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ABSTRACT

Treatment resistance is one of the key contributors to low overall survival rates in
Colorectal cancer (CRC) patients. Although both resistance to chemotherapy and
radiotherapy is observed in CRC patients, radioresistance of rectal cancer
patients is a major issue in the clinic. 40% of patients with rectal cancer that
receive neo-adjuvant radiotherapy will have no significant response to treatment,
whereas only 10% of patients will have a complete pathological response
(pathCR) to treatment. In order to understand pathCR radiosensitivity markers
need to be defined. Studying radiotherapy with current models has been
challenging due to the nature of the available models and their limitations to
recapitulate the patients’ tumour biology. The emerging new 3 dimensional (3D)
organoid models show promise in regards to the modelling of cancer and patients’
response with in vitro experiments that will be able to recapitulate tumour
microenvironment. The aim of this study was to establish an organoid model for
studying irradiation in rectal cancer patients and to identify radiosensitivity and
radioresistance drivers in order to understand and tackle the problem of
resistance to radiotherapy in clinical patients. Organoid lines were established
and characterised for pathological and molecular features. The organoids were
subjected to short-course radiotherapy (25Gy dose delivered in 5 fractions over
the course of 5 days) and the response to the treatment was measured.
Furthermore, the changes caused by the irradiation were investigated by

performing whole genome sequencing, DNA methylation arrays, total RNA



sequencing, and single-cell sequencing on irradiated and control organoids.
Lastly, combination drug and radiotherapy assays were performed using
organoids with mTOR and Akt inhibitors in order to sensitise cells to irradiation.
The results revealed that irradiation causes changes on a genome-wide scale
and disrupts the mTOR/PIK3CA signalling pathway. Combination therapy
showed that Rapamycin is not effective in sensitising cells to irradiation, whereas
AZD2014 was able to sensitise certain organoid lines to irradiation; the same was
found to be the case for MK-2206. In conclusion, the results showed organoids
pose as representative models for modelling radiotherapy response, and that
blocking mTOR via dual inhibition of mMTORC1 and mTORC2 as well as inhibition
of Akt can sensitise cells to irradiation. Finally it was found that, in order to

sensitise resistant lines, the dual inhibition of mTOR/Akt might be required.
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1. INTRODUCTION

1.1.Colorectal Cancer Overview

Colorectal cancer (CRC) is a major cause of cancer morbidity and mortality, with
second highest cancer mortality rates across the world (Fearon, 2011, WHO,
2022). Additionally, it is the 3" most common type of cancer worldwide with
around 1.93 million cases reported in 2020 (WHO, 2022). In United Kingdom
alone it is estimated that around 42 000 people get diagnosed with CRC each
year (Cancer Research UK, 2019). The causes of CRC have been studied in
great detail and several lifestyle choices have been identified as risk factors
contributing to the disease onset, such as diet rich in unsaturated fats, high
alcohol consumption, smoking, and reduced physical activity (Kuipers et al.
2015). Moreover, along with the described risk factors, inherited genetic lesions
and somatic mutations also play a crucial role as contributory agents (Fearon,
2011). Whereas many risk factors have been linked to CRC, also, there have
been agents described to protect against CRC. As an example, some non-
steroidal anti-inflammatory drugs including aspirin have been shown to have
significant anti-carcinogenic effects in the gastrointestinal tract (Baron and
Sandler, 2000). Oestrogen, calcium, and some statins have been shown to

produce similar results (Poynter et al. 2005, Fearon, 2011).



1.2.Colorectal cancer classification

Colorectal cancer can be categorised differently depending on different types of
classification. Histologically, CRC classifies into three major subtypes: intestinal
type adenocarcinoma, mucinous adenocarcinoma and signet-ring cell carcinoma.
For many years the CRC classification was mainly based on microscopic
morphology and clinical management of the disease proceeded based on
acknowledging tumour as a homogenous (Jass, 2007). However, CRC is a
complex disease and the heterogeneity of tumours presents itself both between
patients but also inside the tumour itself (Molinari et al. 2018). Patients diagnosed
with it can have a very different clinical course and response to treatment despite
the tumours having similar histopathological features. The highly dynamic nature
of the malignant cells and evolutionary pressure has resulted in gradual
preference towards molecular characterisation over the classical pathological
approach for the classification of colorectal cancer (Blanco-Calvo et al. 2015). It
is known that mutations in colorectal cancer can be attributed by genomic
instability, and three different profiles have been described: chromosomal
instability (CIN), microsatellite instability (MSI) and CpG island methylator
phenotype (CIMP) (The Cancer Genome Atlas Network, 2012). CIN is
distinguished by changes in structure and number of chromosomes. This
demonstrates itself as variations in chromosome numbers within cells from
individual clones. CIN phenotype is a result of accelerated rate of gains and
losses of chromosome parts (or whole). It is estimated that between 65% and

70% of sporadic colorectal tumours can be classified as CIN (Pino and Chung,
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2010). On the other hand, tumours with MSI account for only 15% of sporadic
CRC tumours. Microsatellites are a short tandem repeat sequences that can be
found across the human genome. Due to their repetitive nature, these repeats
are prone to replication errors, which can be repaired by the DNA mismatch repair
(MMR) mechanism. Patients with defective MMR, classed as MMR deficient
(dMMR), present with MSI phenotype. MSI can be furthered classified to high
(MSI-H) and low (MSI-L), there is also a classification for microsatellite stable
(MSS), which is also relates to proficient MMR (pMRR). MSI in sporadic patients
have been linked to better prognosis in comparison to MSS tumours (Samowitz
et al. 2001). Loss of function mutations of MMR pathway genes (MSH1, MSH2,
MSH6, PMS2) results in the MSI phenotype in colorectal cancer patients. The
mutations need to occur in both alleles to result in gene failure, and the germ-line
mutations in MMR genes are common and have been linked to the hereditary
disease — Lynch syndrome. 90% of patients that have developed colorectal
cancer from being diagnosed before with Iynch syndrome display a MSI
phenotype. Additionally to MMR gene mutations, MSI in patients with sporadic
CRC is often a result of epigenetic inactivation of the MLH1 gene (Kawakami,

Zaanan and Sinicrope, 2015).

As methylation-caused silencing of mismatch repair genes, CIMP and MSI tend
to appear together. Tumours are characterised on the basis of the genomic
instability profile they are expressing. Despite identifying the different CRC
tumour profiles, it has not been found to be reflective of the true tumour subtype,

and the need of the more complex and thorough classification system has grown.
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Therefore, The CRC Subtyping Consortium (CRCSC) was formed in order to
create a framework that identified intrinsic subtypes of colorectal cancer. The
CRCSC published their results in 2015 where they describe the consensus on
molecular subtypes of colorectal cancer (CMS). In their framework four different
subtypes were identified: CMS1, CMS2, CMS3 and CMS4 (Figure 1.1; Guinney

et al. 2015).

£mMsa

Figure 1.1 - Identification of consensus subtypes.

Graph on the right: Identified subtypes through 6 systems (each colour belongs to a different
system/group), circled are consensus subtypes.

Graph on the left: Representation of each patient investigated by nodules. Nodules clustered in
the consensus subtypes are colour-coded. Grey nodules are non-consensus patients.

(Figure adapted from Guinney et al. 2015).

Each of the consensus subtypes has been associated with individual
characteristics and associated genes (Table 1.1). In addition, Guinney et al.
(2015) identified an association between CMS groups and clinical variables.
Tumours with CMS1 were found to be in females with right-sided lesions and

present with a higher histopathological grade. On the other tumours the mainly
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left-sided lesions were associated with CMS2 group. Finally, the CMS4 group
characterised with tumours diagnosed at advanced stages (lll and 1V). Thus the
CMS4-diagnosed patients have the worse overall and relapse-free survival rate.
The best overall survival rate has been associated with CMS2, whereas CMS1

and CMS3 have intermediate survival rates (Guinney et al. 2015).

Table 1.1 - The CMS Classification

CMSH1 MSI, high in CIMP, hypermutated profile
14% BRAF mutation
(MSI Immune) Immune infiltration and activation

High in somatic copy number alterations

CMS2 37%
WNT and MYC activation
Mixed MSI status, low somatic copy number alterations,
low in CIMP

0,

CMS3 13% KRAS mutations
metabolic deregulation

CMS4 239 High in somatic copy number alterations

(o]

Stromal infiltration, TGF- activation, angiogenesis

One of the disadvantages of the CMS classification system is the fact that genes
characterising CMS4 have stromal origin, correlated with cancer-associated
fibroblasts — a strong indicator of aggressive tumours (Calon et al. 2015; Isella et
al. 2015). With such a strong signature from tumour stromal cells, it is speculated
that more subtle gene signatures expressed by the cancer cells can be masked.
For this reason, another molecular classification system has been developed —

Colorectal Cancer Intrinsic Subtypes (CRIS). Using a large population of Patient-



Derived Xenograft (PDX) mouse models (515 samples from 244 patients) Isella
et al. (2017) distinguished 5 colorectal cancer subtypes (CRIS-A, CRIS-B, CRIS-
C, CRIS-D, and CRIS-E) that in addition to CMS classification gives a deeper
analytical resolution to colorectal cancer classification. The summary of the CRIS
profiles and individual characteristics are summarised in Table 1.2. CRIS can be
used independently to predict the prognosis, especially CRIS-B has showed to
have very poor prognosis. Finally, the authors showed that CRIS classification

can predict response to certain therapeutic agents (Isella et al. 2017).

Table 1.2 - CRIS types and their functional and phenotypic characteristics

Classification type Classification type characteristic

CRIS-A Glycolytic and mucinous, enriched for MSI or KRAS mutations, BRAF
mutated

CRIS-B Associated with poor prognosis, increased TGF-R pathway activity

CRIS-C Elevated EGFR signalling; sensitive to EGFR inhibitors

CRIS-D IGF2 gene overexpression and amplification, Wnt activation

CRIS-E Rich in TP53 mutations, Paneth call-like phenotype

1.3.Molecular genetics of colorectal cancer

As mentioned in Section 1.1, different agents contribute towards the initiation of
colorectal cancer. Apart from lifestyle choices, a small group (5-10%) of CRC
have tumours with a hereditary component (Kuipers et al. 2015). A few hereditary
syndromes are known to lead to colorectal cancer, with the two most common

syndromes being Familial Adenomatous Polyposis (FAP) and Hereditary Non-
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polyposis Colorectal Cancer (HNPCC), also called Lynch syndrome (Lynch and
Chapelle, 2003; Fearon, 2011). FAP is characterised with the presence of
multiple adenomatous polyps (>100) and mutation in wnt signalling pathway
genes, where in 90% of cases it is mutation in adenomatous polyposis coli (APC)
gene (Vasen, Tomilson and Castells, 2015). HNPCC, however, present itself
without extensive polyposis and with defects in genes such as MSH2, MLH1,
PMS2, MSH6, and EPCAM. Mutations in these genes causes impaired mismatch
repair which leads to genetic mutations, which tend to accumulate in
microsatellite regions, giving rise to MSI. Other, less common, hereditary
syndromes include serrated polyposis and polyposis associated with mutY DNA
glycosylane (MUTYH) gene mutations (Kuipers et al. 2015). While only a small
number of inherited colorectal cancers contribute to all CRC cases, they have
helped greatly with understanding the events that lead to initiation of sporadic

colorectal cancer and the concept adenoma-carcinoma sequence.

1.3.1. The Adenoma-Carcinoma sequence

The adenoma-carcinoma sequence model suggests that the initiation of
colorectal cancer occurs in a sequential manner with attributing specific genetic
alterations. Wnt pathway activation initiates transformation of the normal
epithelium into a small benign localised lesion termed a polyp. There are two
main different types of polyps — hyperplastic and adenomatous. Although the
majority of the colorectal polyps are hyperplastic, it is the latter type that is known
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to be precursors of colorectal cancer. The key event of the mentioned polyp
initiation is usually inactivating mutations in the APC gene. The polyp then
becomes dysplastic with the loss of APC and a KRAS oncogene mutation results
in intermediate adenoma. Further hits resulting in loss of another tumour
suppressor gene (TSG), SMAD4, lead to late adenoma. Finally, the loss of p53
leads to the carcinoma (Figure 1.2) (Fearon and Vogelstein, 1990; Fodde, Smits

and Clevers 2001).

Mismatch-repair gene inactivation
Microsateliite instability: BAT26

Mutation Mutation Loss Mutation
and loss and loss

APC KRAS SMAD2/4 P53

Normal epithelium Early adenoma/ Intermediate Late adenoma Carcinoma Metastasis
dysplastic crypt adenoma

i_Other genetic alterations
| methylation ’ d

Figure 1.2 - The Adenoma-Carcinoma Sequence.

The transformation of normal epithelium into invasive carcinoma through sequential attribution of
somatic mutations. Losses of tumour suppressor genes: APC, SMAD2/4 and TP53 along with
mutation in oncogene KRAS is believed to be the main genetic events driving CRC initiation.
Additionally, other genetic and epigenetic events are thought to occur and contribute to
carcinogenesis.

Figure taken from Davies, Miller and Coleman (2005).

Drost et al. (2015) sequentially delivered the most frequent mutations into small
intestinal organoids using the CRISPR-Cas9 method. The organoids were
derived from leucine-rich repeat containing G-protein coupled receptor 5 positive

(Lgr5") intestinal stem cells that were recognised to be an origin of intestinal



neoplasia (Barker et al. 2009; Schepers et al. 2012). Drost et al. (2015) have
shown that organoids with mutation in KRAS and loss in all APC, P53, and
SMAD4 resulted in intestinal organoids with cancerous properties. Furthermore,
they have investigated this in vivo by injecting mutated organoids (triple:
KRASC12D/APCKO/P53K0; Quadruple: KRASC'2P/APCKO/P53KO /ISMAD4KO) into
immunocompromised mice. They found that both triple- and quadruple-derived
organoids were resulting in highly proliferative profiles, whereas the quadruple-
derived organoids resulted in solid tumour masses that displayed features of

invasive carcinoma.

Defining the adenoma-carcinoma sequence was very important for colorectal
cancer research, as it gave insight into the molecular nature of the disease.
Nevertheless, it has since then been understood that colorectal cancer has
different paths of carcinogenesis and progression. The adenoma-carcinoma
sequence, although seen in the majority of sporadic cancers, cannot be applied

to every colorectal tumour.

