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Summary

Purpose: Late-stage colorectal cancer (CRC) is currently treated with
neoadjuvant chemoradiation therapy (NACRT), however, responses are not
uniform. The PI3K and MAPK pathways have been implicated in tumourigenesis,

poor patient outcomes and resistance to chemoradiation therapy (CRT).

Methods: Whole-exome sequencing and mutational analysis were carried out on
pre-treatment tumour biopsies from locally advanced rectal cancer (LARC)
patients (n=26). LARC patients (n=66) were monitored for circulating tumour cells
(CTCs) and mutational variations in blood and tissue samples taken before, during
and post-NACRT. A panel of PI3BK/MAPK™" CRC cell lines were treated with the
PI3K inhibitor copanlisib, and/ MEK inhibitor refametinib in proliferation assays;
and treated with various combinations of radiation, 5-FU chemotherapy, copanlisib
and/or refametinib in clonogenic assays. BALB-C mice were implanted with CRC
cell lines (n=4) and treated with copanlisib, and / CRT, and monitored for tumour
growth.

Results: Whole-exome sequencing detected PI3K and MAPK pathway mutations
in 88.5% of samples, including KRAS (15.4%), BRAF (11.5%) and PIK3CA
(11.5%); with BRAF and PIK3CA mutations identified exclusively in non-
responders. CTCs increased during CRT, with CTCs detected in 40% and 38.1%
of samples at week 3 and final week of CRT respectively, compared to 17.1% of
pre-treatment samples. In vitro, copanlisib and refametinib were most effective in
the PIK3CA™" (IC50=28nm), and KRAS™" (ICs,=36nm) cell lines respectively. The
copanlisib-refametinib combination resulted in a synergistic response in 8/10 cell
lines. In 3D clonogenic assays, CRC cell growth was significantly reduced when
treated with copanlisib-CRT (KRAS™"), refametinib-CRT (KRAS™") and
copanlisib-refametinib-CRT (WT, KRAS™", BRAF™ and PIK3CA-KRAS™")
compared to CRT alone. In vivo, copanlisib-CRT significantly reduced tumour
growth and increased overall survival in KRAS™", PIK3CA™" and WT xenografts

compared to untreated controls.

Conclusion: Our results suggest that kinase signalling pathway mutations may
modulate treatment responsiveness and clinical outcomes in CRC. Furthermore,
treatment with PI3K/MEK inhibitors may enhance CRC patient responsiveness to
CRT.
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1.1. Colon and rectum: An overview.

The large intestine is a dense, muscular tube spanning five to six foot in length
and a diameter of approximately 7.5cm. It consists of the cecum, colon (ascending
(right), transverse, descending (left), sigmoid), rectum and anus. The majority of
the large intestine is confined within the peritoneal cavity where it can move
relatively freely. The rectum, meaning ‘straight’ in Latin, joins the sigmoid colon to
the anus. It ranges from ten to twenty cm in length and approximately six cm in
diameter. Unlike the rest of the large intestine, the rectum cannot move and is
instead bound to the intraperitoneal, retroperitoneal and extraperitoneal cavities

via ligaments and muscles (1,2).

1.2. Histology

The colon and rectum are composed of four concentric layers; the mucosa,
submucosa, muscularis externa (propria) and serosa or adventitia. The mucosa
and submucosa are thrown into folds producing ruggae, which increase surface
area, optimising its ability for the absorption of nutrients, and to facilitate post-

prandial extension.

1.2.1. Mucosa

The outermost layer of the intestinal tract, the mucosa is a dense mucous
membrane which is essential to protect the cells from digestive enzymes,
hydrochloric acid and harmful bacteria. The mucosa consists of the epithelium,

lamina propria, and the muscularis mucosa (2).

Epithelium
The epithelial layer is composed of simple columnar epithelium lined with a brush

border. Straight, unbranched tubular glands known as crypts of Lieberkihn open
at the epithelial luminal surface and extend as far as the muscularis mucosae.
There are approximately 10 million highly proliferative crypts in the GIT, each crypt
is lined with:
a) Pericryptal fibroblast sheaths: Consisting of continuously regenerating
population of fibroblasts and myofibroblasts.
b) Stem cells: Highly proliferative, multipotent stem cells are primarily located

along the base of crypts. As they migrate towards the lumen, they
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differentiate into enterocytes, goblet, secretory or endocrine cells; a process
which takes 3-8 days for completion.

c) Absorptive enterocytes: Water and electrolytes are absorbed from the colon
(primarily in the ascending colon), and filtered into the bloodstream.
Absorptive enterocytes are composed of columnar epithelium with basal
nuclei and eosinophilic cytoplasm which predominate the luminal surface.

d) Goblet cells: The colonic walls are lined with mucus secreting cells which
protect against the bacterial fermentation process. Fermentation and gut
microflora convert remaining undigested waste into faeces. Fibre is broken
down in the descending colon, releasing butyrate, propionate and acetate,
which are essential for the cells lining the colon. Goblet cells are typically
located along the base of the glands, and have small, condensed nuclei
which are pushed to the side as a result of mucin accumulation, giving them
their distinctive ‘bubble appearance’.

e) Enteroendocrine cells: The gastrointestinal tract has earned the title as ‘the
largest endocrine organ in the body’ (3), generating over thirty different
hormones. Enteroendocrine cells are scattered throughout the mucosal
lining of the colon and rectum. They contain luminal nuclei and are typically
located along the base of the crypts. They contain small, eosinophilic
granules with secretory proteins, which are released at the basal surface.
These cells secrete numerous hormones including serotonin, somatostatin,
peptide tyrosine tyrosine, glucagon-like peptide 1 and 2, glicentin and
oxyntomodulin. These hormones are crucial for intestinal secretions,

appetite, gastric emptying, enterocyte proliferation, and colonic peristalsis.

Lamina propria

The lamina propria is composed of loose connective tissue which surrounds and
supports the glands. It contains blood and lymphatic vessels, collagen, plasma
cells, leukocytes, and inflammatory cells. The capillaries are ubiquitous whilst the
lymphatic vessels run parallel to the muscularis mucosa. Lymphoid nodules are
known as gut-associated lymphoid tissue (GALT) extend from the lamina propria

to the submucosa. GALT is the largest lymphoid organ in the body (4).
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Muscularis mucosa

The muscularis mucosa is a thin band of smooth muscle and elastic fibres,
composed of inner circular and outer longitudinal layers. It is essential for ruggae

movement.

1.2.2. Submucosa

The submucosa consists of loose connective tissue containing blood and
lymphatic vessels and neural tissue (submucosal plexus of Meissner,
parasympathetic motor neurons, nerve fibres and sensory neurons). The
submucosal plexus of Meissner is essential for regulation and coordination of the

smooth muscle layer contractions and digestive glandular secretions.

1.2.3. Muscularis externa/ propria

The muscularis externa is a thick band of smooth muscle consisting of inner
circular and outer longitudinal fibres. The latter is arranged into 3 bands known as
the teniae coli. The muscles interact with the intramural enteric nervous system
resulting in peristaltic movements to agitate substances through the digestive
tract. These are made of autonomic reflexes, mainly controlled by the myenteric
plexus which is located between the circular and longitudinal smooth muscle

layers.

1.2.4. Serosa/adventitia

The outermost layer of the large intestine differs between the serosa
(intraperitoneal) and adventitia (retroperitoneal). The serosa is composed of a
monolayer of simple squamous mesothelial cells and adjacent fibroelastic tissue.
Whereas the adventitia is a thick network of collagen fibres and loose connective

tissue which adhere the large intestine to adjacent structures.

1.2.5. Recto-anal junction
The epithelium at the recto-anal junction changes from simple columnar to
keratinized stratified squamous epithelium. Crypts decrease in size, eventually

disappearing, as does the muscularis mucosae, resulting in the lamina propria
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adhering to the submucosa. There is an abundance of submucosal veins in the

skeletal and smooth muscle for the anal sphincters.

1.3. Colorectal cancer

Colorectal cancer (CRC) accounts for 12.4% of all invasive cancer cases in
Ireland, rending it the second most common cancer nationally (5). Furthermore,
CRC has the second highest mortality rate in Ireland, constituting 11% of all
cancer deaths (5). Despite efforts to combat cancer worldwide, CRC cases are on
the rise, with a reported 2,775 cases per annum (5), compared to with 1,752 cases
reported in 1994 (6).

The rectum accounts for a mere 9% of the entire length of the large intestine,
however rectal cancer (RC) accounts for 37% of all CRC cases in Ireland (7,8).
Furthermore, between 1994 and 2010, there was a 1.8% increase per annum in
the number of cases diagnosed and a 4.5% increase in the number of deaths per
annum. This has been largely denoted as a result of increasing population size

and age (6).

1.3.1. Colorectal polyps
Chromosomal damage can cause CRC. This can occur as a germline genetic
defect which affects every cell in the body, as in hereditary CRC, or acquired

(sporadic) whereby the damage is localized within the affected cells in the tumour

or polyp.

Adenomatous polyps are the leading cause of CRC. The risk of sporadic polyp
formation increases with age, with ~33% of individuals over 50 years harbouring a
minimum of 1 colonic polyp (9). Factors predicting prognosis include the amount
and size of the polyps and histology; with villous adenomas being the most
aggressive form. The second most common form of colonic polyps is hyperplastic
polyps. These typically do not progress into malignancies, however, there are
increased risks if they are located in the ascending colon, have serrated histology,
or if the individual has a genetic predisposition to CRC. Other colonic polyps
include hamartomatous, juvenile and inflammatory polyps.

Polyp removal occurs through sigmoidoscopy or colonoscopy. Subsequent

histological examination is carried out to determine the histological subtype of the
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polyp if it is benign or malignant, and genetic testing may be carried out to

determine if other family members are at increased risk.

1.3.2. Polyp formation

Chromosomal alterations (either genetic or acquired) accumulate within the
epithelial cells lining the intestine. These mutations alter the cells apoptotic and
maturation abilities, whilst processes such as cellular proliferation remain
unscathed. This results in the production of a localised mass of mutated cells,
known as a benign polyp. If chromosomal damage continues to occur, additional
mutations may result in cell destabilisation, whereby a benign polyp may transition
into a malignant tumour with deregulated proliferative abilities, and potentially gain

the ability to spread and metastasise throughout the body.

1.3.3. Symptoms of colorectal cancer

Precancerous polyp formation and early stages of CRC are typically
asymptomatic. As a result, CRC can be present for years prior to diagnosis.
Symptoms of CRC include changes in bowel movement (e.g. constipation or
diarrhoea), a feeling of incomplete evacuation, abdominal pain, discomfort and
bloating, trapped wind, shortness of breath, weight loss, malaise, fatigue, iron
deficiency (hypochromic microcytic) anaemia, bright red rectal bleeding or blood in
stools. However, many of these symptoms may also be associated with other
bowel disorders such as Irritable Bowel Syndrome (IBS), peptic ulcers,

diverticulitis, Crohn’s disease or ulcerative colitis.

1.3.4. Testing for colorectal cancer

Initial examinations for CRC include a rectal exam, collection of stool samples for
faecal occult blood, and blood tests for anaemia. This may be followed up by
further specialised testing such as a sigmoidoscopy, proctoscopy, colonoscopy,
CT colonography and pelvic MRI. Full staging of the cancer can be further carried
out by CT or PET scanning (with the former used more commonly) (10). Whilst
molecular testing is carried out to detect mutations in mismatch repair proteins and

microsatellite instability genes.
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1.3.5. Staging and differentiation of colorectal cancer

Differentiation of RC is based on histological subtype and staging of the disease.
Histologically over 95% of RCs are adenocarcinomas, which originate in the
intestinal glandular epithelium. The remaining 5% consists of squamous cell
carcinomas, lymphomas and sarcomas (1). Rare forms of adenocarcinomas
include signet ring (1-2%) and mucinous tumours (1). Signet ring carcinomas
have a large amount of mucus within the cell, causing the nucleus to be displaced
and squashed to the side (periphery) of the cell, giving it its classic signet ring

appearance.

Although the majority of CRCs are a result of polyp formation, a small subset of
CRCs forms in the colonic walls. These are known as non-polyposis CRCs, they
are typically more difficult to identify and treat, resulting in an increased chance of
metastasis. HNPCC is an example of a genetic disorder which can result in cancer
with few or no polyps. 80% of people identified with HNPCC develop CRC,

typically at a younger age than their counterparts.

Tumour staging is based upon the TNM grading system which classifies the
tumour based on tumour size (T), the number of positive lymph nodes adjacent to
the tumour (N), and whether it has metastasised (M). The stages of CRC range
from 0-4, as described below in Table 1.1.

T N M
Stage0 Tis NO MO The tumour is contained entirely within the mucosa
(in situ).
Stagel T1/ NO MO The cancer has breached through the mucosal wall
T2 (T21), or mucosal and submucosal walls (T2) of the

colon or rectum.

Stage2 T3/ NO MO The cancer has spread through the muscularis
T4 externa (T3), and possibly adjacent tissue (T4).
Stage3 Any N+ MO The cancer has metastasised to 1 or more local
lymph nodes (N1-3)

Stage4 Any Any M+ Distant metastasis of the cancer to other organs
and, or lymph nodes (M1)

Table 1.1: The stages of colorectal cancer. (11)
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The majority of RC patients present with locally advanced rectal cancer (LARC),
defined by T3 or T4 stage, and/or lymph node-positive status (8). There has been
a steady increase in the numbers of patients presenting with stage Il and Ill cancer
in the rectosigmoid junction and rectum, with 46% of patients presenting with
stage Il or Il between 1995-1999, compared to 52% of patients between 2005 and
2009 (12).

1.3.6. Treatment

RC patients typically present with late-stage disease, locally advanced cancer (8).
The standard treatment for LARC patients is Neoadjuvant chemoradiation therapy
(NACRT), whereby the patient undergoes radiation therapy and 5-fluorouracil (5-
FU) or Capecitabine combined chemoradiotherapy for 6-8 weeks, followed by

surgical resection of the tumour.

A study carried out by the National Cancer Registry Ireland (NCRI) analysed
alterations in CRC treatment regimens between 1995 and 2009. It found a
decrease in treatment with surgery alone from 1995-1999 in both stage 2 (52.5%)
and stage 3 (37.9%), in comparison to 2005-2009 (stage 2 = 37.7%, stage 3 =
16.8%). More strikingly however was the increase in the combination of
chemotherapy, radiation and surgery between 1995-1999 (stage 2 = 2.7%, stage
3 =1.1%) and 2005-2009 (stage 2 = 23.2%, stage 3 = 28.7%). The use of pre-
operative radiotherapy (NACRT) in rectal cancer patients (stage Il/1ll), has
significantly increased between from 5% of cases between 1995-1999, up to 38%
of cases between 2005 and 2009 (12).

In 2004, the German Rectal Cancer Trial which was carried out on 823 LARC
patients, found a direct correlation between NACRT and reduced local relapse
rates and improved patient survival rates in comparison to postoperative treatment
(13,14). Its benefits are most marked when a pathologic complete response (pCR)
is achieved (i.e. when no remaining tumour is identified upon pathological
examination in the subsequent surgical specimen). Currently, only 15-27% of all
LARC patients achieve pCR (15). The remainders have residual disease, varying
from a few scattered tumour cells to large islands of resistant tumour. As a result,

these patients have subsequent high relapse and death rates (16).

40



Chemotherapy

Chemotherapy kills cancer cells with cytotoxic drugs which circulate throughout
the bloodstream. The 2 forms of chemotherapy given for rectal cancer are 5
fluorouracil (5-FU) and Capecitabine. Both drugs are anti-metabolites which

prevent cells from making and repairing DNA.

Side effects associated with both forms of chemotherapy include fatigue; lethargy;
loss of appetite; nausea; vomiting; increased risk of infection; diarrhoea;
breathlessness; thinning or total loss of hair; arrhythmia; pain, erythema (redness)
and desquamation (peeling skin) of palms and soles of feet; thrombocytopenia
resulting in bruising, bleeding nose or gums; sores and ulcers in the mouth;
headaches; problems with eyes include epiphora (excessive tear production), dry,
itchy skin and brittle nails.

5-FU chemotherapy inhibits the thymidylate synthase enzyme, thereby switching
off pyrimidine nucleotide synthesis. It can be given via a bolus or IV infusion.
Patients are more likely to achieve higher acute toxicity if treated with a long
course chemoradiation therapy (18.2%) in comparison to short-course therapy
(3.2%). Additional side effects associated with 5-FU chemotherapy include low
blood pressure problems with the eyes including pain or nystagmus (rapid eye
movements); loss of fertility; and increased levels of uric acid in the blood resulting

in inflamed joints;

Capecitabine is functionally similar to 5-FU, however, it is given orally twice a day.
Additional side effects associated with Capecitabine include anaemia; insomnia;
pain in the arms, legs, abdomen back and joints; fever; deep vein thrombosis;

depression; conjunctivitis and skin sensitivity to sunlight.

Radiation therapy

A linear accelerator (LiNac) emits high energy x-rays which can be customized to
each patient’s needs, depending on the size, depth and shape of the tumour,
thereby reducing damage to healthy tissue. LiNac machines are used for
oncologic radiation therapy. When the radiation enters the body it kills both
cancerous and healthy tissue. Normal tissue can regrow, but cancerous tissue

cannot. Furthermore, cancerous cells become increasingly sensitive to radiation
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due to their high proliferative rates (17). Currently, there are 2 forms of radiation
typically being used for colorectal cancer; Intensity-modulated radiotherapy (IMRT)

and three-dimensional conformal radiotherapy (3-DCRT).

3DCRT is carried out by composing a 3D image of the tumour by compiling
images from a minimum of one of the following scans: computed tomography
(CT), magnetic resonance imaging (MRI), positron emission tomography (PET) or
PET-CT. The oncology team manually adjust the radiation beams intensity,
volume, shape and direction; whilst the computer software adjusts dose
distribution. These parameters ensure the radiation beams target the exact shape
of the tumour, thereby minimising damage to adjacent healthy tissue and organs.
Conventional radiation methods previously targeted the region of tissue to the
exact width and height of the tumour. 3DCRT is directed to the shape of the
tumour itself, thereby minimising damage to the surrounding tissue. This,
therefore, allows increased levels of radiation to be used, thereby maximising its

effectiveness.

Intensity-modulated radiation therapy (IMRT) targets the tumour directly. 3D scans
are taken to locate the tumour and a virtual reality simulation is composed and
used to establish a treatment plan. IMRT has significantly lower side effects
compared to standard radiation therapy. Conversely to 3-DCRT, the oncology
team enter the dose distribution, whilst the computer software generates beam
intensity levels required. IMRT can target the tumour more accurately than that of
3-DCRT by altering the radiation beam intensity levels into several smaller
fractions. This results in increased radiation being emitted to the tumour, whilst

reducing radiation to the surrounding tissue and organs.

Side effects to radiation therapy include nausea; fatigue; lethargic; fibrosis which
may result in affected structures adhering to each other; bowel incontinence; rectal
irritation resulting in diarrhoea, haematochezia (blood in stool) and painful bowel
movements; proctitis (inflammation of rectum); extended wound healing post-
surgery; skin irritation resulting in erythema (redness), desquamation (peeling
skin) and blistering; weaker pelvic bones; sexual problems; bladder irritation
resulting in increased urge to urinate, dysuria (painful urination) or haematuria

(blood in urine) or vitamin B12 deficiency.
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Surgery: Total mesorectal excision (TME)

Any residual tumour in LARC patients post chemoradiation therapy is removed via
total mesorectal excision (TME). This involves removal of the rectum, surrounding
mesorectum, pararectal lymph nodes, whilst preserving all organs outside of the

rectal fasciation (i.e. bladder, vagina / prostate).

1.3.7. How radiation affects cellular survival

Radiation therapy consists of x-rays targeted at the cancer. This triggers single
and double stranded breaks which alter the structure of DNA, oxidative stress, the
production of free radicals and reactive oxygen species (ROS) in targeted cancer
cells, ultimately resulting in cell death. Furthermore, radiation can affect non-
irradiated cells nearby through the ‘bystander effect’. This occurs as a result of
signal transduction through gap junctions, and release of factors into the growth

media from the irradiated cells.

1.3.8. Radiation resistance

Radiation therapy resistance occurs when the tumour cells mutate to overcome
the effects of radiation. 15-27% of rectal cancer patients respond fully to
chemoradiation therapy. The remaining 73-85% have remaining tumour varying in
size from single scattered cells to large islands of resistant tumour, and are

associated with high relapse and death rates (16).

1.3.9. Radiation resistance and the hallmarks of cancer
Hanrahan et al identified ten anti-cancer functions which are altered in the majority
of cancers. These were termed the hallmarks of cancer and consisted of:

1) Self-sufficiency in growth signals: Normal cells are reliant on growth signals
from transmembrane receptors for proliferation. However many cancer cells
possess the ability to mimic these growth signals, thereby reducing its
reliance on the extracellular signals. Furthermore, cancer cells can increase
the volume of extracellular receptors which induce growth, or are in a
permanently active state(18) . Several pro-survival signalling pathways can
be induced during radiation including the MAPK and PI3K signalling

pathways.
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2)

3)

4)

Insensitivity to anti-growth signals: Anti-growth signals from molecules
including TGF- and p53, inhibit cellular growth and maturation. Cancer
cells become desensitised and bypass these signals to facilitate
uncontrolled growth.

TGF-B is an anti-growth signal which prevents cell cycle progression.
However cancer cells can be deficient in, or contain mutated TGF-3
receptors on their surface. Furthermore, TGF-B can induce epithelial-to-
mesenchymal transition (EMT) in late stage tumours, whereby cancer cells
obtain stem-cell like properties which are resistant to radiation therapy (19).
p53 is an anti-growth signal which is involved in cell cycle arrest and
apoptosis. Typically DNA damage (including radiation) induces p53
accumulation, thereby triggering apoptosis. However if the tumour contains
mutations in p53, then apoptosis and tumour suppression is reduced. p53
mutations are associated with radiation resistance (20,21)

Tissue invasion and metastasis: Our bodies consist of epithelial (adherent
sheets) and mesenchymal (single cells capable of migration) cells. Cell-cell
adhesion molecules (CAMs) and integrins are essential for adherence of
cells to the extracellular matrix (ECM). Cancer cells can undergo epithelial
to mesenchymal transition (EMT), whereby they transition from epithelial
cells into mesenchymal cells. Matrix degrading proteases are upregulated
whilst protease inhibitors are down regulated to degrade the ECM and
cellular adhesion proteins. This facilitates cellular detachment from the
ECM, transition into and migration throughout the circulatory system. When
the cell attaches in its final location, it transitions back to an epithelial cell
and continues to proliferate. This is a process typically intended for
embryonic development; however cancer cells also possess this ability,
whereby the detached mesenchymal stem cell is referred to as a circulating
tumour cell (CTC). Cancer stem cells or CTCs are undifferentiated, appear
resistant to chemotherapy, other drug therapies and apoptosis, and have
been associated with increased metastatic risk post chemoradiation
therapy.

Limitless replicative potential: Normal cells can proliferate a limited number
of times. Each round of proliferation removes 50-100 nucleotides of
telomeric DNA. After 40-60 proliferative cycles the telomeres have

degraded so much they are unable to protect the chromosomal DNA from
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DNA damage, thereby triggering the cell into senescence. In contrast,
cancer cells telomeres do not shorten, instead they produce large volumes
of telomerases which adds telomeric DNA to the ends of the chromosomes,
thereby preventing cellular senescence and resulting in limitless replicative
potential (22). Telomeres are particularly sensitive to DNA damage via
oxidative stress due to DNA repair being less effective on telomeric DNA
(23,24). However, radiation induces telomerase activity, thereby aiding with
radiation resistance rather than tumour death (25,26). Inhibition of
telomerase activity radiosensitises cancer cells. Interestingly, the PISK/AKT
pathway regulates telomerase activity, therefore targeting this pathway may
be beneficial.

5) Sustained angiogenesis: All cells require a constant supply of nutrients and
oxygen, including cancer cells. Therefore, cancer cells have constant
angiogenic production. They reduce angiogenesis inhibitor production,
whilst oncoproteins e.g. RAS increase production of vascular endothelial
growth factor (VEGF). However, blood vessels in tumours grow in a
disorganised manner, and tumour cells may grow faster than its angiogenic
ability, resulting in hypoxic regions within the tumour. Since oxygen is a
radiosensitiser, hypoxic tumour cells are more resistant to radiation than
oxygenated cells.

6) Evading apoptosis: The PI3K and MAPK pathways can activate apoptosis.
However they can also activate DNA damage repair. If these pathways are
mutated in cancer, DNA damage repair may be enhanced, resulting in the
repair of radiation induced DNA damage, and ultimately evade apoptosis
(27). Mutations within these pathways are associated with resistance to
both chemotherapy and radiation therapy (28,29).

7) Avoiding immune destruction: The body’s innate immune system can
recognise and remove cancer cells. However, the innate immune system
can also induce tumour-promoting inflammation which drives early tumour
growth. Tumours can produce cytokines, chemokines and metabolic
pathway modulators which trigger macrophages to induce angiogenesis
and tissue architecture remodelling, thereby promoting tumour growth and
metastasis. NFkB is important for modulating the immune response to
tumour, including its response to inflammation, cytokine and chemokine

release and influencing the innate/adaptive immune systems. However,
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8)

9)

NFkB is also associated with radiation resistance. Other inflammatory
markers associated with radiation resistance include HIF-1, STAT-3 and
PGHS-2.

Tumour-promoting inflammation: During inflammation, leucocytes are
attracted to the injury site. Neutrophils are typically the first leucocytes
attracted, they engulf microbes and release reactive oxygen species (ROS).
ROS simultaneously kill microbes and healthy surrounding cells. During
chronic inflammation, macrophages are also recruited, and tissue damaged
by ROS is replaced by fibrosis. Tumour cells secrete cytokines and
chemokines during tumour development, which change macrophages into
tumour associated macrophages (TAMs). TAMs produce growth factors,
secrete VEGF for angiogenesis, degrade the ECM to facilitate metastasis,
and suppress the immune system to prevent tumour cell apoptosis. Cancer
patients which have TAMs have a worse prognosis than patients who do
not and are associated with resistance to chemotherapy and radiation
therapy (30,31).

Genome instability and mutations: Genomic instability is a hallmark of
aggressive cancers, including CRC. It is driven by chromosomal instability
(loss of tumour suppressor genes), microsatellite instability (defects in DNA
mismatch repair) or the CpG island methylator phenotype (CIMP).
Oxidative stress from genotoxic agents has been shown to induce genomic
instability. Furthermore, ionizing radiation damages and mutates DNA. This
DNA typically undergoes DNA repair or cellular death. However if the cells
are deficient in essential DNA repair genes (e.g. XRCC2, XRCC3) then the
cells cannot repair the damage induced by the radiation, then radiation

induced genomic instability may ensue.

10)Deregulating cellular energetics: Normal cells break glucose down to

pyruvate and 32 ATP molecules with carbon dioxide waste expelled
(aerobic respiration). In reduced oxygen levels, anaerobic respiration
breaks glucose down to pyruvate and 2 ATP molecules and produces lactic
acid. Cancer cells metabolism is altered to facilitate tumour growth. Cancer
cells require 20 times as much glucose as normal cells, however they use
the less efficient form of glycolysis (anaerobic respiration) for accumulation
of its by-products. In addition, cancer cells can create ATP at a faster rate

than normal cells. The PI3K pathway is commonly mutated in cancer and
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can activate HIF which is important for changing the metabolic pathways in
cancer cells, altering them from aerobic to anaerobic respiration. Alterations
in metabolism, particularly glucose metabolism can result in radiation

resistance (23,24).

1.3.10. The role of the immune system in cancer

Cancer occurs through alterations in the immune system, known as

‘immunoediting’, of which there are 3 phases.

1)

2)

3)

Elimination: The body’s innate immune system (T cells, macrophages and
natural killer (NK) cells) identify and eliminate cancer cells. Tumour
associated antigens are then excreted and presented to the adaptive
(CD4+ and CD8+ T cells) immune system for production of immunological
memory.

Equilibrium: Some tumour cells can become resistant to the immune
system due to genomic instability. These tumour cells have evaded cell
death, however they are monitored by the adaptive immune system, and
kept under control or in equilibrium.

Escape: If the tumour continues to mutate, it may gain the ability to escape
immune detection. Tumours do this by recruiting immunosuppressive cells

and reducing the volume of antigens present.

Radiation affects the tumour cells and its surrounding tumour environment,

inducing endothelial cell permeability, platelet aggregation, inflammation,

separation from the basement membrane and cell death. This results in further

inflammation and fibrosis. Dying and dead cells release pro-inflammatory

mediators known as damage associated molecular patterns (DAMPS). These

include chemokines, cytokines (e.g. TGF-, TNF-a), heat shock proteins,

interleukins, ROS and tumour antigens. DAMPs can then be recognised by

dendritic cells, whilst tumour antigens are presented to T cells, thereby enhancing

the immune response.

1.3.11. Recurrences

Recurrences can occur up to 10 years after the original diagnosis of RC, with the

risk of recurrence decreasing over time. RC recurrences typically occur at a
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different site to its original diagnosis. Progression of RC results in invasion of the
submucosa, which contains blood and lymphatic vessels, facilitating possible
metastasis. Venous blood flows from the mesenteric vein to the hepatic portal and
external iliac veins. Therefore, RC typically metastasises to the liver, but other
recurrence locations may include the bones, peritoneum, locoregional or distant

lymph node, or lungs (32).

1.3.12. Survival

Over the past 20 years, there have been significant improvements in rectal cancer
patient outcomes, with a decrease in RC incidence, local recurrence and mortality,
and an increase in quality of life. Furthermore, relative 1 and 5-year survival rates
have increased in recent years (Table 1.2). However the volume of CRC cases in
Ireland has increased due to the growing population, and the stage of diagnosis
has increased, this is believed to be a result of better staging techniques (8).

Table 1.2: Relative 1 and 5-year survival rates (12).

1994-1998 2004-2008
(%) (%)
Stage 1 - 1yr 92 96
Syr 82 92
Stage 2 -1 yr. 82 88
5yr. 58 70
Stage 3—-1yr. 85 90
5yr. 45 64
Stage 4 -1 yr. 35 51
5yr. 7 10
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1.4. Circulating tumour cells and their role in tumour metastasis.

Despite NACRT treatment, 25-50% of LARC patients relapse as a result of an
undiagnosed metastasis. This high recurrence rate suggests that either the
metastatic process was undiagnosable during previous treatment (33), or that the
treatment itself increases the likelihood of metastasis (34,35) either through

resection, chemotherapy or radiation therapy (36).

Every tumour comprises of genetically mutated cells which proliferate at an
uncontrollable rate. As the primary tumour matures, some cancerous cells may
detach and circulate in the patients’ peripheral blood or lymphatic systems. These
are referred to as circulating tumour cells (CTCs). Some CTCs may ultimately

adhere to tissue at a distant site and result in metastasis.

The concept of CTCs has circulated throughout the world of science since they
were first described in 1829 by Recamier. It is estimated that on average, there is
only one CTC for every 10° — 10® haematopoietic cells (37). This has resulted in
difficulty detecting CTCs, until recent years. Currently, there are two main methods
for detecting CTCs:

1. Immuno-magnetic antigen-dependent techniques: Detects CTCs by
membrane protein expression e.g. CellSearch. However, this method can
miss tumour cells if they lose their epithelial markers during epithelial-
mesenchymal transition (EMT). CellSearch detects CTCs by their EpCAM
positive status. Most CRC cells are strongly EpCAM positive; however,
there are a fraction, especially patients with Lynch syndrome who do not
express EpCAM. Therefore, the CellSearch technique would rule out all of
these samples. Furthermore, since CTCs are heterogeneous, identification
of CTCs via cell surface antigens (e.g. EpCAM) or designated RNA
sequences may be limiting the identification of positive results, ultimately
running the risk of false negatives.

2. Filtration techniques are based on the large size of CTCs compared to
other cellular components within the blood. CTCs vary in size from 9 -
30um, compared to platelets (2 - 3um), erythrocytes (6 - 8um) and
leukocytes (6 - 12um). The size-selective filters allow smaller cells and
debris to pass through, whilst retaining the remaining CTCs, e.g.

ScreenCell.
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Detection of CTCs in the peripheral blood is relatively non-invasive and has been
termed a ‘liquid biopsy’ or ‘real-time tumour biopsy'. It is hoped to serve as a
useful diagnostic tool for staging and prognostication in LARC by eliminating
invasive monitoring techniques for patients. Furthermore, CTCs extracted from the
patients’ peripheral blood can undergo molecular testing to signify the primary
tumours resistance profile, thereby aiding in a more personalised therapy regimen.
Multiple studies in colorectal, breast and prostate cancers have shown that the
presence of CTCs in the peripheral blood, particularly post-treatment, is indicative
of a poor prognosis, reduced overall survival and recurrence-free survival in CRC
patients ](34,38—43). Studies have also shown that current treatment regimens
reduce the volume of CTCs in the peripheral blood. However, the CTCs which
remain are typically resistant to drug therapies (44,45). Furthermore, as peripheral
CTCs do not replicate rapidly, it is believed they may not be affected by

chemotherapy.

CRC treatment is aggressive and can subject the patient to toxic chemicals.
Therefore we need to identify, in advance, patients who may potentially have a
worse prognosis, and adapt therapies to the individual for a personalised
treatment regimen. A minimally invasive procedure such as enumeration of CTCs
throughout treatment through means of a liquid biopsy could be an ideal solution
to this hurdle.
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The role of genomic aberrations in LARC

1.5. Human genome

An adult body consists of an estimated 37.2 trillion cells. The vast majority of these
cells possess a nucleus, each harbouring 23 pairs of chromosomes.
Chromosomes consist of DNA coiled around histones (protein). DNA is the

hereditary material which forms an individual's genetic code.

1.5.1 Structure of DNA

The DNA double helix is composed of nucleotides. Each nucleotide consists of a
sugar molecule, a phosphate molecule and a base (Figure 1.1). There are four
bases which are divided into purines (adenine (A), and guanine (G)), and
pyrimidines (cytosine (C) and thymine (T)). Purine and pyrimidine bases connect
via hydrogen bonds to form base-pairs (A joins with T, and C with G). The
complete set of human DNA sequences (human genome) comprises of
approximately 3 billion bases. DNA is converted into RNA in a process known as
transcription. DNA and RNA consist of exons (coding), and introns (non-coding),

which are cleaved for protein production during translation.

DNA Structure
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Figure 1.1: Eukaryotic chromosomal structure (46).
Chromosomes are composed of tightly wrapped supercoils and coils of histones
bound by the DNA double helix.
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1.5.2. Transcription and translation of DNA

Transcription occurs through three steps, initiation, elongation and termination.
Initiation: The enzyme RNA polymerase Il attaches to the DNA upstream of the
required gene at the promoter site, and begins to unravel the DNA double helix.
Elongation: RNA polymerase reads one of the DNA strands and forms a
complementary single-stranded pre-messenger RNA strand, whereby T is
substituted for U.

Termination: When RNA polymerase encounters a stop codon (UAA, UAG,
UGA), it ceases transcription and cleaves the RNA strand product.

Splicing: The pre-messenger RNA strand contains both introns and exons. RNA
polymerase Il binds to the 5’ and 3’ ends of introns and forms a loop of excess
DNA. Introns are subsequently removed, and the remaining exons are bound
together to form a single strand.

Transcription
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Figure 1.2: Transcription and translation of DNA (47).

This region of RNA is then used as a template and converted into messenger RNA
(mRNA) (Figure 1.3). The mRNA strand is completed with a nucleotide cap and
poly(A) tail (~100-200 adenine nucleotides in length). Multiple combinations may
be formed via splicing in a process known as alternative splicing. mRNA leaves
the nucleus through nuclear pores and enters the endoplasmic reticulum. The
MRNA template then produces proteins through translation. Within the mRNA,
there are codons (set of 3 nucleotides), each of these encodes for a specific

amino acid or stop signal during protein synthesis (Figure 1.3).
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Figure 1.3: Transcription and translation of DNA into a protein.

Overall there are 61 possible codon combinations which form 20 amino acids,
and 3 combinations which form stop codons. Therefore, there is an overlap

between the majority of codons for the same amino acid (Figure 1.4).

Second letter

T C A G
T TTT Phe TCT TAT Tyr TGT Cys T
TTC TCC Ser TAC TGC C
TTA TCA TAA Stop TGA Stop A
TTG TCG TAG TGG Trp G
Bl ctt eV cer CAT His CGT T
8 cTC ccc Pro cac cec A9 C o
2 CTA CCA CAA Gin CGA A 3
2 cTG cCG CAG CGG G T
A ATT ACT AAT Asn AGT Ser T @2
ATC Lle aAcc Thr aacC AGC C
ATA ACA AAA Lys AGA Arg A
ATG Met ACG AAG AGG G
G GTT GCT GAT Asp GGT T
GTCc Val Gcec Ala  GAc GGCc Gly ¢
GTA GCA GAA Glu GGA A
GTG GCG GAG GGG G

Figure 1.4: Sixty-four nucleotide combinations which form 20 amino
acids and 3 stop codons.
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1.6. Mutations in the human genome

The human body is made up of approximately 37.2 trillion cells, with billions of
cells being replaced on a daily basis. During this process, the body makes tens of
thousands of mistakes every day, with the majority of these mistakes being
identified and corrected as follows. Copying errors during DNA replication or
transcription into RNA can cause alterations in the sequence of bases which
constitute the genetic code. If the error is located within an intron (non-coding
region), it is typically removed during splicing and its results are void. However, if
the mistake is located within an exon (coding region), or results in intron retention,

cancer may ensue.

The vast majority of errors within exons are identified and corrected at checkpoints
throughout the replication process. However, if an error evades the body’s
checkpoints or has the ability to divide independently from the checkpoints, a
tumour is formed. These tumours can be benign or malignant. The growth of
benign tumours is contained within the tissue where it originated and lacks the
ability to shed cells into the periphery. On the contrary, malignant cancer cells do

have this ability, thereby facilitating metastasis.

CRC may be acquired (somatic), or inherited (germline). Copying errors can be
further classified into point mutations which affect one or a few nucleotides (e.qg.
synonymous, missense and nonsense mutations); and frameshift mutations which

result in an alteration in the reading frame (e.g. insertions and deletions).

1.6.1. Point mutations

a) Synonymous (silent) mutations are point mutations which alter the gene
sequence without changing the encoded protein. In general, if the mutation occurs
in the codons third nucleotide, the same amino acid will be produced; such is the
case with synonymous mutations. For this reason, synonymous mutations were
believed to be passenger mutations. However recent findings suggest that certain
synonymous mutations may act as driver mutations, thereby increasing their
significance (48,49).

b) Missense or nonsynonymous mutations occur when a single base-pair is
substituted, resulting in the synthesis of an alternate amino acid, which may affect

protein function.
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c) Nonsense or stop-gain mutations substitute an amino acid coding codon with
a stop codon (UAG, UAA or UGA). This results in a premature stop in the
translation of the messenger RNA (mMRNA), thereby forming a shorter, incomplete,

truncated protein which is generally non-functional.

1.6.2. Transition and Transversion point mutations

DNA base sequences can be disrupted as a result of point mutations, leading to
transitional or transversional mutations (Figure 1.5). The former is a substitution of
a base with one possessing the same chemical properties, i.e. purine>purine, or
pyrimidine>pyrimidine. Conversely, a transversional mutation is the replacement
of a base with one of the alternate chemical properties i.e. purine>pyrimidine,
pyrimidine>purine. Although there are twice as many transversion combinations
as transition, these are less likely to occur due to the differences between the

chemical structures of the bases.
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Figure 1.5: Transition and transversion mutations in DNA.

