease expression of 

GLUT1 and reduce glucose uptake in vascular endothelial cells (211). 

1.4.2 Glutamine metabolism 

A study published in 2020 suggested that the effect of aspirin on glutaminolysis 

may be an important mechanism of action of aspirin in PIK3CA mutated CRC cells. 

The authors found that in the absence of glutamine, aspirin did not have a growth 

inhibitory effect on PIK3CA mutant CRC cells (212). They also found that aspirin 

upregulates several genes involved in glutamine metabolism, including ASCT2, 

LAT1, GLS1 and GPT2, and that aspirin induces activation of ATF4 signalling. 

They suggest that aspirin treatment promotes glutamine metabolism via induction 

of ATF4 and mimics the effect of glutamine depletion in PIK3CA mutant cells, 

though glutamine metabolism was not directly measured in this study (212). 

Interestingly, aspirin has also been found to activate ATF4 signalling in multiple 
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myeloma cells (213). PIK3CA mutations have also been shown to regulate 

glutamine metabolism via ATF4 in CRC (32), therefore it is interesting to speculate 

that this may be linked to the increased sensitivity of PIK3CA mutant cancers to 

aspirin treatment (165), though this has yet to be directly investigated. 

Aspirin has been shown to affect several signalling pathways that have been linked 

with glutamine metabolism, though it has not been directly shown that aspirin 

affects glutamine metabolism through these mechanisms. For example, aspirin is 

thought to affect NFκB signalling (section 1.3.2.2), which has been found to be 

important for GLS1 activation (section 1.2.8.3). Furthermore, aspirin is thought to 

induce TGF-β1 signalling (section 1.3.2.2), which has also recently been shown to 

upregulate GLS1 (214). 

Interestingly, aspirin has been postulated to affect tumour glucose and glutamine 

metabolism in vivo. In this study, a high-fat diet was found to promote obesity as 

well as tumour growth in a mouse tumour xenograft model (215). Aspirin treatment 

in the obese tumour-bearing mice was found to slow tumour growth, reduce 

circulating glucose and glutamine and reduce expression of both glutamine 

(ASCT2, LAT1 and GLS1) and glucose (GLUT1 and PKM2) metabolism proteins 

(215). 

1.4.3 Lipid metabolism 

Another metabolic feature of CRC targeted by aspirin is aberrant lipid metabolism. 

Cancer cells increase their intake of circulating fatty acids (FAs) and increase 

biosynthesis of lipids and cholesterol due to the increase in production of cell 

membranes, and to supply the excess energy requirements of the cells by storing 

lipid droplets, which can be utilised for ATP production by fatty acid oxidation (FAO) 

(29, 216).  

The first step of lipid metabolism after the entry of FAs into the cells is conversion 

into long-chain acyl CoAs, which is catalysed by acyl-CoA synthetase long chain 

family member 1 (ASCL1) (217). One study found that in HCC cell lines, aspirin 

treatment suppresses aberrant lipid metabolism via suppression of ASCL1 

expression, which was thought to be via aspirin’s interaction with NFκB signalling 

(217). Expression of ASCL1 along with three other lipid metabolism related 

proteins have been found to have significant prognostic value in stage II CRC 

patients (218), suggesting aspirin may also target this pathway in CRC cells.  
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Aspirin has also been found to affect mitochondrial FAO in cancer cell lines. FAO 

was increased upon aspirin treatment, but FAO enzyme activity was not affected, 

the authors suggest that aspirin may have been affecting transport of long-chain 

fatty acids into the mitochondria (219). Interestingly, a recent study using 

metabolomic analysis of patient colon tissue after approximately 3 years of aspirin 

treatment found that both low (81mg/day) and high (325mg/day) doses of aspirin 

found increased levels of the fatty acid linoleate, which has been previously 

associated with CRC status and could therefore contribute to the chemopreventive 

effects of aspirin (220). 

1.4.4 Polyamine metabolism 

Some studies have found an association between aspirin use and polyamine 

metabolism in CRC. Polyamines, such as putrescine, spermidine and spermine, 

are small molecules containing two or more amine groups. They are important for 

many cellular functions such as protein and nucleic acid synthesis and 

differentiation, and dysregulation of polyamine metabolism is a common feature of 

tumorigenesis (221). Several oncogenic pathways have effects on polyamine 

metabolism such as Ras-Raf-Mek-Erk and PTEN-P13K-mTOR and they have 

been promising candidates for cancer biomarkers and therapeutic targets (221).  

Two enzymes involved in polyamine metabolism that have been associated with 

aspirin are ornithine decarboxylase (ODC), and spermidine/spermine N-

acetyltransferase 1 (SSAT) (221). A trial found that patients who were homozygous 

for a particular SNP in the ODC gene which reduced ODC expression were less 

likely to have recurrence of colorectal adenoma, and this protective effect was 

dramatically increased with the addition of aspirin use (222). Aspirin was not found 

to have direct effects on ODC expression or activity but was found to increase both 

SSAT expression and activity (222). Therefore, aspirin was thought to reduce risk 

of adenoma recurrence in synergy with the ODC genotype, as both increased 

SSAT activity and decreased ODC activity lead to an overall reduction in polyamine 

levels (222). Similar findings of an interaction between the ODC genotype and 

aspirin use in adenoma recurrence have been found in subsequent studies (223, 

224). One RCT of the ODC inhibitor eflornithine combined with the NSAID suldinac 

has shown significant effects on the incidence of colorectal adenomas (225). 

Interestingly, a  trial is currently in progress into the effectiveness of eflornithine in 

combination with aspirin for the prevention of CRC in high risk patients (226). 
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1.4.5 mTOR and AMPK 

Aspirin has also been shown to act via mTOR and AMPK in CRC; these signalling 

partners are crucial for coupling sensing of nutrient availability with cellular 

metabolism and proliferation, and are key for promoting cancer cell growth as well 

as survival in nutrient depleted conditions (further described in Section 1.2.2.4) 

(201). A study from 2013 found that 5mM aspirin inhibits mTOR, activates AMPK 

and subsequently induces autophagy in CRC cells in vitro (227). Aspirin was also 

found to have this effect in vivo; normal rectal mucosal tissue from patients treated 

with 600mg aspirin for 7 days showed reduced phosphorylation of S6K1 and S6, 

which are downstream targets of mTOR (227). Aspirin has also been found to 

inhibit mTOR and induce AMPK and autophagy in PIK3CA mutant breast cancer 

cells (166). 

1.4.6 Mitochondrial metabolism  

As previously mentioned, R-2HG is an oncometabolite which can accumulate due 

to mutations in the TCA cycle enzyme IDH. One recent study found that the 

circulating levels of R-2HG reduced in healthy patients that took 325mg/day aspirin 

for 60 days, compared to a placebo. Aspirin also reduced levels R-2HG in CRC 

cell lines, suggesting this may play a role in the cancer preventative effects of 

aspirin (228).  

Aspirin has also been found to promote mitochondrial biogenesis via induction of 

SIRT1 and PGC1α in HepG2 cells (229). Aspirin was subsequently also shown to 

induce other regulators of mitochondrial metabolism in these cells including SIRT4, 

Nrf2, STAT3 and UCP1, suggesting aspirin may significantly affect mitochondrial 

function, though this was not directly investigated (230). 

Multiple studies have also linked the induction of apoptosis by aspirin with its effect 

on mitochondrial function; in HeLa cells, aspirin has been shown to induce release 

of cytochrome c from the mitochondria (231), and to induce cell death by targeting 

voltage-dependent anion channel (VDAC1) leading to alteration of mitochondrial 

membrane potential (232). It has also been found to induce cell death by promoting 

production of ROS and altering mitochondrial membrane permeability in hepatoma 

cells (233, 234). Interestingly, studies using yeast cells have also found that aspirin 

induces apoptosis via induction of ROS (235), and the inhibition of acetyl-CoA 

transport into the mitochondria (236), leading to mitochondrial dysfunction.  
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 Aims and hypotheses 

There is ample evidence for a role of aspirin in the prevention of CRC. The 

mechanism of the anti-cancer effect of aspirin is, however, much less understood. 

Much progress has been made in identifying novel targets of aspirin, and there is 

emerging evidence that aspirin may affect the deregulated metabolism of cancer 

cells.  

Previous proteomic analysis of long-term (52-week) aspirin treated CRC cells in 

the Williams lab has highlighted regulation of several metabolic genes, suggesting 

a potential metabolic effect of long-term aspirin treatment in these cells 

(unpublished results). This led to the hypothesis that long-term exposure to aspirin 

causes metabolic reprogramming of CRC cells. Though a number of interesting 

studies have been carried out to investigate the effect of aspirin on cancer cell 

metabolism, there is a lack of studies in the literature that employ direct measures 

of metabolic pathways in cells to demonstrate how these are impacted by aspirin 

treatment. The majority of studies to date have investigated gene expression or 

metabolite levels as proxies for investigating the effect of aspirin on metabolism. 

Metabolic pathway activity is affected by many other factors, including metabolic 

enzyme activity, substrate and product availability and cell signalling. Therefore, 

studies to date do not directly show a metabolic reprogramming effect of aspirin.  

Therefore, the aim of this project was to directly investigate the role of aspirin in 

metabolic reprogramming in CRC cells. Specific aims addressed in this project are 

listed below. 

• To validate the protein expression changes highlighted in the proteome 

data set by western blotting and qPCR (Chapter 3) 

 

• To investigate the impact of aspirin on cellular metabolism by using 

methods that directly measure metabolic pathways, including stable 

isotope tracer analysis to study the metabolic fate of glucose and 

glutamine, as well as extracellular flux analysis to determine the effect of 

aspirin on glycolysis and oxidative phosphorylation (Chapter 4) 

 

• To investigate the metabolic effects of aspirin to determine whether aspirin 

may create metabolic vulnerabilities that increase the sensitivity of the cells 

to further metabolic perturbations (Chapter 5) 
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 Cell culture 

2.1.1 Cell lines 

The cell lines SW620, LS174T and HCA7 were used to model colorectal cancer 

epithelial tissue in vitro, from both primary and metastatic locations. These cell 

lines were purchased form The American Type Culture Collection (ATCC, 

Maryland, USA). The cell line RG/C2 was used to model colorectal adenoma, the 

precursor to carcinoma, in vitro in order to carry out experiments that may be 

applicable to prevention of CRC. This cell line was established in this laboratory 

from a sporadic colorectal adenoma. Further details of all cell lines used are shown 

in Table 2.1.  

These cell lines have also been treated in this laboratory with long-term (LT) 

(approximately 52 weeks) aspirin (2mM and 4mM) alongside controls that were 

grown in normal medium for the same time period. They therefore have a higher 

passage range than the parental cells used to establish them.  

All cell lines were routinely assessed for microbial contamination (including 

mycoplasma), and molecularly characterised using an inhouse panel of cellular 

and molecular markers to check that cell lines have not been cross contaminated 

(every 3-6 months; data not shown). Stocks were securely catalogued and stored, 

and passage numbers were strictly adhered to prevent phenotypic drift. 
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Table 2.1  Colorectal adenocarcinoma and colorectal adenoma cell line 

information  

LT = long-term 

Cell line Source Mutation status Medium Passage 

Range 

SW620 

 

 

Metastatic CRC 

(lymph node) 

51-year-old 

male 

Mutant APC (237), 

TP53 (238), KRAS 

(239) 

Wild-type CTNNB1 

(240) 

10% DMEM 

 

147 – 152 

 

 

LT aspirin 

treated SW620 

  10% DMEM + 

2/4mM aspirin 

179 – 205 

LS174T  

 

 

Primary colonic 

adenocarcinoma 

58-year-old 

female  

Mutant CTNNB1 

(241), KRAS (242), 

PIK3CA (240) 

Wild-type APC 

(237), TP53 (243) 

10% DMEM 

 

 

 

106 – 109  

 

 

LT aspirin 

treated LS174T 

  10% DMEM + 

2/4mM aspirin 

126 – 138 

HCA7 

 

 

 

Primary colonic 

adenocarcinoma 

58-year-old 

female  

Mutant TP53 

(244), APC (241) 

Wild-type KRAS 

(237, 240), 

CTNNB1 (240) 

MMR deficient 

(245) 

10% DMEM 

 

 

 

44 – 47  

 

 

 

LT aspirin 

treated HCA7 

  10% DMEM + 

2/4mM aspirin 

52 – 72 

LT aspirin 

treated RG/C2 

 

 

Colonic 

adenoma 

59-year-old 

female 

Mutant TP53 (246) 

Wild-type APC 

(247), KRAS (248), 

PIK3CA (248) 

20% DMEM + 

2/4mM aspirin 

49– 64  
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2.1.2 Cell maintenance 

Carcinoma cell lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM), 

high glucose (Sigma, Merck KGaA, Darmstadt, Germany), supplemented with 

2mM L-glutamine, 100 units/ml penicillin (Thermo Fisher Scientific, Paisley, UK), 

100µg/ml streptomycin (Thermo Fisher Scientific, Paisley, UK) and 10% v/v fetal 

calf serum (FCS) (Sigma, Merck KGaA, Darmstadt, Germany). The adenoma cell 

line RG/C2 was maintained in DMEM with 20% FCS, with the addition of 

hydrocortisone (1µg/ml) Sigma, Merck KGaA, Darmstadt, Germany) and insulin 

(0.2 units/ml) (Sigma, Merck KGaA, Darmstadt, Germany), as well as 2mM L-

glutamine and 100 units/ml penicillin. Cells were incubated in 25cm2 (T25) flasks 

(Corning Incorporated, Corning, New York, USA) in a non-humidified 5% CO2 

incubator at 37°C. Medium in the flasks was changed twice per week (every 3-4 

days). 

Long-term aspirin treated cell lines were maintained by culturing in 10% DMEM 

supplemented with both 2mM and 4mM aspirin, alongside control flasks with 

normal 10% DMEM. A 20mM stock solution of aspirin (Sigma, Merck KGaA, 

Darmstadt, Germany) was created by adding 3.6mg/ml aspirin to 10% DMEM, 

which was rotated for ≥30 minutes to allow the aspirin to dissolve. After filtered 

sterilisation it was added at the appropriate dilution to the flasks.  

2.1.2.1 HPLM 

For experiments performed in human plasma-like medium (HPLM) (Gibco), 

HPLM was supplemented with 10% dialysed FCS, and cultured for at least 48 

hours in these conditions prior to setting up the experiment. 

2.1.3 Cell passaging  

Media was aspirated from the flask and cells were washed in phosphate buffered 

saline (PBS, pH 7.4; Severn Biotech Ltd, Kidderminster, UK). The cells were 

removed by incubation with 0.1% (w/v) trypsin (BD Bioscience, Oxford, UK) and 

0.1% (w/v) ethylene-diamine-tetra-acetic acid (EDTA) (Sigma, Merck KGaA, 

Darmstadt, Germany). Once cells were dissociated from the flask, media was then 

added to the cell suspension, to neutralise the trypsin, and was spun at 3000rpm 

for 3 minutes. Trypsin/media was aspirated, and the cell pellet was resuspended 

in the appropriate volume of media, depending on the passage ratio, which was 

used to seed new flasks.  
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In order to seed cells by number, cells are counted using a 0.1mm Neubauer 

haemocytometer. Once trypsinised and neutralised with media, cells are loaded 

onto a Neubauer Counting Chamber (VWR International Ltd., Lutterworth, UK) for 

either manual counting or automated counting using the Corning Cell Counter 

(CytoSMART, Netherlands). LS174T, HCA7 and RG/C2 cells were syringed prior 

to loading the haemocytometer through an 18G blunt fill needle (BD Bioscience, 

Oxford, UK) in order to create a single cell suspension for counting. 

2.1.4 Long-term cell storage and recovery 

Stocks of cell lines were stored at -174°C in liquid nitrogen. To create frozen stocks 

of cell lines, cells were trypsinised, then resuspended in DMEM with 10% 

dimethylsulphoxide (DMSO, VWR International Ltd., Lutterworth, UK). 1ml of this 

suspension was then added to a 1.2ml Cryovial® (Nunc, Fisher Scientific, 

Loughborough, UK). Cryovials were placed at -80°C for at least four hours in a Mr 

Frosty™ Freezing Container (Nalgene, Fisher Scientific, Loughborough, UK) to 

slow the rate of cooling, then transferred to liquid nitrogen. To bring up frozen vials 

of cells, Cryovials were thawed by incubation at 37°C, then cells spun down and 

resuspended in fresh medium before being seeded into T25 flasks.  

2.1.5 Treatments 

Aspirin was added to cells by dissolving in DMEM at concentration of 20mM, then 

adding 0.8ml per 4ml T25 for 4mM treated cells and 0.4ml per 4ml T25 for 2mM 

treated cells. ABT-737, CB-839, NAC and UK-5099 (purchased from Sigma Merck 

KGaA, Darmstadt, Germany) were dissolved in DMSO or water to create a stock 

solution (detailed in Table 2.2). All treatment concentrations maintained the same 

concentration of DMSO in all conditions.  

Non-essential amino acid (NEAA) mix was purchased from Sigma. Stock 

concentration of 100X was diluted to final concentration of 1X in the medium for 

experiments investigating NEAA supplementation. 100X NEAA mix contained 

890mg/L L-alanine, 1500mg/L L-asparagine monohydrate, 1330mg/L L-aspartic 

acid, 1470mg/L L-glutamic acid, 750mg/L glycine, 1150mg/L L-proline, and 

1050mg/L L-serine. 
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Table 2.2  Stock solution concentrations for treatments 

Treatment Stock solution 
concentration 

ABT-737 20mM in DMSO 
 

Aspirin 

 

20mM 
0.036g/10ml DMEM 

CB-839 
 
41.1mM in DMSO 
 

NEAAs (Merck M7145) 

 

 
100X 

NAC  

 

 
500mM in water 

UK-5099 50mM in DMSO 
 

 

2.1.6 Seeding densities 

In order to maintain sufficient cell quantity at the end of experiments, the number 

of cells seeded varied between cell lines It also varied depending on treatment 

conditions and treatment time. Table 2.3 shows the number of cells seeded in T25 

flasks for 72 hours experiments, as a guide.  

Table 2.3  Cell seeding densities for different cells in aspirin treatments 

Cell line Cell number seeded 
per T25 

SW620 1 x10^6 

SW620 (2mM aspirin) 1.5 x10^6 

SW620 (4mM aspirin) 2 x10^6 

LS174T  2 x10^6 

LS174T (2mM aspirin) 2.5 x10^6 

LS174T (4mM aspirin) 2.5 x10^6 

HCA7 2 x10^6 

HCA7 (2mM aspirin) 3 x10^6 

HCA7 (4mM aspirin) 3-4 x10^6 
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 Proliferation and apoptosis assays 

2.2.1 Crystal violet staining 

Cells were seeded in 96 well-plates at the appropriate seeding density (20,000 

cells per well for all conditions except 4mM aspirin treated HCA7 cells, which were 

seeded at 40,000 cells per well, as they grew slower under treatment). Cells were 

treated the following day and cultured for the appropriate length of time (up to 96 

hours). Cells were fixed in the plates by aspirating the media, washing with PBS 

before adding 100µl of chilled 4% paraformaldehyde (PFA) in PBS per well and 

leaving for 15-20 minutes. PFA was then removed, wells were covered with PBS 

and refrigerated until staining. Cells were stained with 100µl per well of 0.5% 

crystal violet solution (Sigma, Merck KGaA, Darmstadt, Germany) diluted in 

distilled water, and incubated on a rocker at room temperature for 30 minutes. Stain 

was removed from the wells by pipetting and rinsing in tap water, the plates were 

left to completely dry before being imaged. Stain was eluted by adding 2% SDS 

solution (Severn Biotech Ltd, Kidderminster, UK), diluted in distilled water, to the 

wells and incubating on a rocker for 60 minutes. 75µl of the resulting solution was 

then transferred to a clean 96 well plate, and the absorbance at 595nm was then 

read in a 96-well plate using the iMark™ Microplate Absorbance Reader (Bio-Rad, 

CA, USA). Relative cell number was either expressed as raw absorbance values 

or calculated relative to the control condition.  

2.2.2 Incucyte® Live Cell Imaging 

For assays that simultaneously measured cell proliferation and apoptosis 

Incucyte® Live Cell Imaging system was used. This detects cell confluency over 

time as a measure of cell proliferation. 20,000 cells per well were seeded in 96 well 

plates, at least triplicates, and analysed until the control conditions reached a 

plateau of confluency (~72-96 hours).  

For detection of apoptosis, CellEvent™ Caspase-3/7 Green Detection Reagent 

(Thermo Fisher Scientific, catalogue no. C10423/C10723) was used, according to 

the manufacturer’s protocol. Reagent was added directly to the medium before 

adding to the cells, at the appropriate concentration (found to be 2µM in SW620 

cells after validation). This produced a green fluorescent signal in the presence of 

active caspases, indicating apoptosis. This was detected by the Incucyte Live Cell 

Imaging system and quantified by the system as Green Object Count. Green 
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Object Count was then normalised to confluency in each condition at each time 

point in order to determine the proportion of apoptotic cells in the wells.  

 siRNA transfection 

To transiently inhibit protein expression, cells were transfected with double-

stranded small-interfering RNAs (siRNAs) for the protein of interest, leading to 

degradation of the mRNA and therefore silencing of protein expression. siRNAs 

used are detailed in Table 2.4 (ON-TARGETplus SMARTpool. Dharmacon™, 

Horizon Discovery, Cambridge UK). SMARTpool siRNAs contain 4 sequences 

covering different sections of the target mRNA, in order to increase success rate 

of the knockdown. 

100µM stocks of siRNAs in nuclease-free water were stored at -20°C. For 

transfection, sub-confluent flasks of cells were firstly treated with antibiotic free 

10% DMEM. Transfection was then performed 24 hours later according to the 

manufacturer’s instructions, using Lipofectamine RNAiMAX transfection reagent 

(Thermo Fisher Scientific, Paisley, UK). Cells were trypsinised, resuspended and 

the desired cell number seeded in 1.5ml antibiotic free 10% DMEM into 12.5cm2 

flasks (T12.5, Falcon, Corning, NY, USA) along with 0.5ml of the siRNA-RNAiMAX 

complexes in OptiMEM Reduced-Serum Medium (Thermo Fisher Scientific, 

Paisley, UK). siRNA-Lipofectamine RNAiMAX complexes were created by adding 

5µl transfection reagent in 250µl OptiMEM to 1µl of stock siRNA, in 250µl 

OptiMEM, dropwise whilst swirling and leaving for at least 20 minutes, giving a final 

concentration of 50nM of siRNA per flask. The following day the flasks were 

changed to normal growth media, lysates were made 72 hours following 

transfection for western analysis (see section 2.4). Each siRNA transfection was 

coupled with a negative control siRNA complex. 
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Table 2.4 Catalogue numbers of Dharmacon™ ON-TARGETplus SMARTpool 
siRNAs used  

Target gene Catalogue number 

Activating transcription factor 4 (ATF4) L-005125-00-0005 

Glutaminase (GLS) L-004548-01-0005 

Glutamic pyruvic transaminase 2 (GPT2) L-004173-01-0005 

Pyruvate carboxylase (PC) L-008950-00-0005 

Pyruvate dehydrogenase kinase 1 (PDK1) L-005019-00-0005 

Control Pool D-001810-10-05 

 

 Western blotting 

Cells were seeded in T25 flasks 72 hours prior to sample collection, unless 

otherwise stated (e.g. for time course experiments). Cell seeding densities for 72-

hour assays are shown in Table 2.3. Western analysis of cells treated with siRNA 

for knockdowns was performed using the same protocol but starting with a T12.5 

flasks. 

2.4.1 Cell lysis 

10X cell lysis buffer (Cell Signaling Technology, Danvers, MA, USA), containing 

20mM Tris-HCl pH 7.5, 150mM NaCl, 1mM EDTA, 1% v/v Triton-X100, 2.5M 

sodium pyrophosphate, 1mM β-glycerophosphate and 1mM sodium 

orthovanadate, was diluted in distilled water to 1.5X concentration with one Roche 

Complete Mini Protease Inhibitor tablet (Roche, Basal, Switzerland) per 10ml. 

Keeping the flasks on ice, DMEM was aspirated and cells were washed twice with 

ice-cold PBS, then 100µl 1.5X cell lysis buffer was added to each flask. Flasks 

were rocked on ice for 10 minutes before the cells were scraped and the lysate 

transferred into an ice-cold Eppendorf. Lysates were spun at 1°C at 18,500 x g for 

10 minutes to pellet the cell debris. The supernatant was then transferred to another 

chilled Eppendorf and lysates stored at -80°C.  

2.4.2 Sample preparation 

A protein assay was performed in order to determine the protein concentration of 

the lysates and prepare samples with equal concentrations of total protein. Bovine 
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serum albumin (BSA) protein standards within a concentration range of 6.25-

800µg/ml were made up, as well as a blank water sample, with all standards 

containing 3.3% v/v 1.5X cell lysis buffer. Protein concentration of the cell lysate 

was determined using the Bio-Rad DC Protein Assay Kit (Bio-Rad, Hemel 

Hempstead, UK), as per manufacturer’s instructions.  Absorbance was read at 

750nm with 10 second pre-shake using the iMark™ Microplate Absorbance 

Reader (Bio-Rad, CA, USA). Samples were then prepared with a concentration 

50µg of protein per 20µl. 5X Laemmli sample buffer, containing 62mM Tris-HCl pH 

6.8, 10% v/v glycerol, 5% v/v 2-mercaptoethanol, 10% w/v SDS and 0.01% 

bromophenol blue, was added to the samples so each sample contained 5µl 

Laemmli buffer per total 25µl. Samples were then boiled for 5 minutes and stored 

at -20°C. 

2.4.3 SDS-PAGE and transfer 

Proteins were separated by sodium-dodecyl-sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE), with varying concentrations of acrylamide gels 

depending on size of the protein of interest. Gel components are shown in Table 

2.5. Gels were set up and run using Mini-Protean 3 Electrophoresis equipment 

(Bio-Rad, Hemel Hempstead, UK) according to the manufacturer’s protocol. Gels 

were first run for 15 minutes at 100V, then increased to 180V and run for 

approximately 45-60 minutes, allowing the sample dye to run completely through 

the gel. Tanks were filled with running buffer (components shown in Table 2.6). 

The samples were run alongside the Precision Plus Protein™ Dual Colour 

Standard (Bio-Rad Hemel Hempstead, UK) in order to determine the sizes of the 

proteins detected in the samples. 

Separated proteins were then transferred from the acrylamide gel onto an 

Immobilon® polyvinylidene difluoride (PVDF) membrane. The membrane was 

firstly pre-soaked in methanol, rinsed in distilled water and then soaked in transfer 

buffer (components shown in Table 2.6). The gels and membranes were placed 

within a transfer cassette in between pre-soaked filter paper and sponges, and 

then transfer was performed using a Transblot Cell (Bio-Rad, Hemel Hampstead, 

UK), running in transfer buffer at 100V for 90 minutes. 
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Table 2.5 Components of gels used for SDS-PAGE 

Component Source 

30% Acrylamide/1%Bis National Diagnostics, Hessle, UK 

Resolving Buffer 

1.5M Tris, pH 8.0 

0.4% SDS 

National Diagnostics, Hessle, UK 

Stack Buffer 

0.5% Tris pH 6.8 

0.4% SDS 

National Diagnostics, Hessle, UK 

Ammonium Persulfate 0.5g/ml Sigma Merck KGaA, Darmstadt, 

Germany 

TEMED Sigma Merck KGaA, Darmstadt, 

Germany 

 

 

Table 2.6 Components of running and transfer buffers used for SDS-PAGE 

Buffer Component Source 

Running + Transfer 192mM Glycine National Diagnostics, Hessle, 

UK 

Running + Transfer 25mM Tris National Diagnostics, Hessle, 

UK 

Running 0.1% (w/v) SDS Sigma Merck KGaA, 

Darmstadt, Germany 

Transfer 20% (w/v) methanol Sigma Merck KGaA, 

Darmstadt, Germany 
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2.4.4 Protein detection 

After protein transfer, the membrane was removed from the transfer equipment 

and soaked in 5% milk in Tween wash buffer (TSBT) (components shown in Table 

2.7) for 1 hour on a rocker, in order to prevent non-specific binding. Antibodies for 

the protein of interest (see Table 2.8) were diluted in 0.5% milk in Tris-Buffered 

Saline -Tween 20 (TBST), and membranes were incubated in 5ml of correctly 

diluted antibody for an appropriate time period (see Table 2.8). Membranes were 

then washed three times to remove unbound antibody with TBST, on a rocker, for 

10 minutes each wash. Membranes were incubated in 5ml of 1:1000 diluted 

horseradish peroxidise- (HRP-) conjugated secondary antibody depending on the 

species of the primary antibody. Details of secondary antibodies used are shown 

in Table 2.9. Following secondary incubation, membranes were again washed 

three times with TBST to remove unbound antibody. LumiGLO Peroxidase 

Chemiluminescence Substrate (KPL, Maryland, USA) was then used according to 

the manufacturer’s protocol; membrane were exposed to an x-ray film in a cassette 

for an appropriate length of time dependent on the strength of protein expression. 