1.3.2. Adenomatous polyposis coli (APC)

APC belongs to a wide group of TSGs and it has been first characterised in
patients with FAP. The APC gene, localised in chromosome 5921, encodes 312
kDa protein that is involved in cell-to-cell adhesion, cell migration, apoptosis in
the colonic crypts, and chromosomal segregation (Bodmer et al. 1987; Aoki and

Taketo, 2007; Polakis, 2007). However, its most established role in cancer is that
9



APC is a negative regulator of R-catenin protein in [3-catenin dependent Wnt

signalling pathways (Fearon, 2011).

The glycoprotein Wnt binds to the frizzled, a transmembrane receptor, and the
low-density lipoprotein receptor-related protein LRP5/6. This through Dishevelled
protein inhibits glycogen synthase kinase 33 (GSK3R) and Axin and as a result
stabilises R-catenin in the cytoplasm and nucleus. When R-catenin enters
nucleus it binds the transcription factors of the T-cell factor (TCF) and leads to
gene transcription (Gao and Chen, 2009). APC can destabilise R-catenin and
lead to its inactivation as it creates a complex with Axin and glycogen synthase
kinase 313 (GSK3R) via interactions with the 20 amino acid repeats or SAMP (Ser-
Ala-Met-Pro) repeats. This complex then is able to bind with 3-catenin. Casein
kinase 1 (CK1) is also recruited to the complex and within GSK30 initiates
phosphorylation of 3-catenin. The phosphorylation of 3-catenin leads to further
degradation of the protein through the ubiquitin-proteasome pathway (Figure 1.3;

Fodde, Smits and Clevers, 2001; Fearon, 2011).
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Figure 1.3 - Wnt signalling.

A) Wnt binds to Frizzled and LRP receptors which inhibits downstream complex of proteins
(GSK3R/Axin/CK1/APC), which lets R-catenin enter the nucleus and bind TCF transcription factor and
promote gene transcription.

B) In the absence of Wnt, R-catenin gets phosphorylated by the GSK3R/Axin/CK1/APC complex which
leads to B-catenin degradation and subsequent switched off transcription of Wnt target genes.

Created with Bioreneder.com

T-cell factor 4 (TCF4) is the main transcription factor transducing R-catenin
signals in colonic epithelium, making the Wnt signalling pathway — a major
transduction pathway involved stabilising the intestinal microenvironment (Barker
et al., 1999). Mutated APC cannot bind [3-catenin, which as a result accumulates
in a cell permanently stimulating the Wnt pathway. This leads to hyperproliferation

in epithelium that often results in cancer.

The APC protein plays another important role in the formation of microtubules
that are involved in chromosomal division. The C-terminus of the protein interacts
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with the EB-1 protein, which is involved in regulation of microtubule dynamics.
This interaction is thought to help APC localise to the kinetochore of metaphase
chromosomes. Cells with APC mutations have been found to have accumulation
of microtubules that unsuccessfully connected to kinetochores. These failed
interactions between spindle microtubules and kinetochore lead to chromosomal

instability (Fodde, Smits and Clever, 2001).

More than 90% of APC mutations are nonsense or frameshift mutations resulting
in a truncated protein (Fearon, 2011). The germ-line APC mutations are mostly
distributed in the 5’ half of the gene with exception of two hot-spots at codons
1061 and 1309, whereas the somatic mutations in the APC gene are clustered in
the mutation cluster region (MCR) located between codons 1281 and 1556, the
region responsible for downregulation of the [3-catenin, see Figure 1.4 (Christie

et al. 2012).
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Figure 1.4 - APC gene schematic and distribution of mutation hotspots.
A) Schematic of APC gene and its domains;
B) Two mutational hotspots in germ-line mutations;

C) Mutation cluster region with highlighted two most common codons mutated caused by somatic
lesions.

Taken from Fearon, 2011.

1.3.3. K-ras (KRAS)

There are three human RAS genes that play crucial role in cancer, KRAS, NRAS
and HRAS. Genetic mutations of these genes are frequently found in different
types of cancers including colorectal cancer, in which the most common Ras
mutation is KRAS (Porru et al. 2018). KRAS is a gene encoding the 21kDa Ras
protein that belongs to GTPases and is involved in RAS/MAPK signalling (Jancik
et al. 2010). When activated, KRAS rapidly forms RAS-GTP complex resulting in
engagement of downstream proteins that further regulate cellular pathways (Cox
and Der, 2010). This protein plays a very important role in signal transduction of

cell differentiation regulatory pathways. KRAS is located in chromosome
13



12p.12.1 and belongs to the oncogenes which means a single amino acid
substitution can activate a mutation that contributes to carcinogenesis (Jancik et

al. 2010).

Mutational hot spots of KRAS have been identified over the years and include
glycine-12, glycine -13 and glycine-61. Mutations in these regions result in
overstimulation of effectors leading to uncontrolled cell division and tumour
growth (Waters and Der, 2018). Furthermore, all known KRAS carcinogenic
mutations affect the domain responsible for GTP binding, resulting in decreased
GTPase activity and constant stimulation of the Ras protein (Jiang et al. 2009).
Approximately 40% of sporadic adenomas and carcinomas present themselves
with an activated KRAS mutation. Moreover, the frequency of KRAS increases
greatly depending on the size of the lesion. While only 10% of adenomas that are
less than 1cm in size have a KRAS mutation, between 40 and 50% of adenomas
larger than 1 cm show KRAS alterations (Vogelstein et al. 1988). Although KRAS
has been found to be involved in the adenoma-carcinoma sequence and
contributes to colorectal adenoma development, it is not essential for adenoma

initiation (Fearon, 2011).

1.3.4. TP53

The TP53 gene is located on the short arm of chromosome 17 and encodes the
p53 protein often referred to as the “Guardian of the Genome” due to its important

in regulation of cell proliferation. The p53 protein blocks cell proliferation when
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DNA gets damaged and initiates apoptosis when DNA repair is not sufficient. It
also plays a crucial role in restricting angiogenesis as p53 is a key transcriptional
regulator of the proteins that are involved in cell cycle checkpoints G1/S and

G2/M (Baker et al. 1989; Voudsen and Prives, 2009)

The main mechanism for inactivation of one allele of certain tumour suppressor
genes including p53, is loss of heterozygosity (LOH), an allele imbalance resulted
from the loss of the entire gene and surrounding chromosomal region. Different
events can lead to LOH, such as direct deletion, mitotic recombination or even
loss of an entire chromosome (Nichols et al. 2020). Thus, 70% of colorectal
carcinomas show 17p LOH (Fearon, 2011). A second allele is usually inactivated
by a missense mutation that occurs mainly at codons 175, 245, 248, 273, and
282 (Voudsen and Prives, 2009; Fearon, 2011). Very few carcinomas lack LOH
of 17p but then present p53 mutations, whereas the majority of adenomas lack
17p LOH and p53 mutations (Baker et al. 1990). This suggests that loss of p53
through LOH and mutations is closely associated with the adenoma-carcinoma

transformation.

1.3.5. TGF-B signalling pathway and SMAD4/2

The transforming growth factor beta (TGF-R), encoded by TGFB1, is involved in
cell growth, differentiation, apoptosis, and cellular homeostasis. TGF-3 binds to
a type Il receptor which activates trans-phosphorylates receptor | and initiates

down-stream activation of receptor-associated SMAD proteins (R-SMADs) which
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can then bind coSMAD — SMAD4 (Jung, Staudacher and Beauchamp, 2017).
SMAD2 and SMAD3 (R-SMADs) can bind SMAD4. This complex then migrates
to the nucleus (Figure 1.5) where they act as transcription factors that regulate
the transcription of genes such cell-cycle checkpoint genes (p21, p27 and p15).
Activation of checkpoint genes causes cell-cycle arrest, resulting in proliferation

inhibition of epithelial cells (Massague, 2008).

Type | réceptor

Type Il receptor

NUCLEUS TFLSLC”M

Figure 1.5 - TGF-f signalling.

TGF-B binds to TGF beta receptor type-2 (TGFBR2) and promotes dimerization of TGFBR2 with
type 1 receptor (TGFBR1). This results in transphosphorylation and activation of SMAD2 and
SMAD3. With SMAD4 this leads to gene transcription which promotes cell survival and cell
growth.

Created with BioRender.com
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Around 70% of CRC cases present LOH of chromosome 18q, on which two
tumour suppressor genes are located: SMAD4 and SMADZ2. These two genes
are usually mutated in a group of CRCs along with LOH of 18q. Both genes act
downstream of the TGF-3 receptor complex. Mutations inactivating either of the
tumour suppressor genes result in regulation of cell-cycle and disruption of

cellular homeostasis, leading to carcinogenesis (Nguyen and Duong, 2018).

The above description of TGF-R explains its antioncogenic properties as a tumour
suppressor gene; however, the TGF-[3 can also have a role in tumour progression
as pro-oncogenic. TGF-3 has been found to promote metastasis as it induces the
epithelial-mesenchymal transition (EMT). It has been shown that TGF-R along
with Ras cooperate and induce the EMT, and what is more, Ras through its
downstream effector pathway PI3K/Akt drives cancer cell growth by supressing
TGF-B-induced apoptosis and proliferation arrest (Grusch et al. 2010; Saitoh et

al. 2015).

TGF-B, being bidirectional, acts as a tumour suppressor gene during early tumour
development stages. During the later stages, it promotes metastasis and cancer
cell invasion. Advanced tumours with high expression of TGF-B have poor

prognosis and are associated with aggressive cancer (Liu et al. 2018).
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1.3.6. Phosphoinositide 3-kinases (PI3Ks) and PIK3CA

PI3Ks belong to a large family of lipid enzymes that phosphorylate
phosphatidylinositols on plasma membranes and control signalling in key cellular
processes such as cell survival, metabolism, and inflammation (Vanhaesebroeck
et al. 2010). Enzymes from the family of PI3Ks are highly related to each other,
yet they can be distinguished by substrate specificity. PI3Ks can be further
divided into three different classes — I, II, and lll. Class | consists of heterodimeric
enzymes consisting of regulatory sub-unit and common p110 catalytic sub-unit.
Class IA can be distinguished with enzymes p110a, p1103 and p1105 sharing
p85 as their regulatory subunit. Enzyme p110y, however, belongs to class IB and
consists of p101 and p84/p87 as its regulatory sub-units (Kaplan et al. 1987). One
of the major downstream effectors of class | PI3Ks is Akt. Upon its activation Akt
is phosphorylated by PDK1 on T308. This further activates the mammalian target
of rapamycin complex 1 (mTORC1) and results in increased cell survival and
protein synthesis. An important negative regulator of PI3K-Akt signalling is
phosphatase and Tensin homolog (PTEN), a tumour suppressor with strong
phosphatase activity (Martini et al. 2014). Class |l consists of PI3K-C2a, PI3K-
C2p and PI3K-C2y — high molecular mass monomers that are distinguished by
their long N- and C-terminal domains (Falasca and Maffucci, 2012). Class Il
consists of only PI3K-C3, also known as vacuolar protein sorting 34 (Vps34).
Classes Il and Il are largely involved in regulation of vesicular trafficking and are

less characterised in comparison to class | (Martini et al. 2014).
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Due to a strong association with pathways involved in cell survival and
proliferation, it is indeed the class | of PI3Ks that has been strongly associated
with cancer. Phosphotidylinositol-4,5-biphosphate 3-kinase catalytic subunit, or
p110a, is encoded by the PIK3CA gene and it is known to be the most frequently
deregulated in cancer from the PI3K family. PIK3CA mutations were identified
across different types of cancers including CRC. Genetic lesions affecting
PIK3CA mostly consist of missense mutations and they tend to cluster in two
major hot spots: exon 9 of the helical domain at E542K and E545K, and exon 20
of the kinase domain at H1047R (Samuels et al. 2004; Martini et al. 2014). In
CRC it has been found that mutations of PISKCA are observed in higher

frequencies on exon 9 than exon 20 (Barbi et al. 2010).

Between 15-25% of sporadic cancers have PIK3CA mutations and the majority
result in over-activation of the Akt pathway. Several studies have shown that
systematic use of aspirin after colorectal cancer diagnosis has been associated
with improved clinical outcome and that there is a potential in regular aspirin use
to reduce colorectal cancer incidence and morbidity (Rothwell et al. 2011; Drew,
Cao and Chan, 2016;). It has been further shown that aspirin has beneficial
effects on CRC patients with mutant PIK3CA, rather than with wild type carrying
patients (Liao et al. 2012; Domingo et al. 2013; Frouws et al. 2017). Gu et al.
(2017) further showed that the PIK3CA mutant cells treated with aspirin would
decrease in viability, as opposed to wild type cells, suggesting aspirin induces

cell cycle arrest which leads to apoptosis and consequently results in a reduction
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of cell viability. In CRC the PIK3CA mutations have been shown to be more

prevalent in women than in men (Benvenuti et al. 2008, Fearon, 2011).

1.3.7. Mammalian Target of Rapamycin (mnTOR)

Mammalian target of rapamycin (mTOR) is a large (289kDa) serine-threonine
protein kinase that has been conserved through evolution. The N-terminal of
mTOR consists of several different repeats that promote protein-protein
interactions, whereas the C-terminal consists of a kinase domain that is related
to the PI3K family. mTOR protein is a catalytic sub-unit of two functionally
different protein complexes — mammalian target of rapamycin complex 1
(mTORC1) and complex 2 (mTORC2) (Liu and Sabatini, 2020). mTORC1
consists of five sub-units: mTOR, regulatory-associated protein of mTOR
(Raptor), mammalian lethal with Sec13 protein 8 (mLST8), proline rich Akt
substrate 40kDA (PRAS40), and DEP-domain-containing mTOR-interacting
protein (Deptor). mTORC2 consists of six sub-units: mTOR, rapamycin-
insensitive companion of mMTOR (Rictor), mammalian stress-activated protein
kinase interacting protein (mSIN1), protein observed with Rictor-1 (Protor-1),
mLST8, and Deptor. The differences between the complexes result in substrate
specificity and differences in downstream cell signalling (Figure 1.6 A). mTORC1
has been shown to play a key role in cell growth and proliferation through
phosphorylation of p70 ribosomal s6 kinase 1 (S6K1) and eukaryotic initiation
factor 4E (elF4E) — binding protein 1 (4E-BP1) (Kim, Cook and Chen, 2017). It
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promotes protein synthesis resulting in an increase in cell size and proliferation.
mTORC1 also promotes other anabolic processes such as lipid synthesis and
mitochondrial biosynthesis. However, mTORC1 has also been shown to
decrease some catabolic processes like autophagy. The upstream activation of
mTORC1 is driven by the Akt phosphorylating and inhibiting tuberous sclerosis 2
(TSC2), which then allows Ras homolog enriched in brain (Rheb) to activate
mTORC1. mTORC2 regulates cell metabolism, survival and proliferation through
its key substrate Akt, a positive downstream regulator of these processes.
Although the upstream regulation of mMTORC2 is not very clear, it is known that it
responds to growth factor stimulation through PI3K pathway and ribosome
association (Kim, Cook and Chen, 2017; Liu and Sabatini, 2020). Multiple
upstream signals have an effect on mTOR signalling. Nutrient level, stress,
energy or growth factor availability have been shown to activate both complexes

through several pathways (see Figure 1.6 B)
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Figure 1.6 - mTOR downstream and upstream effectors.
A) A schematic of downstream signalling of both mTORC1 and mTORC2.
B) Upstream signalling of mTOR.