A transition is the substitution of a base with the same chemical properties e.g.
purine>purine, or pyrimidine>pyrimidine. A transversion is the replacement of a
base with a base of the alternate chemical properties e.g. purine>pyrimidine or

pyrimidine>purine

1.6.3. Frameshift mutations

Frameshift or indel mutations are caused by in an insertion or deletion which alters
the reading frame. During translation, each codon of three nucleotides is read at a
time. When a nucleotide is inserted or deleted, this results in the affected codon
and every subsequent codon to be affected. Thus an abnormal protein is

synthesised
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Figure 1.6: Types of mutations, comparing a) normal DNA; point mutations:
b) synonymous, c) missense, d) nonsense; frameshift: €) insertion and f)

deletion mutations.
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1.7. The role of genomic aberrations and the mutator phenotype in the

development of CRC.

Fearon and Vogelstein first hypothesised the “adenoma-carcinoma sequence” in
1990. This model suggested that CRC occurs as a result of a multistep process of
events, whereby normal epithelium becomes adenomatous and eventually
transitions into adenocarcinoma. They theorised that initiation of this pathway
occurred through inactivation of the APC tumour suppressor gene in normal
colonic epithelium. Subsequent activation of KRAS would then ensue, leading to
an accumulation of mutations in TGFB, PIK3CA and TP53 pathways. They
proposed a minimum of 7 mutations were necessary for CRC to occur (50).
Although there have been many alterations to this model over the past 28 years,

the basis of this hypothesis still stands true.

Numerous genetic alterations are required for tumour initiation and progression.
Genomic instability is a hallmark in the majority of aggressive cancers and is

believed to be a driving force in CRC initiation.

However, Loeb at al noted that normal functioning cells have far lower mutational
frequencies than that required for, or identified in human cancers. Therefore he
hypothesised that cancer cells possess a ‘mutator phenotype’ which facilitates
their increased mutational abilities (51). Loeb theorised that mutations occur in
genes which alter cells genetic stability (i.e. apoptosis, checkpoints, chromosome
segregation, telomere dysfunction etc.), thereby triggering a mutational cascade
(51).

There are 3 pathways associated with genomic instability resulting in CRC
pathogenesis:
i.  Chromosomal instability (CIN): Mutations occur at chromosomal separation
during mitosis resulting in loss of tumour suppressor genes. Constitutes
65% of all CRC cases.
il.  Microsatellite instability: Defects within the DNA mismatch repair genes,
resulting in an accumulation of mutations in microsatellite regions resulting
in hypermutated tumours and microsatellite instability (MSI) (51).
Constitutes 15% of all CRC cases
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iii.  CpG island methylator phenotype (CIMP) / Serrated methylator pathway.
Constitutes 20% of CRC cases.

1.7.1. Chromosomal instability (CIN)

The majority (~65%) of sporadic CRCs occur as a result of chromosomal
instability (CIN); The CIN pathway largely resembles that of Fearon and
Vogelstein’'s adenoma-carcinoma sequence hypothesis. CIN is partial or total loss
or gain of a chromosome, resulting in karyotypic abnormalities. It is characterised
by loss of heterozygosity (LOH), aneuploidy (chromosome number imbalance),
genomic amplification of chromosomal regions, and an accumulation of specific
oncogenes and tumour suppressor gene mutations. These mutations activate

pathways which are essential for CRC (52).

CIN tumours have an accumulation of 5 tumour suppressor genes and 3
oncogenes, which are vital in activating the oncogenic pathway in CRC. The
tumour suppressor gene mutations include APC (5g21), TP53 (17p13), SMAD2
(18921), SMAD4 (189g21) and DCC (18qg21), whilst the oncogenes comprise of
KRAS (12p12), CTNNB1 (3p22) and PIK3CA (3g26) (52).

1.7.2. Mismatch repair (MMR)

Throughout the DNA replication process, numerous mistakes occur. A proficient
DNA MMR system removes base-pair mismatches and insertion-deletion loops.
Base-pair mismatches involve single base substitutions, whilst insertion-deletion
loops are a result of DNA polymerase slippage during DNA replication which

results in short repeat units in microsatellites.

In a proficient MMR system, MutS related proteins identify and bind to these
mismatched bases. MSH-2 dimerises with either MSH-6 or MSH-3, to form MutSa
and MutSp respectively. MutSa (MSH-2/MSH-6 heterodimer) is responsible for
detecting and binding base: base mismatches (particularly G:T), and small
insertion or deletion mismatch loops (up to 12 unpaired bases in length) (53-56).
MutSB (MSH-2/MSH-3 heterodimer) is crucial for rectifying large insertion and

deletion mismatch loops (57-59).
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This dimerisation results in recruitment of MutL related proteins. MLH1 dimerises
with PMS1 to form a complex which increases MutS related proteins ability to
detect mismatches (54,60). MLH1/PMSL1 further binds to the MutS heterodimer
complex. MLH1 binds with PMS2 for the repair of MutS@ pathway insertions and
deletions (61). The MLH1/PMS2 heterodimer removes the mismatched DNA and

synthesises a new DNA strand.

When the MutS and MutL heterodimer complexes bind to the identified DNA
mismatch site, an incision is made in the DNA 1-2 kilobases prior to mismatch site.
Exonuclease mediated degradation occurs along the DNA strand until the area of
interest is removed. DNA polymerase & supplements this region with the correct

nucleotide sequence.

Multiple other proteins are required for MMR, including replication protein A (RPA),
replicating factor C (RFC), DNA polymerase 8, exonuclease 1, RAD27, and
proliferating cell nuclear antigen (PCNA) (62).

The human genome contains over 100,000 regions of short tandem repeat
sequences, in which a genetic sequence of one to five base-pairs in length is
consecutively repeated fifteen to thirty times. These are referred to as
microsatellites. Microsatellites are particularly susceptible to ‘slippage’ during the
DNA replication process; therefore a proficient MMR system is vital in these
regions. Slippage results in the formation of a loop of the nascent or template DNA
strand. Slippage in MSI tumours are frequently found at polyA or poly(C) regions
and near diploid genomes. A proficient MMR (pMMR) system can detect and
rectify this process. However, when there is a defect in the mismatch repair
system, the loops of DNA strands go undetected, resulting in the formation of
alleles of inconsistent lengths during the subsequent replication process. These
mutations accumulate at the microsatellite regions, initiating the “hypermutator
phenotype” and ultimately results in MSI. Tumours with a deficient MMR system
have mutation rates of 100-1000 fold that of proficient cells (63,64). When a
tumour becomes MMR deficient, every nucleotide repeat sequence in the genome

(both intronic and exonic) is susceptible to insertion and deletion mutations.
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The majority of microsatellites are located in introns. However, frameshift
mutations can result in truncation, inactivation or constitutive activation of proteins
essential for DNA proliferation, repair, apoptosis, cell signalling and growth. This is
particularly true in the promoter regions of the MMR genes including BAX, BCL10,
Caspaseb, IGFRIIl, PTEN and TGFBRII (65). Mutations in these genes have been
found to facilitate carcinogenesis. Frameshift mutations in MSI CRCs typically
occur in tumour suppressors (TGFBRII, IGFIIR, PTEN, RIZ), DNA MMR (MSH-3,
MSH-6), apoptosis promoter (Bax), transcription factor (TCF4), Wnt signalling
(AXIN2), and DNA glycosylase (MBDA4).

MSI is identified in ~90% of all HNPCC cases (germline inactivation of MMR), and
10-15% of sporadic CRC cases. Both have a diploid or nearly diploid karyotypes,
conversely, the majority of CRCs are aneuploid. Knudson has hypothesised that
both MMR gene alleles must be inactivated for MSI to occur (66). Sporadic
defective MMR (dMMR) typically results from epigenetic alterations, particularly
silencing of the hMLH1 promoter methylation gene, resulting in MLH1 silencing.
This can occur sporadically or as a result of the CpG island methylator phenotype
(CIMP) pathway.

There is a growing link to suggest that MMR deficient CRCs (both germline and
sporadic) undertake an alternative pathway to that of the conventional adenoma-
carcinoma pathway. Inactivation of the MMR genes results in the classical

“‘mutator phenotype” associated with these tumours.

1.7.3. CpG Island Methylator Phenotype (CIMP) pathway

CpG islands are regions of DNA (typically 500-1500bp) which have a high
frequency (>0.6) of cytosine-guanine bases. The human genome contains an
estimated 30,000 CpG islands. They are generally located along the 5’ end of
promoter sites, where they are shielded from methylation, in contrast to all other
CpG regions which are methylated. CpG methylation is involved in the regulation

of transcription and translation.

Alterations in methylation can result in inactivation of tumour suppressor genes,
and initiation of genomic instability. In cancer, the CpG islands in the promoter

regions can become methylated, thereby reversing the standard methylation
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process within the cells; converting unmethylated promoter regions into a state of
hypermethylation, and removing methyl groups from all remaining cells. These are

referred to as CpG methylator phenotype (CIMP) tumours.

CIMP tumours account for 9-23% of rectal cancers (63, 64). They were first
hypothesised in colorectal cancer by Toyota et al in 1999 (67). The majority of
sporadic MSI tumours simultaneously contain CIMP pathway mutations. CIMP
tumours display gene silencing as a result of hypermethylation of CpG islands.
CIMP tumours are divided into CIMP-high and CIMP-low, associated with a high
frequency of BRAF and KRAS mutations respectively (68). They are significantly
associated with old age, females, sporadic MSI tumours, BRAF and KRAS
mutations, and poor differentiation. The most frequently used CIMP markers are
P16, MINT1, MINT2, MINT31 and MLH1.

1.7.4. Causes of DNA damage

Mutations are a direct result of DNA damage from either endogenous or
exogenous factors, and affect vital cellular functions such as cell cycle
checkpoints, apoptosis, cellular growth, telomere dysfunction, chromosomal
segregation, invasion and metastasis (51).

Endogenous factors that can affect mutation accumulation include:

e Genetic predisposition: Family history accounts for 20% of cases, with the
remaining 80% consisting of sporadic cases. Hereditary CRC diseases result
from inheriting a cancer-causing genetic defect from one or both parents. An
individual’s risk of developing CRC increases two or three-fold if they have a
first degree relative with CRC (69). Genetic predisposition accounts for
approximately 10% of all CRC cases, and can lead to syndromes such as
familial adenomatous polyposis (FAP), attenuated familial adenomatous
polyposis (AFAP), MYH-associated polyposis (MAP) and hereditary
nonpolyposis colorectal cancer (HNPCC); which all result in an increased risk
of developing cancers including CRC. These syndromes are further discussed
in Table 1.3.
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Mismatch repair (MMR) proteins identify and correct base pair alterations

and small insertion loops. Deficiencies within the MMR genes can therefore
lead to an accumulation of somatic mutations within tumours and ultimately
result in genomic instability and the mutator phenotype. dAMMR proteins are

unable to identify and remove oxidative damage or induce apoptosis.

Metabolic alterations: Metabolic rates can be altered within tumours as a
result of reduced nutrient and oxygen supply and pH levels within the
tumour microenvironment. This can lead onto genomic instability within the
tumour (70). Furthermore, reactive oxygen species (ROS) are produced
during endogenous metabolism. However, prolonged exposure to ROS (i.e.
during chronic stress), can result in inflammation, cellular damage,

formation of somatic mutations, and has been linked to carcinogenesis (71).

Oxidative damage: Oxidative stress is caused by an imbalance between
free radicals (including ROS) and anti-oxidants within the body, resulting in
cellular damage. Oxidative damage which occurs during base hydrolysis or
metabolism can result in single strand DNA breaks, and accounts for 75%
of mutations. Double strand breaks can occur as a result of multiple single
strand breaks, however these occur less often, but are more dangerous.
Hydrogen peroxide is a genotoxin produced under oxidative stress, which
cause DNA strand breaks in colonocytes, particularly in basal crypt cells
(72). Proliferating cells at the base of the crypts have high proliferation and
metabolic rates. They are believed to have increased oxidation levels (73),
are more sensitive to DNA damage (72) and have increased potential to
become cancerous. Oxidative stress markers are increased in patients with

FAP and colorectal cancer.

Inflammation: During inflammation, phagocytotic cells including leukocytes
produce reactive oxygen (ROS) and nitrogen species (RNS). Both ROS
and RNS form peroxynitrite which is mutagenic and results in DNA damage
in proliferating cells. Continued exposure of cells (particularly proliferating
cells) to ROS and RNS can result in genomic aberrations (74,75).

Chronic inflammation of the bowel can result in CRC. This is evident in
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long-standing inflammatory bowel diseases (IBD), such as Crohn’s disease
or ulcerative colitis which are known risk factors for CRC,

contributing to 10-15% of all IBD patient deaths (76,77). The latter is a
chronic inflammatory disease of the large intestine. Patients with long-
standing ulcerative colitis are shown to have an increased risk of CRC from
8-10 years post-onset, with this risk continuing to increase over time (2.5%
at 20 years, 7.6% in 30 years and 10.8% in 40 years) (76). However
ulcerative colitis patients who develop CRC typically have better outcomes
than CR patients without ulcerative colitis. This is believed to be a result of
early detection methods and different genetic mutation profiles. In order to
detect CRC early, patients with ulcerative colitis in excess of 8 years have
annual examinations for precancerous changes in the large intestine.
Furthermore, anti-inflammatory drugs and aspirin are associated with a
reduced risk of CRC (78-81).

e Increasing age is associated with increased risk of cancer, particularly greater

than 60 years (unless there is an underlying genetic condition). 87.9% of males

and 86.3% of females diagnosed with CRC between 1995 and 2009 were over

55 years of age (82). Increased age is linked to increased volumes of free

radicals and oxidation.

Exogenous factors that can affect mutation accumulation:

Heterocyclic amines: Diets high in fats and low in fibre, alcohol abuse and
obesity are all risk factors for CRC. Every 5kg/m?increase in an individual’s
body mass index (BMI) results in an 18% increased risk of developing CRC
(83). Haemoglobin from red meat potentially increases colonic oxidative
damage resulting in increased DNA mutations (84). Furthermore,
heterocyclic amines which are found in cooked meat and fish are

associated with increased risk of cancer.

Obesity: Adipose tissue is an endocrine organ which produces and
secretes hormones (adipokines) which are associated with inflammation,
coagulation and dyslipidaemia. One such adipokine is leptin, which has pro-
inflammatory, pro-angiogenic and anti-apoptotic properties. Furthermore,

leptin receptors activate the PI3K and MAPK pathways.
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Obesity is related to chronic inflammation, increased production of acute
phase proteins (incl CRP) and abnormal production of cytokines. An
increase in adipokines results in chronic low-grade inflammation, and the
activation of pro-inflammatory signalling pathways e.g. NFkB, JNK and
IKKB whose activity increases with adiposity. This leads to the production of
reactive oxygen species, pro-inflammatory cytokines and adipokines, and a
reduction in anti-inflammatory adipokines. Adiposity is associated with the
release of pro-inflammatory cytokines e.g. TNF-a, CRP and IL-6. Cytokines
and growth factors secreted from adipose tissue may have pro-
tumourigenic properties in the gastrointestinal tract. Macrophages are
important in adipose tissue secretions and are the main source of
inflammatory cytokines e.g. TNFa and IL-6.

Furthermore, men typically have higher volumes of visceral fat compared to
women. This has therefore been linked to the higher frequency of colorectal

cancers in males compared to females.

1.8. Mutational signatures

Somatic mutations are present in all cancer genomes; however, our knowledge of
their impact is limited. As a result, many studies focus on combining information to
gain a greater knowledge of the human body’s response to mutational triggers.
These studies have shown that varying mutational processes which occur as a
result of both endogenous and exogenous mutagens can result in the formation of
distinctive somatic mutational sequences or imprints on the cancer genome.
These imprints are classified as ‘mutational signatures’, and each signature is
based on the type of mutational process, its duration and intensity of exposure
(85,86).

At present, there are 30 validated mutational signatures. These have been
established from whole-genome sequencing of 1,048 samples, and exome
sequencing of 10,952 samples from 40 different types of human cancers. This
meta-analysis was based on data from the International Cancer Genome
Consortium (ICGC), The Cancer Genome Atlas (TCGA), and numerous other

peer-reviewed publications (86—89).

Signature profiles are determined using the 6 base substitution groups, starting
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with the pyrimidines for each base-pair (C>A, C>G, C>T, T>A, T>C, T>G). Each of
these substitution groups are further divided into 12 subgroups, depending on the
bases immediately 5’ and 3’ to the mutated base. This results in 96 potential
mutational trinucleotide possibilities (6 base substitutions * 4 possible 5’ bases * 4

possible 3’ bases) (Figure 1.7):

Preceding Altered nucleotide Subsequent
nucleotide nucleotide
C>A C>G C>T ™A T>C T>G

ACA ACA ACA ATA ATA ATA
A ACC ACC ACC ATC ATC ATC
ACG ACG ACG ATG ATG ATG
ACT ACT ACT ATT ATT ATT
CCA CCA CCA CTA CTA CTA
C CCC CCC €CCC CTC CTC CTC
CCG CCG CCG CTG CTG CTG
CCT CCT C€CT CTT CTT CTT
GCA GCA GCA GTA GTA GTA
G GCC GCC GCC GTC GTC GTC
GCG GCG GCG GTG GTG GTG
GCT GCT GCT GTT GTT GTT
TCA TCA TCA TTA TTA TTA
T TCC TCC TCC TTC TTC TTC
TCG TCG TCG TTG TTG TTG
TCT TCT TCT TTT TTT TTT

400> -H00>—H00>H00>

Figure 1.7: Ninety-six mutational trinucleotide possibilities located along the

horizontal axis of mutational signatures.

The majority of mutations in a tumour are passenger mutations, which have a
relatively low mutational type probability and can lead to a uniform depiction
(signatures 3 and 5). However, the majority of pathways are defined by a few
dominant ‘driver’ mutations (e.g. signatures 10, 15, 27) which form distinctive
spikes within the signatures. Different signatures have been associated with

varying causes i.e. age, MMR deficiency etc.

The majority of cancer samples have numerous mutational processes co-
occurring simultaneously. This results in an amalgamation of multiple signatures,
with as many as 6 signatures per sample found in uterine, stomach and liver
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cancers (88). Colorectal cancers have an average of 3 signatures per sample (88).
This amalgamation can result from multiple subclonal populations which arise from
varying mutagens, or heterogeneity within the tumour. This ultimately results in
signatures which cannot be clearly defined to any one category by eye. Therefore,
further computer analysis is required.

Signatures 1, 6 and 10 are the signatures most commonly associated with CRC
(88). Signature 6 is characterised by an overwhelming dominance of C>T
mutations at NpCpG, i.e. where the mutated cytosine (underlined) is flanked 5’ by
any nucleotide, and 3’ by a guanine, and connected by phosphate (p) groups.
Samples which possess signature 6 have an abundance of small indels and
substitutions at nucleotide repeats as a result of defective DNA mismatch repair
and result in microsatellite instable (MSI) tumours (88). Signature 10 is associated

with mutations within POLE, which is involved in DNA replication and repair.

Some mutational signatures can be linked to endogenous or exogenous sources.
Endogenous sources include Age (signature 1), inflammation (signatures 2, 13),
retrotransponson jumping (signatures 2, 13), defective DNA mismatch repair
(signatures 6, 15, 20, 26), polymerase n (signature 9) and altered POLE mutations
(signature 10). Whilst exogenous sources include viral infection (signatures 2, 13),
tobacco smoking (signature 4), chewing tobacco (signature 29), ultraviolet (UV

light) , alkylating agents (signature 11) and aflatoxin exposure (signature 24).
The mutational signatures are constantly being updated with new samples to gain

a greater understanding of these signatures, and which cancer types they affect

most. New signatures may also be identified in the future.
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Signature  |ldentified in Proposed aetiology
Signature 1 |All types of cancers Increasing age
22 types of cancer, Inflammation, viral infection or
Signature 2 |predominantly bladder and retrotransposon jumping. Associated with
cervical cytidine deaminase AID/APOBEC family.
: Pancreatic, ovarian and breast Failure Pf d.SDNA repar by hc_)mologou_s
Signature 3 cancer recombination. Associated with somatic
and germline BRCA 1/2 mutations.
Signature 4 Lung, oesophageal, liver, head Smoking tobacco
and neck cancer
Signature 5 |All types of cancers Unknown
: 17 type; of cancer, Defective DNA mismatch repair and MSI
Signature 6 |predominantly colorectal and
. tumours
uterine
Signature 7 |Skin cancer Exposure to ultraviolet (UV) light
Signature 8 Medulloblastoma and breast Unknown
cancer
Signature 9 Malignant B-Cell lymphoma, polymerase n, involved in cytodine

chronic lymphocytic leukaemia

deaminase AID family

Signature 10

6 types of cancer, predominantly
colorectal and uterine

Altered POLE activity. These cancers are
ultra-hypermutators

Signature 11

Glioblastoma and melanoma

Alkylating agents

Signature 12

Liver cancer

Unknown

Signature 13

22 types of cancer,
predominantly bladder and
cervical

Inflammation, viral infection or
retrotransposon jumping. Associated with
cytidine deaminase AID/APOBEC family.

Signature 14

Uterine cancer and glioma

Unknown

Signature 15

Stomach and small cell lung
carcinoma

Defective DNA mismatch repair

Signature 16 |Liver cancer Unknown
Oesophagus, stomach, lung,

Signature 17 |(liver, breast cancer, melanoma  |Unknown
and B-cell lymphoma

Signature 18 Neuroblastoma, breast and Unknown
stomach cancer

Signature 19 |Pilocytic astrocytoma Unknown

Signature 20

Breast and stomach cancer

Defective DNA mismatch repair

Signature 21

Stomach cancer

MSI tumours. Only in tissues also
possessing signatures 15 and 20

Signature 22

Urothelial and liver cancer

Unknown

Signature 23 |Liver cancer Unknown
Signature 24 |Liver cancer Aflatoxin exposure
Signature 25 |Hodgkin lymphoma Unknown

Signature 26

Stomach, cervical, breast, uterine
cancer

Defective DNA mismatch repair

Signature 27

Clear cell kidney cancer

Unknown

Signature 28

Stomach cancer

Unknown

Signature 29

Gingivo-buccal oral squamous
cell carcinoma

Chewing tobacco

Signature 30

Breast cancer

Unknown

Table 1.4: Cancer locations and proposed aetiology for mutational
signatures (90).
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1.9. The role of the PI3K and MAPK signalling pathways in cancer

Within the body, many cellular processes occur through signalling pathways. Two
such pathways are the phosphatidylinositol-3-kinase (PI3K) and mitogen-activated
protein kinase (MAPK) pathways. These are kinase signalling cascades which are
regulated by phosphorylation and dephosphorylation of their substrates. Under
normal physiological conditions, these pathways are involved in activation and
regulation of vital cellular functions such as proliferation, differentiation, apoptosis,
transcription and intracellular trafficking. Somatic genetic alterations (e.g. PIK3CA,
KRAS and BRAF mutations) that activate the pro-oncogenic PI3K and MAPK
signalling pathways have been linked to multiple forms of cancers, including rectal
cancer (15-17). My mentor Prof. Hennessy, and others have shown that these
alterations are associated with resistance to chemotherapy and radiation therapy,
and poor patient outcomes (93). Although there are numerous pathways involving
both PI3K and MAPK, this report will focus on the Ras/Raf/MEK/MAPK (ERK) and
PI3K/AKT/mTOR pathways.

1.9.1. PI3K signalling pathway

The PI3K molecule consists of a p85a regulatory subunit which is transcribed from
one of two genes (PIK3R1 or PIK3R2) and a p110a catalytic subunit which is
transcribed from 1 of 4 genes (PIK3CA, PIK3CB, PIK3CD, PIK3CG). In its inactive
state, p85 is bound to p110. Activation of the PI3K pathway can occur through
binding to a receptor tyrosine kinase (RTK), G-protein coupled receptor (GPCR),
extracellular growth factor or active membrane-bound RAS (Figure 1.8). Upon
activation, class | PI3Ks are recruited to the plasma membrane, where p110
separates from p85, allowing the p85 subunit to interact with tyrosine phosphates

on the activated receptors, or to adaptor proteins associated with the receptors.

The activated p110 subunit phosphorylates the 3’hydroxyl group of
phosphatidylinositol-4, 5-bisphosphate (PIP2) thereby converting it to
phosphatidylinositol-3, 4, 5-triphosphate (PIP3). PIP3 activates the proto-
oncoprotein Akt, resulting in a conformational change. This, in turn, activates Akt
dependent and independent downstream signalling pathways, which can regulate
apoptosis (Bax), translocation (Rheb, mTOR and S6K) and transcription (NF- kB,
CREB and p53).
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Negative regulatory molecules for the PI3K pathway are phosphatases. These
include PHLPP which disables Akt; and SHIP-1, SHIP-2 and PTEN, all of which
inactivate PIP3. The lipid phosphatase PTEN, hydrolyses PIP3, reverting it back to
PIP2 via dephosphorylation of the 3’ phosphate group of PIP3, thereby
deactivating the PI3K signalling pathway. Inactivating mutations in these
phosphatases or activating mutations (e.g. in PI3K or Akt) can result in tumour

initiation and progression (94—96).

PIK3CA

PI3Ks are lipid kinases which are triggered by growth factors, cytokines etc., and
result in intracellular signalling cascades which are responsible for cell growth,
proliferation, metabolism, cell cycle progression, survival and motility. There are
three classes of PI3Ks based on structure, function and corresponding substrates;
with the most studied being Class | PI3Ks.

Class |

Class | PI3K isoforms are divided into class IA (PI13Ka, PI3KB and PI3Kd) and
class IB (PI3KYy). All PI3K Class | catalytic isoforms possess an N-terminal RAS-
binding domain which facilitates interacting and binding to members of the RAS
family and RAS GTPases.

Class IA

Class IA PI3Ks are lipid kinases which form heterodimers. They are composed of
a highly homologous p110 catalytic subunit and a p85 regulatory subunit. The
p110 subunit can be found in 3 isoforms (p110a, p110B, p1108), which are
encoded by PIK3CA, PIK3CB and PIK3CD respectively. The latter is almost
exclusively expressed in the immune system, whilst p110a and p110p are
ubiquitously expressed. p110a and B are similar in structure and some functions,
however, p110a is involved in vascular endothelial growth signalling and
angiogenesis, whereas 3 does not (97). The p85 subunit can be found in 5
isoforms and are encoded by one of three genes PIK3R1 (p85a, p55a, p50a),
PIK3R2 (p85p), or PIK3R3 (p85y).
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Class IB
Class IB PI3Ks are heterodimers consisting of a p110y catalytic subunit, and a
p101 or p87 regulatory subunit, encoded by PIK3CG, PIK3R5 or PIK3R6

respectively.

Class Il

Class Il PI3Ks are monomers, consisting of 3 isoforms, PI3K-C2a, PI3K-C23 and
PI3K-C2y, which are encoded by PIK3C2A, PIK3C3B and PIK3C2G respectively.
Class Il Pi3K monomers convert Ptdins to Ptdins(3)P.

Class Il

Class Il PI3Ks are composed of a catalytic subunit Vps34 (encoded by PIK3C3),
which couples with its regulatory subunit Vps15 (encoded by PIK3R4). This results
in the formation of PtdIns(3)P which is responsible for autophagy and regulating
intracellular trafficking. The family of myotubules (MTM1 and MTMRL1) act as
negative regulators for the class Il and Il PI3Ks, by dephosphorylating the 3’
phosphate group of Ptdins(3)P.
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Figure 1.8: The MAPK and PI3K pathway interactions

Initiation of the MAPK pathway (depicted in red) occurs through the binding of a
ligand to, and dimerisation of two receptor tyrosine kinases (RTKSs), resulting in
phosphorylation. This creates a docking site for GRB2 and SOS, to which Ras
binds, thereby activating it. Ras activation can trigger multiple signaling cascades,
such as the PI3K or MAPK pathways. In the latter, a phosphorylation cascade
ensues, resulting in activation of RAF which phosphorylates MEK1/2, thereby
activating MAPK (ERK1/2). MAPK can activate multiple other factors involved in
transcription (Myc, ELK1, Fos), cell cycle regulation (cyclin D), and cell survival
(Bad).

The PI3K pathway (depicted in black) is activated via an RTK, and extracellular
growth factor, or binding to active membrane- bound RAS. The PI3K complex
phosphorylates phosphatidylinositol-4, 5-bisphosphate (PIP2) into
phosphatidylinositol-3, 4, 5-triphosphate (PIP3). PIP3 then activates the proto-
oncoprotein Akt, which can regulate apoptosis (Bax), translocation (Rheb, mTOR,
and S6K) and transcription (NF-kB, CREB and p53). Negative regulatory
molecules for the PI3K pathway are phosphatases. These include PTEN, SHIP-1
and SHIP-2 which all act on PIP3, or PHLPP which acts on Akt. Inactivating
mutations in these phosphatases or activating mutations (e.g. in PI3K or Akt) can
result in tumour initiation and progression (94-96).
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1.9.2. Mutations in PI3K / MAPK pathways

Cancer cell growth is dependent on signalling pathways. Due to proto-oncogenic
mutations and loss of function in tumour suppressor genes, cancer cells have
autonomous control over cellular growth and non-compliance to apoptotic or
cellular growth-inhibitory signals.

Somatic genetic alterations (e.g. PIK3CA, KRAS and BRAF mutations) that
activate the pro-oncogenic PI3K and MAPK signalling pathways are common in
rectal cancer. My mentor, Prof. Hennessy, and others have shown that these
alterations are associated with resistance to chemotherapy and radiation therapy,
and poor outcomes (93). Therefore, it is possible that inhibition of the PI3K and

MAPK pathways may increase treatment effectiveness in LARC.

1.9.3. PI3K pathway mutations
In RC, the vast majority of PI3K pathway aberrations are a result of upregulation of
RTKs, mutations in, or overexpression of the proto-oncogene PIK3CA and/or

inactivation of the tumour suppressor gene PTEN.

Somatic mutations in PIK3CA

Somatic missense mutations, deletions and amplifications in PIK3CA have been
linked to CRC, and other cancers (95,98). PIK3CA gene mutations are present in
8-20% of all CRC cases (23-25, 36) , with the majority of these mutations (80%),
occurring in two hotspots in the helical domain of exon 10 (codons 542 and 545)
and the kinase domain of exon 21 (codon 1047)(92). All three hotspot mutations
are known to be oncogenic and increase PI3K activity. Mutations within the helical
domain reduce p85’s ability to inhibit p110a or allow direct interaction between
p110a and the insulin receptor substrate 1 (IRS1). Kinase domain mutations

increase p110a interactions with lipid membranes.

PIK3CA mutations in exon 10 are associated with loss of O-6-methylguanine-DNA
methyltransferase (MGMT) expression (required for DNA repair), increased levels
of CpG island methylator phenotypes (CIMP) and the co-occurrence of KRAS
mutations (100). Mutations in exon 21 are associated with microsatellite instable

(MSI) tumours (100). In general, patients with PIK3CA mutations are less likely to
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achieve pCR (93) and have a higher risk of local recurrence with a more rapid
onset than patients who are wild-type for PIK3CA (99).

Somatic alterations in the PIK3R1 and PIK3R2 regulatory subunits are commonly
found in cancer, resulting in decreased inhibition of p110. Somatic PIK3R1
mutations are commonly inframe insertions, deletions or substitutions within the
inter-SH2 (iISH2) domain of p85a, which is the interaction point between p85a and
p110. Many of these mutations result in reduced ability to inhibit p110, thereby
increasing PI3K activity.

PIK3CB, PIK3CD and PIK3CG are not typically mutated in cancers but are

commonly overexpressed or amplified.

Somatic mutations in PTEN

PTEN is a negative regulatory molecule for the PI3K pathway, therefore its loss
results in upregulation of this pathway. Mutations within the PTEN gene occur in 5-
14% of all CRC cases, with the higher frequency found in MSI tumours (101,102).
Little research has been carried out on PTEN mutations within CRC due to limited
identification techniques for PTEN. However, it is known that a loss of PTEN

expression is associated with decreased overall survival (103).

1.9.4. The MAPK signalling pathway

MAPK pathway activation occurs through the binding of a ligand to and
dimerisation of two receptor tyrosine kinases (RTKs) (Figure 1.8). This creates a
docking site for GRB2, and SOS, to which inactive Ras proteins (HRAS KRAS,
NRAS) bind, thereby activating it. A phosphorylation cascade results in activation
of Raf (ARAF, BRAF, CRAF), which phosphorylates MEK1/2, thereby activating
MAPK (ERK 1/2). ERK1/2 can activate multiple other factors involved in
transcription (Myc, ELK1, Fos), cell cycle regulation (cyclin D) and cell survival
(Bad) (94,95).

RAS
There are over 150 RAS-like genes in the RAS superfamily, with scientists having

contrasting beliefs of what should be included. The 5 subfamilies include (Ras,
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Rho/Rac, Rab, Ran and Arf). All members of the RAS superfamily have the ability
to catalyse and hydrolyse guanine nucleotides and have similar structures.

Ras proteins are small GTPases, of which there are 3 (HRAS, KRAS and NRAS).
Ras can be active (bound to GTP), or inactive (bound to GDP). Activation and
deactivation of Ras occurs as a result of guanine nucleotide exchange factors
(GEFs), and GTPase activating proteins (GAPS), respectively. GEFs catalyse
GDP-bound RAS, to replace it with GTP-bound RAS. RAS proteins have a small
amount of GTPase activity; however, GAPs increase hydrolysis of GTP by
100,000 fold. Ras activation can trigger multiple signalling cascades, such as the
PI3K pathway or the MAPK pathway.

RAF (Rapidly Accelerated Fibrosarcoma)

There are three RAF mammalian isoforms; A-Raf, B-Raf and C-Raf, all of which
are products of 3 different genes. The majority of work was carried out on C-Raf
as it was the first to be discovered. However, this shifted in 2002 when Davies et
al identified B-Raf in multiple tumour types (91). All forms of Raf have 3 conserved
regions (CR), CR1, CR2 and CR3. CR1 has the Ras-binding domain (essential for
Ras interactions and membrane recruitment), and cysteine-rich domain
(secondary Ras binding domain, and for Raf auto-inhibition). CR2 has inhibitory
phosphorylation domains for negative regulation of Ras binding and Raf activation.
CR3 phosphorylation is essential for kinase activation.

1.9.5. MAPK pathway mutations.

Within the MAPK pathway, the most common mutations in CRC are KRAS (35-
47%) (93,104,105), and BRAF (<5%, 5-10%) (93,105-107). RAS mutations can
affect both the MAPK and PI3K pathways. Therefore, inhibition of the PI3K and
MAPK pathways may increase treatment effectiveness in LARC.

Somatic mutations in KRAS

KRAS gene mutations alter its ability to hydrolyse GTP to GDP, retaining KRAS in
an active GTP-bound state thereby resulting in a permanently activated KRAS
protein, to which downstream effectors (i.e. BRAF, PIK3CA) can interact.

95% of KRAS mutations occur within exon 2, codons 12 (80%) and 13 (15%). The
glycine residues in positions 12 and 13 of KRAS are vital docking sites for KRAS

to interact with GAPs. Consequently, these mutations have been linked to
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resistance to anti-EGFR therapy, poor recurrence-free survival and overall survival
(93), [34], [35]. CRC patients with Dukes’ stage C combined with a somatic
KRAS®!?Y mutation have been shown to have a significantly reduced overall
survival and disease-free survival (110,111), whilst KRAS mutations in codon 13

did not have any significant effect.

KRAS mutations are also commonly located in codons 61 and 146. The glutamine
residue in position 61 is essential for the hydrolysis of GTP. KRAS mutated CRCs
are less inclined to have MSI than wild-type KRAS tumours. Elevated levels of
KRAS mutations are associated with increased CEA (carcinoembryonic antigen)
levels and transformation of the colonic epithelium from monolayer to numerous
layers (112).

Somatic mutations in BRAF

Mutations in BRAF were first discovered in 2002 when they were identified in
~66% of malignant melanoma samples from the Cancer Genome Project (91).
Histologically, BRAF tumours tend to be mucinous, poorly differentiated and

serrated.

Studies have shown that BRAF mutated CRCs have a worse prognosis, are
significantly more inclined to be found in females over 70 years, located in the
proximal (right side) colon, identified at a higher grade, increased lymph node
involvement and peritoneal metastasis, more inclined to have MSI and decreased
overall survival and disease-free survival than their wild-type BRAF counterparts
(113,114). Furthermore, patients with non-curative metastatic BRAF mutated CRC
have a median survival of 33-50% of that of their wild-type BRAF counterparts.
Over 100 different BRAF mutations have been identified in exons 11 and 15 of
chromosome 7, with the most prevalent being a V600E mutation. BRAFY®%%F
mutations are present in ~10% of all CRC cases and constitute 80-90% of all
BRAF mutations (115), and are indicative of a poor prognosis, particularly in
microsatellite stable CRCs. V600E mutations occur when a thymidine (T) is
substituted for an adenine (A) at position 1799, resulting in valine being
substituted for a glutamate at position 600. The valine residue at position 600 in
BRAF proteins is essential for retaining BRAF in an inactive conformation when it

is not bound to KRAS. Therefore, mutations at this site result in a constantly active

76



BRAF, with the ability to phosphorylate and activate its downstream effectors.
Consequently, incessant activation and downstream signalling of the MAPK

pathway and EGFR-independent cellular proliferation occurs.

Tumours with BRAF mutations in codons 594 and 596 differ from other BRAF
mutated tumours. These tumours have different pathological and molecular

characteristics, and patient outcomes (116).

Multiple studies have shown a different response to BRAF inhibitors in different
tissue types. This is particularly true for melanoma and CRC, where varying levels
of resistance are have been noted between the two. CRC resistance to BRAF
inhibitors has been linked to reactivation of EGFR via a feedback loop (117,118).
The activated EGFR then phosphorylates and activates CRAF and RAS. This
particular feedback loop appears to be limited to CRC. Melanomas only express a
few, if any EGFR receptors. Therefore BRAF inhibitors need to be combined with
MEK inhibitors to achieve a significant effect on the tumour. However, resistance

to this combination frequently develops.

1.9.6. Co-occurrence of PISK/MAPK pathway mutations.

BRAF, KRAS and NRAS mutations are nearly always mutually exclusive.
However, PIK3CA mutations often co-occur with these mutations. Mutations in
KRAS and BRAF can result in upregulation of COX-2 (119), which promotes
tumour growth, proliferation, and is associated with resistance to chemotherapy
and radiation therapy (120,121).
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1.10. Inhibition of the PI3K and MAPK pathways.

1.10 .1. Copanlisib / BAY80-6946 / Aliqopa

Copanlisib is a potent, small-molecule pan-class 1 PI3K ad inhibitor from Bayer. It
is the chemical compound 2-amino-N-(7-methoxy-8-(3-morpholinopropoxy)-2,3-
dihydroimidazo(1,2-c)quinazolin-4-yl)pyrimidine-5-carboxamide and has the
molecular formula C23H2sNgO4. It has a molecular weight of 480.529g/mol.

