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1 Disclaimer

At the start of 2023, part way through my MRes degree, my father took ill with an
aggressive Sino-Nasal Undifferentiated Carcinoma (SNUC). This resulted in an incredibly
difficult time for myself and my family, a time of uncertainty that would only worsen with
my mother’s diagnosis of Multiple Sclerosis (MS). The treatment pathway devised for my
father entailed 4 rounds of, as the doctors described it, an extreme chemotherapy cocktail
of TPF, followed by a 7-week program of high dose radiotherapy for which he would need to
be present for every weekday. With this in mind, | decided to return home for the duration
of my studies to be there to support my family during this incredibly tyring time. In order to
accommodate this change of circumstance, we had to dramatically change the layout of my
MRes to what was originally planned. Because | wasn’t able to physically be in the lab, the
data | had at my disposal was all that | had generated up until Christmas. This would mean a
lack of replicated results to work with as well as some missing data points, as will be
explained later in this paper. Additional lab work that was planned, such as the use of 3D
models and primary cell types, would no longer be possible and an alternative route had to
be devised. The following paper was completed in a time of incredible emotional and
physical hardship to myself, with many sections being completed in the cancer centre
reception when | had taken my father to radiotherapy appointments to allow my mother
the break she needed to deal with her own diagnosis. | would like to take this opportunity to
give my greatest gratitude to my supervisor, Dr Paloma Orddéfiez Moran, who's support
throughout all of this made it possible. Her commitment to adjusting my project to enable
me to continue my studies from home, as well as her constant supervision and assistance,
has allowed me to complete this project under very difficult circumstances. The kindness
and care displayed by her was invaluable and of great comfort to both myself and my family.
| would also like to thank both my parents whose belief in me and support, even throughout
their own hardships, kept me confident in my abilities to complete this project. And lastly,
but by no means least, | would like to thank all my lab colleagues and the wider team for the
support and help offered, which enabled me to complete any last lab work required. Thank

you all.



2 Abstract

With CRC maintaining to be the 4" most common cancer worldwide, with large portions of
mortality being contributed to treatment resistant tumours and patient relapse, more
knowledge into the biology of this disease is required. With the intestine being a rapidly
renewing tissue, stem cells are located at the crypt base while progenitor and differentiated
cells are localized at the upper part of the crypt. Stem cells are responsible for damage
repair and maintain cells mass, a reasonable assumption is that cancers would be able to
hijack this for their own accord. Previous studies have highlighted the ability for a subsect of
cancer cells, known as cancer stem cells, to harbour a drug resistance phenotype as well as
being able to persist and regrow after treatment end. To better understand the role that
these cancer stem cells may play in treatment response, this research focused on the gene
expression differences in response to treatment administration between differentiated and
undifferentiated cell types. Caco-2 cells lines were expanded in lower confluence to
generate a stable and reliable cell line with fewer differential characteristics. qPCR was
perfumed on these cells cDNA as well as on the ones grown as stranded to analyse the
effect of chemotherapy on cell lines with alternative levels of differentiation. This study was
complimented with Bioinformatic and RNA sequencing analyses of these cell lines when
treated with drugs to better understand the full scope of changing gene expressions. Finally,
data generated in this project was compared with previous data sets of colon cancer cells
treated with chemotherapeutic agents to study how other research differs or enforces my
own. Overall, we aimed to gain insights into the genetic pathways harboured by the cancer
stem cells that present drug resistance in order to better understand what is seen in clinic

and provide a target in increasing chemotherapy efficacy.
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4 Introduction

4.1 Anatomy and functions of the large intestine
The large intestine is a member of the digestive tract along with the mouth, oesophagus,

stomach, small intestine and rectum. It is on average 5 feet long making it around one fifth
of the total gastrointestinal tract length?®. The small intestine is much longer in length but
has a shorter lumen. It is further different due to the presence of omental appendices,
haustra and teniae coli®. The large intestine is comprised of 5 distinct parts: the cecum,
ascending colon, transverse colon, descending colon and sigmoid colon®. Most of the
important nutrients are absorbed by the small intestine leaving the large intestine
responsible for water and some nutrient absorption, vitamin absorption, faeces compaction
and moving waste material towards the rectum?. By the time the indigestible material
reaches the colon, almost all the nutrients and around 90% of water has been absorbed. The
ascending colon will then absorb the rest of the water and compact and solidify the
indigestible material into stool. The large intestine has many mechanisms to aid it in these

responsibilities?.

Motility

The intestinal wall is multi layered containing the mucosa, submucosa, muscular layer and
the serosa. The muscular layer is constructed of 2 layers, an inner circular layer and an outer
longitudinal layer. The layers of smooth muscle aid in the motility of the large intestine.
There is seen to be 2 types of motilities in the large intestine, haustral contraction and mass
movement. Haustal contraction, which is responsible for the large intestines segmented
appearance, is activated by the presence of chyme (indigestible food material) and serves to
move the food slowly along the large intestine and mix the chyme to aid in water
absorption. Mass movements are much faster and enable quick movement of the chyme to

the rectum?.



Water and Electrolyte Absorption

Water absorption occurs via osmosis. This happens when water diffuses across an osmotic
gradient generated by the absorption of electrolytes. Sodium is actively absorbed via
sodium channels and potassium can be absorbed or secreted depending on lumen

concentration?.

Production and Absorption of Vitamins
The colon contains trillions of bacteria which are essential for protection of our gut and
vitamin production. They produce these vitamins via fermentation. Vitamin K and B are

produced by these colonic bacteria. These vitamins are then absorbed into the blood?.

4.2 Intestinal Stem cells
Due to the nature of the intestinal environment, this organ represents one of the most

highly renewing tissue in an adult mammal. It is in constant flux between mesenchymal to
progenitor proliferation, lineage commitment and ultimately cell death and renewal.
Recently it has been identified that a certain cell population noted as ‘Stem Cells’ fuel this
process of cell renewal in most organs. The anatomy of the epithelium of the intestinal
crypts makes it one of the most accessible models to study this stem cell biology3. As stated
previously the intestines play an important role in vitamin and mineral absorption which are
vital to life2. The epithelium of the intestine consists of 2 primary components: the
proliferative crypts of Lieberkiihn and long projects known as villi. The intestinal stems cells
are seen to reside at the crypts in the intestine and constantly divide to maintain the high
cell turnover rate brought on by the intestinal environment. These cells can give rise to
either more stem cells, to continue the cycle of self-renewal, or progenitor cells that enters
the trans amplifying (TA) compartment to rapidly divide before a terminal differentiation
into a specific cell*. These progenitor cells themselves fall into two broad categories, they
can be either absorptive or secretory. Absorptive progenitors are known to differentiate
into the most abundant cell type of the intestinal epithelium, enterocytes. Alternatively,
secretory progenitors can differentiate into Paneth cells, Enteroendocrine cells and Goblet
cells. These differentiated cells arise in the TA zone and then begin to move up the villi.

Once they reach the tip of the villus, they die, are shed into the intestinal environment and



replaced. However, Paneth cells are they only cell type that will move back down towards

the stem cell zone (Figure 1)°.

Whilst it is generally agreed that in each intestinal crypt there are four to six independent
stem cells, there are still 2 disputed schools of thought on their exact identity. The first,
known as the ‘+4 position’ states that these stem cells reside in the position of +4 relative to
the crypt bottom®. Experimental data has shown these +4 cells to be radiation sensitive
which is thought to be a characteristic of stem cells aimed at protecting from genetic
damage. In this model it is thought that damaged stem cells are replaced by TA cells which
contain a more effective repair capacity. These then fall back into the +4 position and regain
their stem cell properties’. The second school of thought, known as the ‘Stem Cell Zone’ is
based on the identification of crypt base column cells (CBC). These CBC cells are small,
undifferentiated, cycling cells that reside between then Paneth cells. In this model it is
thought that the cells within the +4 position are offspring of these CBC cells®. Due to the lack
of effective stem cell markers, it has been difficult to prove which of these arguments is the

most accurate representation of the stem cell landscape within the crypt3.

In this next session | will discuss the distinct functional and cellular properties of intestinal
stem cells and explain the DNA markers associated with them for identification and finally,

the signalling pathways that control the fate of these cells.

4.2.1 Functional Properties
Adult stem cells can be defined as having 2 distinct functional features. Firstly, the stem cell

population needs to be maintained over long periods of time (longevity). Secondly, these
cells populations need to have the capacity to produce additional populations of

differentiated cells and tissues. Most stem cells are said to be ‘multipotent’, meaning they
can generate multiple different cell types, yet some are only able to generate one specific
type of differentiated cell. In addition to these factors, stem cells are often seen to have 2

other functional properties.
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Figure 1: Cycling stem cells are located at the bottom of the intestinal crypts. Differentiated cells are seen to move
towards the tip of the villus. Progenitor cells located above the stem cell crypt are highly plastic and can be called upon
to fulfil many roles. Even though they are highly differentiated, Paneth cells are in the intestinal crypt and contribute
to the intestinal stem cell niche. Several signalling pathways such as Notch also contribute to the fate of ISC 3.
(Adapted from citation)

Stem cells are often found to divide infrequently (quiescence). When they do divide, they
produce one rapidly cycling daughter cell and another daughter cell that replaces the
parental stem cell to thus not reduce the effective stem cell population (asymmetric
division). These rapidly cycling daughter cells are the TA cells described above and have the
responsibility for the building and maintaining of the tissue mass. These TA cells undergo a

set number of division cycles before terminally differentiating®.

4.2.2 Cellular Properties
Although the signalling pathways have been extensively studied for ISC, their metabolic

state has not. It is believed that the metabolism of ISC plays an important role in the
maintenance and homeostasis of these cells®. One study showed that calorie restriction

inhibited mTORC1 signalling in the neighbouring Paneth cells of the intestinal crypts but not
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in the ISC. This promoted stem cells self-renewal and proliferation®. Short term fasting was
also shown to enhance the function of the ISC by inducing the nuclear receptor peroxisome
proliferator activated receptor (Ppar) mediated fatty acid oxidation program?°. However,
high fat diet induced obesity was shown to activate this signalling program in specifically ISC
to promote LGR5+ regenerative capacity and increase the cellular numbers. This enhances
the ability to form tumours with APC loss!!. Ppar programs have been seen to activate the
Wnt/B-catenin signalling in bone tissue so may be amplifying the Wnt signalling in ISC*2.
Additionally, metabolomic analysis of adult ISC and Paneth cells has shown a diversity in
their metabolic landscape. Paneth cells were shown to have an increase in glycolysis,
whereas ISC showed an increase of mitochondrial oxidation. This study also showed that
Paneth cells were adapted to produce lactate which is in turn transformed into pyruvate in
ISC fueling the mitochondrial oxidative phosphorylation (OXPHOS) which is responsible for

the promotion of ISC proliferation®.

In addition to the altered metabolic landscape of ISC, another important cellular
characteristic is their cellular plasticity and ability to regenerate when injury occurs>*3,
Epithelial plasticity has been reported in many studies of injury induced regeneration. It
involved the intestinal epithelium dedifferentiating into a more immature state upon
injury!3. A common observation amongst these studies is that the plastic event occurs at the
+4 position were the ISC are located®. Many findings all agree that stemness in the intestine
is not hardwired, and the +4 progenitor cells are highly plastic and regain ISC identity in
response of an injury. Additionally, studies have shown that Paneth cells gain plasticity upon
irradiation induced Notch activation!*. This demonstrates that the plasticity of the intestinal

epithelium is not restricted to the early progeny°.

4.2.3 Stem Cell Signalling Pathways
Multiple signalling pathways are thought to orchestrate the stem cell to daughter cell

transition in the intestinal epithelium.

Whnt Signalling
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The Wnt signalling gradient from the bottom of the crypt is pivotal for the proliferation and
maintaining ISC*. Wnt ligands are secreted by both epithelial and stromal cells'® (Figure 2).
Epithelial Paneth cells secrete Wnt3 over short distances for ISC maintenance!’. FOX11+ and
CD34+ stromal mesenchymal cells also secrete stromal derived Wnt ligands>!®. Blocking
Whnt ligands causes a rapid cessation of ISC proliferation followed by loss of the crypt cell
bulk illustrating the pivotal role that Wnt plays in the survival of ISC>. Stromal cells are also
seen to secrete R-Spondins which is a known Wnt agonist!®. This enhances Wnt activity by

binding to Lgr family receptors>.

EGF Signalling

Epidermal growth factor (EGF) is an essential factor required for ISC proliferation. It is shown
to be secreted by the Paneth cells and is a driver of Leucine-rich repeat-containing G-protein
coupled receptor 5+ (LGR5+) stem cells proliferation in mouse intestinal organoid
models?%2, Inhibition of EGF signalling was discovered to induced quiescence’s in LGR5+ ISC
whilst maintaining Wnt signalling. Restoration is shown to revert the ISC back to its normal
cycling state?°. This demonstrates that whilst Wnt defines the identity of ISC, both Wnt and

EGF are required for stem cells proliferation®.

Notch Signalling

Notch signalling plays a valuable role in the maintenance of the ISC pool. Notch inhibition is
shown to decrease the number of LGR5+ cell numbers and the proliferation of these cells.
Many studies have shown that Paneth cells are responsible for releasing DIl/4 ligands
(Figure 2) that activates Notch signalling via histone deacetylase (HDAC) in ISCs?2. Transgenic
activation of HDAC 1 increases the proliferation of ISC whereas deletion of HDAC 1 and 2
induces stem cells loss and impairs tissue regeneration after radiation wounding. This is also

seen in the removal of Notch ligands®.

Bmp signalling

Bone morphogenic protein (Bmp) plays an important role in intestinal epithelium
differentiation in the post mitotic villi by forming an opposing gradient to Wnt signalling.
This is formed by ligand secretion from mesenchymal cells?3. It has been reported that Bmp

signalling represses ISC stemness by its downstream effector Smad4 that in turn repressed
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the expression of LGR5 and other core stem cell signature genes?*. The opposing gradients

of Bmp and Wnt are important to the maintenance of ISC homeostasis®.