Exposed films were developed using a Compact X4 Film Processor. Developed 

films were scanned for analysis and figure assembly using the SilverFast® Ai 

Studio 9 software (Lasersoft Imaging AG). 

 

 

Table 2.7 Components Tris-Buffered saline - Tween 20 (TBST) 

 

 

 

 

 

 

 

 

 

Component Source 

50mM Tris, HCl pH 7.4 National Diagnostics, UK 

150mM sodium chloride BDH, VWR, Poole, UK 

0.1% Tween 20 Sigma Merck KGaA, 

Darmstadt, Germany 
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Table 2.8 Details of primary antibodies used for western blotting 

Source Target protein Host 

species 

Dilution  Incubation 

Cell Signaling 

Technology 

#5345 

Neutral amino acid 

transporter (ASCT2)  

Rabbit 1:1000 Overnight, 

4°C 

Cell Signaling 

Technology 

#20843 

Asparagine Synthetase 

(ASNS) 

Rabbit 1:1000 Overnight, 

4°C 

Cell Signaling 

Technology 

#11815 

Activating Transcription 

Factor 4 (ATF4) 

Rabbit 1:1000 Overnight, 

4°C 

Cell Signaling 

Technology 

#88964 

Glutaminase 1 (GLS1) Rabbit 1:1000 Overnight, 

4°C 

ProteinTech 

16757-1-AP 

Glutamic-pyruvic 

transaminase (GPT2) 

Rabbit 1:1000 Overnight, 

4°C 

Cell Signaling 

Technology  

#5347 

Large neutral amino 

acid transporter (LAT1) 

Rabbit 1:1000 Overnight, 

4°C 

Abcam  

ab126707 

Pyruvate carboxylase 

(PC) 

Rabbit 1:1000 Overnight, 

4°C 

Cell Signaling 

Technology 

#6924 

Phosphoenolpyruvate 

carboxykinase 2 

(PCK2) 

Rabbit 1:1000 Overnight, 

4°C 

Cell Signaling 

Technology  

#3820 

Pyruvate 

dehydrogenase kinase 

1 (PDK1) 

Rabbit 1:1000 Overnight, 

4°C 

Sigma Merck 

KGaA, Darmstadt, 

Germany 

T9026 

α-tubulin  Mouse 1:10,000 1 hour, 

room 

temperature 
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Table 2.9 Details of secondary antibodies used for western blotting 

Source Antibody Host species  Dilution 

Sigma Merck KGaA, 

Darmstadt, Germany 

Anti-Mouse IgG 

Peroxidase 

Goat 1:1000 

Sigma Merck KGaA, 

Darmstadt, Germany 

Anti-Rabbit IgG 

Peroxidase 

Goat 1:1000 

 

 

2.4.5 Stripping and reprobing 

Membranes were stripped of antibodies for reuse by incubating in stripping buffer 

(250mM glycine, 1% w/v SDS, pH2) at room temperature for up to an hour, 

followed by two 10-minute washes in TBST and incubation in 5% milk in TBST for 

up to one hour. Membranes were reprobed either with antibodies for proteins of a 

different size to the original probe, or with the antibody for α-tubulin, in order to 

produce loading control bands. Membranes were not stripped and reprobed more 

than twice (including one for α-tubulin).  

2.4.6 Western blot image analysis 

Western blot images were quantified using a method by Hossein Davarinejad, 

available online (249). Density of bands detected by western blotting was 

measured using the “measure” function in ImageJ. A box was drawn around the 

largest band to be analysed and this box was used to measure the “mean grey 

value” of each band, as well as the mean grey value of the background next to 

each band (keeping the exact same sized box for each measurement). Mean grey 

value is measured on a scale from 0-255, where 0 is black and 255 is white. 

Therefore, the values were inverted by subtracting each value from 255, so that a 

darker band correlated with a higher reading. The net density of each band was 

then calculated by subtracting the background measurement from the band 

measurement. This process was then repeated for the loading control bands from 

each sample. Net protein expression was then calculated relative to the loading 

control by dividing the protein band measurement by the loading control 

measurement.  

In order to compare data from this process from independent experiments, protein 

expression changes were calculated as relative changes from the control 
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conditions in each replicate. For example, net protein expression in the aspirin 

treated cells was divided by net protein expression in the control medium cells, so 

protein expression with aspirin was expressed as a fold-change. Results from at 

least three independent experiments was analysed with this method, as the values 

presented as a bar graph with standard error. One-sample t-tests comparing to a 

hypothetical mean of 1 were performed in each condition to determine statistical 

significance. P-values of less than 0.05 were considered significant.  

 

 mRNA quantificaiton 

2.5.1 Isolation of RNA 

Cells were washed once with PBS and then treated with 1ml TRI-reagent per T25 

flask. Cells were scraped and placed in an RNase free Eppendorf. Samples were 

either stored at -80°C or processed immediately. 200µll chloroform was added to 

the sample, before shaking for ~10 seconds and incubating at room temperature 

for 2-3 minutes. Samples were then centrifuged at 11,500rpm at 4°C for 15 

minutes. The resulting top later in the Eppendorf containing the RNA was 

transferred to a new Eppendorf tube. 0.5ml of 100% isopropanol was then added 

and mixed with the sample, followed by 10-minute incubation at room temperature. 

Samples were again centrifuged at 11,500rpm at 4°C for 10 minutes. The 

supernatant was removed leaving the pelleted RNA in the Eppendorf. The pellet 

was then dissolved in 1ml 75% ethanol, then the sample was centrifuged at 

8,500rpm at 4°C for 5 minutes. The supernatant was discarded, and the pellet 

allowed to air-dry. The pellet was then resuspended in 100µl RNase free water. 

Traces of phenol and ethanol were removed using the Qiagen® RNeasy® clean 

up kit, with an additional on-column DNase digestion, (Qiagen, Manchester, UK) 

according to the manufacturer’s protocol. 

2.5.2 Synthesis of cDNA 

Concentration of RNA samples was determined by NanoDrop (Thermo Scientific 

Karlsruhe, Germany). For each sample, 2µg of RNA and 1µl of oligo dT primer 

(Promega, WI, USA) were combined in a pair of RNase free PCR tubes. These 

were placed at 70°C for 5 minutes, then subsequently kept on ice. To each sample 

in the pair, 5μl of M-MLV 5x reaction buffer (Promega), 5μl dNTP (Promega, WI, 

USA) and 0.63μl of Recombinant RNasin Ribonculease Inhibitor (Promega, WI, 

USA) were added. Then to one tube in the pair was added 1μl ddH2O, which would 
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act as the no reverse transcription (no RT) control. To the other tube was added 

1μl reverse transcriptase, M-MLV RT (Promega, WI, USA). The samples were 

made up to a total volume of 25μl by adding RNase free water. Samples were 

mixed before incubation at 40°C for 60 minutes, for synthesis of cDNA strands. 

175μl RNase free water was then added to each sample to dilute cDNA to 

0.01μg/μl. cDNA samples were stored at -20°C until analysis.  

2.5.3 qPCR 

cDNA samples were analysed by quantitative real time polymerase chain reaction 

(qPCR) to determine the levels of mRNA for specific genes in the original samples. 

This was done using Quantifast SYBR green (Qiagen, Manchester, UK) containing 

dNTPs, SYBR green I dye, ROX dye and hot start Taq polymerase. Primers for 

genes of interest were purchased from Qiagen (see Table 2.10). Samples were 

diluted appropriately using RNase free water. 2μl cDNA, per 12.5μl reaction, was 

added to each sample along with SYBR green mastermix and primers in a 96 well 

polypropylene plate (Agilent Technologies, CA, USA), and the plate spun down to 

mix the samples. Each sample was carried out in triplicate alongside a no RT 

control, to test for contaminating DNA. qPCR analysis was performed using the 

MxPro 3005P Real-time Thermal Cycler (Agilent Technologies, CA. USA), as per 

the program set up shown in Table 2.11, for 40 cycles. Resulting data was 

analysed using the MxPro software. ROX was used as a reference dye and each 

gene of interest was normalised to the house-keeping genes TBP or HPRT. One-

sample t-tests comparing to a hypothetical mean of 1 were performed in each 

condition to determine statistical significance. P-values of less than 0.05 were 

considered significant.  
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Table 2.10 Catalogue numbers of primers used for qPCR analysis, purchased 

from Qiagen, UK 

Gene name Catalogue number 

ATF4 QT00074466 

GPT2 QT00066381 

GLS1 QT00019397 

HPRT QT00059066 

PC QT01005592 

PCK2 QT00013125 

PDK1 QT00069636 

SLC7A11 QT00002674 

SLC7A5 QT00089145 

TBP QT00000721 

 

Table 2.11 qPCR program 

Step Time Temperature 

PCR Initial Activation Step 15 mins 95°C 

Three-step cycle (40 cycles): 

• Denaturing 

• Annealing (fluorescence detection) 

• Extension 

 

15 secs 
30 secs 
30 secs 

 

94°C 
55°C 
72°C 

 

 

 Stable isotope tracer analysis 

Cells were seeded in 6cm plates and cultured in the appropriate growth medium 

(10% DMEM with or without aspirin) for a total of 72 hours, in triplicate for each 

condition. At the appropriate time point prior to extraction, growth medium was 

aspirated cells were washed twice with PBS. Medium was then replaced with 

phenylalanine-free DMEM supplemented with 10% dialysed fetal calf serum 
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(dFCS), 100 units/ml penicillin, 100µg/ml streptomycin, 0.4mM phenylalanine, 

10mM glucose, and 2mM glutamine. Either glucose or glutamine were replaced 

with uniformly labelled versions (U-[13C]-glucose/glutamine, Cambridge Isotopes).  

For sample extraction, media was aspirated, and the cells were washed twice with 

ice-cold 9g/L saline solution. 800µl of ice-cold 80% methanol was then added to 

each flask, and cells were scraped and transferred into a 1.5ml Eppendorf. 

Extracted cells were spun at 1°C at 18,500 x g for 10 minutes to pellet the cell debris. 

The supernatant was then transferred to another chilled Eppendorf, and stored at -

80°C until required. Samples were then dried down using a SpeedVac™ to 

concentrate the metabolites and analysed by gas chromatography mass 

spectrometry (GCMS) at the Metabolomics Core Facility at McGill University, 

Canada, as described in (250, 251).  

Parallel flasks with identical treatment were used to count cell number at the time 

of extraction in order to normalise metabolite abundance data to cell number in 

each sample. 

Mass spectrometry data was analysed using the Agilent ChemStation software. 

This was then further analysed using a Microsoft Excel spreadsheet developed by 

Shawn McGuirk et al. to determine metabolite abundances, mass isotopomer 

distribution (MID) and 13C abundance in each metabolite.  

 

 Extracellular flux analysis 

Extracellular flux analysis was performed using a Seahorse XFp analyser (Agilent, 

Santa Clara, CA, USA) according to the manufacturer’s protocol.  

60,000 cells were seeded and adhered to the cell culture plate immediately before 

analysis, in order to allow direct comparison of results without the requirement of 

normalising the results to cell number.  

An 8-well Cell Culture Miniplate (Agilent, Santa Clara, CA, USA) was pre-treated 

with Corning® Cell-Tak Tissue adhesive. 3.22µl adhesive was mixed with 0.25ml 

PBS. 10µl of this solution was then added to each well the plate, followed by 20µl 

NaCO3. After 20 minutes, the solution was removed from the wells by pipetting. 

Each well was washed twice with PBS then left to air dry. Plates were refrigerated 

until use and were warmed to room temperature before seeding. The sensor 
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cartridge was hydrated with calibrant and incubated in a CO2 free incubator at 37°C 

overnight.  

On the day of analysis, cells were trypsinised, counted and resuspended in 

Seahorse XF Base Medium (Agilent, Santa Clara, CA, USA) supplemented with 

10mM Seahorse XF glucose, 1mM Seahorse XF pyruvate and 2mM Seahorse XF 

glutamine (Agilent, Santa Clara, CA, USA). 60,000 cells were seeded in 80µl 

medium, and centrifuged at 200g for 1 minute, with no braking on the centrifuge. 

One well contained cell-free medium to be used as a blank measurement in the 

analyser. A further 100µl of supplemented Seahorse medium was then added to 

each well, making a total well volume of 180µl. The plate was incubated in a non-

humidified incubator at 37°C and 5% CO2 for approximately 45 minutes prior to 

analysis.  

Stocks of oligomycin, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone 

(FCCP), rotenone/antimycin A and monensin (purchased from Sigma Merck 

KGaA, Darmstadt, Germany) were made in DMSO and diluted in Seahorse 

medium before loading into the injection ports of the sensor cartridge in order to 

carry out the Cell Mito Stress Test. Details of the volumes and concentrations of 

these compounds are shown in Table 2.12.  

 

Table 2.12  Details of injection compounds used for extracellular flux 

analysis in the Mito Stress Test  

 

 

Port Compound Injection port 

concentration 

Injection 

port 

volume 

Final well 

concentration 

Final 

well 

volume 

A Oligomycin 20µM 20µl 2µM 200µl 

B FCCP 20µM 22µl 2µM 222µl 

C Rotenone/ 

antimycin A 

10µM/10µM 25µl 1µM/1µM 247µl 

D Monensin 200µM 27µl 20µM 274µl 
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2.7.1 Bioenergetics analysis 

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) data 

generated from extracellular flux analysis was used to estimate ATP production 

from glycolysis and oxidative phosphorylation (oxphos) using a spreadsheet 

produced by Eric H Ma and Kelsey Williams in the Russell Jones lab (252, 253), 

accessible from https://russelljoneslab.vai.org/tools/. 

 

 Statistical analysis 

Results are expressed as mean values +/- standard error of the mean (SEM) where 

three or more independent experiments were performed. Where a single 

experiment was performed, the mean of technical replicate readings +/- standard 

deviation (SD) is expressed. p-values greater than or equal to 0.05 (p≤0.05) were 

considered statistically significant (*). Two asterisks indicate p≤0.01 (**), three 

asterisks indicate p≤0.001 (***) and four asterisks indicate p≤0.0001 (****). 

GraphPad Prism (GraphPad Software Inc, California, USA) was employed for 

statistical analysis including calculation of SD, SEM and t-tests.  

 

 Proteomic data analysis 

Raw proteomics data were analysed and organised by Dr Phil Lewis in the 

Proteomics Facility at the University of Bristol. Analysis of gene lists from proteomic 

data was performed using Webgestalt.org. A list of significantly regulated genes in 

both long-term 2mM and 4mM aspirin (shown in Appendix 7.1) was entered into 

the “Gene List” section. “Method of Interest” entered was Over-representation 

analysis, and “Functional Database” entered was Pathway and KEGG. Genes 

involved in central carbon metabolism were selected from the “Central carbon 

metabolism in cancer” and “Pyruvate metabolism” categories. Analysis using 

Ingenuity Pathway Analysis (IPA) was performed by Phil Lewis in the Proteomics 

Facility at the University of Bristol.  

  

https://russelljoneslab.vai.org/tools/
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 Introduction 

As discussed in section 1.3.1, the impact of aspirin treatment on CRC incidence is 

affected by many factors, particularly the length of time for which aspirin is taken. 

Patients may take aspirin for many years for the prevention of cardiovascular 

disease, and the chemo-preventative role is only reported after around 10 years 

after commencing aspirin treatment (154). While the effects of aspirin on many 

aspects of cell biology have been studied in detail (described in section 1.3.2), 

treatment times of cells in vitro have been short (usually <1 week). Given different 

lengths treatment have differing effects on CRC incidence and mortality, it was 

hypothesised that longer term exposure to aspirin may have distinct effects on cell 

biology and may lead to distinct adaptations. Work has been previously carried out 

in the Williams lab in order to investigate this hypothesis (unpublished). 

Three CRC cell lines (SW620, LS174T, HCA7) were cultured with either 2mM or 

4mM aspirin alongside untreated controls for approximately 52 weeks, this was 

defined as long-term exposure. Proteomic analysis was performed on SW620 cells 

after 52 weeks of treatment, in order to investigate the effects of long-term aspirin 

exposure and identify novel mechanisms of action or potential adaptations using 

an unbiased approach (experiments carried out by Dr Eleanor Mortensson and Dr 

Kate Heesom). The design of this experiment is shown in Figure 3.1. 

Figure 3.1  Experimental design for proteomic analysis of long-term aspirin 

treated SW620   

Adapted from Dr Eleanor Mortensson, unpublished. Created with BioRender.com. 
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Volcano plots showing regulation of proteins in this experiment are shown in Figure 

3.2. These show a dose-dependent effect of aspirin on the number of significantly 

up- and downregulated proteins.  

 

 

 

 

Over-representation analysis of the proteins that were significantly regulated 

(p<0.05, fold change>1.4) in both 2mM and 4mM aspirin using the online tool 

Webgestalt highlighted “metabolic process” as having the most regulated proteins 

in gene ontology (GO) biological processes (Figure 3.3). This suggests that 

regulation of cell metabolism may be a key mechanism of long-term aspirin 

treatment in these cells, and therefore warrants further investigation. This chapter 

aims to further analyse the proteomic data set, building on original analysis by Dr 

Eleanor Mortensson, to further understand the effect of aspirin on cell metabolism, 

and to validate these findings in the laboratory.  

Figure 3.2  Volcano plots from proteomic analysis of long-term (52-week) 

aspirin treated SW620 cells  

Data produced by Dr Eleanor Mortensson, unpublished. 
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Figure 3.3  Overrepresentation analysis of significantly regulated proteins 

with long-term (52-week) aspirin treatment in SW620 cells 

Comparison with gene ontology (GO) biological process categories shows “metabolic 

process” has the highest number of regulated genes with long-term aspirin treatment. 

Analysis performed by Dr Eleanor Mortensson.  
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 Aims 

Proteomic analysis of long-term aspirin treated SW620 cells highlighted regulation 

of genes involved in “metabolic processes”, suggesting that prolonged exposure to 

aspirin might reprogram cellular metabolism. As this could be key to understanding 

the mechanism underlying the anti-cancer effect of aspirin, the aims of this chapter 

are: 

i. To perform analysis of proteomic data from SW620 cells treated long-term 

with aspirin to investigate the effect of aspirin exposure on expression of 

metabolic proteins 

ii. To validate proteomic results using western blotting and qPCR in a number 

of different colorectal cancer cell lines 

iii. To investigate the effects of short-term aspirin treatment on metabolic 

protein expression, and to compare this with the effects of long-term 

treatment 

iv. To investigate the stability of protein expression changes in long-term 

aspirin treated cells after the removal of aspirin 
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 Results 

3.3.1 Long-term aspirin exposure regulates metabolic proteins 

Preliminary analysis of the proteome of SW620 cells treated with long-term (52-

week) 0, 2 and 4mM aspirin highlighted regulation of a number of proteins involved 

in metabolism (Dr Eleanor Mortensson, personal communication). Therefore, the 

initial aim of the project was to further analyse the proteomic data to investigate 

the effect of long-term exposure to aspirin on cellular metabolism. From the 

proteomics results, a list was generated of proteins that were significantly regulated 

(p<0.05, fold change>1.4) in both 2mM and 4mM long-term aspirin treated cells 

compared to controls. The full list with the fold changes and p-values is shown in 

Appendix 7.1. 

Analysis of these proteins using the ‘pathway enrichment analysis’ function in 

Webgestalt (further described in section 2.8) identified several enzymes involved 

in central carbon metabolism, shown in Figure 3.4. Several enzymes involved in 

glucose metabolism were upregulated, including the glucose transporter 1 

(GLUT1/SLC2A1), the glycolysis enzyme hexokinase 1 (HK1), and pyruvate 

carboxylase (PC). Pyruvate dehydrogenase kinase 1 (PDK1) was downregulated, 

suggesting an increase in activation of pyruvate dehydrogenase (PDH). These 

changes collectively indicate a potential increase in glucose import, glycolysis, and 

entry of glucose-derived carbon into the TCA cycle. Interestingly, glutaminase 1 

(GLS1), which catalyses the first step of glutaminolysis, allowing entry of glutamine 

into the TCA cycle, was also upregulated. These changes suggest there may be 

an overall increase in entry of carbon derived from both glucose and glutamine into 

the TCA when the cells are treated with long-term aspirin.  
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Due to the large increase in GLS1 expression, expression of other proteins 

involved in glutamine metabolism was also investigated, to establish whether there 

was a clear overall increase in the glutaminolysis pathway as a whole. Figure 3.5 

shows regulation of enzymes involved in catalysing the two steps of glutaminolysis 

(254) (conversion of glutamine into glutamate, and subsequently α-ketoglutarate), 

as well as transporters of both glutamine and glutamate, with long-term 4mM 

aspirin. The full list of these proteins with the fold changes and p-values is shown 

in Appendix 7.2. 

Despite the strong upregulation of GLS1, several other key glutaminolysis 

enzymes, including asparagine synthetase (ASNS), glutamic-pyruvic 

transaminase 2 (GPT2), and phosphoserine aminotransferase 1 (PSAT1), were 

downregulated,  making it unclear whether there is an overall increase in the 

glutaminolysis pathway with aspirin treatment. Interestingly, the cystine/glutamate 

antiporter xCT (SLC7A11) and large neutral amino acid transporter LAT1 

(SLC7A5/SLC3A2) were also both downregulated with aspirin. 

Figure 3.4  Proteins involved in central carbon metabolism are significantly 

regulated in long-term (52-week) aspirin treated SW620 cells 

Proteins involved in central carbon metabolism that are significantly regulated with both LT 

2mM and 4mM aspirin in proteomic data set (p<0.05, fold change>1.4). Colour scale shows 

log2 fold changes from proteomic data set in long-term (LT) 4mM aspirin compared to 

controls. Created with BioRender.com. 
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3.3.2 Long-term aspirin is associated with reduced ATF4 signalling 

Several of the proteins downregulated in the proteomic data are transcriptional 

targets of activating transcription factor 4 (ATF4), suggesting aspirin may have an 

overall inhibitory effect on ATF4 signalling. This was further investigated by 

analysis of the proteomic data using Ingenuity Pathway Analysis (IPA), which 

showed inhibition of ATF4 signalling with aspirin (p= 0.0116, z-score=-2.894). This 

supports the hypothesis that aspirin may have a metabolic reprogramming effect, 

as ATF4 is an important regulator of cell metabolism and amino acid homeostasis 

(255). The transcriptional targets of ATF4 that were identified in the proteomic data 

set by IPA, along with their fold changes with aspirin treatment, are shown in Figure 

3.6. The full list with the fold changes and p-values is shown in Appendix 7.3. 

Figure 3.5  Glutaminolysis proteins are regulated in long-term (52-week) 

aspirin treated SW620 cells 

Regulation of proteins involved in glutaminolysis in long-term (LT) 4mM aspirin treated cells 

compared to controls in proteomic data set, colour scale shows log2 fold changes. Created 

with BioRender.com. 
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3.3.3 Long-term aspirin regulates expression of metabolic enzymes 

in SW620 cells 

As several key metabolic enzymes show regulation with long-term aspirin 

treatment in the proteomic data, a sample of these were validated by western 

Figure 3.6  ATF4 target genes are regulated in long-term (52-week) aspirin 

treated SW620 cells 

Colour scale shows log2 fold changes from proteomic data set of transcriptional targets of 

ATF4 in 4mM aspirin compared to controls, as identified by Ingenuity Pathway Analysis 

(IPA).  
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analysis. Validation of the antibodies for GLS1, PC and PDK1 used for this analysis 

by performing siRNA knockdown is shown in Appendix 7.4, and for GPT2 in Figure 

3.17. Samples were taken 72 hours after seeding long-term (~52-week) aspirin 

treated SW620 cells in the relevant aspirin dose (2mM, 4mM or control).  

These results (shown in Figure 3.7) confirm significant regulation of several 

proteins in line with the proteomic data, including downregulation of PDK1 and 

GPT2, and upregulation of GLS1. Western blotting identified two distinct splice 

variants of GLS1 (known as GLS1GAC and GLS1KGA). As GLS1GAC was the 

dominantly expressed isoform in these cells, this isoform was used for statistical 

analysis. PC and LAT1 were not significantly regulated, but showed a trend 

towards upregulation and downregulation respectively, in line with the proteomic 

data. In contrast, despite showing downregulation in the proteomic data, ASNS 

and PCK2, both targets of ATF4, did not show consistent regulation by western 

blotting. Furthermore, although not significantly regulated in proteomic data, 

western analysis showed a trend towards downregulation of the glutamine 

transporter SLC1A5/ASCT2 (alanine-serine-cystine transporter 2), though this was 

not significant. Interestingly, despite regulation of a number of transcriptional 

targets of ATF4, the ATF4 protein levels were not found to be consistently 

regulated with aspirin treatment by western blotting, consistent with the function of 

ATF4 being modified by post-translational regulation (256). ATF4 protein was not 

detected in the proteomic data set. 

To investigate whether the metabolic proteins of interest undergo transcriptional 

regulation, expression of a selection of genes of interest were also investigated by 

qPCR (Figure 3.8). Neither GLS1, PC nor PDK1 showed significant regulation of 

mRNA levels, suggesting post-translational regulation on exposure to aspirin. 

GLS1 showed a trend towards upregulation, suggesting there may be some 

transcriptional regulation of GLS1. Interestingly, four transcriptional targets of 

ATF4 (GPT2, PCK2, SLC7A11, SLC7A5) all showed strong and significant 

downregulation with both long-term 2mM and 4mM aspirin, further supporting the 

previous findings that aspirin may inhibit ATF4 signalling (section 3.3.2). ATF4 

itself did not show transcriptional regulation, again consistent with post-

translational regulation.  
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Figure 3.7  Long-term (52-week) aspirin treatment regulates metabolic 

enzymes in SW620 cells 

a Western analysis of long-term (LT) aspirin treated SW620 cells, representative of at least 

3 independent experiments. ns=non-specific band. b Quantification by densitometry, to 

show protein expression relative to control. Error bars represent standard error, *=p≤0.05, 

**=p≤0.01. 
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3.3.4 Short-term aspirin regulates metabolic proteins in SW620 cells 

As western blotting and qPCR results confirmed significant regulation of metabolic 

proteins with long-term aspirin, it was next investigated whether this regulation also 

occurred with short-term aspirin treatment. This is an important question when 

considering therapeutic use of aspirin, as there is a need to determine whether 

aspirin may have benefit for patients who have not previously been taking aspirin. 

In order to investigate this, SW620 cells were seeded in media containing either 

0mM (control), 2mM or 4mM aspirin, and cultured for 72 hours prior extraction and 

western blotting. These results are shown in Figure 3.9.  

Figure 3.8  Long-term (52-week) aspirin treatment regulates transcription of 

ATF4 target genes in SW620 cells 

qPCR analysis of long-term (LT) aspirin treated SW620 cells, showing expression of mRNA 

with aspirin treatment relative to control. Data show 4 independent experiments. Error bars 

represent standard error, *=p≤0.05, **=p≤0.01, ***=p≤0.001. 
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GLS1GAC showed significant upregulation with short-term 2mM aspirin, though this 

was to a lesser extent than in the long-term treatment. PC also showed significant 

upregulation with 2mM aspirin, despite PC not being significantly regulated with 

long-term treatment. ASCT2 shows a trend towards downregulation with 4mM, 

again in line with the effect observed with long-term aspirin treatment, though this 

was not significant. None of the other proteins investigated, including those that 

were significantly regulated with long-term aspirin, showed significant regulation 

with short-term aspirin treatment, including ASNS, GPT2, LAT1, PCK2 and PDK1. 

This suggests that while short-term aspirin treatment is sufficient to induce some 

of the changes seen with long-term aspirin treatment (such as induction of 

GLS1GAC expression), longer exposure times are required to regulate expression 

of other proteins, and/or to have the same level of regulation.  

Investigation of transcriptional regulation of metabolic genes was performed with 

short-term aspirin treated SW620 cells (Figure 3.10). The ATF4 target genes 

SLC7A5 and GPT2 that were strongly transcriptionally regulated with long-term 

aspirin, also showed significant downregulation with short-term aspirin (although 

to a slightly lesser extent, consistent with the protein expression). Despite showing 

downregulation with long-term aspirin treatment, PCK2 and SLC7A11 did not show 

any significant transcriptional regulation with short-term aspirin treatment. These 

results suggest that short-term aspirin treatment is sufficient to induce some 

regulation of metabolic genes, particularly targets of ATF4, suggesting short-term 

as well as long-term aspirin treatment may inhibit ATF4 signalling, but to a lesser 

extent. As LAT1 (SLC7A5) and GPT2 did not show any regulation at the protein 

level with short-term aspirin but did show transcriptional regulation, this suggests 

the treatment may need to be extended in order to see protein level regulation, and 

that the full long-term treatment (52 weeks) may not be required for this effect.  