Copanlisib primarily targets the PI3K a and & isoforms, whilst simultaneously
targeting the 3 and y isoforms to a lesser degree, and has a mild inhibitory effect
on mTOR (122). On 14" September 2017, the U.S. Food and Drugs
Administration (FDA) accelerated copanlisib approval, due to the overall response
rates (59%) seen in the Phase Il CHRONOS-1 (NCT01660451) clinical trial. This
trial was carried out on 104 patients with relapsed follicular B-cell non-Hodgkin’s
lymphoma, who failed to respond to a minimum of 2 other systemic therapies. The
study also resulted in a complete response in 14% of patients. As a result,
copanlisib (Aligopa) was the first intravenous PI3K a/d inhibitor to be approved by
the FDA.

Copanlisib is administered via an hour-long intravenous infusion on an intermittent
dosing schedule (days 1, 8 and 15 of a 28 day treatment cycle). Side effects
include hypertension, hyperglycaemia, infections (particularly pneumonia),
embryo-foetal toxicity, leukopenia, neutropenia, thrombocytopenia, diarrhoea,
nausea and cutaneous reactions; with 26% of patients in the CHRONOS I trial

reporting serious adverse reactions (123).

Copanlisib has been shown to have pro-apoptotic and anti-tumorigenic properties
both in vivo and in vitro (122,124-126). It is currently in several clinical trials for
cancers including HER2 positive breast cancer (phase 1), Endometrial
endometrioid adenocarcinoma (phase 2), Non-Hodgkin’s lymphoma (phase 3)
(Table 1.5).

Furthermore, copanlisib has been used as a successful monotherapy in a phase II
clinical trial; however, it is believed that this drug will work best in combination
therapies. Therefore, my research aimed to determine if combining copanlisib with

chemoradiotherapy can increase chemoradiotherapy responsiveness in LARC.
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Condition Phase | Treatment Locations .NCT - e
identifier
Lymphoma, Non- - . NCTO0349 | (127)
Hodgkin's 1 Copanlisib China 8430
Lymphoma, Non- - . NCTO0215 | (128)
Hodgkin's 1 Copanlisib Belgium 5582
Lvmphoma. Non- Copanlisib, NCT0225 | (129)
ympn o 1 Itraconazole, | U.S.A 3420

Hodgkin's . i

Rifampin
Lymphoma (stage 11I/1V), - NCTO0350 | (130)
metastatic malignant 1 C_opanI|S|b, U.S.A 2733

. Nivolumab

solid neoplasm

Copanlisib, NCT0146 | (131)
Advanced cancer 1 Gemcitabine | U.S.A 0537

, Cisplatin

Copanlisib + NCTO0139 | (132)
Advanced cancer 1 Refametinib U.S.A 2591
Neoplasms 1 Copanlisib U.S.A I;Ié:l'liOO% ek

Copanlisib, NCTO0141 | (134)
Advanced cancer 1 Paclitaxel U.S.A 1410

Copanlisib, NCTO0365 | (135)
Healthy Volunteers 1 Metformin U.S.A 5301
Healthy Volunteers 1 Copanlisib Netherlands 320220211 =
Endometrial, Ovarian, Copanlisib NCTO0358 | (137)
Peritoneal, fallopian tube | 1 opantisio, U.S.A. 6661

Niraparib
cancer
Hepatic Insufficiency 1 Copanlisib Germany 25320317 (138)
Advanced or metastatic 1 Copanlisib, USA NCTO0351 | (139)
solid tumour Rogaratinib T 7956

Ibrutinib, NCTO0358 | (140)
Lymphoma 1,2 Copanlisib U.S.A 1942
Lymphoma, Non- - NCTO0234 | (141)
Hodgkin’s 1,2 Copanlisib Japan 2665
Breast cancer 1,2 Copanlisib U.S.A ISI6Cl'IS;0312 (142)
Breast cancer, HER2 192 Copanlisib, reland NCTO0270 | (143)
Positive ’ Trastuzumab 5859
Carcinoma, Squamous 12 Copanlisib, France NCT0282 | (144)
Cell of Head and Neck ’ Cetuximab 2482
Mature T-Cell and NK- 12 Copanlisib, Korea NCTO0305 | (145)
Cell Neoplasm ' Gemcitabine 2933
Unresectable or NCTO0371 | (146)
Metastatic Microsatellite 1058
Stable (MSS) Solid Copanlisib,
Tumour Along With 1 2 Nivolumab b

Microsatellite Stable
(MSS) Colon Cancer

Table 1.5: Clinical trials for copanlisib treatments worldwide.
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- , NCT Ref
Condition Phase | Treatment Locations identifier
Non-small Cell Lung NCTO0373 | (147)
Cancer (NSCLC), Head 5628
and Neck Squamous
Cell Carcinoma 12 Copanlisib, Canada,

(HNSCC), Colorectal ' Nivolumab U.S.A.
Cancer (CRC),
Hepatocellular
Carcinoma (HCC)
Mixed Tumour, i NCTO0345 | (148)
Malignant 1,2 Copanlisib US.A 8728
h’ggglt‘i‘r"fza’ AL 2 Copanlisib | U.S.A 3%20166 e,
;{ggg"g‘eﬁ BIEE, g Copanlisb | Australia | ' 0239 | (150)
Lymphoma, Marginal - NCT0347 | (151)
one 2 Copanlisib Germany 4744
Lymphoma, Non- 5 Copanlisib, USA NCT0378 | (152)
Hodgkin’s / Follicular Rituximab e 9240
Copanlisib, NCT0348 | (153)
Lymphoma 2 Nivolumab U.S.A. 4819
Lymphoma, Mantle-Cell | 2 Copanlisib US.A gg?oms (154)
Endometrioid - NCT0272 | (155)
Adenocarcinoma S copemiEle A 8258
Biliary Carcinoma, Gall Copanlisib NCT0263 | (156)
Bladder Carcinoma, 5 G o 1590
. : emcitabine, | U.S.A
Cholangiocarcinoma, Cisplatin
Gastrointestinal tumour
Breast cancer, NCTO0337 | (157)
Oestrogen Receptor- Copanlisib, 7101
Positive, HER2/Neu 2 Fulvestrant, US.A
Negative, Progesterone Palbociclib
Receptor-Positive
Lymphoma, Non- 3 Copanlisib, USA NCT0236 | (158)
Hodgkin’s Rituximab e 7040
hfgg;f}fza' Al 3 Copanlisib | Brazil 5&20236 (159)
Copanlisib, NCT0262 | (160)
Rituximab, 6455
Cyclophosph-
Lymphoma, Non- amide,
Hodgkin’s < Doxorubicin, A
Vincristine,
Bendamustine
, Prednisone

Table 1.6: Clinical trials for copanlisib treatments worldwide, continued.
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1.10.2. Refametinib / BAY86-9766 / RDEA119

Refametinib is a potent, highly selective, allosteric, small-molecule MEK 1 and 2
inhibitors from Bayer. It binds to an allosteric target in the MEK 1 and 2 enzymes,
thereby inhibiting tumour proliferation and growth factor-mediated cell signalling.
Refametinib has been involved in 10 phase I/l clinical trials worldwide. These
clinical trials were used for a range of tumours, particularly hepatocellular,
pancreatic and advanced-stage tumours, along with combinations of drugs such
as Sorafenib, Gemcitabine, Regorafenib and Copanlisib (Table 1.7). However,
during the course of this project, BAYER has decided to cease further studies

using Refametinib due to toxicity concerns.

N _ NCT Ref
Conditions Phase | Treatment Location _ -
identifier
Neoplasms 1 Refametinib | China NCT01764828 | (161)
Neoplasms 1 Refametinib | Japan NCT01179295 | (162)
Refametinib, NCT01392521 | (132)
Neoplasms 1 o U.S.A
Copanlisib
Refametinib, NCT02168777 | (163)
Neoplasms 1 _ U.S.A
Regorafenib
Drug o NCT01925638 | (164)
_ 1 Refametinib | U.S.A
Interactions
Pancreatic v Refametinib, | U.S.A, NCT01251640 | (165)
Neoplasms ’ Gemcitabine | Europe
Advanced Refametinib, NCT00785226 | (166)
1,2 _ U.S.A
Cancer Sorafenib
China, NCT01204177 | (167)
Hepatocellular 5 Refametinib, | Korea,
carcinoma Sorafenib Singapore,
Taiwan
Hepatocellular o NCT01915589 | (168)
_ 2 Refametinib | U.S.A
carcinoma
Hepatocellular . Refametinib, UEA NCT01915602 | (169)
carcinoma Sorafenib o

Table 1.7: Clinical trials involving refametinib (170)
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Aims

Response rates between colorectal cancer patients vary significantly. Kinase
signalling pathway mutations have been implicated in tumourigenesis, resistance
to chemoradiotherapy and poor patient outcomes. We thus hypothesise

that inhibition of these pathways may increase sensitivity to chemoradiotherapy in
rectal cancer. | worked on the following four aims in the hope of testing this

hypothesis:

Aim 1
To determine the full spectrum of somatic genetic aberrations that activates the
PI3K and related signalling pathways in LARC and how they are modulated by

treatment.

Aim 2
To determine the impact of neoadjuvant chemoradiotherapy on circulating tumour
cells in LARC patients.

Aim 3
Determination in-vitro if inhibition of the PI3K and related kinase signalling

pathways augments rectal cancer chemoradiotherapy sensitivity.

Aim 4
Determination in-vivo, if inhibition of the PI3K and related kinase signalling
pathways augments the chemoradiotherapy sensitivity of genetically defined rectal

cancer models.
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Materials and methods
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2.1. Materials and methods utilised in aim 1 to determine the full spectrum of
somatic genetic aberrations that activates the PI3K and related signalling

pathways in LARC and how they are modulated by treatment.

Table 2.1: List of reagents used for whole-exome sequencing study, their
names, suppliers and product codes.

Reagent Supplier Product code
All Prep DNA / RNA mini kit Qiagen 80204
QlAamp DNA mini kit Qiagen 51304
Qubit dsDNA BR assay kit Life technologies Q32853
HotStarTaq Plus Master mix kit Qiagen 203643, 203645,
203646
Agarose Sigma A9539
Trizma base Sigma T1503
Boric acid Sigma B7901
Ethylenediaminetetraacetic acid,  Sigma E6758
anhydrous, >98.5% titration
Sybr Safe DNA gel stain Invitrogen S33102
GeneRuler 1kb DNA ladder, ready- Thermo scientific SMO0313

to-use, 0.1ug/ul

2.1.1. Human rectal cancer tumour samples

Fresh frozen pre-treatment tumour biopsies, and matched normal samples were
collected at endoscopy and surgery from 26 patients who presented with locally
advanced rectal cancer (LARC). Samples were obtained from the Beaumont
hospital bio-bank (Dublin, Ireland) (n=10) and MD Anderson cancer centre,
Houston, Texas (n=16), using an ethics committee-approved protocol. All patients
were treated with neoadjuvant chemoradiation therapy (NACRT), and the cohort
was stratified by response to NACRT treatment. Response was defined by the
volume of tumour remaining upon surgery post-NACRT treatment, according to
the RC Path guidelines. Samples were separated into good (RC Pathl — no
remaining tumour) (n=5), intermediate (RC Path 2 — some remaining tumour)
(n=11) and poor (RC Path 3 — a large quantity of remaining tumour) (n=10)
responders to treatment. Extensive pathology reviews were carried out by a
trained pathologist to ensure there was adequate tumour content within the frozen

biopsies, and that no remaining tumour was present in the normal samples.
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2.1.2. DNA extraction from normal and tumour samples
DNA was extracted from the normal tissue or blood, and tumour tissue samples
using an All Prep DNA/RNA mini kit (Qiagen).

Principle

The All Prep DNA/RNA mini kit purifies genomic DNA and RNA from biological
samples. Extracted DNA is on average 15-30kb in length. Samples are
homogenised and lysed by a denaturing guanidine-isothiocyanate-salt containing
buffer (Buffer RLT Plus) which is used to inactivate DNAses for isolation of DNA.
The lysate is passed through an All Prep DNA spin column which binds genomic
DNA. A range of wash buffers are used (Buffer AW1, AW2 and EB). AWl is a
stringent wash containing a low concentration of guanidine hydrochloride salts to
denature proteins to facilitate sample filtration. AW2 is a Tris-ethanol based
solution used to remove salts. Buffer EB is an elution buffer consisting of 10mM
Tris-HCI, pH 8.5, which releases DNA from the sample. The slightly basic pH
stabilises the acidic DNA, enabling optimal dissolution into the buffer.

Protocol:

30mg of tissue was homogenised in 60ml buffer RLT Plus. The lysate was
centrifuged at maximum speed for 3 minutes. The supernatant was transferred to
All Prep DNA spin column, contained in a 2ml collection tube, and centrifuged at
10,000rpm for 30 seconds. The spin column was transferred to a new 2ml
collection tube. Buffer AW1 (500ul) was added to spin column and centrifuged at
10,000rpm for 15 seconds. Flow-through was discarded. Buffer AW2 (500ul) was
added to the column and centrifuged at full speed for 2 minutes. The spin column
was transferred to a new 1.5ml collection tube. Buffer EB (100ul) was added
directly to the membrane, incubated at room temperature for 1 minute, and

centrifuged at 10,000rpm for 1 minute.
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2.1.3. Whole exome sequencing

Beaumont hospital cohort:

Exome capture sequencing was carried out on 2ug of DNA using the Agilent
SureSelect Human All Exome V3 kit. A mean coverage of 83x was achieved,

using 91bp paired end reads from the lllumina HiSeq 2000.

MD Anderson cohort:

500ng of Biorupter Ultrasonicator (Diagenode)-sheared genomic DNA was
processed with a Kapa hyper library preparation kit (Kapa Biosystems) to form an
illumina compatible indexed library. The TapeStation High Sensitivity DNA kit
(Agilent Technologies) was used to assess the quality of the library.
NimbleGenSeqCap EZ Exome kit V3.0 (Roche Nimblegen) was used to carry out
exome capture of the library pool. The HiSeq3000 Sequencer (lllumina Inc., San

Diego) was used to carry out sequencing using the 76nt paired end format.

2.1.4. DNA gquantification

Principle

The Qubit fluorometer is a benchtop device used to quantify DNA and RNA using
fluorescence-based assays. The Qubit dsBR reagent is highly selective at
detecting double-stranded DNA, with the ability to detect a broad range of DNA,
varying from 100pg/pl, up to 1,000ng/ul. The qubit assay is incubated for 2

minutes to maximise its fluorescence signal, which is then stable for up to 3 hours.

Procedure

DNA was quantified using the Qubit dSDNA BR assay kit (Invitrogen). A 1:200
working stock solution (dAsDNA BR reagent: dsDNA BR buffer) was made, and
vortexed. Samples and standards were diluted in the working solution, 1:200 and
1:20 respectively, with a final volume of 200ul per tube. Samples were vortexed
and incubated at room temperature for 2 minutes. Samples were measured on the

Qubit fluorometer (Invitrogen).
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2.1.5. Determination of quality of DNA

300bp B-globin PCR

Principle of PCR

Polymerase chain reactions (PCRSs) consist of four primary steps, initial

denaturation followed by repeated denaturation, annealing and extension cycles.
Initial denaturation: The PCR mix is incubated at 95°C initially to activate DNA
polymerase and to convert double-stranded DNA molecules into single-stranded
DNA.

Denaturation: Occurs at 95°C to remove all hydrogen bonds between
complementary DNA bases, further ensuring only single-stranded DNA is present
prior to amplification process.

Annealing: The temperature is reduced to 5°C below the primer melting
temperature. This promotes primer binding to the complementary single-stranded
DNA sequence.

Extension: The temperature is increased to 72°C which is the optimal
temperature for DNA polymerase activity. This facilitates the extension of
hybridised primers.

Cycles are typically repeated several times to maximise amplification of the end

product.

Preparation of samples

Verification of DNA quality was carried out using a 300bp B-globin PCR, using the

Qiagen Quality HotStarTaq Plus Master Mix kit. The master mix was made using

the following:
Solution ul per sample
2x Taq master mix buffer 10

B-globin primer

Coral load concentrate 10x
Nuclease-free water (NFW)
DNA (5nQ)

NBADNDN

The 2 x master mix buffer consists of 1-part 3-globin forward primer (5-GGG TTT
GAA GTC CAA CTC CTA AG-3’), and 1 part B-globin reverse primer (5-CAA CTT
CAT CCA CGT TCA CCT-3)).
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18ul of master mix and 2ul of DNA was added to per well. Positive and negative
controls consisted of DNA control and nuclease-free water (NFW) respectively.
Samples were covered, vortexed and centrifuged at 3,500rpm for 1 minute.

Samples were run on a 300bp B-globin programme, with the following PCR cycle:

Process Temperature Time Number of cycles
Incubation 95°C 5 minutes
Denaturation 95°C 30 seconds
Annealing 30.5°C 20 seconds
Extension 72°C 60 seconds 35
72°C 10 minutes

Electrophoresis gel

PCR products were subsequently analysed on an electrophoresis gel. Agarose
and 1 x Tris Borate EDTA (TBE) were mixed and heated in a microwave for 2
minutes, or until the solution was fully dissolved.10ul of Sybr Safe were added, the
solution was mixed and poured into a gel case, and allowed to set. The

composition of 1X TBE and the 1.5% agarose gel are displayed below:

Composition of 1X TBE solution:

Reagent / solution Volume
Tris-base 10.8g

Boric acid 5.5¢g

EDTA 0.93¢g
Distilled water Fill up to 1L

Composition of 1.5% agarose gel:

Solution Per 1.5% gel
Agarose 1.5¢g

1 x TBE 100ml

Sybr Safe 10ul

The 1.5% agarose gel was subsequently placed in an OWL separation system
box, which was filled with 1x TBE buffer. 8ul of 1Kb ladder and 12pl of the sample
were loaded into wells. Electrophoresis gel was run for 10 minutes at 260 volts.
Gels were scanned to check for bands to ensure the quality of DNA prior to exome
sequencing.
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2.1.6. Whole-exome sequencing

3ug genomic DNA was sent to BGI Tech for exome sequencing. Targeted exome
capture was performed using an Agilent SureSelect Human all Exome V3 Kit.
Samples were sequenced to a minimum of 50X coverage using 91bp paired end
reads on the lllumina HiSeq2000.

Whole-exome seguencing data analysis

The quality of Fastq files generated was determined using FastQC, and adapter
and primer sequences and low quality 3’ end reads were trimmed off using
Trimmomatic. Remaining reads (with a minimum length of 90 bases) were aligned
to the hg19 reference genome using BWA. Alignments with mapping quality score
<10 were removed. Picard was used to sort and index BAM files and remove PCR
duplicates. Local realignment, base quality score recalibration, variant and indel
calling and filtering were carried out using the Genome analysis toolkit. To identify
somatic mutations, variants from tumour and matched normal samples were
compared and variants coming up in both were removed. Varscan and Mutect
were used for SNV and indel calling. Excavator was used for calling copy number
alterations. Identified somatic variants were annotated using ANNOVAR and
variants within the targeted capture genes were kept for further analysis. Based on
functional annotations the variant was considered non-silent if it was annotated as
non-synonymous. SIFT and Polyphen2 predictor databases were used to enrich
for variants with deleterious/damaging effects. To identify the significantly mutated
genes, Fisher's exact test was used to compare the gene mutation results against
the background mutation rate estimated previously. Data analysis was done in
collaboration with Dr. Simon Furney and Scott Piraino.

Prism software (GraphPad) was used to calculate the statistical significance for
tumour mutational burden. Whereby | used the unpaired 2-tailed t-test with
Welch’s correction with a confidence interval of 95%. P-values <0.05 were

indicative of a result of statistical significance.
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2.2. Materials and methods utilised in aim 2 to determine the impact of
neoadjuvant chemoradiotherapy on circulating tumour cells in LARC

patients.

Table 2.2: List of reagents used for TRILARC study, their names, suppliers

and product codes.

Reagent Supplier Product code
CYTO kit ScreenCell CY 4FC
Phosphate buffered saline tablet Sigma P4417
Nuclease-free water Sigma 3098
Papanicolaou's solution 1b haematoxylin Merck 109254
solution S

Eosin Y solution Sigma Aldrich 318906
Faramount aqueous mounting medium ready- Dako S3025

to-use

2.2.1. TRI-LARC (ICORG 12-38) clinical trial

The TRI-LARC phase Il clinical trial (ICORG 12-38) is the first pre-operative Irish
rectal cancer trial. This prospective randomised control trial aims to compare two
forms of radiation therapies in 240 LARC patients. The two arms include treatment
using traditional 3-D confocal radiotherapy (3-DCRT), and the novel Intensity-
Modulated Radiotherapy (IMRT). The trial is currently open in three clinical
centres, St. Luke’s hospital, Beaumont; St. Luke’s hospital, Rathgar and St.
James’ hospital, Dublin. This study was approved by the ethics committee and
informed written consent in line with the ICH-GCP guidelines was obtained from all

patients prior to the undertaking of any clinical trial procedures.

Inclusion criteria

Inclusion criteria for the trial included a minimum age of 18 years, no evidence of
metastatic disease and an Eastern Cooperative Oncology Group (ECOG)
performance status of 0-2. The latter is a scale which records patients levels of
functioning (i.e. physical and self-care abilities), which is further discussed in Table
2.3.
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Table 2.3: ECOG grading system (171).

All patients enrolled in the trial had histologically confirmed rectal
adenocarcinoma, with any of the following stages according to AJCC Version V:
cT3/4 NO-2

cT(any) N1-2

cT (any) N (any) where the Circumferential Resection Margin (CRM) is at risk.

All patients gave written informed consent in line with ICH-GCP guidelines.

ECOG grade ECOG performance status

0 Fully active, able to carry on all pre-disease performance

without restriction.

1 Restricted in physically strenuous activity but ambulatory and

able to carry out work of a light or sedentary nature.

2 Ambulatory and capable of self-care but unable to carry out any

work activities; up and about more than 50% of waking hours.

3 Capable of only limited self-care; confined to bed or chair more

than 50% of waking hours.

4 Completely disabled; cannot carry out any self-care; totally
confined to bed or chair.
5 Dead

Exclusion criteria

Patients were excluded from taking part in the TRILARC clinical trial if they had
any of the following: previously received radiotherapy treatment to the pelvic
region, induction chemotherapy was given prior to chemoradiotherapy, history of
inflammatory bowel disease, previous hip replacement or bowel surgery, patients
with other conditions associated with increased radiosensitivity, any other co-
existing malignancies within the past 5 years (excluding non-melanoma skin

cancer), pregnant or lactating.

Treatment regimens

Prior to study enrolment, imaging and staging of the tumour were carried out via
an MRI scan and CT scan of the thorax and abdomen. Other baseline

assessments included a Digital Rectal Exam (DRE), rigid sigmoidoscopy and an
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array of blood tests (Full blood count (FBC), Urea and Electrolytes (U/E), Liver
Function Test (LFT) and Carcinoembryonic Antigen (CEA)).

Continuous intravenous (1V) infusion of 5-FU chemotherapy (225mg/m;) was
given daily for the duration of radiotherapy. 28 fractions of external-beam pelvic
radiotherapy (50.4Gy) were delivered using a Linear Accelerator (LINAC) with
26MV energy and an Image-Guided Radiation Therapy (IGRT) capacity for
improved accuracy and precision. Patients received 5 fractions of either 3DCRT or
IMRT per week, for 6-8 weeks, with a minimum inter-fractionation interval of 6
hours. During radiation therapy treatment, patients were immobilised, and with the
aid of Cone Beam CT (CBCT) scans, they were set in a supine position for IGRT.
Completion of the course of radiation was followed by Total Mesorectal Excision
(TME), and adjuvant chemotherapy. Acute toxicities were assessed weekly during
radiotherapy and at 2 and 4 weeks post-treatment. Late toxicities were assessed
at 3, 6,9, 12, 18 and 24 months post-treatment and will be assessed annually up

to 10 years.

2.2.2. Blood collection

Peripheral blood was collected at various time-points before, during and after
therapy, and after surgery (see Table 2.4) from patients enrolled in the TRI-LARC
(ICORG 12-38) clinical trial. 9mls of peripheral blood was collected in ScreenCell
K2-EDTA tubes for analysis of circulating tumour cells; whilst a further 15mls of
blood was collected in two EDTA vacutainer tubes (9mls and 6mls) for plasma.
Blood tubes were inverted a minimum of 10 times immediately after drawing
blood. Samples were taken pre-treatment, week 3 on radiotherapy, last week on
radiotherapy, 4 weeks after radiotherapy, after surgical procedure and 6 months -
1 year follow up.
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Table 2.4: Time-points for collection of blood and tissue samples during
TRILARC clinical trial.

Peripheral blood was collected at the following time-points before, during and after
therapy, and after surgery from patients enrolled in the TRI-LARC (ICORG 12-38)
clinical trial. Blood was collected by clinical staff in St. Luke’s hospital, Beaumont;
St. Luke’s hospital, Rathgar and St. James’ hospital, Dublin. Blood for plasma and
circulating tumour cells (CTCs) were collected in EDTA vacutainer tubes and
ScreenCell K2-EDTA tubes respectively. Blood tubes were inverted a minimum of

10 times immediately after drawing blood.

Time-point Pre- Week 3  Last 4 Surgical After
treatment on RT week weeks  procedure surgical
on RT after RT procedure
Plasma Samplel Sample Sample Sample Sample 5
(15mls) 2 3 4
CTC blood Samplel Sample Sample Sample Sample 5
(9mls) 2 3 4
Tissue FFPE 1 FF FFPE 2
(optional) FF 1

RT = Radiation therapy

SM= somatic mutation

CTC = circulating tumour cells

FFPE = formalin-fixed, paraffin-embedded tissue

FF = fresh frozen tissue
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2.2.3. Processing of plasma samples

Blood (15mls) was processed to plasma by centrifuging at 1000g for 15 minutes at
4°C. This resulted in the fractionation of the sample into 3 phases; a lower phase
containing erythrocytes, buffy coat containing leukocytes and platelets, and an
upper phase consisting of the plasma. Plasma was removed and divided into
1.5ml tubes and centrifuged at 15,000rpm for 10 minutes at 4°C. 1ml aliquots of
plasma were transferred into cryovials and stored at -80 “C. Circulating DNA in the
plasma was analysed by Dr. Sinead Toomey using the ultra-sensitive mutation
detection technique, UltraSEEK (Agena Biosciences).

2.2.4. Tumour tissue collection

The RCSI bio-bank collected pre-treatment formalin-fixed paraffin-embedded
(FFPE) and fresh frozen (FF) tumour tissue, and an FFPE and fresh frozen
sample at the surgical procedure. An optional FF biopsy was also collected at
week 3 of radiotherapy treatment. FF tumour tissue was frozen immediately in
liquid nitrogen and stored at -80C. Tissue for FFPE blocks were fixed in buffered

formalin.
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2.2.5. Whole blood for circulating tumour cell (CTC) analysis

Principle:

For every 1ml of blood, there are approximately 4.5 - 11 million leukocytes, 150 -
400 million platelets and 4.2 - 6.1 billion erythrocytes per millilitre of blood.
Therefore identification of a single CTC can often be masked and can be highly
challenging to detect. ScreenCell have developed a filtration device to capture

CTCs from human blood using a ScreenCell CY device.

Prior to filtration, blood is mixed with ScreenCell fixed cells (FC2) dilution buffer,
which is composed primarily of paraformaldehyde and saponin. This causes
erythrocytic lysis to occur within the sample, whilst still preserving the integrity of
all other remaining cells. The resulting solution is filtered using a disposable, size-
selective ScreenCell CY device which has a track-etched poly(C)arbonate
microporous filter. This filter has a pore size of 7.5um, since platelets are ~2um,
these too are automatically eliminated. The filter is further rinsed with phosphate-
buffered saline (PBS) to ensure removal of all erythrocytic debris. This process
removes an average of 99.9% of cells from the blood sample, thereby leaving us

with the 0.01% of cells which may be of interest.

Protocol:

Isolation of CTCs was carried out on peripheral blood within 4 hours of sample
collection (blood was kept at 4°C before filtration) (Figure 2.1). 3mls of whole
blood was diluted in 4mlis of ScreenCell FC2 dilution buffer (pH 6.7-7), tubes were
inverted a minimum of 5 times, and incubated at room temperature for 8 minutes.
Post incubation, the solution was poured into module A of the ScreenCell cyto
filtration unit. The protective membrane was removed and a fresh EDTA tube was
attached to module B, facilitating filtration. When the blood: buffer solution reached
the yellow line on module A, 1.6mls of phosphate-buffered saline (PBS) was
added. When there was no solution remaining in the cyto filtration unit, module A
was removed, and the attached filter was released onto Whatman paper and air-

dried for 15 minutes.
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Figure 2.1: ScreenCell Cyto filtration method (172).

9mls of peripheral blood was collected into a ScreenCell K2-EDTA tube.
Isolation of CTCs was carried out on less than 4hours after sample collection
(blood was kept at 4°C before filtration). 3mls of the blood was diluted in 4mls of
ScreenCell FC2 dilution buffer (pH 6.7-7), tubes were inverted a minimum of 5
times, and incubated at room temperature for 8 minutes. Post incubation, the
solution was poured into module A in the ScreenCell cyto filtration unit. The
protective membrane was removed and a fresh EDTA tube was attached to
module B, facilitating filtration. When the blood: buffer solution reached the yellow
line on module A, 1.6mls of phosphate-buffered saline (PBS) was added. When
there is no solution remaining in the cyto filtration unit, module A was removed,
and the attached filter was released onto Whatmann paper and air-dried for 15
minutes. Filter was stained with haematoxylin and eosin and analysed

microscopically for the presence of CTCs.
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Histological staining of ScreenCell filters

Filters were stained with haematoxylin and eosin to assess for the presence of
CTCs in the blood. Haematoxylin (70ul) was applied to the CY filter for 1 minute at
room temperature. Using a forceps, the filter was rinsed vertically in a water bath.
Excess water was removed, and eosin (70ul) was applied for 30 seconds at room
temperature. CY filter was rinsed vertically in a water bath and left to air dry for 15
minutes at room temperature. Filters were attached to a microscope slide and
mounted with an 8mm diameter circular coverslip using Faramount mounting

medium.

Identification of circulating tumour cells

ScreenCell filters were analysed microscopically for the presence of CTCs. The
following cytomorphological criteria were used for identification of CTCs, whereby
a minimum of 4 of the following was required for positive identification (173-175):
Anisonucleosis (ratio >0.5)

Nucleus size >16um

Irregular nuclei

3-D sheets

High (>2.1) nuclear/cytoplasmic ratio.

Statistical analysis

Statistical data analysis was carried out using the Prism software (GraphPad). The
unpaired 2-tailed t-test with Welch’s correction was used to determine statistical
significance for variations between patient cohorts (gender, age, treatment) and
for the volume of CTCs detected at each time-point. A confidence interval of 95%

was used and p-values <0.05 were indicative of a result of statistical significance.
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2.3. Materials and methods utilised in aim 3 to determine if in-vitro inhibition

of the PI3K and related kinase signalling pathways augments rectal cancer

chemoradiotherapy sensitivity.

Table 2.5: List of reagents used for in vitro study, including their names,

suppliers and product codes.

Reagent Supplier Product code
DLD-1 ATCC ATCC CCL-221
LS-174T ATCC ATCC CL-188
LS-513 ATCC ATCC CRL-2134
LS-1034 ATCC ATCC CRL-2158
LS-411N ATCC ATCC CRL-2159
Colo-205 ATCC ATCC CCL-222
C2BBel ATCC ATCC CRL-2102
CL-14 DSMZ ACC-504
Caco-2 ATCC ATCC HTB-37
SNU-C4 KCLB 0000C4
RPMI-1640 medium Sigma Aldrich R8758
Dulbecco’s modified eagle medium — Sigma Aldrich D6429

high glucose

DMEM and HAMS F12 Sigma Aldrich ~ D8062

Eagle minimum essential medium Sigma Aldrich M0325
Transferrin human Sigma-Aldrich  T8158

FBS, Qualified (Foetal bovine serum) Gibco 10270-106
Penicillin Streptomycin Gibco 15070-063
Copanlisib BAYER S2802
Refametinib BAYER S1089
Dimethylsulfoxide (DMSO) Sigma-Aldrich  D2650

TFA Sigma-Aldrich  T6580
CellTiter96 AQueous one solution cell

proliferation a(gsay (MTS) Promega G3582

Crystal violet solution, 1% aqueous . .

solitionSigmaV5265 q Sigma-Aldrich V5265

Acetic acid Sigma-Aldrich 27225

0.25% Trypsin-EDTA (1x) Gibco 25200-056
Phosphate buffered saline tablet Sigma-Aldrich ~ P4417

Methanol Sigma-Aldrich 34680
5-Fluorouracil Sigma-Aldrich ~ F6627

1% Triton X-100 Sigma-Aldrich  T8787

50mM HEPES Sigma-Aldrich H3375

150nM NacCl Sigma-Aldrich  S7653

1.5nM MgClI12 Sigma-Aldrich M2670

1mM EGTA Sigma-Aldrich  E3889

100mM NaF Sigma-Aldrich ~ S7920
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Reagent Supplier Product code

10% glycerol Sigma-Aldrich  G5516

Protease inhibitor Roche Applied 11835153001
Science

Phos-Stop phosphatase inhibitor Fszo.che Applied 4906845001

cience

8% SDS Sigma-Aldrich L3771

0.25M Tris-HCI (ph6.8) Sigma-Aldrich  RES3098T-B7

Biorad DC protein assay - reagent A Biorad 500-0113

Biorad DC protein assay - reagent B Biorad 500-0114

Biorad DC protein assay - reagent S Biorad 500-0115
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2.3.1. Colorectal cancer cell lines

We acquired the following colorectal cell lines DLD-1, LS-174T, LS-513, LS-1034,
LS-411N, Colo-205, Caco-2 and C2BBel from ATCC; CL-14 was obtained from
DSMZ and SNU-C4 from the KCLB (Table 2.6). Fingerprinting was carried out on
all cell lines to confirm their identity by Source BioScience, LifeSciences,
Nottingham, UK. The cell lines DLD-1, LS-513, LS-1034, LS-411N, SNU-C4 and
Colo-205 were all cultured in RPMI-1640 media. C2BBel was grown in
Dulbecco’s modified eagle medium (DMEM), supplemented with 0.01mg/ml
human transferrin (Sigma-Aldrich). CL-14 was cultured in DMEM and HAMS F12,
and LS-174T and Caco-2 required eagle minimum essential medium (EMEM). All
media was obtained from Sigma-Aldrich. All cell lines were maintained at 37°C
with 5% CO,, and supplemented with 10% foetal bovine serum (FBS) (with the
exception of CL-14and Caco-2 where 20% FBS was used), and 1% penicillin/

streptomycin (P/S) (P/S free media was used during drug treatments).

Cell lines were screened for mutations within the PI3K and MAPK pathways using
the Agena MassArray system and publically available data from the cancer cell
line encyclopaedia (CCLE) (176). Cell lines were subdivided into 5 groups
according to their mutational subtype: wild-type (C2BBel, CL-14, Caco-2), KRAS
mutated (LS-513, LS-1034), BRAF mutated (LS-411N, Colo-205), PIK3CA
mutated (SNU-C4) and PIK3CA and KRAS mutated (DLD-1, LS-174T).
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Table 2.6: Colorectal cancer cell lines, and their corresponding PI3BK/MAPK

pathway mutations, growth medium requirements, tissue type and

morphology.
Cell line Mutations Media Tissue type Morphology
DLD-1 PIK3CA: RPMI + 10% FBS  Colon, Dukes Epithelial
(ATCC E545K type C,
CCL-221) KRAS: colorectal
G13D adenocarcinoma
LS-174T PIK3CA: EMEM + 10% FBS Colon, Dukes Epithelial
(ATCC H1047R type B,
CL-188) KRAS: colorectal
G12D adenocarcinoma
Colo-205 BRAF: RPMI + 10% FBS  Colon, Dukes Epithelial
(ATCC V600E type D,
CCL-222) Colorectal
adenocarcinoma.
LS-411N BRAF: RPMI + 10% FBS  Cecum, Dukes Epithelial
(ATCC V600E type B,
CRL-2159) colorectal
carcinoma
LS-513 KRAS: RPMI + 10% FBS  Cecum, Dukes Epithelial
(ATCC G12D type C,
CRL-2134) colorectal
adenocarcinoma
LS-1034 KRAS: RPMI + 10% FBS  Cecum, Dukes Epithelial
(ATCC A146P type C,
CRL-2158) colorectal
carcinoma
CL-14 WT DMEM and HAMS  Colon, Epithelial
(ACC 504) F12 + 20% FBS carcinoma
C2BBel WT DMEM with Colonic Epithelial
(ATCC 0.01mg.ml enterocyte,
CRL-2102) human transferrin  colorectal
+10% FBS carcinoma
Caco-2 WT EMEM + 20% FBS Colorectal Epithelial
(ATCC adenocarcinoma
HTB-37)
SNU-C4 PIK3CA: RPMI + 10% FBS  Colon, Colorectal Epithelial
(KCLB E545G adenocarcinoma
0000C4)
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2.3.2. Proliferation assays

Principle
The CellTiter96 Aqueous One solution cell proliferation assay (Promega) is a

colourimetric assay used for determination of the number of viable cells in culture.
It contains a tetrazolium compound [3-(4, 5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS] and an
electron coupling reagent (phenazine ethosulfate; PES). Metabolically active cells
contain dehydrogenase enzymes which release NADH and NADPH. This results
in bioreduction of the tetrazolium MTS compound into a blue formazan by-product
which is soluble in tissue culture medium. The absorbance reads the volume of
formazan produced, which is directly proportional to the number of viable cells in
the culture (177).

OCH,COOH s0; OCH,COOH B
@! IS
N QYN‘N’C/

/
N=N.® S CHs N;N\H S
CH
XL X
C

N
Ha CHs

MTS - Formazan

Figure 2.2: Chemical structure of tetrazolium MTS compound and its
formazan by-product (177).

Metabolically active cells contain dehydrogenase enzymes which release NADH
and NADPH. This results in bioreduction of the tetrazolium MTS compound into a
blue formazan by-product which is soluble in tissue culture medium. The
absorbance reads the volume of formazan produced, which is directly proportional

to the number of viable cells in the culture.

Procedure

The novel PI3K inhibitor Copanlisib / BAY-806946 (5mM) and the MEK inhibitor
Refametinib / RDEA-119 / BAY-86-9766 (10mM) were acquired from Bayer. Cells
were plated in triplicate at 1x10” cells/ml in 96 well plates (100ul per well), and
incubated at 37°C with 5% CO, for 24 hours. Media was subsequently removed,
and 100ul drug-containing media was added to each well. For the semi-adherent
cell line, Colo-205, the drug-containing media was added directly to the cell
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suspension. Cells were treated with serial 1:2 dilutions of the MEK inhibitor
refametinib (2uM - 7.8nM) or DMSO control, the PI3K inhibitor copanlisib (200nM
— 0.78nM) or DMSO/TFA control, or copanlisib-refametinib combination (200nM —
0.78nM and 1mM — 3.9nM respectively). 200ul of sterile PBS was added to the
outside wells of the plates to prevent the plate from drying out. Cells were
incubated at 37°C with 5% CO, for 5 days. 20pl of MTS reagent (40pl for Colo-
205) was added to each well and incubated at 37°C with 5% CO; for 2 hours.

Absorbance was read at 490nm using a 96-well plate reader.

Statistics

Proliferation assays were run in biological triplicates. CalcuSyn software (Biosoft)
was used to calculate ICsp and combination index (CI) values, which is based on
the Chou-Talalay quantification method (Table 2.7). Error bars were used in charts
to represent the standard deviation between samples. P-values <0.05 were

indicative of a result of statistical significance.

