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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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1.1 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
Whnt 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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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.

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/B3-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 detalil
about the underlying molecular processes, which will be discussed in the next

section.
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Figure 1.2 Adenomato 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.

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 [B-catenin accumulation,
including c-myc, cyclin D and PPAR® 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 (3-catenin that
prevent its degradation (6).
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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 CKL1. In the absence
of Wnt ligands, the destruction complex phosphorylates B-catenin (B-cat). This leads to
recognition by B-TrCP and ubiquitination and degradation of 3-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 B-catenin is prevented, which causes accumulation of newly synthesised
B-catenin. When APC is mutated and its function lost, this prevents the function of the
destruction complex, leading to the accumulation of 3-catenin, even in the absence of Wnt
ligands. B-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 (PIPs). 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 p110a 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 PIP,, 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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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 PIPs, leading to AKT
activation which has many downstream effects. Adapted from (16). Created with
BioRender.com.

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).
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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 CMS1 CMS2 CMS3 CMS4
name . .
MSI Immune Canonical Metabolic Mesenchymal
Molecular MSI, CIMP Somatic copy Mixed MSI Somatic copy
features high, number status number
hypermutation | alteration - ) alteration -
) Somatic copy )
high high
number
alteration - low
CIMP low
Common BRAF KRAS
mutations mutations mutations
Tumour Immune Wnt and Myc Metabolic Stromal
features infiltration and | activation deregulation infiltration,
activation TGF-B1
activation,
angiogenesis
Prognosis Worse survival Worse relapse-
after relapse free and
overall survival

10
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1.2 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),

11
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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 a-ketoglutarate.

12
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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).
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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,
FADHz, 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/FADH), 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 FADH.
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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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, lll 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.

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.
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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

Whnt 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

Whnt 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

mMTORC1 (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 mMTORC1 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.
1.2.25 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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Figure 1.8 Cancer metabolism and signalling pathways

Overview of oncogenic signalling pathways that influence metabolism. mMTORCL1 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.

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)
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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 a-ketoglutarate dependent dioxygenases (aKGDDs) (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 aKGDDs that are involved in epigenetic
madification, 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 a-ketoglutarate has been found in multiple
scenarios to have anti-tumorigenic properties, via activation of aKGDDs. A recent
study showed that in CRC organoids that had adapted to low-glutamine conditions,
supplementation with a-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 a-ketoglutarate and activation of
aKGDDs, 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 ([*®F]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. B-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 hnRNPAZ2), which repress production
of PKML1 (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/B-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 hnRNPAL1 to induce alternative splicing of PKM and increase the
PKM2/PKM1 ratio (73).
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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.

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).
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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/B-catenin signalling and contribute to
the Warburg effect in CRC cells (52).

1.2.5.6 Hypoxia inducible factor-1a

Hypoxia inducible factor-1a (HIF-1a) 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-1a. HIF-1a 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).
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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 Martinez-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 | and Il of the ETC regenerate NAD
and FAD by donating electrons to ubiquinone, converting it to ubiquinol. Complex
Il oxidises ubiquinol back to ubiquinone, which provides an electron acceptor for
DHODH. Martinez-Reyes et al. showed that lack of complex Il 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 lll, 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 | 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).
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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 a-ketoglutarate (a-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 a-ketoglutarate (a-KG) (109).
Glutamate can be converted to a-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-GIcNAc), 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 a-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).
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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.

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
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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 *C-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 a-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 (IncRNA) Colon Cancer Associated Transcript 2 (CCAT) interacts
with Cleavage Factor | (CFIm) complex to regulate alternative splicing of GLS1
pre-mRNA towards to GAC isoform in CRC (134).
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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.