Figure adapted from Liu and Sabatini, 2020.

mTOR mutations in human cancers are rare. However, the deregulation of mTOR
is not. This is due to activation of the pathway through upstream signalling in
PI3K/Akt/mTOR pathways. More commonly the mutations of PIK3CA or another
common lesion in CRC is inactivating mutation in PTEN, a negative regulator of
PI3K, which will also lead to over-expression of mTOR (Kim, Cook and Chen,

2017).

1.3.8. F-box and WD repeat domain-containing 7 (FBXW?7)

FBXW? is a tumour suppressor gene located on chromosome 4q that encodes a
protein consisting of four sub-units that are involved in cell cycle regulation (Wang

et al. 2012). Structurally, FBXW?7 is comprised of 40-amino acid F-box which
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recruit the SKP1-Culin1-F-box (SCF) —E3 ubiquitin protein ligase complex (eight
WD40 repeats responsible for binding substrates) and the D domain responsible
for facilitating FBXW?7 dimerization (Korphaisarn et al. 2017). SCF protein
ubiquitin E3 ligase complexes negatively regulate the increased abundance of
selected proteins through phosphorylation-dependent ubiquitination. Some of
these proteins include cyclin E, c-Myc, c-Jun, mTOR, and NOTCH. These have
all been found to play a role in cell proliferation, division, and survival (Cheng and
Li, 2012; Li et al. 2015). Therefore, inactivating mutations of FBXW?7 lead to failed
regulation of its targets and interfere with cellular homeostasis, which then leads

to carcinogenesis (Li et al. 2015).

Studies have reported that FBXW7 mutations occur in approximately 10-20% of
CRC patients and are associated with worse overall survival (Korphaisarn et al.
2017, Tong et al. 2017). Interestingly, missense point mutations affecting
substrate binding sites constitute 70% of FBXW7 mutations (Korphaisarn et al.
2017). Furthermore, three arginine residues (R465, R479, and R505) have been

identified as hotspots for the missense mutations (Tong et al. 2017).

1.4.Epigenetics of CRC

In addition to germline and somatic mutations in CRC, epigenetics plays an
important role in the initiation and progression of carcinogenesis. Epigenetics
refers to alterations in gene expression without changes in DNA sequence

(Handy, Castro and Loscalzo, 2011). Epigenetic processes include histone post-
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translational modifications (HPTMs), microRNA and non-coding RNA expression,
nucleosome positioning, and DNA methylation. However, it is the aberrant DNA
methylation that has been the main and best studied epigenetic mechanism

deregulated in colorectal cancer (Lao and Grandy, 2011).

1.4.1. Aberrant methylation in CRC

DNA methylation is an enzymatic reaction in which methyl groups are added to
the 5-position of cytosine bases. These 5-methylcytosines can be usually found
in cytosine-phospo-guanine (CpG) dinucleotides at specific sites called CpG
islands (Figure 1.7). Those CpG islands are usually located within the gene
promoter 5’ region (Moore, Le and Fan, 2012). The addition of the methyl groups
is carried out by a special group of enzymes called DNA methyltransferases (Jin,
Li and Robertson, 2011). DNA methylation is a natural genome-wide process and
it is used for silencing genes that no longer need to be expressed in the cell and
usually involves developmental genes (Hernando-Herraez et al. 2015). The
aberrant DNA methylation can result in silencing of TSGs or wrongly activating

oncogenes, consequently leading to carcinogenesis.
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Figure 1.7 - Methylation at CpG islands.

In red a cytosine with methyl group added at CpG island site, and in green unmethylated cytosine

at the CpG island site.

Two main systems involved in genome-wide methylations in CRC are the Methyl
CpG binding domain (MBD) protein and polycomb complex genes. MBD-
containing protein play a key role in interpretation of DNA methylation. 11 known
proteins for this family have been identified. The methyl-CpG-binding protein 2
(MeCP2) was the first MBD-containing protein described, and subsequently
through sequence homology more MBD proteins were later discovered: MBD1-
MBD6. Later, four more MBD protein have been characterised: SEDTB1,
SEDTB2, BAZ2A and BAZ2B. MBDs bind the DNA methylations and then direct
the histone modification and chromatin organisation that results in transcriptional

repression (Parry and Clarke, 2011).
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Polycomb complex group proteins selectively facilitate repression of gene
expression through polycomb repressive complexes (PRCs). PRCs are
multisubunit complexes which regulate chromatin structure through catalysing
the HPTMs (Levine, King and Kingston, 2004). There are two PRCs, PRC1 and
PRC2, both of which induce specific covalent HPTMs that have been described
in the literature as repressive marks (Wang et al., 2015). PRC1 facilitates
monoubiqutilation of lysine 119 on histone H2A (H2AK119Ub1) through RIG1 E3
ligase, whereas EZH1/2 methyltransferase in PRC2 catalyses trimethylation of
lysine 27 of histone 3 (H3K27me3) (Cao et al. 2002). Subunits of PRC1 and
PRC2 complex, such as Bmi1, Ezh2, and Suz12, have been found

overexpressed in colon cancers (Sauvageau and Sauvageau, 2010).

1.4.2. CpG Island methylator phenotype

Almost two decades ago an epigenetic phenotype that is characterised by
numerous promoter region CpG islands were hypermethylated (Toyata et al.
1999). This study proposed two CIMP categories, CIMP- and CIMP+, and
suggested methylation of CDK2NA, MINT1, MINT2, MINT31 and MLH1 as
markers for the phenotype. Although some of the methylation detected was due
to aging (majority of loci are methylated in colonic mucosa due to age
progression), a specific subset of CRC samples presented a hypermethylated
phenotype (Issa, 2002). MLH1 protein belongs to the MMR genes family and its
mutation is often associated with MSI in hereditary CRCs. However, the lack of
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expression of MLH1 in sporadic tumours have been observed frequently
(Thibodeau et al. 1998), suggesting the MLH1 promoter region is
hypermethylated. Due to the aberrant methylation in MLH1 a lot of MSI tumours
overlap with CIMP. Therefore, CIMP has been divided into four different
categories: CIMP+/MSI+, CIMP+/MSI-, CIMP-/MSI+ and CIMP-/MSI- (Issa,
2004). CIMP positive patients, especially CIMP+/MSI-, have been associated

with poor prognosis (Lam et al. 2016).

1.5.Colorectal cancer treatment

Pathologic staging is the first and one of the most important prognosis factors
that a patient will get after diagnosis. Staging of CRC is done with the tumour-
node-metastases (TNM) system, which identifies the invasion of the tumour
based on three main aspects: invasion depth of the intestinal wall, lymph node
involvement, and presence of distant metastatic sites (Wolpin and Mayer, 2008).
The depth of tumour invasion is defined by the T stage (T1-T4), where T1 is an
invasion of the submucosa and T4 means invasion into serosa or nearby
structures (see Figure 1.8). Lymph node involvement is defined by the N stage
and is divided into three categories — NO (no lymph nodes involved), N1 (1-3
lymph nodes involved) and N2 (more than three lymph nodes involved). Lastly,
M defines the absence or presence of distant sites of disease by MO or M1,
respectively (Greene, Stewart and Norton, 2002). Patient prognosis is associated
with the tumour stage. The 5-year survival rate decreases with an increased

27



staging of colorectal cancer, where for stages 1, 2, and 3 the rates are 94%, 82%,
and 67% respectively. Furthermore, metastatic or stage 4 tumours have an even
more drastic decrease in 5-year survival rate as it is only 11% survive (Sagaert,

Vanstapel and Verbeek, 2018).

Inner lining

Muscle layer 2

Outer lining | /ﬁ o

Figure 1.8 - Colorectal cancer stages.

The invasion of tumour into the intestine, at stage T1 invading only the inner intestinal lining, T2
invading the muscle layer, T3 invading muscle and also invading the outer lining, and lastly T4
invading all layers and nearby structures.

Created with Biorender.com

Treatment regimen will largely depend on the tumour stage and its location.
Surgery is the most common treatment recommended to patients with CRC and
often is combined with chemotherapy for colon tumours, radiotherapy or
combination of both in case of rectal cancers. When receiving combined
treatment patients can either get adjuvant treatment (additional treatment
administrated post-surgery) or neo-adjuvant treatment (treatment administrated

prior to surgery). Colon and sigmoid cancers are treated with adjuvant therapy
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that consist of surgery followed by chemotherapy. In cases of more advanced
disease resulting in tumour invasion and spread to lymphatic nodes, patients will
receive chemotherapy before surgery (Feeney et al. 2019). Recent data from the
FoxTROT clinical trial has showed that the outcome of neoadjuvant
administration prior to surgery can be beneficial for all patients with colon cancer
and pose a standardised treatment regimen (Seymour and Morton, 2019; Body
et al. 2021). In this trial patients with T3 or T4, NO-2, and MO colon cancers have
been recruited and randomly assigned to the neoadjuvant chemotherapy (NAC)
or control groups. Patients in the NAC group received 6 weeks of chemotherapy
prior to surgery and 18 weeks of chemotherapy following surgery. Patients in the
control group have had surgery followed by 24 weeks of chemotherapy
administration. The initial short-term observations showed improved 2-year
failure rate but the long-term effects are yet to be determined (Seymour and

Morton, 2019).

Rectal cancer treatment, however, differs from colon/sigmoid cancer treatment
due to its position in the body. The rectum is located in the narrow pelvis region
and extends from the transitional mucosa of the anal dentate line to the sigmoid
colon (Wolpin and Mayer, 2008). The pelvic structures surrounding the rectum
limit access during surgery, resulting in a higher risk of local recurrence. To
minimise this risk, neo-adjuvant radiotherapy is added to the treatment regimen

as a standard for rectal cancer patients.
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There is a variety of chemotherapeutic drugs that are used in the clinic for CRC
treatment. The most commonly administrated drugs are fluoropyramidines —
Fluorouracil (5FU) or Capecitabine (Xie, Chen and Fang, 2020). Fluorinated
pyridines act as inhibitors of thymidylate synthetase, which is an enzyme limiting
the synthesis of pyrimidine nucleotide which in turn is required for DNA replication
(Vertessy and Toth, 2009). Often calcium folinate is administrated in combination
with S5FU in order to increase its cytotoxic activity (Vodenkova et al. 2020). Other
cytotoxic drugs used for treatment of CRC are Oxaliplatin and Irinotecan. Both
drugs’ mechanisms focus on preventing DNA replication and transcription, the
former through inhibition of DNA synthesis, whereas the latter achieves this via
inhibition of topoisomerase I. When administrated, Oxaliplatin or Irinotecan are
often combined with 5FU and folic acid. Some patients can be offered more
targeted drugs that are monoclonal antibodies. In CRC treatment Cetuximab and
Panitumumab are used and their key mechanism is to inhibit the epidermal
growth factor receptor (EGFR). These monoclonal antibodies are used in
combination with standard chemotherapy, and most commonly in case of treating

the metastatic disease (Xie, Chen and Fang, 2020).

Two types of radiotherapy regimens can be used for rectal cancer treatment,
short-course radiotherapy or long-course radiochemotherapy. Short-course
radiotherapy consists of total 25 Gray (Gy) administrated in 5 fractions of 5 Gy,
whereas long-course treatment consist of 45-50.4 Gy administrated in 25-28
fractions with 1.8 Gy per fraction (Kim et al. 2016). A trail conducted by the Polish

group compared short- course neoadjuvant radiotherapy with preoperative long-
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course radio-chemotherapy for T3 or T4 stage rectal cancers and found no
significant differences in disease-free survival, overall survival, late toxicity or
local recurrence between those two regimens (Bujko et al. 2006). Another trial
that also looked into comparison between those two neoadjuvant therapies also
found no significant difference in the local recurrence rates, apart from the distant
tumours, in which the long-course chemo-radiotherapy was more successful.
There were no differences in late toxicity and the overall survival rates were
similar- 74% for short-course radiotherapy and 70% for long-course chemo-
radiotherapy (Ngan et al. 2012). Currently, both of the regimens are used and
depending on the country, one is more preferable than the other, for example the
long-course chemo-radiotherapy is more of a standard, whereas the short-course
radiotherapy is being chosen more in Europe (Tseng et al. 2019). In the UK,
patients with advanced rectal cancer will get short-course radiotherapy followed
by surgery after one week from finishing the treatment, whereas patients with less
advanced disease will receive neo-adjuvant long-course radiotherapy combined
with chemotherapy. Until today there is no clear consensus about the interval
between the end of long-course treatment and the surgery, hence it can range
between 4 to 8 weeks. The response to the tumour is measured by the tumour
regression grade (TRG) system which classifies the regressive changes after

treatment (Kim et al. 2016).

Radiation therapy is often selected as part of the treatment for various type of
cancers as it causes damage to cancer cells. The damage is deliver by direct

mechanism of ionising photons and particles causing alterations to
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macromolecules. Additionally, an indirect damage is also cause by the production
of free radicals causing double strand breaks in the DNA and triggering
programmed cell death via DNA damage repair (DDR) pathway (Galeaz, Totis
and Bisio, 2021; Kocakavuk et al. 2021). Depending on the cell damage, the DDR
pathway agents will send a signal about the cell’s fate, i.e. deciding on the cell’s
death or survival (Huang and Zhou, 2020). Healthy cells surrounding the tumour
are also affected by the irradiation, however due to the lack of accompanying
genetic mutations the cell is most likely to recover with an appropriate irradiation
dose. The increase in dose rises the probability of toxic effects in late-responding
normal tissue cells (usually less sensitive to fraction doses) and therefore limits
the dose of radiotherapy treatment. The balance of minimal late normal tissue
complications and tumour control is key for a good therapeutic outcome. This can
be quantified by plotting tumour control probability (TCP) and normal tissue
complication probability (NTCP) against Radiation dose, as seen in Figure 1.9.
The separation between the curves gives the size of the therapeutic index (Ray,

Sibson and Kiltie, 2015).
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Figure 1.9 - Tumour control probability and normal tissue complication probability
curves.