Table 2.7: Combination index values and corresponding Chou-Talalay
definition for levels of synergism within a sample.

Clrange Chou-Talalay definition
<0.1 very strong synergism
0.1-0.3 strong synergism
0.3-0.7 synergism

0.7-0.85 moderate synergism

0.85-0.9 slight synergism

0.9-1.1 nearly additive

1.1-1.2 slight antagonism
1.2-1.45 moderate antagonism
1.45-3.3 antagonism

3.3-10 strong antagonism

>10 very strong antagonism
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2.3.3. Clonogenic assays

Clonogenic assays were used to enable combination treatment of chemoradiation
therapy and the PI3K and MEK inhibitors.

Principle

Clonogenic assays are a method of determining if a single cell has the ability to
form a colony in vitro. By plating very low levels of single cells, each cell is
required to proliferate, thereby testing the whole population. If cells are treated
with cytotoxic drugs, cell proliferation rates may be affected as a result. Therefore,

a cluster of cells must contain a minimum of 50 cells to be classified as a colony.

Background
Cells were grown in clonogenic assays to facilitate chemoradiation therapy (CRT),

and to determine if a single cell has the ability to form a colony in vitro.
Preliminary work for the clonogenic assays included optimisation of cell volume,
length of the experiment (weeks) and optimisation of drug concentrations for each

cell line.

2.3.4. Optimisation of clonogenic cell volume

Cells were plated at 50, 100, 200, 400, 800, 1200, 1600, 2000, 2500 cells per well
in a 6 well plate for all mutated cell lines (PIK3CA = SNU-C4, KRAS = LS-1034,
BRAF = LS-411N, PIK3CA-KRAS = DLD-1). For the wild-type cell line, Caco-2,
1000, 1500, 2000, 3000, 4000, 5000, 10000 and 20000 cells were plated per well.
Plates were incubated at 37°C, with 5% CO, for 2 weeks. Cells were fixed and
stained with 0.1% crystal violet. Optimised cellular volumes are shown in Table
2.8.

2.3.5. Colony fixation and crystal violet staining technique

Media was carefully removed from well / flask. Fresh media (1ml/ well / 6 well
plate, or 3mls/T25 flask) was slowly added to the side of the well / flask to avoid
lifting colonies. Media was removed and plates / flasks were washed with PBS.
PBS was removed and 1:4 acetic acid: methanol mix (4°C) (2ml/ well / 6 well

plate, or 5mls/T25 flask) was added to cells, and incubated at room temperature
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for 30 minutes. Acetic acid: methanol mix was removed and cells were rinsed with
water. Cells were stained with 0.1% crystal violet (2ml/ well / 6 well plate, or

5mls/T25 flask) for 30 minutes, and plates were subsequently rinsed with water.

2.3.6. Quantification of cellular growth in clonogenic assays

As colony size varied widely between treatment regimens, counting colonies of
over 50 cells did not fully represent the cellular response to treatment. Therefore
we determined the crystal violet staining intensity via a colourimetric assay,
whereby the crystal violet intensity is directly proportional to the volume of cells
within a flask / well.

30% acetic acid was added to each well (2mls/well/6 well plate) or T25 flask
(5mls) and incubated at room temperature for 20 minutes on a shaker. Samples
were diluted 1:5 with water. 250yl of the diluted crystal violet solution was added
to 96-well plate (each well / flask was carried out in triplicate) and measured on a

plate reader at 595nm.

2.3.7. Optimisation of drug concentrations

Cells were plated in 6 well plates at optimised cellular concentrations from 2.3.4
(2mls per well) and incubated at 37°C with 5% CO,, for 24hours. Media was
subsequently removed, and 2mls drug-containing media was added to each well.
Cells were treated with serial 1:2 dilutions of the MEK inhibitor refametinib (2uM —
0.24nM), PI3K inhibitor copanlisib (200nM — 0.024nm) or 5-FU chemotherapy
(250uM — 0.03uM), or vehicle controls (DMSO for refametinib and 5-FU
chemotherapy, or DMSO/TFA for copanlisib). Cells were incubated at 37°C with
5% CO,for 2 weeks. Colonies were subsequently fixed, stained and quantified via
methods 2.3.5 and 2.3.6. Experiments were run in triplicate and error bars were
representative of standard deviations. IC+s values were calculated for each cell
line per drug, and are represented in Table 2.8.
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Table 2.8: Optimised incubation times, cell volume and drug concentrations
for PI3K inhibitor (copanlisib), MEK inhibitor (refametinib), and 5-FU
chemotherapy, for 5 colorectal cancer cell lines for varying mutations within
the PI3K and MAPK pathways.

Cellular volume was optimised for each cell line, depending on colony formation
during a two-week incubation period at 37°C, with 5% CO,. Drug concentrations
for copanlisib, refametinib and 5-FU chemotherapy are representative of IC75

values for each cell line treated with varying concentrations of each drug.

Wild type BRAF PIK3CA KRAS PIK3CA &
mutated mutated mutated KRAS
mutated
Caco-2 LS-411IN SNU-C4 LS-1034 DLD-1
Volume of 50,000 5,000 2,000 3,000 1,000
cells seeded cells cells cells cells cells
per T25 flask
IC50 for 6.1 100 3.1 8.6 50
Copanlisib
(hm)
IC50 for 250 4.6 4.4 33.25 500
Refametinib
(nm)
IC75 for 5-FU 130 290 56 60 730
chemotherapy
(nm)
Incubation 2 weeks 2 weeks 2 weeks 2 weeks 2 weeks
period
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2.3.8. Clonogenic assays of PI3K and/or MEK inhibition in combination with
chemoradiation therapy

Cells (cellular concentration determined from section 2.3.4, see Table 2.8) were
seeded in T25 flasks and incubated at 37°C in 5% CO? for 24 hours. Following
incubation, cells were treated with drug-containing media (drug concentrations
determined from section 2.3.7, see Table 2.8). Overall there were 15 treatment
arms, and 2 controls, which are outlined in Table 2.9. Cells were radiated 1-hour
post drug treatment (as per section 2.3.9) and incubated until colony formation
(Table 2.8). Colonies were fixed and stained as per method 2.3.5 and quantified

as per method 2.3.6. The clonogenic assays are described in Figure 2.3.

Table 2.9: Drug treatment regimens for clonogenic assays

Vehicle Refametinib;

Vehicle and transport Refametinib and chemotherapy;

5-FU chemotherapy Refametinib and radiation

Radiation Refametinib and chemoradiation
Chemoradiation Copanlisib and Refametinib

Copanlisib; Copanlisib, refametinib and chemotherapy;
Copanlisib and chemotherapy Copanlisib, refametinib and radiation;
Copanlisib and radiation; Copanlisib, refametinib and chemoradiation.
Copanlisib and chemoradiation
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2.3.9. Radiation of T25 flasks

Based on results from a previous study (178). The cancer cell lines were irradiated
in T25 culture flasks (Corning) which were placed in a Perspex phantom. This was
subsequently placed under slabs of water equivalent plastic to position the cells at
a depth of 10cm, which was 100cm from the radiation source, to mimic a clinically
relevant tumour depth. Up to 8 flasks were radiated at a time in a perspex
phantom. All irradiations performed used a 6MV photon beam produced by an
Elekta Precise LINAC with an 80 leaf multi-leaf collimator. A nominal dose rate of
400MU/min and a dose of 2Gy were delivered to the base of the in-field culture
flasks using a 10 x 15cm? field. Radiation was carried out in collaboration with
Prof. Brendan McClean, Dr. Peter McBride, Dr. Laura Shields, and Dr. Allen
Curran St. Luke’s hospital, Rathgar.
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Figure 2.3: Method for clonogenic assays

Cells (LS-411N = 1,000 cells; DLD-1 = 200 cells; SNU-C4 = 400 cells; LS-1034 =
BH-600 cells and Caco-2 = 10,000 cells) were plated in 6 well plates (2mls per
well) and incubated for 24 hours. Cells were treated with serial 1:2 dilutions of the
PI13K inhibitor Copanlisib (200nm - 0.025nm), and a DMSO/TFA control (200nm).
Cells were incubated until colony formation (2 weeks for mutated cell lines, and 5
weeks for wild-type cell line). Cells were fixed and stained with 0.1% crystal violet.
Wells were rinsed with 1ml acetic acid to remove crystal violet, which was
subsequently diluted (1:5), and the staining intensity was read on a plate reader at
595nm. Error bars represent the standard deviation, with experiments run in

triplicate.

2.3.10. Statistical analysis

CalcuSyn software (Biosoft) was used to calculate IC+5 values required for drug
concentrations for the clonogenic study via an automated median-effect plot (Chou
plot). Prism software (GraphPad) was used to for the generation of graphs and to
calculate the statistical significance between various treatment cohorts. The
unpaired 2-tailed t-test with Welch'’s correction was used with a confidence interval
of 95%. Data are representative of the mean and standard deviation of 3
independent experiments. P-values <0.05 were indicative of a result of statistical

significance.
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2.4. Materials and methods utilised in aim 4 to determine in vivo if inhibition

of the PI3K and related kinase signalling pathways augments the

chemoradiotherapy sensitivity of genetically defined rectal cancer models.

Table 2.10: List of reagents used for in vivo study, including their names,

suppliers and product codes.

Reagent Supplier Product code
DLD-1 ATCC ATCC CCL-221
LS-1034 ATCC ATCC CRL-2158
Caco-2 ATCC ATCC HTB-37
SNU-C4 KCLB 0000C4
RPMI-1640 medium Sigma Aldrich  R8758
Dulbecco’s modified eagle medium - high Sigma Aldrich ~ D6429
glucose

DMEM and HAMS F12 Sigma Aldrich  D8062

Eagle minimum essential medium Sigma Aldrich  M0325

FBS, Qualified (Foetal bovine serum) Gibco 10270-106
Copanlisib BAYER S2802
Refametinib BAYER S1089
Dimethylsulfoxide (DMSO) Sigma-Aldrich  D2650

0.25% Trypsin-EDTA (1x) Gibco 25200-056
Phosphate buffered saline tablet Sigma P4417
5-Fluorouracil Sigma-Aldrich  F6627
EURodent Diet 14% Lab Supply 5LF2

Gamma Irradiated DietGel Recovery Clear H20 72-06-5022
Polyethylene glycol Sigma p-3140

NacCl Sigma-Aldrich  S7653

Xylene (500ml bottle) Sigma-Aldrich  534056-500ml|
Paraffin Sigma-Aldrich 1496904
Hydrochloric acid Sigma-Aldrich  H1758
Monoclonal mouse anti-human Ki-67 Dako M7240

antigen clone MIB-1
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2.4.1. In vivo training

Prior to initiation of the in vivo study, appropriate training was undertaken for
handling, carrying out procedures and culling of mice. Theoretical training was
carried out through the LAST Ireland 2-day training programme. Manual training
was carried out in animal housing units in Beaumont hospital and Queens
University by trained personnel. Training included handling of mice, measuring
tumours with callipers, IV and IP injections, radiation, and culling. LAST Ireland

and ASPA certificates were obtained prior to initiation of the project.

2.4.2. Husbandry

Mice were bred in house, and housed in individually ventilated cage racks, thereby
minimising the risk of cross-contamination of animal-related pathogens. Personal
protective equipment was worn at all times; this included a face mask, 2 pairs of
gloves, scrubs, hat, gown and shoes specific to the area.

2.4.3. Preparation of cells for subcutaneous implantation

Cells were grown to 80-90% confluency (Table 2.11). Growth medium was
removed, and cells were washed with PBS. Cells were detached using 3mls
trypsin and incubated at 37°C for 5-10 minutes, or until the cells detached.
Trypsinisation was neutralised with 5mls growth media. Cells were pelleted by
centrifugation for 5 minutes at 1000rpm. Cells were washed twice with PBS and
counted using a haemocytometer. Cells were resuspended in fresh PBS to a
concentration of 2.5 x 10°cells/100ul for PIK3CA, KRAS and PIK3CA-KRAS
mutated cell lines, and 3.5 x 10°cells/100ul for the wild-type. Cell-PBS suspension

was stored on ice until implantation.
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Table 2.11: Colorectal cancer cell lines subcutaneously implanted in SCID
BALB/C mice.

Mutations Media Tissue type Morphology
DLD-1 PIK3CA: RPMI + 10% FBS Colon, Dukes type Epithelial
(ATCC E545K C,
CCL-221) KRAS: colorectal

G13-D adenocarcinoma
LS-1034 KRAS: RPMI + 10% FBS Cecum, Dukes Epithelial
(ATCC Al146P type C,
CRL-2158) colorectal

carcinoma

Caco-2 WT EMEM + 20% FBS  Colorectal Epithelial
(ATCC adenocarcinoma
HTB-37)
SNU-C4 PIK3CA: RPMI + 10% FBS Colon, Colorectal  Epithelial
(KCLB E545G adenocarcinoma
0000C4)

2.4.4. Subcutaneous implantation of tumour cells

6-8 week old mice were weighed and their right flank shaved. All protocols were
carried out using sterile instruments using aseptic techniques in a class I
biosafety cabinet. Mice were anaesthetised via inhalation of isofluorane gas.
Inoculation area was sterilised with ethanol. Cells were mixed for even distribution,
and 100ul of cell/PBS suspension was injected into the right flank of BALB/C SCID
mouse using a 26 gauge needle. Mice were clipped on the ears for identification
purposes whilst under anaesthetic. Mice were monitored postoperatively for 30
minutes to ensure no unwanted side effects occurred as a result of the anaesthetic

or implantation procedures.

2.4.5. Monitoring of mice

Mice were weighed a minimum of every 3 days. Mice were put on a high fat diet
supplement ‘DietGel’ during the week of treatment, or if their weight dropped by
10% from their initial starting weight. If their weight continued to drop to below
20% of their initial starting weight, mice were culled humanely. Tumours were
measured with callipers a minimum of every 3 days. Tumour diameters were

calculated by the formula: length x width x height x 0.52.
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2.4.6. Drug treatments for mice

Tumours were measured with callipers when they became palpable. Drug
treatments began when mice tumours reached 100mm? (Figure 2.4). Treatment
arms for mutated tumours included untreated (n= 8), vehicle (n=5), copanlisib
(n=5), chemoradiation (n=8) and copanlisib-chemoradiation (h=8). Because Caco-
2 tumour growth was slow, in this group, treatment arms were restricted to vehicle

(n=5), chemoradiation (n=5) and copanlisib-chemoradiation (n=5).

Inject tumour cellsinto right flank

Allow tumoursto grow to 100mm?
L]

(] ‘.
0
. ?.j ¢ e a/
Control 5-FU Ch_enjotherapv—lp (Day 1, 3, 5) PI3K inhibitor (Copanlisib) —2 x IV {days 1 & 2)
Radiation (1.8Gy) (Day 1, 3, 5} 5-FU chemotherapy —IP (Day 1, 3, 5)
l Radiation (1.8Gy) (Day 1, 3, 5)

Cullwhentumours reach 400mm?

Collecttumour, lung, liver and spleen. Keep % of each tissue for histological examination.
Snap freeze remaining tissue for subsequentDNA and protein analysis.

Figure 2.4: In vivo treatment regimens

Tumour cell lines were implanted into 6-8 week old mice. When tumours reached
100mm?®, mice were divided into control; vehicle; copanlisib; chemoradiotherapy or
copanlisib-chemoradiotherapy treatment groups. Copanlisib (7mg/kg) was
administered intravenously twice a day on days 1 and 2. 5-FU chemotherapy
(20mg/kg) was administered intraperitoneally, and mice were radiated in a
Faxitron CP 160 x-ray generator at 1.8Gy on days 1, 3 and 5. Mice were sacrificed
when tumours reached 400mm?®. Tumours, lungs, livers and spleens were excised

for histological examination, and the remaining tissue was snap-frozen.

113



2.4.7. Intravenous injection

Mice were weighed to calculate appropriate drug volume (7mg/kg). Mice were
placed in a heat box for 2-3 minutes (until the tail veins have dilated) and
subsequently inserted into a sterile restraint chamber. Prior to injection, needles
were assessed for air bubbles. Copanlisib was administered with an insulin needle
into one of the lateral tail veins, with a maximum dose of 200ul. A sterile swab was
placed over the injection site for ~20 seconds, or until the tail has ceased
bleeding. Copanlisib was administered as an intravenous bolus twice a day on day
1 and 2 of treatment, and mice were allowed to recover for a minimum of 2 hours
between injections. Copanlisib stock was dissolved in PEG400: 0.1N HCI (20:80).
This was further diluted 1:40 in 0.9% NacCl. Mice tail veins were punctured a

maximum of 3 times / vein / day.

2.4.8. Intraperitoneal mouse injection.

Mice were weighed to calculate the correct drug dosage of 5-FU chemotherapy
(20mg/kg). Mice were restrained by scuffing behind the ears and along the back.
Mice were tilted in a downward position, thereby minimising organ injury. The
needle was inserted on the right-hand side, near the teat, at a 30° angle. A
maximum dose of 200ul was injected. 5-FU chemotherapy was administered on
days 1, 3 and 5 of treatment. 5-FU chemotherapy was dissolved in DMSO, and
diluted (1:100) with 0.9% NacCl prior to injection.
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2.4.9. Radiation of mice

Mice were placed in a plastic holding fixture and covered with a lead dose shield
(Figure 2.5) to minimise radiation exposure to the remaining body. Mice were
radiated in a Faxitron CP 160 x-ray generator at 1.8Gy (160KV for 2.2minutes).
Mice were radiated on days 1, 3 and 5 of treatment. Mice were given a minimum

recovery time of 1 hour between IV/IP injections and radiation.

LR

ST TR ,. --‘_"
b M A S SR

Figure 2.5: Radiation of mice

6-8 week old SCID mice were implanted with cancer cell lines (WT, KRAS
mutated, PIK3CA mutated and PIK3CA-KRAS mutated). When tumours reached
100mm?®, mice were separated into control; vehicle; copanlisib; chemoradiotherapy
or copanlisib-chemoradiotherapy treatment regimens. Copanlisib (7mg/kg) was
administered intravenously twice a day on days 1 and 2. 5-FU chemotherapy
(20mg/kg) was administered intraperitoneally, and subsequently radiated. Mice
were placed in a holding fixture and covered with a lead dose shield. They were
subsequently radiated in a Faxitron CP 160 x-ray generator at 1.8Gy (160KV for
2.2minutes). Mice were radiated on days 1, 3 and 5 of treatment.
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Table 2.12: Days mice were treated by copanlisib, 5-FU chemotherapy and
radiation.
Days mice were treated are represented as red, whilst days untreated are

represented as grey.

4

5-FU chemotherapy

5
[ ]
]

Radiation

1 2 3
Copanlisib --
[ ] [ ]
L] L]

2.4.10. Culling of mice

Mice were sacrificed humanely when tumours quadrupled in size from treatment
initiation. For this, mice were placed in a clean and aired out carbon dioxide
chamber. 100% of carbon dioxide was slowly released at a flow rate of 11-15% of
the chamber volume/minute. Mice were retained in the chamber for 5 minutes and
subsequently removed. Mice were assessed for loss of consciousness and
indications of death. Cervical dislocation was carried out to ensure mice were

appropriately culled.

2.4.11. Harvesting organs

A vertical midline incision was made with scissors. Primary tumour, lungs, liver
and spleen were removed using a scalpel and scissors. Tumour and organs were
subsequently weighed and dissected into quarters. % of the organs were snap-
frozen in liquid nitrogen for subsequent DNA and proteomic analysis in future
studies, whilst the remaining %2 was placed in formalin for further histological

examination.
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2.4.12. Processing of organs

Principle:

Fixation: Tissues are submerged in a fixation solution (typically formalin), which
slowly penetrates the specimen, resulting in chemical and physical alterations
which solidify and preserve the tissue, whilst simultaneously protecting it from
subsequent steps in the processing of the sample.

Dehydration: Specimens will ultimately be embedded in melted paraffin wax
which is a hydrophobic substance. Therefore all water within the specimen must
be removed to facilitate wax infiltration throughout the tissue. This is carried out by
dehydration of the tissue through ascending grades of ethanol solutions.
Clearing: Paraffin wax is also immiscible with alcohol; therefore tissues must be
submerged in a clearing solution (typically xylene) which removes the ethanol and
any fat within the tissue which may hinder wax infiltration.

Wax infiltration: Tissues infiltrated with paraffin wax, and cooled to solidify.

Procedure:
Sections of organs were fixed in formalin (15mls) for 24-48 hours. Following
fixation, specimens were placed in labelled cassettes and processed on a VIP

processor under the following programme:

Solution Time (minutes) Temperature
10% buffered formalin 25

10% buffered formalin 60

70% alcohol 75

94% alcohol 75

94% alcohol 75 37°C
Absolute alcohol 75

Absolute alcohol 90

Xylene 75

Xylene 105

Xylene 105

Wax 60

Wax 60

Wax 90 60°C
Wax 60

After processing, specimens were placed in embedding cassettes, orientated in
the appropriate plane, infiltrated with paraffin wax and left on a cooling plate (-4°C)

to solidify. Sections were cut at 4um thickness and subsequently placed on glass
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slides for haematoxylin and eosin (H&E) processing or superfrost glass slides for

Ki67 staining.

2.4.13. Haematoxylin and eosin staining:

Principle:

Haematoxylin contains alum which acts as a mordant, staining basophilic
structures e.g. nuclei, blue. Sections are subsequently differentiated in acid, which
turns the haematoxylin red. Blueing in water reverts stained tissue into an
insoluble blue colour. Eosin is used as a counterstain. It is an acidic dye which
stains basic cellular components within the tissues, such as cytoplasm pink, red
blood cells, and collagen.

Procedure:

Sections were stained in a Thermo Shandon Varistain Gemini automated slide
stainer. Whereby slides were deparaffinised twice in xylene (10minutes each),
followed by two rehydration steps in 100% alcohol (5 minutes each), 95%, 80%
and 70% alcohol (2 minutes each). Sections were rinsed in water and stained with
haematoxylin solution for 8 minutes. Samples were rinsed in water, differentiated
in 1% acid alcohol for 30 seconds and rinsed again. Slides were blued in water for
5 minutes, followed by 95% alcohol (10 seconds). Sections were counterstained
with eosin for 1 minute, and dehydrated in alcohol (95%, 100%, 100% for 5
minutes each), and finally cleared in xylene (twice for 5 minutes each). Slides

were subsequently coverslipped using a xylene based mounting medium.

2.4.14.Statistical analysis
Prism software (GraphPad) was used for generation of graphs and statistical
analysis. Variations in tumour growth between various treatment cohorts was
analysed using the one way ANOVA Kruskal-Walis test (did not assume Gaussian
distributions), and the Dunns test, using a confidence interval of 95%.
Overall survival, and variations between organ / tumour mass between groups
was analysed using the unpaired 2-tailed t-test with Welch'’s correction and a

confidence interval of 95%.
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Survival was calculated using Kaplan-Meier survival curves, and p-values were
calculated using the log-rank (Mantel-Cox) test. The Bonferroni method was used
to calculate the statistical significance for the p-value, assuming a significant balue
of 0.05. Error bars are representative of standard deviations in each treatment
group. Mice whose survival rates were above or below the mean + 2 x s.d. were

removed from the analysis.
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To determine the full spectrum of somatic genetic aberrations
that activates the PI3K and related signalling pathways in LARC

and how they are modulated by treatment.
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3.1. Introduction

3.1.1. Mutations within the human genome

Tens of thousands of errors occur daily during the cell replication process.
Mistakes located in introns (non-coding) regions of the DNA are removed during
transcription of DNA into RNA. Whilst the majority of remaining errors are removed
by the body’s checkpoints. A proficient DNA mismatch repair (MMR) system
removes base-pair mismatches and insertion-deletion loops. If errors evade all
precautionary steps, a tumour may ensue. Many of these mutations are
synonymous or silent mutations, whereby the mutation alters the gene sequence
without altering the encoded protein. Remaining mutations include point mutations
which can affect single base-pairs i.e. missense (single base-pair substitution,
resulting in the synthesis of an alternate amino acid) or nonsense (formation of a
premature stop codon) mutations; or frame-shift mutations whereby an insertion or

deletion alters the entire reading frame.

3.1.2. Oncogenic pathways associated with colorectal cancer

The adenoma-carcinoma sequence was first hypothesised by Fearon and
Vogelstein in 1990. This theory suggests that CRC is a result of a multi-step
process of events whereby normal epithelium becomes adenomatous and
eventually transitions into adenocarcinoma. APC mutations typically trigger the
pathway, followed by KRAS mutations, and subsequent TGFB, PIK3CA and TP53

mutations. The 3 mechanisms now known to be associated with CRC include:

1. Loss of DNA mismatch repair genes, resulting in microsatellite instability
(MSI) (15% of CRC cases). When a tumour becomes MMR deficient, every
nucleotide repeat sequence in the genome (both intronic and exonic) is
susceptible to insertion and deletion mutations. Frameshift mutations in MSI
CRCs typically occur in tumour suppressors (TGFBRII, IGFIIR, PTEN, and
RIZ), DNA MMR genes (MSH3, MSH6), apoptosis promoter (Bax), and
transcription factor (TCF4), Wnt signalling (AXIN2), and DNA glycosylase
(MBDA4).
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2. Chromosomal instability (CIN), (65% of CRC cases). CIN cancers are
associated with loss of tumour suppressor genes, and are characterised by
loss of heterozygosity (LOH) and aneuploidy (chromosome number
imbalance), karyotypic abnormalities, genomic amplifications of
chromosomal regions, and an accumulation of specific oncogenes and
tumour suppressor gene mutations. CIN tumours have an accumulation of
mutations which are vital in activating the oncogenic pathway in CRC.
These mutations are in both tumour suppressor genes (APC (5g21), TP53
(17p13), SMAD2 and SMAD4 (18g21), DCC (189g21)), and oncogenes
(KRAS (12p12), CTNNB1 (3p22) and PIK3CA (3726)).

3. CpG island methylator phenotype (CIMP) / Serrated methylator pathway
(20% of CRC cases). CIMP tumours display gene silencing as a result of
hypermethylation of CpG islands. CIMP tumours are divided into CIMP-high
(high frequency of BRAF mutations) and CIMP-low (high frequency of
KRAS mutations). They are significantly associated with old age, females,
sporadic MSI tumours, BRAF and KRAS mutations, and poor
differentiation. The most frequently used CIMP markers are P16, MINT1,
MINT2, MINT31 and MLH1.

3.1.3. Mutations within the PI3K and MAPK pathways

Somatic genetic alterations (e.g. PIK3CA, KRAS and BRAF mutations) that
activate the pro-oncogenic PI3K and MAPK signalling pathways are common in
rectal cancer. These alterations are associated with resistance to chemotherapy

and radiation therapy, and poor patient outcomes (93).

In RC, the vast majority of PI3K pathway aberrations are a result of upregulation of
RTKs, mutations in, or overexpression of the proto-oncogene PIK3CA and/or
inactivation of the tumour suppressor gene PTEN. Somatic missense mutations,
deletions and amplifications in PIK3CA have been linked to CRC, and other
cancers (95,98). PIK3CA gene mutations are present in 8-20% of all CRC cases
(89,99,100).
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Within the MAPK pathway, the most common mutations in CRC are KRAS (35-
47%) (93,104,105), and BRAF (<5%, 5-10%) (93,105-107). 95% of KRAS
mutations occur within exon 2, codons 12 (80%) and 13 (15%). These mutations
have been linked to resistance to anti-EGFR therapy, poor recurrence-free

F™! CRCs have a worse

survival and poor overall survival (93,108,109). BRA
prognosis, are significantly more inclined to be found in females over 70 years,
located in the proximal (right side) colon, identified at a higher grade, more
inclined to have MSI and decreased overall survival than their BRAF"d¥Pe
counterparts (113). BRAF™! patients have been shown to have a higher grade,
increased lymph node involvement, peritoneal metastasis, decreased disease-free
survival, and overall survival post-recurrence. Furthermore, patients with non-
curative metastatic BRAF™"' CRC have a median survival of 33-50% of that of
their BRAFY!P® counterparts. V60OE mutations are present in ~10% of all CRC
cases and 80-90% of all BRAF mutations (115). It is indicative of a poor prognosis,

particularly in microsatellite stable CRCs.

The objectives of this chapter include:

1. Analysis of tumour mutational burden within CRC

2. To determine if the number and type of mutations determine patient
response to NACRT.

3. To identify mutations associated with patient response to NACRT.
4. To analyse intra-tumour heterogeneity to identify potential driver mutations.

5. To identify mutational signatures in LARC samples, and see if mutational
signatures determine response to NACRT.
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3.2. Results:

3.2.1. Whole exome sequencing study from an Irish cohort of LARC patients.
Whole-exome sequencing was carried out on DNA extracted from fresh frozen
pre-treatment tumour biopsies and matched normal tissue or blood samples from
11 patients who presented with locally advanced rectal cancer (LARC) and were
treated with neoadjuvant chemoradiation therapy (NACRT) in Ireland. Patient
biopsy samples were stratified into good (n = 3), intermediate (n = 5) and poor (n =
3) responders to NACRT treatment. Resulting data for the somatic synonymous
and non-synonymous mutations from each sample was analysed to determine
mutational frequencies, intra-tumour heterogeneity and mutational signatures; to
see if we could identify any biomarkers which may predict patient response to
NACRT treatment.

Table 3.1: Clinicopathological data for patients in whole exome sequencing
study

Age at diagnosis (years) Good Intermediate Poor
(n=3) (n=5) (n=3)

Average 49 64.6 73.3
Range 42-60 52-79 70-76
Median 45 65.7 74.1
Gender
Male 2 (66.6%) 3 (60%) 2 (66.6%)
Female 1 (33.3%) 2  (40%) 1 (33.3%)
TNM status
T TO 3 0 0

T1 0 1 0

T2 0 0 0

T3 0 3 3

T4 0 1 0
N NO 3 3 2

N+ 0 2 1

124



Table 3.2: Tumour purity and ploidy for whole exome sequencing study

Sample Purity Ploidy
BH-610 0.366 3.791

BH-634  0.250 3.479
BH-643  0.611 2.342
BH-600  0.539 3.151

Good
responders

Soa
5 |BH601 0177  1.791
S T
€ & | BH-607 0415  2.007
s @
£ 0 | BH-614 0195 1975

BH-659  0.300 2.201
BH-608  0.355 3.398
BH-612  0.997 2.054
BH-644  0.535 4.299

Poor
responders

Although there was a trend towards poorer prognosis with increasing age within

our cohort, there was no significant difference between any of the groups.

All patients with a good response had a TNM stage 0, whereby the tumour was
contained entirely within the mucosa. Intermediate and poor responders ranged
from TNM stages 2-4 whereby the tumour had spread through the muscularis
mucosa (stage 2) up to the local lymph nodes (stage 4). No statistical significance

was identified between the TNM stages and patient response.

Lymph node positivity did not determine patient response to NACRT between

intermediate and poor responders to NACRT.
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Figure 3.1: Relationship between age and patient response to NACRT.
Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with good (n = 3), intermediate (n = 5) and poor (n = 3) response
to NACRT. Data was run through a bioinformatics pipeline described in section
2.1.6 and Fishers exact test was used to identify significantly mutated genes. An
unpaired 2-tailed t-test, using Welch’s correction was carried out to determine If

there was any significance between groups. A confidence interval of 95% was

used.
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Figure 3.2: Relationship between TRG status and patient response.
Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with good (n = 3), intermediate (n = 5) and poor (n = 3) response
to NACRT. Each bar is representative of the 5 TNM stages, (stage 0 = the tumour
is contained within the mucosa, stage 1 = the cancer has breached through the
mucosa, stage 2 = the cancer has spread through the muscularis mucosa, stage 3
= cancer has metastasised to 1 or more lymph nodes, stage 4 = distant
metastasis). Data was run through a bioinformatics pipeline described in section
2.1.6 and Fishers exact test was used to identify significantly mutated genes. A 2
way ANOVA test, using the Bonferroni post-test was used to calculate statistical

significance.
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Figure 3.3: Relationship between lymph node positivity and patient response
to NACRT.

Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with good (n = 3), intermediate (n = 5) and poor (n = 3) response
to NACRT. Data was run through a bioinformatics pipeline described in section
2.1.6 and Fishers exact test was used to identify significantly mutated genes. A 2-

way ANOVA was carried out to determine statistical significance between groups.
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3.2.2. Mutational frequency of synonymous and non-synonymous, somatic
mutations in pre-treatment LARC biopsy samples

The pre-treatment patient biopsy samples from the 11 LARC patients yielded
5,518 synonymous and 1,474 non-synonymous mutations. These mutations were
sub-divided according to their mutation type, and are represented in Table 3.3 or

Table 3.4 and Figure 3.4 for non-synonymous mutations.

There were large variations in tumour mutational burden between samples and
response groups, with the lowest mutational frequency identified in poor
responders (total mean = 94.3 mutations, non-synonymous mean = 43.3
mutations), compared to good (total mean = 523.3 mutations, hon-synonymous
mean = 72 mutations), or intermediate responders (total mean = 1027.8
mutations, non-synonymous mean = 225.6 mutations). However, this was partly
due to a select few hyper-mutated samples which skewed results. As a result, the
tumour mutational burden did not alter significantly between the three groups
(good vs intermediate, total p = 0.43, non-synonymous p = 0.26; good vs poor,
total p = 0.32, non-synonymous p = 0.33; intermediate vs poor, total p = 0.13, non-

synonymous p = 0.20).
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Table 3.3: Single nucleotide variant (SNV) and insertion/deletion (indel)
mutations in LARC biopsies from good, intermediate and poor responders
to NACRT.

Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with good (n = 3), intermediate (n = 5) and poor (n = 3) response
to NACRT. Data was run through a bioinformatics pipeline described in section
2.1.6 and Fishers exact test was used to identify significantly mutated genes.
Somatic non-synonymous mutations were divided into types of mutations and their
response to NACRT.

Sample  SNVs Indels
- BH-610 261 9
o | BH-634 1168 6
© | BH643 119 7
2 BH-600 65 6
= BH-601 2499 26
e BH-607 556 137
< BH-614 75 5
= BH-659 1757 13
- BH-608 124 8
S |BH612 23 5

BH-644 107 16

Since synonymous mutations do not alter the encoded protein and are therefore
known as silent mutations, we will primarily focus on non-synonymous mutations

for the remainder of this chapter.

Our study identified 1,474 non-synonymous somatic mutations in 1,275 genes.
These mutations were further classified into mutational type (Table 3.7, Figure
3.16). Percentile frequency analysis of the somatic hon-synonymous mutations
showed a predominance of missense (n = 1,129, 76.6%), and frameshift (n = 172,
11.7%), mutations, and to a lesser degree splicing (n = 84, 5.7%), inframe
deletions (n = 36, 2.4%) and nonsense (n = 32, 2.2%) mutations (Figure 3.17).
The remaining 1.4% consisted of inframe insertions, lost start and stop codons,
retained stop codons, mature miRNA and 3’ untranslated region (UTR) variants.
This pattern occurred throughout the majority of samples; however this fluctuated
in the hypo-mutated sample BH-612 due to the low volume of mutations, and the
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hyper-mutated sample BH-607 had an increased volume of frameshift mutations
at 47.1%.

Table 3.4: Non-synonymous, somatic mutations in LARC biopsies from
good, intermediate and poor responders to NACRT.

Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with good (n=3), intermediate (n=5) and poor (n=3) response to
NACRT. Data was run through a bioinformatics pipeline described in section 2.1.6
and Fishers exact test was used to identify significantly mutated genes. Somatic
non-synonymous mutations were divided into types of mutations and their
response to NACRT.

Good Intermediate Poor
Total
responders responders responders

Missense 160 873 96 1129
Frameshift 23 129 20 172
Nonsense 6 17 9 32
Splicing 13 67 4 84
Inframe deletion 11 25 0 36
Inframe insertion 2 8 1 11
ncomplete terminal codot 1 0 0 1
Stop-retain 0 3 0 3
3' prime UTR variant 0 1 0 1
Stop-lost 0 3 0 3
Start-lost 0 2 0 2

Total 216 1128 130 1474
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Figure 3.4: Tumour mutational burden for non-synonymous somatic

mutations per pre-treatment biopsy sample.

Whole-exome sequencing was carried out on DNA extracted from tumour biopsies

of LARC patients with good (n=3), intermediate (n=5) and poor (h=3) response to

NACRT. Data was run through a bioinformatics pipeline described in section 2.1.6

and Fishers exact test was used to identify significantly mutated genes. Somatic

non-synonymous mutations were divided into types of mutations and their
response to NACRT.

Sample numbers, grouped according to NACRT response are represented along

the Y-axis. Composition and frequency of mutations in individual samples are

represented along the X-axis. A colour-coded system was used to illustrate

mutational type frequency per sample.
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Figure 3.5: Percentile distribution of non-synonymous somatic mutations
per individual pre-treatment biopsy sample.
Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with good (n=3), intermediate (n=5) and poor (h=3) response to
NACRT. Data was run through a bioinformatics pipeline described in section 2.1.6
and Fishers exact test was used to identify significantly mutated genes. Somatic
non-synonymous mutations were divided into types of mutations and their
response to NACRT.
Sample numbers, grouped in according to NACRT response are represented
along the Y-axis. Composition and frequency of mutations in individual samples
are represented along the X-axis. A colour-coded system was used to illustrate

mutational type frequency per sample.

Hyper-mutated samples BH-601 (intermediate responder) had 664 somatic, non-
synonymous mutations, however it did not show any genetic mutations associated

with MSI tumours.

In contrast, less than 35 non-synonymous mutations were identified in 3 samples,
all of which were non-responders to NACRT (intermediate responder, n = 2; poor
responder, (n = 1) (Table 3.8). From these mutations, APC, ASH1L, HECW1 and

TP53 mutations were identified in a high frequency (>66% of samples) of hypo-
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mutated tumours. ASH1L and HECW1 were only identifiable in tumours of a low

mutational yield.

Sample
BH-600 BH-612 BH-614

APC
c
2 AsHIL
8
>
s HECW1

TP53

Table 3.5: Mutations frequently identified in hypo-mutated samples.
Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with intermediate (n=2) and poor (n=1) response to NACRT.
Data was run through a bioinformatics pipeline described in section 2.1.6 and
Fishers exact test was used to identify significantly mutated genes. 3 patient
samples had <35 non-synonymous, somatic mutations. Samples positive for the

mutation are identified in red, whilst wild-type is represented as grey.

BH-607 BH-644 BH-659
ADGB
AHNAK2 [
APC
sraF [
cAcnA203 [
ppx23 [

DNAHS5
MBTPS2
TP53

Figure 3.6: Mutations associated with positive lymph nodes.

Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with good (n=3), intermediate (n=5) and poor (n=3) response to
NACRT. Data was run through a bioinformatics pipeline described in section 2.1.6
and Fishers exact test was used to identify significantly mutated genes. Colour
intensity is representative of the volume of mutations identified within the sample.

Mutated genes are represented as blue, whilst wild-type genes are represented as

grey,
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3.2.3. Genes most commonly mutated in our LARC sample cohort

From the 1,474 mutated genes, 6 genes were mutated at a high frequency (n = 23
samples, 225%) throughout all samples (Figure 3.3). These included mutations
within genes known to be frequently mutated in CRC, including APC (n = 7/11,
63.6%) and TP53 (n = 6/11, 54.5%). However, we also identified a high frequency
of lesser studied mutations in genes including AHNAK2, MYO18B, SYNE1 and
TTN, all of which were identified in 3/11 samples (27.3%).