Overall, these results show that short-term (72-hour) aspirin treatment has a similar 

effect on regulation of some of the metabolic enzymes that are also regulated with 

long-term (52-week) aspirin treatment in SW620, though longer treatment has a 

stronger effect on regulation. In particular GLS1, PC and PDK1 show relatively 

consistent regulation and therefore the next experiments were designed to 

investigate the effect of a time course of aspirin treatment on expression of these 

enzymes.  
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Figure 3.9  Short-term (72-hour) aspirin treatment regulates metabolic 

enzymes in SW620 cells 

a Western analysis of short-term (ST) aspirin treated SW620 cells, representative of 3 

independent experiments. ns=non-specific band. b Quantification by densitometry, to show 

protein expression relative to control. Error bars represent standard error, *=p≤0.05, 

***=p≤0.001. 
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3.3.5 Metabolic enzyme expression is regulated within 72 hours of 

aspirin treatment in SW620 cells 

To investigate the timing of protein regulation upon aspirin treatment, expression 

of GLS1, PC and PDK1 was analysed by western blotting after a time course of 

aspirin treatment (24, 48, 72 and 96 hours) in SW620 cells. These results are 

shown in Figure 3.11. Expression of GLS1GAC protein showed a trend towards 

upregulation within 24 hours of 4mM aspirin treatment (though not significant), and 

was significantly regulated in both 2mM and 4mM by 72 hours. The upregulation 

at 96 hours was not statistically significant due to variation between replicates. 

PDK1 was significantly downregulated at 72 hours and 96 hours of aspirin 

Figure 3.10  Short-term (72-hour) aspirin treatment regulates transcription of 

ATF4 target genes in SW620 cells 

qPCR analysis of short-term (ST) aspirin treated SW620 cells, showing expression of mRNA 

with aspirin treatment relative to control. Data show 3 independent experiments. Error bars 

represent standard error, *=p≤0.05, **=p≤0.01. 
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treatment with 4mM aspirin. PC expression was significantly upregulated at 72 

hours of 4mM aspirin treatment, and is upregulated at 96 hours though this is not 

statistically significant. 

Figure 3.11  Time course of metabolic enzyme regulation with 24- 96 hours 

of aspirin treatment in SW620 cells 

a Western analysis of a time-course of aspirin treatment in SW620 cells, representative of 

3 independent experiments. b Quantification by densitometry, to show protein expression 

relative to control. Error bars represent standard error, *=p≤0.05, **=p≤0.01. 
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3.3.6 Regulation of GLS1 expression with long-term aspirin is stable 

up to 72 hours post aspirin removal 

Results thus far have shown that aspirin treatment causes regulation of metabolic 

enzymes, particularly GLS1, within a short time frame (72 hours), and this 

regulation is increased and maintained following long-term treatment with aspirin. 

It was next asked whether these changes are stable following removal of aspirin in 

long-term aspirin treated cells. SW620 cells previously treated with long-term 

aspirin were cultured in aspirin-free media, and protein expression was analysed 

by western blotting at 24, 48 and 72 hours post aspirin removal. These results are 

shown in Figure 3.12. GLS1GAC remains upregulated in cells treated previously with 

both 2mM and 4mM aspirin compared to controls up to 72 hours post aspirin 

removal, suggesting this regulation is relatively stable. PC shows some 

upregulation at 24 and 48 hours post aspirin removal, whereas PDK1 does not 

show any clear regulation. This experiment was performed once, therefore further 

replication and longer aspirin removal times would be required to fully investigate 

the stability of GLS1 induction.  

 

Figure 3.12  Regulation of GLS1 expression with long-term (52-week) aspirin 

is stable up to 72 hours post aspirin removal 

Western analysis of long-term (LT) aspirin treated SW620 cells, cultured in the absence of 

aspirin for up to 72 hours. Expression of GLS1, PC and PDK1 was analysed 24, 48 and 72 

hours post aspirin removal.  
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3.3.7 Aspirin regulates metabolic proteins in CRC cell lines LS174T 

and HCA7 

As results so far have shown significant regulation of metabolic enzymes with 

aspirin treatment in the CRC cell line SW620, it was next investigated whether the 

same regulation occurs in two further CRC cell lines, LS174T and HCA7. These 

experiments were conducted to determine whether this was a cell line specific 

effect or more broadly applicable to CRC cells.  

Expression of GLS1, PC and PDK1 was analysed by western blotting in LS174T 

(Figure 3.13) and HCA7 (Figure 3.14), with both short-term (72-hour) and long-

term (>26 weeks) aspirin treatment. In LS174T cells, GLS1GAC showed a trend 

towards upregulation in both short- and long-term 4mM aspirin, consistent with 

results from SW620 cells, though this was only significant in short-term 4mM 

aspirin. PC and PDK1 do not show significant regulation.  

In HCA7 cells, GLS1GAC showed some upregulation with both short- and long-term 

aspirin treatment, but this was not significant. PDK1 was significantly 

downregulated with long-term 4mM aspirin treatment, again consistent with results 

seen in SW620. However, in contrast to SW620 cells, PC was significantly 

downregulated in HCA7 with long-term 4mM aspirin.  

Despite some differences, these results show that regulation of metabolic enzymes 

with aspirin treatment occurs in the three CRC cell lines investigated, and that 

short-term treatment is sufficient to induce some regulation. Induction of GLS1 

expression is particularly consistent across cell lines and treatment times.  
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Figure 3.13  Short-term (72-hour) and long-term (>26-week) aspirin treatment 

regulates GLS1GAC in LS174T cells 

a Western analysis of short-term (ST) and long-term (LT) aspirin treated LS174T cells, 

representative of 3 independent experiments. b Quantification by densitometry, to show 

protein expression relative to control. Error bars represent standard error, *=p≤0.05. 

 

a 

b 
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Figure 3.14  Short-term (72-hour) and long-term (>26-week) aspirin treatment 

regulates metabolic enzymes in HCA7 cells 

a Western analysis of short-term (ST) and long-term (LT) aspirin treated HCA7 cells, 

representative of 3 independent experiments. b Quantification by densitometry, to show 

protein expression relative to control. Error bars represent standard error, *=p≤0.05. 

 

a 
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3.3.8 Long-term aspirin regulates metabolic enzymes in colorectal 

adenoma cell line RG/C2 

Having investigated regulation of metabolic enzymes with aspirin treatment in CRC 

cell lines and shown some variation in response, it was next asked whether the 

same effect occurs in colorectal adenoma cells. This is an important question when 

considering aspirin as a preventative as well as therapeutic agent for colorectal 

cancer. Expression of GLS1, PC and PDK1 were analysed by western blotting in 

the colorectal adenoma cell line RG/C2 following long-term aspirin treatment (120 

weeks). These results are shown in Figure 3.15. Both splice variants of GLS1 

(GLS1KGA and GLS1GAC) were expressed in this cell line, with GLS1KGA being the 

more highly expressed isoform. This is in contrast to the carcinoma cell lines, 

where GLS1GAC was dominantly expressed. Interestingly, both isoforms of GLS1 

showed upregulation with long-term 4mM aspirin in this cell line, consistent with 

results seen in the carcinoma cell lines, though this was only significant in the KGA 

isoform. Neither PC nor PDK1 showed consistent regulation.  

Figure 3.15  Long-term (120-week) aspirin treatment regulates GLS1GAC in 

RG/C2 cells 

a Western analysis of long-term (LT) aspirin treated RG/C2 cells, representative of 3 

independent experiments. b Quantification by densitometry, to show protein expression 

relative to control. Error bars represent standard error, *=p≤0.05. 

 

a b 
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3.3.9 Knockdown of ATF4 or GPT2 does not induce upregulation of 

GLS1 expression 

As described in section 1.2.8.3, GLS1 is often upregulated in cancer, particularly 

CRC, and is thought to promote tumorigenesis. It is therefore interesting that GLS1 

is upregulated with aspirin treatment, as aspirin has anti-tumorigenic effects, 

decreasing cell proliferation and inducing apoptosis in vitro (257), as well as 

decreasing CRC risk in patients (as described in section 1.3.1). It was therefore 

hypothesised that GLS1 may be upregulated with aspirin treatment in response to 

other proteins involved in glutaminolysis being downregulated as a compensation 

mechanism, rather than a direct effect of aspirin. Proteomic data, and subsequent 

validation, suggests that ATF4 signalling is inhibited with aspirin treatment. As 

ATF4 regulates many genes involved in amino acid metabolism, it was investigated 

whether GLS1 may be upregulated in response to ATF4 inhibition. Furthermore, 

GPT2 (a transcriptional target of ATF4) was also found to be downregulated with 

aspirin. GPT2 has been previously shown to be upregulated in response to GLS1 

inhibition or knockdown (258), suggesting that the reverse effect may also occur, 

and that GLS1 may also be upregulated with aspirin treatment specifically in 

response to downregulation of GPT2. It was therefore also investigated whether 

GLS1 is upregulated in response to downregulation of GPT2 (shown in section 

3.3.3). 

To investigate this, knockdown of ATF4 using siRNA was performed in SW620 

cells, and GPT2 and GLS1 expression were analysed over a time course (48-96 

hours), shown in Figure 3.16. Gene expression was analysed by both western 

blotting and qPCR, which showed that although there was not a strong knockdown 

of ATF4 at the protein level, there was an approximate 80% knockdown at the 

mRNA level. These results show that ATF4 knockdown reduces levels of GPT2 

mRNA and protein after 72 and 96 hours of knockdown, as expected. However, 

GLS1 expression is not induced, and is actually decreased at the protein level. 

A time course of GPT2 knockdown was also performed (48-96 hours) and GPT2 

and GLS1 expression was analysed by western blotting (Figure 3.17). This shows 

strong knockdown of GPT2 protein, however there is no clear change in expression 

of GLS1. These results suggest that upregulation of GLS1 expression with aspirin 

treatment is not a direct response to inhibition of ATF4 signalling or downregulation 

of GPT2.  
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Figure 3.16  Knockdown of ATF4 does not induce expression of GLS1 

a Western analysis of ATF4, GPT2 and GLS1 expression in SW620 cells after knockdown 

of ATF4 with siRNA, after 48, 72 and 96 hours after knockdown. ns=non-specific band.  b 

qPCR analysis of ATF4, GPT2 and GLS1 expression in SW620 cells after knockdown of 

ATF4, at 48, 72 and 96 hours after knockdown.  a shows representative blots from 2 

independent experiments. b shows technical replicates from one individual experiment, 

(n=2 for ATF4 48hr, n=3 for all other conditions), error bars show standard deviation.  
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Figure 3.17  Knockdown of GPT2 does not induce expression of GLS1 

Western analysis of GPT2 and GLS1 expression in SW620 cells after knockdown of GPT2 

with siRNA, at 48, 72 and 96 hours after knockdown. ns=non-specific band. 
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 Discussion 

The aim of this chapter was to build on previous proteomic analysis performed in 

the Williams lab to investigate novel effects of long-term aspirin exposure in CRC 

cells. Previous analysis of these data highlighted that aspirin regulates proteins 

involved in metabolic processes (Dr Eleanor Mortensson, unpublished), leading to 

the hypothesis that aspirin could act to reprogram cellular metabolism of CRC cells. 

Due to the large amount of research interest in targeting cancer metabolism, as 

well as further understanding anti-cancer mechanisms of aspirin, this hypothesis 

warranted further investigation. Identification and characterisation of metabolic 

reprogramming downstream of aspirin treatment would help to further understand 

its anti-cancer mechanisms, which could help in maximising clinical benefit of 

aspirin use in CRC prevention and treatment, such as identifying optimum 

treatment timing and patient subgroups. This is particularly important when 

considering the associated risks of aspirin treatment, such as increased risk of 

severe bleeding.  

Analysis of the significantly regulated proteins within the proteomic data highlighted 

regulation of key metabolic enzymes: GLS1, GLUT1, HK1, PC and PDK1. The 

directions of these changes suggested there may be an overall increase in carbon 

entry derived from both glucose and glutamine into the TCA when the cells are 

treated with long-term aspirin. However, metabolic activity cannot always be 

inferred from metabolic enzyme expression alone. Therefore, further investigation 

is required in order to confirm this, which is carried out in the following chapter 

(Chapter 4).   

As GLS1 showed strong upregulation, the regulation of other proteins in the 

glutaminolysis pathway was also investigated in order to determine whether there 

was a consistent global effect on glutaminolysis enzymes with aspirin treatment. 

However, it was found that several other glutaminolysis proteins were 

downregulated with aspirin, including ASNS and GPT2. Therefore, without 

measuring metabolic activity (see Chapter 4) no clear conclusion can be made on 

the overall effect of aspirin on glutaminolysis from these data.  

Further analysis of the proteomic data using IPA highlighted an inhibition of ATF4 

signalling with aspirin treatment. Regulation of several transcriptional targets of 

ATF4 was confirmed in this chapter by qPCR, providing further evidence that 

aspirin treatment has an inhibitory effect on ATF4 signalling. Despite the 

consequences of this for cellular metabolism or tumorigenicity not having been 
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confirmed, this finding further supports the hypothesis that long-term aspirin 

treatment may have a metabolic reprogramming effect, as ATF4 is a key regulator 

of cellular metabolism. 

Validation of the proteomic results by western blotting and qPCR confirmed that 

long-term aspirin treatment significantly regulated many of the proteins highlighted 

in the proteomic data. This was shown in three distinct CRC cell lines (SW620, 

LS174T, HCA7) with a variety of mutational backgrounds (see section 2.1.1). This 

suggests that the potential metabolic reprogramming effect of aspirin, and any 

clinical benefit of this effect, may be applicable to multiple subtypes of CRC 

tumours. Regulation of GLS1 in the colorectal adenoma cell line RG/C2 suggests 

this may also be relevant for prevention of CRC.  

It was also found that short-term treatment with aspirin was sufficient to induce 

some of the changes in metabolic enzyme expression seen with long-term aspirin. 

This suggests that this mechanism may not be limited to patients who take aspirin 

for chronic conditions, but may also be relevant in patients who might take a shorter 

course of aspirin as part of an adjuvant treatment regime for CRC for example.  

Upregulation of GLS1 expression was the most consistent and significant change 

seen with aspirin treatment, which is of interest as this appears to be in direct 

opposition to aspirin’s antitumourigenic role (257). GLS1 expression is thought to 

promote cell proliferation and is often increased in cancers. Its upregulation may 

therefore not be a direct effect of aspirin treatment, but this requires further 

investigation. GLS1 may be upregulated as a compensation mechanism in 

response to the effect of aspirin on other metabolic pathways. It was hypothesised 

in this chapter that GLS1 upregulation may be a response to inhibition of ATF4 

signalling by aspirin, or more specifically, downregulation of the ATF4 target GPT2, 

as these could potentially inhibit amino acid synthesis and particularly 

glutaminolysis. However, it was found that GLS1 expression was not upregulated 

in response to either ATF4 or GPT2 knockdown in these cells. This suggests that 

there may be other effects of aspirin that lead to the upregulation of GLS1. Of note, 

knockdown of ATF4 by siRNA did not significantly reduce levels of ATF4 protein, 

so the effect of ATF4 inhibition still needs to be determined. There may be a more 

efficient way of inhibiting this signalling pathway, which could then result in GLS1 

upregulation, for example, inhibition of ATF4 activating enzymes by small molecule 

inhibitors (259). Further investigation to determine the specific underlying 
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mechanism for the induction of GLS1 expression upon aspirin treatment is of 

importance. 

GLS1 upregulation was also found to be maintained following 72 hours of aspirin 

removal from long-term aspirin treated cells. It would be interesting to further 

investigate the stability of this change after the cessation of long-term aspirin 

treatment. It has been suggested that CRCs that develop in the presence of long-

term aspirin use may have some level of resistance to the therapeutic benefits of 

aspirin (discussed in section 1.3.1). Any stable cellular changes that are 

maintained after the removal of aspirin exposure may help to explain the possible 

aspirin-resistant phenotype of cancer cells. However, GLS1 expression would only 

be considered in this context if the regulation was stable for a much longer time 

than has been demonstrated here. This does however warrant further 

investigation. 

This work adds to a growing body of literature on the effects of aspirin on cancer 

cellular metabolism (described in section 1.4). Of particular interest are the 

previous studies that show aspirin affects metabolism of glucose and glutamine. In 

line with the findings in this chapter, aspirin has previously been shown to inhibit 

PDK1 in breast cancer cells (203). However, aspirin has also been found to 

downregulate GLUT1 in hepatoma cells (210), which is opposite to the effect seen 

here in the proteomic data with long-term aspirin treatment. Interestingly, a recent 

study by Boku et al in 2020 also investigated the effect of aspirin on glutamine 

metabolism (212). Consistent with the findings of this chapter, they also find that 

aspirin treatment upregulates GLS1 expression. However, they also find that 

aspirin upregulates other glutaminolysis enzymes, which were found in this chapter 

to be downregulated, such as GPT2. They also find that aspirin promotes ATF4 

signalling, whereas results in this chapter suggests that aspirin has an inhibitory 

effect on ATF4 signalling. As different CRC cell lines were used by Boku et al. to 

those used in this chapter (HCT-15, HCT-116, SW480), this suggests there may 

be some cell line specificity in the effects of aspirin, or other context dependent 

factors such as the length of treatment time. It is therefore important to further 

understand the mechanisms driving the regulation of metabolism by aspirin, to 

identify whether there are specific subgroups of patients who will most benefit from 

therapeutic use of aspirin and what the optimum timing of treatment is. Overall, the 

work in this chapter adds to a growing body of evidence that aspirin can 

significantly affect expression of metabolic enzymes in cancer cells.  
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Importantly, the conclusions that can be drawn from the results in this chapter on 

the metabolic reprogramming effect of aspirin are limited, as enzyme expression 

levels do not necessarily correlate with pathway activity. Though there are several 

previous studies highlighting an effect of aspirin on expression of metabolic 

enzymes, these studies have not directly measured the effect of aspirin on 

metabolic pathway activity. Most studies to date have inferred pathway activity 

based on changes to enzyme expression. However, this is not always reliable as 

many other factors can affect pathway activity such as post-translational 

modification of enzymes, activity of other enzymes in the same pathway, or 

substrate and product availability. Consistent with other studies, results in this 

chapter show that aspirin regulates several metabolic enzymes, however the effect 

of aspirin on metabolic pathway activity within cells is still unknown. This will be 

further investigated in the next chapter.      
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 Introduction 

Results in section 3.3 show that aspirin regulates proteins involved in metabolic 

pathways, suggesting aspirin treatment might cause cellular metabolic 

reprogramming. However, these results do not show whether these changes relate 

to changes in metabolic pathway activity. More direct methods of investigating 

metabolic pathway activity were therefore employed in order to determine whether 

aspirin induces metabolic reprogramming in tumour cells, which have not been 

utilised in previously published studies investigating the effect of aspirin on cellular 

metabolism. These methods are described in this section.  

4.1.1 Extracellular flux analysis 

Extracellular flux analysis allows measurement of activity of the two main pathways 

in cells that produce ATP, glycolysis and oxphos. Activity of oxphos is shown by 

measuring the oxygen consumption rate (OCR) of the cells. As previously 

discussed in section 1.2.1, TCA cycle activity and oxphos activity are intimately 

linked by the balance of NAD/NADH levels, therefore OCR is also considered a 

proxy measurement for TCA cycle activity. Extracellular acidification rate (ECAR), 

measuring the rate of proton production from the cells into the medium, infers the 

rate of lactate secretion from the cells, an indication of glycolytic activity. OCR and 

ECAR can be measured in real time using a Seahorse Bioanalyzer.  

Using the Seahorse Bioanalyzer, further information about cellular metabolism and 

mitochondrial function can be gained by performing a Mito Stress Test, involving 

sequential injection of metabolic inhibitors (260). The effects of the inhibitors and 

the metabolic parameters they can determine are illustrated in Figure 4.1. The first 

inhibitor injected in the Mito Stress Test is oligomycin, an inhibitor of ATP synthase. 

This shows the proportion of baseline OCR that is attributable to ATP production. 

The next drug is FCCP, which is an uncoupler of the ETC. It allows the flow of 

protons across the inner mitochondrial membrane, which pushes OCR to its 

maximum rate. This shows the theoretical maximum respiration rate of the cells, 

and allows calculation of ‘spare respiratory capacity’, which is the difference 

between the baseline OCR of the cells and their theoretical maximum. The next 

injection is of rotenone and antimycin A, which are inhibitors of complex I and III of 

the ETC respectively. These cause the ETC to be completely shut down, meaning 

that any remaining oxygen consumption is due to non-mitochondrial respiration. 

The final injection used, in addition to the standard Mito Stress Test, is monensin, 

which was determined by Mookerjee et al. to produce a maximal level of glycolysis, 
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allowing calculation of spare glycolytic capacity (261). The Na+/K+ ATPase pump 

produces a gradient of Na+ and K+ across the cell membrane, which consumes a 

large proportion of ATP in the cell. Monensin allows leak of the ions across the 

membrane, therefore causing the Na+/K+ ATPase pump to work at maximal 

capacity, which maximises ATP demand. As ATP can no longer be produced from 

oxphos due to the addition of rotenone and antimycin A, glycolysis is pushed to its 

maximal level with the addition of monensin, in order to meet ATP demand.  
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4.1.2 Bioenergetics analysis 

Extracellular flux analysis data provide a proxy for the outputs of the main two ATP 

producing pathways (glycolysis and oxphos), however, there are several reasons 

why these measurements do not represent the absolute amount of  ATP produced 

from either pathway (253). For example, not all extracellular acidification is from 

lactate production; CO2 production from the TCA cycle will also acidify the 

extracellular environment. Also, not all pyruvate produced in glycolysis is converted 

to lactate (some will directly enter the TCA cycle), and production of pyruvate that 

is not converted to lactate still produces ATP from glycolysis. Glycolysis and 

oxphos also produce very different amounts of ATP per glucose molecule, so 

measuring the pathway activity by OCR and ECAR does not allow their relative 

contributions to overall ATP production to be measured. To take these factors into 

account, OCR and ECAR can be converted into total ATP production using 

bioenergetics calculations detailed by Mookerjee et al. (253), using a spreadsheet 

produced by Eric H Ma and Kelsey Williams in the Russell Jones lab (252) (see 

section 2.7.1). This allows calculation of total ATP production (JATP), ATP 

production from glycolysis (JATP-GLYC) and ATP production from oxphos (JATP-OX). 

With glycolysis and oxphos in the same units, their contributions to total ATP 

production can be compared, and conclusions can be drawn about the overall 

bioenergetic phenotype of the cells. These measurements are made from the basal 

OCR and ECAR data, as well as the maximal measurements (OCR with FCCP, 

ECAR with monensin). This provides information about the maximum possible 

contribution of each pathway to ATP production, and how far each pathway is to 

this theoretical maximum at basal levels. 

Figure 4.1  Principles of extracellular flux analysis and the Mito Stress Test 

a Oligomycin inhibits ATP synthase (complex V), blocking the electron transport chain 

(ETC) and oxphos. FCCP uncouples oxygen consumption from ATP production, 

maximising oxygen consumption and providing a measure of maximal respiration. 

Rotenone and antimycin A block complexes I and III respectively, completely blocking ETC 

function and all mitochondrial oxygen consumption. Monensin allows Na+/K+ leak across 

the cell membrane, maximising the ATP required by the Na+/K+ ATPase pump. As oxphos 

is already inhibited by rotenone/antimycin A, this maximises the demand of ATP from 

glycolysis, therefore providing a method of measuring maximum glycolytic capacity. b OCR 

trace with drug injections. c ECAR trace with drug injections. Adapted from (260). 
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4.1.3 Stable isotope tracer analysis 

While abundances of intracellular metabolites can be readily measured and 

compared, this does not provide information about metabolic pathway activity. A 

change in metabolite level could be due to either a change in rate of production or 

consumption, and these cannot be distinguished by metabolite abundance alone. 

One method of investigating pathway activity or “flux” through metabolic pathways 

is using nutrients that are labelled with stable (non-radioactive) isotopes, such as 

13C. This is referred to as stable isotope tracer analysis (SITA). This method can 

be used to perform “flux analysis”, which involves computational estimation of 

metabolic fluxes based on labelling data combined with other known features about 

the cells such as growth rates etc. (262). However, 13C labelling data from SITA 

can also be directly interpreted in order to compare metabolic pathway activity and 

nutrient contributions between different conditions (262). Using this method, the 

labelling patterns of downstream metabolites (as determined by mass 

spectrometry) after incubation with an isotopically labelled nutrient can provide 

information about the metabolic fate of that nutrient.  
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 Aims 

Given that aspirin regulates key metabolic enzymes, it was next investigated 

whether this was sufficient to regulate metabolic pathway activity in CRC cells, as 

hypothesised in section 3.1. Aims of this chapter are:  

i. To investigate the effect of long-term aspirin treatment on utilisation of 

glycolysis and oxidative phosphorylation (oxphos) for ATP production 

ii. To investigate the effect of long-term aspirin treatment on nutrient 

utilisation, using stable isotope tracer analysis (SITA) to trace the metabolic 

fate of glucose and glutamine in CRC cell lines 
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 Results 

4.3.1 Long-term aspirin treatment does not alter the overall levels of 

glycolysis or oxidative phosphorylation in SW620 cells 

Having shown that long-term aspirin treatment alters expression of metabolic 

enzymes in CRC cell lines, it was investigated whether this led to any effect on the 

pathways used for ATP production: glycolysis and oxidative phosphorylation 

(oxphos). Long-term (~52-week) aspirin treated SW620 cells underwent 

extracellular flux analysis using a Seahorse XFp analyzer. This involved real-time 

measurements of extracellular acidification rate (ECAR), as a proxy for lactate 

production from glycolysis, and oxygen consumption rate (OCR), as a 

measurement of oxphos. These measurements were also taken after serial 

injection of the metabolic inhibitors oligomycin, FCCP, rotenone/antimycin A, and 

monensin, to measure different metabolic parameters in the cells (described in 

section 4.1).  

Prior to performing this experiment, conditions for analysis were optimised.  

Optimum cell number was determined, in order to produce basal OCR readings in 

the ideal range for the machine (20-150 pmol/min) and ideal confluency of the cells 

(50-90%) (263). This was found to be 60,000 cells per well (Figure 4.2). Optimum 

concentration of FCCP to produce maximal OCR was also determined, as this can 

vary between cell lines. If the FCCP concentration is too low, OCR will not be 

maximally induced. However, if the dose is too high, this will induce cell death, and 

therefore not produce maximal OCR. Optimisation of FCCP concentration was 

carried out according to the manufacturer’s protocol (263), using serial injection of 

increasing FCCP concentrations in order to produce a dose response curve. These 

results (shown in Figure 4.3) show that in SW620 cells, the optimum concentration 

of FCCP to produce maximal OCR is 1-2µM.  

.  
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Figure 4.2  Cell number optimisation for extracellular flux analysis in SW620 

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were 

measured using two different cell densities (30,000 and 60,000 cells). 60,000 cells showed 

basal OCR in the ideal range (20-150pmol/min) and was therefore used for subsequent 

experiments. Data represent technical replicates from one experiment (n=3), error bars 

represent standard deviation.  
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Using these determined conditions, extracellular flux analysis was then performed 

in long-term (~52-week) aspirin treated SW620 cells. These results are shown in 

Figure 4.4a-b. OCR was not changed by long-term aspirin exposure; baseline 

OCR, and following injection of each drug, does not change in the 2mM or 4mM 

aspirin treated cells compared to the control. This suggests that aspirin does not 

alter the levels of oxphos, or any of the other parameters measured such as 

maximal oxphos. There is a slight increase in average ECAR in the 4mM treated 

cells across the trace, though this is not statistically significant. This suggests 

glycolysis at baseline and maximal glycolysis are not significantly changed with 

aspirin treatment. 

Bioenergetics analysis of these data shows the relative contributions of glycolysis 

and oxphos to overall ATP production, calculated from OCR and ECAR (detailed 

in section 4.1.2). Results from this analysis are shown in Figure 4.4c-h. 

Figure 4.3  FCCP concentration optimisation in SW620 

a OCR trace over time of FCCP dose response experiment. The first injection port was used 

to inject oligomycin in all conditions. The plate was divided into high and low FCCP 

concentrations. In low FCCP, the second two ports injected 0.25µM FCCP (FCCP1 and 

FCCP2), and the last port (FCCP3) injected 0.5µM FCCP, leading to cumulative FCCP 

concentrations of 0.25µM, 0.5µM and 1µM. In the high dose FCCP, the second two injection 

ports injected 1µM FCCP, and the third injection port injected 2µM FCCP, leading to 

cumulative FCCP concentrations of 1µM, 2µM and 4µM. b Dose response produced from 

data in a. Data represent technical replicates from one experiment, (n=3 for low range 

FCCP, n=4 for high range FCCP), error bars represent standard deviation.  

a b 
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Bioenergetic scope (JATP-GLYC x JATP-OX), and bioenergetic capacity (total basal and 

maximal JATP) allow the relative contributions of glycolysis and oxphos to be 

compared at both basal and maximal levels. Spare respiratory capacity provides a 

measurement of how close the basal ATP production from oxphos is to the 

theoretical maximum, which shows how able the cells are to increase ATP output 

from oxphos if required, such as in response to stress. Glycolytic index reports the 

proportion of total ATP production that comes from glycolysis. Supply flexibility 

index indicates the bioenergetic plasticity of the cells, which is their ability to adapt 

to limitation of nutrients such as glucose and glutamine. This is calculated by 

measuring their ability to switch their ATP production between either glycolysis or 

oxphos, which depends on how close these pathways are to their potential 

maximum when at basal levels.  