Response curves for Tumour control (blue) and Normal tissue damage (red). The dashed lines
represent the optimal dose for minimal normal tissue damage and maximum tumour tissue

damage.
Taken from Ray, Sibson and Kiltie, 2015.

1.6.DNA damage repair (DDR)

DNA, under influence of different agents, can be exposed to stress and be
damaged leading to the accumulation of genetic lesions. The agents that can
affect DNA integrity can be either endogenous (such as by-products of metabolic
processes happening in cells), or exogenous. Examples of endogenous factors
include mitochondrial respiration, and intracellular free radical oxygen species.
Exogenous factors include exposure to UV light, ionising radiation (IR), thermal
disruption, viruses, and mutagenic chemicals. It has been estimated that each
day every cell in the human body can experience 10° spontaneous or induced
DNA lesions (Ciccia and Elledge, 2010). As it is known, DNA damage and genetic
lesions can directly alter the primary structure of DNA, directly affecting

replication and transcription carrying the errors over. Therefore, cells must be
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equipped with mechanisms that are able to repair the damage. Since the DNA
can be damaged in different ways, there are multiple diverse and complex DNA

damage repair mechanisms (see Figure 1.10; Chatterjee and Walker, 2017).
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Figure 1.10 - DNA damage repair pathways.

An overview of DNA damage inducing agents, DNA damage types and their repair mechanisms
Created with BioRender.com

MMR is based on correcting mismatched nucleotides in the otherwise
complementary paired DNA strands. Usually, single base-base mismatches and

small insertions/deletions are caused by replication errors. These type of lesions,
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when detected, trigger a single-strand incision that is then proceeded upon

nuclease, polymerase, and ligase enzymes (Jiricny, 2006).

Base excision repair is recruited for repair of single strand breaks. The
Glycosylase enzyme is usually responsible for recognising the damage and
mediating base removal prior to repair being completed by nuclease, polymerase,

and ligase enzymes (Lindahl and Barnes, 2000).

Bulky DNA add-ons and cross-links are repaired by the nucleotide excision repair
(NER) system, which is responsible for recognition of helix-distorting mutations.
This type of lesions is characteristic for UV light-caused damage. The NER
mechanism operates through two main pathways: transcription-coupled NER,
and global-genome NER. The common mechanism for these pathways is the
excision of the lesion as 22-30 base oligonucleotide producing single-stranded
DNA that is proceeded by DNA polymerase and accompanying factors before

acting ligation enzymes (Jackson and Bartek, 2009).

Lastly, the damage resulting in double strand breaks (DSBs) is mainly caused by
ionizing radiation and chemotherapeutics and can be repaired via two main repair
pathways: non-homologous end joining (NHEJ), and homologous repair (HR;
San Filippo, Sung and Klein, 2008). The former pathway works through Ku
proteins mediating activation of the protein kinase DNA-PKcs facilitating
recruitment and activation of polymerases and DNA ligase IV (Jackson and
Bartek, 2009). There is a possibility of a Ku-independent NHEJ called the MMEJ
or alternative NHEJ pathway. Both result in error-prone repair, however these
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can be operated in any cell cycle phase as oppose to homologous repair (McVey
and Lee, 2008). HR is initiated by excision of the broken DNA and generating
single strand DNA (ssDNA). This is further proceeded by Rad51 and BRCA2
proteins mediating strand invasion of the homologous template and leading to the
repair. This pathway uses the template of sister-chromatid sequences in order
to mediate accurate repair. Hence this pathway is restricted to the S and G2

phases of the cell cycle (Jackson and Bartek, 2009; Fugger and West, 2016).

1.7.Treatment resistance

5 year overall survival for CRC in UK is still relatively low — 58.4% (Bowel cancer
survival statistics, 2022), despite the understanding of the molecular processes
behind the disease and combined treatment regimens that include combination
of surgery with chemo- or/and radiotherapy. It is believed that the resistance to
the treatments plays a major problem in the clinical settings and contributes
towards the continuing low overall survival rates (Buckley et al. 2020). Resistance
to both, chemotherapy and radiotherapy, is often observed in patients with
colorectal cancer. The treatment resistance can be either primary, in which case
the tumour does not respond to the treatment from the beginning. However, the
resistance to treatment can also be acquired, where cells after the exposure to
treatment become resistant (Galeaz, Totis and Bisio, 2021). The resistance
mechanisms arise through either genetic mutations that will directly interact or
affect the drug target or through aberrations that will result in bypassing the drug
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target through an upstream/downstream effector or a parallel pathway

(Venkatesan et al. 2017).

Only around one third of patients is thought to respond to 5FU treatment as a
single agent, and half of patients respond to it in a combination with oxaliplatin-
based therapy (Weidlich et al. 2011; Virag et al. 2013). Furthermore, the EGFR
targeted drugs (cetuximab and panitumumab) have also been shown to have
limited efficiency due to the acquired resistance of cancer cells (Van Emburgh et
al. 2014). This has been shown to be a result of the mutated KRAS, a downstream
effector, causing bypass resistance mechanisms (Amado et al. 2008). Similarly
to KRAS, an amplification of MET (a parallel pathway) resulting in the pathway

bypass and contributing to treatment resistance (Bardelli et al. 2013).

In case of radioresistance, studies have shown that the gene dysregulation of
oncogenes and tumour suppressor genes involved in different signalling
pathways is ultimately responsible for the radiation resistance (Rich, 2007;
Willers et al. 2013). However, radioresistance is not as straight forward and
multiple biological mechanisms and genetic alterations contribute towards it,
hence till today there is no solution for sensitising tumour cells to radiotherapy.
What is more, the tumour heterogeneity and patient to patient tumour difference
contributes to polymodality of the issue. Multiple pathways have been proposed
to play a role in radioresistance, such as DNA damage repair pathways,
apoptosis and alterations in cell cycle (Geng and Wang, 2016), additionally

Buckley et al. (2020) proposed to extend this list to pathways involved to cancer
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hallmarks. As tumour resistance to irradiation is one of the key problems in not
only colorectal cancer but other types of cancer that include radiotherapy as part
of their treatment, many studies have been undertaken to identify potential
markers of radioresistance. Until today, many potential targets have been
identified that could pose as such. For example, KRAS have been linked to
radiotherapy resistance in multiple studies and multiple cancers (Grana et al.
2002, Jancik et al. 2010, Chakrabarti, 2015). The presence of oncogenic KRAS
mutations is thought to convey the resistance to the treatment as it enhances the
DNA repair capacity in the cancerous cells (Williams et al. 2016). Conversely, a
study done on ovarian cancer cell line with mutant allele of KRAS showed a
significant increased sensitivity to the treatment that involved radiation combined
with cisplatin in comparison to the same line with wild type allele (Samoueliau et
al. 2004). Specifically for CRC studies have looked to link distant metastasis to
therapy resistance. As treatment resistance is closely related to distant
metastasis. It was proposed to look at genes that contribute to metastasis and
progression in order to identify potential biomarkers of radiation resistance. PRL-
3 also known as PTP4A3 have been highlighted as metastasis associated gene
as the protein expressed have been found in 100% of metastatic sites in CRC .
What is more, the expression of PRL-3 correlated specifically with CRC despite
the metastatic sites. Further studies showed as well that PRL-3 is a driver of
tumour progression and has a causative role rather than being a consequence.
Another marker of radioresistance that is also associated with tumour

progression is survivin (also known as Birc5). Overexpression of this protein has
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been linked to the cell death inhibition. Studies showed that cells could be
radiosensitised by the inhibition of Survivin (Rodel et al. 2003; Pennati, Folini and
Zaffaroni, 2008). Additionally, hypoxic environment has been linked to increased
resistance to radiotherapy, consequently genes involved in the maintenance of
the redox homeostasis and the protection against oxidative stress. Several
transcription factors (TFs) have been proposed to be involved in radioresistance.
A nuclear factor kappa B (NF-xB) responsible for controlling the immune system
development, inflammation, cell growth and apoptosis. Another TF is STAT3
have been shown to be stimulated by the cytokines can drive the radioresistance
through the inflammatory pathway (Galeaz, Totis and Bisio, 2021). Finally, both
Akt and mTOR pathway have been also linked to radioresistance in a large
number of different studies, due their main involvement in cell survival, stress
responses and apoptosis regulation (Toulany and Rodemann, 2013; Sato et al.

2019).

Although several studies have linked multiple genetic alterations to have an
inhibiting effect on radiotherapy effectiveness, currently we still don’t have an
effective and reliable marker that could be a target for radiotherapy sensitisation

or patient stratification.

1.8.Models to study colorectal cancer

In order to study complex diseases such as cancer an accurate model is

essential. Many preclinical models have been developed over the years to be
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able to study such complex diseases as cancer. Since many signalling pathways
are evolutionary conserved across species, model organisms have posed as
good models for studying signalling, development, and cancer. For the last one,
mouse models have been especially utilised in laboratories across the world
(Kim, Koo and Knoblich, 2020). In addition to animal models, cell lines have
played a crucial part in studying cancer. Although, many biological discoveries
have been possible thanks to 2D cultures and animal models, the limitations of
such models have been limiting research. It has been shown that certain
biological processes are specific to the human body and cannot be replicated in
animal models. As an example, metabolism and brain and blood barrier
differences have resulted in differences during drug efficacy testing (O-Brown,
Pfau and Gu, 2018; Kim, Koo and Knoblich, 2020). When it comes to cell lines,
despite them being human based the monolayer structure is not representative
of the human body. With human-derived models comprised of cancer cell lines
and patient-derived tumour xenografts (PDTX) murine models, the need for a
more accurate human cell-based model has been emerging over the years. This
has led to the establishment of the first organoid cultures which have

revolutionised the disease modelling field (Sachs and Clevers, 2014;).

1.8.1. Cancer cell lines

Immortalised cell lines are derived from mutated cells of multicellular organisms
— usually human or mice. Mutations in these cells gives them the ability to avoid
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senescence and proliferate almost indefinitely. The first cell line, HeLa, was
derived in 1951 from a cervical tumour and revolutionised the research industry
(Lucey, Nelson-Rees and Hutchins, 2009). Since then cell culture and the cell
line concept has grown. With over 3,600 cell lines available (ATCC), many
research studies are performed on this kind of disease model. Cell lines can be
studied with a wide variety of different laboratory techniques and used for
studying cancerous cell biology as well as the reaction of cancer cells to certain

drugs (Li et al. 2020).

Cell lines have many advantages. They are cost effective and relatively easy to
maintain due to their mutation-acquired properties. Furthermore, in current days
there are limited ethical issues linked to animal or human tissue sampling. Finally,
a pure population of cells provides results that are easy to reproduce and
therefore they can be used in high-throughput experiments (Kaur and Dufour,

2012; Li et al. 2020).

Although cell lines are widely used across research laboratories and contribute
greatly to cancer studies, they have many disadvantages. Cell lines are
homogenous and lack other types of cells that contribute to the tumour
microenvironment. Additionally, the majority of cell lines are derived from tumours
or cells that have acquired oncogenic potential in vitro. In cancer research this is
not much of an issue, however it means that studying the normal counterpart is
often impossible (Li et al. 2020). The main flaw of cell lines, however, is their lack

of genetic and phenotypic stability. Over extended periods of time, serial passage

41



can cause genotypic variations and heterogeneity in cultures. As cancer is a
highly heterogenous and complex disease, it is argued that due to the mentioned
drawbacks cell lines cannot fully represent the interactions and microenvironment

of a tumour (Kaur and Dufour, 2012; Li et al. 2020).

1.8.2. Murine patient derived xenograft models

In contrast to 2D cell lines, murine models have been widely used in cancer
research for a long time, mainly due to them being able to replicate the tumour
microenvironment. There are different ways scientist use mice to model cancer —
from studying specific mouse strains, through allografts, to patient-derived
xenografts and engineered mice (Kim, Koo and Knoblich, 2020). The only human-
derived murine models are represented by patient-derived tumour xenograft
(PDTX) mice, firstly established in 1953. Patient tumour tissue is transplanted
into immunocompromised mice. The tissue can be directly implanted either
subcutaneously (into the layer of skin directly below dermis and epidermis), or
orthotopically (directly into the organ of the transplanting tissue origin). The latter
technique allows the study of patients’ tumours in a close and more relevant
environment for the transplanted tumour (Zhang et al. 2016). These are very
useful in the study of malignancies in their original tumour environment, as they
retain the heterogeneity and complexity of the tumours being studied, while also

retaining genetic and phenotypic stability.
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However, PDTX are labour-intensive, time-consuming, and can be problematic
due to ethical issues (John et al. 2011). What is more, genetic manipulation
cannot be carried out and high-throughput screening is inefficient and expensive
(Li et al. 2020). Furthermore, because the tumours are grown in different species
it has been argued that the models do not entirely mimic the tumour-host
interactions as these might differ across species. Additionally, mice used for
xenografts are immunocompromised, which means the tumour interactions with
the immune system, which play a very important role in the study of cancer, are
completely lacking in these models. It has been also argued that murine models
cannot represent the human physiological processes as they are profoundly
different, as the metabolism of mice differs to that of humans. Lastly, mice in
laboratories are inbred which reduces genetic diversity, which is essential for
studying disease onset, treatment response, and patient diversity (Kim, Koo and

Knoblich, 2020).

1.8.3. Organoids

As the need for a more accurate human-based model increased, there have been
several attempts to create new models. Prior to establishing organoid cultures,
different attempts to introduce a three-dimensional (3D) model have been made,
such as spheroid cultures, human cells bio-printing, and ‘organ-on-chip’
technology. Although, all of these can be considered to be useful models,
organoids have been found to be superior due to their specific properties.
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Firstly, out of the differentially expressed genes we have identified 17 genes that
are known to be commonly mutated in colorectal cancer. As the shift in
expression could be noticed between irradiated and control samples there was
no clear pattern. The biggest differences between control and irradiated
organoids were an increased expression of the SMAD4 (adjusted p-value =
0.0117) gene in control samples and increased expression of SMAD7 (p-value =

0.0001) in irradiated samples (see Figure 5.16).
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Figure 5.16 - Differentially expressed gene in Colon Cancer Pathway.

A) Heatmap representing differentially expressed gene between control (green) and irradiated
(purple).

B) Differential expression of SMAD4 between two groups.

C) Differential expression of SMAD7 between two groups.