Hedgehog Signalling

There are 2 hedgehog ligands, Sonic (Shh) and Indian (Ihh) which are expressed in the
intestinal epithelium. The receptors (Patch1/2) are expressed on mesenchymal cells?. In the
adult intestine the epithelial will release hedgehog ligands which in turn regulate the
secretion of Bmp?®. Reduced hedgehog signalling is shown to induce crypt

hyperproliferation and reduced differentiation®.

4.2.4 Epigenetic regulation on ISC
As explained above, transcriptional regulation of ISC is important in controlling their fate.

However, recent evidence has suggested that epigenetic regulation is coordinated with this
transcriptional regulation in order to fulfil the cellular state>?’. Histone acetylation and
methylation, both important epigenic events in other cellular processes, are shown to
regulate the chromatin conformational change to aid or negate transcriptional activity. This
in turn effects cellular processes such as proliferation and differentiation?’. An example of

this is the loss of Hdacl and Hdac2 which in turn impairs the proliferation and stem cell

& Paneth Cell _/,,,-/'”‘ \
e ‘ R
—» Wnt3a 20 W, *e / -
mDINn/4 Ligands -
B stem cel S N
B Notch Receptor Y

* & ~Mesenhymal Cell

~» RSPO
——»Bmp Agonists
—» Wnt Ligands

T4ty

Figure 2: Intestinal stem cell niche. Paneth and stromal mesenchymal cells secrete certain ligands and agonists to control the fate of
stem cells within the intestinal crypt®. (Adapted from citation)
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gene expression in the intestinal crypt?®. Another example is the loss of DNA
methyltransferase 1 will result in stem cell expansion and reduced differentiation in the
intestinal crypt?. To summarise, the research shows that epigenetic modification, such as

DNA methylation, plays a crucial role in the definition of ICS fate®.

4.3 Colorectal Cancer
Colorectal cancer (CRC) is the world’s 4™ most common cancer, and its mortality is expected

to rise every year3°, Whilst it was a rare form of cancer in the 1950s, there is a concerning
increase in incidence among the western and developing world of CRC3L. It is expected that
by 2035 the number of new cases per year may reach that of 2.5 million with nearly 10% of
all cancer related deaths being attributed to CRC32. With early detection, CRC can be highly
treatable with surgery and adjuvant chemotherapy. Unfortunately, CRC has a high
recurrence rate with survival being much lower in drug resistant patients3°. The 5-year
survival rate of CRC is around 64% but drops to 12% in metastatic and recurrent CRC. This
shows the need for knowledge into the resistant cells responsible for this recurrence3!.
CRC occurs exclusively in the colon or rectum and is caused primarily by the aberrant
proliferation of the epithelial lining forming tumours. CRC can be characterised into 3
distinct types: Sporadic, Hereditary and Colitis-associated. With harmful risk factors, such as
diet and lifestyle becoming more apparent in western culture, the strain of CRC on health

services is an ever-increasing burden3°.

CRC development is seen to take around 10-15 years for transformation from polyp to
malignant growth. Regular screening for polyps and abnormalities has been pivotal in early
detection of CRC development allowing for treatment at a more effective time.
Unfortunately, only 40% of cases are detected at early stages and with CRC recurrence being
a problem, there is still much need for development of strategies to target this disease.3°

In this section | will discuss the development and epidemiology of CRC, as well as the

pathophysiology and risk factors associated with this tumour type.
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4.3.1 Development.
CRC can be highly genetically diverse but will develop via a set of unique mechanisms as

seen in the fact that many CRC cells contain dozens of soma clonal mutations which
inevitably result in a distinct level of gene expression. This causes CRC to have a large
mutational load of all the malignancies. Additionally, based on the number of soma clonal
mutations, CRC can be categorised as either hyper or non-hyper mutated3°. Point mutations
are non-inherited mutations which individuals can acquired throughout their life. Cancers
that arise from this are known as sporadic cancers and they account for 70% of CRC33.
Usually, these cancers are heterogenous and the point mutations can be on different target
genes. Conversely, many CRC cases are seen to follow a specific mutational landscape which
drives the health tissue to an adenoma and then eventually a carcinoma. The first mutation
is seen on the well-established tumour suppressor gene APC which begins its development
from the benign adenomas, termed ‘polyps’. Around 15% of these benign growths will

become malignant. APC mutation is followed by KRAS, DCC and TP53 in that order34.

CRC is seen to develop from epithelial cells when they acquire genetic or epigenetic changes
which gear them towards hyperproliferation. These cells proliferate to form a benign

adenoma which can eventually form a cancerous mass and metastasis around the body. This
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Figure 3: The 4 stages of CRC development: Initiation, promotion, progression and metastasis. There are many
metastatic sites associated with CRC but the liver, lung and bone are the most commonly scene in that order3°.
(adapted from citation).
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metastasis can be facilitated by chromosomal instability or microsatellite instability. It is
shown develop from a tiny adenoma into a large adenoma and then carcinoma3®. When an
adenocarcinoma becomes invasive, the cells can metastasise through the body via the
lymphatic or blood system. These invasive adenocarcinomas account for around 96% of all
CRC but a period of up to 18 years can occur between the development of a polyp and the
formation of an invasive cancer®>%. It has been shown that it takes an average of 9 years to
metastasis and can be classified from stage 0 to IV. Only 10% of benign polyps (stage 0) will
result in a malignancy and invade further into the tissue of origin (stage I). The tumour will
grow in volume (stage Il) and then invade into the peritoneum (stage lll). This will then
develop into a metastasis through the lymphatic and blood system (stage 1V) (Figure 3)*’.
The stage determines the severity of the disease and helps guide clinicians on treatment
options°. Environmental and genetic factors are the leading cause of the hallmark
behaviour of cancer accumulation and action in CRC. As stated earlier, the progressive
accumulation of genetic changes activates oncogenes and represses tumour suppressor
genes. This loss of genomic stability is commonly associated with the development of
neoplastic lesions within the colon, which accelerates the development of mutations on key
sites to trigger malignant changes. It is believed that these changes begin in the stem cells
located in the crypt base and results in the development of cancer stem cells which are

essential for the development and expansion of the tumour mass3?.

4.3.2 Risk Factors
Developing CRC can be divided into modifiable and non-modifiable risk factors. Someone’s

personal medical history (which includes their age, sex and family history for example)
cannot be controlled by the individual and are thus deemed non modifiable. Modifiable
factors can be controlled by the individual and include but are not exclusive to personal
habits and lifestyle. By altering these factors, an individual can reduce the chances of them
developing CRC3°. With the worldwide probability of developing CRC sitting at around 4%-
5% (or 15%-20% for an individual with a family history of CRC3?) there is great importance in
understanding what factors contribute to its development and how this effects the

development landscape and treatment options for individual patients3*.
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Personal and Family History

Most CRC will develop in individuals over the age of 50 with the mean age being 68 in men
and 72 in women. Whilst both men and women can develop CRC evidence shows males to
be at a greater risk of developing the disease. As previously mentioned, the risk of
developing CRC is increased when a first degree relative has also been diagnosed with CRC.

This risk is further increased when the relative was diagnosed before the age of 60%.

It is believed that around 2%-8% instances arise from 2 hereditary symptoms, Lynch
syndrome and Familial Adenomatous Polyposis (FAP). Lynch syndrome is autosomal
dominant and arises from mutations in genes via mismatch repair errors. It is often
associated with mutations in MLH1 and MSH2. This condition confers a 20% risk of CRC by
50 years of age and an 80% risk by 85 years of age. FAP is also autosomal dominant but is
caused by Adenomatous Polyposis Coli (APC) gene defects. Individuals will develop
thousands of colon polyps by their mid teen years with a high probability that they will go
on to develop into a malignant tumour3®4°, It is assumed that patients with FAP will have a

100% chance of developing CRC by the age of 4038,

Inflammatory bowel disease (IBD), such as Crohn’s, is seen to increase the risk of CRC
development due to the chronic inflammation of mucosal tissue. This causes increased cell
turnover which is turn makes them more susceptible to sporadic mutation in tumour
suppressors and oncogenes®®. It is the third most likely condition to develop into CRC after
the two mentioned previously and is a chronic, incurable disease. The cause is unknown but
is thought to be contributed to by genetic, environmental and immunological factors*!. The
elevated risk can be anywhere between 2-6 times more likely depending on the severity of

the disease3s.

Type 2 diabetes mellitus is another condition that has been evidenced to increase the risk of
CRC in individuals, it is shown to be closely related to proximal CRC over distal®. Increase to
the insulin concentration, hyperinsulinemia, is thought to aid the development of CRC by
stimulating cell division because of the indirect increase of insulin derived growth factor 1
(IGF-1). IGF-1 increases cell division and represses cell death thus increasing the chance for

cell lineages to acquire harmful mutations®2. Additionally, chronic inflammation is
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associated with a favourable carcinogenic environment and facilitates tumour initiation and

growth38,

Lifestyle and Diet

Due to its location and biology, diet plays and important role in assessing an individual’s risk
in developing CRC. Red and processed meat are 2 known factors that increase your risk of
developing CRC. Both have been classified as carcinogenic and it has been estimated that
your risk of developing CRC will increase by 17% for every 100g of daily intake*3. It is
believed that these substances influence the development of CRC by 3 main products:
heterocyclic amines (HACs), polycyclic aromatic hydrocarbons (PAHs) and N-nitroso
compounds (NOCs). HACs and PAHs are genotoxic, meaning they have the potential to
cause point mutations and initiate carcinogenesis. NOCs are carcinogenic agents and are
known to interact with DNA. Another substance found in red meat that is thought to
contribute to CRC is heme. This iron containing compound causes oxidative stress in
intestinal cells and leads to DNA damage and genetic mutations causing hyper proliferation
within the cells which can result in the formation of polyps and then a malignant mass3938,
However, consuming a high fibre diet that includes many fruits and vegetables is associated

with low CRC prevalence®°.

Obesity is also associated with an elevated risk of CRC. A meta-analysis summary showed
that CRC risk increased by 10% every increasing BMI of 8 kg/m?3°, It is believed that due to
adipose tissue being an endocrine organ it controls energy consumption and inflammatory
response. Overweight individuals are seen to secrete more anti apoptotic factors, such as IL-

1, which are known to exhibit mitogenic effect on epithelial cells and inhibit apoptosis3.

Additional lifestyle factors also have an important effect on CRC development. Regular
physical activity is shown to decrease inflammation and stress and aid in immune response
and hormonal regulation32. Alcohol is also shown to increase the chance of CRC
development by 20-40% depending on the daily intake**. Ethanol found in the alcohol is
metabolised and influences the gut microbiome via the development of DNA adducts,
triggering of oxidative stress and generation of harmful immunomodulatory effects®!.

Cigarette smoking is associated with a 2-3-fold increase in CRC development chance. It is
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also considered that cigarette smoke is responsible for 12% of CRC deaths®*!. Being a mixture
of thousands of chemicals with over 60 of those being carcinogenic, cigarette smoke causes

DNA damage and activation of carcinogenic pathways3%38,

Gut Microbe

The gut microbiome is a collection of thousands of bacteria, viruses and other
microorganisms that play a valuable role in nutrient and drug metabolism and absorption. It
also plays an important role in maintaining the intestinal barrier and protects against
pathogens. Research in CRC patients has shown that alterations in the gut microbiome may
be a deciding factor in CRC initiation and progression. Toxic products from bacteria have
shown to cause DNA damage and immune stimulation which disturbs the intestinal barrier
function. All of this causes a microenvironment that is favourable for carcinogenesis and

facilitates tumour growth and expansion32.

4.3.3 Treatment Strategies
As with many malignancies, chemotherapy and surgery remain the first line offence for

patients presenting with CRC. Nearly a quarter of all CRC patients will present with
metastatic sites-thus rendering surgery an ineffective control method alone®.
Chemotherapy is often used in combination as an adjuvant treatment to aid with surgery. It
can be administered as a single target agent compromising of 5-fluorouracil (5FU) or a
cocktail containing many drugs that often includes Oxaliplatin. The chemotherapy can either
be delivered prior to or post-surgery. The aim when delivering the chemotherapy prior to
surgery is shrink the tumour so that it becomes surgically viable. The aim when delivering
the chemotherapy post-surgery is as an aid to clearing up any malign cells left around the
surgical site and or to target micro lesions that may have spread around the body. Patients
with poor performance are recommended the lone drug therapy, as additive agents seem to
have a similar effect with varying side effects. However, this treatment option has several
drawbacks including, but not exclusive to, systemic toxicity, poor response rates, acquired
tumour resistance and low tumour specificity. As a result, large amounts of research has
been undertaken in an attempt to develop novel approaches to targeting CRC, some of

which will be discussed in the next section3%32,
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Immunotherapy’s (Check Point Inhibitors)

Malignancies with several specific mutations can be identified and destroyed by the host
immune system via the recognition of T cells and their binding via the MHC molecules on
antigen presenting cells (APC). This must be supported by secondary signals which play and
important role in immune cell tolerance. This double check mechanism is required to avoid
excessive immune activation and auto immune conditions. Tumours can escape and avoid
the immune system in a variety of ways, such as the secretion of immunosuppressive
chemokines or the recruitment of immunosuppressive cells. Another explanation is the
activation of co-inhibitory receptors or checkpoint receptors. These receptors are located on
the surface of T cells and include program death ligand 1 (PD1) and cytotoxic T lymphocyte
antigen 4 (CTLA-4). CTLA-4 downregulates IL-2 secretion by competitively binding to B7-1/2
to reduce CD28 immune cell affect. PD-1 activation leads to the diminishment of
downstream pathways such as PI3K which is responsible for the suppression of immune cell
proliferation®®. CRC are shown to have a higher abundance of PDL-132. A phase 2 clinical trial
is currently underway utilising a dual mixture of Nivolumab and Ipilimumab, agents which

block these ligands to stop their activation and thus reduce immune avoidance®.