Although these results do not show any significant changes with aspirin treatment, 

they do highlight some interesting characteristics of the cells. A key observation is 

that at basal levels, less than 50% of ATP is produced from glycolysis. This is 

interesting as cancer cells are classically thought to undergo the Warburg effect 

and become highly glycolytic in the presence of sufficient oxygen. Typically, 

glycolytic cells would be defined as cells that produce more than 50% of their ATP 

from glycolysis (253). Under this definition, these cells are not considered 

glycolytic. These data show that they produce a significant amount of ATP from 

oxphos, which also opposes the classic Warburg effect. This supports the more 

updated view of cancer metabolism that although cancer cells may increase levels 

of aerobic glycolysis, they are still also largely dependent on oxphos for ATP 

production (26). Another interesting observation is that the cells have large spare 

respiratory capacity and spare glycolytic capacity, as their maximal JATP-GLYC and 

JATP-OX are considerably higher than their basal levels. This also means they have 

very high supply flexibility index (~100%), meaning they could theoretically 

maintain their ATP production levels by switching between glycolysis and oxphos 

if necessary. This means they have the ability to adapt to nutrient depletion, 

another key characteristic of cancer cells, as they often encounter this in the 

tumour microenvironment due to poor vascularisation. This ability does not appear 

to be hindered by long-term aspirin treatment.  
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These results suggest that long-term aspirin treatment does not affect the use of 

glycolysis or oxphos for ATP production. It was next investigated whether aspirin 

has any acute effect on OCR and ECAR, which may then equilibrate over the 

course of long-term treatment. To investigate this, extracellular flux analysis was 

performed with SW620 cells that had not been previously treated with aspirin, using 

the first injection port to inject either 2mM or 4mM aspirin, or vehicle control. This 

allowed measurement of the real-time effect of aspirin treatment on OCR and 

ECAR. These results are shown in Figure 4.5. These data were not normalised to 

cell number, so the OCR and ECAR measurements cannot be directly compared, 

but comparison can be made in any change that occurs in OCR or ECAR over time 

with addition of aspirin. Therefore, OCR and ECAR at each time point were 

calculated relative to the average of the basal measurements in each aspirin 

condition. Measurements were taken for approximately 2 hours following injection 

of aspirin, however there appeared to be no change in either OCR or ECAR in this 

time, suggesting no acute effect of aspirin on OCR or ECAR. 

Figure 4.4  Extracellular flux analysis and bioenergetics analysis of long-term 

(52-week) aspirin treated SW620 cells 

a-b Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were 

measured as proxies to oxphos and glycolysis respectively, at basal levels and with 

mitochondrial stress test. Ns = not significant. c-h Bioenergetics analysis converted these 

measurements into ATP production (JATP) from each pathway, JATP-OX (ATP production from 

oxphos) and JATP-GLYC (ATP production from glycolysis). Max measurements are oxphos 

with FCCP and glycolysis with monensin. Data represent 3 independent experiments, error 

bars represent standard error (n=3).  
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Figure 4.5  Extracellular flux analysis of SW620 cells with aspirin injection 

OCR and ECAR at each time point were calculated relative to the average of all basal 

measurements in each aspirin condition. Data represent technical replicates from one 

experiment (n=3 for vehicle control, n=2 for 2mM and 4mM aspirin), error bars represent 

standard deviation.  
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4.3.2 Long-term aspirin treatment alters utilisation of glucose and 

glutamine in SW620 cells 

The effect of long-term aspirin treatment on the metabolic fate of glucose and 

glutamine was investigated using SITA in SW620 cells. The design of this 

experiment is illustrated in Figure 4.6. Parallel sets of plates were seeded with 

control or long-term 4mM aspirin treated SW620s and were cultured for a total of 

72 hours before extraction. At selected time points (1, 2, 4, 8, and 24 hours prior 

to extraction), the cells were treated with media supplemented with either glucose 

or glutamine with 13C replacing the usual 12C (U[13C]-glucose/glutamine), 

maintaining aspirin treatment and consistent glucose/glutamine concentrations 

between all treatment conditions. Three replicate plates of cells were treated in 

each condition (control and 4mM aspirin) and at each time-point. Three parallel 

plates in each condition were also treated with unlabelled media and the number 

of cells was counted at the same time point as extraction, in order to normalise the 

metabolite levels to cell number. The abundance of metabolites and the 

incorporation of 13C was quantified by gas-chromatography mass spectrometry 

(GC-MS).
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The 13C labelled nutrients become incorporated in downstream pathways and 

metabolites over time, as shown in Figure 4.7, which illustrates labelling patterns 

with either U[13C]-glucose or U[13C]-glutamine following incorporation into one turn 

of the TCA cycle. Ideally, SITA experiments should be performed at ‘metabolic 

steady state’, where metabolite abundances and metabolic fluxes in the cells 

remains stable over time (262). Experiments are often performed in standard cell 

culture conditions, where metabolites may accumulate or deplete over time, this is 

therefore known as ‘pseudo metabolic steady state’ (262). In metabolic steady 

state, the isotope labelling of downstream metabolites increases until it reaches a 

plateau, where the amount of 13C labelling in each metabolite pool is stable over 

time, which is known as ‘isotopic steady state’ (262).  

The time course in this experiment (Figure 4.6) provides the information required 

to determine at which time point isotopic steady state occurs. It is important that 

comparisons of nutrient contributions between conditions are made at isotopic 

steady state, as differences prior to this point can be affected not only by pathway 

activity, but also by metabolite pool size (‘dynamic labelling’) (262). Isotopic steady 

state may be reached at different time points for different pathways, e.g. steady 

state for glycolytic intermediates will be reached much more quickly than TCA cycle 

intermediates when labelling with U[13C]-glucose (262).
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Figure 4.7  Labelling patterns in downstream metabolites when treating with 

[U-13C]glucose (a) or [U-13C]glutamine (b), after one turn of the TCA cycle 

a 

b 
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Figure 4.8 shows a time course of incorporation of 13C from glucose and glutamine 

in three example metabolites to represent the TCA cycle and glutaminolysis 

(citrate, glutamate and malate), shown by the percentage of 13C in the metabolite 

pools over time. Full metabolite data is provided in Appendix 7.5 . As expected, 

incorporation of 13C increases over time, followed by a plateau as the cells reach 

isotopic steady state. In both the glucose and glutamine tracing results, isotopic 

steady state in TCA cycle metabolites appears to be reached by 8 hours, so this 

time point was used for further analysis and for subsequent experiments. Further 

enrichment of 13C from glucose and a decrease in enrichment from glutamine 

occurs after the 8-hour isotopic steady state time point, possibly due to pseudo-

metabolic steady state conditions.  

Figure 4.8  Time course of 13C incorporation into citrate, glutamate and 

malate from [U-13C]glucose (a) or [U-13C]glucose (b) in long-term (52-week) 

aspirin treated SW620 cells 

Long-term (LT) 4mM aspirin treatment compared to control. Error bars represent standard 

error (n=3).  

a 

b 
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Figure 4.9 and Figure 4.10 show the percentages of 13C and 12C in the metabolite 

pools at isotopic steady state (8 hours). At isotopic steady state, the proportion of 

a metabolite that is labelled with 13C represents the contribution of the labelled 

nutrient (either glucose or glutamine) to the carbon pool of that particular metabolite 

(262). These data show that with aspirin treatment, the relative contribution of 

glucose to the metabolites shown is generally increased, and the relative 

contribution of glutamine is generally decreased. For example, at 8 hours, the 

proportion of 13C labelling from glucose is increased with aspirin treatment 

particularly in TCA cycle metabolites including α-ketoglutarate, succinate, fumarate 

and malate. Although interestingly, it is slightly decreased in alanine. Conversely, 

the proportion of 13C labelling from labelled glutamine decreases with aspirin 

treatment in several metabolites including proline, α-ketoglutarate, glutamate and 

succinate.  

Figure 4.9  Contribution of 13C relative to the total metabolite abundance 

after 8hrs incubation with [U-13C]glucose in long-term (52-week) aspirin 

treated SW620 cells 

Long-term 4mM aspirin treatment compared to control. Error bars represent standard 

error (n=3).  
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Figure 4.11 shows the mass isotopomer distribution (MID) data for three example 

metabolites (citrate, glutamate and malate) with labelled glucose and glutamine. 

MID data for all metabolites are shown in Appendix 7.5. MID data show the 

proportion of each mass isotopomer contribution to the overall metabolite pool. 

Mass isotopomers (also known as isotopologues) are the possible forms of each 

metabolite depending on how many of the carbon atoms are labelled with 13C. For 

example, a metabolite with no labelled carbons is m+0, with one labelled carbon is 

m+1, etc.  

Figure 4.10  Contribution of 13C relative to the total metabolite abundance 

after 8hrs incubation with [U-13C]glutamine in long-term (52-week) aspirin 

treated SW620 cells 

Long-term 4mM aspirin treatment compared to control. Error bars represent standard error 

(n=3).  
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MID data show a decrease in the proportion of m+0 citrate, glutamate and malate, 

as well as m+2 citrate, and an increase in other labelled isotopologues with labelled 

glucose, indicating increased incorporation of glucose. With labelled glutamine, the 

m+0 portion of these metabolites is increased with aspirin treatment, and there is 

a decrease in the more highly labelled isotopologues, indicating decreased 

incorporation of glutamine.  

 

Figure 4.11  MID data for citrate, glutamate and malate from [U-13C]glucose 

(a) or [U-13C]glutamine (b) in long-term (52-week) aspirin treated SW620 cells 

Long-term (LT) 4mM aspirin treatment compared to control. Error bars represent standard 

error (n=3).  

 

a 

b 
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As well as showing overall nutrient contributions to metabolites, MID data can give 

information on specific pathway activity based on the expected resulting labelling 

patterns. Due to the increase in PC expression with aspirin treatment, these data 

were used to determine whether there was an increase in the activity of this 

pathway, that converts pyruvate directly into oxaloacetate as an alternative entry 

point into the TCA cycle, known as pyruvate anaplerosis. One method of 

measuring activity of this pathway by SITA is to use a [3,4-13C]glucose tracer, as 

this can only produce m+1 TCA cycle intermediates if it enters via PC, and does 

not produce any labelling via acetyl-coA (see Figure 4.12a).  

When using [U-13C]glucose, PC activity results in the production of m+3 

oxaloacetate, whereas the usual entry of glucose into the TCA cycle via acetyl-coA 

produces m+2 oxaloacetate after one turn (see Figure 4.12b). Therefore, 

comparing the amount of m+3 intermediates that are present can also indicate 

whether there is a difference in PC activity. This assumption is complicated by the 

fact that m+3 intermediates can also be produced after labelled acetyl-coA has 

undergone multiple turns in the TCA cycle (see Figure 4.13). However, it has 

previously been shown that levels of m+3 malate from [U-13C]glucose are a reliable 

indicator of PC activity, as they correlate with PC mRNA levels, and the levels of 

m+1 citrate produced from [3,4-13C]glucose (264). Using this method, these data 

suggest that there may be an increase in PC activity with aspirin treatment, as the 

proportion of m+3 labelled malate is increased in the aspirin treated cells compared 

to controls at isotopic steady state (8 hours), as shown in Figure 4.11a.  

Interestingly, when looking at the proportion of m+3 malate across the time course 

of the experiment, this shows that there is no difference in the aspirin treated cells 

at the early time points (1-2 hours), as shown in Figure 4.14. If there was a 

difference in PC activity with aspirin treatment, you might expect to see this 

difference at an early time point, as later time points allow for multiple TCA cycles 

to have occurred and therefore contribute to the m+3 malate pool. It is therefore 

unclear from these data whether PC activity is increased, or whether there is a 

general increase in glucose incorporation into the TCA cycle with aspirin treatment. 

Further experiments, using a [3,4-13C]glucose tracer, are required to confirm this.  
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Figure 4.12  Labelling patterns produced by pyruvate carboxylase (PC) 

activity 

a) [3,4-13C]glucose is the gold-standard method to detect PC activity via SITA. This tracer 

can only produce labelled (m+1) TCA cycle intermediates when it enters via PC. When 

pyruvate enters via acetyl-coA, the labelled carbons are lost to CO2. b) [U-13C]glucose can 

also indicate PC activity, this tracer produces m+3 TCA cycle intermediates after one turn, 

whereas entry via acetyl-coA produces m+2.  

 

a b 

Figure 4.13  Labelling patterns produced from a second turn of the TCA 

cycle 

When [U-13C]glucose enters the TCA cycle via acetyl-coA, m+3 intermediates can be 

produced after two turns of the cycle. Black indicates labelled carbons originating from the 

first turn of the TCA cycle, and grey indicates labelled carbons originating from the second 

turn.  
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This experiment also provides information on intracellular metabolite abundances. 

Metabolite abundances alone cannot be used to infer pathway activity, as it is 

impossible to determine whether an accumulation of a metabolite is due to its 

increased production or decreased consumption, and vice versa. However, 

interestingly in these results there is a consistent increase in abundance of 

aspartate and a decrease in abundance of alanine with 4mM aspirin treatment 

(Figure 4.15). This would be consistent with a decrease in activity of the 

glutaminolysis enzymes ASNS and GPT2 respectively, which were both found to 

be downregulated with aspirin treatment (see section 3.3), so could potentially 

indicate decreased activity of these enzymes, although further experiments would 

be required to confirm this. Full metabolite abundance data are shown in Appendix 

7.5. 

Overall, these data suggest that with long-term aspirin treatment, cells undergo a 

partial switch in their nutrient utilisation away from glutamine and towards glucose. 

There is an increase in glucose entry into the TCA cycle, including potentially via 

the anaplerotic pathway catalysed by PC. Opposingly, glutamine incorporation into 

glutamate and TCA cycle metabolites is reduced with aspirin treatment.  

Figure 4.14  Proportion of m+3 malate over a time course of incubation with 

[U-13C]glucose in long-term (52-week) aspirin treated SW620 cells 

Error bars represent standard error (n=3). 

Control 

4mM aspirin 
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4.3.3 Long-term aspirin treatment alters utilisation of glucose and 

glutamine in further CRC cell lines LS174T and HCA7 

SITA data in SW620 cells show a clear effect of long-term aspirin treatment on 

utilisation of glucose and glutamine. Results in section 3.3.7 show that aspirin 

treatment also regulates metabolic proteins in the CRC cell lines LS174T and 

HCA7. It was therefore investigated whether aspirin has the same effect on nutrient 

utilisation in these cell lines. The experiments were performed using the same 

experimental design as shown in Figure 4.6, however using only the 8-hour time 

point of incubation with U[13C]-glucose/glutamine, as this was found to be sufficient 

for isotopic steady state in TCA cycle metabolites.  

Figure 4.16 and Figure 4.17 show the relative contributions of 13C to the metabolite 

pools from [U13C]-glucose and [U13C]-glutamine respectively in LS174T cells. In 

line with the results seen in SW620, long-term aspirin treated cells have an 

increase in incorporation of glucose into several metabolites (α-KG, fumarate, 

malate, aspartate, proline), and a decrease in incorporation of glutamine into 

citrate, α-KG, fumarate, malate, alanine, aspartate, glutamate and proline. This 

suggests an inhibition of glutamine metabolism with aspirin, from the first step of 

Figure 4.15  Intracellular abundance (relative to cell number) of aspartate and 

alanine in long-term (52-week) aspirin treated SW620 cells from SITA 

experiments   

Error bars represent standard error, ***=p<0.001, ****=p<0.0001. 
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glutaminolysis (due to decreased incorporation of glutamine into glutamate), and 

an increase in entry of glucose into the TCA cycle. Interestingly, these data show 

a decrease in incorporation of glucose into serine and glycine with long-term aspirin 

treatment in LS174T cells, suggesting impairment of the serine biosynthesis 

pathway. This effect was not seen in SW620 cells. MID and relative abundance 

data for LS174T cells are shown in Appendix 7.5.  

  

Figure 4.16  Contribution of 13C relative to the total metabolite abundance 

after 8hrs incubation with [U-13C]glucose in long-term (52-week) aspirin 

treated LS174T cells 

Long-term 4mM aspirin treatment compared to control. Error bars represent standard error 

(n=3). *=p<0.05, **=p<0.01, ***=p<0.001. 
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Figure 4.17  Contribution of 13C relative to the total metabolite abundance 

after 8hrs incubation with [U-13C]glutamine in long-term (52-week) aspirin 

treated LS174T cells 

Long-term 4mM aspirin treatment compared to control. Error bars represent standard error 

(n=3). 
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Similar results were also seen in HCA7 cells, with an increase in incorporation of 

glucose into several metabolites (citrate, α-KG, malate, glutamate, aspartate, 

Figure 4.18), and a decrease in incorporation of glutamine into several metabolites 

(citrate, α-KG, fumarate, malate, alanine, glutamate, aspartate,  Figure 4.19). 

Interestingly, there is also a decrease in incorporation of glucose into serine in 

HCA7, similar to results seen in LS174T, as well as decrease incorporation of 

glucose into glycine. Again, this suggests a potential impairment of serine 

biosynthesis from glucose with long-term aspirin treatment in these cell lines. MID 

and relative abundance data for HCA7 cells are shown in Appendix 7.5.  

Overall, these results show that long-term aspirin treatment has a similar effect on 

nutrient utilisation in three distinct CRC cell lines, causing a reduction in 

glutaminolysis and an increase in glucose utilisation.  

Figure 4.18  Contribution of 13C relative to the total metabolite abundance 

after 8hrs incubation with [U-13C]glucose in long-term (52-week) aspirin 

treated HCA7 cells 

Long-term 4mM aspirin treatment compared to control. Error bars represent standard error 

(n=3). **=p<0.01, ***=p<0.001. 



Chapter 4   Results 2 
 

126 
 

  

Figure 4.19  Contribution of 13C relative to the total metabolite abundance 

after 8hrs incubation with [U-13C]glutamine in long-term (52-week) aspirin 

treated HCA7 cells 

Long-term 4mM aspirin treatment compared to control. Error bars represent standard error 

(n=3). *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001. 
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 Discussion 

This is the first time to our knowledge that extracellular flux analysis and SITA have 

been used to investigate the metabolic effect of aspirin on cancer cells. A few 

previous studies have implied that metabolic pathways in cancer cells are altered 

by aspirin due to changes seen in metabolic enzyme expression (discussed in 

section 1.4), but this is not always a reliable indicator of pathway activity. Previous 

studies have therefore not been able to establish with certainty that aspirin leads 

to metabolic reprogramming. Results presented in this chapter demonstrate for the 

first time a clear metabolic reprogramming effect of aspirin in CRC cell lines.  

SITA results presented here show that in three CRC cell lines, aspirin causes a 

shift in nutrient utilisation, consisting of a general reduction in the contribution of 

glutamine to TCA cycle metabolites and amino acids, and a concomitant increase 

in utilisation of glucose. Interestingly, extracellular flux analysis shows no effect of 

aspirin on production of ATP by glycolysis or oxphos. This suggests that the 

original hypothesis in section 3.1, that aspirin may increase carbon entry into the 

TCA cycle and increase reliance on oxphos, is not correct, and that aspirin does 

not lead to a reversal of the Warburg effect in these cells. However, these results 

do support the hypothesis that aspirin significantly reprograms cellular metabolism.  

SITA data suggest that aspirin has an inhibitory effect on glutaminolysis and this 

leads to a compensatory upregulation of glucose utilisation. Glucose and glutamine 

are known to cooperate in fuelling the TCA cycle; decrease in entry of one nutrient 

can lead to a compensatory increase in the other (254, 265). This suggests that 

increasing entry of glucose carbon may be a compensation mechanism for the 

reduction of glutamine anaplerosis with aspirin to maintain carbon entry into the 

TCA cycle. As there was no overall effect on oxphos (as measured by OCR), this 

suggests the cells are able to maintain TCA cycle function in the presence of 

aspirin through a switch in their carbon source, favouring glucose over glutamine. 

This highlights the metabolic plasticity of the cells, allowing them to minimise the 

impact on ATP production and proliferation in the presence of aspirin. Furthermore, 

this suggests that impairment of ATP production is not a mechanism by which long-

term aspirin reduces cell proliferation and induces apoptosis (as shown by Dr 

Eleanor Mortensson, unpublished).  

Inhibition of the glutaminolysis pathway with aspirin also supports the hypothesis 

that GLS1 upregulation shown in Chapter 3 is not a direct effect of aspirin 
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treatment, but a compensatory response perhaps to increase rates of 

glutaminolysis as it is being impaired due to the effect of aspirin on other enzymes. 

This also highlights the importance of directly measuring metabolic pathways, as 

enzyme expression does not reflect overall pathway activity in this context.  

It is important that this effect on nutrient utilisation with aspirin treatment shown in 

the SITA data was replicated consistently in three CRC cell lines (SW620, LS174T, 

HCA7), with different mutational statuses (see section 2.1.1). This suggests that 

this mechanism of aspirin is more likely to be broadly applicable to CRC cells, and 

therefore to a wide range of CRC patients. It is particularly important that both 

KRAS mutant (SW620, LS174T) and KRAS wild-type (HCA7) cells, and PIK3CA 

wild-type (SW620 and HCA7) and PIK3CA mutant cells (LS174T) are represented, 

as KRAS and PIK3CA mutations have been previously shown to impact reliance 

on glutamine metabolism in CRC cells (32, 41). Further work to determine whether 

this effect is specific to certain contexts will be important to inform patient 

stratification of aspirin use for CRC treatment and prevention. This is important 

when considering the significant risk and side effects associated with aspirin use 

(266).  

Some other interesting observations were made from the SITA data, alongside the 

overall switch from glutamine to glucose utilisation. For example, despite most 

metabolites showing increased incorporation of glucose, alanine showed 

decreased contribution from glucose with aspirin treatment in SW620 cells. It has 

been recently shown that knockout of GPT2 leads to a decrease in glucose 

incorporation into alanine in K562 cells (267) (GPT2 catalyses the conversion of 

pyruvate and glutamate to alanine and α-KG). As aspirin treatment leads to 

downregulation of GPT2 (as shown in Chapter 3), this could be an explanation for 

this result. This effect on glucose incorporation into alanine was not seen in the 

other two cell lines (LS174T and HCA7), however, GPT2 expression with aspirin 

treatment was not investigated in these cells. It is therefore possible that aspirin 

does not regulate GPT2 expression in other cell lines and there is therefore no 

effect on alanine synthesis.  

Furthermore, it was observed in LS174T and HCA7 cells (but not SW620), that 

aspirin treatment reduced the incorporation of glucose carbon into serine and 

glycine. This suggests that aspirin may impair the serine biosynthesis pathway 

which produces serine and glycine from the glycolytic intermediate 3-

phosphoglycerate (see Figure 1.5). Interestingly, PSAT1, a key component of this 
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pathway, showed downregulation with aspirin treatment in SW620 cells in the 

proteomic data (shown in Figure 3.5). While this did not appear to affect serine 

biosynthesis in SW620 cells, this enzyme may also be downregulated with aspirin 

in LS174T and HCA7 cells leading to reduced serine biosynthesis. Further 

investigation into whether impaired serine biosynthesis may be a key anti-

tumorigenic effect of aspirin in LS174T and HCA7 cells would be of particular 

interest. For example, it would be interesting to determine whether 

supplementation with cell-permeable serine could rescue the effect of aspirin 

treatment on proliferation of these cells.  

As previously discussed, data in this chapter show that with aspirin treatment cells 

maintain ATP production. Therefore, reduced ATP production is not the reason for 

the growth inhibitory effect of aspirin. The cells undergo reprogramming of nutrient 

utilisation, which suggests the cells may have sufficient metabolic plasticity to 

maintain ATP production despite the metabolic effects of aspirin, such as the 

inhibition of glutaminolysis. It is not clear from these results whether the metabolic 

reprogramming observed is a causative factor of the reduced cell proliferation with 

aspirin. However, it does suggest that aspirin may force the cells to adapt their 

metabolism and therefore be under increased metabolic pressure and decreased 

metabolic flexibility. This may make the cells vulnerable to further metabolic 

perturbations, as their ability to adapt further may be limited. Aspirin treated cells 

may therefore be more sensitive to inhibition of particular compensatory pathways.  

It has been repeatedly found in the literature that cancer cells are very 

metabolically flexible and this provides a survival advantage when the cells are 

exposed to metabolically stressful conditions in the tumour microenvironment. 

Examples of these conditions include nutrient deprivation, hypoxia, and the diverse 

metabolic conditions encountered during metastasis in the bloodstream and at 

secondary sites (38). This ability allows cancer cells to adapt to single therapeutic 

agents that target cellular metabolism (38). Therefore, combining complementary 

metabolic therapies has been found to be a successful approach in targeting 

cancer metabolism as this reduces the ability of the cells to adapt and continue to 

proliferate. Several studies have also shown success when combining metabolic 

interventions with conventional chemotherapies (268-270) as well as 

immunotherapies (271). There is also increasing interest in the impact of diet on 

tumour metabolism and how this may interact with and complement metabolic 

therapies (272). This suggests that exploiting the metabolic effect of aspirin to 
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increase the efficacy of other cancer therapies, particularly inhibitors of metabolic 

pathways, could be a potential approach to enhance the clinical benefits of aspirin. 

This possibility will be explored in the next chapter. 

A limitation of the work in this chapter is that investigations are performed in 

conditions that are not entirely representative of cancer cells in situ. Cellular 

metabolism is particularly responsive to environmental conditions. The high 

nutrient and oxygen levels in standard cell culture do not always represent the 

tumour microenvironment, which is often hypoxic and low in many key nutrients 

such as glucose and glutamine. While in vitro cell culture is an invaluable model 

system, it is not certain that the same results will be produced in more physiological 

systems. While the metabolic reprogramming effect of aspirin is evident from the 

data in this chapter, further work is required to establish whether this effect is 

physiologically relevant. This will also be further explored in the next chapter.  

Overall, the findings in this chapter show that aspirin reprograms cellular 

metabolism, particularly by causing cells to adapt their utilisation of glucose and 

glutamine. This suggests that aspirin treated cells may be less metabolically 

flexible, exposing potential metabolic vulnerabilities. This will be investigated in the 

next chapter. 
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 Introduction 

Results in Chapter 3 and Chapter 4 show that aspirin treatment has a significant 

metabolic effect on CRC cells, including regulation of metabolic enzymes and 

reprogramming of nutrient utilisation pathways. It is not clear from these data 

whether metabolic reprogramming is important for the anti-cancer effects of 

aspirin, or whether these changes are a causative factor of impaired cell 

proliferation or tumorigenesis with aspirin. Nonetheless, these effects may be 

relevant in optimising therapeutic use of aspirin. Uncovering novel strategies to 

target cellular metabolism for cancer therapy is an active area of research, with 

varying degrees of success. A common theme in the literature is that due to the 

metabolic flexibility of cancer cells, they are often able to adapt and to continue to 

proliferate unimpeded when treated with single metabolic agents. As such, using 

combinations of complementary therapies is often much more effective. It was 

therefore hypothesised that the observed metabolic effects of aspirin could render 

the cells more reliant on specific metabolic pathways, making them vulnerable to 

treatment with further metabolic therapies and therefore aspirin could be utilised to 

enhance the effectiveness of existing metabolic cancer drugs. This will be 

investigated in this chapter. 

Some of the previous work in the field of targeting cancer metabolism is discussed 

in this section, including progress in strategies targeting different aspects of cellular 

metabolism, and where combination therapies have proved successful. This 

section will also discuss the difficulties of studying metabolic cancer therapies 

experimentally. 

5.1.1 Targeting glucose metabolism in cancer 

Despite the well-established dependence of cancer cells on glycolysis (the 

Warburg effect), new cancer therapies exploiting this fact have had limited impact. 

This is because of the excessive toxicity of drugs that inhibit glycolysis due to a 

lack of specificity, as many proliferative and highly energy consuming tissues within 

the body rely heavily on glycolysis (273). Examples of glycolysis targeting drugs 

that have been investigated in clinical trials include the HK inhibitor 2-deoxyglucose 

(2-DG) (274) and PDK1 inhibitor dichloroacetate (DCA) (275), though DCA has 

shown limited efficacy on CRC cell lines in vitro (276). There are also many cellular 

mechanisms for adapting to inhibition of glucose metabolism. For example, in the 

absence of glucose, cancer cells utilise the gluconeogenic enzyme 
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phosphoenolpyruvate carboxykinase (PEPCK/PCK2) to fuel biosynthetic 

pathways using glutamine-derived carbon (251). It has also been shown that 

cancer cells can increase reliance on oxphos for ATP production, largely fuelled 

by glutamine and glutamate, in response to inhibition of glycolysis (277). 

However, there are examples where inhibition of glycolysis and/or glucose 

metabolism have been successful when combined with other therapies. For 

example, suppression of PKM2 has recently been found to increase the efficacy of 

5-flurouracil (5-FU) in CRC cells, a common chemotherapy drug for treating CRC 

(270). As described in section 1.2.5.3, PKM2 is often upregulated in cancer and 

slows the rate of pyruvate production, leading to increased reliance on glycolysis 

over oxphos. This study showed that suppression of PKM2 reduced levels of ATP, 

increasing accumulation of 5-FU in the cells (270). PKM2 suppression has also 

been found to synergise with oxaliplatin, another common chemotherapy drug for 

CRC, in CRC cell lines (268).  Multiple studies have also found that suppression of 

reliance on glycolysis via inhibition of HIF-1α increases efficacy of irradiation, and 

decreases CRC cell radioresistance as well as their resistance to oxidative stress 

(278, 279). 