Next we have investigated genes with higher expression in irradiated samples
and identified 26 genes with significantly increased expression (Figure 5.17 A).
Among these we saw NDRG1 and CDCA7, a N-Myc family member and a direct

target gene of c-Myc. We also identified genes involved in the apoptosis pathway
193



such as BCL2L 14 and TRIB3. Furthermore, genes linked to hypoxia and the
HIF1A pathway (VEGFA and ALDOC) were also found upregulated in irradiated
samples. We also found SCD, a gene responsible for metabolic control, and
CCDC121, a gene whose function is not yet clearly described, to be upregulated
in the samples that have received radiotherapy. Additionally, increased gene
expression was more pronounced for the S302389 irradiated sample than the
other two lines. This was particularly true of VEGFA, ALDOC, SCD, TRIB3, and

NDR1. See Table 5.8 for the list of genes.

Table 5.8 - List of genes upregulated in irradiated organoids.

Gene name p-value Adjusted p-value
ALDOC 5.78x10°%7 8.22 x10°%
BCL2L14 2.18 x10% 5.60 x102
CCDC121 1.95 x10°%4 5.09 x1002
CDCA7 4.89 x10°% 8.95 x1092
NDRG1 1.20 x10°% 1.44 x10°%3
SCD 2.80 x10°% 1.40 x10°2
TRIB3 3.07 x10% 6.97 x102
VEGFA 3.71 x10% 7.85 x102

We have also investigated genes with higher expression in control samples and
the analysis highlighted 68 significant genes (Figure 5.17 B). Among the genes
with elevated expression in the control sample population were genes involved

in cell metabolism, cell differentiation, cell cycle progression, and apoptosis. All
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samples had high expression of ZCCHC12 (a downstream effector of BMP
signalling), LBH (which is a regulator of the Wnt pathway), and MSH4.
Furthermore, we also identified WDR49, BIRC3, and TNFAIP3 genes, which are

involved in apoptosis.

As previously seen, the colon organoids’ expression was found to be more
distinct in comparison to the other organoid samples. Finally, it was observed that
there was higher expression in certain genes, particularly in sample S302389.
Among these genes we have highlighted MUC4, MMP7, CXCL1, NGFR,

TM4SF20, and MUC17. See Table 5.9 for the list of genes.

Table 5.9 - List of genes upregulated in control organoids.

Gene name p-value Adjusted p-value
BIRC3 4.51 x10% 4.15 x10%
CXCL1 4.27 x10°%4 8.35x10
LBH 4.09 x10%8 1.28 x10%4
MMP7 8.19 x10% 6.10 x103
MSH4 5.86 x10%* 9.95 x10°2
MuUcC17 2.57 x10%4 6.32 x10%2
MUC4 2.24 x10°% 1.25 x10°9?
NGFR 2.97 x10°% 1.40 x10°2
TM4SF20 9.10 x10%7 1.19 x10°%®
TNFAIP3 1.94 x10°%7 3.75x10%
WDR49 4.73 x10°% 2.00 x102
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Figure 5.17 - Differential expression of irradiated and control organoids.

A visual representation of upregulated genes in irradiated samples (A) and control samples (B).
IR- irradiated, Con- control.

Finally, we identified significant pathways with GSEA. Among these significant
pathways were the Ras signalling pathway and MAPK signalling pathway. See

Table 5.10 for the list of top 10 significant pathways.
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Table 5.10 - Top 10 enriched pathways for organoid RNA experiment.

Pathway pSetRank Adjusted p-value
Lysosome 0.001 2.58 x10°'®
Cell adhesion molecules (CAMSs) 1.000 2.58 x10°1®
Ras signalling pathway 0.015 2.58 x10°'®
Cholinergic synapse 0.000 2.58 x10°1®
MAPK signalling pathway 1.000 2.58 x10°1®
Phosphatidylinositol signalling system 1.000 2.58 x10°1®
Biosynthesis of unsaturated fatty acids 1.000 2.58 x10°'®
Insulin signalling pathway 1.000 2.58 x10°1®
Rap1 signalling pathway 1.000 2.58 x10°'®
Progesterone-mediated oocyte maturation 1.000 2.58 x10°1®

5.4.Single-cell sequencing

5.4.1. Short term effects of irradiation

We went on to investigate the changes in expression caused by the irradiation
treatment with single-cell RNA Sequencing. We first selected one line of
organoids to test. We took a control sample from the S292064 line, and a sample
from the same line that had received 25Gy irradiation in 5 fractions over 5 days.
The cells were processed 96 hours after the delivery of the last irradiation dose
as in the other irradiation experiments. The initial data exploration was performed
by looking at the t-distributed stochastic neighbour embedding (t-SNE) plots for

control and irradiated cells. The control organoid cell population consisted of
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1380 cells, and we have distinguished 5 different clusters of cells. In contrast,
only irradiated organoids data consisted of 465 cells that would cluster into two

different populations (see Figure 5.18).
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Figure 5.18 - t-SNE plots of single-cell sequencing data for short-term irradiation
effects exploration.

A) Population of cells in the control organoids show 5 different cell population clusters, B)
Population of cells in the irradiated organoids show two different cell population clusters

The first cluster of cells (blue) in the irradiated organoids sample characterised
with the expression of mitochondrial DNA genes associated with cell death. In
comparison, the second cluster markers were only two genes: MALAT1 and
FTH1. As the results of the short time effects were not insightful and for the
irradiated cells we could observe the populations of dying cells and recovering

cells, we did not perform any further analysis and modified this experiment.
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5.4.2. Long term effects of irradiation

RNA sequencing analysis from organoid data did not highlight the driving
mechanisms of radioresistance; however the retrospective study data was
indicative of radioresistance drivers. Therefore, we tried to replicate the long term
effects of irradiation with organoids, as we maintained the organoids in culture
after their short course radiotherapy treatment. S292064 organoids were
irradiated with short course therapy and further expanded after the treatment.
Then, both the control line (S292064) and the new, expanded irradiated line
(S292064IRR) were processed for single-cell sequencing. This was also done for
remaining lines: S302389, S309884, and S345653. Note, however, that only the
S302389 line further expanded after irradiation treatment — establishing the
S302389IRR line. Due to not being able to expand the S309884 and S34563
lines after irradiation treatment, we did not perform single-cell sequencing on
those samples. The output sequencing data was analysed by Professor Chris

Yau and Professor Andrew Beggs.

Firstly, the analysis of both control organoid lines were compared with the “IRR”
lines to see the differential expression at the single-cell level. The Uniform
Manifold Approximation and Projection (UMAP) plot in Figure 5.19 shows the
different cell population clusters for control and irradiated organoids. As
expected, the clusters overlap as the cells come from the same patient lines.

However, we also observed a few differences. Organoids that had received
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irradiation treatment and continued to grow had less dead cells, and showed cell

clusters that consist of dying tumour cells.
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Figure 5.19 - UMAP representing difference in cell populations between control
and irradiated organoid cells.

Additionally, from Dr Yau’s data analysis we were able to conclude that organoids
that received and survived the irradiation treatment displayed an upregulation in
DNA repair activity and arrested cell cycle (see Figure 5.20 A). Furthermore,
when comparing the resistant line to its naive counterpart the mTOR activity is

upregulated in the S292064IRR line (see Figure 5.20 B).
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Figure 5.20 - Differential Pathway Analysis results for S292064IRR organoid line.

A) Plot representing two pathways that have been differentially expressed between control and
treated organoids.

B) A differential expression between control and treated cells for significantly differentiated
pathways.

5.5.Discussion

5.5.1. Irradiation response

We have shown that all of the generated organoid lines respond to irradiation.
Moreover, there are differences in response between individual lines. It was
observed that lines established from cells that have not been previously exposed
to irradiation have responded significantly better in comparison to the lines that
have been previously irradiated, with the exception of the S302389IRR line. Both
of the rectal lines used for this study came from patients that have received neo-
adjuvant radiotherapy, therefore the organoid lines came from cells that have
been previously exposed to irradiation. Both of these lines responded less to
irradiation compared to the lines that came from sigmoid and colon cancer
patients (which have not received irradiation prior to tumour resection). This was
expected as previous cell exposure to radiation therapy would select for a

population of cells that are resistant to the treatment (Sato, Shimokawa and Imai,
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2019). Interestingly, the S292064IRR line — a new line generated in the laboratory
by irradiating the sigmoid line (S292064) — showed similar resistance to
radiotherapy treatment as the rectal lines. Though this significant difference
between the naive S292064 and S292064IRR lines was observed, there was no
significant difference in the response between the S292064IRR line and the rectal
lines, suggesting that the lab generated resistant line has a similar response
when compared to patient resistant lines and therefore being clinically relevant
posing as a good model for studying radiation response. On the other hand, the
response of the “resistant” S302389 line (S302389IRR) did not significantly
change in comparison to its naive analogue. We believe that the lack of shift in
treatment response could be due to the specific genetic profile of the line. The
colon line has a PIK3CA missense mutation, which is one of the proposed
candidates for radiosensitivity markers. Alteration of this gene has not been
detected in S292064 organoids further supporting this hypothesis. Nevertheless,
the S345653 line also has a PIK3CA mutation, yet has a poor response to the
treatment (both organoids and patient responded to neo-adjuvant long-course
radiotherapy). However, it also has a KRAS mutation which has been linked to
driving radioresistance (Yang et al. 2021) — it is possible this could overcome the

potential radiosensitivity caused by the missense mutations of PIK3CA.
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5.5.2. Irradiation causes changes to DNA

The whole genome analysis of the control and irradiated organoids showed that
the equivalent of short-course radiotherapy has an effect on the whole genome.
We have found CNVs across all chromosomes. It is known that radiation causes
double strand breaks in DNA and results in DNA damage (Vignard, Mirey and
Salles, 2013). It has been shown that exposure to irradiation treatment causes
copy number variation burden with duplications and deletions. Both large (>20bp)
and small (<20bp) deletions have been found in the analysis of post irradiated
DNA, and the unique deletion signature has been associated with the irradiated
samples (Kodaira, Asakawa and Nakamura, 2017; Kocakavuk et al. 2021). In this
chapter we demonstrate that irradiation of cells results in whole genome

alterations and a large number of deletions.

In addition to CNVs we have also found mutation patterns, where the same SNVs
were detected in all irradiated samples. The mutations were found in genes
involved in main cell signalling pathways. SPINKS is involved in the cell adhesion
pathway and contributes to cell integrity. We have also detected mutations in
ACVR2B, ACVR2A, and KIAA1324L genes, that all play role in BMP signalling.
ACVR2A and ACVRZ2B are type Il receptors that with type | receptors form a
transmembrane heterotetrametric receptor complex that can bind ligands such
as BMPs or activin. It has been shown that type |l receptors can phosphorylate
type | receptors which can activate SMAD signal transduction as well as PI3K,

Rho or p38 (Valer et al. 2019). KIAA1324L regulates the BMP signalling pathway
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(NCBI, 2022) although not much information regarding this gene exists in the
literature. Additionally, pathogenic mutation of RAF1 was also found. RAF1 plays
an important role in ERK1/2 signalling, where it can cause growth arrest and
differentiation (Reusch et al. 2001). Furthermore, RAF1 has been known to
interact with Akt, where it can be inhibited by Akt phosphorylation (Moelling et al.
2002). Affected genes have been involved in TGF-B signalling which has been
shown to mediate EMT, which in turn has been proposed to drive radioresistance
(Xu, Lamouille and Derynck, 2009; Farhood et al. 2020; Sato, Shimokawa and

Imai, 2019).

5.5.3. Short-course radiotherapy causes cell cycle arrest

Several studies have looked at the effects of radiation therapy on DNA
methylation. Kim et al. (2010) compared methylation patterns in two cancer cell
lines (resistant and non-resistant) and identified methylation differences in 1091
genes. Antwih et al. (2013) investigated DNA methylation patterns at different
time points following treatment and found that DNA methylation patterns change,
where cell cycle arrest was observed 24 hours post-irradiation and cell
senescence was significant 72 hours post irradiation. Other studies showed that
irradiation can results in either hypomethylation or hypermethylation depending
on the organ (Miousse, Kutanzi and Koturbash, 2017). In this chapter we have
shown that organoids did not display major changes in methylation patterns after
irradiation treatment. Only 13 genes have been shown to be differentially
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methylated in irradiated organoids. The GSEA showed enrichment in the growth
arrest and apoptosis related pathways; similar enriched pathways were found in

the aforementioned methylation studies.

5.5.4. PI3K genes are upregulated in patients that do not respond to

radiotherapy

Retrospective RNA sequencing of patients that completely responded or did not
respond to radiotherapy revealed differential expression in multiple pathways.
The main genes that have been found to be upregulated in non-responders were
the PIK3CB and PIK3R3 genes from the PI3K family. In addition, FZD6 and
DDIT4 from the mTOR signalling pathway and CCNB2 were found to be
upregulated in the cohort that did not respond to irradiation. The Akt/mTOR
pathway has been described in literature to be upregulated in colorectal cancer
and also has been linked to resistance to radiotherapy (Toulany and Rodemann,
2013; Sato, Shimokawa and Imai, 2019). PI3K/Akt/mTOR has also been linked
to radioresistance in prostate cancer (Chang et al. 2014; Chang et al. 2015).
Additionally, DDIT4 has been shown to be expressed under stress situations
triggered by mTOR (Shoshani et al. 2002). DDIT4 has also been described to
have the ability to drive treatment resistance in cancer. What is more, patients
with overexpression of DDIT4 have been shown to have a poorer survival rate
(Tirad-Hurtado, Fajardo and Pinto, 2018). The fact we have observed
upregulation of DDIT4 in the non-responder cohort correlates with the worse
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survival predictions. Lastly, CCNBZ2 overexpression in non-responders links the
radioresistance to TGF- signalling, which as mentioned before has also been
linked to radioresistance. Interestingly, PIK3R2 was upregulated in patients with

pathCR.