Targeted Therapies

Targeted therapies are a novel approach that has been taken to tackling many different
malignancies including CRC. In CRC it has shown increasing promise and has increased
considerably the overall survival in patients. This therapy works by blocking certain genetic
pathways and receptors that tumours can use in order to facilitate tumour growth3°. EGFR is
one such receptor, being a unique target among the tyrosine kinase receptors. It effects the
RAS/RAF/MEK/ERK, PI3K/AKT and JAK/STAT pathways utilised by cancers for their ability to
regulate cell growth, survival and migration. EGFR is shown to be upregulated in many
different malignancies including CRC and is a potential target32. Drugs such as Cetuximab

and Panitumumab are approved by the FDA for targeting this pathway3%32,

VEGF is another such pathway showing promise as a target for treatment. VEGF is known to
promote the formations of new blood vessels in the tumour mass (angiogenesis). This is a
hallmark of cancer and is vitally important to facilitate the ability to supply oxygen and

nutrients required for tumour growth and metastasis®2.

20



4.4 Cancer Stem Cells
Proposed almost four decades ago, the cancer stem cell (CSC) theory states that tumour

growth is fuelled by a small subpopulation of dedicated malignant cells. This small
subpopulation is also believed to be responsible for the inevitable tumour relapse after
treatment and the facilitation of metastasis*’. With over 70% of CRC deaths being attributed
to metastatic sites in the liver, CRC CSC provide a highly attractive target for therapies and
understanding®. With relapse after treatment being a significant problem in cancer
treatment, understanding the tumour mechanisms of such relapses presents a gap in our
knowledge that requires attention. Multiple resistance mechanisms can be present within a
patient or even in a single tumour. Random genetic events confer resistant to drugs and
push for genetic diversity. When administering drugs, a small population of cells can survive
by entering a drug tolerant persister state. Here, there is little population growth during
those treatments, such as chemotherapy, that target fast cycling cells and are thereby
ineffective. After long term treatment, these resistant cells regain the ability to grow and
divide and thus create a treatment resistant tumour. It is not known whether the survival
and expansion through this drug tolerant state mediates the acquisition of genetically
driven resistant mechanisms. Additionally, whether these resistant mechanisms occur
through a persister bottleneck is unclear®. There has been proposed three distinct
strategies for targeting these cell pools; target the tumour cell plasticity, prevent quiescent

and find drug to target the persister cells or reverse the quiescence change.

4.4.1 Cancer Stem Cells Model
CSC share many properties with embryonic stem cells (ESC). However, unlike ESC, CSC have

lost control of their replicative ability which can result in tumorigenesis. They are often
defined by the ability to self-renew and produce differentiated cells*. Recently, the CSC
models have relied on four main principles. First, some of the cellular hierarchy of tumours
results from the hierarchical organisation reminiscent of the tissue of origin. Second, these
hierarchies are fuelled by self-renewing, quiescent CSC with the bulk of the tumour mass
being non-CSC capable of transient proliferation and therefore are unable to contribute to
long term growth. Third, CSC identity is hardwired which is illustrated by the fact that non-

CSC rarely initiate tumours in xenograft models and thus shows limited plasticity. Finally,
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CSC are resistant to chemotherapy and radiotherapy which target non-CSC which provides

insight into treatment relapse®’.

4.4.2 Stem Cell Plasticity
Lineage trancing experiments have highlighted the ability for committed differentiated cells

to move up and down the hierarchy of differentiation. This is termed plasticity and whilst
has been acknowledged for a while, it is now believed to be more prevalent than recently
thought. This can be seen in the epithelium of the mouse intestine. Removing the ISC that
possess LGR5 does not viably influence the integrity of the epithelium as would be expected.
Instead, dedicated progenitor cells will revert in the multipotent LGR5+ stem cells and
replace the removed ones. This can be understood when we observe the signals that are
present in the surrounding environment. As stated earlier, ISC revives Wnt to promote self-
renewing and Notch to block differentiation. They can also receive powerful mitotic stimuli
that triggers EGFR. When progenitor cells are provided with these signals, and blocked
BMP/TGF-B, they rapidly regain stemness*”>1. This demonstrates that committed cells next
to the crypt base can regain stemness and revert to a multipotent fate?’. It has been shown
that both CSC and non-CSC are plastic and can undergo several unique phenotypic changes.
A study took stem cell, basal cell and luminal cell types from breast cancer. It was evidenced
that in vitro these three populations were able to generate cells of the other two
phenotypes demonstrating their ability to change their phenotype to different stimuli.
Additionally, when environmental stimuli were controlled, all three cell types were equally
tumorigenic and able to produce xenograft*®>2, What this shows us is that the CSC state is
not hardwired, and cell types are able to change their fate depending on the environment
they find themselves in*’. Additionally, work in CRC has shown the ability of the
microenvironment to control cell plasticity. Many CRC are initiated by genetic changes to
activate Wnt signalling that transform the crypt progenitor cells into a CRC phenotype.
Within single tumours they can display distinct Wnt signal levels despite sharing
downstream mutations®3. These Wnt levels is shown to correlate to tumour initiating

capacity in xenotransplantation assays*’.
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4.4.3 CSCand EMT
Epithelial to mesenchymal transition (EMT) is the process whereby epithelial cells can

acquire a mesenchymal gene pool that triggers a phenotypic change facilitating migration
and invasion, two factors important for cancer metastasis. Recently, the connection
between CSC and EMT has been gaining attention. It is known that the overexpression of
EMT transcription factors not only supports the more migratory phenotype but also
enhances tumour initiating capacity, a factor important to CSC*’. This can be seen in
tumours with enhanced Snail Family Transcription Receptor 1 (SNAI1) (a master EMT
transcription factor) and displays greatly enhanced tumour initiating capacity in both mouse
and human models®*.

However, something that is still poorly understood is that metastasis in many carcinoma
types remain an epithelial organisation and lacks mesenchymal traits®. This suggests that
EMT is not needed for metastasis in certain situations and is displayed in the fact that cells
frozen in a constant state of EMT are poorly metastatic and only begin to move when the
EMT genes are silenced®. Additionally, it is known that an EMT transcription factor known
as TWIST1 regulates CSC properties and tumour progression in skin cancer. These findings

suggest that EMT is uncoupled with CSC properties®’.

There are two viewpoints that may be able to explain these observations. Firstly, is that EMT
in cancer may be transient, meaning that epithelial tumour cells can adopt reversable
mesenchymal states facilitated by environmental cues which would then result in a plastic
CSC phenotype. This can be witnessed in breast cancer were cancer cells swap between CSC
and non-CSC states depending on the expression of the EMT transcription factor ZEB1°’.
Secondly, it has been shown that expression of TWIST1 primes mammary cells towards the
CSC state that continues to persist after TWIST1 is ablated®®. All of this demonstrates that
CSC hierarchy is not fixed and that conversations between CSC and non-CSC cell types may

be a common phenomenon driven by environmental cues®’.

5.4.4 CSC Metabolism
Stems cells are shown to utilise glycolysis to generate energy. This led to it being

hypothesised that CSC utilised the same methods as stranded stem cells to generate their

energy. It was demonstrated in a series of studies on multiple different cancer types,
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including glioblastoma and lung cancer, that the glycolytic rate of CSC was significantly
higher than that of non-CSC>°. Supporting this was the fact that glucose uptake and lactate
production, along with other factors associated with glycolysis, were significantly increased
in CSC®. Additionally, genes important to glycolysis, such as PDK1 and PKM2, were seen to
be upregulated in brain CSC®. The glycolytic switch in CSC seems to play more of a role in
stemness then being a direct consequence of it. Studies demonstrated that the transition
from oxidative phosphorylation (OXPHOS) to glycolysis can increase the stem cell
population. This switch seems to be facilitated by HIF-1, whose role is related to stem cells
characteristics, such as self-renewal and therapy resistance. In tumours, one of the ways
HIF-1 affects the glucose uptake though the upregulation of GLUT1 expression during
glycolysis. Additionally, it reduces the amount of reactive oxygen species (ROS) by increasing
glycolysis®2. This homeostasis of ROS is necessary to facilitate stemness in cancers, such as

breast cancer, in response to hypoxia of chemotherapy toxicity®3.

OXPHOS is a crucial metabolism used in most complex tissues. However, this produces
reactive oxygen species which are known to cause stem cell dysfunction. As observations of
haemopoietic stem cells demonstrate that they reside within a hypoxic environment, it is
assumed that stem cells avoid OXPHOS by employing glycolysis. Long term OXPHOS
induction in stem cells is shown to reduce the stem cell pool and loss of quiescence. In the
intestine, it is seen that highly proliferative LGR5+ ISC have elevated OXPHOS and that
Paneth cells perform glycolysis, providing lactate for ISC for later metabolism®4. It is seen
that, unlike other stem cells, reactive oxygen species do not cause damage but instead

promote differentiation via the MAPK pathway®.

Altered metabolism is one of the main hallmarks of cancer and has inspired many targeted
treatment strategies. Additionally, just as cancers have a distinct metabolism compared to
normal cells, CSC also have a unique metabolism compared to cancer cells. Metastatic
cancer stem cells display distinct metabolic pattens depending on their organ of spread.
Metastatic breast cancer that spreads to the liver (but not lungs or bone) shows reduced
glutamine and OXPHOS metabolism. However, it also transforms glucose derived pyruvate

into lactate which is a phenomenon known as the Warburg effect?’.
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Not only is the metabolism of a CSC controlled by the cell itself, but it is also recognised that
the surrounding microenvironment plays an important role in CSC metabolism. Cancer
Associated Fibroblasts (CAFS) are reported to promote the formation of tumour spheres and
induce epigenetic metabolism changes in CSC in pancreatic cancer®®. It is also shown that
the CAFs have metabolic adaptations that support glycolysis and nutrient use in CSC. CAFs
are seen to be influenced to begin glycolysis by metabolic changes such as HIF-1a%’. They
then produce metabolites that are taken up by the CSC to promote the production of
oxidative energy associated to tumour progression and treatment resistance. This is known

as the reverse Warburg effect®.

Inflammation is another hallmark of a cancer environment. Macrophages are an abundant
cell type located in the tumour microenvironment. Some are characterised by their
attraction to pro inflammatory cytokines produced by CSC and are known as Tumour
Associated Macrophages (TAMs). It is here that they must alter their metabolism to
compete with the CSC for nutrients in the harsh environment. Under hypoxia, a condition
often associated with solid tumours, TAMs upregulate an angiogenic response and form
abnormal blood vessels®3.

The evidence here demonstrates that CSC have a unique metabolic landscape with specific
energy requirements. This may present an opportunity for targeted treatments in both early

and late-stage disease.

4.4.5 CSC and Therapy Resistance
Chemotherapy, along with radiotherapy and surgery, is still one of the leading front-line

treatments for many cancer types. However, studies have shown that the use of
chemotherapy enhances tumour heterogeneity which in turn lessens the effectiveness of
treatment and causes treatment failure and disease progression®. These populations of
chemoresistance stem cells are thought to be enriched by CSC*. One of the main drivers of
this chemoresistance in CSC have been demonstrated to originate from their stemness-
related pathways. This is witnessed in the downregulation of Hedgehog (Hh), Wnt/Bcatenin
and Hippo pathways. Hh is shown to regulate the properties of CSC by upregulating
stemness genes such as SRY Box Transcription Factor 2 (Sox2)%°. In CRC specifically, Hh-GL1

pathways supports the survival and metastasis of CSC to chemotherapy’®. Wnt/catenin
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Figure 4: Difficulty with targeting CSC to overcome therapy resistance. In tumours with unidirectional CSC
communication, destruction of the therapy resistance CSC pool is usually capable of complete tumour ablation.
However, many CSC show a high degree of cell plasticity. This allows niche signals from the surrounding environment
to re program the stem cell population to fulfil either the progenitor or differentiated role after loss of CSC. This in
turn will result in tumour regeneration and ultimately, therapy failure. Blocking the niche signals that provide this may

provide a viable therapeutic target for further investigation.47A (Adapted from citation)

activation is shown to foster the development of CRC. Knock down of this pathway causes a
decrease of stemness related genes which in turn causes a reduction of the CSC pool in
breast cancer cells. Wnt/B catenin activation has also been linked to chemoresistance in
several studies. This is evident in LGR5, a Wnt target gene, promoting resistance to the
chemotherapy 5FU in CSCs’™. In this next section | will summarise some of the other ways in

which CSC are thought to contribute to therapy resistance.



CSC and EMT

EMT and stemness are 2 factors often observed together. EMT and stemness markers are
expressed in circulating tumour cells and EMT markers confer a stem like phenotype to
cancer cells’?. EMT is also related to drug resistance. For example, the invasive phenotype
gained by cancer cells undergoing EMT can be used to escape anti EGFR therapies, this is
due to mesenchymal cells having an increased expression of genes involved in metastasis
and invasion (Figure 4)73. This shows EMT maintaining stem like characteristics that grant

therapy resistance®®.

Multi-Drug Resistance and Detoxification Proteins

Side population cells show a CSC like phenotype and are often found in a variety of solid
malignancies including gastrointestinal cancers. These cells exhibit a high expression of drug
transporter proteins that act to expel chemotherapeutic agents from the environment
which, in turn, confer a better survival and relapse chance to the cancer cells®®74. These are
known as ABC transporter proteins. One such ABC transporter protein, ABCG2, is known to
have the ability to effect drugs, such as doxorubicin, and is expressed on more than half of
chemo resistant tumours”. ALDH superfamily is a detoxification enzyme and is responsible
for the oxidation of aldehydes and retinol to carboxylic acid and retinoic acid respectively.
This detoxifies the cells from the drugs and the ROS. ALDH+ cells are used as a diagnostic

marker for chemotherapy resistance’?.

CSC Dormancy

It has been discovered that, in addition to the intra tumour heterogeneity, there are also
functionally distinct clones within the tumour mass. These clones promote cells with greater
survivability in times of stress from treatments such as chemotherapy. This is evidenced
when chemotherapy is administered to the tumour which in turn causes growth to slow and
ultimately for the tumour to revert to a dormant state®® 7. In this dormant state the cells
are confined to the GO phase but are still able to respond to mitotic signals’>. These cells still
maintain a potent tumour propagation potential which leads to both chemotherapy

resistance and tumour progression®®. This is due, in part, to chemotherapy and radiotherapy
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being effective at destroying reproducing cells, whereas these dormant cell population,

comprising of both CSC and non-CSC, are avoided and ultimately survive’>.