AHNAK?2
APC
MYO18B
SYNE1

pd
=
BH-610 ]
Good respondery BH-634

BH-643 I
[ BH-600
BH-601
4 BH-607
BH-614
\ BH-659
BH-608
Poor responder { BH-612
BH-644

Intermediate
responder

1 mutation/sample
. 2 mutations/sample

Figure 3. 3. Commonly mutated genes in LARC patients

Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with good (n=3), intermediate (n=5) and poor (n=3) response to
NACRT. Data was run through a bioinformatics pipeline described in section 2.1.6
and Fishers exact test was used to identify significantly mutated genes. Colour
intensity is representative of the volume of mutations identified within the sample.
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3.2.4. Somatic mutations in pre-treatment LARC biopsies associated with
response to NACRT

An investigation into the molecular basis of tumours response to NACRT was
performed by analysing mutations specific to good (n =3), poor (h = 3) and non-
responders (intermediate, n = 5; poor, n = 3) to therapy.

Somatic mutations identified in pre-treatment biopsies of patients who had a good
response to NACRT.

216 non-synonymous somatic mutations were identified in 205 genes from pre-
treatment biopsy samples of patients who achieved pathological complete
response (pCR), where there was no tumour remaining at the time of surgery
(good responders). Mutations in 161 genes were only identified in patients who
achieved a pCR, and were not identified in any of the non-responders
(intermediate or poor responders). Of which, MUC16 was the only gene to be
mutated in more than 1 sample (=266%) (Figure 3.7). Both mutations were C>A
missense mutations. MUC16 is a gene responsible for the production of mucins,

and increased expression of MUC16 in cancer is associated with poor prognosis.

Somatic mutations identified in the pre-treatment biopsies of patients who had a

poor response to NACRT.

130 non-synonymous somatic mutations were identified in 123 genes in the pre-
treatment LARC samples of poor responders. From the 123 mutated genes, 105
were mutated in poor responders only, of which only 2 genes were mutated in 2 or
more poor responder patients (266%) (figure 3.7, supplementary table 3). These
genes included PCDHA12 and TCTEL.
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Figure 3.7: Frequently mutated genes in the pre-treatment biopsies of
patients who had good or poor response to NACRT.
Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with good (n=3), intermediate (n=5) and poor (h=3) response to
NACRT. Data was run through a bioinformatics pipeline described in section 2.1.6
and Fishers exact test was used to identify significantly mutated genes.
In the mutation matrix chart, the horizontal bar chart displays the number of
mutations identified per sample. The vertical bar chart displays the number of

mutations identified per gene.

Somatic mutations identified in pre-treatment biopsies of patients who did not have

a complete response to NACRT

1,258 non-synonymous, somatic mutations were identified in 1,094 genes in non-
responders (intermediate and poor responders). Of which, 1,052 genes were
identified in non-responders only and not in good responders. 58 genes were
identified in 2 or more samples (> 18%) (figure 3.8). 89.7% of these mutations
were identified in the pre-treatment biopsies of intermediate responders, while
10.3% were identified in the biopsies from poor responders. The hyper-mutated
sample, BH601 had 4 co-occurring mutations in the tumour suppressor FAT2
gene and 3 co-occurring mutations in WDFY4. Other genes mutated in the non-
responders include ASH1L, BRAF, HECW1 and MAPK4, which have roles in
transcription, cell growth, division, differentiation, adhesion and proliferation.
Furthermore, BRAF and MAPK4 are commonly known oncogenes in CRC and

other cancers.
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3.2.5. Heterogeneity in tumour samples using variant allele frequency

The variant allele frequency (VAF) of a sample depicts the rate of occurrence of
an allele at a specific locus in a population, expressed as a percentage. Due to
intra-tumour heterogeneity within samples and normal contamination, the VAF will

usually differ slightly from these figures.

T T G T G G T G

Status  Normal T>G mutation T>G mutation, and T>G mutation
extra allele and loss of
allele
VAF% 0% 25% 33% 50%
Result TT GT GGT G

Clonality plots were carried out on Irish cohort samples from Beaumont hospital
(good = 3, intermediate = 5, poor = 3) using Maftools software. Clustering of
variant allele frequencies can show heterogeneity within tumour samples. We
found a higher volume of tumour mutational clones within good (mean = 3.7
clones) and intermediate (mean = 3.8 clones) responders, compared to poor
responders (mean = 1.6 clones) (Figures 3.9-3.11).

Mutant allele tumour heterogeneity (MATH) scores are quantitative values for
intra-tumour heterogeneity which are calculated with the width of the VAF curve
(180). Higher MATH scores are associated with worse patient outcome. Patients
in our study who did not respond fully to NACRT had higher MATH scores
(intermediate MATH score = 46.04, poor MATH score = 46.19) than that of good
responders (MATH score = 39.36) (Figures 3.9-3.11).
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Figure 3.9: Variant allele frequency (VAF) in good responders.

1.00

Whole-exome sequencing was carried out on DNA extracted from tumour biopsies

of LARC patients with good (n=5), intermediate (n=11) and poor (n=10) response

to NACRT. Data was run through a bioinformatics pipeline described in section

2.1.6 and Fishers exact test was used to identify significantly mutated genes.

Heterogeneity plots were created using Maftools software. Each boxplot above

chart depicts a different clone. The chart has variant allele frequency (VAF) along

the X-axis, percentages are represented as a fraction, with 1 = 100%. Peak size is

representative of the importance of the clone. i.e. major / minor. Each dot is

representative of a mutation, and the colour codes represent the various

mutational clusters. MATH score = width of the VAF distribution. Higher MATH

scores are associated with poor outcomes.
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Figure 3.10: Variant allele frequency (VAF) in intermediate responders.
Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with good (n=5), intermediate (n=11) and poor (n=10) response
to NACRT. Data was run through a bioinformatics pipeline described in section
2.1.6 and Fishers exact test was used to identify significantly mutated genes.
Heterogeneity plots were created using Maftools software. Each boxplot above
chart depicts a different clone. The chart has variant allele frequency (VAF) along
the X-axis; percentages are represented as a fraction, with 1 = 100%. Peak size is
representative of the importance of the clone. i.e. major / minor. Each dot is
representative of a mutation, and the colour codes represent the various
mutational clusters. MATH score = width of the VAF distribution. Higher MATH

scores are associated with poor outcomes.
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Figure 3.11: Variant allele frequency (VAF) in poor responders.

Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with good (n=5), intermediate (n=11) and poor (n=10) response
to NACRT. Data was run through a bioinformatics pipeline described in section
2.1.6 and Fishers exact test was used to identify significantly mutated genes.
Heterogeneity plots were created using Maftools software. Each boxplot above
chart depicts a different clone. The chart has variant allele frequency (VAF) along
the X-axis, percentages are represented as a fraction, with 1 = 100%. Peak size is
representative of the importance of the clone. i.e. major / minor. Each dot is
representative of a mutation, and the colour codes represent the various
mutational clusters. MATH score = width of the VAF distribution. Higher MATH

scores are associated with poor outcomes.
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3.2.6. Mutational sighatures

Colorectal cancers have an average of 3 signatures per sample. Samples in our
cohort had an increased volume of signatures in good (mean = 4.6), intermediate
(mean = 5.4) and poor (mean = 4) responders, albeit some signatures were found
at low frequencies. All samples (n = 11) had signature 1 mutations, with it being
the most dominant signature in 10/11 samples. Signatures 12 (n =5),20 (n=5),5
(n=4)and 6 (n = 4), were also common signatures throughout our cohort.
Signatures 6, 15, 20 and 26 were all identified in sample BH-607, all 4 signatures
are associated with defective DNA mismatch repair.
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Figure 3.12: Mutational signatures

Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with good (n=3), intermediate (n=5) and poor (h=3) response to
NACRT. Data was run through a bioinformatics pipeline described in section 2.1.6

and Fishers exact test was used to identify significantly mutated genes.
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3.3. Whole exome sequencing study from an American cohort of LARC

patients.

Whole-exome sequencing was carried out on DNA extracted from fresh frozen
pre-treatment tumour biopsies and matched normal tissue or blood samples from
15 patients who presented with locally advanced rectal cancer (LARC) and were
treated with neoadjuvant chemoradiation therapy (NACRT). Patient biopsy
samples were stratified into good (n = 2), intermediate (n = 6) and poor (n = 7)
responders to NACRT treatment. Resulting data for the somatic synonymous and
non-synonymous mutations from each sample was analysed to determine
mutational frequencies, intra-tumour heterogeneity and mutational signatures; to
see if we could identify any biomarkers which may predict patient response to
NACRT treatment.

Clinicopathological data for patients in whole exome sequencing study

Age at diagnosis (years) Good Intermediate Poor
(n=2) (n=6) (n=7)

Average 46.4 55.9 51.5
Range 43-50 43-70 42-71
Median 46.4 57 47.2
Gender
Male 1 (50%) 3  (50%) 2 (28.6%)
Female 1 (50%) 3  (50%) 5 (71.4%)
TNM status
T T0 2 0 0

T1 0 2 2

T2 0 3 4

T3 0 1 1

T4 0 0 0
N NO 2 6 2

N+ 0 0 5
M M- 2 6 7

M+ 0 0 0

No significant difference could be found in regards to age within our American
cohort Figure 3.13). However we did find that only patients who achieved pCR had
tumours which were in situ (TNM stage 0). Whereas patients who did not achieve
pPCR had tumours which had breached through the mucosa (TRG stage 1) up to

and including local lymph node involvement (TNM stage4) (Figure 3.14). Of which,
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only patients with a poor response to NACRT had metastatic spread to local lymph
nodes (Figure 3.15).
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Figure 3.13: Relationship between age and patient response to NACRT.
Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with good (n = 2), intermediate (n = 6) and poor (n = 7) response
to NACRT. Data was run through a bioinformatics pipeline described in section
2.1.6 and Fishers exact test was used to identify significantly mutated genes. An
unpaired 2-tailed t-test, using Welch’s correction was carried out to determine If
there was any significance between groups. A confidence interval of 95% was

used.
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Figure 3.14: Relationship between TRG status and patient response.
Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with good (n = 2), intermediate (n = 6) and poor (n = 7) response
to NACRT. Each bar is representative of the 5 TNM stages, (stage 0 = the tumour
is contained within the mucosa, stage 1 = the cancer has breached through the
mucosa, stage 2 = the cancer has spread through the muscularis mucosa, stage 3
= cancer has metastasised to 1 or more lymph nodes, stage 4 = distant
metastasis). Data was run through a bioinformatics pipeline described in section
2.1.6 and Fishers exact test was used to identify significantly mutated genes. A 2
way ANOVA test, using the Bonferroni post-test was used to calculate statistical

significance.
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Figure 3.15: Relationship between lymph node positivity and patient
response to NACRT.

Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with good (n = 2), intermediate (n = 6) and poor (n = 7) response
to NACRT. Data was run through a bioinformatics pipeline described in section
2.1.6 and Fishers exact test was used to identify significantly mutated genes. A 2-
way ANOVA was carried out to determine statistical significance between groups.
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3.3.1. Mutational frequency of synonymous and non-synonymous, somatic

mutations in pre-treatment LARC biopsy samples

The pre-treatment patient biopsy samples from the 15 LARC patients yielded
11,634 synonymous and 1,684 non-synonymous mutations. These mutations
were sub-divided according to their mutation type, and are represented in Table

3.60r Table 3.7 and Figure 3.16 for non-synonymous mutations.

There were large variations in tumour mutational burden between samples and
response groups, with the lowest mutational frequency identified in poor
responders (total mean = 226.7 mutations, non-synonymous mean = 39.9
mutations), compared to good (total mean = 2130.5 mutations, non-synonymous
mean = 524.5 mutations), or intermediate responders (total mean = 325.2
mutations, non-synonymous mean = 59.3 mutations). However, this was partly
due to a select few hyper-mutated samples which skewed results. As a result, the
tumour mutational burden did not alter significantly between the three groups
(good vs intermediate, total p = 0.52, non-synonymous p = 0.51 ; good vs poor,
total p = 0.50 , non-synonymous p = 0.49 ; intermediate vs poor, total p = 0.22 ,

non-synonymous p = 0.30).
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Table 3.6: Single nucleotide variant (SNV) and insertion/deletion (indel)
mutations in LARC biopsies from good, intermediate and poor responders
to NACRT.

Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with good (n = 2), intermediate (n = 6) and poor (n = 7) response
to NACRT. Data was run through a bioinformatics pipeline described in section
2.1.6 and Fishers exact test was used to identify significantly mutated genes.
Somatic non-synonymous mutations were divided into types of mutations and their
response to NACRT.

Sample SNVs Indels
3 MDA-2 183 20
3 MDA-3 2249 1809
o MDA-5 248 10
S MDA-8 343 16
©® |mMDA-10 576 21
% MDA-11 127 31
= MDA-15 365 17
B MDA-16 175 22
MDA-1 128 10
MDA-4 264 16
< MDA-6 211 19
S MDA-7 237 17
MDA-12 219 25
MDA-13 341 16
MDA-17 63 21

Since synonymous mutations do not alter the encoded protein and are therefore
known as silent mutations, we will primarily focus on non-synonymous mutations

for the remainder of this chapter.

Our study identified 1,684 non-synonymous somatic mutations in 1,480 genes.
These mutations were further classified into mutational type (Table 3.7, Figure
3.16). Percentile frequency analysis of the somatic non-synonymous mutations
showed a predominance of missense (n = 1081, 64.2%), and frameshift (n = 353,

21% ), mutations, and to a lesser degree splicing (n = 116, 6.9% ) and nonsense
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(n =105, 6.2%) mutations (Figure 3.17). The remaining 1.7 % consisted of inframe
insertions and deletions, lost start and stop codons and mature miRNA variants.
This pattern occurred throughout the majority of samples; however this fluctuated

in the hypo-mutated sample (MDA-17) due to the low volume of mutations.

Table 3.7: Non-synonymous, somatic mutations in LARC biopsies from
good, intermediate and poor responders to NACRT.

Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with good (n=2), intermediate (n=6) and poor (n=7) response to
NACRT. Data was run through a bioinformatics pipeline described in section 2.1.6
and Fishers exact test was used to identify significantly mutated genes. Somatic
non-synonymous mutations were divided into types of mutations and their

response to NACRT.

Good Intermediate Poor
Total
responders responders responders
Missense 621 264 196 1081
Frameshift 298 26 29 353
Nonsense 53 31 21 105
Splicing 65 26 25 116
Inframe deletion 7 4 5 16
Inframe insertion 0 3 1 4
Stop-lost 1 0 1 2
Start-lost 1 1 0 2
Mature miRNA variant 3 1 1 5
total 1049 356 279 1684
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Figure 3.16: Tumour mutational burden for non-synonymous somatic
mutations per pre-treatment biopsy sample.

Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with good (n = 2), intermediate (n = 6) and poor (n = 7) response
to NACRT. Data was run through a bioinformatics pipeline described in section
2.1.6 and Fishers exact test was used to identify significantly mutated genes.
Somatic non-synonymous mutations were divided into types of mutations and their
response to NACRT.

Sample numbers, grouped according to NACRT response are represented along
the Y-axis. Composition and frequency of mutations in individual samples are
represented along the X-axis. A colour-coded system was used to illustrate
mutational type frequency per sample.
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Figure 3.17: Percentile distribution of non-synonymous somatic mutations
per individual pre-treatment biopsy sample.

Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with good (n = 2), intermediate (n = 6) and poor (n = 7) response
to NACRT. Data was run through a bioinformatics pipeline described in section
2.1.6 and Fishers exact test was used to identify significantly mutated genes.
Somatic non-synonymous mutations were divided into types of mutations and their
response to NACRT.

Sample numbers, grouped in according to NACRT response are represented
along the Y-axis. Composition and frequency of mutations in individual samples
are represented along the X-axis. A colour-coded system was used to illustrate

mutational type frequency per sample.
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Hyper-mutated samples included MDA-3 (good responder) had 997 somatic, non-
synonymous mutations and was a microsatellite unstable (MSI) tumour with
mismatch repair mutations in Bax, MLH3, MSH3 and TGFBR2.

In contrast, less than 35 non-synonymous mutations were identified in 4 samples,
all of which were non-responders to NACRT (intermediate responder, n = 2; poor
responder, n = 2) (Table 3.8). From these mutations, APC, CD93, ELP2, FAM47A
and TP53 mutations were identified in a high frequency (>50 % of samples) of
hypo-mutated tumours. CD93 and ELP2 mutations were exclusively identified
within tumours of a low mutational burden, with CD93 identified in poor responders

only, and ELP2 in intermediate responders.

Table 3.8: Mutations frequently identified in hypo-mutated samples.
Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with good (n=2), intermediate (n=6) and poor (n=7) response to
NACRT. Data was run through a bioinformatics pipeline described in section 2.1.6
and Fishers exact test was used to identify significantly mutated genes. 4 patient
samples had <35 non-synonymous, somatic mutations. Mutated genes are

represented as red, whilst genes wild-type for the mutation are represented as
grey.

Intermediate Poor
responders responders

MDA-5 MDA-11 MDA-1  MDA-17

arc [N

CD93 ]
ecrz [

Fama7A [ ]

53 [
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Figure 3.18: Associated with lymph node positivity

Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with good (n = 2), intermediate (n = 6) and poor (n = 7) response
to NACRT. Data was run through a bioinformatics pipeline described in section
2.1.6 and Fishers exact test was used to identify significantly mutated genes.
Mutated genes are represented as blue, whilst genes wild-type for the mutation

are represented as grey.

3.3.2. Genes most commonly mutated in our LARC sample cohort

From the 1,684 mutated genes, 19 genes were mutated at a high frequency (= 3
samples, 220%) throughout all samples (Figure 3.19). These included mutations
within genes known to be frequently mutated in CRC, including APC (n = 14, 93%
%), TP53 (n =11, 73% ), KRAS (n = 3. 20% %), and PIK3CA (n = 3, 20%).
However, we also identified a high frequency of lesser studied mutations in genes
including LRP2 (n =4, 27%), and FBXW7 (n = 4, 27%).
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Figure 3.19. Commonly mutated genes in LARC patients
Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with good (n = 2), intermediate (n = 6) and poor (n = 7) response
to NACRT. Data was run through a bioinformatics pipeline described in section
2.1.6 and Fishers exact test was used to identify significantly mutated genes.
Colour intensity is representative of the volume of mutations identified within the
sample
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3.3.3. Somatic mutations in pre-treatment LARC biopsies associated with
response to NACRT

An investigation into the molecular basis of tumours response to NACRT was
performed by analysing mutations specific to good (n = 2), poor (n = 7) and non-
responders (intermediate, n = 6 ; poor, n = 7) to therapy.

Somatic mutations identified in pre-treatment biopsies of patients who had a good
response to NACRT.

1,049 non-synonymous somatic mutations were identified in 990 genes from pre-
treatment biopsy samples of patients who achieved pathological complete
response (pCR), where there was no tumour remaining at the time of surgery
(good responders). Mutations in 928 genes were only identified in patients who
achieved a pCR, and were not identified in any of the non-responders
(intermediate or poor responders). 5 genes (APC, DNAH17, KMT2C, TCF20 and
TENM1) were mutated in both samples, whilst KMT2C and TCF20 were frequently
mutated and identified exclusively in good responders. Both mutations are
associated with vital cellular processes including transcription.

Both TCF20 and one KMT2C mutation were frameshift mutations, whilst the other

KMT2C mutation was a G>A nonsense mutation.

Somatic mutations identified in the pre-treatment biopsies of patients who had a

poor response to NACRT.

279 non-synonymous somatic mutations were identified in 249 genes in the pre-
treatment LARC samples of poor responders. From the 249 mutated genes, 212
were mutated in poor responders only, of which 7 genes were mutated in 2 or
more poor responder patients (228 %) (Figure 3.20). These genes included
APOB, CD93, IGHV3-11, PZP, RANBP2, TPD52L2 and ZIC1. MDA-4 and MDA-7

each had two co-occurring mutations in ZIC1 and TPD52L2, respectively.
MDA-4 and MDA-7 had identical mutations in CD93 (thymine insertion frameshift

mutation T at chromosome 20, exon 1, codon 121) and IGHV3-11 (ACC inframe
deletion in chromosome 14, at position 106573362).
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Other genes of interest include PZP and ZIC1, which have a role in proteinase
inhibition and transportation respectively. RANBP mutations are associated with

the MAPK signalling pathway.

Good responders Poor responders

MDA-2 MDA-3 MDA-1 MDA-4 MDA-6 MDA-7 MDA-12 MDA-13 MDA-17
APOB I
CD93
IGHV3-11 I |
kvtec
PZP I
RANBP2 ] I
TCF20
TPD52L.2 I
zic1 Y

Figure 3.20: Frequently mutated genes in the pre-treatment biopsy samples
of good and poor responders.

Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with good (n = 2), intermediate (n = 6) and poor (n = 7) response
to NACRT. Data was run through a bioinformatics pipeline described in section
2.1.6 and Fishers exact test was used to identify significantly mutated genes.

928 mutated genes were identified in good responders only, and not found in
intermediate or poor responders. 2 of these genes were mutated in both good

responder samples.

Somatic mutations identified in pre-treatment biopsies of patients who did not have

a complete response to NACRT

635 genes were mutated in non-responders (intermediate and poor responders)
only. Of which, 23 genes were mutated in more than 1 sample (Figure 3.21). This
includes mutations within the PI3K and MAPK pathways such as MAP4 and
PIK3CA.
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Figure 3.21: Frequently mutated genes in the pre-treatment biopsy samples
of non-responders (intermediate and poor responders).

Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with good (n = 2), intermediate (n = 6) and poor (n = 7) response
to NACRT. Data was run through a bioinformatics pipeline described in section
2.1.6 and Fishers exact test was used to identify significantly mutated genes.

635 mutated genes were identified in non-responders (intermediate and poor
responders), and not good-responders.23 of these genes were mutated in 215%
of pre-treatment biopsy samples from non-responders. In the mutation matrix
chart, the horizontal bar chart displays the number of mutations identified per
sample. The vertical bar chart displays the number of mutations identified per

gene.
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3.3.4. Intra-tumour heterogeneity in pre-treatment biopsies from LARC
patients

Intra-tumour heterogeneity was examined in a subset of our cohort, whereby
analysis was carried out on two tumour biopsies taken from different regions within
the primary tumour from patients (n = 4 intermediate and n = 3 poor responders).
50.5% % of mutations were identified in both tumour biopsies from all patients
(intermediate (43%, mean = 30.5) and poor (64.5%, mean = 32.7) responders)
(Table 3.9, Figure 3.22- Figure 3.28). However, some mutations were only
identified in one of the biopsies in all patients, with a mean increase of 20.3 and 9
mutations identified per sample in intermediate and poor responders, respectively.
The intermediate responders (MDA-5 (Figure 3.22) and MDA-10 (Figure 3.24))
had the highest mutational imbalance, with only 19% and 23% of total mutations

identified in both samples respectively.

Table 3.9: Intra-tumour heterogeneity in two pre-treatment biopsy samples
taken from two regions within the primary tumour.

Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients intermediate (n = 4) and poor (n = 3) response to NACRT. Data
was run through a bioinformatics pipeline described in section 2.1.6 and Fishers
exact test was used to identify significantly mutated genes.

Mutations were analysed for their presence in one or both biopsy samples per

patient.
Retained in Sample 1 Sample 2
both only only
MDA-5 6 8 17
Intermediate MDA-8 31 3 18
responders MDA-10 47 58 32
MDA-15 38 1 25
MDA-4 23 20 3
er%ron dors MDA-12 38 8 7
MDA-13 37 11 5

159



ZNF208
WIPF3
TP53

TCHH L
TAOK2
SYNPO :
SLC25A18
RSF1
PNPLAG :
PCDHA13 Y
OR52B2
NPAP1
MORC2
— MLKL
1) MGAM
- MAGEB18 =@
g' KAZN [ ]
ITGA3
@ INVS
0p]
HsPBAPL =@
FAMATA
ELP2
EFCABS
DSPP ®
DPF3
DHX32
C140rf93
ASPN
APC ..
ACVR1B
ABCA8 o 00 000 00 0000 [ J [ ]
SampleZonIy T Trrrrrirrrrrrrrrrrrrrrrrrrrrrrrnri1|
HOMOZ0ANMA ONLANMZOS ITNANMOA0ONTM®M®D
o M LWL o o - [a R - L nLWw o
R R I E R P Y R A R e R o T
=2 Z <oIogumEm—r—gUJOEOCL”’I”-’Im>-<'—'_§%
ELO 30 I < Qa - 0= sSzkanoz 8(/)!— N
82 3 b @Lo < cCoa 3
T > o 0
Sample 2
B missense
frameshift
H nonsense
m splicing
Sample 1 Sample 2 m inframe deletion

Figure 3.22: Intra-tumour heterogeneity in pre-treatment biopsies taken from
two spatially separated regions of the primary tumour from intermediate
responder MDA-5.

Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with intermediate (n = 4) response to NACRT. Data was run
through a bioinformatics pipeline described in section 2.1.6 and Fishers exact test
was used to identify significantly mutated genes.

(A) Each dot on the scatter plot represents an individual mutation identified within
the samples. Mutations identified in both biopsies (n = 6) can be seen along the
diagonal line. Mutations found only in sample 1 (n = 8) are located along Y -axis,
whilst mutations only located in sample 2 (n = 17) are located along the X-axis.
Pie charts represent variations between mutation type in (B) sample 1, and (C)
sample 2.
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Figure 3.23: Intra-tumour heterogeneity in pre-treatment biopsies taken from
two spatially separated regions of the primary tumour from intermediate
responder MDA-8.
Whole-exome sequencing was carried out on DNA extracted from tumour biopsies of
LARC patients with intermediate (n = 4) response to NACRT. Data was run through a
bioinformatics pipeline described in section 2.1.6 and Fishers exact test was used to
identify significantly mutated genes.
(A) Each dot on the scatter plot represents an individual mutation identified within the
samples. Mutations identified in both biopsies (n = 31) can be seen along the diagonal
line. Mutations found only in sample 1 (n = 3) are located along Y-axis, whilst
mutations only located in sample 2 (n = 18) are located along the X-axis.
Pie charts represent variations between mutation type in (B) sample 1, and (C)
sample 2.
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Figure 3.24: Intra-tumour heterogeneity in pre-treatment biopsies taken from
two spatially separated regions of the primary tumour from intermediate
responder MDA-10.

Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with intermediate (n = 4) response to NACRT. Data was run
through a bioinformatics pipeline described in section 2.1.6 and Fishers exact test
was used to identify significantly mutated genes.

(A) Each dot on the scatter plot represents an individual mutation identified within
the samples. Mutations identified in both biopsies (n = 47) can be seen along the
diagonal line. Mutations found only in sample 1 (n = 58) are located along Y-axis,
whilst mutations only located in sample 2 (n = 32) are located along the X-axis.
Pie charts represent variations between mutation type in (B) sample 1, and (C)

sample 2.
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Figure 3.25: Intra-tumour heterogeneity in pre-treatment biopsies taken from
two spatially separated regions of the primary tumour from intermediate
responder MDA-15.
Whole-exome sequencing was carried out on DNA extracted from tumour biopsies of
LARC patients with, intermediate (n = 4) response to NACRT. Data was run through
a bioinformatics pipeline described in section 2.1.6 and Fishers exact test was used to
identify significantly mutated genes.
(A) Each dot on the scatter plot represents an individual mutation identified within the
samples. Mutations identified in both biopsies (n = 38) can be seen along the diagonal
line. The mutation found only in sample 1 (n = 1) is located along Y-axis, whilst
mutations only located in sample 2 (n = 25) are located along the X-axis.
Pie charts represent variations between mutation type in (B) sample 1, and (C)
sample 2.
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Figure 3.26: Intra-tumour heterogeneity in pre-treatment biopsies taken from
two spatially separated regions of the primary tumour from poor responder
MDA-4.
Whole-exome sequencing was carried out on DNA extracted from tumour biopsies of
LARC patients with intermediate (n = 4) and poor (n = 3) response to NACRT. Data
was run through a bioinformatics pipeline described in section 2.1.6 and Fishers exact
test was used to identify significantly mutated genes.
(A) Each dot on the scatter plot represents an individual mutation identified within the
samples. Mutations identified in both biopsies (n = 23) can be seen along the diagonal
line. Mutations found only in sample 1 (n = 20) are located along Y-axis, whilst
mutations only located in sample 2 (n = 3) are located along the X-axis.
Pie charts represent variations between mutation type in (B) sample 1, and (C)
sample 2.
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Figure 3.27. Intra-tumour heterogeneity in pre-treatment biopsies taken from
two spatially separated regions of the primary tumour from poor responder
MDA-12

Whole-exome sequencing was carried out on DNA extracted from tumour biopsies of
LARC patients with intermediate (n = 4) and poor (n = 3) response to NACRT. Data
was run through a bioinformatics pipeline described in section 2.1.6 and Fishers exact
test was used to identify significantly mutated genes.

(A) Each dot on the scatter plot represents an individual mutation identified within the
samples. Mutations identified in both biopsies (n = 38) can be seen along the diagonal
line. Mutations found only in sample 1 (n = 8) are located along Y-axis, whilst
mutations only located in sample 2 (n = 7) are located along the X-axis.

Pie charts represent variations between mutation type in (B) sample 1, and (C)

sample 2.
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Figure 3.28: Intra-tumour heterogeneity in pre-treatment biopsies taken from
two spatially separated regions of the primary tumour from poor responder
MDA-13

Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with intermediate (n = 4) and poor (n = 3) response to NACRT.
Data was run through a bioinformatics pipeline described in section 2.1.6 and
Fishers exact test was used to identify significantly mutated genes.

(A) Each dot on the scatter plot represents an individual mutation identified within
the samples. Mutations identified in both biopsies (n = 37) can be seen along the
diagonal line. Mutations found only in sample 1 (n = 11) are located along Y-axis,
whilst mutations only located in sample 2 (n = 5) are located along the X-axis.

Pie charts represent variations between mutation type in (B) sample 1, and (C)

sample 2.
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3.3.5. Mutational signatures

Colorectal cancers have an average of 3 signatures per sample. Samples in our
cohort had an increased volume of signatures in good (mean = 6), intermediate
(mean = 7) and poor (mean = 7.7) responders, albeit some signatures were found
at low frequencies. All samples (n = 13) had signature 1 mutations, with this being
the most prominent signature in most samples. This signature is associated with
increasing age and has been identified in all cancer types. Signature 3 (n = 10), 15
(n=9),8(n=8),18(n=7),12 (n=5) and 25 (n=4)) were also common
signatures throughout our cohort. With signatures 3, 5 and 18 only identifiable in
non-responders, and signature 25 exclusively identified in poor responders.
Signature 6 was the most prominent signature identified in the MSI sample MDA-
3. This signature is known to be associated with defective DNA mismatch repair

and MSI tumours.

MDA-3 Good
MDA-2 } responders
MDA-16
MDA-15
MDA-8
MDA-5
MDA-17 )
MDA-13
MDA-12
MDA-7 > Poor
MDA-6 responders
MDA-4
MDA-1 )

Intermediate

responders

Figure 3.29: Mutational signatures

Whole-exome sequencing was carried out on DNA extracted from tumour biopsies
of LARC patients with good (n = 2), intermediate (n = 4) and poor (n = 7) response
to NACRT. Data was run through a bioinformatics pipeline described in section

2.1.6 and Fishers exact test was used to identify significantly mutated genes.
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3.3.6. Mutations of interest from pre-treatment LARC samples

APC was mutated at a high frequency in both Irish (10 mutations in 7 genes) and
American (24 mutations in 14 genes) cohorts. 14 of which were located in the
mutational cluster region (MCR) (BH cohort, n = 6; MDACC cohort, n = 8). 59.9%
of APC mutations were nonsense, 35.3% were frameshift and 8.8% were splicing
mutations. The most common mutations were C>T transition substitutions (38.2%)
and G>T transversion substitutions (11.8%), followed by T/- (8.8%), A/- (5.9%),
and C/- (5.9%) frameshift deletions and G>A (5.9%) transition substitutions. APC
gene substitutions were primarily C>T transitions (59.1%), G>T transversions
(18.2%) and G>A transitions (9.1%). A>G transitions and C>A and C>G

transversion mutations each accounted for 4.5% substitutions.

54.5% (n=6) of the Irish cohort and 80% (n = 12) of the American cohort contained
TP53 mutations. From the 18 TP53 mutations identified in our cohort, the majority
of mutations were located in codons 175, 213, 245 and 248. 3 mutations were
identified in >1 sample; (R175H (17:7578406_C>T, n = 2), R213*
(17:7578212_G>A, n = 2) and R248Q (17:7577538_C>T, n=3)). The most
common mutations were C>T (44.4%) and G>A (27.8%) transition substitutions. A
and C insertions were identified in 5.6% of samples. TP53 gene substitutions
were primarily C>T (50%) and G>A (31.3%) substitution mutations, with A>T, C>A

and T>C mutations each accounting for 6.25% substitutions.

KRAS mutations were identified in 36.4% of Irish samples (27.3% synonymous,
9.1% non-synonymous), and 26.7% of American samples (6.7% synonymous,
20% non-synonymous). All non-synonymous KRAS mutations identified in our
samples were located within codons 12, 13 and 146 which are frequently mutated
in CRCs. G12V mutations were identified in good (BH-643) and intermediate
responders, (MDA-10), whilst G13D and A146T mutations were located In poor
responders (MDA-12, MDA-13).

BRAF mutations were identified in the pre-treatment biopsy samples of Irish
(18.2%, n = 2) and American (6.7%, n = 1) patients, all of whom were non-
responders to NACRT treatment. All BRAF mutations identified were localised
within exon 15 between codons 594 - 600. D594G (MDA-15) and L597R (BH-607)
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mutations identified in intermediate responder biopsy samples, whilst the V600E

(BH-644) mutation was identified in the pre-treatment biopsy of a poor responder.

PIK3CA gene mutations were identified in 20% of pre-treatment biopsy samples
from the American cohort (n=3), all of which were samples from non-responders.
All PIK3CA mutations identified were missense substitution mutations located
within exon 10. Two mutations were found at E545K (MDA-1 and MDA-10), and
one at Q546K (MDA-13).

FBXW7 gene mutations were identified in 26.7% (n = 4) of the American cohort.
Two different FBXW7 mutations were identified, both were G>A substitutions, and
were identified in >1 sample. One mutation R278Q as a nonsense mutation (G>A)
in exon 5, codon 278, and the other was an R465C missense mutation (G>A) in

exon 9, codon 465).

3.4. Discussion

Currently, patient treatment and prognosis for CRC are based upon TNM staging.
However, CRC patients presenting with identical tumour type and grade can have
significantly different response rates. Varying mutational aberrations are potential
instigators for these differing response rates within CRC patients. Identification of

these could result in alternative treatment regimens.

3.4.1. Tumour mutational burden
We found wide variability in tumour mutational burden between samples in our

cohort.

Hyper-mutated tumours

Despite the increased numbers in mutations, hyper-mutated samples (tumours in
excess of 600 non-synonymous mutations) in both cohorts were isolated within
good (MDA-3) and intermediate (BH-601) responders.

From the American cohort, MDA-3 was identified as an MSI tumour, with MMR

gene mutations in Bax, MLH3, MSH3 and TGFBR2. Multiple studies have shown a
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more favorable prognosis and stage-adjusted survival rate in CRC patients with
MSI tumours compared to MSS tumours (182-185). From the hypermutated
sample in the Irish cohort (BH-601 did not contain any MMR pathway mutations,
yet it too was hyper-mutated and responded to NACRT to a lesser degree. We
believe this response was seen as a result of a POLE mutation. POLE is involved
in DNA repair and replication, and numerous studies have shown that POLE™"
tumours display a hyper-mutated status in microsatellite stable (MSS) tumours
(186,187).

Hypo-mutated tumours

In contrast, non-responders from both cohorts were identified as hypo-mutated
tumours (= 35 non-synonymous mutations). Due to the low volume of mutations,
we believe these select few mutations may be of interest as they potentially
determined the patients’ poor response to NACRT. Whilst APC and TP53 were
commonly mutated in hypo-mutated samples, we also identified ASH1L and
HECW1 mutations to be highly expressed in the Irish cohort, whilst CD93 and
ELP2 were mutated at a high frequency in hypo-mutators from the American

cohort. .

CD93 is involved in intercellular adhesion and clearance on apoptotic cells. It was
mutated in poor responders only, with both samples harbouring identical insertion
frameshift mutations at codon 121, exon 1 (20 23066468 -/T). These findings

coincide with previous studies which show CD93 is associated with poor response

rates in patients (188).

Elongator complex protein 2 (ELP2) is a subunit of the RNA polymerase Il
elongator complex. Due to its role in transcriptional elongation and frequency of
mutations in samples with such a low mutation rate, ELP2 may be of interest.
However, to date no link has been established between ELP2 mutations and
cancer; however, it is associated with intellectual disabilities. As a result, it may be
of interest to look at ELP2 in a larger cohort.

HECW!L1 is a potential tumour suppressor which interacts with p53 for transcription
and apoptosis (189). HECW!L1 is believed to play a role in the formation of

transitional cell carcinoma (190), breast (191), and colorectal cancer (189).
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However, none of these studies mentioned about mutational burden in their
HECW1™" samples.

3.4.2. PISK/MAPK pathway mutations

Somatic genetic alterations within the PI3K and MAPK signalling pathways have
been implicated in tumourigenesis (including rectal cancer), and are associated
with resistance to chemotherapy and radiation therapy (93,95). Prof Hennessy’s
group has previously shown that patients with mutations within these pathways
are less likely to achieve pCR, and ultimately achieved worse outcomes and
relapse free survival rates (93,192-194). As a result of these findings, we decided
to undertake further research in this area to increase LARC patient response rates
to NACRT treatment.

KRAS

KRAS is mutated in 35-47% of CRC cases (93,104—-107). Our cohort found KRAS
to be mutated in 36.4% of Irish samples (27.3% synonymous, 9.1% non-
synonymous), and 26.7% of American samples (6.7% synonymous, 20% non-
synonymous).100% of our non-synonymous mutations were missense, similar to
COSMIC (98.98%). However, we had an increased volume of C>A (50% vs
0.19%) and C>T (50% vs 0.25%) mutations compared to COSMIC which primarily
consisted of G>A (60.35%) and G>T (31.29%) substitutions (195). All non-
synonymous KRAS mutations in our samples were identified in codons 12 (50%),
13 (25%) and 146 (25%). This resembles other studies which have shown 95% of
KRAS mutations occur within exon 2, codons 12 (80%) and 13 (15%), whilst 5%
KRAS mutations are located in codons 61 and 146. We found patients with
mutations in codons 13 and 146 were poor responders. In line with this
observation, multiple studies have shown KRAS®**P mutations are associated with
resistance to NACRT therapy; and reduced survival rates (disease-free, 5-year
and overall survival), and pCR rates (93,109,196-200).

KRAS"*® mutations are almost exclusively expressed in CRCs (0.7-4%) (29, 30).
Similarly to our findings, numerous studies have found a link between KRAS"*
mutations and poor response rates. They found KRAS***® mutations are
associated with MEK dependence, resistance to EGFR therapy, poor recurrence-

free survival and overall survival (93,108,109,116,203).
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In contrast, patients with KRA mutations displayed improved response rates

Scodon 12

to NACRT (good and intermediate responders). Currently, KRA mutations

effects on prognosis and overall survival rates are unclear and rather

geodon 12 mtated

contradictory. Jones et al observed a worse prognosis for KRA
patients (204). As did Li et al, who found higher tumour stage and lymph node
metastasis was associated with CRC KRAS mutations in codon 12, but not in

SC180 mutations

codon 13 (205). Conversely, Inoue et al showed patients with KRA
had the worst 5-year survival rates of a mere 42% compared codon 12 KRAS
mutations (61.4%), and KRAS"'9YP¢ (81.4%) (198). This controversy may be due
to differing KRAS®®®" 2 mutations affecting patients in different ways; therefore
results should possibly be assessed according to specific mutation rather per

codon.