5.5.5. Irradiated organoids overexpress SMAD7

Following retrospective RNA analysis, the impact of short-course therapy on
organoids and their transcriptome was investigated. With differential analysis we
have observed that irradiated organoids have upregulated SMAD?7 expression.
SMAD? is a key regulator of TGF-R, where it inhibits the activity of this gene and
has been shown to drive tumorigenesis in multiple studies (Zhu, Chen and Chen,
2011). TGF-3 has been shown to have a dual role in cancer progression, as at
early stages it acts as a tumour suppressor gene, but its ability to drive EMT at
later stages makes it pro oncogenic (Massague, 2008). Here we speculate that
overexpressed SMAD?7 is inhibiting the tumour suppressing activity of TGF-[} and
driving the survival of irradiated cells. In addition to SMAD7 and 4 dysregulation
we have observed differential expression in irradiated and control organoids. The
upregulated genes were in irradiated population and were linked to the apoptosis
pathway and hypoxia. Two genes (NDRG1 and CDCA7) that were
overexpressed in irradiated samples have been linked to Myc signalling. NDRG1
is a member of the N-myc family and is involved in stress response and apoptosis
activation (Ellen et al. 2008). As irradiation causes a lot of stress on the cells we
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expected to see upregulation of genes involved in apoptosis and growth arrest.
For the control samples we have observed that the differentially expressed genes
are particularly pronounced in S302389. Interestingly, the lines that best
responded to irradiation were those of colon organoids as well as the
S302389IRR line — a “resistant” line created from the S302389 line. We have
found upregulation of MUC4, MMP7, and ZCCHC12 in control samples. As the
S302389 line is derived from a mucinous colorectal tumour it explains the
elevated expression of mucin. The mucinous subtypes of colorectal cancer have
been linked in the literature to TGF-[ signalling (Fessler et al. 2016). This could
explain the elevated MMP7 and ZCCHC12 genes involved in TGF-R signalling.
Interestingly, in irradiated samples the gene particularly pronounced in S302389
was TRIB3. This gene has been shown to negatively regulate cell survival. What
is more, it has been shown to disrupt insulin signalling as it can directly bind Akt
and block its activation and subsequently inhibit cell survival. This result suggests
that Akt plays a key role in radioresistance. Supporting evidence has been shown
in the literature, where studies showed Akt can drive radioresistance and by
targeting Akt/cyclin D cells can be sensitised to irradiation (Shimura et al 2014;

Shimura et al. 2017).
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5.5.6. Single-cell sequencing reveals mTOR as potential driver of

radioresistance

As final analysis in this chapter we have investigated single-cell RNA expression
of irradiated organoids. Initially, we have performed single-cell sequencing on
organoids shortly after the last dose of irradiation has been delivered. We have
not been able to identify radioresistance or radiosensitivity drivers and we could
only distinguish two cell populations in irradiated organoids — dying cells and
metabolically active cells. The control organoids were shown to be
heterogeneous as we found 5 different cell populations. We suggest that the
experiment was performed too soon after delivery of the last dose. Hence, we
have repeated the experiment for in vitro made resistant organoid lines. The
results showed that organoids after 4-5 weeks of irradiation treatment have a shift
in expression. We have observed differences in cell populations and gene
expression. The main finding is that we identified upregulation of the mTOR
pathway in S292064IRR organoids. Furthermore, we did not observe elevated
mTOR or a related pathway in S302389IRR organoids. With this evidence we
speculate that the mTOR pathway can drive resistance to radiotherapy. Finally,
the single-cell sequencing showed that organoids are heterogenous with different
cell populations. What is more, we observed changes in the cells expression and
cell populations after the irradiation treatment. Chen et al. 2018 investigated the
organoids after chemotherapy treatment with single-cell sequencing and
observed similar heterogeneity of organoids and a shift in expression of clusters

with exposure to treatment.
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Unfortunately, line S345653 did not expand further after irradiation and we could
not obtain single cell sequencing data. Due to time limitations we also couldn’t
obtain the post irradiation WGS and RNASeq for this line to see whether it would

show any dysregulation in the mTOR pathway as well.

5.6.Conclusions

Irradiation causes major disruption to the whole genome and impacts gene
expression. Although, irradiation also has an effect on DNA methylation we did
not observe major pattern changes or disruption to methylation levels in irradiated
cells. Furthermore, with the above evidence we conclude that the upregulation of
mTOR drives resistance to radiotherapy and poses as a potential target for
sensitising cells for irradiation. In our analysis we have also identified TGF-3 to
play a role in radioresistance, however with the dual nature of the gene we
suggest that mTOR is an easier target for improving radioresistance. Finally, we
also showed that Akt and PI3K genes play a key role in response to irradiation.
Based on the described results we suggest that inactivation of Akt favours the
response to irradiation and patients with non-functioning mutant PIK3CA can
rescue the mTOR driven radioresistance. Lastly, although the initial findings prior
to this study suggested FBXWY7 played a role in radioresistance, the results of
this chapter showed no evidence that FBXW?7 influences radiation response.

Therefore, this line of investigation was not further pursued.
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6. RESULTS CHAPTER 4: SENSITISING CELLS TO IRRADIATION WITH

MTOR AND AKT INHIBITORS

6.1.Introduction

Radiotherapy has been used as one of the main non-surgical treatments for
cancer for over a century. Despite being one of the oldest treatments of
malignancies, it is still relevant in current treatment strategies. With time, it has
evolved with more precise dose and delivery (Abshire and Lang, 2018). However,
radiotherapy alone often has not been sufficient as a treatment, and what is more
a lot of tumours become resistant to treatment. Thus, chemotherapeutic agents
have been gradually taking more of a key role in treating cancer. More and more
agents have become available to treat cancer and chemotherapy has taken one
of the main roles in cancer treatments. However, it is often linked to high
cytotoxicity and also treatment resistance has been observed. Hence, the key to
improve therapeutic outcome is a multimodal approach of combination therapy.
Radiotherapy was first combined with a chemotherapeutic agent in the 1970s for
Ewing's sarcoma treatment and already then the results suggested better
outcome with such approach than radiotherapy or chemotherapy alone (Jaffe et
al. 1976). Since then, with more precise radiation delivery and targeted
chemotherapeutic agents, combination therapy started emerging as a key
treatment strategy for certain types of cancers such as rectal cancer. Current

combination therapy regimens for rectal cancer use chemotherapeutic drugs that
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do not selectively sensitise the tumour to radiation, but with their toxicity
combined with radiotherapy can result in a bigger impact killing cancerous cells
(Brunner at al. 2016). Those kinds of agents are referred to in the literature as
radiation modifiers. However, lately there has been a search for radiation
sensitisers — chemotherapeutic agents that on their own will not be toxic, but will
enhance radiation induced cell death of tumour cells once combined with
radiotherapy. Both radiation modifiers and sensitisers are the backbone of
combination therapy as the agent effect on enhancing the results of radiation
benefits the overall therapeutic outcome and can increase the patient’s overall

survival rate (Citrin and Mitchel, 2014).

Knowing that a small proportion of rectal cancer patients do indeed have a
complete pathological response to radiotherapy is encouraging, and with further
research it may be possible to induce the same response in the rest of patients
with poorer response to irradiation. Hence, with the gained knowledge of the
results described in the previous chapter we wanted to see whether combining
certain chemotherapeutic agents could cause the appropriate conditions for

better or complete pathological response for colorectal cancer tumours.

6.2. Aims and methods

Both RNA and DNA sequencing data investigating the effects of irradiation on
cells have highlighted two pathways that appear to play a key role in response to

radiotherapy: the mTOR signalling pathway and the PI3K signalling pathway. As
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chemotherapeutic agents are available that target both of these pathways, we
have tried to test our hypothesis by trying to sensitise cells to irradiation by
inhibiting chosen pathways with a selection of drugs. In this chapter we have
performed drug screens with and without combined radiotherapy and measured
the resulting organoids’ viability. We have tested different concentrations of
mTOR inhibitors: Rapamycin, Everolimus, AZD2014, and an Akt inhibitor — MK-

2206.

6.3.Results

6.3.1. Targeting mTOR

6.3.1.1. Rapamycin and Everolimus

As a first inhibition target we have chosen mTOR as there are two drugs that
inhibit its activity that are already used in the clinic: Rapamycin (also known as
Sirolimus) and Everolimus. Rapamycin and its 40-O-(2 hydroxyethyl) derivative,
Everolimus, are known to be used in preventing rejection of transplanted organs.
Furthermore, both of the drugs have been trialled for the treatment of several
cancers. Additionally, Everolimus has been approved as part of breast cancer,

pancreatic cancer, and kidney cancer treatment.

Firstly, we have cultured organoids in Everolimus for the duration of a short
course radiotherapy treatment (5 days) as we wanted to investigate the impact of

chemotherapy on response to irradiation. Following 3 days after passaging, the
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organoids were plated on 96-well plates laid with Matrigel and suspended in
media containing Everolimus or vehicle for control. Another plate for testing just
irradiation contained just media. The culture media containing fresh concentration
of the therapeutic agent was replaced after 72 hours from starting the experiment.
Organoids were then subjected to short course radiation (5x5Gy). The viability
assay was performed 72 hours after the last dose of irradiation was delivered.
The results have shown that despite increasing concentrations of mTOR inhibitor
there was no decline in cell survival and what is more, cells that were irradiated
while being cultured in media containing drug were shown to have a higher
survival rate in comparison to the vehicle control (Figure 6.1). The results
indicated that inhibiting mTOR with Everolimus would increase the survival of
cells subjected to irradiation based on the increased cell viability. As those results
were the opposite of the initial hypothesis we then decided to perform kill curves
with both Everolimus and Rapamycin and see the organoids’ response to those

mMTOR inhibitors without irradiation.
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Figure 6.1 - Comparison of chemotherapy with combination therapy on
organoids.

Organoids were treated with different concentrations of Everolimus (0.02uM - 20uM) as well as
combination of Everolimus and short-course radiotherapy. Organoid viability was compared after

two treatment approached. 064- S292064, 389- S302389, 884- S309884; Ev- Everolimus
treatment; Ir- Irradiation treatment.
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We have investigated the response of organoid lines to different concentrations
of Rapamycin and Everolimus performing a drug screen assay in which organoid
lines were cultured in media containing increasing concentrations of therapeutic
agent for 72 hours. Organoids were passaged 3 days prior to the experiment, and
then an equal amount of organoids was plated onto 96-well clear bottom plates
that were laid with Matrigel and resuspended in media containing Rapamycin or
Everolimus in different concentrations (drug concentrations tested: 0.02uM,
0.1uM, 0.2uM, 2uM, 10uM and 20uM). Each concentration was tested in triplicate
technical repeats. After 72 hours, the effects of the chemotherapeutic agents

were investigated with a viability assay measuring ATP with chemiluminescence.

For both Everolimus and Rapamycin there was no decline in viability observed
for all of the lines, where in fact the viability did not significantly decrease and
stayed the same across the different drug concentrations (Figure 6.2). This
experiment was repeated 3 times and with each assay we would see that both
Rapamycin and Everolimus are not toxic to organoids. Furthermore, we would

speculate that they might improve their viability.
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Figure 6.2 - Everolimus and Rapamycin kill curves.

A dose dependent response of organoid to different concentration of A) Everolimus (0.02uM -
20uM). and B) Rapamycin (0.02uM - 20uM). The organoids tested were 3 original lines: sigmoid

S292064, colon S302389, and rectal S309884.

We then investigated whether chemotherapy can sensitise the cells to irradiation
by combing the two treatments. As this was a novel approach we have tested
both 1) culturing the organoids in chemotherapeutic agents before irradiation and
2) adding the drug after the last dose of the short course therapy was delivered.

We then compared the responses to see if any of the approaches resulted in a
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better response. For this experiment, we have used the same culturing approach
where organoids that were passaged 3 days prior to the start of the experiment
were plated on 96-well clear-bottom plates laid with Matrigel. In the first condition,
organoids were cultured in Rapamycin for 72 hours followed by replacing the
media with just a culture media and then delivering 25Gy in 5Gy fractions over
the course of 5 days. In the second condition, the 25Gy were delivered first and
then organoid culture media was changed to media containing Rapamycin. For
each condition there was a control plate in which organoids were not subjected
to radiotherapy, but were cultured in Rapamycin for 72 hours. For each condition
the control plate had the Rapamycin added at the same time as the tested
condition, using the concentrations described in Section 2.3.3.3 Table 2.4. The

viability of all organoids was measured and compared.

The results showed that in both conditions, as in the kill curve experiment,
organoid viability was not greatly affected by the increasing concentrations of the
Rapamycin. Furthermore, the viability was not decreased successfully with
delivery of the drug only. However, the combination of drug and irradiation
treatment resulted in lowered viability of the organoids. When comparing the
relative survival rates for both of the experiments, the response to irradiation was
better in the second condition in which Rapamycin was delivered after the
irradiation treatment. However, when the irradiated only control vehicle was
plotted across the graphs as a reference point for each drug concentration, there
was minimal to no difference between radio- and combination therapy in both

cases. The response to only irradiation baseline was applied to the graph after
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reanalysing data a few weeks after the experiment. Without looking at the
irradiation only response, the strategy of delivering irradiation followed by the
drug treatment seemed to have better results. Also, when comparing against the
baseline, it we concluded that there was no clear difference for either condition.
For these reasons, we selected the irradiation followed by drug treatment method

of delivery for future drug screen experiments. See Figure 6.3 for the results.

In addition to the initial experiment’s results we considered the fact that the
combination treatment employed short course therapy as opposed to a clinical
regimen of long-course radiotherapy combined with chemotherapy. We
hypothesised that the agents might have a better effect on the lasting effects of
irradiation post-treatment and prevent cells developing resistance as they are

being sensitised with therapeutic agents.
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Figure 6.3 - Approach comparison of sensitising cells to irradiation with
Rapamycin

1) Organoids treated with combination of irradiation and chemotherapy with drug being delivered
prior to radiation.

2) Organoids treated with combination of irradiation and chemotherapy with drug being delivered
after the irradiation treatment.

The plots show the effects of treatment on organoid viability. The effects of drug only are
represented by the black control line, whereas the effects of the combination of
chemoradiothepray is represented by the red line. The blue dashed line represents a baseline of
response to irradiation only. The organoids subjected to treatments were 3 original lines: sigmoid
S$292064, colon S302389, and rectal S309884.

We then investigated the organoids’ response once again to radiotherapy
combined with mTORC1 inhibitor treatment using the chosen approach of
delivering short course radiotherapy followed by a 72 hour culture in Rapamycin
or Everolimus (see Figure 6.4). Organoids were prepared and plated the same

way as described before. The results showed consistently that inhibiting mTOR
219



with either Rapamycin or Everolimus does not change the survival of organoids
when exposed to the agents. Additionally, organoids cultured in media containing
Rapamycin or Everolimus after irradiation did not display worsened survival, and
in certain cases inhibiting mTOR with the mentioned drugs would desensitise the
cells to irradiation effects, as the observed survival was higher in comparison to
the irradiation only control. Lastly, no difference was observed between organoid

responses to treatments that used Everolimus instead of Rapamycin.
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Figure 6.4 - Sensitising cells to irradiation with Rapamycin and Everolimus.