CSC and DNA Damage Resistance

Conventional therapies, such as chemo and radiotherapies, induce DNA damage to destroy
cells. However, CSC can be resistant to this form of damage. This is possible as they can
protect themselves from oxidative DNA damage, promoting DNA repair pathways such as
ATM and anti-Apoptotic signalling®®. The relationship between apoptotic and anti-apoptotic
signals controls the sensitivity of cells to death’’. CSC are seen to weaken the expression of
death receptors as seen in leukaemia, where CSC like populations display a significantly
lower expression of FAS ligands then the differentiated cells, which in turn causes
chemoresistance. It was discovered that this could be reversed by introducing synthetic FAS
ligands to glioma stem cells’®. This is also supported by the studies undertaken with soluble
TRAIL (an apoptosis inducing ligand) which impairs the tumour growth in mouse models of
Glioblastoma’®. However, the short half-life of this reduced its efficacy but could be
overcome with TRAIL-engineered mesenchymal stromal cells to induce apoptosis in lung
and breast stem like cancer cells®. Additionally, CSC usually show TRAIL resistance due to
the overexpression of cFLIP which supports the self-renewal capacity®l. CSC also showed
higher expressions of BCL-2, an anti-apoptotic factor, compared to the differentiated cancer
cell pool®. Furthermore, the CSC pool can activate the Src/Slug signalling pathway to
support the self-renewal ability of the CSC. Pharmacological inhibition of Src with Dasatinib
reverses this change, increasing the cells sensitivity to treatment and reduces apoptosis
avoidance’®3,

Due to chemo and radiotherapies being specialised to destroy rapidly dividing cells, the
quiescent CSC are often missed. This is further enhanced by the efficient DNA damage
response found within this cell population. This has been demonstrated when treatment of

ovarian and lung cancers with Cisplatin caused an enrichment of the CSC subpopulation’?.

Tumour Environment
It is well established that tumours are supported by surrounding stromal cells and other
products known as the tumour microenvironment. It has also been shown that there is an

additional microenvironment, known as the CSC microenvironment?8, that supports CSC
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maintenance and contains native stomal® and vasculature tissue®®. This environment
accelerates the CSC divisional process and thus allows them to differentiate into daughter
cells whilst continuing to maintain their capacity for self-renewal and their primitive
developmental state. The cells possessed by this specific microenvironment stimulate
certain signalling pathways’?, such as notch® and Wnt?’, that can alter the state of the CSC,
support metastasis, cell division and repopulation®®. CSC are also seen to facilitate
interactions via regulation of autocrine and paracrine signals between the tumour and TME.
This is particularly evident in the presence of the extracellular matrix, cancer associated

fibroblasts (CAF) and immune cells’?.

Cancer Associated Fibroblasts

Cancer Associated Fibroblasts (CAF) are a cell type found within the tumour
microenvironment that secrete many molecules including pro-inflammatory cytokines and
growth factors. CAF secrete factors that are known to have a close relationship with CSC and
play a major component in their self-renewal capacity, plasticity and chemoresistance®. It
has been evidenced that in colorectal cancers, CAF presence guarantees a CSC population
and supports their expansion®. Additionally, cells grown in CAF conditioned media are seen
to be more aggressive than those not. It does this via the modulation of stemness features
of the cancer cells by the secretion of chemokines, cytokines and growth factors®. Amongst
the many of these produced by CAFs, research has highlighted that two, IL-6 and IL-8, play a
major role in maintaining the stem like state of cancer cells and facilitate metastasis and
chemoresistance®’. Furthermore, the production of TGF-B induced the acquisition of the
stem like phenotype and promotes EMT and chemoresistance in cancers®2.

Many studies have shown the importance of CAFS in chemoresistance of solid tumours. It
was discovered that CAFs secrete high levels of TGF-B2 and IL-6 which promotes the
transcription of GLI-2 and allows resistance to 5FU and oxaliplatin treatment®3. Additionally,
in lung and breast cancer, CAF production of IL-6 and IL-8 enriched the CSC pool and

provided resistance to Cisplatin treatment’?.

4.5 Colorectal Cancer Stem Cells
Whilst conventual therapies including chemotherapy and surgical resection are a powerful

and effective tool with treating CRC, treatment resistance and relapses remain a major
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problem in CRC care. It is believed that this resistance is driven by colorectal cancer stem
cells (CCSC), in addition to their role in tumorigenesis and metastasis. With multidrug
resistance and minimal residual disease being too often seen within CRC care, attention has
turned to the subpopulation of CCSC. It is believed that, due to its tumour initiating capacity
and plasticity, as well as a complex relationship to the TME, CCSC is the main culprit to these
issues. In this section, | will discuss the origin of CCSC as well as the identification and the

role of this population in CRC%,

4.5.1 Origins
The discovery of CSC within myeloid leukaemia opened the doorway to the discovery of CSC

within other tumour types®. Whilst the specific origin of CCSC remains controversial, there
are several hypotheses that have emerged. CCSC contains many tumour-like characteristics,
such as treatment resistance and uncontrolled growth, that may be acquired from aberrant
genetic and epigenetic changes. These changes may be specific to progenitor cells or by the
dedifferentiation of somatic cells. This dedifferentiation may be facilitated by genetic and
environmental factors®’. It is well established that the CCSC play an important role in the
initiation and invasion of CRC. CCSC have been shown to give rise to heterogenous tumours
with the ability to be transplanted into immunodeficient mice and maintain a tumour
initiation capacity. Additionally, the tumour that forms will share characteristics of the
original tumour®®. These tumours then can go on to metastasis and produce secondary
tumour sites. Whilst the only make up a small population of the tumour, CCSC plays an

invaluable role in forming and sustaining the tumour®*,

4.5.2 Identification
One of the first markers used to identify CCSC is the cell surface marker CD133%. It is known

as the prominin-1 glycoprotein and is responsible for the organisation of cell membrane
topology®®. Isolation of CD133+ cells were shown to be capable of tumour formation in
mouse models and remained undifferentiation when cultured in serum free media. They
were also shown to have an increasingly more aggressive phenotype along the
generations®®. Additionally, most tumours compromising CD133- cells were unable to
initiate tumour formation, demonstrating its promising potential as a stem cell marker®,

Another study revealed that CD133+ cells produced IL-4 which is utilised to avoid apoptosis
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and thus grants the tumour chemotherapy resistance®l. What this demonstrated was that
CD133 provides both tumours initiating capacity and treatment resistance, two important
CSC factors*®. However, the prognostic value of CD133 has given inconsistent results and
was not shown to affect tumour coursel®?. Additionally, mutations within the RAS-RAF
program were shown to affect CD133 expression without effecting the tumours’ ability to
initiate in immunodeficient mice®’. Whilst CD133 was the first to be proposed as a CCRC
marker, many more have emerged since. LGR5 is expressed only by crypt base cells and is
proven to have the ability to differentiate into different epithelium linages!3. These LGR5+
cells are found near to Paneth cells in the crypt base and are said to play essential roles in
the maintenance of stem cells'%4. Additionally, LGR5 knock down has been shown to cause
tumour regression and recovery of LGR5+ cells are shown to cause tumour growth and
recurrence!®. SOX2 is known to prevent differentiation and is shown to be expressed in
late-stage tumours in CRC. SOX2 is located at the crypt base and high levels of SOX2
correlates to a more aggressive and metastatic disease'®®197, STAT3 activation leads to
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tumour invasion and proliferation*®®. It is located within the crypt base epithelium and is
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Figure 5: A collection of the major mechanisms that CSC can employ to enhance a tumours drug resistance capability.
These include: changes to the transportation of chemotherapy drugs in and out of the cell (1), changes and
impairment to the metabolism of chemotherapy drugs (2), altering the targets of the drugs (3), enhancing the DNA
damage repair to reverse the damage caused by chemotherapy (4), dysregulation of the balance between pro and
anti-apoptosis pathways (5) and the ability of the tumour microenvironment to influence these factors (6).24 (Adapted
from citation)
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related to chemotherapy resistance with STAT3 inhabitation leading to 5FU sensitivity!,
Additionally, STAT3 is related to other proposed CSC markers as they are shown to be

present in higher concentrations within CD133+ cells*®,

4.5.3 Role of CSC in colorectal cancer
With 20% of new CRC patients presenting with metastatic disease, effective treatment is

vital in combating this disease. Resistance to anti-cancer therapies presents a difficult
challenge one which is desperately needed to be overcome to deliver effective treatment.
The properties of CSC make them forerunners in allowing the tumour to reduce the efficacy
of chemotherapies®. A limitation to the influx and efflux of anti-cancer drugs could be a
contender in combating the resistance shown in CRC. ABC transporter proteins play a
pivotal role in the efflux of anti-cancer drugs from the cells (Figure 5)°. In colon cancer
specifically, ABCB1 is seen to be overexpressed thus reducing the build-up of chemotherapy
drug within the cell and ultimately leading to treatment failure and disease progressiont!?,
SLC is another important transporter protein and has shown to be affected in cancer,
reducing the ability for chemotherapies to move into the cell and thus diminish the influx of
drug into the cell!'2, Higher expression of these transporters of CCSC may explain their
innate drug resistance®*. Overexpression of drug metabolising enzymes, such as cytochrome
P450, may also play a role in treatment resistance!?. These enzymes play a key role in the
ability to metabolise CRC drugs such as SN-38!13, The higher concentrations of these drugs
within CCSC may play a central role in their ability to resist drugs with mutations in certain
genes resulting in changes to the targets of these drugs®*. This is witnessed by the
alterations to the KRAS gene in anti EGFR therapies!!4. Drug resistance can also be explained
by CCSC ability to effectively repair damaged DNA. DNA damage, by the addition of bulky
adducts, is a mechanism of how platinum-based chemotherapies, such as Oxaliplatin,
effectively destroy cancer cells!!?. Upregulation of excision repair pathways has been
demonstrated to result in resistance to this drug in CRC as the balance between pro and
anti-apoptotic signals controls cell death!!>. However, this balance is often seen to be
dysregulated in CCSC. TP53 is a powerful gene responsible for the induction of apoptosis
when cells are introduced to chemotherapy and is seen to be mutated in around 85% of CRC

cases. This leads to a resistance to chemotherapies, such as 5FU, compared to unmutated
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types**°. With this often being seen in CCSC it is yet another factor that may explain their

drug resistance®*.
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5 Materials and Methods

5.1 Caco2 Cell Line
For the experimentation in this project an undifferentiated Caco2 cell line was generated.

This is used as an ease-of-use terminology as the cell type is not strictly undifferentiated.
Previous work on Caco2 cell lines described the ability for Caco2 cells to dedifferentiate
when maintained at a lower confluence of 50% rather the usual operating confluence of
80%. When this was done, the cells maintained a more homogonous and polarized mono-
layer. The cells that | used were seeded at 50% confluence and maintained this way for a

minimum of 10 passages before being subject to experimentation!’,

5.2 Cell Culture

5.2.1 Cell Passage
Cells were maintained in DMEM high glucose medium and 10% Fetal Boovine Serum (FBS)

and Pen-Strep (P/S) in T75 flasks. When passage was required, media was removed and
then cell plate was washed with 5 ml PBS to maximise media removal. PBS was then
removed and Trypsin EDTA solution (Sigma T4049) added in the amount of 2.5 ml and
incubated at 37°C at 5% CO, for 5 mins until all cells were detached from the flask. This was
then washed down using 5 ml of media and aspirated along the bottom of the flask to
ensure highest cell yield. This was transferred to a 15ml flacon tube and centrifuged at 600 g
for 5 minutes at room temperature. During this time a new flask was prepared with 10 ml of
media and placed in an incubator to reach 37°C. Once centrifugation was completed, the old
media was removed and 5ml of new media added. The pellet was then re suspended via
aspiration. Then around 500 ul (depending on initial confluence of cells and cell type) was
added to the prepared flask. Cells were maintained in this way at 37°C and 5% CO». They
were checked and passaged every 2 days until they had reached around 50% confluence for
the undifferentiated type and 70% confluence for the differentiated. Aseptic conditions

were used throughout.
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5.2.2 Cryopreservation of cells
A freezing solution of 10ml media with 10% dimethyl sulfoxide (DMSQ) was prepared.

Media was removed from cell flask and washed with PBS to remove excess media. Trypsin
was added as mentioned above and incubated for 5 minutes. Trypsin was then deactivated
with 5 ml media containing FBS and mixed via aspiration. Cells were then transferred to a 15
ml falcon tube and centrifuged as mentioned above. Superintendent was removed and cells
resuspended in the freezing solutions prepared earlier. 1 ml of the new solution was

transferred to a cryovial and stored at -80°C.

5.2.3 Thawing cells
A new flask was prepared on 10 ml media and brought to 37°C in the incubator. Cryovial

was retrieved from -80°C freezer and defrosted at room temperature. Once defrosted, the

contents within the cryovial were transferred to the prepared flask.

5.2.4 Cell Imaging
Microscopy was used to examine cells during chemotherapy treatment and general cell

maintenance. They were viewed under an EVOS M7000 Microscope (bright field at x50

magnification)

5.3 Chemotherapy Drug Treatments
Caco2 cell lines were incubated in Gibco DMEM high glucose medium with same additives

as mentioned above on a 6 well plate. Cells were transferred to the plate 24 hours prior to
drug administration to allow cell attachment and reach desired confluence. Undifferentiated
cell group were maintained at 40-50% confluence and differentiated cell group maintained
at 60-70% confluence. All three drugs were dissolved into master mixes using DMSO in drug
dependent amounts. The final drug concentrations required were found using previously
published work of using the specified drugs in colon cancer samples!!8, This was further
optimised with testing toxicities in varying concentrations to achieve desired cell death.
Drugs were administered for 48 hours in consternation of 5, 10, 15, 20, 25 uM along with
new media 2 days after passage when desired confluence was reached. Control samples
were solely treated with DMSO to ensure the results obtained were from the drug
administration and not the dissolving agent as it is known to be toxic to cells. Aseptic

conditions were used throughout.
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5.4 Gene Expression analysis using RT-qPCR
RT-qPCR was used in order to compare multiple different subpopulations. These populations

were differentiated and undifferentiated samples as well as samples treated with
chemotherapy (5FU, Oxaliplatin and SN-38) in ranging concentrations on both differentiated

and undifferentiated populations.