5.1.2 Targeting glutamine metabolism in cancer 

Due to the clear importance of glutaminolysis in cancer (discussed in section 

1.2.8), targeting this process is a promising approach for therapies, with more 

positive outcomes than targeting glycolysis. Several classes of compound that 

affect glutamine metabolism have been studied including glutamine mimetics, 

glutamine transporter inhibitors and GLUD inhibitors. Some have shown promise 

in preclinical models, however they are often limited by toxicity (103). Early 

attempts at inhibiting glutamine metabolism for cancer therapy used 6-Diazo-5-

oxo-L-norleucine (DON), a glutamine antagonist that inhibits glutamine utilising 

reactions. This proved to be too toxic to be used clinically, but more recently a pro-

drug has been developed (JHU083) which gets activated in the tumour 

microenvironment and has shown efficacy in mouse models (280). 

Glutaminase inhibitors have been of particular interest and have showed some 

promise. BPTES (bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide) is 

an allosteric glutaminase inhibitor that has shown efficacy in mouse models of 

hepatocellular carcinoma (144). Another allosteric glutaminase inhibitor that has 

been studied is compound-968, however, more recently a more potent GLS1 

selective and stable inhibitor has been developed known as CB-839, which has 
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shown preclinical effects on triple-negative breast cancer (281) and acute myeloid 

leukaemia (AML) (282). It has moved into phase I clinical trials (103) including for 

patients with advanced CRC (283).  

Though showing initial promise, the success of CB-839 has been varied between 

different models and tumour types. One reason for its limited efficacy in certain 

conditions is again due the metabolic flexibility of the cells and their ability to adapt 

to inhibition of GLS1. For example, some cancer cells can depend on GLS2 instead 

of GLS1 (284), which is not sensitive to CB-839 (103). Upregulation of GPT2 via 

activating transcription factor 4 (ATF4) has also been shown to compensate for 

inhibition of GLS1 (258). Furthermore, just as glutamine metabolism compensates 

for a reduction in glucose availability, glucose can also support inhibition of 

glutaminolysis. It has been shown that pyruvate carboxylase (PC) activity which 

provides an alternative entry point for glucose into the TCA cycle (see Figure 1.6), 

supports glutamine independence and adaptation to GLS1 inhibition (265). 

Asparagine synthetase (ASNS), which can synthesise glutamate independently of 

GLS1, has been found to be upregulated in response to GLS1 inhibition in HeLa 

cells (258). A study using pancreatic cancer models thoroughly investigated 

cellular responses to inhibition of GLS1 using proteomics and metabolomics and 

highlighted a wide range of compensatory mechanisms (285). 

There is a large body of work investigating the efficacy of combining GLS1 

inhibition with complementary therapies (286). One particularly comprehensive 

study published recently investigating combination therapies found that inhibition 

of GLS2, amidotransferases, or glycolysis enzyme HK2 synergises with inhibition 

of GLS1 (287). Inhibition of GLS1 has also been found to have synergistic effects 

with inhibition of mTOR signalling in triple-negative breast cancer cells (288) and 

glioblastoma cells (289). GLS1 inhibition has been found to activate autophagy in 

CRC cells and inhibition of autophagy, as well as asparagine depletion, had 

synergistic effects with GLS1 inhibition (290). More recently, GLS1 inhibition has 

been shown to induce autophagy by activation of ATF4 and inhibition of mTOR in 

CRC cells; prevention of this response by inhibition of ATF4 signalling was found 

to be synergistic with GLS1 inhibition (291). In liver cancer cells, the combination 

of CB-839 and an inhibitor of glutamine transporter ASCT2 has been found to be 

effective (292). In breast cancer cells, CB-839 has been shown to synergise with 

inhibition of fatty acid oxidation (293). GLS inhibition has also been shown to 

increase the efficacy of chemotherapy drugs in ovarian cancer cells (131) and CRC 

cells (269).  
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5.1.3 Studying metabolic cancer therapies 

Determining efficacy of metabolic cancer therapies experimentally can be 

challenging due to the distinct metabolic phenotypes of cells in different models. 

As previously discussed, cancer cells are metabolically flexible and reprogram their 

metabolism in response to the environment. Metabolic phenotype and therefore 

response to metabolic therapies, is highly dependent on the environmental 

conditions. It is particularly recognised that metabolic phenotypes of cells vary 

greatly between cell culture and in vivo conditions, which is largely down to the 

metabolite composition of traditional cell culture medium. Cell culture medium 

contains supraphysiological concentrations of many nutrients including glucose 

and glutamine and lacks many micronutrients found in vivo. This is because culture 

medium was originally designed to maximise the growth of cells in vitro, not 

necessarily to reflect physiological conditions (294). This leads to distinct metabolic 

phenotypes and potentially conflicting results when investigating the effectiveness 

of metabolic inhibitors in vitro and in vivo.  

Inhibitors that target glutamine metabolism are particularly affected by this 

problem. Cell culture media are thought to increase the reliability of the cells on 

glutamine metabolism due to the high concentrations of glutamine and cysteine 

(120). This can lead to drugs such as CB-839 showing efficacy in vitro but being 

less effective in vivo.  

Recently, efforts have been made by multiple research groups to address this 

issue. Consequently, two novel cell culture media have been developed to more 

closely replicate the metabolite composition of human plasma; Plasmax (295) and 

human plasma-like medium (HPLM) (119). Both of these studies compare the 

metabolic phenotypes of cells in these media compared to traditional media and 

find significant metabolic reprogramming of the cells, including dramatic changes 

in the utilisation of nutrients. For example, supraphysiological levels of pyruvate in 

DMEM-F12 medium leads to stabilisation of HIF-1α and a pseudohypoxic 

response, which does not occur with Plasmax (295). The lack of certain 

metabolites in traditional media also has significant effects; uric acid, which is 

present in human plasma at much higher concentrations that those found in RPMI, 

was found to significantly inhibit pyrimidine synthesis and increase sensitivity of 

the cells to 5-FU when they were cultured in the physiologic levels of uric acid in 

HPLM (119). It is thought that the metabolic phenotypes of the cells in Plasmax or 

HPLM will be more representative of cells in vivo and therefore results gained from 
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in vitro studies using these media will be more likely to be replicated in mouse 

models and patient studies.  

Further study has shown that nutrient availability for cancer cells in the tumour 

interstitial fluid can differ still from the plasma and can even vary between tumour 

sites and tissue of origin (296). Therefore, further work will be required to replicate 

physiological conditions for the particular cells or tumour type of interest for in vitro 

study. Furthermore, lifestyle and dietary factors can significantly affect the 

metabolite composition of the human plasma and tumour interstitial fluid (296). 

Metabolic disorders such as type 2 diabetes, which is linked to an increased risk 

of several cancer types, leads to changes in the metabolite composition of the 

plasma and this can occur many years before diagnosis of the disease (297). This 

further complicates the challenge of replicating physiological metabolic phenotypes 

in vitro, as well as uncovering potential links between metabolic phenotypes of 

patients and their risk of developing cancer.  

However, the knowledge that diet can impact plasma metabolite levels allows for 

the potential of combining dietary interventions with metabolic cancer therapies in 

order to improve their efficacy, and there is a lot of ongoing work in this area. For 

example, dietary restriction of serine and glycine has been found to synergise with 

therapies that target serine/glycine biosynthesis (272, 287). Restriction of dietary 

methionine has also been showed to affect plasma metabolites and interact with 

responses to chemo- and radiotherapy (298).  

Targeting cancer metabolism and studying metabolic therapies in vitro is a rapidly 

advancing area of research. Some of the principles discussed here will be used in 

this chapter to investigate the potential translational implications of the metabolic 

effects of aspirin and whether aspirin may enhance the efficacy of existing 

metabolic therapies.  
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 Aims 

The aim of this chapter is to investigate whether aspirin treatment renders CRC 

cells vulnerable to further metabolic perturbation. Results so far suggest that cells 

undergo metabolic reprograming upon aspirin treatment, which suggests they may 

be less able to further adapt their metabolism to support proliferation in the 

presence of additional metabolic stress. Specific aims of this chapter are: 

i. To investigate the sensitivity of aspirin treated cells to metabolic inhibitors 

ii. To investigate the mechanisms by which aspirin may increase sensitivity to 

metabolic inhibitors 

iii. To investigate the effect of nutrient depletion on aspirin treated cells  
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 Results 

5.3.1 Aspirin enhances the efficacy of MPC inhibitor UK-5099 

As SITA data in Chapter 4 suggest that aspirin treatment increases glucose entry 

into the TCA cycle, possibly to compensate for reduced glutamine entry, it was 

hypothesised that aspirin treated cells may be more sensitive to inhibition of this 

pathway. Mitochondrial pyruvate carrier (MPC) is required for transporting pyruvate 

produced from glycolysis into the mitochondria so it can enter the TCA cycle. An 

inhibitor of MPC known as UK-5099 has been developed (299) and has been 

shown to reduce oxphos and increase glycolysis in cancer cells (300). It was 

hypothesised that aspirin treated cells may be more sensitive to UK-5099 

treatment as they may be more reliant on entry of glucose into the TCA cycle.  

This hypothesis was tested by performing proliferation experiments in the long-

term (~52-week) aspirin treated cell lines: SW620, LS174T and HCA7. 20,000 cells 

were seeded in all conditions, except 4mM aspirin treated HCA7 cells, of which 

40,000 cells were treated due to significantly reduced growth. Cells were treated 

with a range of concentrations of UK-5099 in comparison to a DMSO control for 72 

hours before measuring cell number by crystal violet staining.  In each aspirin dose, 

the growth of the cells in each UK-5099 dose was calculated relative to the DMSO 

control. 

Results for SW620 cells (Figure 5.1) show that UK-5099 alone (up to 80µM) had 

no effect on cell number. However, doses between 20-80µM significantly reduced 

cell number compared to controls in the 4mM aspirin treated cells and 80µM 

significantly reduced cell number compared to control in 2mM aspirin treated cells. 

This suggests that long-term aspirin treatment does sensitise the cells to UK-5099.  
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Figure 5.1  Proliferation of the long-term (~52-week) aspirin treated cell line 

SW620 in combination with MPC inhibitor UK-5099 

a Proliferation assay curves measured by optical density of crystal violet staining, showing 

one replicate representative of three independent experiments, error bars represent 

standard deviation (n≥3). b Cell number in treated cells relative to DMSO control in each 

long-term (LT) aspirin condition after 72 hours of treatment, from three independent 

experiments. Error bars represent standard error (n=3). *=p≤0.05, **= p≤0.01. c 

Representative images of stained cells after 72 hours of treatment.  
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Results for LS174T cells (Figure 5.2) show that in contrast to the SW620 cells, 

LS174T cells are sensitive to UK-5099 even in the absence of aspirin and long-

term aspirin treatment does not significantly increase their sensitivity to the drug. 

As aspirin had similar metabolic effects in this cell line (such as increased glucose 

utilisation), this suggests there is cell line specificity in the sensitivity to this drug 

and the ability of the cells to adapt when treated with the combination of drugs.   

 

 

 

Figure 5.2  Proliferation of the long-term (~52-week) aspirin treated cell line 

LS174T in combination with MPC inhibitor UK-5099 

a Proliferation assay curves measured by optical density of crystal violet staining, showing 

one replicate representative of three independent experiments, error bars represent 

standard deviation (n≥3). b Cell number in treated cells relative to DMSO control in each 

long-term (LT) aspirin condition after 72 hours of treatment, from three independent 

experiments. Error bars represent standard error (n=3). ns=not significant. c 

Representative images of stained cells after 72 hours of treatment.  
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Results for HCA7 cells (Figure 5.3) show more similar findings to those in SW620; 

the cells not treated with aspirin show no sensitivity to UK-5099 even in the highest 

doses, but long-term 4mM aspirin treated cells show sensitivity to all doses of UK-

5099. 2mM aspirin treated cells also show significantly reduced cell numbers with 

40µM UK-5099. This suggests that despite not seeing similar results in LS174T, 

this effect is not specific to just one cell line. 

 

Figure 5.3  Proliferation of the long-term (~52-week) aspirin treated cell line 

HCA7 in combination with MPC inhibitor UK-5099 

a Proliferation assay curves measured by optical density of crystal violet staining, showing 

one replicate representative of three independent experiments, error bars represent 

standard deviation (n≥3). b Cell number in treated cells relative to DMSO control in each 

long-term (LT) aspirin condition after 72 hours of treatment, from three independent 

experiments. Error bars represent standard error (n=3). *=p≤0.05, **= p≤0.01. c 

Representative images of stained cells after 72 hours of treatment.  
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It was also shown in Chapter 3 that short-term (72-hour) aspirin treatment had 

similar effects on metabolic enzyme expression as long-term (52-week) treatment, 

therefore, it was next investigated whether short-term treatment could also 

increase sensitivity to UK-5099 in SW620 cells. In this experiment, SW620 cells 

that had not previously been treated with aspirin were treated with both aspirin and 

UK-5099 for a total of 72 hours. These results (Figure 5.4) show very similar 

findings to those in SW620 cells treated with long-term aspirin; control cells show 

no sensitivity to UK-5099, but 4mM aspirin treated cells had significantly reduced 

cell numbers at all UK-5099 doses tested in comparison to control. 2mM aspirin 

treated cells also had significantly reduced cell numbers at 40µM and 80µM UK-

5099. This suggests that short-term aspirin treatment is sufficient to induce 

sensitivity to UK-5099 in SW620 cells.   
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5.3.2 Aspirin enhances the efficacy of glutaminase inhibitor CB-839 

The data from Chapter 3 show that aspirin increases expression of GLS1, although 

results in Chapter 4 show that aspirin inhibits glutaminolysis. This suggests that 

GLS1 expression may be increased with aspirin treatment as a compensation 

mechanism to try and restore glutaminolysis in the aspirin treated cells. This would 

suggest that the cells may be more reliant on this enzyme and therefore more 

susceptible to its inhibition. This hypothesis was tested by combining aspirin 

treatment with CB-839, an inhibitor of GLS1 which is currently in phase I clinical 

Figure 5.4  Proliferation of the short-term (72-hour) aspirin treated cell line 

SW260 in combination with MPC inhibitor UK-5099 

a Proliferation assay curves measured by optical density of crystal violet staining, showing 

one replicate representative of three independent experiments, error bars represent 

standard deviation (n≥3). b Cell number in treated cells relative to DMSO control in each 

short-term (ST) aspirin condition after 72 hours of treatment, from three independent 

experiments Error bars represent standard error (n=3). *=p≤0.05, **= p≤0.01, ***=p≤0.001. 

c Representative images of stained cells after 72 hours of treatment.  
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trials in cancer patients including in patients with advanced colorectal cancer (283). 

Proliferation experiments were performed on long-term (~52-week) aspirin treated 

cell lines SW620, LS174T and HCA7, combining aspirin with a range of 

concentrations of CB-839 (or DMSO vehicle control) for a period of 72 hours, 

followed by crystal violet staining to quantify the relative number of viable cells. 

The proliferation of each CB-839 treatment was calculated relative to the growth of 

the same aspirin concentration with DMSO control, as before.  

Results from SW620 cells are shown in Figure 5.5. In line with previous results in 

the literature (290), these data show that up to 10µM CB-839 had no effect on the 

growth of control SW620 cells. However, both 5µM and 10µM CB-839 significantly 

decreased the growth of the cells treated with 2mM and 4mM aspirin compared to 

aspirin treatment with DMSO control. Unlike the results with UK-5099, sensitivity 

to the drug combination was enhanced with increased concentration of aspirin; the 

4mM aspirin treated cells were much more sensitive to CB-839 than the 2mM 

aspirin treated cells.  
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Results for LS174T cells are shown in Figure 5.6. Similarly, to the results found 

with UK-5099, LS174T cells have decreased cell numbers with CB-839 even in the 

absence of aspirin. However, aspirin treatment did increase sensitivity to the drug; 

cell numbers were significantly reduced with 2µM and 5µM CB-839 compared to 

controls in the 4mM aspirin treated cells, although this was not detected at the 

higher dose of 10µM CB-839. Of note, even though more sensitive to CB-839 

alone, the combination with aspirin did not increase the sensitivity of the LS174T 

cells to the same extent as detected in the SW620 cells.  

 

Figure 5.5  Proliferation of the long-term (~52-week) aspirin treated cell line 

SW260 in combination with GLS1 inhibitor CB-839 

a Proliferation assay curves measured by optical density of crystal violet staining, showing 

one replicate representative of three independent experiments, error bars represent 

standard deviation (n≥3). b Cell number in treated cells relative to DMSO control in each 

long-term (LT) aspirin condition after 72 hours of treatment, from three independent 

experiments. Error bars represent standard error (n=3). *=p≤0.05, **= p≤0.01, 

***=p≤0.001. c Representative images of stained cells after 72 hours of treatment.  
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Results for HCA7 cells (Figure 5.7) show similar results to those seen in SW620 

cells; in the absence of aspirin, the cells show little sensitivity to CB-839, but in 

4mM aspirin treated cells cell number was significantly reduced in 5µM and 10µM 

CB-839 in comparison to control. Overall, these results show that long-term aspirin 

treatment can increase the sensitivity of three CRC cell lines to the GLS1 inhibitor 

CB-839.  

Figure 5.6  Proliferation of the long-term aspirin treated cell line LS174T in 

combination with GLS1 inhibitor CB-839 

a Proliferation assay curves measured by optical density of crystal violet staining, showing 

one replicate representative of three independent experiments, error bars represent 

standard deviation (n≥3). b Cell number in treated cells relative to DMSO control in each 

long-term (LT) aspirin condition after 72 hours of treatment, from three independent 

experiments. Error bars represent standard error (n=3). *=p≤0.05. c Representative 

images of stained cells after 72 hours of treatment.  
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Importantly, previous results have also shown that short-term (72-hour) aspirin 

treatment leads to an increase in GLS1 expression (Figure 3.9). It was therefore 

investigated whether short-term aspirin treatment was also sufficient to increase 

sensitivity to CB-839. This is important for establishing whether aspirin treatment 

may be clinically useful in enhancing efficacy of CB-839 in patients who have not 

been previously treated with aspirin. 

This was tested by treating SW620 cells with both aspirin and CB-839 for 72 hours. 

The results from this experiment are shown in Figure 5.8. This again shows no 

Figure 5.7  Proliferation of the long-term (52-week) aspirin treated cell line 

HCA7 in combination with GLS1 inhibitor CB-839 

a Proliferation assay curves measured by optical density of crystal violet staining, showing 

one replicate representative of three independent experiments, error bars represent 

standard deviation (n≥3). b Cell number in treated cells relative to DMSO control in each 

long-term (LT) aspirin condition after 72 hours of treatment, from three independent 

experiments. Error bars represent standard error (n=3). **= p≤0.01. c Representative 

images of stained cells after 72 hours of treatment.  
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effect of CB-839 on control cells, however there is a significant decrease in cell 

number compared to control in all CB-839 doses with 4mM aspirin and with 5µM 

and 10µM in 2mM aspirin treated cells. The cells are less sensitive to CB-839 in 

comparison to cells treated with long-term aspirin and there is no difference in CB-

839 sensitivity between 2mM and 4mM aspirin treated cells. Therefore, short-term 

treatment with aspirin is sufficient to increase the cell’s sensitivity to CB-839, 

however, to a lesser extent than long-term aspirin treatment.  

 

Figure 5.8  Proliferation of the short-term (72-hour) aspirin treated cell line 

SW260 in combination with GLS1 inhibitor CB-839  

a Proliferation assay curves measured by optical density of crystal violet staining, showing 

one replicate representative of three independent experiments, error bars represent 

standard deviation (n≥3). b Cell number in treated cells relative to DMSO control in each 

short-term (ST) aspirin condition after 72 hours of treatment, from three independent 

experiments. Error bars represent standard error (n=3). *=p≤0.05, **= p≤0.01, 

***=p≤0.001. c Representative images of stained cells after 72 hours of treatment.  
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5.3.3 The combination of aspirin and CB-839 induces apoptosis in 

SW620 cells  

It was next investigated whether the combination of aspirin and CB-839 induces 

apoptosis in CRC cells, to determine whether the combination causes cell death 

or simply cell cycle arrest. This was investigated using an Incucyte analyser to 

measure cell confluence in parallel with fluorescence produced from a stain 

detecting active caspase-3/7 in real time. Prior to performing the experiment, the 

caspase-3/7 dye was validated, and concentration was optimised using the 

apoptosis inducer ABT-737 as a positive control for active caspases in SW620 

cells. The results from the validation are shown in Figure 5.9 and Figure 5.10. ABT-

737 did not significantly affect confluence at the concentrations used (Figure 5.9a), 

but apoptosis was induced as measured by the fluorescence produced from the 

caspase-3/7 stain (as quantified by “green object count”), particularly at the later 

time points (72 hours onwards) (Figure 5.9b). This confirms the caspase-3/7 stain 

is able to detect apoptotic cells. The range of concentration used for the stain (2-

8µM, as recommended by the manufacturer) had no effect on the level of apoptosis 

detected, therefore the lowest concentration (2µM) was used for subsequent 

experiments. This was shown by the green object count in Figure 5.9b, and also 

by the images of the green fluorescence shown in Figure 5.10. 
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Figure 5.9  Confluence and detection of apoptosis when treating with ABT-

737 and a stain for active caspase-3/7 in SW620 cells 

a Confluence of the cells over time after treatment with ABT-737 analysed in an Incucyte 

for 96 hours. Error bars represent standard deviation (n≥24).  b Fluorescence measured 

by green object count over time with each concentration of caspase-3/7 stain.  Data 

represent technical replicates from one experiment (n=4 for control, n=3 for 1µM and 2µM 

ABT-737), error bars represent standard deviation.  
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Using the optimised concentration of caspase-3/7 stain, this assay was performed 

to determine levels of apoptosis when treating long-term (~52-week) aspirin treated 

SW620 cells with CB-839. These results are shown in Figure 5.11. Confluency and 

fluorescence (indicating apoptotic cells) were measured over approximately 72 

hours. In line with previous experiments, the combination of aspirin and CB-839 

reduced confluency compared to the control conditions (Figure 5.11a). Green 

object count was calculated relative to the cell confluency, to normalise the number 

of apoptotic cells to the total number of cells in the wells. This showed a significant 

induction of apoptosis in the cells treated with a combination of aspirin and CB-

839, compared to all other conditions (Figure 5.11b). Neither aspirin nor CB-839 

alone significantly induced apoptosis in this experiment, when comparing 

fluorescence at the end time-point. Both aspirin alone and aspirin combined with 

CB-839 show a slight increase in apoptosis at the early time points (approximately 

24 hours onwards), though apoptosis upon treatment with the combination 

increases dramatically at the later time points (Figure 5.11c). These data show that 

the combination of aspirin and CB-839 reduces cell number over time at least in 

part by inducing apoptosis.  

  

Figure 5.10  Fluorescence detected using a stain for active caspase-3/7 when 

treating with ABT-737 to induce apoptosis in SW620 cells 

Representative images of green fluorescence after 96 hours of ABT-737 treatment, with 

the highest and lowest concentrations of caspase-3/7 stain used. Scale bar represents 

300µm. 
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Figure 5.11  Combining long-term (~52-week) aspirin treatment and 72-hour 

CB-839 treatment induces apoptosis in SW620 cells 

a Confluency of the cells over time after treatment with long-term 4mM aspirin and/or CB-

839 compared to control. b Green object count relative to confluency, to indicate the relative 

amount of apoptotic cells in each condition and the end time point (~72 hours). c Relative 

apoptotic cells over time. Error bars represent standard error (n=3). ****=p<0.0001.  



Chapter 5   Results 3 

 

153 
 

5.3.4 The effect of cell density on UK-5099 and CB-839 sensitivity 

Results so far in this chapter suggest that the presence of either short or long-term 

aspirin treatment can increase the sensitivity of cells to two metabolic inhibitors. 

However, aspirin treatment alone reduces cell number (as shown in Figures 5.1 – 

5.8), it is therefore possible that this decrease in cell density may in itself increase 

the cells’ sensitivity to the inhibitors, rather than any specific effect of aspirin 

(Tracey Collard, personal communication). To investigate this possibility, the effect 

of the inhibitors used was tested on varying cell densities in SW620 cells, starting 

with the seeding density used in previous experiments (20,000 cells per well), and 

decreasing down to 2,500 cells per well. The results from this experiment are 

shown in Figure 5.12. Cell number was calculated in the treated wells relative to 

the vehicle control wells with the same cell density.  

Decreasing cell density did not have a large effect on the sensitivity of the cells to 

UK-5099; relative cell number was close to 1 even at the lowest seeding density. 

This suggests the sensitising effect of aspirin treatment to UK-5099 was not due to 

decreased cell density. Decreasing cell density did increase sensitivity to treatment 

with CB-839. In the lowest cell density (2,500 cells seeded), relative cell number 

with CB-839 treatment dropped to an average of 65%. However, this density is 

much lower than that seen upon aspirin treatment alone in the previous 

experiments. Using the data in Figure 5.5 for comparison, the density of the aspirin 

treated cells is comparable to the 10,000 cells/well seeding density used here 

(Figure 5.5 and Figure 5.12). With 10,000 cells, relative cell number upon CB-839 

treatment was an average of 75% in comparison to control at 72 hours, whereas 

CB-839 treatment reduces cell number to 57% of control in 2mM aspirin and 28% 

in 4mM aspirin (Figure 5.5). The effect of the CB-839 treatment is considerably 

higher with aspirin treatment than with 10,000 cells/well seeding density. This 

suggests that it is not reduced cell density alone that increases the cells’ sensitivity 

to CB-839 when treated with aspirin. It is therefore likely that the specific effects of 

aspirin on the cells are also responsible for the increase the sensitivity of the cells 

to CB-839. 
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5.3.5 Aspirin does not sensitise SW620 cells to suppression of GLS1 

expression 

Both long- and short- term aspirin treatment were found to increase sensitivity to 

CB-839, which is hypothesised to be due to increased reliance of cells on GLS1 

upon aspirin treatment. CB-839 is thought be a specific inhibitor of GLS1, however 

there is a possibility that this inhibitor has off-target effects that could be related to 

the sensitisation effect of aspirin. If aspirin treated cells are more sensitive to 

inhibition of GLS1, then suppression of GLS1 expression using siRNA would 

potentially have the same effect as CB-839. This hypothesis was tested by 

knocking down GLS1 in cells and treating them with 4mM aspirin in comparison to 

Figure 5.12  Effect of seeding density on sensitivity to CB-839 or UK-5099 in 

SW620 cells 

a-b Representative crystal violet stained wells after 72 hours treatment with UK-5099 and 

CB-839 respectively, compared to DMSO control. c-d Relative cell number in the drug 

treated condition compared to the vehicle control in each cell seeding density. Error bars 

represent standard deviation (n=3).  
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control medium. The cells were cultured for a total of 8 days, with 7 days of aspirin 

treatment, and then stained using crystal violet to measure cell number. The results 

of this experiment are shown in Figure 5.13. GLS1 knockdown had no effect on 

cell yield after 7 days, and although 4mM aspirin treatment reduced cell number, 

there was no difference in cell number between the cells transfected with siRNA 

targeting GLS1 in comparison to cells transfected with control siRNA in either 

control or aspirin treated cells. Western analysis of GLS1 expression shows that 

aspirin treatment induces GLS1 expression in the control transfected cells (as 

previously shown in Chapter 3) and that siRNA targeting GLS1 reduced expression 

of GLS1 in both control and aspirin treated conditions.  

In this model, GLS1 knockdown did not affect cell number in the aspirin treated 

cells, which contrasts with the effect of CB-839 in aspirin treated cells. There are 

several possible explanations for this result. Firstly, CB-839 may have off-target 

effects that make aspirin treated cells more sensitive to it, however, the literature 

suggests that CB-839 is a selective inhibitor (281). Secondly, knockdown by siRNA 

may not be sufficient to fully inhibit GLS1 activity. Western analysis shows some 

GLS1 protein expression remains following knockdown and the activity in the 

remaining protein may be sufficient to prevent the impact on the cells. Thirdly, 

reduced expression of GLS1, that occurs upon knockdown but not upon inhibition 

with a small-molecule, may cause the cell to adapt and compensate in a way that 

inhibition of enzyme activity alone does not.  
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5.3.6 Aspirin sensitises SW620 cells to CB-839 in physiological 

medium 

The sensitisation of the cells to CB-839 when treated with aspirin is of particular 

interest as CB-839 is currently undergoing clinical trials for various cancer types 

(283). Therefore, as both drugs are known to be safe for patients, this combination 

may be easily clinically translatable if the same effect occurs in vivo as has been 

shown here in vitro. As previously discussed in section 5.1.3, due to the distinct 

metabolic phenotypes in vitro and in vivo, metabolic inhibitors can have different 

efficacies between conditions. Therefore, it was next investigated whether aspirin 

sensitises cells to CB-839 when treated in human plasma-like medium (HPLM), 

recently developed by Cantor et al. to have similar metabolite composition to 

human plasma (discussed in section 5.1.3) (119). Using physiological media takes 

Figure 5.13  Aspirin treatment does not sensitise cells to knockdown of GLS1 

by siRNA 

Optical density at 595nm (OD595) in each condition after crystal violet staining, to indicate 

the relative number of cells after 7 days of knockdown and aspirin treatment. Error bars 

represent standard deviation (n=15). Western analysis of GLS1 expression compared to α-

tubulin loading control.  
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the in vitro system a step closer to in vivo conditions, therefore, it is an attempt to 

better reflect what would occur in vivo. 