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
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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 NFkB; activation of GLS1 was found to be an important component of
cellular transformation downstream of induction of Rho-GTPases, which activate
NFkB signalling, though the exact mechanism was not reported (139). However,
more recently it has been shown that NFkB signalling leads to phosphorylation of
GAC at Ser314 by PKCe, 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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1.3 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 144puM 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-diagnhosis 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 (Gl)
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; PGE: 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 PGE; has been found to activate p-catenin signalling via the PI3K/AKT pathway,
as well as by direct interaction with the 3-catenin destruction complex (176). The
a-subunit of the G protein associated with the EP2 receptor interacts with Axin to
promote B-catenin release from the destruction complex (176). The By subunits
activates phosphoinositide 3-kinase (P13K), leading to the activation of the protein
kinase AKT which inhibits the destruction complex component GSK-3[3 (176). Both
of these pathways lead to increased accumulation and nuclear translocation of 3-

catenin.

Due to the many roles of PGE: 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
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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 NFkB pathway (182) (illustrated in Figure
1.12). NFkB 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). NFkB is classically activated by tumour
necrosis factor a (TNFa) and interleukin 1 (IL-1), which lead to degradation of
inhibitors of NFkB (IkB), which usually hold NFkB in the cytoplasm and prevent
nuclear translocation (183). This occurs via activation of IkB kinase (IKK) complex
containing IKKa/f and NFkB essential modulator (NEMO) (183). Upregulation of
NFkB is a common occurrence in cancer and can contribute to tumour progression
(184). However, the effects of NFkB 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 NFkB signalling showed that
aspirin inhibited IKK and prevented canonical NFkB signalling (182, 186, 187).
However, prolonged exposure to aspirin has also been found to activate NFkB by
inducing degradation of IkB and therefore promoting translocation of NFkB to the
nucleus. While NFkB 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 NFkB signalling are
illustrated in Figure 1.12.
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Figure 1.12 NFkB signalling and the roles of aspirin

NFkB complexes are made up of dimers, most commonly p50 and RelA. These are
sequestered in the nucleus by inhibitors of NFkB (IkB) until activation by signals such as
interleukin 1 (IL1) or tumour necrosis factor a (TNFa). These activate the IKK complex,
which is made up of IKKa/B and NFkB essential modulator (NEMO). The IKK complex
induces ubiquitination (Ub) of IkB and degradation by the proteasome, therefore allowing
translocation of the NFKB complex into the nucleus and activation of NFkB target genes.
Aspirin has been shown to inhibit the IKK complex as well as induce the degradation of
IkB. Adapted from (182). Created with BioRender.com.

More recently, it has been found that stimulation of NFkB 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 NFkB (190, 191).

Interestingly, the effect of aspirin on NFkB 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
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involved upregulation of NFkB signalling (192). Treating with aspirin was found to
abolish the induction of NFkB 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 NFkB 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 NFkB signalling (192).

Aspirin has also been suggested to affect TGF- signalling. TGF- 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-B1 (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-f1 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-B1, suggesting aspirin does act via TGF-$1 (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
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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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1.4 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-1a 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).
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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-1a expression was also decreased by
aspirin in these cells and induction of HIF-1a partially rescued the decrease in
GLUT1 expression caused by aspirin (210). An NFkB binding site has also been
found in the GLUT1 promoter (210). As NFkB signalling has previously been shown
to be modulated by aspirin (182), this suggests that aspirin may reprogram glucose
metabolism in cancer cells via HIF-1a and NFkB 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 NFkB 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-B1 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 NFkB signalling
(217). Expression of ASCL1 along with three other lipid metabolism related
proteins have been found to have significant prognostic value in stage Il 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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1.45 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 PGC1a 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 HelLa 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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1.5 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.

e To validate the protein expression changes highlighted in the proteome

data set by western blotting and gPCR (Chapter 3)

e 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)
e 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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2.1 Cell culture