5.4.1 RNA Extraction
RNA was prepared using the mRNeasy Mini Kit (Qiagen) from the Caco2 cells used in the

experiment. The media was removed and washed using PBS from cell plate and then
transferred to a fume hood on ice. In the fume hood, the Qiagen set lysis buffer and B-
mercaptoethanol were added in amounts according to the manufacturer’s instructions. Cells
were then homogenised using a cell scraper and left to stand for 5 minutes then an equal
amount of 70% ethanol was added to the cell plate and mixed via pipette before being
extracted to a sterile Eppendorf tube. 700 ul of sample was then transferred to one of the
RNeasy spin columns with 2 ml collection tube and centrifuged at 12000 g for 15 seconds.
After this 700 pl of the wash buffer (RW1) was added and centrifuged for the same time and
at the same speed. Next, 500 ul of RPE buffer was added to the spin column and spun for
the same time and speed. This was followed by another 500 pl of RPE buffer but centrifuged
for 2 minutes at the same speed. Lastly the spin column was placed in a new 1.5 ml
collection tube and 50 ul of RNAse free water added and spun for 1 minute at the same
speed. The spin column was then discarded, and the flow analysed using the Nanodrop-
2000c (thermoscientific) and stored at -80°C. Additional information can be found in the

manufacture’s instructions??.

5.4.2 cDNA Synthesis
GoScript Reverse Transcription System was used for cDNA synthesis. To anneal the primers,

RNA sample was mixed with olido dT primers (d18T and d24T) and dNTP nucleotides in a
sterile RNase free Eppendorf tube. This was then made up to 12 ul with RNase-free water
(see Table 1 bellow for volume mixture). This was heated at 65°C for 5 minuets to melt the
secondary structure and provide optimal temperature for the oligodT to attach. The tubes

were then placed on ice immediately after in order to prevent the secondary structure from
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reforming. This was then centrifuged briefly to collect all the sample in the bottom of the
tube. In order to complete the reverse transcription reaction, DTT 0.1M, 5X reaction buffer,
Ribonuclease inhibitor (RNasin) and RTenzyme superscript were added (see Table 2 for
volume mixture). Tubes were mixed gently by flicking the bottom and then centrifuged
briefly to collect all sample at the bottom of the tube. This was then heated at 42°C for 50
minutes, followed by 70°C for 15 minutes to inactivate the enzyme and then placed on ice

to cool. These were then diluted with RNase free water and stored at -20°C.

Table 1: Primer annealing mix for cONA synthesis

Samples (RT) Negative Control (-RT
RNA (1) Depends on concentration Depends on concentration
Primers (oligo DT) 1ul 1ul
dNTPs 1ul 1l
Nuclease free water Depends on concentration Depends on concentration
Total Volume 12 pl 12 ul

Table 2: Reverse transcription reaction master mix

Mix Sample
Annealed primer 12 pl
DTT, 0.1M 2 pl

5X Reaction Buffer 4 pl
Ribonuclease Inhibitor (RNasin) 1ul

RT enzyme Superscript 1ul
Total Volume 20 ul

5.4.3 Performing gPCR
For each sample set, a separate SYBR-Green Master mix (Applied Biosystems) was prepared

by multiplying the required number of wells by the amount of each reagent volume. This
was necessary to help reduce pipetting error. To account for pipetting errors, an additional
10% of master mix was prepared (see Table 3 for mixture amount). Samples were added to
a MicroAmp optical 96 well plate (Applied Biosystems) and ran in triplicate. Samples were

also done for GAPDH housekeeping gene to act as a control. Amplification was analysed
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using the Applied Biosystems Viia7 Real-time PCR system. When the program was finished
the AACt values, as well as the melting curves, were generated with the built-in software
and utilising GAPDH as the housekeeper control gene and exported to excel for further
analysis. Each sample plated had their own GAPDH delta curve to be compared to. Primers

can be found at Table 4.

Table 3: gPCR master mix volume and calculations

Master Mix Volume in pl
Gene Primers Mix 1.5

SYBR Green 7.5

H20 3

Total Volume 12

Sample amount 3

Total Volume needed 3 x 18 wells =54
10% extra 54=6

Final Volume to make 60

Table 4: Gene primer sequences

Gene Forward Primer (5’-3’) Reverse Primer (3’-5’)

GAPDH GAGTCAACGGATTTGGTCGT TTGATTTTGGAGGGATCTCG
ALDOB AGCTGGCTTGTCATAATTC CATAGAAAAGTCCACCCAACTCC
MuUC2 ACCCGCACTATGTCACCTTC GGACAGGACACCTTGTCGTT
MKI67 ATGCAGAATCAGAAAGGGAAAGG TTGTCTTTCTTGATCTCAGGCAC
SOX9 CCCGCAACAGATCTCCTACA GAAGGTGGAGTAGAGCCCTG
ANPEP CATTATGACACACCCTACCCACT CTCATGAGCAATCACAGTGACC

5.5 Analysis of RNA Sequencing
RNA sequencing was sent to and completed by Novogene UK. Control Caco2 RNA samples

along with samples treated with 5FU and SN-38 were collected as described above.

Table 5: Concentrations for each sample sent for RNA sequencing
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Sample Name Concentration in ng/ul
Undifferentiated treated with 5FU and SN-38 286.3

Undifferentiated treated with 5FU 40.8

Undifferentiated treated with SN-38 708.6

Differentiated treated with 5FU and SN-38 185.4

Differentiated treated with 5FU 1280.3

Differentiated treated with SN-38 136.9

5.5.1 Galaxy Analysis
Raw data files from RNA sequencing were uploaded to Galaxy (https://usegalaxy.org)?°. The

homo sapiens hgl9 was used as the reference genome. FastQC was used to analyse read
guality. Once the reads had been analysed for quality, Cutadapt was used to remove
contaminated reads to purify the read quality. RNA star was then used on these Cutadapt
files in order to be able to visualise the data sets in software such as IGV. Finally,
FeatureCounts was used to generate read count numbers for each individual gene
expression for each sample type and MiltiQC was used to group each data file together for

each part and visualise.

Sample Quality
Control

Total RNA e o LiDrary Construction By 2 Sequencing L g  BiOiNnformatics Analysis

Figure 6: RNA sequencing flow diagram prepared by Novogene.

Library Quality Control Data Quality Control

5.5.2 IDEP.96
These count table files were inputted into an excel sheet where they were organised and

exported as a CSV file to IDEP.96 (integrated differential expression and pathway analysis)

(http://bioinformatics.sdstate.edu/idep96/)*?1. From here | was able to analyse and create

visual tables of the count files for individual genes of interest. In order to achieve this, | used
the pre-process section to identify the relative read counts. | was also able to select target
genes to map and compare between the different sample types. Prior to this | researched

what genes would be appropriate to identify the effect on differentiation that the drugs had
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on the samples'?2. | was also able to generate heat maps to compare sample types and use

K mean analysis to identify clusters within the sample.

[[ Read counts or FPKMs ]]

| DESeq2 /limma

Fold Gene |[ K-means
changes lists clustering

clustering

Hierarchical }

Patchway Ertrieh m; nt SelEral
[ analysis ] analysis . ]]
v R 4

Visualize on GO terms, KEGG pathways, TF iDEP fl
genomes || target genes, miRNA target genes IUEF workiiow

Figure 7: iDEP workflow. Its shows the multiple pathways that can be taken in analysis after the upload of read counts.
Red outlines highlight the pathway | took when analysis my data in this software.

5.5.3 Additional Analysis
In additional to the use of galaxy, Brinda Balasubramanian generated read counts in a

different way for comparison. She used similar tools in the use of FASTQC software

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/),

Trim Galore! Software (https://www.bioinformatics.babraham.ac.uk/projects/trim galore)

123 'HISAT 2 alignment tool (http://daehwankimlab.github.io/hisat2/)'?* and Feature counts

function for the subread package (https://subread.sourceforge.net/) 12°.

The data obtained from this pathway was compared to the one that | created and data

generated here was used to analyse single target genes used later.
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Figure 8: Graphs generated in Graph Pad Prism. Shows the distribution of gene analysis in a One-way ANOVA from
pPCR compared to GAPDH housekeeper gene.

5.6 Statistics

gPCR data was analysed using Graph Pad Prism. All data sets were shown to be significant

when p value was above 0.05 and not significant when the P value was <0.05. All data sets

had normal distribution and a one-way ANOVA test was used to compare the data sets.

Table 6: Reagent List with location of where to find them

Reagent Use Source Stock Concentration
Solution used
DMEM high glucose Growth Gibco X1 X1
medium medium for (15480564)
cells
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Pen-Strep

Antibiotic for

medium

Gibco
(10378016)

X100

X1

Fetal Bovine Serum

(FBS)

Growth
Supplement for

medium

Sigma-Aldrich

10%

10%

DMSO

Freezing

solution

Sigma-Aldrich

X1

10%

B-mercaptoethanol

Aids in RNA
extraction via
denaturing
disulphide

bonds in RNase

Sigma-Aldrich

X1

0.143M

Ethanol

Precipitates
nucleaic acid
out of solution
in RNA

extraction

99%

70%

Oligo dT 18 and 24

mix

Primers

Invitrogen

X1

0.02

dNTP mix

Nucelotides for

cDNA structure

Invitrogen

X1

100nM

DTT

Prevents
secondary
structure

reformation

Invitrogen

X1

0.1M

5X Reaction Buffer

Aids in first
strand

formation

Promega

X1

1.5mM

RNasin ribonuclease

inhibitor

RNase inhibitor

Fisher

BioReagents™

X1

20-40U/pL
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RT Enzyme Reverse Invitrogen X1 200U/uL

Superscript transcriptase (18064022)

SYBR™ Green Master | Amplification ThermoFisher | X2

Mix marker (A25742)

5-Flurouracil (5FU) Chemotherapy | Merck (F6627- | Pure Powder | Varies
Drug 5G)

Oxaliplatin Chemotherapy | Merck (09512- | Pure Powder | Varies
Drug 5MG)

7-Ethyl-10- Chemotherapy | Merck (HO165- | Pure Powder | Varies

Hydroxycamptothecin | Drug 10MG)

(SN-38)
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6 Objectives

Disease relapse and drug resistance to standard of care therapies continues to be an
evolving problem in CRC patient care. Therefore, due to their drug resistive and tumour
initiating nature, understanding the biology and function of CSC is vital in improving survival

and care for patients burdened with this disease.

In this study the goal set were:
1. Test whether the maintenance of low confluence Caco-2 cells could produce a cell
line with reduces differentiation.
2. Understand the effect of chemotherapeutic agents on the differentiation of Caco-2
cell lines.
3. Identify the effect of chemotherapeutic agents on specific pathways and compare
these between differentiated and less differentiated cell lines.

4. Compare gathered data to previous research to identify similarities and differences.
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7 Results

7.1 Generation of a low differentiated (“undifferentiated”) colorectal cancer

cell line
The Caco2 cell line is known to have the ability to undifferentiate when kept in low

confluence for several passages!'’. In order to achieve this, the cells were seeded at a low
confluence (30-50%) and maintained in this state with regular passages for 2 weeks. This
was done to have a sample selection that would have a lower number of differentiated cells
and presumably a higher amount of cancer stem and progenitor cells. RNA extraction and
gPCR was used to quantify whether the lower differentiated nature had taken place.
Previous studies demonstrated that ALDOB and ANPEP were two target genes that are
expressed mainly in the enterocyte cell typel??. Enterocytes are an epithelial cell type that
lines the small and large intestine. They play a key role in digestion with specialisations such
as villi that facilitate ion and nutrient uptake as well as protection from harmful
bacterium?!?®, | decided that this would serve as a viable benchmark to highlight the
differentiated nature of the cell type. If the expression level of these genes is lower than the
parental cell line, then that would correlate to a lower yield of differentiated cell type thus
demonstrating an undifferentiated cell population. The gPCR results showed that in the cell
pool kept in lower confluence for 10 passages, the expression levels of both ALDOB and
ANPEP were lower than those kept at the higher confluence (Figure 9). From this it was
concluded that the cells kept in a lower confluence expressed a lower number of

differentiated enterocyte cells than those that had not.
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Figure 9: A; Cell images from Caco2 cell lines. Cells that were desired to be less differentiated were kept at a lower
confluence in order to maintain an undifferentiated phenotype. B,C; gPCR results on the differentiated and
undifferentiated cell lines. Genes of interest are ALDOB and ANPEP respectively with GAPDH used as a housekeeping
gene to normalise results. Graphs show the changes in the normalised gene expression levels within the standard
grown Caco?2 cell lines (Diff 1, 2 and 3) and the custom generated undifferentiated Caco?2 cell lines (Undiff 1, 2 and 3).
Error bars show gene expression difference between each replicate. For each set n=3. 500um scale bar.

7.2 Effects of chemotherapeutic agents on the undifferentiated phenotype

of Caco2 cells
To further assess the viability of the statement that stem cells are the population

responsible for allowing tumours to acquire chemotherapy resistance, undifferentiated
Caco? cell lines were treated with several drugs used in colorectal cancer treatment in the
clinics. These drugs were oxaliplatin and 7-ethyl-10-hydroxycamptothecin (SN-38). Drug
concentrations and timings were obtained from previous work as mentioned earlier. After
administration of drugs, the cells were harvested and analysed via qPCR. Photos were taken
at the time of drug administration and 24 and 48 hours after. In the oxaliplatin drug group,
cell photos that showed the higher concentrations (20-25 umol/ml) of drugs caused mass

cell death and breaking apart of cell clusters (Figure 10a). Whilst amongst the SN-38 treated
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group there was fewer cell clusters to begin with, the higher drug concentrations were still
shown to stop them from forming later as seen in the T48h control group. Additionally
higher concentrations (20-25 pumol/ml) of SN-38 were shown to cause mass cell death as

with the oxaliplatin (Figure 10b).