Cells were cultured in HPLM (supplemented with 10% dialysed FBS) for at least 

48 hours prior to setting up the experiment in order to allow them to adjust to the 

conditions, as recommended by Cantor et al. (119). SW620 cells were then seeded 

in HPLM and the following day treated with combinations of aspirin and CB-839 in 

HPLM and cultured for 72 hours (as before). Medium was changed every 24 hours 

during the experiment as low levels of nutrients in the medium are depleted more 

quickly than when using normal DMEM. Cells were fixed and stained with crystal 

violet to quantify cell number at 0-, 24-, 48- and 72-hours post treatment. The 

results from this experiment are shown in Figure 5.14. Growth curves were 

produced by calculating cell number at each time point relative to the cell number 

at the 0-hour time point in each condition (Figure 5.14a). Consistent with previous 

results, in the absence of aspirin, CB-839 did not reduce cell proliferation. Both 

2mM and 4mM aspirin alone reduced cell proliferation in comparison to control and 

this was reduced further upon addition of CB-839. To better visualise the relative 

effect of CB-839 treatment in combination with aspirin, cell number at 72 hours was 

calculated in the CB-839 treated cells relative to the vehicle control in each aspirin 

condition separately (Figure 5.14b). This shows that relative cell number does not 

change with CB-839 in the absence of aspirin, but CB-839 significantly reduced 

cell number in both 2mM and 4mM aspirin in a dose dependent manner. These 

results show that aspirin treatment sensitises cells to CB-839 in HPLM, which 

reassuringly is consistent with results using DMEM. This suggests this effect is 

more likely to translate to in vivo models and have future clinical utility. Importantly, 

these results also increase confidence in other results from experiments using 

DMEM, supporting its use in in vitro model systems, despite the discussed caveats.  
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5.3.7 Aspirin does not affect changes in OCR and ECAR in response 

to CB-839 

To further investigate the mechanism behind the increased sensitivity to CB-839 

caused by aspirin treatment, the effects of CB-839 on levels of glycolysis and 

oxphos were investigated in long-term (~52-week) aspirin treated SW620 cells 

using extracellular flux analysis. Control and long-term aspirin treated cells were 

placed in the Seahorse XFp analyser and 10µM CB-839 was injected using the 

first injection port to measure the acute effect on OCR and ECAR of CB-839 

addition, followed by the mitochondrial stress test (described in Figure 4.1). These 

results are shown in Figure 5.15. OCR and ECAR, following injection of CB-839, 

was calculated relative to basal OCR and ECAR, in order to allow comparison 

between conditions. In all conditions, there is a slight decrease in basal oxphos 

and increase in basal glycolysis with injection of CB-839. These results are 

consistent with inhibition of GLS1, as this limits entry of glutamine to the TCA cycle 

(reducing oxphos) and an increase in glycolysis would compensate for this 

subsequent reduction in ATP synthesis. Results show a similar response to CB-

839 in OCAR and ECAR levels in both the aspirin treated and control cells. There 

is also no change in the maximal OCR between the control and 4mM aspirin 

Figure 5.14  Aspirin sensitises SW620 cells to CB-839 in human plasma-like 

medium (HPLM) 

a Cell number over time after treatment, relative to the 0-hour time point in each condition. 

b Cell number after 72 hours of CB-839 and aspirin treatment, relative to the DMSO control 

in each aspirin condition. Error bars represent standard error (n=3). **=p<0.01.  

a b 
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treated cells when they had been acutely treated with CB-839. This suggests that 

aspirin does not sensitise the cells to CB-839 due to reduced ability to produce 

ATP. 

 

5.3.8 Proliferation is not rescued by supplementation with non-

essential amino acids or a ROS scavenger when treating with 

aspirin and CB-839 

As aspirin treatment does not change OCR and ECAR in response to CB-839, the 

mechanism behind the sensitisation of aspirin treated cells to CB-839 remained 

unclear. It was next hypothesised that the combination of drugs could lead to an 

increase in reactive oxygen species (ROS) production, leading to cell death. 

Glutaminolysis is important for the production of glutathione, an important ROS 

scavenger that regulates ROS levels. Therefore, combining aspirin and CB-839 

may limit glutathione production and increase ROS levels, potentially leading to 

the induction of apoptosis shown in Figure 5.11.  

Figure 5.15  Extracellular flux analysis of long-term (LT) (~52-week) aspirin 

treated SW620 cells with CB-839 injection 

a-b OCR and ECAR in control and long-term (LT) aspirin treated cells after injection of 

10µM CB-839, relative to basal OCR and ECAR. Baseline measurement was recorded 

after 15 minutes, and CB-839 was injected in the first injection port at 20 minutes, and 

OCR and ECAR recorded immediately afterwards. c Maximal OCR (after injection of CB-

839, oligomycin and FCCP) in each aspirin condition. Data represent technical replicates 

from one independent experiment (n=3 for 0mM aspirin, n=2 for 2mM and 4mM aspirin), 

error bars represent standard deviation.  

 

LT aspirin LT aspirin LT aspirin 
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To test this hypothesis, SW620 cells were treated with aspirin and CB-839 with the 

addition of N-acetyl cysteine (NAC) for 72 hours before fixing and staining with 

crystal violet in order to quantify cell number. NAC is another ROS scavenger that 

could rescue cell proliferation in the presence of aspirin and CB-839 by regulating 

ROS levels, if this hypothesis were correct. These results are shown in Figure 5.16. 

Cell number was calculated relative to the drug-free condition. As shown in 

previous experiments, CB-839 alone does not affect cell number whereas aspirin 

alone does and the combination of aspirin and CB-839 further reduces cell number. 

Adding NAC had no effect on cell number in any of the drug treatment conditions 

and did not rescue cell number with the combination of aspirin and CB-839 

treatment. This suggests that aspirin does not sensitise the cells to CB-839 by 

inducing high levels of ROS.  

  

 

 

 

 

Figure 5.16  NAC does not rescue cell growth when treating with aspirin and 

CB-839 in SW620 cells 

Cell number after 72 hours relative to the control (no drugs) condition, quantified by crystal 

violet staining. Error bars represent standard error (n=2). 
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It was next hypothesised that the cells may be sensitive to the combination of 

aspirin and CB-839 due to a deficiency in amino acid synthesis, as GLS1 inhibition 

would potentially inhibit synthesis of amino acids derived from glutamine, and 

aspirin inhibits many amino acid synthesising enzymes (as shown in Chapter 3). 

This hypothesis was tested by treating SW620 cells with aspirin and CB-839 with 

the addition of non-essential amino acids (NEAAs) for 72 hours before fixing and 

staining with crystal violet in order to quantify cell number. If NEAA synthesis 

deficiency causes the reduction of cell growth with aspirin and CB-839, then the 

addition of NEAAs may rescue this effect. A 100X stock of NEAAs was added to 

the medium so that the final concentration was 1X. The results from this experiment 

are shown in Figure 5.17. These results are similar to those in the previous 

experiment (Figure 5.16); aspirin alone and the aspirin/CB-839 combination reduce 

cell number as expected, but supplementation with NEAAs does not affect cell 

number in any condition and does not rescue the effect of aspirin and CB-839 in 

combination. This suggests that the aspirin treated cells are not more sensitive to 

CB-839 due to a deficiency in NEAA synthesis.  

  

Figure 5.17  NEAA supplementation does not rescue cell growth when 

treating with aspirin and CB-839 in SW620 cells 

Cell number after 72 hours relative to the control (no drugs) condition, quantified by crystal 

violet staining. Error bars represent standard error (n=2). 
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5.3.9 Knockdown of GPT2 does not sensitise SW620 cells to CB-839 

It has been previously shown in the literature that cancer cells can upregulate 

GPT2 as a response to knockdown of GLS1 or inhibition with CB-839 (258). It was 

shown in Chapter 3 that aspirin treatment leads to downregulation of GPT2. It was 

therefore hypothesised that aspirin treated cells may be more sensitive to CB-839 

as they have lower levels of GPT2 expression and are therefore unable to 

compensate for inhibition of GLS1. This hypothesis was investigated by testing 

whether knocking down GPT2 with siRNA (to mimic the effect of aspirin treatment) 

also sensitised the cells to treatment with CB-839. The results of this experiment 

are shown in Figure 5.18. Interestingly, CB-839 had no effect on cell number in 

either GPT2 knockdown conditions or control, suggesting that GPT2 knockdown 

does not sensitise the cells to CB-839. Western analysis showed a clear 

knockdown of GPT2 in the GPT2 siRNA treated cells compared to control siRNA. 

Overall, these results suggest that aspirin treatment does not sensitise the cells to 

CB-839 solely because of the downregulation of GPT2.  
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5.3.10 Aspirin and CB-839 combination metabolomic analysis 

Investigations so far have not provided an explanation for why aspirin treated cells 

are more sensitive to treatment with CB-839. Therefore, the metabolic effects of 

the combination of aspirin and CB-839 were more broadly investigated using SITA. 

Long-term (~52-week) 4mM aspirin treated SW620 cells were treated with 5µM 

CB-839 and compared to controls and cells treated with either long-term aspirin or 

CB-839 alone. Treatment time for CB-839 was reduced to 24 hours, to limit the 

impact on total cell number. Cells were treated with either [U-13C]glucose or [U-

Figure 5.18  GPT2 knockdown does not sensitise SW620 cells to CB-839  

Cell number in CB-839 treated cells relative to the DMSO control, measured by crystal 

violet staining. Error bars represent standard deviation (n=15). Western analysis of GPT2 

expression compared to α-tubulin loading control. Representative of two independent 

experiments. ns=non-specific band. 
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13C]glutamine for 8 hours prior to extraction, as this allows TCA cycle intermediates 

to reach isotopic steady state (as previously shown in Chapter 4). As previously 

described, the proportion of 13C in each metabolite pool represents the contribution 

of the labelled nutrient to that metabolite. Examples of these data are shown in 

Figure 5.19. Full metabolite data for 13C proportions, MIDs and relative abundances 

are shown in Appendix 7.6.  

Consistent with previous findings in Chapter 4, 13C incorporation in these examples 

show that aspirin alone increases the contribution of glucose into the TCA cycle 

metabolites α-KG and succinate, and decreases contribution of glutamine. 

Interestingly, CB-839 alone dramatically decreases the contribution of glutamine 

to TCA cycle metabolites as expected, as this drug inhibits glutaminolysis through 

GLS1. Concomitantly, CB-839 alone largely increases contribution of glucose to 

TCA cycle metabolites, possibly to compensate for the reduction in carbon entry 

from glutamine. It is interesting that CB-839 alone has such a large effect on 

glucose and glutamine incorporation given that it does not affect cell proliferation 

(as shown in section 5.3.2). This demonstrates the metabolic flexibility of these 

cancer cells. The combination of aspirin and CB-839 leads to a further decrease in 

contribution of glutamine to TCA cycle metabolites and a further increase in 

contribution of glucose, however, this is not largely different from the effect of CB-

839 alone, in contrast to the drastic difference seen in cell proliferation seen 

between these two conditions, seen in section 5.3.2. The nutrient contributions 

therefore do not explain the effect of aspirin and CB-839 on proliferation and 

apoptosis.  

Interestingly, these results show that long-term aspirin treated cells have reduced 

contribution of glucose to serine and glycine. There was no difference in this seen 

in the previous experiment with long-term aspirin treated SW620 cells in Chapter 

4, however this effect did occur in long-term aspirin treated LS174T and HCA7 

cells. This suggests that long-term aspirin treatment may affect serine and glycine 

biosynthesis in all three cell lines. Glutamine contribution to serine and glycine is 

extremely low, however, it is interesting that this is increased when cells are treated 

with the combination of aspirin and CB-839.  
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Figure 5.19  Contribution of 13C relative to the total metabolite abundance 

after 8hrs incubation with [U-13C]glucose or [U-13C]glutamine in SW620 cells 

treated with long-term (52-week) aspirin and CB-839 

% of 13C in metabolite pools in long-term 4mM aspirin treatment and 24-hour 5µM CB-839 

treatment compared to control and combination treatment. Error bars represent standard 

error (n=3).  
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Relative abundances (shown in Appendix 6, Figure 7.18, Figure 7.21) also do not 

show any clear differences in the aspirin and CB-839 combination treatment 

condition could explain the induction of apoptosis. However, interestingly there is 

a dramatic reduction in abundance of aspartate, and to a slightly lesser extent 

reducted abundance of alanine, with CB-839 treatment either with or without 

aspirin. This suggests a possibile deficiency in alanine/aspartate synthesis with 

CB-839 treatment, which could impair synthesis of proteins and nucleotides (301). 

However, this does not clearly explain the difference in proliferation, as the same 

effect occurs with both CB-839 alone and CB-839/aspirin. 

Overall, these results show that CB-839 has the expected effect on both glutamine 

and glucose metabolism. However, there is not a further notable effect on 

metabolism upon combination of aspirin and CB-839 that could explain the large 

reduction in cell number and induction of apoptosis shown in Chapter 4. 

Samples from this experiment were also analysed by western blotting to 

investigate expression of GLS1 and GPT2 when aspirin and CB-839 are combined. 

These results are shown in Figure 5.20. Consistent with previous results in Chapter 

3, long-term aspirin treatment induces a large increase in expression of GLS1 and 

reduces expression of GPT2. CB-839 alone does not have any significant effects 

on expression of these enzymes, although there is a slight trend towards increased 

expression of GLS1. Expression of GLS1 and GPT2 with aspirin and CB-839 in 

combination is not significantly different from aspirin alone, so again these results 

do not help to explain the dramatic reduction of proliferation in this condition.  
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Figure 5.20  Western analysis of SW620 cells treated with long-term (~52-

week) aspirin and CB-839 

a Western analysis of GLS1 and GPT2 expression in long-term (LT) 4mM aspirin treated 

cells that were treated with 5µM CB-839 for 24 hours. Representative of three biological 

replicates. b Quantification of relative protein expression compared to control in three 

biological replicates. Error bars represent standard error (n=3). *=p<0.05, **=p<0.01.  

a 

b 
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5.3.11 Effect of nutrient depletion on long-term aspirin treated cells  

Results in this chapter show that aspirin treatment, particularly long-term, makes 

cells more vulnerable to metabolic inhibitors. It was therefore investigated whether 

long-term aspirin treatment had any effect on the ability of the cells to cope with 

depletion of the two main carbon sources: glucose and glutamine. Levels of these 

nutrients in the tumour microenvironment can often be low due to poor 

vascularisation and rapid consumption by tumour cells as well as stromal and 

immune cells. Cancer cells must adapt to survive and grow in these low nutrient 

conditions. Metabolic therapies may be effective if they limit the ability of the cells 

to cope with low nutrient conditions.  

Long-term (~52-week) aspirin treated SW620 cells were grown in decreasing 

concentrations of glucose for 72 hours. Cells were fixed and stained with crystal 

violet at 0-, 24-, 48- and 72 hours of treatment to produce growth curves (Figure 

5.21a). Cell number at the 72-hour time point was calculated in each glucose 

concentration relative to the control concentration (25mM, used in normal DMEM) 

to compare the effect of glucose depletion in each aspirin condition (Figure 5.21b). 

These results show that glucose depletion reduced cell growth, but the effect of 

glucose depletion was not significantly different between aspirin conditions. This 

suggests that long-term aspirin treatment doesn’t affect the ability of the cells to 

cope with glucose depletion.  
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The effect of aspirin treatment on response to glutamine depletion was also 

investigated. Long-term (~52-week) aspirin treated SW620 cells were grown in 

decreasing concentrations of glutamine for 72 hours. Cells were fixed and stained 

with crystal violet at 0-, 24-, 48- and 72 hours of treatment to produce growth curves 

(Figure 5.22a). Cell number at the 72-hour time point was calculated in each 

glutamine concentration relative to the control concentration (2mM, used in normal 

DMEM) to compare the effect of glutamine depletion in each aspirin condition 

(Figure 5.22b). These results show that glutamine depletion reduced cell growth, 

but that the control cells were significantly more affected by glutamine depletion 

Figure 5.21  Proliferation of the long-term (~52-week) aspirin treated cell line 

SW620 with depletion of glucose  

a Proliferation assay curves measured by optical density of crystal violet staining, showing 

one replicate representative of three independent experiments, error bars represent 

standard deviation (n≥3). b Cell number relative to 25mM glucose in each long-term (LT) 

aspirin condition at 72 hours, from three independent experiments. Error bars represent 

standard error (n=3). ns=not significant.  
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compared to long-term aspirin treated cells at all concentrations of glutamine (apart 

from 0mM glutamine, in which all conditions showed no proliferation). This 

suggests that despite being more sensitive to inhibition of GLS1 (as shown in 

section 5.3.2), long-term aspirin treated cells appear to be more resistant to 

glutamine depletion.  

  

Figure 5.22  Proliferation of the long-term (~52-week) aspirin treated cell line 

SW620 with depletion of glutamine  

a Proliferation assay curves measured by optical density of crystal violet staining, showing 

one replicate representative of three independent experiments, error bars represent 

standard deviation (n≥3). b Cell number relative to 2mM glutamine in each long-term (LT) 

aspirin condition at 72 hours, from three independent experiments. Error bars represent 

standard error (n=3). *=p≤0.05, **=p≤0.01. 
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 Discussion 

5.4.1 Efficacy of combining aspirin with metabolic inhibitors 

This chapter has investigated the hypothesis that the metabolic effects of aspirin 

shown in previous chapters may render cells vulnerable to further metabolic 

perturbation. This hypothesis was pursued due to a large body of work showing 

that combinations of complementary metabolic interventions are often more 

effective than single interventions as they limit the ability of the cells to 

metabolically adapt. Aspirin is a good candidate for combining with other 

interventions as its clinical use is well established and it has a good safety profile. 

Results in this chapter show that aspirin treatment increases the sensitivity of the 

cells to two metabolic inhibitors: UK-5099 and CB-839. These drugs were chosen 

as they target pathways that were shown to be upregulated upon aspirin treatment 

(glucose utilisation and GLS1 expression respectively). It was thought that the cells 

may be using these pathways as compensation mechanisms against the effects of 

aspirin treatment on other metabolic pathways. It was therefore thought that aspirin 

treated cells may be more sensitive to inhibition of these pathways. Increased 

sensitivity to these drugs suggests that the cells are more reliant on these 

pathways when treated with aspirin.  

It is of particular interest that aspirin treatment appears to increase the efficacy of 

CB-839 as this drug is currently in clinical trials and this finding could therefore 

have direct clinical relevance. Treating patients with a combination of aspirin and 

CB-839 may prove more effective than treatment with CB-839 alone for CRC. 

Importantly, both drugs also have relatively good safety profiles and are already 

used in patients (aspirin routinely, and CB-839 on trial basis), which would make 

clinical translation of this treatment much less time-consuming and expensive than 

development of a completely novel therapy. Work published in 2020 by Boku et al. 

supports our findings that aspirin increases sensitivity of CRC cell lines to CB-839, 

suggesting that this approach may be broadly applicable to CRC patients, as this 

increases the number of different cell lines with which this treatment has shown 

efficacy. Interestingly, they also show that aspirin increases sensitivity to two 

further metabolic inhibitors: SASP (xCT inhibitor) and AOA (aminotransferase 

inhibitor) (212). The potential for aspirin to increase the efficacy of existing 

metabolic therapies may therefore be wide ranging and there may be other 

potential candidates of drugs that may have enhanced efficacy when combined 

with aspirin warranting further investigation.  
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As previously discussed, metabolic interventions that are effective in vitro may not 

necessarily show the same results in vivo due to different nutrient availability and 

metabolic phenotypes of the cells. Findings in this chapter show that the 

combination of aspirin and CB-839 is effective in HPLM, which has not previously 

been reported and therefore builds further on the work done by Boku et al. (212). 

This increases confidence that this combination may be clinically translatable. It 

also provides confidence in other results gained in this project that have been 

performed in DMEM, despite the discussed limitations of these conditions. Due to 

cost and practicality limitations, HPLM cannot currently replace DMEM as the 

standard laboratory cell culture media. Reproducing similar results in HPLM as 

found in DMEM supports the continued use of DMEM as a standard condition and 

shows that it can produce insightful results. Nonetheless, more physiological 

conditions are certainly worth pursuing and further work, such as investigating the 

efficacy of this combination in in vivo models, will be required to assess the 

potential of this approach for clinical application.  

5.4.2 Mechanism underlying efficacy of aspirin and CB-839 

Work in this chapter also aimed to investigate in more detail the mechanisms by 

which aspirin sensitised CRC cells to CB-839. Results show that the combination 

of drugs induced apoptosis in SW620 cells. However, investigations into the 

underlying metabolic mechanisms of the combination did not show any clear 

explanations for its efficacy. One possibility that was investigated was that aspirin 

and CB-839 may affect TCA cycle function, therefore inhibiting production of 

sufficient ATP. However, extracellular flux analysis showed that aspirin did not 

further impact OCR or ECAR upon CB-839 treatment, suggesting the combination 

does not impair ATP production and in this way induce apoptosis.  

Glutamine metabolism and amino acid metabolism more generally, are important 

for the regulation of ROS levels in cancer cells, for example by the synthesis of 

ROS scavenger glutathione (302). It was therefore hypothesised that the 

combination of CB-839 and aspirin may affect ROS balance by inhibiting 

glutathione production, as both of these drugs inhibit glutaminolysis. Balancing 

ROS levels is particularly important in cancer cells. Although ROS are important 

for many signalling pathways involved in tumorigenesis, excessive ROS levels lead 

to cell death (303). Induction of excessive ROS levels has been shown to underly 

the efficacy of combining inhibitors of glutamine transporter ASCT2 and GLS1 in 

cancer cells (292). CB-839 has also been found to induce ROS in pancreatic 
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cancer cells in vitro and the effect of the drug could be rescued by addition of a 

ROS scavenger (285). It was therefore considered that build-up of ROS levels due 

to glutathione deficiency could be responsible for the induction of apoptosis seen 

with aspirin and CB-839. NAC is a ROS scavenger that can regulate ROS levels 

and has been previously shown to rescue cell proliferation where high ROS levels 

have been induced (292). It was therefore investigated whether NAC may rescue 

proliferation in the presence of aspirin and CB-839. However, NAC was not found 

to have any effect on proliferation in any treatment condition, suggesting excessive 

ROS levels are not the cause of apoptosis induced by aspirin/CB-839. It would 

nevertheless be interesting to directly investigate whether ROS levels are affected 

by treatment with aspirin and/or CB-839, which can be performed by flow cytometry 

assays, including detection of mitochondrial and total cell ROS levels. Of course, 

it is possible that the NAC concentration used here was not sufficient to reduce 

ROS levels in these cells, as only one concentration of NAC was investigated in 

these experiments (taken from Jin et al. (292)). 

Another possibility was that the combination of aspirin and CB-839 led to a critical 

deficiency in amino acid synthesis. Glutamine is important for the synthesis of 

many non-essential amino acids (NEAAs), such as asparagine and aspartate. 

Despite being called non-essential (due the ability of cells to synthesise them), 

these amino acids are crucial for the proliferation of cancer cells. As aspirin and 

CB-839 may both inhibit the ability of the cells to synthesise other amino acids from 

glutamine, it was hypothesised that this may be the cause of the induction of 

apoptosis. This was investigated by determining whether supplementation of the 

growth media with NEAAs was sufficient to rescue proliferation in the presence of 

aspirin and CB-839. However, this was not found to be the case.  

One consideration from these results is that some amino acids are not readily 

transported into the cell, and therefore some components of the NEAA mixture 

may have remained extracellular and been unable to impact intracellular 

metabolism, for example this is the case with aspartate (86). Repeating this 

investigation using cell permeable amino acids such as aspartate β-methyl ester 

hydrochloride (βMD) (304) to determine if this were able to rescue cell proliferation 

with aspirin and CB-839 would be of interest, particularly as relative intracellular 

abundance of aspartate dropped dramatically in the CB-839 treated conditions (as 

shown in Figure 7.18 and Figure 7.21). It is therefore still possible that lack of ability 

to synthesise aspartate is the cause of the efficacy of the aspirin CB-839 

combination. However, it would still be unclear as to why CB-839 treatment alone 



Chapter 5   Results 3 
 

174 
 

can dramatically reduce aspartate levels, without affecting proliferation or 

apoptosis. It may be that in the absence of aspirin, cells are able to compensate 

for the lack of aspartate synthesis and aspirin impairs this ability. Further 

investigation is therefore required to fully understand the significance of the effect 

on aspartate abundance. 

It was also suggested here that aspirin treatment may prevent the cells from 

metabolically compensating to CB-839 treatment due to the reduced expression of 

GPT2 with aspirin. Upregulation of GPT2 has previously been shown to be a 

compensation mechanism in response to GLS1 inhibition in cancer cells (258). 

Therefore, if aspirin prevents this response, it could render the cells more sensitive 

to GLS1 inhibition by this mechanism. However, knockdown of GPT2 by siRNA did 

not sensitise the cells to CB-839, suggesting the inhibition of GPT2 expression by 

aspirin was not the sole reason for the sensitisation of the cells to CB-839 

To further investigate whether GPT2 is involved in sensitising CRC cells to CB-

839, it would be interesting to determine whether overexpression of GPT2 can 

rescue proliferation upon aspirin and CB-839 treatment. Similarly, it could also be 

investigated whether overexpression of LAT1 could rescue proliferation, given the 

downregulation of LAT1 with aspirin (shown in Chapter 3) and the importance of 

LAT1 in CRC cells for glutamine metabolism (41). These investigations would 

provide further insight into the mechanisms by which aspirin sensitises cells to CB-

839. Aspirin reduces expression of many different metabolic enzymes (as shown 

in Chapter 3) therefore it could be that a combination of these changes affect the 

ability of the cells to respond to and compensate for GLS1 inhibition, rather than 

any one specifically. 

5.4.2.1 Metabolomic analysis and SITA 

Metabolomic analysis of cells treated with aspirin and CB-839, tracing the 

metabolic fates of glucose and glutamine, was performed in order to assess more 

broadly the metabolic effects of combining these drugs. However, these results did 

not provide a clear explanation for the increase in cell death. CB-839 alone 

appeared to have a similar effect metabolically to the combination of CB-839 with 

aspirin, despite CB-839 alone having no discernible effect on proliferation or 

apoptosis. Specifically, CB-839 treatment unsurprisingly inhibited utilisation of 

glutamine, as well as reducing intracellular abundance of alanine and aspartate. 

While there was not a large difference in this effect with the addition of aspirin, it 

could be that aspirin somehow impairs the ability of the cells to metabolically 
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compensate for the effects of CB-839. What specific compensation mechanisms 

may be impaired are not clear from these data and therefore have yet to be 

determined.  

Overall, while aspirin does appear to increase the reliance of the cells on activity 

of GLS1, more work is required to further understand the mechanism by which the 

combination of aspirin and CB-839 dramatically decreases cell proliferation and 

induces apoptosis.  

One particularly interesting finding from the metabolomic analyses was that aspirin 

treatment alone impaired the incorporation of glucose carbon into serine and 

glycine. This was not observed in previous experiments (in SW620 cells in Chapter 

4), although this effect was shown in the other two cell lines investigated in the 

same chapter (LS174T an HCA7). This suggests that aspirin treatment may impair 

the serine biosynthesis pathway in all three cell lines investigated. As previously 

discussed in section 4.4, proteomic data showed that aspirin treatment reduces 

expression of PSAT1 in SW620 cells (Figure 3.5), which catalyses a key step in 

the serine biosynthesis pathway, which could be a potential explanation for the 

impairment of this pathway. Another possibility is that aspirin treatment causes the 

cells to increase entry of glucose into the TCA cycle, potentially to compensate for 

decreased entry of glutamine carbon, and one of the consequences of this may be 

diversion of glucose away from other biosynthetic pathways such as serine 

biosynthesis. As previously discussed, it would be interesting to investigate 

whether impairment of serine biosynthesis is a key anti-cancer mechanism of 

aspirin treatment. Experiments would include determining whether the effect of 

aspirin could be partially rescued by supplementation with cell-permeable serine, 

as well as investigating the underlying cause for the impairment of the pathway 

such as by overexpression of PSAT1. The serine biosynthesis pathway is 

regulated by ATF4 signalling (272) and aspirin was found to inhibit ATF4 signalling 

in Chapter 3. This could therefore possibly explain the inhibition of serine synthesis 

with aspirin. Inhibition of serine synthesis has been shown to synergise with serine 

deprivation in cell lines and this can also be applied to dietary restriction of serine  

in vivo, which leads to decreased abundance of serine in the bloodstream (272). 