BRAF

5-12% of all CRC cases harbour mutations within the BRAF oncogene (93,104—
107). Our study identified BRAF mutations in 18.2% (n = 2) of Irish samples and
6.7% (n = 1) of American samples in our cohort . All BRAF mutations were
localised within exon 15 between codons 594 - 600. In our study, we identified
mutations in codons 597 (L597R) and 594 (D594G) in intermediate responders,
whilst the V60OOE mutation was located within a poor responder (exon 15, codon
600).

Mutations within BRAF*** impairs the normal functioning of kinase (206—208). Our

F594

results concur with other studies, which found BRA is associated with a more

favourable prognosis in melanoma (209), and CRC (210). Amaki-Takao et al

FD594G

found patients with BRA mutations had better 2 year survival rates (50%)

compared to BRAF 6%

clinicopathological features to BRAF"!4YP¢ (211).

(8.5%), along with similar prognosis, MSI status and

BRAFY®%F as the most prevalent BRAF mutation. In line with our findings,

FVGOOE

numerous studies have identified BRA mutations to be indicative of a poor

prognosis, particularly in patients with microsatellite instable CRCs (115).
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PIK3CA

PIK3CA mutations were identified in 9% of the Irish cohort (synonymous mutation,
n = 1), and 20% of the American cohort (non-synonymous mutations, n = 3). This
correlates with other papers, which found PIK3CA gene mutations present in 8-
20% of CRC cases (89,99,100). 80% of PIK3CA mutations occur in two hotspots
within exons 9 (codons 542 and 545) and 20 (codon 1047) (212). This is in line
with our observations, as all three mutations identified in our American cohort
were identified in exon 10 (coding exon 9), in codons 545 (E545K mutation, n=2,
MDA-10, MDA-17), and 546 (Q546K mutation, n=1, MDA-13). PIK3CA mutations
in this exon are associated loss of O-6-methylguanine-DNA methyltransferase
(MGMT) expression (required for DNA repair), increased levels of CpG island
methylator phenotypes (CIMP) (213), and co-occurrence of KRAS mutations
(100). 66% of the PIK3CA mutated samples in our American cohort also

possessed a KRAS mutation.

Furthermore, PIK3CA mutations were only identified in samples from patients who

did not respond to NACRT (poor responders, n=2; intermediate responders, n=1).

PTEN

Our Irish cohort had a similar occurrence of PTEN mutations (9.1% , n=1)
compared to the COSMIC database. The PTEN mutation from our cohort was
identified in the MSI tumour sample BH-607. Studies have shown an association
between MSI tumours and increased frequency of PTEN mutations (101,102). A

loss of PTEN expression is associated with decreased overall survival (103).

3.4.3. Most commonly mutated genes

Unsurprisingly, gene mutations commonly identified in CRC such as APC, TP53,
KRAS, and PIK3CA were all identified at a high frequency in our study cohort.
However, we also identified a high volume of mutations in novel genes SYNE1,
TTN and FBXW7 mutations. KRAS and PIK3CA mutations were previously

discussed in the section ‘PI3K and MAPK pathway mutations’.
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APC

APC is a tumour suppressor gene involved in apoptosis, transcription, cell
adhesion and migration. APC mutations typically occur within the mutation cluster
region (MCR), located in codons 1286-1513. In our studies, we identified a high

volume of APC mutations in both the Irish (n=10) and American (n=24) cohorts.

14 of which were located in the MCR (BH cohort, n = 6; MDACC cohort, n = 8).
APC substitution mutations in our cohort consisted primarily of C>T (59.1%) and
G>T (18.2%) alterations. COSMIC recorded similar levels with 59.45% and 24.8%
respectively (214).

TP53

TP53 is also a tumour suppressor gene which is involved in apoptosis,
transcription, cell division and DNA repair. TP53 is known to be commonly
mutated in CRC; therefore it was not surprising that 54.5% of the Irish cohort and
80% of the American cohort displayed non-synonymous TP53 mutations. Multiple
studies have shown the majority of TP53 mutations in cancer occur as single
nucleotide variants (SNVs) or missense mutations, particular in the DNA binding
domain at codons 175, 245, 248, 273 and 282. Similarly we found mutations in
codons 175, 245 ) and 248 in both cohorts. However, we also found an increased
volume of TP53 mutations in codon 213 in our Irish cohort (18%).

FBXW7

FBXWY7 is a negative regulator of INK, which is part of the MAPK pathway.
Mutations within FBXW?7 have been identified in breast and ovarian cancer cell
lines, and are associated with uterine body mixed cancer and hyperlucent lung
cancer. We identified a higher frequency of FBXW7 mutations in our American
cohort (26.7%), compared to COSMIC (9.5%). Interestingly, we identified the
same two FBXW7 mutations in numerous samples. All mutations were G>A
substitutions. One mutation was a nonsense mutation (exon 5, codon 278), and

the other an R465C missense mutation (exon 9, codon 465).
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3.4.4. Mutations associated with patient response to NACRT

Good responders

1,265 non-synonymous somatic mutations were identified in the pre-treatment
LARC biopsy samples of good responders. From which, we identified MUC186,
KMT2C and TCF20 to be commonly mutated in good responder’s samples only. In
line with our findings, other studies have shown mutations in KMT2C, MUC16 and
TCF20 have all been identified as good prognostic markers for patients with

ependymoma, renal, endometrial or kidney cancers respectively (215-217).

Non-responders81 mutations were identified in 2 or more samples of non-

responders (Irish cohort, n = 58; American cohort, n = 23). BH-601 from the Irish
cohort had 4 simultaneous mutations within the tumour suppressor FAT2 gene
and 3 mutations within WDFY4.

Genes of particular interest include ASH1L, BRAF, ELP2, FAT2, PIK3CA and
PTPRB, for their roles in transcription, cell growth, division, differentiation,
adhesion and proliferation. Furthermore, BRAF, PIK3CA and PTPRB are all

commonly known oncogenes.

Our findings largely concur with published literature, with mutations in ASH1L,
BRAF, CSMD1, FAT2, FBN2, MAP4, PIK3CA, PTPRB and TCHH all identified as
poor prognostic markers in various cancer types (223-231). Furthermore, many of
these were associated with reduced overall survival (ASH1L, MAP4, TCHH)
(223,227-229), angiogenesis (MAP4, PTPRB) (227,231), metastatic potential
(FAT2, MAP4, PTPRB) (226,227,230). In addition, MAP4 is also associated with
angiogenesis, tumour growth and cell migration (227). BRAF and PIK3CA
oncogene mutations were previously discussed in section: PI3K and MAPK

pathway mutations.
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Poor responders

We identified 9 non-synonymous somatic mutations in a minimum of 2 of poor
responder’s samples. There was no mutational overlap between the Irish cohort
(PCDHA12, TCTE1) and the American cohort (APOB, CD93, IGHV3-11, PZP,
RANBP2, TPD52L2, ZIC1). Many of these genes are responsible for features
frequently altered within cancer including apoptosis, cell migration, colony

formation, transcription, adhesion, proliferation and invasion (232).

Numerous studies have concluded similar findings, suggesting that mutations in
APOB, CD93, IGHV3-11 and ZIC1 are associated with poor prognosis in a range
of cancer types (188,232-237). Meanwhile, APOB is also associated with
increased tumour size post-surgery in patients with hepatocellular carcinoma
(233).

MDA-4 and MDA-7 had two simultaneous mutations in ZIC1 and TPD52L2
respectively. Downregulation of the tumour suppressor gene, ZIC1 is associated

with lymph node metastasis in thyroid cancers. (232,237).

As mentioned previously (see hypo-mutated tumours), identical CD93 thymine
insertion frameshift mutations at exon 1, codon 121 (20 _23066468 -/T ->
E121FS) were identified in samples from two different poor responders. Whilst
IGHV3-11 also had matching ACC inframe deletion mutations in chromosome 14
(14_106573362_ACC/-) in two samples. Mutations within CD93 are associated
with poor response rates (188), whilst IGHV3-11 mutations are associated with
worse overall survival, along with poor prognosis (236). However, the specific
mutations identified in these samples have not been identified as potential

mutations of interest as of yet.

To date, no studies have shown a link between PZP, RANBP2, TCTEL or
TPD52L2 mutations and poor patient outcome. Nevertheless, we feel that two of
these mutations (RANBP2 and TPD52L2) have the potential to affect response
rates in CRC. RANBP2 is a GTP-binding protein from the RAS superfamily. Whilst
TPD52L2 associated with breast cancer and lymphoblastic leukaemia. Due to their
roles and the high frequency of their mutations within our cohort, we feel these

may be potential gene mutations of interest.
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3.4.5. Heterogeneity

Surprisingly, we found a higher volume of tumour mutational clones within good
(mean = 3.7 clones) and intermediate (mean = 3.8 clones) responders, compared
to poor responders (mean = 1.6 clones). This could be widely due to the low
volume of mutations identified within poor responders, compared to good and
intermediate responders which included MSI and POLE mutated tumours.

Patients in our study who did not respond fully to NACRT had higher MATH
scores (intermediate MATH score = 46.04, poor MATH score = 46.19) than that of
good responders (MATH score = 39.36). Multiple studies have shown higher
MATH scores are associated with poor prognosis, reduced overall survival, risk of
metastasis (180,238,239).

Due to intra-tumour heterogeneity, biopsy sampling may target only one subset of
mutations. Therefore, the biopsy samples analysed for these patients may not be
true representations of the tumour as a whole. Analysis of multiple biopsies may
produce a more accurate depiction of the mutations present throughout the

tumour; as a result, we carried out mutational analysis for 2 biopsies in 8 samples.

3.4.6. Mutational signatures

Colorectal cancers typically have an average of 3 signatures per sample. Samples
in both the Irish and American cohorts had an increased volume of signatures with
means of 4.8 and 7.2 respectively, albeit some signatures were found at low
frequencies.

COSMIC identified signature 1 in the majority of cancer samples, and found it is
associated with age. Therefore it is not surprising to see this signature in 100% of
samples in both our cohorts.

We also found a high frequency of samples in both cohorts had signatures 6, 15
and 20, which are all associated with defective DNA mismatch repair. Four
samples in our cohorts (BH-601, BH-607, MDA-3 and MDA-4) previously identified
with mutations in the MMR pathway were also positive for a minimum of two MMR

pathway mutational signatures.
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To determine the impact of neoadjuvant chemoradiotherapy on
circulating tumour DNA and circulating tumour cells as

potential biomarkers of treatment response in LARC patients
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4.1. Introduction

4.1.1. Tumour metastasis as a result of circulating tumour cells

A tumour consists of a mass of incessantly proliferating, mutated cells. As the
tumour progresses, it often gains additional mutations. Some of which are
passenger mutations, having no real impact on tumour progression. However,
some mutations increase a tumours ability to shed cells into and migration
throughout the peripheral blood and/or lymphatic systems, ultimately ending in
adhesion to, and tumour proliferation in a distant site (metastasis). CRCs typically
metastasise to the lymph nodes, liver, lungs, peritoneum and bones (32).
Mutations commonly associated with increasing metastatic abilities in CRC include
BRAF, KRAS, SMAD4, FAT2, MAP4 and PTPRB (205,226,227,230).

4.1.2. Circulating tumour cells

Metastasis was first hypothesised by Recamier in 1829. Despite significant
scientific breakthroughs in the world of cancer treatment over the past 190 years,
tumour metastasis remains an unsolved problem. 25-50% of LARC patients
relapse due to undiagnosed metastasis at the surgical procedure. It is not yet
known if these undiagnosed metastases occur naturally at an early stage of
tumour progression, or as a result of the cancer treatment procedure itself (33—
36).

Detection and destruction of circulating tumour cells have proven to be difficult.
This is largely due to the low volume of CTCs circulating throughout the circulatory
systems (~one CTC for every 10° — 10® haematopoietic cells) (37). Furthermore,
current cancer treatment methods are aimed at targeting rapidly growing cells
within the body due to cancers rapid proliferative abilities. However, since CTCs
do not proliferate whilst travelling throughout the circulatory and lymphatic
systems, the vast majority of CTCs are believed to evade current treatment
methods. Furthermore, a large percentage of CTCs which survive are often

resistant to current treatment regimens (44,45).
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4.1.3. Isolation and identification of circulating tumour cells from peripheral
blood

Large volumes of CTCs (>5CTCs / 7.5mls blood) are associated with a poor
prognosis, reduced recurrence-free and overall survival rates (34,38—43).
Therefore, early identification of CTCs and their mutational composition may aid in
early detection and appropriate treatment methods for micrometastases
throughout the body. Current methods for identification of CTCs from the blood
include immuno-magnetic antigen-dependent techniques which detect membrane
proteins e.g. EpCAM,; or filtration techniques based on CTCs large size compared
to other cellular elements within the blood. These methods enable the ability to
identify the presence of CTCs and also allow CTC molecular testing including
detecting the presence of PIK3CA and RAS mutations, thereby facilitating the
possibility of a personalised treatment method, possibly ultimately for

micrometastases.

4.1.4. Circulating tumour DNA (ctDNA)
Every cell in the body releases cell-free DNA (cfDNA) into the bloodstream. cfDNA
released from tumours is known as circulating tumour DNA (ctDNA), which can be

extracted from patients’ plasma.

Tissue biopsies are currently the gold standard for molecular testing. However, the
prospect of liquid biopsies has recently been gaining traction. This is largely due to
their relatively non-invasive nature. Since liquid biopsies are carried out on blood
samples, they could be most beneficial in detecting tumours where it is difficult to
obtain biopsies e.g. lung or brain. In addition, numerous samples can be taken
before, during and after cancer treatment to monitor patients’ response rates to
their designated treatment regimen. This would include the potential to monitor
PIK3CA and KRAS mutations in patients on novel Pi3K and/or MEK inhibitors.
Furthermore, tumours are generally heterogeneous in nature; as a result, tissue
biopsies are only representative of a fraction of the whole tumour. ctDNA is
excreted from cells throughout the entirety of the tumour, and therefore depict a
more clinically accurate representation of the tumour as a whole. Finally, the
volume of ctDNA is representative of the size of the tumour. This can aid in tumour
staging, monitoring patient response to treatment or to see if the patient is in

remission.
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The objectives of the research described in this chapter were to:

1. To ascertain if TRG status is associated with the type of radiation therapy,

gender, or age.

2. To identify if the volume of circulating tumour cells (CTCs) is increased in
patients with poor response to treatment, or at various time-points
throughout chemoradiation treatment.

3. To detect mutations associated with patient response in LARC patients.

4. To monitor mutational variations in LARC patient tumour tissue and ctDNA
samples throughout treatment.
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4.2. Results

4.2.1. Clinicopathological characteristics of TRILARC study population

The TRILARC clinical trial was set up to compare two forms of neoadjuvant
radiation therapy (RT); 3-D conformal radiotherapy (3-DCRT) and intensity-
modulated radiotherapy (IMRT) in LARC patients; and to monitor their response
throughout treatment. To date, 66 patients have been enrolled on the TRILARC
clinical trial, however this chapter will focus on 35 patients where longitudinal time
point data is available. Patients were treated with 5-FU chemotherapy and
radiation therapy for 6-8 weeks. Blood samples were collected at 6 time-points
throughout the duration of treatment (pre-treatment, week 3 of RT, last week of
RT, 4 weeks post-RT, after surgical procedure and 1 year post-surgical
procedure), and tested for the presence of circulating tumour cells. One blood
sample per patient was analysed at each time-point. The initial tumour site was
subsequently removed via total mesorectal excision (TME) and histologically
analysed and graded according to the Mandard tumour regression scoring system
defined in Table 4.1(240).

Table 4.1: Mandard tumour regression grade (TRG) system (240).

TRG status Histological analysis of resected tumour

TRG1 Complete regression (fibrosis without detectable tissue of tumour)
TRG2 Fibrosis with scattered tumour cells

TRG3 Fibrosis and tumour cells with a predominance of fibrosis

TRG4 Fibrosis and tumour cells with a predominance of tumour cells
TRG5 Tissue of tumour without changes of regression.

Studies have shown that patients who achieve a pathological complete response
(pCR) have better outcomes and survival rates. Currently, we cannot identify
which patients will achieve pCR; therefore we aimed to monitor LARC patients’
blood samples throughout treatment, in the hope of identifying potential markers to
response, since patients who will not achieve pCR will have lower cure rates and
more need for novel therapies. Tumour response is widely reported via TRG
status, we, therefore, analysed patient samples according to their TRG scores. 35
patients are currently enrolled into the TRILARC clinical trial, have undergone
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surgery and were subsequently categorised according to their response to
chemoradiation therapy via the Mandard TRG grading system (Table

4.1). pCR (pathological complete response) was achieved in 4/35 patients (11.4
%), whereby no tumour was detected at surgery (TRG1) (Table 4.2). In contrast,
9/35 patients (25.7%) showed minimal (TRG4 = 8/35 (22.9%)) or no (TRG5 = 1/35

(2.9%)) tumour regression post neoadjuvant chemoradiation therapy.

18/35 (51.4%) and 17/35 (48.6%) of patients were enrolled in IMRT and 3-DCRT
treatment cohorts respectively. Only patients who were administered IMRT
achieved pCR (TRGL1), this was seen in 4/18 patients (22.2%) compared to 0/17
patients (0%) on 3-DCRT (Figure 4.1a).

24/35 patients (68.6%) were males, compared to 11/35 females (31.4%) (Table
4.2). Females exhibited a trend to a better response rate than males, with 2/11
females (18.2 %) showing no evidence of residual tumour at surgery (TRG1),

compared to 2/24 males (8.3 %).
Patients ranged from 42-84 years, with an average of 63.2 years (Figure 4.1c).
There was no significant difference in age between males (mean = 62.6 years)

and females (63.5 years) (p = 0.85).

All clinical observations are preliminary since the TRILARC clinical trial has not yet

been completed.
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Table 4.2: Patient demographics of TRILARC study population.

LARC patients (n = 35) were enrolled into the clinical trial, and blood was drawn at
6 time- points before, during and after chemoradiation treatment. 3mls of blood
was filtered through a ScreenCell CY device and subsequently stained with
haematoxylin and eosin to detect circulating tumour cells. Samples were analysed
according to tumour regression grade (TRG), the presence of CTCs and the
average volume of CTCs/3mls blood per sample. TRG categories were defined as
TRG1 (Complete regression fibrosis without detectable tissue of tumour), TRG2
(Fibrosis with scattered tumour cells), TRG3 (Fibrosis and tumour cells with a
predominance of fibrosis), TRG4 (Fibrosis and tumour cells with a predominance
of tumour cells) or TRG5 (No tumour regression).

Age (years)

Average 63.2
Range 42-84
Median 63
Gender (n = 35)

Male 24 (68.6% %)
Female 11 (31.4% %)
Treatment type (n = 35)

IMRT 18 (51.4%)
Control 3-DCRT 17 (48.6 %)
TRG grade (n = 35)

TRG1 4 (11.43%)
TRG2 8 (22.86%)
TRG3 14 (40%)
TRG4 8 (22.86%)
TRG5 1 (2.86%)
Positive for CTCs

Pre-treatment 22.2%
Week 3 on chemoradiation therapy 50%
Last week on chemoradiation therapy 46.4%

4 weeks after chemoradiation therapy 14.8%
After surgical procedure 21.1%

1 year post-surgical procedure 37.5%
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Figure 4.1: Clinicopathological characteristics of TRILARC cohort (a)
composition of TRGs according to radiation arm, (b) composition of TRG
grades according to gender, (c) comparison of patient age group per gender
(d) age group respective of TRG status.

LARC patients (n = 35) were enrolled into a clinical trial, and blood was drawn at 6
time-points before, during and after treatment. 3mls of blood was filtered through a
ScreenCell CY device and subsequently stained with haematoxylin and eosin to
detect circulating tumour cells. Samples were analysed according to tumour
regression grade (TRG) and for the presence of CTCs in 3mls blood. TRG
categories were defined as TRG1 (Complete regression, fibrosis without
detectable tissue of tumour), TRG2 (Fibrosis with scattered tumour cells), TRG3
(Fibrosis and tumour cells with a predominance of fibrosis), TRG4 (Fibrosis and
tumour cells with a predominance of tumour cells), or TRG5 (Tissue of tumour

without changes of regression).
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4.2.2. Increased volumes of circulating rectal tumour cells are shed into the
periphery during neoadjuvant chemoradiation therapy.

Circulating tumour cells (CTCs) are cells which detach from the primary tumour
and enter the circulatory system. Multiple studies have shown that the presence of
more than 5 CTCs/7.5mls blood post-treatment is indicative of a poor response to
anti-cancer therapies (34,38-43). However, few studies have analysed the
presence of CTCs during treatment, and whether this may predict patient

response.

ScreenCell filters were analysed microscopically for the presence of CTCs. The
following cytomorphological criteria were used for identification of CTCs, whereby
a minimum of 4 of the following was required for positive identification (173-175):
Anisonucleosis (ratio >0.5)

Nucleus size >16um

Irregular nuclei

3-D sheets

High (>2.1) nuclear/cytoplasmic ratio.

——

Figure 4.2: Circulating tumour cells (CTCs) isolated.\from blood samples.
White blood cells are scattered throughout samples and primarily trapped in
membrane pores.
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Our results showed an increase in the percentage of patients with, and a
significant increase in the mean number of circulating tumour cells during week 3
of chemoradiation therapy (CRT) (present in 16/32 patients (50%), mean = 2.16
CTCs/3mls blood, p = 0.0027), and the last week of CRT (presentin 13/28
patients (46.4%), mean = 1.86 CTCs/3mls blood, p = 0.0137, compared to pre-
treatment (present in 6/27 patients (22.2%), mean = 0.48 CTCs/3mls blood)
(Figure 4.3a and b). An increase in the percentage of patients with CTCs was also
identified at 1 year follow-up (3/8, 37.5%), however, the numbers of blood samples
with one year follow up are still low. The numbers of CTCs significantly decreased
post CRT and remained reduced, at 4 weeks post CRT, after surgery and 1 year
follow-up (with mean values ranging from 0.26 — 0.38 CTCs/3mls blood) (p-values
= 0.0006 — 0.0082). These observations are preliminary since the TRILARC
clinical trial has not yet been completed.

CTC positivity post-treatment is indicative of a poor response to anti-cancer
therapies. We therefore analysed if mobilisation of CTCs during treatment could
be predictive of TRG at surgery in rectal cancer. We found that patients who
achieved pCR (TRG1) had a lower level of CTC compared to patients who did not
achieve pCR (TRG2-5) (Figure 4.4a). This was particularly evident during week 3
of CRT (pCR = 25 %, non-pCR = 53.6 % positive for CTCs), and last week of CRT
(PCR = 25%, non-pCR = 50% positive for CTCs) (Figure 4.4a). Furthermore,
patients who achieved pCR (TRG1) had significantly less CTCs/3mls blood during
weeks 3 of CRT (mean volume of CTCs/3mls blood, pCR = 0.5, non-pCR = 2.39,
p = 0.024), and at last week of CRT (mean volume of CTCs/3mls blood, pCR =
0.25, non-pCR = 2.13, p = 0.005 compared to patients who did not achieve pCR
(TRG2-5) (Figure 4.4b).

3-DCRT and IMRT are two different forms of radiation therapy being tested in our
TRILARC clinical trial; IMRT is the novel form which may be less toxic. We are
interested in seeing if CTCs in patient blood samples might behave in different
ways depending upon the type of radiation therapy administered (Figure 4.5A).
Patients in the 3-DCRT arm had significantly higher levels of CTCs identified at
week 3 of CRT compared to pre-treatment (p = 0.0025), whilst patients in the
IMRT arm had significantly more CTCs mobilised during the last week of CRT

compared to pre-treatment (p = 0.034) (Figure 4.5B). The clinical significance of
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these differences will require further follow up. Furthermore, we found that patients
who received IMRT had significantly fewer CTCs released into circulation at week
3 of chemoradiation (mean = 1.18 CTCs/3ml blood) compared to patients
receiving 3-DCRT (mean = 3.27 CTCs/3mls blood) (p = 0.036).

We have previously shown that females in our cohort had better response rates.
This agrees with multiple studies which have shown that females with CRC have
significantly better long-term survival rates compared to males (241). We found
more males were positive for CTCs both pre-treatment (male = 25.7%, female =
14.3%), and after surgery (male = 33.3%, female = 0%, Figure 4.5A). However,
there was no difference between the average numbers of CTCs identified in males
and females (figure 4.5B). All clinical observations are preliminary since the
TRILARC clinical trial has not yet been completed.
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Figure 4.3: (a) Bar chart represents the percentage of patients with blood
samples positive for CTCs (b) Scatter plot depicts the number of CTCs
identified per patient sample.

LARC patients (n = 35) were enrolled into a clinical trial. Blood was drawn at 6
time-points before, during and after chemoradiation therapy (CRT). Blood (3mls)
was filtered through a ScreenCell CY device and stained with haematoxylin and
eosin to detect and enumerate circulating tumour cells (CTCs). One blood sample
per patient was tested at each time-point.

(a) A bar chart represents the percentage of samples which tested positive for
CTCs at each of the 6 time-points.

(b) Scatter plot depicts the number of CTCs/3mls blood at each time-point. Each
dot is representative of the patient sample. Mean values are represented by a bar.
Statistical data analysis was carried out using the Prism software (GraphPad). The
unpaired 2-tailed t-test with Welch’s correction was used to determine statistical
significance for variations between time-points. A confidence interval of 95% was

used and p-values <0.05 were indicative of a result of statistical significance.
189



(A) 70
60
50
40
30 —
20 —— —
0 +——F —— ~ mpCR
O T T T T T 1 non_pCR
'\
& & ,85 & & &
& Qo N S O O
0{0 {bO - O %\) %\)
X * & a 2% S
¢ @Qg} N @Q‘,’c Q° &
N4 W &
N
N
(B)
= 10- p =0.024 p = 0.005
8 A
S 81 m
2]
E | AA
(8] m
% 6 j—
O - A
O 44 AAA
° [ n A * o
2 24 ° [ —2x *
§ - __ m A A o — a» * »
Oleso— —mm— —a@— - >—— “—-
Pre-treatment Week 3 of CRT Last w eek 4 w eeks Post surgery 1 year post
of CRT post CRT surgery

Figure 4.4: The relationship between serial circulating tumour cell (CTC)
counts and TRG status (A) Percentage of samples positive for CTCs
according to time-point and pCR status. (B) Number of CTCs identified in
3mls blood per sample in patients who achieved pCR (black), and those who
did not (TRG2-5) (blue).

LARC patients (n = 35) were enrolled into a clinical trial. Blood was drawn at 6
time-points before, during and after chemoradiation therapy (CRT). Blood (3mls)
was filtered through a ScreenCell CY device and stained with haematoxylin and
eosin to detect CTCs. (A) Bar chart represents the percentage of samples which
tested positive for CTCs at each of the 6 time-points in patients subdivided by
TRG status. (B) Scatter plots depict the number of CTCs/3mls blood at each time-
point. Each dot is representative of a sample. Mean values are represented as a
bar. Significant differences (p < 0.05) are indicated. Statistical data analysis was
carried out using the Prism software (GraphPad). The unpaired 2-tailed t-test with
Welch’s correction was used to determine statistical significance for variations
between time-points. A confidence interval of 95% was used and p-values <0.05

were indicative of a result of statistical significance.
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Figure 4.5: The effects of the type of radiation treatment on circulating
tumour cells (CTCs) in LARC patients. (A) Percentage of patients with blood
samples positive for CTCs according to time-point and the type of radiation
therapy, (B) Number of CTCs identified in 3mls blood per patient samplein
(i) 3-DCRT and (ii) IMRT arms.

LARC patients (n = 35) were enrolled into a clinical trial called TRILARC. Blood
was drawn at 6 time-points before, during and after chemoradiation therapy
(CRT). Blood (3mls) was filtered through a ScreenCell CY device and stained with
haematoxylin and eosin to detect and enumerate CTCs. (A) Bar chart represents
the percentage of patients with blood samples which tested positive for CTCs at
each of the 6 time-points. (B) Scatter plots depict the number of CTCs/3mls blood
at each time-point. Each dot is representative of a patient sample. Mean values
are represented as a bar. Significant differences (p < 0.05) are indicated.
Statistical data analysis was carried out using the Prism software (GraphPad). The
unpaired 2-tailed t-test with Welch’s correction was used to determine statistical
significance for variations between time-points. A confidence interval of 95% was

used and p-values <0.05 were indicative of a result of statistical significance.
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Figure 4.6: The relationship between circulating tumour cells (CTCs) and
gender (A) Percentage of patient blood samples positive for CTCs at each
time-point by gender. (B) Number of CTCs identified in 3mls blood per
samplein (i) males and (ii) females at each time-point.

LARC patients (n = 35) were enrolled into a clinical trial called TRILARC. Blood
was drawn at 6 time-points before, during and after chemoradiation therapy
(CRT). Blood (3mls) was filtered through a ScreenCell CY device and stained with
haematoxylin and eosin to detect and enumerate CTCs. (A) Bar chart represents
the percentage of patients with blood samples which tested positive for CTCs at
each of the 6 time-points. (B) Scatter plots depict the number of CTCs/3mls blood
at each time-point. Each dot is representative of a patient sample. Mean values
are represented as a bar. Significant differences (p < 0.05) are indicated.
Statistical data analysis was carried out using the Prism software (GraphPad). The
unpaired 2-tailed t-test with Welch’s correction was used to determine statistical
significance for variations between time-points. A confidence interval of 95% was

used and p-values <0.05 were indicative of a result of statistical significance.
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4.2.3. Mutations in rectal tumours and matched ctDNA

We monitored tumour mutational profiles from 35 patients at 6 time-points prior to,
during and post CRT treatment (pre-treatment, week 3 of CRT, last week of CRT,
4 weeks post CRT, post-surgical procedure and 1 year post-surgical procedure) in
ctDNA, with tumour tissue collection from the diagnostic biopsy, surgery and
tumour biopsy samples at the time of recurrence. We compared the mutational

profiles of both ctDNA and tumour tissue.

Tumour mutations were predominantly identified in KRAS (represented as blue
inFigure 4.7), with KRAS mutations attributing to a minimum of 60.3% of overall
mutations (identified at week 3 of CRT), and up to a maximum of 100% of overall
mutations (identified at tumour recurrence tissue). KRAS mutations consisted
primarily of KRAS®?P
KRAS®!® (mean overall occurrence = 11.12%, range 7.35-25%), and KRAS®*?S

(mean overall occurrence = 7.54%, range = 0-12.1%).

(mean overall occurrence = 34.88%, range = 24.7 - 75%),

Increased frequency of NRAS mutations (represented as red in figure 4.9) was
seen in ctDNA samples (mean frequency = 23.7%), compared to tumour tissue
samples (mean frequency = 5.8%). G13D, G12S and G12D mutations comprised
40.2%, 29.3% and 9.7% of NRAS mutations in ctDNA respectively.

BRAF and EGFR mutations were identified at low frequency (mean overall
frequency = 0.5 and 0.75% respectively), whilst PIK3CA mutations accounted for
an average of 8.25% of total mutations (PIK3CAF>*%K = 6%, PIK3CAF*K =
2.25%). 17.24% of pre-treatment tumour tissue samples and 32.4% of surgical
resection tissue samples were wildtype for KRAS, NRAS, BRAF, EGFR and
PIK3CA. None of these patients have progressed into metastatic disease, as of

yet.

KRAS®'?P was the most frequent mutation, with 62.86 % (22/35) of patients

12D
SG

presenting with a KRA mutation prior to NACRT treatment, either in their

S®120 mytations were identified in

ctDNA or biopsy tissue samples or both. KRA
ctDNA and/or tumour of 33/35 (94.3%) of patients at some stage before, during or

after treatment (figure 4.10).
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Figure 4.7: Mutational profiles obtained from (A) ctDNA and (B) tumour
tissue samples from LARC patients participating in the TRILARC clinical
trial, before during and after NACRT treatment.

DNA was extracted and mutational analysis carried out on ctDNA and tumour
tissue samples collected from 35 LARC patients at various time-points before,
during and after neoadjuvant chemoradiation therapy (NACRT) treatment from
(ctDNA = pre-treatment, week 3 of chemoradiation therapy (CRT), last week of
CRT, 4 weeks post CRT, post-surgical procedure and 1 year post-surgical
procedure tumour tissue = pre-treatment, week 3 of CRT, surgical procedure,
recurrence) samples.

Mutational frequency results were divided up according to the time-point, source
(ctDNA or tumour tissue) and gene (BRAF (yellow), EGFR (grey), KRAS (blue),
NRAS (red) and PIK3CA (green).
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Figure 4.8: KRAS®'?® mutations

DNA was extracted and mutational analysis carried out on ctDNA and tumour
tissue samples collected from 35 LARC patients at various time-points before,
during and after NACRT treatment from (ctDNA = pre-treatment, week 3 of CRT,
last week of CRT, 4 weeks post CRT, post-surgical procedure and 1 year post-
surgical procedure tumour tissue = pre-treatment, week 3 of CRT, surgical
procedure, recurrence) samples. KRASG12D was the most common mutation
identified within samples. Mutations are represented in red (ctDNA only), yellow

(tissue only), orange (ctDNA and tissue) and grey (WT).
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4.2.4. Mutational variations between pre-treatment and post-chemoradiation
therapy surgical specimens isolated from ctDNA and tumour tissue samples

from LARC patients.

Variations were identified between mutational profiles in ctDNA and tissue
samples within our cohort. In total, 101 individual mutations were identified at 25
mutational loci in the pre-treatment and surgical procedure ctDNA and tumour
tissue samples. This consisted of 66 pre-treatment, 53 post-treatment, with 18

mutations co-occurring both pre-treatment and surgical procedure.

Mutations identified only within ctDNA

ctDNA mutational profiles may be representative of the whole tumour rather than a
selected region as with tissue sampling. This was perhaps evident in our cohort,
with 68.8% (53/77) of mutations in pre-treatment (represented in red in Figure 4.9)
and 52.8% (28/53) of mutations in surgical samples identified solely in ctDNA
(represented in red in Figure 4.10). Mutations in KRAS®¥R KRASCAY,
NRAS®P NRAS®'?® and NRAS®*P were identified exclusively in ctDNA samples

both pre-treatment and at the surgical procedure.

Mutations identified only within tumour tissue samples

9.1% (7/77) of pre-treatment mutations (represented as yellow in Figure 4.9) and
39.6% (21/53) of post-treatment mutations (represented as yellow in Figure 4.10)
were found within surgical resection samples and not identified in ctDNA.
Mutations in KRAS®*?Y and KRAS®™Y were detected in tissue samples alone, and

not identified in ctDNA from pre- or post-treatment samples.

Co-occurring mutations

The mutations co-occurring in ctDNA and tissue samples collected pre-treatment
were KRAS®'?P (750, n=12), KRAS®*?® (12.5%, n=2), KRAS®**® (6.25%, n =1)
and PIK3CAP*% (6.25%, n=1). KRAS®*?® mutations were the only mutations
identified in both tissue and ctDNA samples obtained at the time of surgical

resection.

TRG status
In regards to TRG status, mutations in KRAS®*P, NRAS®%* NRAS®"*P and
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PIK3CA®™*K in pre- and post-treatment samples were detected solely in patients
who did not respond fully to NACRT (TRG 22). Meanwhile, BRAF"®%F and
NRAS®*" mutations were identified exclusively in patients who did achieve pCR
(TRG1). Furthermore, KRAS®'?“R mutations were lost in patients with TRG grades

of 4 or 5, but were retained tumour in a TRG of 3 or less.

197



<
c
=
=
o
>

YN
> > (U] O [sT)
8835854333453 588888%3¢
<E| <E| LDI (Dl LDI (Dl (DI (Dl LDI LDl (Dl <E| (Dl (DI (Dl (DI (Dl OI <| <):I
N N v NN v v v O O
£23392392323232322:522¢
Y ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥ 2 2 2 Z2 2 2 2 o o
TRG1
H H
H H
H BER
TRG2 H
H
| H
H B H
I
| |
HE N N
HER
TRG3 |
H
H H
| H
H
N H
H ||
TRG4 Nl
H H
TRGS B B

Figure 4.9: Mutations identified in pre-treatment tumour tissue and ctDNA
samples from LARC patients enrolled in the TRILARC clinical trial, and
divided according to TRG status.

DNA was extracted and mutational analysis carried out on ctDNA and tumour
tissue samples collected from 35 LARC patients prior to NACRT treatment.
Mutations are represented in yellow (present in pre-treatment biopsy sample only),
red (present in pre-treatment ctDNA sample alone) or orange (present in both pre

treatment biopsy and ctDNA samples), whilst WT is represented as grey
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Figure 4.10: Mutations identified in surgical resection tumour tissue and
ctDNA samples from LARC patients enrolled into the TRILARC clinical trial.
DNA was extracted and mutational analysis carried out on ctDNA and tumour
tissue samples collected from 35 LARC patients post-surgical procedure.
Mutations are represented in yellow (present in surgically resected tissue sample
only), red (present only in ctDNA sample taken at the time of surgical resection
alone) or orange (present in both surgical resection tissue and ctDNA samples),

whilst WT is represented as grey.
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4.2.5. Intra-tumour mutational alterations as a result of NACRT treatment

Of the 77 mutations identified in the pre-treatment ctDNA and/or biopsy samples,
only 19.4% of mutations remained throughout treatment. Meanwhile, 72.7% of
ctDNA and/or biopsy mutations were lost prior to surgical resection (Figure 4.11).
These included all mutations in KRAS®'AY NRAS®!S, NRAS?** and
PIK3CA®*¥, However, an additional 36 mutations were gained over the course
of NACRT treatment. Mutations gained during treatment included mutations in
BRAF (V600E), KRAS (G13A, G13RC) and NRAS (Al146V, G12R, G13A, G13R,
A146T).

We found that patients who retained their E545K mutations progressed into
metastatic tumours. Furthermore, metastatic patients lost mutations in KRAS®AY
(n = 1), KRAS®®® (n =1), NRAS®*?® (n = 4) and NRAS®**P (n = 1). Meanwhile, one

SAMSY mutation.

patient gained an NRA
In addition, patient 19 is the only patient who was graded as TRG5 at surgery.
Upon surgical resection, this patient displayed a different array of mutations than
previously identified. They lost all their previous mutations (KRAS®*??, KRAS®?,
NRASC®!%%), but gained a whole new group of mutations (KRAS®V, KRASCHAY
NRAS®P),
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Figure 4.11: Overview of mutational status before and post-NACRT
treatment.

DNA was extracted and mutational analysis carried out on ctDNA samples
collected from 35 LARC patients prior to NACRT, and post-surgical procedure.
This graph represents if ctDNA mutations were lost (light blue), gained (green) or
retained (dark blue) throughout NACRT treatment. WT is represented as grey.
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Figure 4.12: Overview of mutational status identified in tumour tissue
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PIK3CA E542K
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DNA was extracted and mutational analysis carried out on tumour tissue samples

collected from 35 LARC patients prior to NACRT and post-surgical procedure.

This graph represents if tumour tissue mutations were lost (light blue), gained
(green) or retained (dark blue) throughout NACRT treatment. WT is represented

as grey.
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4.2.6. Mutational characteristics identified in metastatic LARC patients.