The first gene of interest examined by qPCR was ALDOB. This is due to ALDOB being an
enterocyte marker gene as mentioned above!?’. This was undertaken to assess the effect of
the differentiation of the cell populations when introduced to chemotherapeutic stress. In
the oxaliplatin group, ALDOB gene expression level was seen to increase with the higher
levels of drug concentrations. This is showing that cell death is observed and cells present
have a more differentiated state (Figure 11a). In the SN-38 gene population, there was seen
to be a steep drop on ALDOB expression with the introduction of the drug but then towards
the higher concentrations (20-25 pmol/ml) it increases again though not to the levels of the
control group (Figure 11e). This would suggest that low levels of drug cause the populations
to shift to an undifferentiated phenotype, whereas the higher levels seem to force a

differentiation of the cell population.

The second gene investigated was MUC2. Previous studies identified MUC2 to be a Goblet
cell marker gene!?2. Goblet cells are another type of differentiated cell found within the
intestines and are responsible for the secretion of mucin to create a protective mucus layer
in order to protect the intestine from harm?!?8, This gene was chosen for investigation to act
as a secondary identifier of cellular differentiation. In the oxaliplatin drug group, a similar
pattern was seen as within the ALDOB group, suggesting again that drug treatment causes
cells to differentiate (Figure 11b). In the SN-38 group, there was seen to be a reduced
amount of MUC2 in the control group but still followed a similar trend towards the higher
drug concentrations (20-25 umol/ml) (Figure 11f). This also suggests that drug

administration pushes the cells towards a more differentiated cell type.

The next target gene searched for was MKI67. This gene is a proliferation marker so was
used to judge how effective the drugs were by measuring cell proliferation!?®. The
oxaliplatin group showed a gradual increase in expression and then a much greater increase

when the drug concentration reached 20 pmol/ml (Figure 11c). In the SN-38 group, MKI67
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showed an initial decrease from the control group before a great increase at the same

concentration mentioned above (Figure 11g).

Finally, SOX9 was tested aa it is a progenitor and Wnt pathway marker gene. This was only
done in the oxaliplatin drug group. SOX9 is a progenitor marker so can be used to infer a less
differential nature of the treated cells'*°. Conversely, compared to the ALDOB and MUC2
gene types, SOX9 showed a large increase in the higher drug concentrations (25 umol/ml)
which suggests a greater undifferentiated phenotype and an upregulation of Wnt pathway

in these cells (Figure 11d).

TOh

T24h

T48h

TOh

T24h

T48h

Figure 10: A; Cell images from Caco2 cell lines treated with oxaliplatin. Cell samples were generated to be the
undifferentiated type as described earlier. They were treated and left for 48 hours but photos were taken at 24 hours.
Red arrows highlight dying cells at higher concentrations. B; Cell images from Caco2 cell lines treated with SN-38. Cell
samples were generated to be the undifferentiated type as described earlier. They were treated and left for 48 hours
but photos were taken at 24 hours. Red arrows highlight dying cells at higher concentrations. Scale bar at 500um
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Figure 11: A; gPCR results from oxaliplatin experiments on undifferentiated cells line. Gene of interest is ALDOB. B;
gPCR results from oxaliplatin experiments on undifferentiated cell line. Gene of interest is MUC2. C; gPCR results from
oxaliplatin experiments on undifferentiated cell line. Gene of interest is MKI67. D; gPCR results from oxaliplatin
experiments on undifferentiated cell line. Gene of interest is SOX9. E; qPCR results from SN-38 experiments on
undifferentiated cells line. Gene of interest is ALDOB. F; gPCR results from SN-38 experiments on undifferentiated cell
line. Gene of interest is MUC2. G; qPCR results from SN-38 experiments on undifferentiated cell line. Gene of interest is
KI67. All graphs show the ACT value for each gene and each concentration. In all instances the house keeping gene it is
compared to was an individual plot of GAPDH. Error bars show the variation between the replicates on each data
point. In all instances N=3 500um scale bar.

7.3 Gene expression profile of undifferentiated vs differentiated subtypes:

analysing the raw data obtained from RNA sequencing.
This study then analysed the gene expression profile of these two subtypes of Caco2 cells

treated with 5FU, SN-38 and a combination of both. RNA was extracted, checked for quality

(RIN) and sent to Novogene to perform RNA sequencing. As previously mentioned, the raw
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data obtained from the RNA sequencing was analysed using the web-based platform Galaxy.
This was chosen due to its user-friendly interface and there being existing knowledge of

using this software amongst my colleagues. 6 samples were analysed:

A1l- Undifferentiated cell lines treated with both 5FU and SN-38 (UNDIFF 5FU and SN-38)
B1- Undifferentiated cell line treated with just 5FU (UNDIFF 5FU)

C1- Undifferentiated cell line treated with just SN-38 (UNDIFF SN-38)

D1- Differentiated cell lines treated with both 5FU and SN-38 (DIFF 5FU and SN-38)

E1- Differentiated cell line treated with just 5FU (DIFF 5FU)

F1- Differentiated cell line treated with just SN-38 (DIFF SN-38)

Whilst there were replicates taken from the cell line samples and additional controls,
unfortunately due to time constraints (as mentioned in the disclaimer at the beginning),

only one set of replicates were investigated from Al to F1 (N=1).

7.3.1 Using Galaxy to check data quality

Steps taken during this process can be found in the methods section. Figure 12 and Figure
13 contain FastQC and MultiQC analysis of data imported into Galaxy. All data sets were
within the green section when the programs were ran showing that the data is of good
quality.
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7.4 Pre-processing the raw data obtained from Galaxy
Using the iDEP software the read counts file was uploaded as previously described. Firstly,

the number of reads per sample was checked along with how this data was distributed.
Then a scatter plot was generated for the three data sets that were linked by the drug which
were used to treat the cells (A1-D1, B1-E1, C1-F1) (Figure 14a, 14e. 14f, 14g). Additionally, a
principal component analysis (PCA) plot was generated which showed that the samples
treated with the same drugs as being close together. The single treatment groups were seen
to be close together between the undifferentiated and differentiated group suggesting a
closer correlation. However, the group treated with both drugs showed a greater variation

between the 2 cell types (Figure 14d).
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Figure 14: Pre-processed raw data using the IDEP.96 software. A, B, C; Graphs to show the total reach counts of each
sample and the distribution of the data points. D; PCA plot with principle X axis as 1 and y axis as 2. E, F, G; Scatter
graphs that show R correlation comparisons for each data set. It compares A to D, B to E and C to F as they were
treated with the same drugs. Scatter plots showed undifferentiated groups as the differentiated showed similar
results.
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7.5 Gene expression analysis
To study the effect of the chemotherapy drug on the gene expression levels between

differentiated and undifferentiated cells a heatmap was generated with each sample for the
reads per gene. Interestingly, the samples clustered together but there was also another

cluster between the groups (Figure 15a). The k-means global showed the generation of 4

>

“"monme
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SFU SN38 SFU and SN38 and SN38 SN38

Enriched pathways for each cluster
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Figure 15: A; Heatmap to show the clustering of the 6 samples. B; k-mean analysis of samples showing which are the 4
clusters when the top 1,000 genes are selected as a variable. The left shows a table containing the most abundant
pathways within the A and D cluster. Data shows normalised count values when compared to housekeeper gene.
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clusters with a highlight in the A and D cluster. The A cluster contained many pathways
included in metabolic process and the D cluster included a host of different pathways such

as chromatin and nucleus organisation as well as histone exchange regulation (Figure 15b).

It was then decided that this project was to investigate the effect on specific target genes to
see how the chemotherapy drugs effect these pathways. Using the reference!?? mentioned
before genes related to specific pathways in intestinal cells were investigated and selected a
few of them that demonstrated expression in these samples!?2. The project then
investigated enterocyte cell markers (ALDOB, ANPEP, CES2, MDH2, PRAP1) (Figure 16a),
intestinal stem cell markers (CDK6, LGR5, RGMB, RNF32, SOAT1) (Figure 16b), Paneth cell
markers (GUCA2B, HABP2, ITLN1, PLA2G2A, Wnt3) (Figure 16c) and Goblet cell markers
(FCGBP, GUCA2A, MUC2, SPINK4, TFF3) (Figure 16d). Then finally Wnt pathway gene
markers (AXIN2, BTRC, CTNNB1, EPHB3, RARA) (Figure 16e) was investigated. Goblet cells
were investigated to see whether the cells are differentiating into specific cell types or

remaining undifferentiated.
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Figure 16: Individual gene of interest expression levels for the 6 markers. A; Enterocyte markers. B; Intestinal Stem Cell
markers. C; Goblet cell markers. D; Paneth cell markers E; Wnt pathway markers. Transformed expression levels is the
log expression levels of normalised data.

7.6 Analysis of independent drug treated groups
After, samples were separated into 3 groups dictated by which drug the cells were treated

with. The aim of this was to have a closer look into the differential effect of the drugs in the
specific cell markers in each group. | chose a gene target from each of the graphs above

(Figure 16) and plotted them for each of the pairs.

7.6.1 Investigating specific genes of interest
In the dual drug group, the graphs showed that the differentiated cell type showed a higher

expression level of specific cell markers (such as the Goblet and Enterocyte gene markers)

but a lower level of LGR5, an intestinal stem cell marker (Figure 17a). This suggests that the

58



differentiated group remained more differentiated than the undifferentiated cell type with
lower number of intestinal stem cells. Additionally, the differentiated cell type had a lower
level of AXIN2, a Wnt pathway marker. This would also suggest a lower level of intestinal
stem cells within this population. In the samples treated with only 5FU and only SN-38,
there were some differences to the other samples. The first similarity is higher levels of
CES2 and GUCA2A2. These are the enterocyte and Paneth cell markers which suggests a
higher proportion of differentiated cell types within the differentiated sample group.
Converse to the first sample type, both samples had high levels of LGRS in the differentiated
cell type. This implies a higher proportion of intestinal stem cells and/or Wnt pathway
activation in these samples. This is weakened however, by the fact that there is lower level
of Wnt pathway markers in these samples. The final difference is the lower levels of ITLN1
gene. This demonstrates a lower level of Goblet cell markers which is converse to what we

observed in the first sample type (Figure 17b, 17c).

To investigate further, graphs were generated of multiple genes encoding for enterocytes
(ALDOB, ANPEP, CES2, MDH2, GSTA4) and Wnt pathway markers (AXIN2, BTRC, CTNNB1,
EPHB3, RARA) which were the groups most interesting to study. In addition, on the Wnt
pathway graph, LGR5 was also searched for as it is a well-established intestinal stem cell
gene in vivo (Figure 18). Regarding the enterocyte gene expression, the results varied
between the three groups. In the dual drug group, the variation was minimal with many
genes, including ALDOB, ANPEP and GSTA4, having little difference between the two groups.
CES2 showed a more pronounced difference with an upregulation in the differentiated
group, whereas MDH2 showed a slight increase in the undifferentiated group (Figure 18a).
Both the individual drug treated groups showed a trend in ANPEP, CES2 and MDH2 with an
upregulation in the differentiated group. ALDOB, however, was seen to be upregulated
dramatically in the undifferentiated cell group. Regarding the GSTA4 gene, there was seen
to be little overall change compared to the other target genes but was upregulated in the
5FU group and downregulated in the SN-38 group (Figure 18c, 18e). Wnt pathway genes
showed similarities across all three groups with an upregulation in the undifferentiated cell
groups (Figure 18b, 18d. 18f). Conversely, LGR5 showed variations across the three groups.

In the dual drug treated group, LGR5 was upregulated in the undifferentiated cell group.
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However, in the single drug treated groups it was shown to be greatly downregulated in the

undifferentiated group (Figure 18b, 18d. 18f).
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Figure 17: Graphs generated in IDEP.96 comparing sample types treated with the same drugs. A; 5FU and SN-38. B;
5FU. C; SN-38. Each graphs contains one gene relating to each of the graphs previously generated. Expression level
showing the degree of upregulation of normalised data set compared to base data set.
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7.6.2 Generation of heatmaps and k means analysis
The final step taken with the data generated was to explore what effect the cell

differentiation had on different pathways when treated with drugs. Continuing to use the
separated files, dictated by the type of drug administered, additional heatmaps were
generated and K means data was re-ran. Unfortunately, as explained in the disclaimer, the
lack of replicates meant that it was not possible to analyse using DeSEQ2 but this software
was used later. In order to get a better idea of which genes were upregulated or
downregulated, the number of shown genes on the heatmap was reduced to 50. This
resulted in only the top 50 genes that were most significantly different between the two
groups would be shown. Then, using the K means tool, it reduced the number of
enrichments to around 1,000-1,200 to only show the most significantly enriched pathways

(Figure 19).

In the 5FU and SN-38 combined group, the cluster with the greatest enrichment was cluster
C (Figure 19c). This cluster showed pathways controlling the response to chemokines and G
protein coupled responses. These pathways are most noted for their ability to control and
stimulate the migration of cells and an EMT shift!3!. Upregulation of these can be attributed
to the fact that this data set is obtained from the undifferentiated cell lines, demonstrating
that in chemotherapeutic stress, the cells begin to reverse into a cell type with a greater

stemness phenotype.

With the administration of just 5FU, three clusters appeared to be enriched (Figure 16f). The
first, cluster A, contained few pathways but they were attributed to metabolic process and
again the G protein coupled receptor pathway. This was shown to be downregulated in the
undifferentiated group demonstrating a metabolic shift in this cell set. Cluster B, with the
largest number of pathways, showed responsibility for DNA packing and cell division
pathways. These pathways were seen to be enriched in the undifferentiated cell type

suggesting a greater quantity of cell division.