This suggests that aspirin treatment could potentially synergise with serine 

deprivation in cell lines or dietary serine restriction for CRC therapy.  
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5.4.3 Effect of nutrient deprivation 

Work in this chapter also investigated the effect of aspirin treatment on the ability 

of the cells to cope with nutrient depletion. Key nutrients such as glucose and 

glutamine are often limited in the tumour microenvironment and this can affect how 

the cells respond to different therapies. Interestingly, glutamine withdrawal had a 

greater impact on cell proliferation in untreated cells than aspirin treated cells. This 

could be due to the fact that not only do aspirin treated cells have a decreased rate 

of proliferation, they also have decreased levels of glutamine utilisation (as shown 

in Chapter 4). This means they are less likely to use up the glutamine available to 

them in the media than the controls cells. Therefore, instead of being more 

sensitive to low glutamine levels, control cells may deplete glutamine from the 

medium more quickly and therefore the low glutamine levels in the growth medium 

may rapidly become limiting for cell proliferation. This effect was also shown in a 

recent study, which found that KRAS mutant CRC organoids had a much higher 

rate of glutamine utilisation than KRAS wild type and were therefore more sensitive 

to glutamine depletion from growth medium (41). This distinction highlights a 

limitation of standard cell culture conditions, in that nutrients are depleted and 

replenished over time, rather than maintained at more constant rates as they would 

be in vivo. 

Overall, work in this chapter has shown that aspirin sensitises CRC cell lines to 

metabolic inhibitors, which supports the proposal that aspirin induces significant 

metabolic reprogramming in CRC cells, and renders them more reliant on certain 

metabolic pathways. More importantly, this suggests that aspirin may be clinically 

beneficial in enhancing efficacy of existing metabolic therapies, including CB-839. 

This may prove to be a valuable treatment option for reducing disease progression 

and increasing survival and quality of life in CRC patients, increasing the efficacy 

of CB-839 and reducing the likelihood of development of resistance. This 

application is of particular importance due to the currently limited treatment options 

for advanced CRC. 
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This project aimed to elucidate cellular mechanisms of aspirin in a model of long-

term aspirin treatment, where CRC cell lines were maintained in aspirin for 52 

weeks. Long-term use of aspirin has been shown to significantly decrease the risk 

of developing CRC approximately 10 years after initiation of treatment (as 

discussed in section 1.3.1). Development of the long-term aspirin treated cell lines 

aimed to investigate, for the first time in vitro, whether distinct effects occurred in 

cells that have been exposed to aspirin for an extended period.  

Proteomic analysis of long-term aspirin treated SW620 cells that was performed 

previously in the lab by Dr Eleanor Mortensson highlighted a potential impact of 

long-term aspirin on cellular metabolism. Due to the importance of metabolism in 

cancer biology and potential for new therapies (discussed in section 1.2) metabolic 

reprogramming of cancer cells by aspirin was investigated in this project. 

Understanding the effect of aspirin on cancer cell metabolism could increase 

understanding of the cellular mechanisms of aspirin in cancer prevention. 

Understanding this is important for optimised use, such as improved patient 

stratification, timing of treatment and potential combination therapies.  

 

 Aspirin and metabolic reprogramming in CRC cells 

Initial investigations in Chapter 3 confirmed that long-term aspirin exposure leads 

to regulation of a number of metabolic enzymes. Interestingly, this effect was also 

seen with short term (72-hour) treatment, suggesting the effect on cellular 

metabolism is not solely a result of long-term aspirin exposure. These results add 

to an increasing number of studies in the literature highlighting regulation of 

metabolic enzymes in cancer cells when treated with aspirin, as reviewed in section 

1.4. Of particular note was the induction of GLS1 expression, which occurred 

consistently with both long- and short-term aspirin treatment across multiple cell 

lines. This was recently corroborated by findings published by Boku et al. in 2020  

showing that aspirin induces expression of GLS1 in other CRC cell lines as well 

(212).  

GLS1 is generally thought to be an oncogene that promotes tumorigenesis, so it is 

somewhat counterintuitive that it is upregulated with aspirin treatment, which is 

known to have anti-tumorigenic effects. Along with the observation of reduced 

glutaminolysis with aspirin shown in Chapter 4, this led to hypothesis that GLS1 

upregulation may be an indirect effect of aspirin treatment, perhaps to compensate 
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for other metabolic effects of aspirin. The maintenance of GLS1 upregulation up to 

72 hours post aspirin removal (as shown in Figure 3.12) may also suggest that this 

is due to an indirect effect of aspirin treatment. It would be interesting to investigate 

further the length of time for which GLS1 maintains upregulation following removal 

of aspirin and to determine what specifically this is in response to, as data here 

suggest it is does not occur in response to inhibition of ATF4 signalling or 

downregulation of GPT2.  

It is important to stress that enzyme expression levels cannot report metabolic 

pathway activity, and therefore this project directly investigated the effect of aspirin 

treatment on activity of metabolic pathways (the first study to do this to our 

knowledge). Using a combination of extracellular flux analysis and stable isotope 

tracer analysis (SITA), this project has shown that aspirin impacts nutrient 

utilisation of CRC cells; SITA data show that glutaminolysis was reduced with 

aspirin treatment (as shown by decreased 13C labelling in glutamate and TCA cycle 

metabolites), despite seeing strong upregulation of GLS1. This highlights the issue 

with inferring pathway activity from enzyme expression levels alone. This also 

supports the hypothesis that GLS1 induction is not a direct effect of aspirin 

treatment but most likely a compensatory response, as activity of the pathway is 

actually decreased.  

Although expression of GLS1 protein is increased with aspirin, it is interesting to 

speculate whether the activity of the enzyme is affected. As discussed in section 

1.2.8.3, activity of glutaminases is affected by post-translational modification, 

which can be regulated by pathways such as NFκB. Aspirin has been shown to 

modulate NFκB signalling in a context-dependent manner (described in section 

1.3.2.2), therefore it is possible that aspirin treatment leads to decreased activity 

of the GLS1 enzyme via activation of NFκB, resulting in subsequent upregulation 

of the protein to compensate for the loss of activity. It would be interesting to 

investigate this possibility further, for example by determining GLS1 enzyme 

activity in the presence of aspirin treatment using an enzyme activity assay, and 

the effect of aspirin on NFκB signalling in these cells by using an NFκB reporter 

assay.  

SITA data also highlighted an increase in entry of glucose into the TCA cycle with 

aspirin treatment. It is hypothesised that this is a compensation mechanism in 

response to decreased entry of glutamine-derived carbon, in order to maintain 

carbon flux through the cycle. Interestingly, extracellular flux analysis showed no 
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effect of aspirin on OCR or ECAR, suggesting no change in oxphos or lactate 

production. This suggests that by switching the carbon source for the TCA cycle 

and replacing glutamine carbon with glucose carbon, cells are able to maintain 

levels of TCA cycle flux and oxphos in order to maintain ATP production in the 

presence of aspirin. This highlights the extent to which cancer cells are able to 

adapt their metabolism in response to environmental perturbations, in order to 

maintain activity of the necessary metabolic pathways and maximise proliferation. 

Although aspirin treatment does reduce cell proliferation, it may have a stronger 

effect if the cells were unable to induce compensatory metabolic pathways.  

A summary of the metabolic reprogramming effect of aspirin treatment as shown 

by the data in Chapter 3 and Chapter 4 of this project is shown in Figure 6.1.  

 

Figure 6.1  Summary of the effect of long-term aspirin exposure on metabolic 

reprogramming in CRC cells 

Data in this project have shown that aspirin treatment leads to regulation of metabolic 

enzymes, particularly the upregulation of glutaminase 1 (GLS1). It has also been shown 

that aspirin leads to a decrease in glutaminolysis (indicated by blue dotted arrow) and an 

increase in glucose entry into the TCA cycle (indicated by red arrows). ATP production 

from oxphos (as measured by OCR) was not found to be affected by aspirin. It is therefore 

hypothesised that aspirin leads to an increase in GLS1 expression and glucose utilisation 

as compensatory responses to inhibition of glutaminolysis, and that this allows 

maintenance of TCA cycle flux and ATP production from oxphos in the presence of aspirin. 

Created with BioRender.com. 
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SITA and extracellular flux analysis were performed in long-term aspirin treated 

cells but not in short-term treated cells. Data in Chapter 3 show that short-term 

aspirin is sufficient to regulate metabolic enzymes, which suggests short term 

aspirin would have a similar effect on nutrient utilisation as long-term treatment. 

However, further experiments would be required to confirm this. This is important 

for determining the clinical relevance of the metabolic effect of aspirin. For 

example, whether it is only applicable to patients who have taken aspirin for a 

long time period, or whether acute use of aspirin could have the same beneficial 

effects. 

 Combining aspirin with metabolic inhibitors 

Having established that aspirin treatment induces metabolic reprograming in CRC 

cells, it was hypothesised that this effect could be utilised in order to increase 

efficacy of existing metabolic inhibitors. It was found that aspirin treatment leads to 

an increase in glucose utilisation and GLS1 expression and as a result, it was 

suggested that the cells would be more reliant on these pathways in the presence 

of aspirin and therefore be more sensitive to targeted inhibitors. The effect of 

aspirin treatment was therefore investigated in combination with UK-5099 and CB-

839, inhibitors of glucose utilisation (via MPC) and GLS1 respectively. Mechanisms 

of action of these two inhibitors are illustrated in Figure 6.2. 

 

Figure 6.2  Mechanisms of action of two metabolic inhibitors combined with 

aspirin 

UK-5099 inhibits the mitochondrial pyruvate carrier (MPC), therefore inhibiting entry of 

pyruvate into the TCA cycle. CB-839 inhibits glutaminase 1 (GLS1).  
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Importantly, results in Chapter 5 confirmed that aspirin treatment increased 

sensitivity of CRC cell lines to both of these inhibitors. This supports the hypothesis 

that aspirin treatment makes the cells more reliant on these pathways. 

Interestingly, a similar effect was also found with short-term aspirin treatment. This 

suggests that combining aspirin with complementary metabolic inhibitors could be 

an effective therapeutic approach and could include patients who had not 

previously taken aspirin. This is reassuring and suggests that short-term aspirin 

has a similar effect on metabolic reprogramming and nutrient utilisation as shown 

with long-term aspirin in Chapter 4, despite this not having been directly 

investigated.  

These results add to a large body of work showing efficacy of various combinations 

of drugs targeting metabolism (as discussed in section 5.1), as well as work 

showing that aspirin can enhance efficacy of a range of cancer treatments including 

chemotherapies (192, 305), targeted therapies (306), immunotherapies (271) and 

metabolic inhibitors (212). 

While UK-5099 is not used clinically, these results suggest that aspirin treated cells 

are more sensitive to inhibition of glucose metabolism, and therefore this principle 

may be applicable to other clinical inhibitors of glycolysis, such as 2-DG. CB-839 

on the other hand is under investigation in clinical trials for various cancers, and 

therefore it is of significant clinical relevance that aspirin may enhance its efficacy. 

Interestingly, the study published by Boku et al. in 2020 also found that aspirin 

increased sensitivity of CRC cells to CB-839 (212). Different cell lines were used 

in this study, suggesting this effect may be broadly applicable to CRC and not 

necessarily specific to certain subtypes, therefore suggesting that this approach 

may benefit a large proportion of CRC patients rather than only particular 

subgroups.  

Further investigations in this project showed that the combination of aspirin and 

CB-839 induces apoptosis in SW620 cells, however investigations into the 

underlying mechanism of this effect were inconclusive. However, importantly, it 

was shown that the combination of aspirin and CB-839 was effective at reducing 

cell proliferation when the cells were grown in HPLM, which has a metabolite 

composition that closely reflects human plasma. Excitingly, this result provides 

more confidence that this approach may be effective in treating patients.  
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 Remaining questions and future work 

A key question emerging from this work is whether the combination of aspirin and 

CB-839 will be an effective treatment for CRC. Work to investigate this question 

should focus studying the effects of this combination in more physiological models, 

to build on the work here using physiological cell culture medium. For example, 

studying the effect of the combined treatment in a variety of patient derived 

organoids or patient derived xenografts will help identify whether there is a 

difference in response between tumours with different genetic backgrounds or 

CMS subtypes, improving the process of patient stratification and increasing the 

potential for personalised medicine. Investigations are ongoing in collaboration 

with the Owen Samson lab at the Beatson Institute (Glasgow, UK), to determine 

whether the treatment with a combination of aspirin and CB-839 is tolerable and 

safe, as well as an effective treatment for inhibiting tumour progression in mouse 

models of CRC. If further investigations show promising results, this could warrant 

a clinical trial investigating the efficacy of aspirin and CB-839 treatment in CRC 

patients.  

As discussed in section 1.2.8.2, glutamine metabolism is important for the 

maintenance of normal healthy intestinal tissue, and a large proportion of 

glutamine metabolism in the body occurs within the intestine. The epithelial lining 

of the intestine has a rapid turnover due to exposure to the digestive tract. Inhibition 

of GLS1 with CB-839 could therefore impact normal intestinal epithelial 

homeostasis. While CB-839 has thus far been found to be relatively well-tolerated, 

this issue could explain the side-effects relating to the digestive system that have 

been reported with the drug, such as nausea, loss of appetite and diarrhoea (307). 

Phase I trials of the drug involving dose escalation studies are ongoing in order to 

fully determine the risks and side effects.  

What also remains to be determined is the cellular mechanism by which the 

combination of aspirin and CB-839 reduces proliferation and induces apoptosis. 

Interestingly, intracellular aspartate abundance was dramatically reduced by CB-

839 treatment (see Figure 7.18 and Figure 7.21). It would therefore be interesting 

to investigate whether cell-permeable aspartate may be able to rescue proliferation 

with aspirin and CB-839 treatment. Lack of aspartate could affect ability of the cells 

to synthesise nucleotides (301), which could be a possible explanation for the 

reduction in proliferation with aspirin and CB-839.  
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Another possible mechanism to investigate is the effect of aspirin on ATF4 

signalling. A recent study found that inhibition of ATF4 signalling was synergistic 

with inhibition of GLS1 (291). As data in Chapter 3 suggested that aspirin inhibits 

ATF4 signalling, this mechanism could be linked with the synergy of aspirin and 

CB-839. Interestingly, Boku et al. reported the opposite effect, that aspirin induced 

ATF4 signalling in CRC cells (212). This suggests that this effect may be cell line 

specific or there may be differences between long-term and short-term aspirin 

treatment. GLS1 inhibition has also been found previously to synergise with mTOR 

inhibition (288, 289), and aspirin has been shown to inhibit mTOR signalling in work 

by Din et al. (227). Together, these findings suggest that the effects of aspirin on 

mTOR and ATF4 signalling, and how these interacts with CB-839 sensitivity, 

warrant further investigation. If this mechanism were further understood, it could 

help to identify other combinations of existing drugs that could be repurposed for 

the treatment of advanced CRC, for which there are currently limited treatment 

options.  

Another interesting avenue for future investigations will be whether drugs similar 

to aspirin have similar effects on cellular metabolism, and whether they can also 

increase efficacy of CB-839. Of particular interest is 5-aminosalicylic acid (5-ASA), 

also known as mesalazine or mesalamine, which is an NSAID that is structurally 

similar to aspirin (see Figure 6.3). Unlike aspirin, 5-ASA is a weak inhibitor of COX 

enzymes and therefore does not have the same side effects that are associated 

with aspirin use such as increased risk of severe bleeding, which limit the clinical 

utility of aspirin as a prophylactic agent for CRC (308). 

Figure 6.3  Chemical structures of aspirin (acetylsalicylic acid) (a) and 5-ASA 

(5-aminosalicylic acid) (b) 

Created with BioRender.com. 
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5-ASA is used routinely for the treatment of inflammatory bowel disease (Crohn’s 

disease and ulcerative colitis). These conditions lead to an increased risk of 

developing CRC, known as colitis associated cancer (CAC) (309). There is 

evidence to suggest that 5-ASA reduces risk of CAC (310, 311), although it is not 

clear whether 5-ASA is effective in preventing CRC in patients who do not have 

inflammatory bowel disease. Recent work in the Williams lab has shown that 5-

ASA can reduce the cancer stem cell phenotype in colorectal adenoma cells, 

suggesting it might slow progression of benign adenomas into invasive carcinomas 

(308). Unpublished proteomic data produced in the Williams lab has also shown 

that short-term 5-ASA treatment regulates metabolic enzymes in colorectal 

adenoma cells, and suggest that 5-ASA may have a similar effect on metabolism, 

including upregulation of GLS1 and downregulation of GPT2, LAT1 and PDK1. 

These results have also been validated by western blotting and qPCR (Lucy 

Jobson-Wood, unpublished). As 5-ASA is more well-tolerated than aspirin and has 

fewer side effects, it will be worthwhile to investigate whether 5-ASA has a similar 

effect on metabolic reprogramming in CRC cells in more detail, such as using 

extracellular flux analysis and SITA. It would also be important to investigate 

whether 5-ASA can also increase the efficacy of CB-839 in CRC cell lines, as this 

may be a more safe and well-tolerated treatment than combining CB-839 with 

aspirin.  

 

 Concluding remarks 

This project has outlined a detailed model by which CRC cell lines undergo 

metabolic reprogramming when treated with aspirin. This is a significant 

contribution to a large body of work attempting to further elucidate mechanisms of 

action of aspirin on tumour cells, and how these may relate to the use of aspirin in 

cancer prevention and treatment. This work provides insight into the therapeutic 

use of aspirin to reprogramme tumour cell metabolism and emphasises its potential 

for increasing efficacy and reducing side effects of both novel and existing 

therapies.  

Of particular importance, it is reported here that aspirin increases sensitivity of CRC 

cells to CB-839, which has significant clinical implications and potential for 

translation. This project has paved the way for future investigations to determine 

the clinical utility of this approach, which would be rapidly translatable due to the 

well-established clinical use of aspirin and the ongoing clinical trials for CB-839. 
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This approach has the potential to improve outcomes for CRC patients, particularly 

those with advanced disease, for which current treatment options are very limited. 

It could also provide a tolerable preventative measure for those at high risk of 

developing CRC, such as those with Lynch syndrome or diagnosed with multiple 

benign polyps in the colon at bowel screening clinics.  
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 Appendix 1 

Significantly regulated proteins in both long-term (52-week) 2mM and 4mM aspirin 

treated SW620 cells, from proteomic data set produced by Dr Eleanor Mortensson 

(unpublished).  

 

Table 7.1  Regulation of proteins in proteomic data set of long-term (52-

week) aspirin treated SW620 cells. 

Includes only proteins significantly regulated (log fold change>1.4, t test p-value<0.05) in 

both 2mM and 4mM aspirin treated cells. Key central carbon metabolism enzymes shown 

in Figure 3.4 are highlighted in yellow. 

 

Best Accession Gene symbol 

2mM/0mM aspirin 4mM/0mM aspirin 

Log2 fold 
change T test 

Log2 fold 
change T test 

Q8WTS1 ABHD5 -0.86759788 0.02848584 -2.06146649 0.031441407 

P33121 ACSL1 0.51295313 0.000731105 1.593629994 0.001935896 

Q9ULC5 ACSL5 0.586985907 0.002610386 1.553450139 0.001547599 

Q9NR19 ACSS2 0.68930781 0.00125447 0.76667801 0.017761108 

P07311 ACYP1 0.590541204 0.0021616 1.378533644 0.00013603 

Q13444 ADAM15 -0.63494631 0.00190657 -1.74330389 4.76993E-05 

O75689 ADAP1 -1.18310319 0.00200039 -1.03931975 0.000579751 

Q96A54 ADIPOR1 -0.59906514 0.006769716 -0.5441016 0.000460585 

Q86V24 ADIPOR2 -1.90269398 0.00145445 -3.53032709 0.00145307 

Q02952 AKAP12 0.557358553 0.021153507 2.103087338 0.021398808 

Q04828 AKR1C1 0.838007556 0.005417627 1.427824524 0.000469499 

P13196 ALAS1 1.022332888 0.000213035 1.758061645 4.71015E-05 

P47895 ALDH1A3 0.979567403 0.001363416 1.580273935 0.000215906 

Q92685 ALG3 0.509538707 0.047354461 1.259615177 0.00022252 

Q5XXA6 ANO1 -1.27062034 0.000367046 -2.1254935 0.015459335 

A0A0S2Z377 ANXA6 -0.96418339 0.021915305 -1.01522294 0.010167509 

P56377 AP1S2 1.145650759 0.000665032 0.570226464 0.008415673 

P02649 APOE 0.839480713 0.005047091 2.065453776 0.000126509 

P78540 ARG2 1.279220821 0.002136859 1.548880202 0.00934285 

V9GYF0 ARHGEF2 -0.71405837 0.004368338 -0.82632979 0.04706704 

P49407 ARRB1 0.504988734 0.000822019 0.793721204 0.000162462 

O95671 ASMTL 0.595109988 0.003069132 0.911757387 0.000638513 

Q5SQI0 ATAT1 0.928114527 0.004846223 1.472902998 0.000960666 

O00244 ATOX1 0.631108992 0.00061111 1.39073715 0.03009468 

P23634 ATP2B4 0.673143954 0.001296155 1.470640168 0.036006789 

O94766 B3GAT3 0.710848374 0.001163649 1.288879833 0.000119896 

O43505 B3GNT6 0.867031338 0.015333479 1.015976974 0.016136383 

O43286 B4GALT5 0.849580232 0.00867484 1.640145727 0.001481167 

O14874 BCKDK 0.521456506 0.030197887 0.822031013 0.01276674 

A0A024RDG9 BDH2 -0.72079057 0.008510733 -0.74028185 0.003645579 

Q8TD16 BICD2 0.547074559 0.000598656 0.717369853 0.009437674 

Q96D05 C10orf35 0.892102565 0.008173026 2.135379672 0.001155002 

A0A024R978 C1orf24 -1.08880291 0.000513467 -2.33035894 7.95637E-06 

Q5T0Z8 C6orf132 -0.63831967 0.004315723 -0.77909438 0.014569747 

Q6UWU4 C6orf89 0.873705224 0.001015633 2.373511186 0.000144221 

Q9BVT8 C7orf21 0.59130684 0.0075026 1.063420076 0.000933036 
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P16070 CD44 1.774978679 0.001134034 2.196353155 0.008980205 

P19256 CD58 0.586553663 0.004472318 0.789689847 0.000362444 

P27701 CD82 1.171304933 0.005371323 1.364188847 0.004189068 

P32320 CDA 1.145863186 0.000164962 2.132742064 1.45754E-05 

Q99618 CDCA3 0.69264669 0.019960082 0.759493144 0.005141664 

P12830 CDH1 -2.1750688 0.000741075 -2.11311771 0.023522577 

Q9UQ88 CDK11A 0.600829092 0.002447008 1.356177416 0.002842001 

Q14011 CIRBP -0.50261907 0.002606122 -1.10811734 0.000241813 

Q8NCR9 CLRN3 -0.74733892 0.000193922 -1.43207798 0.01090151 

Q8IYK4 COLGALT2 0.489309902 0.000748178 1.233045782 0.042878972 

Q5HYK3 COQ5 0.888094636 5.77974E-05 0.617754632 0.001229997 

E9PD68 CRMP1 -1.39757557 0.000733329 -1.72463911 0.003821807 

O75718 CRTAP 0.585383354 0.005385251 1.180316472 0.001630317 

P35221 CTNNA1 -1.11961438 0.000936416 -1.11584441 0.00088455 

P35222 CTNNB1 -0.85931931 0.005282715 -0.66799493 0.004953668 

P07711 CTSL 0.68602745 0.034462246 2.13047493 0.002375222 

A0A097ZMP6 CUX1-RETa 0.778787679 0.032131862 3.117977222 0.000125568 

O43169 CYB5B 0.54147515 0.00101868 0.688976537 0.005795734 

Q02318 CYP27A1 0.510056442 0.000399061 1.187863439 4.15555E-05 

A0A024R529 DAK -0.51268131 0.018023849 -0.69260198 0.005608824 

B1AKK2 DDAH1 -1.09344618 0.00540696 -2.08235402 0.000253335 

O94830 DDHD2 0.589431886 0.009768802 0.903965412 0.000473016 

Q9NR30 DDX21 -0.56533836 0.003546284 -0.89654696 0.003900903 

Q96LJ7 DHRS1 0.890141916 2.88568E-05 1.359708232 0.000326361 

Q5CZB5 DKFZp686M0430 0.506159576 0.028184657 1.95514848 0.016908006 

Q63HQ8 DKFZp686M21196 -0.99118269 0.03127114 -0.49901404 0.029313917 

Q68D38 DKFZp686O15119 1.439096177 0.000119527 2.38269295 0.002590556 

P25686 DNAJB2 0.546173966 0.02065952 1.144262962 0.007533747 

Q9UQ16 DNM3 1.30853531 0.000313098 2.25969303 4.45699E-05 

Q92608 DOCK2 0.839620475 0.000152115 1.131758406 2.67855E-05 

P51452 DUSP3 0.494083945 0.00535224 0.756066887 0.000859187 

P51808 DYNLT3 0.542371003 0.002669866 1.429800882 0.000275825 

Q9UNE0 EDAR 0.844411022 0.006193592 0.685022619 0.013749451 

P98172 EFNB1 -0.50205479 0.029673296 -1.18814164 0.001028054 

Q9GZV4 EIF5A2 0.689237093 0.029146679 1.150138204 0.017926246 

P50402 EMD 0.694129688 0.004743503 0.862513304 0.001828148 

H7C2K6 EPB41L1 1.003514897 0.001811594 0.953795578 0.006157173 

P16422 EPCAM -0.7568626 0.00061444 -1.52348969 0.012311876 

Q8TE68 EPS8L1 -0.8322759 0.000163328 -0.96063186 0.00962952 

B1AK53 ESPN -1.78285361 0.001872806 -2.28900067 0.002702978 

Q9H6T0 ESRP2 -0.51218783 0.018264507 -0.61891813 0.014801292 

Q9Y624 F11R -1.49713472 0.000145822 -1.87995511 0.005047503 

Q7Z309 FAM122B 0.653910716 0.014523614 3.192017355 0.000662958 

Q96ND0 FAM210A 0.508596273 0.034538248 0.659593255 0.024303389 

Q8NEZ5 FBXO22 0.527324069 0.00224323 0.767588542 0.000465104 

Q9NRD1 FBXO6 0.618117209 0.026096503 1.564906634 0.000446724 

Q9NYL4 FKBP11 0.489204892 0.012890913 0.981186144 0.002403759 

Q9NWM8 FKBP14 0.892647272 0.001182064 2.824715919 0.00031478 

Q9Y680 FKBP7 0.709159512 0.000604733 0.855569391 0.005799341 

O95302 FKBP9 -0.87752601 0.006868021 -0.87164 0.016769556 

O75955 FLOT1 -0.5798099 0.001077367 -1.33142955 0.002260798 

Q96PY5 FMNL2 0.505438616 0.003681354 0.878973684 0.000141975 

Q8IVF7 FMNL3 0.516156242 0.031001667 0.976759525 0.001037128 

P15328 FOLR1 -1.2145109 0.011308814 -2.85907776 0.00331216 

O75600 GCAT 0.639676522 0.005284927 1.288620784 0.002957228 

Q9Y2T3 GDA 1.529219051 0.004974141 2.179782032 0.000510415 

O94925 GLS 1.279386474 0.000891622 1.991521543 0.004058203 

Q68CQ7 GLT8D1 0.67220323 0.00860085 0.587242426 0.01121574 

O60547 GMDS -0.56239418 0.00321844 -0.83306301 0.010650654 
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O60234 GMFG 1.56045354 0.000130135 1.715988244 0.000803062 