The plots show the effects of chemoraditation treatment with 1.A — 1.D Rapamycin or 2.A —2.D
Everolimus. Viability of organoids treated with drug only is represented by the black control line,
whereas the effects of the combination of chemoradiothepray are represented by the red line.
The blue dashed line represents a baseline of response to irradiation only. The organoids
subjected to treatments were lines: sigmoid S292064, colon S302389, rectal S309884, and
S292064IRR.
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6.3.1.2. AZD2014

Drug screen combined with irradiation treatment of organoids we have showed
that inhibiting mTOR with Rapamycin or Everolimus is not effective in sensitising
cells to irradiation, and what is more it is possibly makes them more resistant to
the treatment. As both of the drugs inhibit mTOR through blocking mTORC1 only,
this leads to hyperactivation of mMTORC2 and Akt phosphorylation that can drive
cell survival. We speculated that for this reason the organoids’ survival was better
with the drug when exposed to irradiation. Therefore we decided to see whether
blocking mTOR through inhibition of both mTORC1 and mTORC2 would result in
cells being sensitised to irradiation. We have used another chemotherapeutic
drug AZD2014 (Vistusetib), an ATP-competitive inhibitor of mMTOR kinase in order
to test the new hypothesis, which was dual blocking of mMTORC1 and mTORC2

will sensitise cells to irradiation.

Before investigating the impact of AZD2014 on the irradiation effect we have
performed a kill curve experiment, where at the time available organoid model
lines (S292064, S302389 and S309884) were cultured in media containing
increasing concentrations of AZD2014 (0.005uM, 0.01uM, 0.1uM, 1uM), see
Figure 6.5 A. The results showed that with increased drug concentration the
viability of organoids would also increase. However, the S292064 organoid line
displayed a decreasing trend. When other lines (S292064I1RR, S302389IRR and
S345653) became established and available they have also been subjected to a

kill curve experiment to investigate their response. In contrast to the results for
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the original lines, the viability of the organoids decreased with the increase of the

AZD2014 concentrations (Figure 6.5 B).

A. AZD2014 Kill Curve
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Figure 6.5 - AZD2014 Kill curve.

A dose dependent response of organoid to different concentration of AZD2014 (0.001 - 1uM). A)
Kill curve for 3 original organoid lines, B) Kill curve for the remaining, resistant lines.

As the next step, we have investigated the impact of AZD2014 on irradiation
response of the organoids. We have used the same approach for combining

radiotherapy with chemotherapy for organoids as in the previous experiment,
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where we have irradiated organoids with 25Gy in 5 fractions and then cultured
organoids in chemotherapeutic agent for 72 hours after which their viability was

investigated with an ATP luminescence assay; see Figure 6.6 for viability curves.

Exposing organoids to dual mTOR inhibitor after irradiation treatment showed a
promising result of decreased cell viability for all of the lines. When compared to
irradiated only controls, lines S292064, S302389, and S309884 exhibited better
response to treatment with the combination therapy as their viability was
significantly lowered. S292064 organoids viability was lowered by around 20%
across all of the concentration points. For the S302389 colon line we have
observed a decreasing trend in viability together with increasing concentration of
AZD2014 with the highest concentration resulting in 20% decrease in cell
viability. Similarly to the colon organoids, the rectal line (S309884) displayed a
decreasing trend and improved response to treatment varied between 10-20%
depending on drug concentration. The smallest dose of AZD2014 combined with
irradiation was enough for the viability to reduce in comparison to irradiated
control, apart from the S302389 organoids, for which we saw a lowered viability
from the second lowest tested concentration. We have also investigated the
response of the other three lines (S292064IRR, S302389IRR and S345653) to
irradiation combined with the AZD2014 (Figure 6.6 D, E and F). Rectal line
S345653, which displays the resistance traits and was shown to have the poorest
response to irradiation out of all of the model lines, showed improved response
to combination treatment at 0.1uM and 1uM of AZD2014 in comparison to

irradiation only. For the S292064IRR line the response to combination therapy
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was better than irradiation only, whereas for the S302389IRR the viability was
lower than for the irradiation, but only for the last two highest concentration points.
For better visualisation, the control plots were excluded from the graphs. The
viability of all organoid lines cultured in the drug for 72 hours without irradiation
were significantly higher than the viability of organoids that were irradiated only

or irradiated and then exposed to AZD2014.
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Figure 6.6 - Sensitising cells to irradiation with AZD2014.

Organoids treated with combination of irradiation and AZD2014. The viability of treated organoids
with combination of chemoradiothepray is represented by the red line. The blue dashed line
represents a baseline of response to irradiation only. The organoids subjected to treatments were:
sigmoid S292064, colon S302389, rectal S309884, S292064IRR, S345653, and S302389IRR.
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6.3.2. Targeting Akt

As Akt is a part of mTOR signalling and PIK3CA was highlighted multiple times
during our initial biomarker search analysis we have also decided to see the
impact of inhibiting Akt. We have chosen a selective allosteric Akt inhibitor (MK-
2206) to see whether combining it with irradiation will help sensitise organoids to

irradiation.

Before doing combination therapy experiments, we have examined the impact of
MK-2206 alone on organoid lines by performing the kill curve experiment (Figure
6.7). We have observed that small concentrations of the Akt inhibitor would make
the organoids more viable in comparison to the control and then with higher
concentration exposure their viability would decline. However, the viability would
not drop below the relative 100% viability. Once the “resistant” lines became
available, the kill curve was also done to examine the response of those organoid
lines to the Akt inhibitor at different concentrations. Despite no gradual declining
tendency in survival was observed, all of the lines’ survival lowered significantly
and equally with all tested concentration. Due to materials and time constraints

only 4 different concentration points were tested for this kill curve.
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A. MK-2206 Kill Curve
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Figure 6.7 - MK-2206 Kill curve.

A dose dependent response of organoid to different concentration of MK-2206 (0.005 - 10uM). A)
Kill curve for 3 original organoid lines, B) Kill curve for the remaining, resistant lines

We have then proceeded with combination therapy experiments with irradiation
and MK-2206 (Figure 6.8). Response to irradiation of lines $S292064, S302389
and S309884 was improved with the combination of MK-2206 treatment after
short course radiotherapy in comparison to irradiation only. When comparing the
variance in viability between combination of irradiation and MK-2206 treatment

with irradiation only the most distinct difference was line S292064 with a slight

227



decline in viability with increased drug concentration. S302389 organoids also
had a better response to the treatment when combined with the Akt inhibitor, but
with no change in response with different drug concentrations. The rectal
organoids (S309884) also had a better response to irradiation combined with MK-
2206; however the viability would increase with the increased concentration of

the drug in the organoid culture.

Organoids from rectal line S345653 would show a decreasing trend in viability
with the increase of the drug concentration with only the two highest
concentration points causing better response that irradiation only. The
S292064IRR and S302389IRR lines responded better to irradiation treatment

only in comparison to the irradiation with the drug.
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Figure 6.8 - Sensitising cells to irradiation with MK-2206.

Organoids treated with combination of irradiation and MK-2206. The viability of treated organoids
with combination of chemoradiothepray is represented by the red line. The blue dashed line
represents a baseline of response to irradiation only. The organoids subjected to treatments were:
sigmoid S292064, colon S302389, rectal S309884, S292064IRR, S345653, and S302389IRR.

6.4.Discussion

Dysregulation of PI3K/Akt/mTOR signalling pathways has been widely reported
in many cancers, including colorectal cancer, and as a result influences

processes that are directly involved with and drive tumorigenesis (Bahrami et al.
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2017). What is more, it has been often highlighted that such dysregulation of this
pathway is correlated to both chemotherapy and radiotherapy resistance
(Shimura et al. 2014; Sato, Shimokawa and Imai, 2019). Consequently, using Akt
or mTOR inhibitors seems like a promising next step for finding the answer to
cancer treatment resistance. In this chapter we have demonstrated the effects of
several mTOR and Akt inhibitors on colorectal organoids and their response to

radiotherapy.

6.4.1. Inhibition of mMTORC1 is not sufficient to sensitise cells to irradiation

Everolimus and Rapamycin are two established drugs that are already used in
the clinic for several treatment regimens including cancer treatment (Royce and
Osman, 2015; Xie, Wang and Proud, 2016). Additionally, those mTORC1
inhibitors have been in studies on cell line radioresistance, where different cell
lines were subjected to combined treatment of rapamycin and irradiation (Nagata
et al. 2010; Nam et al. 2013; Sato et al. 2017). All of the mentioned studies have
shown promising results of Rapamycin sensitising cells to irradiation. When we
subjected organoids to a wide range of different concentrations of Rapamycin
and Everolimus to investigate the effects of the drug alone on organoid viability,
neither of the drugs had negative effects on organoid survival. The lack of toxicity
on organoids could have been caused by the nature of the tested organoids,
which consisted of tumour cells. The effects of Rapamycin and Everolimus can
differ depending on the cell type (Nyfeler et al. 2011), therefore the often seen
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toxicity in patients that have received mTORC1 inhibitor is caused by the effects
of the drug on different cell types and also on non-cancerous cells (Tee, 2018).
The treatment on its own is not effective against colorectal cancer organoids.
Therefore, we hoped that in combination with irradiation, cells would respond
better to radiotherapy being sensitised by the mTOR inhibition initiated by
Rapamycin/Everolimus. However, we have observed the opposite effect, where
the survival was better or at worst no different to irradiation only. In the previous
studies that have tried using Rapamycin in order to sensitise cell lines to
irradiation, that effect was not observed. In fact there have been reports of
reduced viability of cells after exposure to the drug and irradiation. We speculate
that the different results might be due to the differences between organoids and
cell lines, as 3D structures more closely recapitulate the tumour
microenvironment and hypoxic conditions, which play a key role in treatment
resistance and mTORC1 signalling (Wouters and Koritzinsky, 2008). We
speculate that the observed increase in survival and slight protection from
irradiation effects could be caused by the hyper-activation of the kinase Akt. Both
Everolimus and Rapamycin work through inhibiting mTORC1 which can then
through a negative feedback loop lead to the hyperactivation of Akt, while not
inhibiting MTORC2. This then results in longer cell survival (Kim et al. 2014).
Additionally, it has been shown that hypoxic conditions drive radioresistance
through the inhibition of MTORC1 (Wouters and Koritzinsky, 2008), which

supports our hypothesis about Rapamycin and Everolimus driving cell survival.
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We acknowledge that when comparing the delivery of the drug before and after
irradiation we did not initially plot the irradiation only response, and made
conclusions without considering this base line. We have chosen to deliver the
drug after irradiation, although it might not have been the best approach
concluding from the replotted data. A clinical trial that examined
chemoradiotherapy concluded that the timing of chemotherapy did not determine
the benefit to patients, but the addition of chemotherapy itself was more important
(Bosset et al. 2016). We therefore believe that choosing this approach did not

have a significant effect on our analysis and conclusions.

6.4.2. Dual inhibition of mMTORC1 and mMTORC2 results in partial

sensitisation of cells to irradiation

As mTORCH1 inhibition was not sufficient to have an effect on combination
treatment, another mTOR inhibiting agent was trialled. We selected a highly
selective ATP-competitive inhibitor of mTOR - AZD2014. This therapeutic agent
that is at the clinical trial stage serves to block the mTOR pathway through
inhibiting both MTORC1 and mTORC2 (Eyre et al. 2014). The S292064,
S302389, and S309884 organoid lines did not display a decrease in viability when
incubated for 72 hours with different concentrations of the drug. In fact, with
higher drug concentrations the viability was shown to increase. As the relative
viability was over 1, this would suggest the addition of the drug would promote
proliferation for these colorectal organoid lines. However, for the S292064IRR,
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S302389IRR, and S3456534 lines, the trend was the opposite and a gradual
decrease in viability was indeed observed. These finding are important as they
validate the hypothesis that the resistant lines have dysregulated mTOR/Akt
pathway and by targeting it with mTOR inhibitor we can rescue the resistance to
treatment. When organoids were treated with a combination of radiotherapy
followed by the AZD2014 treatment we observed improved treatment response
for the S292064, S302389, and S309884 lines whereas the rest of the lines did
not have better response than to irradiation only. For the S302389IRR line, which
would respond fully to irradiation only, the AZD2014 treatment caused the
resistance to radiotherapy. The lack of effect from AZD2014 on the rectal line
could be caused by the presence of a KRAS mutation in the G12 codon (mutation
p.Gly12Asp). Ali et al. (2017) showed that AZD2014 is not effective against the
KRAS mutant cells, particularly displaying the G12 or G13 alterations. In this
study, the effect of other mTOR inhibitors on tumours with KRAS driven
therapeutic resistance were investigated. In contrast to the ineffective AZD2014,
the results showed that Rapamycin would result in resistant clones’ growth
inhibition (Ali et al. 2017). Although the line was not available when the initial
Everolimus and Rapamycin screens were performed, we carried out a 2 week
screen of Rapamycin and AZD2014 for the rectal lines and the S292064IRR
resistant line where we observed the effect of reduced viability after exposure to
Rapamycin in S345653 rectal organoids. The remaining lines did not reduce in
viability. The results for these experiments did not provide any further insight over

the results captured in Section 6.3, and therefore this line of investigation was not
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further pursued. Full results can be found in Appendix E. Furthermore, AZD2014
did also result in a decrease in viability in these organoids, as well as the
remaining lines. This kind of effect on the line was partially concordant with the
findings of Ali et al. (2017). AZD2014 showed no significant effects on KRAS
mutated cells in the Ali et al. study, but the organoids have had a decrease in cell
viability. This could have been caused by the 2 week exposure to the drug;
however the 72 hour assay showed a similar viability decrease in the S34563
line. Due to study time limitations and a lack of more organoid lines with KRAS
mutations, we were not able to investigate the effects of adding radiation.

However, this would be an interesting study to pursue in the future.

6.4.3. Inhibition of Akt partially sensitises cells to irradiation

Organoids treated with increasing concentrations of MK-2206 did not display a
reduction in viability, and for the “non-resistant” lines the viability seemed to
increase within lower drug concentrations and stayed unchanged for the resistant
lines. However, when combined with irradiation similar results to combination
therapy with AZD2014 were observed. For lines S292064, S302389, and
S309884 there was clear evidence that the cells’ viability decreased more once
the drug had been added after the last dose of irradiation. For certain lines the
effect would reduce with an increase of drug concentration which could suggest

that dosing may play a critical role in the combination treatment. Although, the
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response did not improve for line S302389IRR with combination of MK-2206 and

irradiation, no drug-induced radioresistance was observed.