To date, 8 patients have been identified with metastasis, four of whom have died.
Metastases occurred in the liver (75%, n = 6), lungs (62.5%, n = 5), bone (25%, n
= 2), brain (25%, n = 2) and peritoneum (12.5%, n = 1). Patient demographics are
represented in

Table 4.3.

17 mutations were identified in the KRAS (n = 10), NRAS (n =5) and PIK3CA (n =
2) genes. 78.2% of mutations were identified in ctDNA samples only, compared to
15.1% in tissue samples and 6.7% of mutations identified in both tissue and
corresponding ctDNA (Figure 4.13). The lower frequency of mutations identified in
tumour tissue samples is partly as a result of fewer tissue samples (n = 3), than
ctDNA (n = 6) collected throughout the course of the study.

718 (87.5%) of TRILARC patients who progressed onto metastatic disease
possessed a PIK3CA mutation.
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Table 4.3: Patient demographics of TRILARC study population who
progressed onto metastatic disease.

LARC patients (n = 8) were enrolled into the TRILARC clinical trial and treated
with neoadjuvant chemoradiation therapy (NACRT). Patients were assessed
according to their response to treatment according to the TRG scoring system.
TRG categories were defined as TRG1 - TRG5. DNA was extracted and
mutational analysis carried out on ctDNA and tumour tissue samples collected
from 8 LARC patients at various time-points before, during and after NACRT
treatment (ctDNA = pre-treatment, week 3 of CRT, last week of CRT, 4 weeks
post CRT, post-surgical procedure and 1 year post-surgical procedure; tumour
tissue = pre-treatment, week 3 of CRT, surgical procedure, recurrence).

Age (years)

Average 65.6
Range 42-80
Median 68.5
Gender (n = 8)

Male 6 (75%)
Female 2 (25%)
Treatment type (n = 8)

IMRT 5 (62.5%)
Control 3-DCRT 3 (37.5%)
TRG grade (n = 8)

TRG1 - Complete regression, no detectable tumour 0 (0%)
TRG2 - Fibrosis with scattered tumour cells 2 (25%)
TRG3 — Fibrosis containing tumour cells 2 (25%)
TRG4 — Tumour containing fibrosis 4 (50%)
TRGS5 - No tumour regression 0 (0%)
Metastatic sites (n = 8)

Liver 6 (75%)
Lungs 5 (62.5%)
Bone 2 (25%)
Brain 2 (25%)
Peritoneum 1 (12.5%)
Total number of ctDNA

mutations BRAF EGFR KRAS NRAS PIK3CA
Pre-treatment - - 16 4 1

Week 3 of chemoradiation - - 17 5 2

Last week of chemoradiation - - 16 8 3

4 weeks post chemoradiation - - 19 3 4
Surgical procedure - - 3 - -

1 year post surgery - - - - -

Total number of biopsy

mutations BRAF EGFR KRAS NRAS PIK3CA
Pre-treatment - - 7 - 2

Week 3 of CRT - - - - -
Surgical procedure - - 10 1 2
Recurrence - - 4 - -
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Figure 4.13: Mutations identified in ctDNA of eight LARC patients who

Died from metastasis

developed recurrent rectal cancer.

DNA was extracted and mutational analysis carried out on ctDNA samples
collected from 8 LARC patients at various time-points before, during and after
NACRT treatment from (pre-treatment, week 3 of CRT, last week of CRT, 4 weeks
post CRT, post-surgical procedure and 1 year post-surgical procedure) samples.

Mutations are represented in red (ctDNA) or grey (WT).
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Figure 4.14: Mutations identified in tumour tissue of eight LARC patients
who developed recurrent rectal cancer.

DNA was extracted and mutational analysis carried out on tumour tissue samples
collected from 8 LARC patients pre-treatment, week 3 of chemoradiation (CRT),
surgical procedure and recurrence samples. Mutations are represented in yellow

(tissue), or grey (WT).
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Figure 4.15: Mutations identified in ctDNA of eight LARC patients who

developed recurrent rectal cancer.

DNA was extracted and mutational analysis carried out on ctDNA and tumour

tissue samples collected from 8 LARC patients at various time-points before,

during and after NACRT treatment from (ctDNA = pre-treatment, week 3 of

chemoradiation (CRT), last week of CRT, 4 weeks post CRT, post-surgical

procedure and 1 year post-surgical procedure; tumour tissue = pre-treatment,

week 3 of CRT, surgical procedure, recurrence) samples. Mutations are

PIK3CA_E545K

represented in red (ctDNA only), yellow (tissue only) orange (ctDNA and tissue) or

grey (WT).
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4.3. Discussion

Treatment for CRC is currently based upon TNM stage, with all LARC patients
being treated uniformly with NACRT (chemoradiation therapy for approximately 6
weeks followed by surgical resection of the tumour). Although patients present
with the same tissue, histological subtype and stage disease; the response to
treatment is far from uniform, with 15-27% of patients achieving pathological
complete response (pCR). A further 25-50% of LARC patients will relapse as a
result of metastasis. In the hope of further understanding the mechanisms behind
tumours response, or lack thereof to current treatment regimens and of identifying
novel biomarkers of treatment response, we monitored LARC patients before,
during and after NACRT treatment.

11.4% of patients in our cohort achieved pathologic complete response (pCR),
whereby no tumour was remaining at tumour resection post chemoradiation
therapy. This is slightly lower than current findings as previously stated, which
show 15-27% of LARC patients achieve pCR (15).

Variability between radiation therapies
Patients in the TRILARC clinical trial were treated with 3-DCRT or the novel IMRT.

Studies have shown that IMRT has improved target coverage and dose uniformity,
whilst also minimising toxicity levels to normal surrounding tissue, compared to 3-
DCRT (243). Although preliminary, we also found that only patients who received
IMRT (22%) achieved pCR, compared to none from the 3D-CRT cohort.. Li et al
did not find any difference in complete remission rates in patients with extra nodal
natural killer / T-cell ymphomas when treated with IMRT or 3-DCRT. However,
they did report that IMRT patients displayed increased local recurrence-free
survival, progression-free survival and overall survival than that of the 3-DCRT
cohort (244). Furthermore, Xu et al reported increased overall survival rates in
patients with oesophageal cancer treated with IMRT compared to 3-DCRT(245).
Our findings need further follow up and completion of the TRILARC clinical trial to

verify.
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Gender variances

CRC is more common in males than females; in our study 68.6% of our cohort
was male. However, we found females participating in the study were more likely
to achieve pCR (18.2%) compared to males (8.3%). This correlates with
Abdalmassih et al, who also found that female RC patients have better survival
rates post-NACRT than males (241). However, again, our results are preliminary

and require further follow up and completion of the TRILARC trial to verify.

Metastatic sites

Sites of tumour metastasis from patients included in our cohort included the liver
(75%, n = 6), lungs (62.5%, n = 5), bone (25%, n = 2), brain (25%, n = 2) and
peritoneum (12.5%, n = 1). RC usually metastasises to the liver, lungs, bones,
peritoneum, locoregional or distant lymph nodes (32), however brain metastases
are a rare occurrence for RC. Brain metastasis are reported to occur in 0.6 — 3.2%
of rectal cancer cases (246). Currently, we are reporting brain metastasis in 3.03%
of our total cohort. However the clinical trial is still ongoing with many patients still
undergoing the process of NACRT for their primary tumours, therefore these

percentages are likely to rise further.

Circulating tumour cells

Our study found more than a two-fold increase in the detection frequency and
number of CTCs during week 3 (50% patients positive for CTCs) and last week of
radiation therapy (46.4%) compared to pre-treatment (22.2%). This is in
agreement with numerous studies which have also found an increase in CTCs
during chemoradiation therapy (247,248). However, we noted that this increase in
CTC positivity and volume identified was limited to patients who did not achieve
pPCR (TRG2-5), whilst patients who did achieve pCR were unaffected by

chemoradiation therapy.

Furthermore, Martin et al, also identified an increase in circulating tumour
microemboli (CTMs) released into the periphery during radiation therapy (248).
This correlates with our findings that CTMs were released during the early stages
of CRT (week 3 of CRT). However, we did not identify any CTMs during the last
week of CRT.
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ctDNA vs tissue

Our cohort displayed mutational variability between ctDNA and tissue samples.
This could be down to several reasons. Tumours are commonly formed from
numerous clones as a result of intra-tumour heterogeneity. Tissue samples are
typically only representative of a small fraction of the tumour and its corresponding
mutations, whereas ctDNA is released from all tumour cells. Furthermore, both
sample types were run on two different mutational analytical panels. Whilst both
panels detect mutations in BRAF, EGFR, KRAS, NRAS and PIK3CA, the volume
of variants differs between the panels. DNA extracted from tissue was run on the
iPLEX HS Colon Panel which detects 86 mutational variants, whereas ctDNA was

run on the UltraSEEK Colon Panel which detects 107 mutational variants.

Due to mutational variabilities between tissue and ctDNA samples, we feel the
patient mutational profile perhaps should be compiled from both methods. This will
potentially give a mutational profile which is more representative of the tumour as
a whole without the need for multiple biopsies, whilst potentially simultaneously
representing the mutational profile of micrometastases throughout the body.
Similar findings and conclusion were found by Toor et al in respect to lung and

gastrointestinal cancers (249).

Mutations

KRAS mutations are reported in 35-47% of CRCs (93,104-107). However we
identified KRAS mutations in 100% of ctDNA and 70% of tissue specimens from
our TRILARC cohort. KRAS®'?P mutations were identified in 94.7% of patients at
some point during their time in the TRILARC clinical trial. This is most likely due to
the ultra-sensitive detection methods used herein. The UltraSEEK and iPLEX HS
colon panels can detect mutational variants in samples with mutational allele
frequencies as low as 0.1% and 1%, respectively. Chen et al reported KRAS
mutations in 93.7% of their cohort when analysing ctDNA, and too found

KRAS®'?P to be the most common mutation (250).

PIK3CA gene mutations are reported to occur in 8-20% of CRC cases (89,99,100).
However our study identified PIK3CA mutations in 50% of patients from our
TRILARC clinical trial; with PIK3CA mutations identified in 7.9% of tissue samples
(IPLEX) compared to 47.4% of ctDNA samples (UltraSEEK). Both techniques
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identify the same four PIK3CA mutations, therefore variations between both

samples are possibly a result at least in part of intra-tumour heterogeneity.

19 patients in the TRILARC clinical trial (50%) were PIK3CA-KRAS® ™", Of which,
7 patients have since progressed onto metastatic disease. All 7 patients had
KRAS mutations in G12CR, G12D and G12S, whilst 85.7% of these patients also

harboured PIK3CAF*X mutations in their tumours.

Furthermore, 83.3% (n = 5) of TRILARC patients with PIK3CA mutations at both
E542K and E545K also harboured G13S mutations.

Importance of ctDNA analysis

ctDNA identified 63.6% of pre-treatment and 52.8% of surgical mutations which
were not identified in tissue samples at either time-point. In addition, NRAS
mutations were most commonly identified in ctDNA (n = 87), compared to tissue (n
=4). This is a result of intra-tumour heterogeneity, along with the UltraSEEK
Colon Panel including an additional 10 mutational variants than that of the iPLEX
HS Colon Panel.

Furthermore, mutations in KRAS (G12AV, G12DR, G13AV, and G13D); NRAS
(G12D, G12S, G13D, and G13S) and PIK3CA (E545K) were only identified in
ctDNA samples. Since the variants are present in both panels, this could be due in
part to tumour heterogeneity. Tissue biopsies only sample tissue from one location
of the tumour. As seen previously in chapter 3, tumours are vastly heterogeneous,
therefore biopsy sampling limits the volume of mutations which can be identified.
ctDNA is released from all cancerous cells, and therefore may allow identification
of more mutations and produce a more reliable depiction of the tumours

mutational status as a whole.
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Determination in-vitro if inhibition of the PI3K and MAPK
signalling pathways augments rectal cancer chemoradiotherapy

sensitivity.
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5.1. Introduction

The phosphatidylinositol-3-kinase (PI3K) and mitogen-activated protein kinase
(MAPK) pathways are two signalling cascades involved in the activation and
regulation of vital cellular functions such as proliferation, differentiation, apoptosis,
transcription and intracellular trafficking. Somatic genetic alterations which activate
the pro-oncogenic PI3K and MAPK signalling pathways have been linked to

multiple forms of cancers, including CRC (91-93).

5.1.1. Current treatment of colorectal cancer

The standard treatment of locally advanced rectal cancer (LARC) is neoadjuvant
chemoradiation therapy (NACRT), consisting of 5-fluorouracil (5-FU) or
Capecitabine combined chemoradiotherapy for approximately 6 weeks, followed
by surgical resection of the tumour. Currently, 73-85% of LARC patients fail to
achieve a pathological complete response (pCR). These patents have remaining
cancerous cells, ranging from scattered cells to large islands of resistant tumour in
their resected tissue post-chemoradiation therapy (15). As a result, these patients

have subsequent high relapse and death rates (16).

5.1.2. Chemoradiotherapy resistance within colorectal cancer patients

We, and others have shown that PI3K and MAPK pathway mutations are
associated with resistance to chemotherapy and radiation therapy, and poor
patient outcomes (93,192-194). Therefore, we hypothesise that inhibition of the
PI3K and MAPK signalling pathways may have the potential to augment rectal
cancer chemoradiotherapy sensitivity, thereby increasing treatment effectiveness
in LARC.

5.1.3. PI3K pathway mutations associated with colorectal cancer

The majority of PI3K pathway mutations in rectal cancer patients occur within the
PIK3CA oncogene, and the PTEN tumour suppressor gene. Somatic missense
mutations, deletions and amplifications in PIK3CA have been linked to multiple
forms of cancer, including CRC (92,95,100,251). PIK3CA mutations have been
reported in 8-20% of all CRC cases (99,100), with 80% of these mutations
occurring in three hotspots; codons 542, 545 (exon 10) and codon 1047 (exon 21)

(92). All three hotspot mutations are known to be oncogenic and increase PI3K
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activity (92,252-254). In general, patients with PIK3CA mutations are less likely to
achieve pCR (93) and have a higher risk of local recurrence with a more rapid

onset than patients who are wild-type for PIK3CA (99).

PTEN is mutated in 5-14% of all CRC cases, with the higher frequency found in
MSI tumours (101,102). Loss of PTEN expression is associated with decreased

overall survival (103).

5.1.4. PI3K inhibitor, Copanlisib

There are currently multiple PI3K pathway inhibitors in clinical development, which
target various elements within the PI3K pathway; however our study will focus on
the Bayer PI3K inhibitor, Copanlisib. Copanlisib is a potent, highly selective, small-
molecule PI3K inhibitor which preferentially inhibits the PI3K Class | catalytic
isoforms p110a and p1109; although it also has the ability to inhibit the p110p and
p110y isoforms to a lesser degree (122). Copanlisib has been shown to have pro-
apoptotic and anti-tumorigenic properties both in vivo and in vitro (122,124-126). It
is currently involved in several clinical trials for cancers including HER2 positive
breast cancer (phase 1/2), Endometrial endometrioid adenocarcinoma (phase 2)
and Non-Hodgkin’s lymphoma (phase 3).

5.1.5. MAPK pathway mutations associated with colorectal cancer

The most common mutations in CRC within the MAPK pathway are located in the
KRAS (35-47%)(93,104), and BRAF (5-10%) oncogenes (93,105,107). 95% of
KRAS mutations occur in codons 12 (80%) and 13 (15%) of exon 2. Approximately
5% of all CRC KRAS mutations occur within exon 3 (codon 61) and exon 4 (codon
146). These hotspot mutations have been linked with resistance to anti-EGFR
therapies (108), poor recurrence-free survival and overall survival (93,109,116).
RAS plays an important role in both the PISK and MAPK signalling pathways;
therefore a mutation within RAS can affect both pathways. 80% of all BRAF
mutations in CRC patients occur at V600E (91). This mutation is indicative of a

poor prognosis, particularly in microsatellite stable CRCs (115).
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5.1.6. MEK inhibitor, Refametinib

Refametinib, also known as RDEA119, or BAY86-9766; is a highly selective,
allosteric, small-molecule MEK 1/2 inhibitor. Iverson et al previously demonstrated
that it has increased sensitivity to MEK1 over MEK2 in vitro (ICso 19nM vs 47nM)
(255). Refametinib has been involved in 10 phase 1/2 clinical trials worldwide.
These clinical trials involved a range of solid tumours, particularly hepatocellular,
pancreatic and advanced-stage tumours; and in some, refametinib was combined
with drugs such as Sorafenib, Gemcitabine, Regorafenib and Copanlisib (256—
258). However, BAYER has now decided to not to pursue refametinib for
additional preclinical or clinical oncology research at this time, due to toxicity

concerns.

5.1.7. Copanlisib and Refametinib targeting the PI3K and MAPK pathways.
Copanlisib and refametinib target the PI3K (p110a, &) and MAPK (MEK1/2)
pathways respectively. Prior knowledge of the signalling pathways and drug
targets has led to 5 theoretical scenarios which we predict to occur within
PI3K/MAPK mutated cell lines. These are outlined in Figure 5.1 — 5.3.

Wild-type: Since WT cell lines do not harbour mutations within either pathway, we
predict that they will be non-responsive to either inhibitor.

PIK3CA mutant: PIK3CA mutations only affect the PI3K pathway; therefore we

envisage these cell lines will be sensitive to the PI3K inhibitor copanlisib, and non-
responsive to refametinib.
KRAS mutant: KRAS is involved in both the PI3K and MAPK pathways, therefore

it is expected that KRAS mutated cell lines will be sensitive to either drug alone,

with heightened sensitivity for the two inhibitors used in combination.

BRAF mutant: BRAF is only present in the MAPK pathway, and should therefore

be primarily targeted by the MEK inhibitor, refametinib. Copanlisib does have a
weak inhibitory effect on mTOR, which may slightly inhibit the MAPK pathway, but
to a far lesser degree than that of refametinib.

PIK3CA-KRAS mutant: Similar to KRAS mutated, these cell lines are involved in

both the PI3K and MAPK pathways, therefore we predict these tumours would
respond to either drug alone, but a combination of both drugs would be necessary

for optimal inhibition.
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Figure 5.1: Representation of the effects of PIK3CA, RAS, RAF and

PIK3CA/RAS mutations within the cells, and how PI3K inhibitors alter the
signalling pathways.

The chart represents normal functioning proteins (blue), mutated proteins (red),
proteins affected as a result of the mutation (orange), proteins which have been

partially inhibited (green), and the inhibitors target (X).
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Figure 5.2: Representation of the effects of PIK3CA, Ras, Raf and

PIK3CA/Ras mutations within the cells, and how MEK inhibitors alter the
signalling pathways.

The chart represents normal functioning proteins (blue), mutated proteins (red),
proteins affected as a result of the mutation (orange), proteins which have been

partially inhibited (green), and the inhibitors target (X).
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The objectives of the research described in this chapter were to:

1. Investigate whether copanlisib and refametinib inhibit proliferation in a
panel of CRC cell lines exhibiting a range of PI3K and MAPK pathway

mutations.

2. To ascertain whether PI3K and MAPK pathway mutations alter CRC cells
proliferative abilities to form whole colonies from single cells, post
copanlisib, refametinib or chemotherapy treatment.

3. To determine if copanlisib and refametinib enhance chemoradiotherapy

sensitivity in CRC cancer cell lines with or without mutations within the PI3K

and/or MAPK pathways.
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5.2. CRC cell line anti-proliferative response to copanlisib and/or refametinib

in vitro is dependent on their PI3K and MAPK pathway mutational status.

As discussed in section 5.1.1, mutations within the PI3K and MAPK signalling
pathways have been linked not only to the formation of multiple forms of cancers,
including CRC, but also to their resistance to chemotherapy and radiation therapy.
The novel Bayer PI3K ad inhibitor copanlisib, and MEK 1/2 inhibitor refametinib
have been shown to cause anti-proliferative and pro-apoptotic effects in various
forms of cancer cells, including breast, endometrial, gastric and lung (122,259).
However little work has been carried out on the anti-proliferative effects of
copanlisib and refametinib (as single and dual agents) in PI3K and MAPK mutated
CRC cell lines.

5.2.1 Identification of a panel of colorectal cancer cell lines with varying
PI3BK/MAPK pathway mutations

We acquired a panel of 10 CRC cell lines of varying PI3K and / MAPK pathway
mutations. Mutational status was analysed using data from the cancer cell line
encyclopedia and COSMIC databases (90,176). All cell lines were validated via
STR powerplex assay (Source BioScience, LifeSciences), and mutations were

confirmed in our cell lines using Agena MassArray analysis.

Cell lines were divided into 5 different groups depending on mutational status: wild
type (WT) (C2BBel, Caco-2, CL-14), BRAF mutated (LS-411N, Colo-205),
PIK3CA mutated (SNU-C4), KRAS mutated (LS-513, LS-1034) and PIK3CA-
KRAS co-mutated (DLD-1, LS-174T). The details of the cell lines and their

mutational status are described in Table 5.1.
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Table 5.1: Mutation status of the colorectal cancer cell lines included in the

study.

A panel of 10 CRC cell lines harbouring varying PI3K and / MAPK pathway

mutation status was acquired. Mutational status was analysed using data from the

cancer cell line encyclopedia and COSMIC databases. All cell lines were validated

via an STR powerplex assay and mutations were confirmed in our cell lines using

Agena MassArray analysis. Cell lines were divided into 5 different groups

depending on mutational status: wild type (C2BBel, Caco-2, CL-14), BRAF™"
(LS-411N, Colo-205), PIK3CA™" (SNU-C4), KRAS™" (LS-513, LS-1034) and

PIK3CA-KRAS® ™! (DLD-1, LS-174T).

_ _ - PIK3CA KRAS BRAF
Cell line Tissue type of origin _ : _
mutation mutation mutation
C2BBel Colonic enterocyte,
. WT WT WT
(ATCC CRL-2102) colorectal carcinoma
Caco-2 .
Colorectal adenocarcinoma WT WT WT
(ATCC HTB-37)
CL-14 .
Colon, carcinoma WT WT WT
(ACC 504)
LS-411N Cecum, Dukes type B,
_ WT WT V600E
(ATCC CRL-2159)  colorectal carcinoma
Colon, Dukes type D,
Colo-205
Colorectal WT WT V600E
(ATCC CCL-222) _
adenocarcinoma.
SNU-C4 Colon, Colorectal
_ E545G WT WT
(KCLB 0000C4) adenocarcinoma
LS-513 Dukes type C,
yP _ WT G12D WT
(ATCC CRL-2134) colorectal adenocarcinoma
LS-1034 Dukes type C,
_ WT Al46P WT
(ATCC CRL-2158) colorectal carcinoma
D549N,
DLD-1 Colon, Dukes type C, WT
) E545K, G13D
(ATCC CCL-221) colorectal adenocarcinoma
R741R
LS-174T Colon, Dukes type B,
H1047R  G12D WT

(ATCC CL-188)

colorectal adenocarcinoma




5.2.2. Determination of copanlisib and refametinib sensitivity in a panel of

colorectal cancer cell lines via MTS proliferation assays.

Proliferation assays were carried out on ten colorectal cancer (CRC) cell lines with
varying PI3K / MAPK pathway mutational statuses as described in Table 5.1. Each
cell line was plated in 96 well plates (10° cells/100ul/well), and treated with varying
concentrations of copanlisib (maximum concentration = 200nm), refametinib
(maximum concentration = 2000nm), or copanlisib and refametinib (maximum
concentration = 200nm and 1000nm respectively). Plates were incubated at 37°C
with 5% CO2 for 5 days. Proliferation was measured via a colourimetric MTS
assay whereby the colour intensity is directly proportional to cell viability within the

well.

CRC cell lines harbouring PI3K pathway mutations (PIK3CA and/or KRAS) were
sensitive to the PI3K inhibitor copanlisib (Figure 5.4, Table 5.2). The PIK3CA™"
KRAS™T BRAF"T cell line (SNU-C4) was the cell line most sensitive to copanlisib
(mean ICsp = 28 + 6nM), with lower ICs values than either PIK3CAYT KRAS™"
(LS-1034 I1Cs0 = 153 + 25nM, LS-513 IC5p = 74 £ 16NnM), or PIK3CA-KRAS™"
(DLD-1 I1Cs0 = 84 + 30nM, LS-174 ICs5p = 134 £ 29nM) cell lines. Neither the WT
(C2BBEL, Caco-2, and CL-14) nor BRAF %€ pIK3CAYT KRASWYT (LS-411N, Colo-
205) cell lines achieved ICsos when treated with copanlisib up to a maximum

concentration of 200nm.

All mutated cell lines achieved I1Csos when treated with the MEK inhibitor
refametinib (Figure 5.5, Table 5.2). The KRAS™" PIK3CA" cell lines were most
sensitive to refametinib (LS-1034 ICsp = 44 + 3nM, LS-513 ICs0 = 28 + 8nM);
followed by BRAF®%F (LS-411N ICso = 190 + 83nM, Colo-205 ICsp= 478 +
199nM); PIK3CA™" (SNU-C4 ICso = 326 + 144nM) and PIK3CA-KRAS® ™" (DLD-
1 1Cs0 =745 * 245nM, LS-174T IC50 = 560 £164nM) cell lines. The WT cell lines
(CL-14, Caco-2 and C2BBel) were resistant to the MEK inhibitor, and failed to

achieve IC50s even at the maximum concentration of 2000nm.

The combination of copanlisib and refametinib achieved ICsy’s for all mutated cell
lines and the wild-type cell line C2BBel (Figure 5.6, Figure 5.7, Table 5.2).
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Furthermore, the combination enhanced growth inhibition relative to testing either
inhibitor alone in WT (C2BBel), PIK3CA™" (SNU-C4), BRAFY®%F (LS-411N, Colo-
205) and PIK3CA-KRAS® ™" (DLD-1, LS-174T) cell lines (figure 5.8). The
KRAS™! cell lines LS-1034 and LS-513 responded better to refametinib alone
compared to the copanlisib: refametinib combination (LS-1034 ICso = 44nM vs
21:105nM; LS-513 IC5p = 28nM vs 7:35nM). Wild-type cell lines CL-14 and Caco-2

failed to achieve an ICsp with either drug alone or in combination.

The copanlisib-refametinib combination had a synergistic response in the majority
of cell lines, apart from KRAS™" LS-1034 and Wild type Caco-2, which had
additive and nearly additive responses (LS-1034 Cl @ ED7s=1.03 + 0.64, Caco-2
Cl @ ED75=0.91 + 0.69) (figure 5.7, table 5.2). The combination was most
beneficial in two of the wild-type (CL-14, C2BBel) and PIK3CA-KRAS® ™" (DLD-
1, LS-174T) cell lines. CL-14 showed very strong synergism (Cl @ ED75=0.02 £
0.03), however it remained incapable of achieving an ICso. DLD-1(Cl @ ED75 =
0.20 £ 0.02), LS-174T (Cl @ ED75=0.25 + 0.12), and C2BBel (Cl @ ED75=0.28
+ 0.15), all displayed strong synergism.
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Figure 5.4: Efficacy of copanlisib in a panel of CRC cell lines with varying
PI3K and MAPK pathway mutations, consisting of (a) Wild-type, (b) BRAF™",
(c) KRAS™!', (d) PIK3CA™", (e) PIK3CA-KRAS®™",

Colorectal cancer lines were plated in triplicate at 1x10* cells/ml in 96 well plates
(100ul per well). Cells were treated with serial 1:2 dilutions of the PI3K inhibitor
copanlisib (200nm — 0.78nm) or DMSO/TFA control. Cells were incubated at 37°C
with 5% CO,, for 5 days. Proliferation was measured via a colourimetric MTS
assay whereby the colour intensity is directly proportional to cell viability within the
well. Absorbance was read at 490nm using a 96-well plate reader. Dose-response
curves to copanlisib were generated. Data are representative of the mean and
standard deviation of 3 independent experiments. Drug concentrations are

represented as a Logo.
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Figure 5.5: Efficacy of refametinib in a panel of CRC cell lines with varying
PI3K and MAPK pathway mutations, consisting of (a) Wild-type, (b) BRAF™",
(c) KRAS™!', (d) PIK3CA™", (e) PIK3CA-KRAS®™",

Colorectal cancer lines were plated in triplicate at 1x10* cells/ml in 96 well plates
(100ul per well). Cells were treated with serial 1:2 dilutions of the MEK inhibitor
refametinib (2mM-7.8nM) or DMSO control. Cells were incubated at 37°C with 5%
CO,for 5 days. Proliferation was measured via a colourimetric MTS assay
whereby the colour intensity is directly proportional to cell viability within the well.
Absorbance was read at 490nm using a 96-well plate reader. Dose-response
curves to refametinib were generated. Data are representative of the mean and
standard deviation of 3 independent experiments. Drug concentrations are

represented as a Log;o.
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Figure 5.6: Efficacy of the combination of copanlisib and refametinib in a
panel of CRC cell lines with varying PI3K and MAPK pathway mutations,
consisting of (a) Wild-type, (b) BRAF™! (c) KRAS™", (d) PIK3CA™" (e)
PIK3CA-KRAS® ™,

Colorectal cancer lines were plated in triplicate at 1x10* cells/ml in 96 well plates
(200ul per well). Cells were treated with serial 1:2 dilutions of the MEK inhibitor
Refametinib (1mM-3.9nM) or DMSO control, and the PI3K inhibitor Copanlisib
(200nm — 0.78nm) or DMSQO/TFA control. Cells were incubated at 37°C with 5%
CO,for 5 days. Proliferation was measured via a colourimetric MTS assay
whereby the colour intensity is directly proportional to cell viability within the well.
Absorbance was read at 490nm using a 96-well plate reader. Dose-response
curves to each drug alone and in combination were generated with CalcuSyn
(Biosoft), which is based on the Chou-Talalay synergy quantification method. The
ratio of copanlisib: refametinib in this assay is fixed at 1:5, with the maximum
concentrations for serial dilution set at 200nM and 1000nM respectively. Data are
representative of the mean and standard deviation of 3 independent experiments.

Drug concentrations are represented as a Logsp.
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Figure 5.7: Efficacy of Copanlisib (e), Refametinib (m), and a combination of
copanlisib and refametinib (A), in a panel of CRC cell lines, with the mean
values for (a) Wild-type, (b) BRAF™", (c) KRAS™", (d) PIK3CA™", (e) PIK3CA-
KRAS®™,

Colorectal cancer lines were plated in triplicate at 1x10* cells/ml in 96 well plates
(100ul per well). Cells were treated with serial 1:2 dilutions of the MEK inhibitor
Refametinib (1mM-3.9nM) or DMSO control, and/or the PI3K inhibitor Copanlisib
(200nm — 0.78nm) or DMSO/TFA control. Cells were incubated at 37°C with 5% CO,
for 5 days. Proliferation was measured via a colourimetric MTS assay whereby the
colour intensity is directly proportional to cell viability within the well. Absorbance was
read at 490nm using a 96-well plate reader. Dose-response curves to each drug
alone and in combination were generated with CalcuSyn (Biosoft), which is based on
the Chou-Talalay synergy quantification method. The ratio of copanlisib: refametinib in
this assay is fixed at 1:5, with the maximum concentrations for serial dilution set at
200nM and 1000nM respectively. Data is representative of the mean and standard
deviation of 3 independent experiments. Drug concentrations are represented as a

Log1o.
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Figure 5: IC5 values for copanlisib and refametinib and the combination of

copanlisib and refametinib in CRC cell lines with varying mutational status.

(A) Mutational status of cell lines. (B) ICs values for the 10 CRC cell lines treated

with copanlisib O with a maximum concentration of 200nM; refametinib Bwith a

maximum concentration of 2000nM (represented as a 1:5 dilution); and copanlisib

and refametinib B with a maximum concentration of 200nM and 1000nM

respectively (represented as a 1:5 dilution). Results are a mean of 3 independent

experiments.

229



5.2.3 PI3K and MAPK pathway mutations determine the anti-proliferative
abilities of copanlisib, refametinib and 5-FU chemotherapy in CRC cell lines

in clonogenic assays.

The proliferation assays carried out in 5.2.2 demonstrated that copanlisib and
refametinib have anti-proliferative effects in a range of CRC cell lines when used
as single or dual agents. As a result, we expanded our study to determine whether
copanlisib and refametinib could increase chemoradiotherapy sensitivity in PI3K
and MAPK pathway mutated CRC cell lines. Previous proliferation assays were
carried out in a confluent environment, which may facilitate tumour growth;
therefore we first established if solitary CRC cells possess the ability to proliferate
whilst undergoing treatment with copanlisib, refametinib or 5-fluorouracil (5-FU)
chemotherapy as single agents. This was achieved through clonogenic assays.

Wild-type (Caco-2), KRAS™" (LS-1034), BRAF™" (LS-411N), PIK3CA™" (SNU-
C4) and PIK3CA-KRAS™" (DLD-1) cell lines were plated in 6 well plates, and
treated with serial 1:2 dilutions of copanlisib (maximum concentration = 200nm),
refametinib (maximum concentration 2000nm) and 5-FU chemotherapy (maximum
concentration = 250um), and incubated for 2 weeks, until colony formation. I1C+s

values were subsequently determined for each cell line (Table 5.3).

PIK3CA™ cell lines (SNU-C4, IC75 = 3.1nM), Wild-type cell lines (Caco-2, ICs =
6.1nM) and KRAS™" cell lines (LS-1034, IC75 = 8.6nM) were most sensitive to
copanlisib (Figure 5.8). This reflected the results of the 2D toxicity assays for
PIK3CA and KRAS mutated cell lines shown (Figure 5.4). However, wild-type cell
lines were more sensitive to the copanlisib when the cells were plated at a lower
confluency and treated for a longer incubation period than that of the proliferation

assays.

Inhibition of colony formation was most marked in PIK3CA™" (SNU-C4, IC5=
4.4nM), BRAF™" (LS-411N, IC75 = 4.6nM), and KRAS™" (LS-1034, IC75=
33.25nM) cell lines when treated with refametinib (Figure 5.9). PIK3CA-KRAS™"
(DLD-1, IC75 =500nM) and wild-type (Caco-2, IC;5 = 250nM) cell lines were most
resistant to treatment with refametinib, in line with the 2D toxicity assay results,

shown in Figure 5.5.
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Treatment with 5-FU chemotherapy was most responsive in PIK3CA™" (SNU-C4,
IC75 = 0.056uM) and KRAS™" (LS-1034, IC+5 = 0.06uM) mutated cell lines. In
contrast, the PIK3CA-KRAS™" cell line (DLD-1) was the least responsive (IC75 =
0.73uM) (Figure 5.10).

Table 5.3: IC75 values of cell lines treated in clonogenic assays with
Copanlisib, Refametinib and 5-fluorouracil (5-FU) chemotherapy.

BRAF™! (LS-411N, n=5,000 cells), PIK3CA-KRAS™" (DLD-1, n = 1,000 cells),
PIK3CA™! (SNU-C4, n = 2,000 cells), KRAS™" (LS-1034, n = 3,000 cells) and
Wild-type (Caco-2, n = 50,000 cells) CRC cells were seeded in T25 flasks
(Corning). Cells were incubated at 37°C, with 5% CO, for 24 hours, and treated
with serial dilutions of copanlisib (200nm-0.025nm), refametinib (2000nm-25nm)
and 5-FU chemotherapy (250um - 31nm). Cells were incubated for 2 weeks, until
colony formation. Cells were fixed and stained with 0.1% crystal violet. Wells were
rinsed with 1ml acetic acid to remove crystal violet, which was subsequently
diluted (1:5), and the staining intensity was read on a plate reader at 595nm. I1C5
values were calculated via an automated median-effect plot (Chou plot) using the
CalcuSyn (Biosoft) software.

ICys
LS-411N | DLD-1 | SNU-C4 | LS-1034 | Caco-2
Copanlisib (nM) 100 50 3.1 8.6 6.1
Refametinib (nM) 4.6 500 4.4 33.25 250
5-FU chemotherapy (uM) 0.29 0.73 0.056 0.06 0.13
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Figure 5.8: Clonogenic assays for BRAF™" (LS-411N = H), PIK3CA-KRAS™!
(DLD-1 = W), PIK3CA™" (SNU-C4 = H), KRAS™'" (LS-1034 = M) and wild-type
(Caco-2 = W) colorectal cancer (CRC) cell lines treated with the PI3K
inhibitor copanlisib.

Cells (LS-411N = 1,000 cells; DLD-1 = 200 cells; SNU-C4 = 400 cells; LS-1034 =
3,000 cells and Caco-2 = 10,000 cells) were plated in 6 well plates (2mls per well)
and incubated at 37°C, with 5% CO, for 24 hours. Cells were treated with serial
1:2 dilutions of the PI3K inhibitor Copanlisib (200nm - 0.025nm), and a
DMSO/TFA control (200nm). Cells were incubated for a further 2 weeks, until
colony formation. Cells were fixed and stained with 0.1% crystal violet. Wells were
rinsed with 1ml acetic acid to remove crystal violet, which was subsequently
diluted (1:5), and the staining intensity was read on a plate reader at 595nm.
CalcuSyn software (Biosoft) was used to calculate IC+s values required for drug
concentrations for the clonogenic study via an automated median-effect plot (Chou
plot). Error bars represent the standard deviation, with experiments run in

triplicate.
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Figure 5.9: Clonogenic assays for BRAF™" (LS-411N =H), PIK3CA-KRAS™"
(DLD-1 = W), PIK3CA™'" (SNU-C4 = H), KRAS™ (LS-1034 = W) and wild-type
(Caco-2 = M) colorectal cancer (CRC) cell lines treated with the MEK
inhibitor refametinib.

Cells (LS-411N = 1,000 cells; DLD-1 = 200 cells; SNU-C4 = 400 cells; LS-1034 =
3,000 cells and Caco-2 = 10,000 cells) were plated in 6 well plates (2mls per well)
and incubated at 37°C, with 5% CO, for 24 hours. Cells were treated with serial
1:2 dilutions of the MEK inhibitor Refametinib (2000nm - 0.25nm), and a DMSO
control (2000nm). Cells were incubated for a further 2 weeks, until colony
formation_ Cells were fixed and stained with 0.1% crystal violet. Wells were rinsed
with 1ml acetic acid to remove crystal violet, which was subsequently diluted (1:5),
and the staining intensity was read on a plate reader at 595nm. CalcuSyn software
(Biosoft) was used to calculate 1Cs values required for drug concentrations for the
clonogenic study via an automated median-effect plot (Chou plot). Error bars

represent the standard deviation, with experiments run in triplicate.
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Figure 5.10: Clonogenic assays for BRAF™ ! (LS-411N = H), PIK3CA-KRAS™"
(DLD-1 = W), PIK3CA™" (SNU-C4 = H), KRAS™'" (LS-1034 = M) and wild-type
(Caco-2 = M) colorectal cancer (CRC) cell lines treated with 5-fluorouracil (5-
FU) chemotherapy.

Cells (LS-411N = 1,000 cells; DLD-1 = 200 cells; SNU-C4 = 400 cells; LS-1034 =
3,000 cells and Caco-2 = 10,000 cells) were plated in 6 well plates (2mls per well)
and incubated at 37°C, with 5% CO, for 24 hours. Cells were treated with serial
1:2 dilutions of the 5-FU chemotherapy (250um - 31nm), and a DMSO control
(250um). Cells were incubated for a further 2 weeks until colony formation. Cells
were fixed and stained with 0.1% crystal violet. Wells were rinsed with 1ml acetic
acid to remove crystal violet, which was subsequently diluted (1:5), and the
staining intensity was read on a plate reader at 595nm. CalcuSyn software
(Biosoft) was used to calculate 1Cs values required for drug concentrations for the
clonogenic study via an automated median-effect plot (Chou plot). Error bars

represent the standard deviation, with experiments run in triplicate.
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5.2.4. Copanlisib and refametinib used together as a standard of care for
locally advanced rectal cancer increase the chemoradiation sensitivity of
colorectal cancer (CRC) cell lines with PI3K and MAPK pathway mutations in

clonogenic assays.