Finally, within the SN-38 alone drug group, the cluster with the greatest enrichment was

cluster A (Figure 16a). This showed pathways reasonable in the inductions of chemotaxis.
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However, the most interesting pathway found was the upregulation of the pathway
responsible for Catecholamine transport and secretion. These are stress hormones usually
secreted by the adrenal gland but have been shown in studies to stimulate the migration
and metastasis of colon cancer cells'32. The enrichment of these pathways could be

demonstrating the greater migratory potential of the undifferentiated cell type.
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Figure 19: Heatmap and K means generated for drug separate data sets in IDEP.96. It shows a heatmap of the top 50
enriched genes, K means heatmap with clusters and a table containing the most enriched pathways. A, B and C;
relate to the group treated with both 5FU and SN-38. D, E and F; relate to the group treated with 5FU. G, Hand I;
relate to the group treated with SN-38.

7.7 Analysis of previously published data of intestinal cancer treated with

chemotherapeutic drugs.
As an additional step to compare to the data generated, a paper that used the same drug

combination of 5FU and SN-38 on CRC in mouse organoids was investigated!*®, Organoids
are in vitro models that are engineered to grow in a 3D environment. They replicate many
responses and functions of there in vivo tissue counterpart33. The data was downloaded
from the Gene Expression Omnibus which has already been subjected to quality control,
trimmed and normalised for subsequent analysis. The data set in question is titled

GSE207974!8 and the gene counts were used for analysis.

7.7.1 Pre-process of GSE207974
Once downloaded, the data was prepared for IDEP.96 and uploaded it in the same manner

as mentioned before for the original data generated for this project. In IDEP.96 the data was
handled in the same way as before. Heatmaps and PCA plots were generated in order to see

the effect of the drug treatment on the intestinal CSC.
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Figure 20: Pre-process analysis for the previously studied data sets using iDEP software. Right, Heatmap shows the
relation between the treated and control groups for a broad array of gene expressions. Top left, PCA plots showing
the similarities of the samples within the group. Bottom left, the graph shows the total read counts for each sample.

7.7.2 K means analysis and cluster enrichment of GSE207974
K means was used to establish the related clusters that were affected (Table 8). Cluster A

showed an enrichment of many genes relating to hypoxia response and metabolism. The
treated cell types showed a reduced enrichment of genes in response to hypoxia than those
that were untreated. The fact that this is reduced with the drug treatment could suggest a
metabolic shift in order to avoid the chemotherapy stress. Cluster B showed the enrichment
of migratory genes and chemokine response pathways. These genes were reduced in the
control sample and upregulated in the treated group. Increased response to chemokines
and higher motility in the treated group could be attributed to a mesenchymal shift in
response to chemotherapeutic stress. The last cluster to show significant enrichment was to
do with immunity and response to other organisms. Like cluster B, cluster C was seen to be
reduced in the control group with the treated group showing an upregulation in these

genes. There was no significant enrichment in cluster D (Figure 20).
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7.7.3 Genes of interest investigation of GSE207974
The next step in this process was to analysis the relative expression of specific genes

between the treated and untreated groups. This project chose to investigate genes that
were related to similar groups as with the analysis of my data. It began with the enterocyte
genes. The data showed a slight decrease in these gene types within the treated groups
suggesting a lower degree of differentiation. This was also reflected in both the gene types
relating to Goblet and Paneth cells. The result of this demonstrates that the treatment is
more effective on the differentiated cell and is not as effective on the cells expressing lower
levels of differentiation genes. The genes relating to stem cells is harder to conclude on.
Some of the gene’s signatures were shown to increase in the treated group whereas other
were shown to decrease. LGR5 (one of the most studied CSC genes in CRC) was shown to
decrease. This may suggest that the cells are becoming quiescent with the
chemotherapeutic stress. Finally, the target genes of the Wnt pathway showed little to no

change between the groups suggesting that drug treatment does not affect it.

7.7.4 DeSEQ2 and volcano plot visualisation of gene regulation in GSE207974
Lastly using the DEG2/DeSEq2 program on IDEP.96, a volcano plot was generated to display

the genes with the highest change between the treated and untreated cell group showing
significance with the greatest fold change (Figure 21h). Next, Enrichr was used

(https://maayanlab.cloud/Enrichr/)*3* to study the specific genes and what pathways they

are involved in. | went into detail of the three different genes from both the upregulated
and downregulated genes. Starting with the downregulated genes, the most prominent is
AMOTL2. This gene is involved in the Hippo signalling pathway. This pathway is highly
conserved and plays roles in organ development and the control of stem cell renewal'*®. The
next gene that was seen to have reduced expression was KRT4, a gene involved in the
Oncostatin M pathway. This pathway is often upregulated in bone cancer and promotes
cells renewal of the osteoblasts and osteoclasts. However, research has shown that in CRC
Oncostatin M promotes cell plasticity and the acquisition of CSC like phenotype®3®. Finally,
the third lowly expressed gene is PTGS2, involved in a host of different pathways. One of

which is Oncostatin M, but also several lipid metabolism pathways. This could be
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demonstrating CSC quiescence and reduced metabolic activity when induced to

chemotherapeutic stress.

The most common upregulated gene in the treated group is PDK1. This is involved in
pathways responsible for DNA damage repair and pyruvate metabolism. Upregulation of
this gene could explain the resistance to treatment found in stem cells and their metabolic
shift. Next is EGLN3, a gene involved in hypoxia response. Upregulation of this could be due
to hypoxia brought on by the drug treatment. The next gene to be upregulated was ESPN, a
gene that is involved in sensory conduction in ear hair follicles, also shown to play roles in
chemosensory reception in cells'3’. Upregulation of this gene is interesting but may not play

a role in the functions investigated for this study.
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Figure 21: Analysis using IDEP.96 of previously published data GSE20774. A; K means heatmap analysis of enriched
clusters. B; heatmap generated to show the top to genes that are most significantly changed between the data sets.
C, D, E, F and G; Graphs to show individual genes expressions relating to enterocyte cells, Goblet cells, intestinal stem
cells, Paneth cells and Wnt pathway respectively. Transformed data is showing the normalised data expression levels
compared to that of the base data set H; Volcano plot generated in IDEP.96 using the DEG2 system. Arrows added
specify target genes that were discussed above.

Table 8: K means enrichment table for the previously studied data set.

A 0.000466801562395659 | 3 Histone H3-K27 trimethylation H1f2 H1f4 H1f3

A 0.000466801562395659 | 8 Response to hypoxia Hif3a Ndrg1 Ddit4 Ero1a Vegfa Adm Plod2
Mgarp

A 0.000466801562395659 | 8 Response to decreased oxygen levels | Hif3a Ndrg1 Ddit4 Ero1a Vegfa Adm Plod2
Mgarp

A 0.000479843416588905 | 3 Nucleosome positioning H1f2 H1f4 H1f3

72



0.002833751248828 4 Intrinsic apoptotic signaling pathway in | Atp2a3 Ero1a Creb3I1 Rnf186
response to endoplasmic reticulum
stress
0.002833751248828 3 Histone H3-K27 methylation H1f2 H1f4 H1f3
0.002833751248828 5 Cellular response to hypoxia Hif3a Ndrg1 Ero1a Vegfa Mgarp
0.002833751248828 3 Histone H3-K4 trimethylation H1f2 H1f4 H1f3
0.00363063294654988 |5 Cellular response to decreased oxygen | Hif3a Ndrg1 Ero1a Vegfa Mgarp
levels
0.00714251633161085 |9 Carboxylic acid metabolic process Aldoc Ddit4 Aldh1I2 Lpin1 Acss2 Ido1 Plod2
Insig1 Lipg
0.00725619740983012 |9 Oxoacid metabolic process Aldoc Ddit4 Aldh1I2 Lpin1 Acss2 Ido1 Plod2
Insig1 Lipg
0.00756692700976322 |3 Chromosome condensation H1f2 H1f4 H1f3
0.000699521843375409 | 3 Response to chemokine Edn1 Ccl20 Cxcl5
0.000699521843375409 | 3 Cellular response to chemokine Edn1 Ccl20 Cxcl5
0.000699521843375409 | 3 Chemokine-mediated signaling Edn1 Ccl20 Cxcl5
pathway
0.00130544719684616 |3 Neutrophil chemotaxis Edn1 Ccl20 Cxcl5
0.0017428247038449 3 Neutrophil migration Edn1 Ccl20 Cxcl5
0.0017428247038449 3 Granulocyte chemotaxis Edn1 Ccl20 Cxcl5
0.00220696709157988 |3 Granulocyte migration Edn1 Ccl20 Cxcl5
0.00220696709157988 |3 Cellular response to interferon-gamma | Edn1 Ccl20 Gbp4
0.00254479137176114 |3 Response to interferon-gamma Edn1 Ccl20 Gbp4
0.00254479137176114 | 2 Nitric-oxide synthase biosynthetic Edn1 Ccl20
process
0.00254479137176114 |2 Regulation of nitric-oxide synthase Edn1 Ccl20
biosynthetic process
0.00436078647841214 |3 Myeloid leukocyte migration Edn1 Ccl20 Cxcl5
0.00436078647841214 |3 Leukocyte chemotaxis Edn1 Ccl20 Cxcl5
0.00580897392795435 |2 Killing of cells of other organism Ccl20 Cxcl5
2.54427941444854E-05 | 14 Response to biotic stimulus Csf1 1118rap Lcn2 Gbp2 Gpatch3 Ppbp Cxcl1
Plscr2 Ptgs2 Vnn1 Akap12 Ccdc88b Cxcl2
Gbp6
2.54427941444854E-05 | 14 Response to other organism Csf1 [118rap Lcn2 Gbp2 Gpatch3 Ppbp Cxcll
Plscr2 Ptgs2 Vnn1 Akap12 Ccdc88b Cxcl2
Gbp6
2.56549620501236E-05 | 14 Defense response Dnase1 Csf1 C1qgtnf12 ll118rap Lcn2 Gbp2

Gpatch3 Ppbp Cxcl1 Ptgs2 Vnn1 Ccdc88b
Cxcl2 Gbp6
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4.12233205369118E-05 | 8 Response to lipopolysaccharide Gbp2 Ppbp Cxcl1 Plscr2 Ptgs2 Akap12
Cxcl2 Gbp6
4.12233205369118E-05 | 14 Biological process involved in Csf1 [118rap Lcn2 Gbp2 Gpatch3 Ppbp Cxcll
interspecies interaction between Plscr2 Ptgs2 Vnn1 Akap12 Ccdc88b Cxcl2
organisms Gbp6
5.29126328316452E-05 | 8 Response to molecule of bacterial Gbp2 Ppbp Cxcl1 Plscr2 Ptgs2 Akap12
origin Cxcl2 Gbp6
0.000161140533820456 | 13 Immune response Dnase1 Csf1 Lcp1 1118rap Lcn2 Gbp2
Gpatch3 Ppbp Cxcl1 Vnn1 Ccdc88b Cxcl2
Gbp6
0.000172756743626572 | 9 Inflammatory response Dnasel1 Csf1 C1qgtnf12 1118rap Ppbp Cxcl1
Ptgs2 Vnn1 Cxcl2
0.000172756743626572 | 9 Response to bacterium Lcn2 Gbp2 Ppbp Cxcl1 Plscr2 Ptgs2 Akap12
Cxcl2 Gbp6
0.000172756743626572 | 6 Cellular response to Gbp2 Ppbp Cxcl1 Plscr2 Cxcl2 Gbp6
lipopolysaccharide
0.000178104696285257 | 17 Response to external stimulus Efnb3 Dnase1 Csf1 C1qtnf12 I118rap Lcn2
Gbp2 Gpatch3 Ppbp Cxcl1 Plscr2 Ptgs2
Vnn1 Akap12 Ccdc88b Cxcl2 Gbp6
0.000181349540831208 | 6 Cellular response to molecule of Gbp2 Ppbp Cxcl1 Plscr2 Cxcl2 Gbp6
bacterial origin
0.000351738603877 6 Cellular response to biotic stimulus Gbp2 Ppbp Cxcl1 Plscr2 Cxcl2 Gbp6
0.000363901934201574 | 16 Immune system process Efnb3 Dnasel Csf1 Lcp1 1118rap Lcn2
Gpatch4 Gbp2 Gpatch3 Ppbp Cxcl1 Vnn1
Ccdc88b Cxcl2 Cebpd Gbp6
0.00053329504946166 |10 Response to cytokine Csf1 [118rap Gbp2 Ppbp Cxcl1 Ptgs2 Akap12

Xaf1 Cxcl2 Gbp6
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8 Discussion

With CRC continuing to be one of the most common cancers, its burden on health services
forever increases. Combined with its tendency for relapse and post treatment metastatic
disease, a greater depth of knowledge is still ultimately required for effective treatment
with fewer cases of reoccurrence. A host of previous data published has related cancer cell
stemness to treatment resistance and metastatic potential. However, with stemness lacking
effective designation markers in colon cancer disease, it remains hard to describe. For this
reason, we aimed in this research project to identify whether differentiation in cancer cells

can interfere with chemotherapeutic response.

8.1 Caco?2 differentiation as an in vitro model
The first experiment conducted was using Caco2 cell lines in order to generate a less

differentiated cell line by using a cancer cell line that can differentiate in vitro!'’. The aim of
this was to compare cells grown in alternative conditions to the ones grown standard and
compare the effect of drug treatment of them. As mentioned earlier, the cells grown in low
confluence are not truly undifferentiated but do have less differentiated cells and a
probably a greater quality of stemness than those grown standard. Additionally, this would
provide an easy way of comparing the effect of differentiation on the same cell line. The
gPCR data in the results does show a higher level of differentiated genes in the
differentiated cell group (via the expression of certain enterocyte markers). With this data
we concluded that the lower confluence group has lost some of its differentiated capacity
and reverted to a more stem like state. With this result, we were confident to move on to

the next stage of treatments.

8.2 Drug treatment and gPCR
Once it was established that the Caco2 cells were showing reduced differentiation to the

standard set, the project moved onto the treatment of these cells with a variety of drugs.
Oxaliplatin and SN-38 was used as it is an established treatment regime for CRC. From the
results collected after the treatment, it demonstrated that the chemotherapy was

selectively destroying the undifferentiated cell types. Alternatively, it is possible that the
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stress brought on by the chemotherapy was causing the undifferentiated cell types to shift

back into a differentiated type.