Inhibiting Akt with MK-2206 showed similar results as to using AZD2014 when
combining those agents with irradiation, where we were able to sensitise certain
lines to irradiation with combination therapy. With those results we speculate that

blocking one pathway is not sufficient to fully sensitise cells to irradiation.

6.5.Conclusions

We conclude that combining Everolimus or Rapamycin with radiotherapy as a
treatment is not effective and does not result in better response to irradiation. The
results show that both mTOR and Akt plays a key role in driving short term (and
possibly long term) resistance to radiotherapy and pose as a good target for
therapy. We also speculate that in order to sensitise the cells to irradiation effects
and overcome the anti-apoptotic behaviour of cells driven by the dysregulation of
mTOR/Akt pathway, a simultaneous inhibition of both Akt and mTORC1/2 is
required. However, more research needs to be carried out looking into combining
mTOR and Akt inhibitors and studying the expression to understand further

whether certain lines respond differently.
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7. DISCUSSION AND CONCLUSIONS

7.1. Organoids pose as a good model for studying irradiation and

modelling patients’ response to treatment

Prior to this study, organoids had started to emerge as a new and promising
model that could be utilised for studying cancer and other human diseases.
However, not many studies had been made available with organoids being used
to model response to radiotherapy. In this thesis | described how we have used
organoid derivation methods in order to establish organoids in our laboratory and
use them to model response to irradiation. Furthermore, | have demonstrated that
organoids are representative of patients’ tumours as their pathological and
molecular characteristics match those of the colorectal tumour. With the
molecular characterisation of the derived organoid lines, we have demonstrated
that derived organoid lines carry a mutations burden that is typical for colorectal
cancer. What is more, using single-cell sequencing we have demonstrated that
organoids are heterogeneous, just like primary tumours. Finally, we have showed
that lines are different and when exposed to irradiation display an individual

response.

Since the start of this project, studies utilising organoids for modelling
radiotherapy and patients’ response have been published and they demonstrated

the same as we have in this thesis — that organoids are representative models
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for predicting patients’ response to radiotherapy (Driehuis et al. 2019; Yao et al.

2020).

7.2.mTOR/Akt pathway plays a key role in driving radioresistance

The wide variety of sequencing experiments performed in support of this thesis,
including whole genome sequencing, total RNA sequencing, and single-cell RNA
sequencing, revealed that the PI3K/Akt/mTOR pathway is dysregulated in
treatment resistant samples. Furthermore, we have also correlated that to a
retrospective RNASeq analysis that also highlighted mTOR and PI3K genes to
be upregulated in patients that did not respond to radiotherapy. With this
evidence we have used a range of mTOR inhibitors in order to sensitise cells to
irradiation. A single inhibition of mMTORC1 with Rapamycin or Everolimus was not
effective and did not sensitise cells to irradiation, as we proposed this resulted in
Akt-driven cell survival. The inhibition of mMTORC1 and mTORC2 through
AZD2014 showed that cells partially get sensitised to irradiation. The KRAS
mutant line did not get sensitised with AZD2014, which suggest that the presence
of a KRAS mutation further drives resistance. The literature supports this, as

KRAS has been linked to radioresistance (Yang et al. 2021; Zhao et al 2021).

As the sequencing results also showed the dysregulation of PI3K and Akt genes,
the organoids have been subjected to chemoradiotherapy using MK-2206, an Akt
inhibitor. We have observed sensitisation to radiotherapy in selected lines

following this method, but the resistant lines did not exhibit an improved
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response. We speculate that the inhibition of mMTOR or Akt alone is not sufficient
for sensitising cells to radiotherapy. We believe using a combined mTOR and Akt
inhibition approach would result in improved response. Another PhD candidate
in the laboratory has been able to demonstrate with his preliminary results that
using Dactolisib, a dual mTOR and PI3K inhibitor, results in radiosensitivity of
organoids, though this work is not yet published. In the literature, we have found
studies that showed increased radiosensitivity after inhibition of both mTOR and
PI3K (Zhu, Fu and Hu, 2013, Kuger et al. 2014; Miyasaka et al. 2015; Chen et al.
2019). Additionally, many clinical studies are being conducted with dual
MmTOR/PI3K inhibitors as they show promise to tackling the resistance

mechanisms (Yang et al. 2019).

7.3.Radiosensitivity markers

One of the main aims of this study was to identify radiosensitivity biomarkers that
would help with patient stratification. When starting this study we had two
potential candidates for radiosensitivity markers: inactivating mutations of
PIK3CA or FBXW?7. Our results did not reveal FBXWY7 as a potential candidate;
therefore we did not proceed with it and suggest that the mutations could occur
with PIK3CA. However, we have observed in the analysis an upregulation of PI3K
genes in the non-responder cohort, as well as upregulation of the Akt pathway in
organoids. The combination assays of Akt inhibitor MK-2206 and radiotherapy
showed partial radiosensitivity of the non-resistant lines. We have showed more
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supporting evidence that inactivating mutations in the PIK3CA gene can be good
candidate for predicting favourable response to radiotherapy. Nevertheless, more

studies need to be done in order to validate this.

7.4. Study limitations

There have been a number of limitations in this study. Firstly, radiotherapy is
applicable only to rectal cancer tumours, and it is not administrated for colon or
sigmoid tumours due to their anatomical position. In this study we wanted to
investigate the effects of radiotherapy on rectal cancer cells, but due to limited
sample availability we have expanded the patient recruitment to all colorectal
resections for organoid derivation. Furthermore, the sample size for the
experiments performed was small, which particularly had an impact on RNA
sequencing analysis and methylation array analysis. Due to the small sample
size, we only had one organoid with KRAS mutation, which has limited our ability

to conclude the effects of mutated KRAS on mTOR-driven radioresistance.

Although we showed that organoids are representative models for studying
cancer and modelling response to irradiation, we are aware of the limitations of
organoids. The microenvironment component of tumours where immune cells
and blood vessels are present are important to tumour biology, and consequently

can play a role in treatment response.
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Finally, one of the main study limitations was time. Though western blot analysis
was attempted, due to time limitations it was not possible to finish troubleshooting

the method in time to run protein analysis.

Finally, in this thesis we have explored the irradiation effects 96h after the last
dose was delivered to organoids, with the exception of the single-cell sequencing
experiments. Clinical data suggests that the long intervals between the
radiotherapy and surgery is beneficial for the patient as irradiation effects can
take long period of times (Francois et al. 1999; Tseng et al. 2019). Due to the
nature of organoids derived from adult stem cells/ cancer cells and time
constraints of this PhD we have not fully explored the long term effects that

radiotherapy has on organoids.

7.5.Future direction

In this study we have used 3 organoid lines for sequencing analysis and 4 lines
for chemoradiotherapy response investigation. Although the organoid lines were
different, only one line had a mutant KRAS. The responses of the KRAS mutant
line S345653 show that more research needs to be done to understand whether
or not mutations in this gene can further drive radioresistance and cause the
inhibition of the mTOR pathway. This could be investigated with recruiting
patients with wilt type KRAS and patients with mutant KRAS and performing a

combination of chemoradiotherapy assays.
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In this thesis | have mainly investigated the short-term effects of irradiation on
organoids. However, resistance mechanisms have been detected with
sequencing analyses that have been performed on established radioresistant
samples (retrospective data and single-cell sequencing 5 weeks post irradiation).
Total RNA sequencing of the larger organoid cohort 5 weeks from delivery of the
last dose would be beneficial and insightful. By establishing each organoid line’s
response to radiotherapy, it would be possible to compare against the

retrospective data to validate our findings.

Finally, CRISPR/Cas9 gene editing could be employed in order to validate our
speculation about inactivating mutations of PIK3CA. This could be achieved by
performing a series of assays with a knocked out PIK3CA gene in organoids and
subjecting them to irradiation and chemoradiation. In addition to this, drug assays
with mTOR or mTOR/Akt inhibitors could be done on the knock out and WT lines

to see if the effects are enhanced.

7.6.Final Conclusions

To summarise we have found patient-derived organoids to be a representative
model of patients with colorectal cancer as they displayed characteristics of
patient tumours. What is more we conclude that organoids serve as an
appropriate model for modelling patient’s response to radiotherapy and combine

radio-chemotherapy. We also conclude that dysregulation of mMTOR and Akt
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driver to radioresistance. Finally, we suggest that inactivation of PIK3CA can be

indicative of good response to irradiation
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9. APPENDIX A

Standard Operating Procedure: Organoid Derivation

. Place the resection tissue on the sterile Petri dish

. Cut tissue into small (approximately 1cm) pieces with sterile scalpel

. Using forceps, place the small section of the tissue into the 50ml falcon tube
containing 20ml of ice cold PBSO supplemented with 0.1mg/ml Primocin

. Wash tissue by vigorous shaking of the falcon tube

. Repeat the wash steps with fresh PBSO/Primocin solution until the
supernatant is clear

. Using forceps, move the tissue pieces to sterile 5ml tube containing 1ml
appropriate dissociation solution (Gentle Dissociation Buffer with 0.1mg/ml
Primocin for normal healthy tissue; Tumour Dissociation Buffer for tumour
tissue)

. Using Castro-Viejo scissors cut the tissue into very small pieces

. Incubate at 37°C in the organoid culture incubator for 30 minutes (if normal
healthy tissue) or 1 hour (if tumour tissue) (mix by inverting the 5ml tube up
and down every 15 minute during the incubation)

. Take 10-20ul of the suspension and pipette onto glass slide and investigate
the digestion level under light microscope. If single cell digestion for tumour
cells have been achieved or crypts are visible proceed to next step, if not
extend the incubation for 10 minutes.



10.Pass the suspension through 50uM strainer (for normal healthy tissue
suspension) or 20uM (for tumour tissue suspension)

11.Move to 15ml Falcon tube

12.Add 5ml of ice cold PBSO

13. Centrifuge at 300xg for 5 minutes

14.Remove and discard supernatant

15.Wash with 5ml of PBSO

16. Centrifuge at 300xg for 5 minutes

17.Remove and discard supernatant

18.Resuspend the pellet in 100% Matrigel (estimate the volume of Matrigel based
on the pellet size)

19.Plate 50ul of cell-Matrigel suspension into each well of preheated 24-well
plates

20.Place the plate inverted at 37°C in the organoid culture incubator and incubate
until the Matrigel polymerises (5-15 minutes)

21.Add 500ul of Human IntestiCult with 0.1mg/ml Primocin into each well with
plated cells

22.Place in the organoid incubator at 37°C and 5% CO:



10.APPENDIX B

Table with list of all filtered SNVs for the whole genome sequencing data

Gene Name Consequence Protein Position Amino Acids  CADD
Amino Acid Change score

SPINK5 Stop gained 646 cr* 47
ARAP2 Stop gained 1617 E/* 43
ZNF568 Stop gained 538 Kr* 41
FXR1 Stop gained 376 R/* 40
PITX2 Stop gained 51 Kr* 39
NCKAP5 Stop gained 1654 cr 38
APC Stop gained 1450 R/* 37
KIAA1324L Stop gained 114 E/* 37
KCNMA1 Missense variant 855 R/W 33
SYNDIG1 Missense variant, 206 E/D 33

splice region

variant
RGS6 Missense variant 463 R/C 32
SMAD2 Missense variant 321 R/Q 32
FBN2 Frameshift 2832 I/X 32

variant
MMAB Missense variant 190 R/H 30
DLGAP1 Missense variant 38 R/Q 29.7
PTPRK Missense variant 1202 ANV 29.6
PCDH10 Missense variant 34 V/IM 29.3
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11.APPENDIX C

1. AP2S1 2. ARF4 3. C3orf31 4. cg10213457
Boxplot for cg01358551 Boxplot for cg08081407 Boxplot for cg03169527 Boxplot for cg10213457
5.COX7A2 6. LIN54 7.1L0C100302652 8. NUP107
Boxplot for cg17438055 Boxplot for cg01882498 Boxplot for cg03390569 Boxplot for cg14121014
9. PAFAH2 10. PHLDB2 11. RDH10 12. ZNF187 13.ZNF827
Boxplot for cg04108612 Boxplot for cg05957736 Boxplot for cg17662034 Boxplot for cg04861640 Boxplot for cg22355463

Beta_Value

Beta_Value
Beta_Value

Box plot diagrams for significant differentially methylated genes. Individual diagrams for each significant differentially methylated gene from the methylation
array analysis. C — control organoids, T- irradiated organoids



12. APPENDIX D

Retrospective RNA Sequencing Sample Information

# | Sample_name | NCRT_Response | Patient | Source

1 | B11 Comp_Resp R2 Tumour
2 | B12 Comp_Resp R6 Tumour
3 |ES8 Comp_Resp R3 Tumour
4 | E9 Comp_Resp R7 Tumour
5 | G8 Comp_Resp R4 Tumour
6 | G9 Comp_Resp R8 Tumour
7 |16 Comp_Resp R9 Tumour
8 |J5 Comp_Resp R5 Tumour
9 | K6 Comp_Resp R10 Tumour
10 | L5 Comp_Resp R1 Tumour
11 | A13 Non_Resp 22 Tumour
12 | B10 Non_Resp 13 Tumour
13 | B3 Non_Resp 11 Tumour
14 | B6 Non_Resp 18 Tumour
15 | B7 Non_Resp 6 Tumour
16 | B8 Non_Resp 8 Tumour
17 | B9 Non_Resp 7 Tumour
18 | C13 Non_Resp 23 Tumour
19 | D Non_Resp 14 Tumour




20 | D10 Non_Resp 1 Tumour
21 | E10 Non_Resp 10 Tumour
22 | E4 Non_Resp 4 Tumour
23 | F3 Non_Resp 16 Tumour
24 | F6 Non_Resp 19 Tumour
25| G Non_Resp 5 Tumour
26 | G10 Non_Resp 25 Tumour
27 | G7 Non_Resp 20 Tumour
28 | H4 Non_Resp 21 Tumour
29 | H5 Non_Resp 2 Tumour
30 | H6 Non_Resp 17 Tumour
31| 14 Non_Resp 3 Tumour
32 | J7 Non_Resp 26 Tumour
33 | K1 Non_Resp 9 Tumour
34 | K2 Non_Resp 12 Tumour
35 | K4 Non_Resp 15 Tumour
36 | P1 Non_Resp 24 Tumour




13.APPENDIX E

2 weeks drug screen Rapamycin
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2 week drug assay kill curves. Resistant organoid lines have been subjected to
two week drug screen with decreasing concentrations of A) Rapamycin or B)
AZD2014. The concentrations used for both of the drugs were 0.001, 0.002, 0.02

and 0.2 uM.