2.1.1 Celllines

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 | Mutant APC (237), | 10% DMEM 147 - 152
(lymph node) TP53 (238), KRAS
(239)
51-year-old
male Wild-type CTNNB1
(240)
LT aspirin 10% DMEM + | 179 — 205
treated SW620 2/4mM aspirin
LS174T Primary colonic | Mutant CTNNB1 10% DMEM 106 — 109
adenocarcinoma | (241), KRAS (242),
PIK3CA (240)
58-year-old
female Wild-type APC
(237), TP53 (243)
LT aspirin 10% DMEM + | 126 — 138
treated LS174T 2/4AmM aspirin
HCA7 Primary colonic | Mutant TP53 10% DMEM 44 — 47
adenocarcinoma | (244), APC (241)
58-year-old Wild-type KRAS
female (237, 240),
CTNNBL1 (240)
MMR deficient
(245)
LT aspirin 10% DMEM + | 52 -72
treated HCA7 2/4AmM aspirin
LT aspirin Colonic Mutant TP53 (246) | 20% DMEM + | 49- 64
treated RG/C2 | adenoma . 2/AmM aspirin
Wild-type APC
59-year-old (247), KRAS (248),
female PIK3CA (248)
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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),
100pg/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 (1pug/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 25cm? (T25) flasks
(Corning Incorporated, Corning, New York, USA) in a non-humidified 5% CO:
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 230 minutes to allow the aspirin to dissolve. After filtered
sterilisation it was added at the appropriate dilution to the flasks.

2.1.21 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/10mI 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
HCAY (2mM aspirin) 3 x10"6
HCAY (4mM aspirin) 3-4 x10"6
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2.2 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 100ul 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 100ul 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. 75l 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 2uM 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.
2.3 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.

100uM 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 12.5cm?
flasks (T12.5, Falcon, Corning, NY, USA) along with 0.5ml of the sSIRNA-RNAIMAX
complexes in OptiMEM Reduced-Serum Medium (Thermo Fisher Scientific,
Paisley, UK). siRNA-Lipofectamine RNAIMAX complexes were created by adding
5ul transfection reagent in 250ul OptiMEM to 1ul of stock siRNA, in 250pl
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

2.4 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-HCI pH 7.5, 150mM NaCl, 1mM EDTA, 1% v/v Triton-X100, 2.5M
sodium pyrophosphate, 1mM [B-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 100ul 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-
800ug/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
50ug of protein per 20ul. 5X Laemmli sample buffer, containing 62mM Tris-HCI 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 5l
Laemmli buffer per total 25ul. 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 National Diagnostics, Hessle, UK

1.5M Tris, pH 8.0

0.4% SDS

Stack Buffer National Diagnostics, Hessle, UK

0.5% Tris pH 6.8

0.4% SDS

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, HCI 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 Dilution | Incubation
species

Cell Signaling Neutral amino acid Rabbit 1:1000 Overnight,

Technology transporter (ASCT2) 4°C

#5345

Cell Signaling Asparagine Synthetase | Rabbit 1:1000 Overnight,

Technology (ASNS) 4°C

#20843

Cell Signaling Activating Transcription | Rabbit 1:1000 Overnight,

Technology Factor 4 (ATF4) 4°C

#11815

Cell Signaling Glutaminase 1 (GLS1) Rabbit 1:1000 Overnight,

Technology 4°C

#88964

ProteinTech Glutamic-pyruvic Rabbit 1:1000 Overnight,
transaminase (GPT2) 4°C

16757-1-AP

Cell Signaling Large neutral amino Rabbit 1:1000 Overnight,

Technology acid transporter (LAT1) 4°C

#5347

Abcam Pyruvate carboxylase Rabbit 1:1000 Overnight,

ab126707 (PC) 4°C

Cell Signaling Phosphoenolpyruvate Rabbit 1:1000 Overnight,

Technology carboxykinase 2 4°C

#6924 (PCK2)

Cell Signaling Pyruvate Rabbit 1:1000 Overnight,

Technology dehydrogenase kinase 4°C

#3820 1 (PDK1)

Sigma Merck a-tubulin Mouse | 1:10,000 | 1 hour,

KGaA, Darmstadt, room

Germany temperature

T9026
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Table 2.9 Details of secondary antibodies used for western blotting

Source Antibody Host species | Dilution

Sigma Merck KGaA, | Anti-Mouse IgG Goat 1:1000

Darmstadt, Germany | Peroxidase

Sigma Merck KGaA, | Anti-Rabbit IgG Goat 1:1000

Darmstadt, Germany | Peroxidase

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 a-tubulin, in order to
produce loading control bands. Membranes were not stripped and reprobed more

than twice (including one for a-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 O 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.