A previous study into the role of LGR5 on CRC metastasis and treatment resistance may
contain some answers to the questions my observations posed. LGR5 is an established stem
cell marker in CRC and can be used to identify cell populations with high stemness. In order
to control this, CRC cell population that was LGR5+ with a diphtheria toxin receptor was
used. This allowed the removal of LGR5+ cells via the administration of diphtheria toxin
(DT), allowing for control of the stem cell population. Transcriptional analysis exhibited an
increase in intestinal stem cell markers as well as Wnt target genes supporting the fact that
these were CSC. Additionally, tumour engraftment analysis showed that these LGR5+
tumours had enhanced tumour initiating capacity, a trait established to belong to CSC.
With the administration of DT, tumour stasis was observed. This persisted as long as the
treatment was administered but resumed with the discontinuation of the treatment. This
illustrates the plasticity of the CSC model and how differentiated cells can become more
stem-like with treatment removal. They concluded that, in the absence of the LGR5+ CSC
pool, LGR5- cells maintained the tumour via proliferation whilst attempting to continually

replenish the CSC pool139.

Whilst the experimentation explained above differs from this project, it may contain some
answers to what was observed. Due to the reduced differentiation of the Caco2 cells
without true stemness, the chemotherapy treatments could still be effective in the targeting
and removal of these cell types. This in turn causes the cell population to become more

differentiated and endothelial to survive the chemotherapy stress.

8.3 Comparison between undifferentiated and differentiated cells groups in
response to drug treatment
The next step took in this project was to investigate the effect of differentiation on cellular

response to chemotherapy drug treatment. 5FU and SN-38 was chosen as the
chemotherapy drugs to use as they are already established treatment regimens for patients

with CRC and previous data sets analysed later also utilised them!!8140, Additionally, to
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simulate a more realistic chemotherapy response, one drug treatment contained both 5FU
and SN-38 in combination. This was done to see if cell populations would react differently

when exposed to multiple drug types compared to just one. Previous studies have revealed
that cell populations with 5FU resistance have stem cell marker genes indicating that it is a

good drug to model differences between undifferentiated and differentiated cell types!4™.

Single gene marker analysis

When looking at the expression of single gene markers obtained from the individual treated
groups, one of the things observed was the upregulation of AXIN2, a Wnt pathway gene, in
all three of the undifferentiated groups. Wnt pathway, as explained in the introduction,
fosters CRC development and ablation of this pathways causes a reduction on the CSC
pool*2, An upregulation of genes relating to this pathway, with the administration of
chemotherapy, could be showing a cell population shift towards a greater stem like
phenotype in order to survive the treatment stress.

In the group treated with both drugs, there was seen to be an increase in the expression of
LGRS5. This is a Wnt target gene and is often described as a marker for CSC. LGR5 is known to
trigger therapy resistance in 5FU treated patients and demonstrated the greater stem like

phenotype in the undifferentiated cell type!®3.

When a broader analysis of Wnt target genes and enterocyte genes were investigated, some
interesting points arose. In the dual drug group, for the enterocyte targets, there seemed to
be little change between the two groups. This suggests that the cell populations have a
similar differential pattern. However, before treatment, the gPCR data obtained showed a
distinct change in their differential pattern. Combination of both drugs may be forcing the
undifferentiated group into a more differentiated role. Wnt target genes showed a greater
degree of upregulation in the undifferentiated group which is in line to what would be

expected?4,

In both the single drug groups, the most interesting change was the upregulation of ALDOB
in the undifferentiated cell group. This is a stark contrast to what was expected and what
was observed in the other genes associated with enterocyte cells. Previous data has shown

an interesting role for ALDOB in CRC. ALDOB enhancement allows for a greater fructose
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metabolism and is associated with liver metastasis from CRC'#>. The k means data analysis
showed an upregulation of chemotaxis and migratory genes as well as alternative
metabolism pathways. This suggests that the individual drug treatments may not be strong
enough to target the drug resistant persister cells. This allowed for metabolic
reprogramming in order to facilitate alternative environments for growth via metastasis.
Whnt target genes were also seen to be upregulated in the undifferentiated type which can
be associated with the accusation of a more stem like phenotype to support migration.
However, LGR5, a known stem cell marker in colon cells, was seen to be downregulated.
This is differing to the upregulation of the Wnt target genes and requires further

investigation.

Evaluation of the enrich clustered identified by k means analysis

K means data generated showed that in the group treated with both drugs, there was an
upregulation of genes relating to EMT. It is well established that an increase in migratory
potential via the facilitation of EMT increases the drug resistive capacity of tumours, with
many previously published articles and research confirming this'4¢-48, One such research
data showed that an upregulation of extra cellular matrix protein 1 (ECM1) fostered CRC
chemoresistance via the PI3K pathway. Their research showed that cell groups resistant to
5FU displayed higher levels of ECM1 and acquired a more mesenchymal phenotype and
poorer cell prognosis. Additionally, there was seen to be a morphological change to spindle
like formations displaying the cells have undergone a EMT shift!°. Upregulation of EMT
genes, within the undifferentiated group, with drug treatment could be demonstrating the
treatment resistance in the persister cell populations. In the group treated with just 5FU, it
was witnessed that the undifferentiated cell group displayed an enrichment of genes
associated with cell division, suggesting that this group maintained a proliferative capability
in the drug environment. Finally, the SN-38 group demonstrated an increase in the
regulation of chemotaxis and catecholamines in the undifferentiated group. Catecholamines
have been shown to regulate cytoskeletal production and stimulate a more invasive
phenotype®?, This, in addition to the data showing induction of chemotaxis, suggests that
the drug treatment is causing the undifferentiated group to become more mobile and
invasive. This fits with the theory that the stem-like phenotype confers drug resistance as

mesenchymal stem cells are seen to have anti-cancer drug properties!>!.
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8.4 Comparison of acquired data to previously published data sets on CRC

organoids treated with chemotherapeutic agents
Finally, after all the data generated in the lab was acquired, it was decided the next step

would be to compare this to other data sets found relating to my topic. The data sets
analysed were acquired from a paper in which authors investigated drug resistance in CRC
stem cells. They had generated CRC organoids of CSC in mouse models and treated them
with 5FU and SN-38. One of the benefits of this study was the fact that they had a drug-free
control group to investigate as well as a group treated with both drugs. However, the
limitations were that they did not contain any single treatment samples or different time

points.

In this group of samples, the data point were subjected to the same investigations taken
with this projects data. In the single gene analysis, it was observed that between the treated
and control group there was no change in the Wnt target genes. This suggests that Wnt is
not induced in response to treatment and is more likely to be a relevant identifier of cellular
differentiation. Whilst genes like Cdk6, that encode for intestinal stem cells, were shown to
increase with drug treatment suggesting a push towards a greater stem like phenotype,
LGR5 was shown to be decreased. This demonstrates that LGR5 is downregulated with
treatment and is particularly sensitive to chemotherapy. This may provide insight into why a

decrease of LGR5 was observed in the undifferentiated cell population.

K mean data analysis showed an upregulation of pathways involving migration and
movement in the treated type. This may also be mirrored in some of my data showing that
the addition of drug treatment and the induced stress from the cytotoxic compounds on
stem cells, causes a genetic and/or phenotypic shift in the cells to prime them for migration
to escape the affected area. It is established that mobile, mesenchymal cells are more
resistant to drug treatment and can escape the drug saturated environment. It also showed
an upregulation of immune cross talk in the treated cell type. Increased communication
between cancer and immune cells may be facilitating immune dependent cell death and

thus establishing treatment resistance.

79



8.5 Limitations and future directions

Limitations

As mentioned above, the nature of the undifferentiated Caco2 cells may cause issues with
this experimental model. Additionally, the monolayer nature of the cell culture dose not
replicate the true tumour environment found within the intestine. Whilst the chemotherapy
drugs are utilised in CRC, a wider range and use of drug combinations will create a more
accurate representation of what is used in clinic.

One of the most obvious limitations to this model is the lack of true stemness. Whilst the
undifferentiated Caco2 cell lines provided an easy and relatively stable way to study the
effect of differentiation, a true stem cell pool would provide a greater model to test on.
Additionally, Caco2 cell lines are limited by their relatively homogenous monolayer. Due to
the lack of stem cells within the cell population, Caco2 cells are only able to differentiate
into enterocytes. This is not representative of the complex environment of the colon and
may affect the drug sensitivity of cells. However, this tool is less time consuming than using
organoids or mouse models and provides information about the cancer cell line responds

depending on enterocyte content which are up to 80% of the total intestinal cells!3,

One of the greatest limitations during the experimentations is the lack of a drug-free
control. This would allow for a comparison between the individual sample types to see
whether the differences experienced are due to the undifferentiated nature or the drug
treatment. The reason for the lack of this control group can be found in the disclaimer
section. Furthermore, whilst repeats were generated in the lab, they were not analysed
using RNA sequencing. Additional analysed repeats would have allowed for a more in-depth
study as several pieces of software on IDEP.96, such as DeSEQ2, were not available without
the addition of repeated experiments and data sets. The use of 3D models would have
provided a situation with greater in clinic relevance which may have an effect of the overall

gene expression of treated cells.

Whilst the public data set the same dual drugs (5FU and SN-38) as my experiments did, the

lack of individual drug treatment groups do not allow for comparison of these data sets.

80



Additionally, there were no concentration ranges so comparison at different concentration
points is not possible. Furthermore, the model of experimentation was 3D organoids in
mouse models. Both the 3D nature and mouse environment would differ to the parameters

within my experiment and therefor may be influencing the gene expression levels observed.

Future directions

A future direction to improve the method followed in this project would be the utilisation of
intestinal stem cells. A comparison between these populations and the undifferentiated
Caco2 cell lines would give a good indication to the degree of differentiation possessed by
them. Additionally, the use of 3D models would provide a better landscape of the colon and
allow for a truer response to the drug treatments. In the second semester of my studies, it
was planned to differentiate 3D-patient-derived organoids by using valproic acid that are
currently being grown by several team members. However, for reasons outlined in the
disclaimer section, these experiments were substituted by an expanded bioinformatic

analysis.

Additionally in the future the next logical step would be to identify the effect of the
treatment of different genes. Whilst the genes investigated are a good measure of the
differentiation of the cell types, additional properties may unveil interesting results. LGR5
would be one candidate as it is well established as a stem cell marker, so rather than looking
at the differentiation, investigation into the proportion of stemness with drug treatment
may be interesting. Likewise, investigation into survival pathways may also uncover the
effect of treatment and cell response. This would pair nicely with using the same drug
treatments of standard Caco2 cell lines and comparing both, as this would give a greater
understanding how the differentiation affects depending on the cell type used. A further
step would be to compare it to intestinal stem cells treated with these same compounds to
see how comparable the undifferentiated Caco2 cell line is. If this direction was taken,
performing scRNAseq would give greater insight in how tumour response would depend on

differentiation and stemness content.

A step that can be taken to better this experiment would be to analyse more replicates and

drug-free control groups. This would allow for a greater understanding of what is observed
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and what it can be attributed to. Multiple replicates of the same experimentation would
allow the use of DeSEQ2 software as well as the generation of volcano plots to specify
individual genes which show a greater difference in their regulation. Additionally, the use of
intestinal stem cell models would provide a more accurate representation of drug effect on
cancer persister cells. Another experiment that could be conducted would be survival
analysis to compare survival rates between the two groups. One experiment that was
started but unfortunately was not completed is a recovery experiment. Here | removed the
drug saturated media after treatment and allowed cells to recover in drug free media. The
idea was to analyse the cells to see which group could recover from drug treatment more
effectively, simulating relapse, as has been done in 2D models in recent publications®>2.
RNA-seq analysis of this cell group could provide a greater understanding of how the stem

cells recover from cytotoxic drug treatment and re-initiate tumour formation.

As previously stated, the use of 3D models and organoids provides a situation with greater
in clinic relevance. When grown in 3D, tumours cells will have areas that are exposed to
differing amounts of oxygen and therefor have, usually towards the centre, hypoxic regions

occuring!>?

. We can see in the K means analysis that there is an enrichment of hypoxia
response pathways in the untreated group. This is expected as with drug treatment and cell
death, there would be a shrinkage in the tumour mass and therefore less hypoxic areas.
Interestingly, previous research has highlighted the effect of hypoxia on 5FU resistance. 5FU
along with oxaliplatin was administered to CRC cell lines under normoxic and hypoxic
conditions. Whist in normoxia, the chemotherapeutic effect was evidenced and inhibited
the proliferative effect of HT29 cell lines whereas under hypoxia, there was seen to be a
significant reduction in cell death. This was said to be observed due to the cell cycle arrest in
the Go phase that is brought on by hypoxia. However, SN-38 administration was not seen to
be impaired by hypoxia®>*. Hypoxia is known to be able to induce and maintain a stem cell
phenotype whilst preventing differentiation in CRC cell lines'> . Testing the

chemotherapeutic effects of SN-38 on designated stem cells alone in hypoxic conditions

may give greater insights into their resistance mechanisms and ways to overcome them.
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9 Conclusion

The drive to greater our understanding and widen our breadth of knowledge into CSC will be
one that continues for many years to come. Treatment resistance and disease relapse
continues to be the greatest challenge in clinic resulting in many CRC deaths. Through the
bioinformatic analysis and identification of enriched pathways and upregulated genes in
undifferentiated CRC cells, this project has provided the first steps into identifying how CSC
avoid treatment response and how treatment can be designed to overcome this.
Furthermore, the enforcement of the undifferentiated Caco2 cell line generation compared
to stem cell organoids can provide future researchers with an easy to generate and handle
stem cell model. This can pave the way for many other research groups to investigate and
test new methods and ideas without the need for complex systems. Ultimately, the findings
that this project brought forth may aid other researchers in identifying resistance pathways
and mechanisms and developing targeted treatment options, therefore reducing clinical
relapses with improved outcomes and disease-free survival, addressing an unmet need for

CRC patients.
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