Q9Y223 GNE 1.284430665 3.3058E-05 1.916074849 0.000495441 

P59768 GNG2 0.989424659 0.004601232 2.193788832 0.001159664 

Q8NFJ5 GPRC5A -0.73382546 0.001785533 -1.44728378 0.016330527 

Q8NBI5 hCG_39762 -0.68593429 0.015796664 -1.4893426 0.007003265 

P51858 HDGF -0.60150576 0.000386555 -0.79121522 0.035648845 

P12277 HEL-S-29 1.132505616 0.00440252 1.32051611 0.002046139 

P21980 HEL-S-45 1.0501834 0.001895483 2.344309932 0.005193709 

P40121 HEL-S-66 0.533102809 0.00160379 0.984180796 0.000216866 

Q16777 HIST2H2AC -0.48688677 0.009202697 -0.51516852 0.008482169 

P19367 HK1 0.494178092 0.000526011 0.787304338 0.011606539 

Q96ED9 HOOK2 -0.51836535 0.000630344 -0.58813777 0.002499484 

P54652 HSPA2 0.543849244 9.1116E-05 1.023530442 0.001639789 

Q05084 ICA1 -0.67497482 0.000505857 -1.33207493 0.000244173 

Q70UQ0 IKBIP 0.839299261 2.99064E-05 1.1187224 5.24709E-05 

Q14116 IL18 -0.57363389 0.007644855 -1.21975203 0.015183812 

Q9BT40 INPP5K 0.518498834 0.002677874 0.946149144 0.00029668 

Q13568 IRF5 0.600504681 0.009896336 0.918334693 0.001215776 

O14896 IRF6 -2.59927701 0.00016134 -2.52561355 0.00898275 

P14923 JUP -0.96922916 0.002451938 -0.97203833 0.001155571 

P32004 L1CAM -0.58433016 0.002623508 -1.54363088 0.003864565 

Q9UN81 L1RE1 -0.51298294 0.014614787 -0.92177969 0.000821322 

Q9UHA4 LAMTOR3 -0.52696051 0.027053059 -0.51906834 0.002027393 

Q6P1M3 LLGL2 -0.64605345 0.000216622 -0.99333475 0.00547481 

A0A024R9V7 LOC92689 0.545342163 0.003368731 1.152099987 2.64389E-05 

B2RTQ5 LRRC16A -0.50284944 0.00452445 -0.61001819 0.01145841 

Q9BWS2 LSR -0.53617067 0.002355532 -1.18709776 0.001200189 

Q9UNF1 MAGED2 1.072135051 0.008035223 1.854640263 0.00160967 

Q14244 MAP7 -0.82550502 0.004280264 -0.61134275 0.025013089 

O15264 MAPK13 -0.71623964 0.000872563 -1.00678024 5.95394E-05 

Q6P0Q8 MAST2 0.808479038 0.002191191 1.114100435 0.001546643 

Q9HCC0 MCCC2 -1.3623165 2.58112E-06 -1.56778668 0.006249487 

Q96S19 METTL26 -0.56168051 5.56022E-05 -1.00799646 0.04029155 

O75121 MFAP3L -0.8857872 0.009972404 -1.31458973 0.002175882 

Q09327 MGAT3 -0.48781992 0.016102676 -1.00326699 0.002731611 

P10620 MGST1 0.590836458 0.045385273 1.314970595 0.01646202 

Q9UJG1 MOSPD1 0.873791808 0.041764075 1.595489431 0.002207687 

Q9H3R2 MUC13 0.705590432 0.004554918 1.781483255 0.018073434 

E5KP27 MUTYH -0.81324584 0.030364898 -1.01702299 0.019631304 

Q9BQG0 MYBBP1A -0.5228563 0.012851442 -1.00857149 0.01818393 

Q8WUY8 NAT14 0.654972193 0.001605055 1.292550745 0.000362994 

Q9BTE0 NAT9 0.841473769 0.011844043 1.159220952 0.00906284 

Q6PIU2 NCEH1 0.576991604 0.00729233 1.460121983 0.000846441 

D3DVC4 NES -0.5554331 0.010518891 -0.60099023 0.010914982 

Q969F2 NKD2 0.73035048 0.030810289 0.962156471 0.01296283 

P61916 NPC2 0.58173986 0.009559764 1.062418244 0.000823502 

A0A024RBG1 NUDT4 -0.51103878 0.037690911 -0.75290136 0.000854568 

P04181 OAT 1.094606214 0.000111031 1.532106714 7.00038E-05 

Q9BYG5 PARD6B -0.49188462 0.00137085 -0.87631651 0.007196586 

Q96KB5 PBK 0.498660497 0.0030267 0.917481714 0.006786068 

P11498 PC 1.094389804 0.000403151 1.280461982 0.000366459 

Q15118 PDK1 -0.70733289 0.003287201 -1.18572567 0.001589109 

O00151 PDLIM1 0.695266823 0.0117761 1.629458137 0.000300449 

Q53GG5 PDLIM3 0.875221681 0.002937723 1.936250758 0.000861164 

P50479 PDLIM4 0.684258921 0.001232576 0.915540189 0.019997549 

Q6PCE3 PGM2L1 0.732641973 0.001313615 1.195257032 4.25052E-05 

Q6NSJ2 PHLDB3 0.724531302 0.023815194 1.437588256 0.000128331 

Q9NRD5 PICK1 -0.49349027 0.025480679 -1.00716928 0.001860316 

A6PW57 PIP5K1A -0.51495668 0.002976676 -0.98981285 0.002384026 
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O00625 PIR 0.492664408 0.00548466 0.994946005 0.000823862 

Q9Y446 PKP3 -0.65888887 0.026005108 -1.02131692 0.01416922 

Q8NCC3 PLA2G15 0.621126853 0.01795909 1.173322904 0.00185952 

Q6P4A8 PLBD1 0.884076368 0.003365226 2.03767322 9.41077E-05 

Q15149 PLEC 0.80740212 0.012302342 1.365035486 0.011937738 

Q96AC1 PLEKHC1 0.489671317 0.010949335 0.878780014 0.012272568 

Q99541 PLIN2 -1.36109138 0.000107716 -2.36073834 1.458E-05 

O00469 PLOD2 0.696269888 0.014451595 1.359526928 0.001288785 

O15162 PLSCR1 0.614785939 0.01244919 0.744124667 0.008783388 

Q8IY17 PNPLA6 0.527553305 2.61039E-06 0.71723674 0.003796079 

O00592 PODXL -0.56397982 0.001222664 -1.65757971 0.0028281 

Q9GZS1 POLR1E -0.5264384 0.014829991 -0.85664144 0.014081663 

Q15165 PON2 0.511106285 0.005428437 0.746916193 0.000496294 

P16435 POR 0.607886309 0.001729558 1.244605249 0.000198692 

P49593 PPM1F 0.513309943 0.00305232 0.831903931 0.001913962 

Q9P0J1 PPM2C 0.613094396 0.002335502 1.127627206 0.029644994 

O60831 PRAF2 0.745304386 0.000743003 1.55665191 0.006994175 

P42785 PRCP 0.699172272 0.008790613 0.824349629 0.002676983 

P07478 PRSS2 -2.74227781 0.005574367 -2.81028277 0.005598757 

Q15274 QPRT 0.715145194 0.02646733 1.528828552 0.008679092 

Q9NX57 RAB20 -1.12094175 1.96701E-06 -2.12148445 0.000767298 

Q13637 RAB32 0.652895495 0.015152484 1.31365856 0.000375721 

P09455 RBP1 1.19485503 0.000514012 2.10204674 0.005753314 

Q93062 RBPMS 0.94864419 0.033873523 1.122008628 0.009754298 

Q14257 RCN2 0.538623582 0.04047159 1.562085725 0.002104402 

Q8IZV5 RDH10 0.586498872 0.000686408 1.615913801 0.00095596 

Q9BRS2 RIOK1 -0.76616214 0.000517307 -0.71953141 0.007499855 

Q8NCN4 RNF169 -0.56715814 0.016143462 -0.6634705 0.002169348 

Q9BXT8 RNF17 0.783804802 0.003219722 0.923584583 0.029314381 

P23921 RRM1 0.78035873 0.014331567 2.138863865 0.000277908 

O76021 RSL1D1 -0.7144086 0.040678344 -0.91377907 0.028380143 

Q8WXA3 RUFY2 0.664452246 0.003288724 1.401439322 0.001592572 

Q9HCY8 S100A14 -2.26844493 0.002115937 -2.66119625 0.000373137 

P33764 S100A3 1.238940125 0.021896323 0.92294456 0.040316 

O95171 SCEL -0.70252911 0.035243369 -1.35693224 0.010714809 

Q9BY50 SEC11C -0.77191541 0.002402057 -1.22114345 0.031243431 

Q13228 SELENBP1 0.740058377 0.006599674 0.69554701 0.01560005 

Q14563 SEMA3A 0.531471114 0.016796124 2.528511098 0.000829922 

Q9C0C4 SEMA4C -0.5583912 0.007527264 -1.17334583 0.04553368 

P36952 SERPINB5 -2.24060003 0.000141831 -2.35955995 0.000845716 

Q587I9 SFT2D3 -0.60336678 0.005976592 -0.74372346 0.002772872 

Q9BRG2 SH2D3A -0.6114378 0.023601278 -1.38880725 0.007037675 

Q5TCZ1 SH3PXD2A 0.654542996 0.005889638 0.77948196 0.010516466 

A1X283 SH3PXD2B 0.606666143 0.015062507 0.899236189 0.012367493 

A0A024R6R1 SHCBP1 0.756892453 0.001421683 0.752677429 0.011050103 

Q6P1M0 SLC27A4 0.595660736 0.015533466 1.515347481 3.08923E-05 

P11166 SLC2A1 0.670746695 0.041035722 1.126282073 0.000256003 

Q9HBR0 SLC38A10 0.540945208 0.001726657 0.665662331 0.001660964 

Q8IWA5 SLC44A2 1.914904801 0.013351772 3.293760837 0.00327428 

P53794 SLC5A3 0.735976667 0.016404996 0.919594718 0.001039495 

B7ZLQ5 SMARCA1 0.814318574 0.002422696 0.935519114 0.033272916 

Q96SB8 SMC6 0.526685732 0.037954003 0.938824448 0.003779709 

P35610 SOAT1 0.603554954 0.036286047 1.142382314 0.013241524 

Q92673 SORL1 -0.62891917 0.01485459 -1.03898435 0.003031876 

H3BR01 SPINT1 -0.69340581 0.002551803 -0.50529475 0.007207332 

O43278 SPINT1 -1.04847798 1.09168E-06 -1.16675024 0.004164153 

P16150 SPN 0.730888326 0.001604212 0.86323929 0.000225542 

Q9Y5Y6 ST14 -1.55610592 0.000989754 -1.47291343 0.001574531 

Q9Y365 STARD10 -0.54097599 0.026277309 -0.76848495 0.015076368 
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Q9UHE8 STEAP1 -0.48566026 0.041860199 -1.24548046 0.001816653 

P27105 STOM 1.983573791 0.004205816 3.034291254 0.002095138 

Q8IYJ3 SYTL1 -0.59567513 0.002325633 -1.15028552 0.016584118 

Q01995 TAGLN -0.6910582 0.016435492 -1.1885125 0.044908771 

Q9NVG8 TBC1D13 0.61866726 0.000281211 0.611558263 0.044016603 

Q01664 TFAP4 -0.6267555 0.034637858 -0.96493433 0.007762722 

Q86UB9 TMEM135 0.623283709 0.004008573 1.004622291 0.029123234 

Q6UW68 TMEM205 0.544501397 0.040096564 0.696531631 0.003596696 

H7C0G1 TMEM245 0.625335709 0.027221778 0.963841017 0.009648978 

Q8NCS4 TMEM35B 1.113717986 0.000904978 2.043342476 0.000150058 

Q96B21 TMEM45B 1.167649275 0.000735363 1.102058287 0.003990528 

P62328 TMSB4X 0.52962206 0.028882174 0.736892455 0.003550527 

Q14134 TRIM29 -0.9970298 0.017325948 -1.22796609 0.03963908 

W4VSQ9 TRIP10 0.628039951 0.009063813 0.711541407 0.00729167 

Q7Z2T5 TRMT1L -0.52862511 0.019771606 -0.73871413 0.004553294 

Q9Y5S1 TRPV2 0.622379671 0.014395465 1.869718577 0.00632711 

P19075 TSPAN8 -0.58322153 0.001220016 -1.69779496 2.2655E-05 

Q9C0H2 TTYH3 1.024544435 0.00052912 1.155781764 0.001555921 

Q16880 UGT8 -0.49638294 0.020197568 -0.67700042 0.002781117 

Q9BZM4 ULBP3 -0.89096822 0.013057682 -1.30396962 0.011811443 

A0A1W2PP33 UMAD1 0.490024988 0.019243251 0.773988268 0.003880157 

Q70J99 UNC13D -0.74007952 0.011969852 -0.78992963 0.007670933 

Q8IZJ1 UNC5B -0.75889978 0.000676042 -2.73504869 0.043004455 

P06132 UROD 0.503680628 0.014019052 0.938771772 0.001049385 

P51784 USP11 1.030693815 0.002395903 1.862457926 0.001466025 

P09327 VIL1 -0.83135041 0.006297525 -1.52228005 0.000684603 

Q9Y3S1 WNK2 -0.84640846 0.000388916 -1.3807738 0.004647202 

Q5BJH7 YIF1B 0.625926276 0.029027548 0.996398423 0.000972062 

Q9Y548 YIPF1 0.604350274 0.004449919 0.787734502 0.000135329 

O95625 ZBTB11 -0.59382855 0.02279597 -1.08958608 0.02168255 

O15156 ZBTB7B -0.77118252 0.006112719 -1.32835853 0.003209604 

P37275 ZEB1 1.064631655 0.006310979 1.373162124 0.003818347 

Q8NB50 ZFP62 -0.7050216 0.0231471 -0.5637472 0.041045553 

Q8NF64 ZMIZ2 -0.85092613 0.007513014 -1.15516211 0.025927234 

Q96NG5 ZNF558 -0.5292116 0.011520235 -1.06302816 0.011383099 

Q6ZN08 ZNF66 -0.5253411 0.005496993 -1.0018921 0.019875139 

Q6ZMW2 ZNF782 -0.78203143 0.016790337 -1.01283544 0.00167768 

Q96NB3 ZNF830 -0.48997472 0.000816303 -0.68952189 0.001516091 

Q6GV32   1.014759917 0.005320357 1.974227155 0.000796414 

Q53FI7   1.575520446 0.007930929 1.7317876 0.002116043 

B4DUJ6   0.911126975 0.006582931 1.719034285 0.000564761 

B3KUB6   1.558490259 0.000414101 1.420430024 0.00157873 

B2RBE0   0.605506801 0.000869111 1.06262473 0.000710296 

B3KU38   0.878917928 0.024330099 1.044480214 0.008821245 

Q5TBC7   0.653874612 0.001298053 1.024162632 0.028842076 

A8K710   0.524380264 0.022167461 1.011869682 0.002591326 

B4E2S3   0.537613219 0.001704851 1.008558097 0.000398246 

B7Z653   1.066487786 0.000677824 0.988896325 0.001014735 

P53004   0.537999694 0.011854853 0.959362982 0.005103302 

B3KTS4   -0.61760937 0.002984982 -0.65322323 0.019434077 

D7PBN3   -1.00695256 6.23531E-05 -1.4945557 0.006313616 

Q59FZ8   -0.85166081 0.00035359 -2.51329912 0.00103763 
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 Appendix 2 

Regulation of proteins involved in the glutaminolysis pathway, in long-term (52-

week) 2mM and 4mM aspirin treated SW620 cells, from proteomic data set 

produced by Dr Eleanor Mortensson (unpublished).  

 

Table 7.2  Regulation of glutaminolysis proteins in proteomic data set of 

long-term (52-week) aspirin treated SW620 cells.  

T-test and false discovery rates above 0.05 are shown in grey. 

 

Best 
Accession 

Gene 
symbol 

2mM/0mM aspirin 4mM/0mM aspirin  

Log2 fold 
change T test 

False 
Discovery 
Rate 

Log2 fold 
change T test 

False 
Discovery 
Rate 

P08243 ASNS -0.226435 0.0761115 0.233 -0.759381 0.0042552 0.0284764 

O15382 BCAT2 0.2902525 0.0116078 0.104 0.154896 0.0845336 0.1578865 

P27708 CAD 0.1336736 0.0187802 0.124 0.4791416 0.0010377 0.0168856 

P17812 CTPS1 0.0673913 0.0198064 0.125 0.4097526 0.0004206 0.0124454 

Q9NRF8 CTPS2 0.0799202 0.2692685 0.462 0.4562391 0.0104329 0.0441935 

Q06210 GFPT1 -0.269829 0.0049054 0.078 -0.773599 0.0252347 0.0727009 

O94925 GLS 1.2793865 0.0008916 0.043 1.9915215 0.0040582 0.0280969 

Q9UI32 GLS2 -0.015280 0.905163 0.948 -0.335740 0.0221464 0.0674526 

P00367 GLUD1 0.0332293 0.3426362 0.532 -0.273830 0.0131958 0.0506471 

P49915 GMPS 0.0694216 0.0296558 0.149 0.4914607 0.033482 0.086465 

P00505 GOT2 0.0060919 0.9292712 0.961 -0.621537 0.0042085 0.0283882 

Q8TD30 GPT2 0.0560169 0.4257204 0.609 -0.948971 0.0286558 0.0785507 

Q6IA69 NADSYN1 -0.062546 0.0173362 0.119 -0.517483 0.0047628 0.0300691 

O15067 PFAS 0.3921961 0.0084398 0.092 0.3848771 0.0060537 0.0338355 

Q06203 PPAT 0.0691371 0.1027109 0.273 -0.178137 0.0366128 0.0914524 

Q9Y617 PSAT1 0.1708275 0.0604891 0.206 -0.585035 0.0008333 0.0160549 

Q15758 SLC1A5 0.1573481 0.2253405 0.419 -0.13826 0.6027307 0.6884131 

P08195 SLC3A2 -0.200192 0.2311954 0.424 -1.385034 0.0076751 0.0381713 

Q9UPY5 SLC7A11 -0.490845 0.0839939 0.246 -2.085192 0.0009005 0.0164223 

Q01650 SLC7A5 -0.421357 0.0739541 0.229 -1.894267 0.0122858 0.0484743 
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 Appendix 3 

Regulation of transcriptional targets of ATF4, as highlighted by Ingenuity Pathway 

Analysis (IPA), in long-term (52-week) 2mM and 4mM aspirin treated SW620 cells, 

from proteomic data set produced by Dr Eleanor Mortensson (unpublished).  

 

Table 7.3  Regulation of ATF4 transcriptional targets in proteomic data set 

of long-term (52-week) aspirin treated SW620 cells. 

T-test and false discovery rates above 0.05 are shown in grey. 

 

Best 
Accession 

Gene 
symbol 

2mM/0mM aspirin 4mM/0mM aspirin  

Log2 fold 
change 

T test 
False 
Discovery 
Rate 

Log2 fold 
change 

T test 
False 
Discovery 
Rate 

P27695 APEX1 -0.25068 0.0227 0.132 -0.47766 0.0066 0.03511306 

P02649 APOE 0.839481 0.00505 0.078 2.06545 0.0001 0.0088803 

P08243 ASNS -0.22643 0.07611 0.233 -0.75938 0.0043 0.02847639 

K7EJB9 CALR -0.18141 0.7104 0.828 0.35518 0.4805 0.5782313 

D6RB85 CANX -0.37511 0.0558 0.199 -0.77063 0.004 0.02782157 

P49589 CARS 0.022778 0.65743 0.791 -0.29401 0.0096 0.04235771 

P36551 CPOX 0.45002 0.00077 0.042 0.65187 5E-05 0.00735591 

P50416 CPT1A 0.044078 0.47473 0.649 -0.24874 0.0401 0.09636438 

P35222 CTNNB1 -0.85932 0.00528 0.079 -0.66799 0.005 0.03072758 

Q02318 CYP27A1 0.510056 0.0004 0.037 1.18786 4E-05 0.00735591 

Q13541 EIF4EBP1 -0.0896 0.30905 0.500 -0.52677 0.0039 0.02763948 

Q96HE7 ERO1A -0.00622 0.87097 0.927 0.17612 0.0085 0.0397764 

P41250 GARS -0.08782 0.16801 0.355 -0.40582 0.003 0.02497668 

Q99988 GDF15 0.324697 0.05207 0.192 2.06429 0.0028 0.02413971 

P13807 GYS1 0.249074 0.00276 0.063 0.58094 0.0031 0.02549772 

P14625 HSP90B1 -0.12189 0.01722 0.119 0.16411 0.0468 0.1060157 

P41252 IARS -0.11104 0.08698 0.250 -0.31078 0.0035 0.02628176 

Q9P2J5 LARS -0.08266 0.0342 0.158 -0.2105 0.0158 0.0557486 

P56192 MARS 0.001207 0.95582 0.978 0.06837 0.0475 0.10691409 

P10620 MGST1 0.590836 0.04539 0.180 1.31497 0.0165 0.05727523 

Q9Y2R9 MRPS7 -0.01311 0.77869 0.872 -0.73495 0.0001 0.0088803 

P02795 MT2A 0.303471 0.21095 0.404 -1.03221 0.0125 0.04902257 

P13995 MTHFD2 0.138679 0.12931 0.307 -1.40656 0.0072 0.03676307 

Q6IB91 PCK2 -0.2104 0.09235 0.258 -1.22402 0.0004 0.01210151 

O43175 PHGDH -0.0654 0.28265 0.475 -1.14698 5E-05 0.00735591 

P78527 PRKDC -0.10666 0.15398 0.340 -0.44245 0.004 0.02805925 

Q9Y617 PSAT1 0.170827 0.06049 0.206 -0.58503 0.0008 0.01605493 

P49768 PSEN1 0.066106 0.35266 0.543 -0.35427 0.0234 0.06960721 
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P78330 PSPH -0.14226 0.19826 0.389 -0.88452 0.0017 0.01927704 

P32322 PYCR1 -0.09946 0.09263 0.258 -1.21909 0.0028 0.02435663 

Q06330 RBPJ -0.191 0.02064 0.127 -0.61298 0.0003 0.01131905 

Q9UBV2 SEL1L -0.00207 0.97779 0.990 0.14956 0.0299 0.08057446 

P78314 SH3BP2 -0.48388 0.02317 0.133 -1.16996 0.0013 0.01794106 

P34897 SHMT2 -0.05648 0.01522 0.114 -0.51237 0.0032 0.02572887 

Q99720 SIGMAR1 -0.16406 0.10374 0.274 -0.28569 0.0235 0.06970668 

P43007 SLC1A4 0.027095 0.899 0.945 -2.04226 0.0002 0.00931211 

Q9H2H9 SLC38A1 -0.25398 0.16905 0.356 -0.76997 0.0107 0.0446743 

Q96QD8 SLC38A2 -0.17064 0.26107 0.455 -0.79777 9E-05 0.0088803 

Q15043 SLC39A14 0.145624 0.28162 0.474 -1.46021 0.0131 0.05033527 

P08195 SLC3A2 -0.20019 0.2312 0.424 -1.38503 0.0077 0.03817128 

O75387 SLC43A1 -0.50963 0.05403 0.196 -1.68721 0.0017 0.01921385 

P30825 SLC7A1 -0.04443 0.76869 0.865 -0.75972 0.0121 0.04808008 

Q9UPY5 SLC7A11 -0.49085 0.08399 0.246 -2.08519 0.0009 0.01642229 

Q01650 SLC7A5 -0.42136 0.07395 0.229 -1.89427 0.0123 0.0484743 

O60907 TBL1X -0.00904 0.9461 0.972 -1.01553 0.0003 0.01171502 

O14763 TNFRSF10B 0.116137 0.10916 0.281 0.68277 0.0162 0.05660511 

Q96RU7 TRIB3 -0.006 0.95752 0.979 -0.39841 0.034 0.0875501 

J3KPA4 VEGFA -0.53147 0.06877 0.220 -2.599 0.0198 0.06322752 

P23381 WARS -0.07952 0.196 0.387 -0.73199 0.0003 0.01146725 

O43592 XPOT -0.07168 0.43912 0.620 -0.34028 0.0228 0.06856132 

P18887 XRCC1 -0.13636 0.0877 0.251 -0.55941 0.0038 0.02748861 
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 Appendix 4 

Validation of antibodies for glutaminase 1 (GLS1), pyruvate carboxylase (PC) and 

pyruvate dehydrogenase kinase 1 (PDK1) by siRNA knockdown in four colorectal 

cell lines (SW620, LS174T, HCA7 and RG/C2).  

  

Figure 7.1  Validation of antibodies used for western blotting for GLS1, PC 

and PDK1 proteins by siRNA knockdown in four cell lines, SW620, LS174T, 

HCA7 and RG/C2 
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 Appendix 5 

Metabolomics data from long-term (~52-week) 4mM aspirin treated CRC cell lines 

SW620, LS174T and HCA7. 
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Figure 7.2  Time course of 13C incorporation from [U-13C]glucose in long-term 

aspirin treated SW620 cells 

Long-term (LT) 4mM aspirin treatment compared to control. Error bars represent standard 

error (n=3).  

 

[U-13C]glucose 
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Figure 7.3  Time course of 13C incorporation from [U-13C]glutamine in long-

term aspirin treated SW620 cells 

Long-term 4mM aspirin treatment compared to control. Error bars represent standard error 

(n=3).  
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Figure 7.4  Mass isotopomer distribution (MID) data after 8hrs incubation 

with [U-13C]glucose in long-term aspirin treated SW620 cells 

Long-term 4mM aspirin treatment compared to control. Error bars represent standard error 

(n=3).  
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Figure 7.5  Mass isotopomer distribution (MID) data after 8hrs incubation 

with [U-13C]glutamine in long-term aspirin treated SW620 cells 

Long-term 4mM aspirin treatment compared to control. Error bars represent standard error 

(n=3). 
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Figure 7.6  Abundance (relative to cell number) of 12C and 13C in metabolite 

pools after 8hrs incubation with [U-13C]glucose in long-term aspirin treated 

SW620 cells 

Long-term 4mM aspirin treatment compared to control. Error bars represent standard error 

(n=3).  

 



Chapter 7   Appendices 

 

203 
 

 

Figure 7.7  Abundance (relative to cell number) of 12C and 13C in metabolite 

pools after 8hrs incubation with [U-13C]glutamine in long-term aspirin treated 

SW620 cells 

Long-term 4mM aspirin treatment compared to control. Error bars represent standard error 

(n=3).  



Chapter 7   Appendices 
 

204 
 

  

Figure 7.8  Mass isotopomer distribution (MID) data after 8hrs incubation 

with [U-13C]glucose in long-term aspirin treated LS174T cells 

Long-term 4mM aspirin treatment compared to control. Error bars represent standard error 

(n=3). 
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Figure 7.9  Mass isotopomer distribution (MID) data after 8hrs incubation 

with [U-13C]glutamine in long-term aspirin treated LS174T cells 

Long-term 4mM aspirin treatment compared to control. Error bars represent standard error 

(n=3).  
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Figure 7.10  Abundance (relative to cell number) of 12C and 13C in metabolite 

pools after 8hrs incubation with [U-13C]glucose in long-term aspirin treated 

LS174T cells 

Long-term 4mM aspirin treatment compared to control. Error bars represent standard error 

(n=3). 
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Figure 7.11  Abundance (relative to cell number) of 12C and 13C in metabolite 

pools after 8hrs incubation with [U-13C]glutamine in long-term aspirin treated 

LS174T cells 

Long-term 4mM aspirin treatment compared to control. Error bars represent standard error 

(n=3). 
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Figure 7.12  Mass isotopomer distribution (MID) data after 8hrs incubation 

with [U-13C]glucose in long-term aspirin treated HCA7 cells 

Long-term 4mM aspirin treatment compared to control. Error bars represent standard error 

(n=3). 
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Figure 7.13  Mass isotopomer distribution (MID) data after 8hrs incubation 

with [U-13C]glutamine in long-term aspirin treated HCA7 cells 

Long-term 4mM aspirin treatment compared to control. Error bars represent standard error 

(n=3).  
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Figure 7.14  Abundance (relative to cell number) of 12C and 13C in metabolite 

pools after 8hrs incubation with [U-13C]glucose in long-term aspirin treated 

HCA7 cells 

Long-term 4mM aspirin treatment compared to control. Error bars represent standard 

error (n=3).  
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Figure 7.15  Abundance (relative to cell number) of 12C and 13C in metabolite 

pools after 8hrs incubation with [U-13C]glutamine in long-term aspirin treated 

HCA7 cells 

Long-term 4mM aspirin treatment compared to control. Error bars represent standard error 

(n=3). 
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 Appendix 6 

Metabolomics data of long-term (~52-week) aspirin treated SW620 cells treated 

with CB-839 for 24 hours.  
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Figure 7.16  Incorporation of 13C after 8 hours of incubation with [U-
13C]glucose in long-term aspirin treated SW620 cells treated with CB-839 for 

24 hours 

Error bars represent standard error (n=3).  
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Figure 7.17  Mass isotopomer distribution (MID) data after 8hrs incubation 

with [U-13C]glucose in long-term aspirin treated SW620 cells treated with CB-

839 for 24 hours 

Error bars represent standard error (n=3).  
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Figure 7.18  Abundance (relative to cell number) of 12C and 13C in metabolite 

pools after 8hrs incubation with [U-13C]glucose in long-term aspirin treated 

SW620 cells treated with CB-839 for 24 hours 

Error bars represent standard error (n=3). 



Chapter 7   Appendices 
 

216 
 

   

Figure 7.19  Incorporation of 13C after 8 hours of incubation with [U-
13C]glucose in long-term aspirin treated SW620 cells treated with CB-839 for 

24 hours 

Error bars represent standard error (n=3). 
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Figure 7.20  Mass isotopomer distribution (MID) data after 8hrs incubation 

with [U-13C]glutamine in long-term aspirin treated SW620 cells treated with 

CB-839 for 24 hours 

Error bars represent standard error (n=3).  
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Figure 7.21  Abundance (relative to cell number) of 12C and 13C in metabolite 

pools after 8hrs incubation with [U-13C]glucose in long-term aspirin treated 

SW620 cells treated with CB-839 for 24 hours 

Error bars represent standard error (n=3).  
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