2.5 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. 200ull 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 100ul 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, 2ug of RNA and 1pul 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, 5ul of M-MLV 5x reaction buffer (Promega), 5ul dNTP (Promega, WI,
USA) and 0.63pul of Recombinant RNasin Ribonculease Inhibitor (Promega, WI,
USA) were added. Then to one tube in the pair was added 1pl ddH-O, which would
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act as the no reverse transcription (no RT) control. To the other tube was added
1ul reverse transcriptase, M-MLV RT (Promega, WI, USA). The samples were
made up to a total volume of 25ul by adding RNase free water. Samples were
mixed before incubation at 40°C for 60 minutes, for synthesis of cDNA strands.
175ul RNase free water was then added to each sample to dilute cDNA to
0.01ug/ul. cDNA samples were stored at -20°C until analysis.

2.5.3 gPCR

cDNA samples were analysed by quantitative real time polymerase chain reaction
(gPCR) to determine the levels of mMRNA for specific genes in the original samples.
This was done using Quantifast SYBR green (Qiagen, Manchester, UK) containing
dNTPs, SYBR green | dye, ROX dye and hot start Tag polymerase. Primers for
genes of interest were purchased from Qiagen (see Table 2.10). Samples were
diluted appropriately using RNase free water. 2ul cDNA, per 12.5ul 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. gPCR 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 gPCR 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):

e Denaturing 15secs | 94°C
e Annealing (fluorescence detection) | 30 secs | 55°C
e Extension 30secs | 72°C

2.6 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, 100pg/ml streptomycin, 0.4mM phenylalanine,
10mM glucose, and 2mM glutamine. Either glucose or glutamine were replaced
with uniformly labelled versions (U-[**C]-glucose/glutamine, Cambridge Isotopes).
For sample extraction, media was aspirated, and the cells were washed twice with
ice-cold 9g/L saline solution. 800ul 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 *3C abundance in each metabolite.

2.7 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. 3.22ul adhesive was mixed with 0.25ml
PBS. 10ul of this solution was then added to each well the plate, followed by 20l
NaCOs. 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 CO;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 80ul
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 100ul of supplemented Seahorse medium was then added to
each well, making a total well volume of 180ul. The plate was incubated in a non-
humidified incubator at 37°C and 5% CO- 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 | Injection | Final well | Final
concentration | port concentration | well
volume volume
A Oligomycin 20uM 20yl 2uM 200yl
B FCCP 20uM 22ul 2uM 222ul
C Rotenone/ 10puM/10puM 25ul 1uM/1uM 247l
antimycin A
D Monensin 200uM 27ul 20uM 2744l
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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/.

2.8 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.

2.9 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.
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expression
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3.1 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.
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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.
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Figure 3.2 Volcano plots from proteomic analysis of long-term (52-week)
aspirin treated SW620 cells

Data produced by Dr Eleanor Mortensson, unpublished.

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.
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Biological processes
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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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3.2 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.  Tovalidate proteomic results using western blotting and qPCR in a number

of different colorectal cancer cell lines

ii.  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

73



Chapter 3 Results 1

3.3 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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Figure 3.4 Proteins involved in central carbon metabolism are significantly
regulated in long-term (52-week) aspirin treated SW620 cells

o
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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
logz fold changes from proteomic data set in long-term (LT) 4mM aspirin compared to
controls. Created with BioRender.com.

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 a-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.
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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.

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.
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Figure 3.6 ATF4 target genes are regulated in long-term (52-week) aspirin
treated SW620 cells

Colour scale shows log: fold changes from proteomic da