Following on from the promising results in our proliferation and clonogenic assays,
we wished to determine if copanlisib and refametinib could enhance the effect of
5-FU chemoradiation therapy in CRC cell lines. Due to the varying sensitivities of
each cell line towards copanlisib and refametinib, we used IC75 values calculated
from our previous clonogenic experiments (Table 5.3) alongside a standard
radiation dose of 2Gy. Clonogenic assays were performed in T25 flasks to
facilitate radiation of CRC cells. A range of treatment combinations was set up to
determine variances between treatment groups (supplementary figures 2-6).

Cellular growth was decreased by an average of 42.8% post-5-FU chemotherapy
plus radiation (5R) therapy compared to vehicle-treated control cells (Table 4.4,
figures 4.7 - 4.11). The wild-type cell line (Caco-2) was least sensitive to 5R
therapy, with only an 18% reduction in cellular growth compared to the vehicle
control. In contrast, all mutated cell lines had cellular growth reductions ranging
between 48 and 51% of their corresponding vehicle controls. However, cellular
proliferation was significantly reduced in all cell lines regardless of mutational

background (p-values ranging from 0.003 — 0.046).

Growth inhibition was further enhanced with the addition of copanlisib to 5-FU
chemoradiation therapy (P5R) compared to 5R therapy alone in all five cell lines
(mean percentage growth inhibition = 72.8%) (Table 5.4). There was a significant
reduction in cellular proliferation in all CRC cell lines in the P5R arm compared to
the vehicle-treated controls. However, growth inhibition was most marked in the
KRAS™! cell line LS-1034 (mean percentage growth inhibition = 80 + 8% vs 48
+4.9%, p = 0.011) and the wild-type cell line Caco-2 (mean percentage growth
inhibition =56 £ 7.9% vs 18 £ 6.8%, p = 0.045) which displayed a significant
reduction in cellular growth when treated with P5R compared to 5R treatment
alone (Table 5.4).
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Similar growth-inhibitory effects were observed with the addition of refametinib
alongside 5-FU chemotherapy and radiation (M5R), which had a mean percentage
growth inhibition of 70.4% Similar to P5R treatment, all cell lines in the M5R arm
displayed a significant reduction in cellular growth compared to the vehicle-treated
controls. Whilst cellular growth was significantly decreased in KRAS™" cell line,
LS-1034 (mean percentage growth inhibition = 76 + 8.4% vs 48 + 4.9%, p = 0.02),
and the wild type cell line, Caco-2 (mean percentage growth inhibition = 57 + 6%,
vs 18 + 6.8%, p = 0.0001) in the M5R arm compared to 5R treated cells. In the
other 3 cell lines, as with P5R treatment, there was growth inhibition associated
with M5R treatment but which did not quite reach statistical significance (Table
5.4).

Growth inhibition was most marked with the addition of both copanlisib and
refametinib to 5-FU chemotherapy and radiation (PM5R), which had a mean
percentage growth of only 15.2%. All cell lines showed a significant reduction in
cellular growth compared to the vehicle-treated control. However PIK3CA-
KRAS™! DLD-1 (mean percentage growth inhibition = 91 + 2.1 vs 51 +14.8%,
p=0.033), KRAS™" LS-1034 (mean percentage growth inhibition = 85 + 6 vs 48 +
4.9%, p=0.033), BRAF™" LS-411N (mean percentage growth inhibition = 90 +
0.7% vs 48 £ 11.2%, p = 0.024) and wild-type, Caco-2 (mean percentage growth
inhibition = 76 +4.6% vs 18 + 6.8%, p=0.002) cell lines also responded
significantly better to PM5R therapy than 5R therapy alone. Furthermore, cellular
growth was significantly reduced in both BRAF™" (P5R, p = 0.047; M5R, p = 0.04)
and WT (P5R, p =0.021; M5R, p = 0.013) cell lines in PM5R treated cells
compared to P5R or M5R arms (Table 5.4).
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Figure 5.11: Cellular growth of PIK3CA-KRAS™ ! DLD-1 cells treated with
DMSO/DMSO-TFA vehicle control (C), 5-FU chemoradiotherapy (5R),
copanlisib and chemoradiotherapy (P5R), refametinib and
chemoradiotherapy (M5R) and copanlisib, refametinib and
chemoradiotherapy (PM5R) in clonogenic assays.

1,000 PIK3CA-KRAS™" CRC cells (DLD-1) were plated in T25 flasks (20mls per
flask) and incubated for 24 hours. Cells were treated with copanlisib (50nm),
refametinib (500nm), 5-FU chemotherapy (730nm) and radiation (2Gy). Cells were
incubated until colony formation (2 weeks). Cells were fixed and stained with 0.1%
crystal violet. Wells were rinsed with 1ml acetic acid to remove crystal violet, which
was subsequently diluted (1:5), and the staining intensity was read on a plate
reader at 595nm. Prism software (GraphPad) was used to for the generation of
graphs and to calculate the statistical significance between various treatment
cohorts. The unpaired 2-tailed t-test with Welch’s correction was used with a
confidence interval of 95%. Error bars represent the standard deviation, with
experiments run in triplicate. Data are representative of the mean and standard
deviation of 3 independent experiments. *p<0.05 compared to control, **P<0.05
compared to 5-fu chemoradiotherapy (5R). Representative clonogenic assays are

shown in panel B (4x magnification) and C (macroscopic view of the flask).
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Figure 5.12 Cellular growth of KRAS™" LS-1034 treated with DMSO/DMSO-
TFA vehicle control (C), 5-FU chemoradiotherapy (5R), copanlisib and
chemoradiotherapy (P5R), refametinib and chemoradiotherapy (M5R) and
copanlisib, refametinib and chemoradiotherapy (PM5R) in clonogenic
assays.
3,000 KRAS™! CRC cells (LS-1034) were plated in T25 flasks (20mls per flask)
and incubated for 24 hours. Cells were treated with copanlisib (8.6nm), refametinib
(33nm), 5-FU chemotherapy (60nm) and radiation (2Gy). Cells were incubated
until colony formation (2 weeks). Cells were fixed and stained with 0.1% crystal
violet. Wells were rinsed with 1ml acetic acid to remove crystal violet, which was
subsequently diluted (1:5), and the staining intensity was read on a plate reader at
595nm. Prism software (GraphPad) was used to for the generation of graphs and
to calculate the statistical significance between various treatment cohorts. The
unpaired 2-tailed t-test with Welch’s correction was used with a confidence interval
of 95%. Error bars represent the standard deviation, with experiments run in
triplicate. Data are representative of the mean and standard deviation of 3
independent experiments. *p<0.05 compared to control, **P<0.05 compared to 5-
fu chemoradiotherapy (5R). Representative clonogenic assays are shown in panel
B (4x magnification) and C (macroscopic view of the flask).
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Figure 5.13: Cellular growth of BRAF™ ' LS-411N treated with DMSO/DMSO-
TFA vehicle control (C), 5-FU chemoradiotherapy (5R), copanlisib and
chemoradiotherapy (P5R), refametinib and chemoradiotherapy (M5R) and
copanlisib, refametinib and chemoradiotherapy (PM5R) in clonogenic
assays.

5,000 BRAF™ CRC cells (LS-411N) were plated in T25 flasks (20mis per flask)
and incubated for 24 hours. Cells were treated with copanlisib (100nm),
refametinib (4.6nm), 5-FU chemotherapy (290nm) and radiation (2Gy). Cells were
incubated until colony formation (2 weeks). Cells were fixed and stained with 0.1%
crystal violet. Wells were rinsed with 1ml acetic acid to remove crystal violet, which
was subsequently diluted (1:5), and the staining intensity was read on a plate
reader at 595nm. Prism software (GraphPad) was used to for the generation of
graphs and to calculate the statistical significance between various treatment
cohorts. The unpaired 2-tailed t-test with Welch’s correction was used with a
confidence interval of 95%. Error bars represent the standard deviation, with
experiments run in triplicate. Data are representative of the mean and standard
deviation of 3 independent experiments. *p<0.05 compared to control, **p<0.05
compared to 5-fu chemoradiotherapy (5R). ***p<0.05 compared to P5R or M5R.
Representative clonogenic assays are shown in panel B (4x magnification) and C

(macroscopic view of the flask).
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Figure 5.14: Cellular growth of PIK3CA™" SNU-C4 treated with DMSO/DMSO-
TFA vehicle control (C), 5-FU chemoradiotherapy (5R), copanlisib and
chemoradiotherapy (P5R), refametinib and chemoradiotherapy (M5R) and
copanlisib, refametinib and chemoradiotherapy (PM5R) in clonogenic
assays.

2,000 PIKBCA™' CRC cells (SNU-C4) were plated in T25 flasks (20mls per flask)
and incubated for 24 hours. Cells were treated with copanlisib (3.1nm), refametinib
(4.4nm), 5-FU chemotherapy (130nm) and radiation (2Gy). Cells were incubated
until colony formation (2 weeks). Cells were fixed and stained with 0.1% crystal
violet. Wells were rinsed with 1ml acetic acid to remove crystal violet, which was
subsequently diluted (1:5), and the staining intensity was read on a plate reader at
595nm. Error bars represent the standard deviation, with experiments run in
triplicate. Data are representative of the mean and standard deviation of 3
independent experiments. *p<0.05 compared to control, **P<0.05 compared to 5-
fu chemoradiotherapy (5R). Representative clonogenic assays are shown in

panel B (4x magnification) and C (macroscopic view of the flask).
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Wild-type cell line
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Figure 5.15: Cellular growth of wild-type Caco-2 CRC cell lines treated with
DMSO/DMSO-TFA vehicle control (C), 5-FU chemoradiotherapy (5R),
copanlisib and chemoradiotherapy (P5R), refametinib and
chemoradiotherapy (M5R) and copanlisib, refametinib and
chemoradiotherapy (PM5R) in clonogenic assays.

50,000 wild-type CRC cells (Caco-2) were plated in T25 flasks (20mls per flask)
and incubated for 24 hours. Cells were treated with copanlisib (6.1nm), refametinib
(250nm), 5-FU chemotherapy (130nm) and radiation (2Gy). Cells were incubated
until colony formation (2 weeks). Cells were fixed and stained with 0.1% crystal
violet. Wells were rinsed with 1ml acetic acid to remove crystal violet, which was
subsequently diluted (1:5), and the staining intensity was read on a plate reader at
595nm. Prism software (GraphPad) was used to for the generation of graphs and
to calculate the statistical significance between various treatment cohorts. The
unpaired 2-tailed t-test with Welch’s correction was used with a confidence interval
of 95%. Error bars represent the standard deviation, with experiments run in
triplicate. Data are representative of the mean and standard deviation of 3
independent experiments. *p < 0.05 compared to control, **P < 0.05 compared to
5-fu chemoradiotherapy (5R) ***p < 0.05 compared to P5R or M5R.
Representative clonogenic assays are shown in panel B (4x magnification) and C

(macroscopic view of the flask).
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5.3. Discussion

Advances are constantly being made in cancer research, with personalised
therapy gaining increasing attention. Many cancer types have driver mutations
which are known to affect patient response to various anti-tumour therapies e.g.
HER-2 in breast cancer, KRAS mutations in lung cancer etc. Mutations within the
PI3K and MAPK signalling pathways are common in CRC (91-93), and are
associated with resistance to chemotherapy and radiation therapy, and poor
patient outcomes (93,192-194). However, efforts to find a suitable target within
these pathways have to date, been largely in vain, as many drugs cause high
levels of toxicity or their efficacy is limited by drug resistance. We targeted the
driver mutations within the PI3K and MAPK signalling pathways in the hope of
reducing cellular proliferation and increasing tumour cell death in response to

standard chemoradiotherapy.

The PI3K inhibitor copanlisib has been shown to induce apoptosis, whilst
simultaneously inhibiting cellular proliferation, migration, differentiation and
survival in a range of cancer cell lines, including prostate, breast, colon and
pancreatic cancer cell lines (122). To date, limited work has been carried out on
copanlisibs effects in CRC. We therefore decided to exploit this, and focus our
study on a panel of 10 CRC cell lines of varying PI3K/MAPK mutations, and
investigate how they respond to copanlisib treatment alone, and in combination

with refametinib, and current standard rectal cancer chemoradiation therapy.

PIK3CA mutated cell lines were the most sensitive to copanlisib in both the 2D
toxicity assays and 3-D clonogenic assays. This is largely attributable to SNU-C4s
interaction solely within the PI3K pathway. Our results concur with those of Liu et
al., who have previously demonstrated that copanlisib has increased anti-
tumourigenic activity (>40 fold) in breast cancer cell lines with PIK3CA™"
compared to PIK3CAY4YPe (122). KRAS mutated cell lines were sensitive to
copanlisib, albeit at higher ICsg concentrations than the PIK3CA mutated cell line
(mean IC50 = 113.5nM vs 28 nM). RAS is involved in both the PI3K and MAPK
pathways; perhaps explaining why targeting the PI3K pathway alone cannot yield
the same sensitivity as PIK3CA mutated cell lines which are probably more
singularly dependent on the PI3K pathway. Our results concur with those of Clarke

et al, who demonstrated that PIK3CA mutated cell lines are significantly more
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sensitive to the PI3K inhibitor pictilisib than KRAS mutant cell lines (260). PIK3CA-
KRAS dual mutated cell lines responded to copanlisib similarly to KRAS mutated
cell lines, possibly, at least in part for the same reason. Knockdowns and
knockouts of p110a (PI3K catalytic subunit) in PIK3CA-KRAS dual mutated CRC
cell lines (DLD-1 and HCT-116) also resulted in inhibition of cellular growth and
downstream PI3K signalling (261,262).

Furthermore specific genetic mutations altered cell line sensitivity to copanlisib.
Despite LS-513 and LS-1034s identical cancer type (colorectal carcinoma), stage
(Dukes type C), and mutation status (KRAS mutant), LS-513 required less than
half the copanlisib dosage needed for LS-1034 to achieve an IC50 (LS-513 =74 +
16nm, LS-1034 = 153 + 25nm). The main identifiable difference between the two
cell lines is the specific KRAS mutation, with LS-513 harbouring a G12D mutation
compared to LS-1034’s A146P mutation. LS-513 was found to be more sensitive
to copanlisib than LS-1034 (259). Furthermore, DLD-1 (Ic50 = 84 + 30nm) was
more sensitive than LS-174T (134 = 29nm). DLD-1 has 3 PIK3CA mutations
(D549N, E545K and R741R) and a G13D KRAS mutation, compared to LS-174T
with has a PIK3CA™%"R mutation and KRAS®*?® mutation. In contrast, both
BRAF™" and WT cell lines were copanlisib resistant. Liu et al, also reported
copanlisib resistance within BRAF™" and WT CRC cell lines (259).

MEK is one of the main components of the MAPK (RAS/RAF/MEK/ERK) pathway,
which is involved in the control of cellular proliferation, growth, migration,
differentiation, and apoptosis. Mutations within this pathway can result in
uncontrolled proliferation and ultimately tumour growth. Several elements within
the MAPK pathway have been targeted; however, to date, no inhibitor has been
validated for use in CRC patients. PIK3CA mutated CRC cells were sensitive to
refametinib. This may be in part, a result of mTOR inhibition through ERK in the
MAPK pathway. WT CRC cell lines were resistant to Refametinib alone, as
previously seen by Liu (259). KRAS and BRAF mutated CRC cell lines were
sensitive to refametinib due to their MAPK pathway mutations. Multiple other
studies have also shown KRAS and BRAF mutated cell line sensitivity towards
MEK 1/2 inhibitors both in vitro and in vivo (260,263—-265). However, variations in
drug sensitivity did occur between BRAF mutated cell lines, with LS-411N
displaying heightened sensitivity (IC50 = 190 = 83nm) towards refametinib
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compared to Colo-205 (IC50 = 478 + 199nm). Both cell lines harbour V600E
mutations, however, Colo-205 is a semi-adherent cell line cultured from Dukes
stage D tumour (i.e. tumour which has metastasised), compared to LS-411N
which was an adherent cell line cultured from Dukes stage B (i.e. tumour has
grown through the muscularis propria, but no lymph node involvement).
PIK3CA-KRAS dual mutated CRC cell lines were the least sensitive to refametinib.
This coincides with a study carried out by Jing et al. also showed that PIK3CA-
KRAS dual mutated tumours were less sensitive to MEK inhibitors than their RAS
or RAF mutated counterparts, resulting in a cytostatic rather than cytotoxic

response (263).

Simultaneous treatment with copanlisib and refametinib resulted in a synergistic
anti-proliferative response in 2D toxicity assays in most of the cell lines, with the
exception of KRAS™" LS-1034 and Wild type Caco-2, which had additive and
nearly additive responses. The combination was most beneficial in two of the wild-
type (CL-14, C2BBel) and PIK3CA-KRAS™" (DLD-1, LS-174T) cell lines. KRAS
and PIK3CA-KRAS dual mutated cell lines use both the PI3K and MAPK
pathways, therefore dual inhibition targets two of the main driving forces within the
tumour, resulting in a synergistic response. Also probably underlying this synergy,
several studies have also shown that inhibition of one signalling pathway (e.g.
PI3K) may result in upregulation of another signalling pathway (e.g. MAPK) (266).
Our findings correlate with those of Clarke et al, who treated 47 CRC cell lines
with the PI3K inhibitor (cobimetinib) and MEK inhibitor (pictilisib). They found
KRAS (£ PIK3CA) mutations were strong predictors of synergism. Furthermore,
both of our studies showed synergism in KRAS mutated cell lines (LS-1034 and
LS-513), whilst strong synergism was demonstrated in PIK3CA-KRAS dual
mutated cell lines (DLD-1 and LS-174T) (260).

In 3-D clonogenic assays, 5-FU chemoradiotherapy significantly reduced tumour
cellular growth compared to (untreated and vehicle) controls in all groups. In wild-
type and KRAS CRC mutated cell lines, the addition of either copanlisib and/or
refametinib to 5-FU CRT significantly inhibited cell growth compared to 5-FU
chemoradiotherapy alone. Since Caco-2 is wild-type for mutations within the PI3K
or MAPK pathway, we did not expect such a promising response. However, this
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suggests that the addition of inhibitors, either copanlisib or refametinib, may
enhance chemoradiotherapy response regardless of their mutational status.
BRAF and PIK3CA-KRAS dual-mutated CRC cell lines only showed a significant
reduction in cellular growth when copanlisib and refametinib were used in
conjunction with 5-FU chemoradiotherapy versus CRT alone. This correlates with
the toxicity assays for PIK3CA-KRAS™" and BRAF™" cell lines, which showed
varying levels of synergism when copanlisib and refametinib were combined.
Furthermore, cellular growth was significantly reduced in both BRAF mutated and
WT cell lines in PM5R treated cells compared to P5R or M5R arms.

However, it should be noted that our study involved colonic cancer cell lines which
are not typically treated with radiation therapy. Therefore further studies involving

rectal cancer cell lines may be more clinically significant.

Furthermore this study focused primarily on proliferation rates of the cancer cells.
While proliferation is a vital step in cancer cell growth, other cellular functions
could be further analysed for a more rounded view of the affected pathways within
the cells. Proteomic studies could be carried out using reverse phase protein
arrays (RPPA) or western blots to measure alterations within protein expression
levels as a result of treatment with copanlisib, refametinib and / or chemoradiation.
This could include measuring apoptosis (AKT, BAK, BAX, BACL2, caspases,
PARP), DNA repair (CHK1, MGMT, AGT, PARP), signal transduction (PI3K, RAF,
RAS, JNK, PTEN) or cellular stress (CHK1, p53) and transcription (AKT, mTOR,
MDM2).

Cancer cell motility can be tested using Boyden chamber or scratch assays for cell
migration; whilst cell invasion assays can be used to measure cellular ability to
move through an extracellular matrix. Apoptosis could be measured via the
Annexin V-FITC or TUNEL assays, whilst DNA damage can be analysed with a
comet assay, FISH, ELISA or PCR and agarose gel.

Nevertheless, our findings suggest that copanlisib and/or refametinib may have
the ability to enhance the effectiveness of standard chemoradiation therapy in
colorectal cancer patients. Further in vivo analysis was carried out to prove that
copanlisib or refametinib could have potential in colorectal cancer therapy, which

is summarised in chapter 6
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Inhibition of the PI3K signalling pathway increases
chemoradiotherapy sensitivity of genetically defined colorectal

cancer mouse models.
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6.1. Introduction

6.1.1. Overview

PI3K pathway aberrations can result from overexpression of receptor tyrosine
kinases, somatic PIK3CA mutations or amplifications, and/or loss of PTEN
function. Mutations within the PI3K pathway (e.g. PIK3CA, KRAS) have been
linked to resistance to chemotherapy and radiation therapy. Therefore
personalised therapies which target these mutations may enhance chemoradiation

sensitivity.

6.1.2. PI3K inhibitor, Copanlisib

Copanlisib is a potent, highly selective, small-molecule pan class | PI3K a/d
inhibitor. It also targets PI3K 8 and y isoforms to a lesser degree, and has a mild
inhibitory effect on mTOR. Copanlisib was the first intravenous PI3K alpha-delta
inhibitor to be approved by the U.S. Food and Drug Administration (FDA), under
the name of Aligopa. It received early FDA approval due to the overall response
rates seen in the Phase Il CHRONOS-1 (NCT01660451) clinical trial which was
carried out in 104 patients with relapsed follicular lymphoma who failed to respond

to a minimum of two prior systemic therapies.

6.1.3. Our preliminary in vitro study (chapter 5)

Copanlisib has been studied to investigate its pro-apoptotic and anti-tumorigenic
properties both in vitro and in vivo. Preliminary in vitro analysis carried out in
chapter 5 included proliferation assays using the novel BAYER PI3K inhibitor
(copanlisib), and MEK inhibitor (refametinib), in 10 colorectal cancer cell (CRC)
lines with varying PI3K and MAPK pathway mutations. In vitro, we have shown
that CRC cell lines with mutations in PIK3CA and / KRAS are sensitive to
copanlisib in 2D toxicity assays. We found the PIK3CA mutated cell line was most
sensitive to the PI3K inhibitor alone, the KRAS mutated cell lines were most
sensitive to the MEK inhibitor alone, and the PIK3CA-KRAS dual-mutated cell
lines displayed the most synergistic response to the PI3K:MEK inhibitor
combination; whilst the PIK3CA-KRAS/BRAF"4%P¢ ce|| ines were largely resistant
to both drugs. Following on from these findings, we used clonogenic assays to

determine if the PI3K and MEK inhibitors can augment the effect of
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chemoradiation therapy in vitro (see chapter 5). The addition of the PI3K inhibitor
copanlisib to chemoradiation resulted in reduced proliferation in all CRC cell lines,
compared to chemoradiotherapy treatment alone, with a significant reduction
identified in KRAS mutated and wild-type CRC cell lines.

6.1.4. Previous in vivo studies of copanlisib.

Liu et al demonstrated complete tumour regression in PIK3CA™" HER-2 amplified,
breast cancer rat models when treated with copanlisib every second day (122).
Furthermore, Okabe et al used a combination of copanlisib and ponatinib (ABL
tyrosine kinase inhibitor) therapy to increase survival rates and reduce tumour
growth in leukaemia derived allograft mouse models (267). Dewaert et al reported
anti-tumour activity in multiple myeloma xenograft models when treated with
copanlisib (268).

6.1.5. Clinical trials involving copanlisib

Copanlisib is currently involved in several clinical trials including phase 1
(advanced cancers), phase 2 (mature T-cell + NK cell neoplasm, endometrial
endometrioid adenocarcinoma, breast cancer (PANTHER trial)) and phase 3 (non-
Hodgkin’s lymphoma (CHRONOS trial)).
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In vitro, we have demonstrated copanlisibs ability to enhance chemoradiation
therapy sensitivity in CRC cell lines (chapter 5). As a result of these promising
findings, we wished to further validate these findings in vivo, with the ultimate
objective of justifying a clinical trial to determine the efficacy of copanlisib-
chemoradiotherapy in LARC. Therefore, our main objectives in this chapter were

to:
1. Create xenograft models via subcutaneous implantation of four colorectal
cancer cell lines harbouring various PI3K pathway mutations (wild-type,

PIK3CA™", KRAS™" and PIK3CA-KRAS™".

2. Treat mice xenograft models bearing these mutations in control,
chemoradiotherapy and copanlisib-chemoradiotherapy cohorts.

3. Establish whether a combination of copanlisib, standard chemotherapy and

radiation therapy can be tolerated in vivo by mice.

4. Determine the impact of treatment in each cohort on tumour growth, mean

survival and overall survival.

5. Determine if copanlisib enhances chemoradiotherapy sensitivity in wild-
type, PIK3CA™", KRAS™" and PIK3CA-KRAS™" xenograft models of CRC.
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6.2. Results

6.2.1 Colorectal cancer response to treatment in vivo is dependent on the
mutational status of the tumour.

6-8 week old SCID mice were implanted subcutaneously with cancer cell lines
(wild-type Caco-2 (3.5 x 10° cells/100ul PBS); KRAS™" LS-1034; PIK3CA™" SNU-
C4 and PIK3CA-KRAS™" DLD-1 (2.5 x 10° cells/100ul PBS)). When tumours
reached 100mm?, mice were separated into control; vehicle; copanlisib;
chemoradiotherapy or copanlisib-chemoradiotherapy treatment regimens.
Copanlisib (7mg/kg) was administered intravenously twice a day on days one and
two. 5-fluorouracil (5-FU) chemotherapy (20mg/kg) was administered
intraperitoneally, and mice were subsequently radiated in a Faxitron CP 160 x-ray
generator at 1.8Gy on days 1, 3 and 5. Mice were sacrificed when tumours

reached 400mm?,

We found treatment responsiveness depended on the mutational status of the
tumour. Wild type xenografts (Caco-2) did not display any response to
chemoradiotherapy (5R) compared to control (C) until all 3 rounds of treatment
were administered, after which a significant reduction in tumour growth was seen
on days 14 (p = 0.035) and 15 (p = 0.031) (Figure 6.1, supplementary figure 7). In
contrast, copanlisib-chemoradiotherapy (P5R) significantly reduced tumour
growth, compared to controls (C), in the wild-type xenografts within 24 hours of
their first treatment (p = 0.03) (Figure 6.2, table 6.1). P5R treatment continued to
be associated with a significant reduction in tumour growth on days 3, 6, 7, 13-18

and 25, compared to the control arms.

PIK3CA™" xenografts (SNU-C4 cells) showed a significant reduction in tumour
growth on days 16-18 when treated with chemoradiation alone (5R), compared to
controls (Figure 6.1). PIK3CA™" tumours were the most responsive to initial
treatment with copanlisib-chemoradiotherapy. These tumours demonstrated a
significant reduction in tumour growth 24 hours after the first round of copanlisib-
chemoradiation treatment compared to both control (p = 0.01) and
chemoradiation alone (5R) (p = 0.001) (Figure 6.2, table 6.1, supplementary figure
7) treated xenografts. The copanlisib-chemoradiation therapy (P5R) treated cohort

had significantly reduced tumour growth compared to control mice on days 2-9,
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14, 15, 19, 20, compared to the 5R treated mouse cohort from days 2-9 and 14-
23.

Tumour growth was significantly decreased in the KRAS™" xenograft (LS-1034)
mice 24 hours after the first round of treatment with copanlisib-chemoradiation
(P5R) compared to untreated controls (C) (p = 0.019), and remained significantly
reduced, up to day 15. In comparison, it took 5 days and 3 rounds of
chemoradiotherapy before a significant reduction was achieved in the
chemoradiation (5R) treated cohort compared to the untreated controls (C) (p =
0.031) (Figure 6.2, table 6.1, supplementary figure 7). Tumour size in the KRAS™"
xenografts treated with chemoradiation (5R) remained significantly smaller than in

untreated control (C) mice from days 6-15 (Figure 6.1).

Copanlisib did not enhance overall sensitivity to chemoradiotherapy in the mice
bearing PIK3CA-KRAS™" tumours (DLD-1). Tumour growth was similar in both the
5R and P5R treated cohorts, with a reduction in tumour growth observed within 48
hours of treatment initiation, although this did not reach significance. Both 5R and
P5R treated xenografts displayed a significant reduction in tumour growth from
control mice only on day 22 (p values = 0.044 and 0.017 respectively) (Figure 6.1,
Figure 6.2, supplementary figure 7).
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Figure 6.1: Mean tumour growth in wild-type (Caco-2), PIK3CA (SNU-C4),
KRAS (LS-1034) and PIK3CA-KRAS (DLD-1) xenograft models.

Colorectal cancer cells (PIK3CA™" (SNU-C4), n = 2.5 x 10°cells/100ul; KRAS™" (LS-
1034), n = 2.5 x 10°%cells/100ul; PIK3CA-KRAS™" (DLD-1), n = 2.5 x 10°cells/100ul;
wild-type (Caco-2), n = 3.5 x 10°cells/100ul) were implanted in the right flank of 6-8
week old BALB/C SCID mice. When tumours reached 100mm?®, mice were
randomised into untreated control (C) (@), 5-fluorouracil (5-FU) chemoradiotherapy
(5R) (M) and copanlisib plus chemoradiotherapy (P5R) ( W) treatment arms.
Copanlisib (7mg/kg) was administered intravenously twice a day on days 1 and 2. 5-
FU chemotherapy (20mg/kg) was administered intraperitoneally, and mice were
subsequently radiated in a Faxitron CP 160 x-ray generator at 1.8Gy on days 1, 3 and
5. Tumour measurements were taken every third day until tumours reached 400mm?,
when mice were sacrificed. The grey box indicates the 5 days whilst treatment was
ongoing. Prism software (GraphPad) was used for generation of graphs and
statistical analysis. Variations in tumour growth between various treatment cohorts
was analysed using the one way ANOVA Kruskal-Walis test (did not assume
Gaussian distributions), and the Dunns test, using a confidence interval of 95%. Error
bars are representative of standard deviations in each treatment group. Mice whose
survival rates were above or below the mean + 2 x s.d. were removed from the

analysis.
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Figure 6.2: Mean tumour growth in wild-type (Caco-2), PIK3CA (SNU-C4),
KRAS (LS-1034) and PIK3CA-KRAS (DLD-1) xenograft models during days 1-
10 of treatment.

Colorectal cancer cells (PIK3CA™" (SNU-C4), n = 2.5 x 10°cells/100ul; KRAS™" (LS-
1034), n = 2.5 x 10°cells/100ul; PIK3CA-KRAS™" (DLD-1), n = 2.5 x 10°cells/100ul;
wild-type (Caco-2), n = 3.5 x 10°cells/100ul) were implanted in the right flank of 6-8
week old BALB/C SCID mice. When tumours reached 100mm?®, mice were
randomised into untreated control (C) ( @), 5-fluorouracil (5-FU) chemoradiotherapy
(5R) (M) and copanlisib plus chemoradiotherapy (P5R) ( W) treatment arms.
Copanlisib (7mg/kg) was administered intravenously twice a day on days 1 and 2. 5-
FU chemotherapy (20mg/kg) was administered intraperitoneally, and mice were
subsequently radiated in a Faxitron CP 160 x-ray generator at 1.8Gy on days 1, 3 and
5. Tumour measurements were taken every third day until tumours reached 400mm?,
when mice were sacrificed. The grey box indicates the 5 days whilst treatment was
ongoing. Prism software (GraphPad) was used for generation of graphs and
statistical analysis. Variations in tumour growth between various treatment cohorts
was analysed using the one way ANOVA Kruskal-Walis test (did not assume
Gaussian distributions), and the Dunns test, using a confidence interval of 95%. Error
bars are representative of standard deviations in each treatment group. * Significant
difference (p < 0.05) between C and 5R, ** significant difference (p < 0.05) between
5R and P5R. F-tests for two sample variances were carried out to calculate F and F-
critical values, which determine if the 2 tailed t-test should be of equal or unequal

variance.
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6.2.2. Effects of treatment on survival in xenograft models

Tumour growth was reduced in all tumour models when treated with
chemoradiation alone (5R) and copanlisib-chemoradiation (P5R), resulting in
increased overall survival rates. Chemoradiotherapy (5R) alone did not
significantly increase mean overall survival times in any of the genetically defined
colorectal cancer mouse models compared to untreated control mice (Figure 6.3).
However, mice bearing wild-type tumours displayed a 69% increase in overall
survival when treated with chemoradiation alone (mean 5R = 37.2 days)
compared to untreated controls (mean C = 22 days). In contrast, mice bearing
PI3K pathway mutations did not respond as well to chemoradiation alone (5R),
with increased overall survival times of 18.7% (PIK3CA™": mean 5R = 22.2 days,
mean C = 18.7 days), 27.6% (KRAS™"; mean 5R = 19.9 days, mean C =15.6
days) and 33.7% (PIK3CA-KRAS™": mean 5R =23 days, mean C = 17.2 days)

compared to untreated controls (Table 6.2, Table 6.4).

Mice bearing wild-type and single gene mutated xenografts (PIK3CA™" and
KRAS™" generally responded best when treated with copanlisib-
chemoradiotherapy (P5R); compared to untreated controls (C) or chemoradiation
alone (5R). This was particularly evident in mice bearing KRAS™" xenografts who
had an increased overall survival of 81% (mean P5R = 28.3 days) compared to
untreated controls (mean C = 15.6 days). Mean overall survival times were
significantly increased with copanlisib-chemoradiation therapy (P5R) in mice
bearing both wild-type (mean = 38.6 + 8.4 days, p = 0.0057) and KRAS™" (mean
= 28.3 £ 11.1 days, p = 0.014) xenograft tumours compared to untreated controls
(C) (Table 6.2, Table 6.3). Copanlisib did not significantly increase the mean
survival of mice bearing PIK3CA-KRAS® ™" xenografts when added to

chemoradiation therapy.

Chemoradiotherapy increased median overall survival in all xenograft models
compared to control-treated mice (WT = 60%; PIK3CA™" = 22%: KRAS™" =
23.4%; PIK3CA-KRAS™" = 27% increase) (Figure 6.4, Table 6.4). However the
median overall survival was further increased in the copanlisib-chemoradiotherapy
(P5R) treated xenografts (WT = 82.5%; PIK3CA™" = 67.3%; KRAS™" = 77.3%:
PIK3CA-KRAS™!" = 30.3% increase compared to the untreated control mice). The

results were most marked in mice bearing the PIK3CA™" and KRAS™" xenografts,
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whose median overall survival was 37.1% and 43.7% higher with copanlisib-5-FU
chemoradiotherapy treatment respectively than with 5-FU chemoradiotherapy
treatment. However, the addition of copanlisib to chemoradiation (P5R) did not
have any effect on median overall survival in the PIK3CA-KRAS™" xenograft
mouse models compared to chemoradiation alone (5R). Overall survival was
significantly increased in mice bearing wild-type (P = 0.0046) and KRAS™" (P =
0.0012) xenografts with copanlisib-chemoradiotherapy treatment compared to
untreated controls (Figure 6.4,

Table 6.6).

Table 6.2: Mean number of days for xenografted tumours to reach 400mm3.
CRC cells (PIK3CA (SNU-C4), n = 2.5 x 10° cells/100ul; KRAS (LS-1034), n = 2.5
x 10° cells/100ul; PIK3CA-KRAS (DLD-1), n = 2.5 x 10° cells/100ul; wild-type
(Caco-2), n = 3.5 x 10° cells/100ul) were implanted in the right flank of 6-8 week
old BALB/C SCID mice. When tumours reached 100mm?, mice were randomised
to untreated control (C), 5-FU chemoradiotherapy (5R) and copanlisib-
chemoradiotherapy (P5R) treatment regimens. Copanlisib (7mg/kg) was
administered intravenously twice a day on days 1 and 2. 5-FU chemotherapy
(20mg/kg) was administered intraperitoneally, and subsequently mice treated
radiated in a Faxitron CP 160 x-ray generator at 1.8Gy on days 1, 3 and 5.
Tumour measurements were taken every third day until tumours reached 400mm?,

when mice were sacrificed.

C 5R P5R
Wild-type (Caco-2) 22+ 4.1 37.2+17.7 38.6 + 8.4
PIK3CA™ (SNU-C4) 18.7+6.5 22.2+6.8 25.6 + 9.6
KRAS™ (LS-1034) 15.6 £ 2.7 19.9+556 283+ 11.1
PIK3CA-KRAS™ (DLD-1) |17.2+5 23+6.2 223%55
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Table 6.3: Overall survival. F value, F-crit and p-values for the mean number
of days it took for tumours to reach 400mm?®, comparing control vs.
chemoradiotherapy (C: 5R); control vs. copanlisib-chemoradiotherapy (C:
P5R); and chemoradiotherapy vs. copanlisib-chemoradiotherapy (P5R)
treatment regimens in wild-type, PIK3CA™", KRAS™" and PIK3CA-KRAS™!
xenograft models.

CRC cells (PIK3CA™" (SNU-C4), n = 2.5 x 10°cells/100ul; KRAS™" (LS-1034), n =
2.5 x 10°cells/100ul; PIK3CA-KRAS™" (DLD-1), n = 2.5 x 10°cells/100ul; wild-type
(Caco-2), n = 3.5 x 10°cells/100ul) were implanted in the right flank of 6-8 week
old BALB/C SCID mice. When tumours reached 100mm?®, mice were randomised
to untreated control (C), chemoradiotherapy (5R) and copanlisib-
chemoradiotherapy (P5R) treatment regimens. Copanlisib (7mg/kg) was
administered intravenously twice a day on days 1 and 2. 5-FU chemotherapy
(20mg/kg) was administered intraperitoneally, and subsequently mice were
radiated in a Faxitron CP 160 x-ray generator at 1.8Gy on days 1, 3 and 5.
Tumour measurements were taken every third day until tumours reached 400mm?,
when mice were sacrificed. F-tests for two sample variances were carried out to
calculate F and F-critical values, which determine if the 2 tailed t-test should be of

equal or unequal variance. Significant values (p<0.05) are represented in bold.

Mutation status | Value C:5R | C:P5R | 5R:P5R
F-value 17.279 | 4.191 |4.123
Wild-type F-Crit 6.388 |6.591 |9.117
P-value |[0.134 |0.006 |0.855
F-value 1.093 |2.163 |1.980
PIK3CA F-Crit 3.787 | 3.787 |3.787
P-value 0.322 | 0.117 |0.426
F-value 4.344 | 17.183 | 3.956
KRAS F-Crit 3.787 | 3.787 |3.787
P-value 0.076 |0.014 |0.084
F-value 1547 |1.235 |1.253
PIK3CA-KRAS F-Crit 3.787 | 3.787 |3.787
P-value 0.058 | 0.077 |0.796
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Figure 6.3: Scatter plot depicting the mean number of days per xenograft
tumour to reach 400mm?®. Tumours were divided into wild-type (Caco-2),
PIK3CA™!" (SNU-C4), KRAS™! (LS-1034) and PIK3CA-KRAS™ " (DLD-1)
mutations.

CRC cells (PIK3CA (SNU-C4), n = 2.5 x 10°cells/100ul; KRAS (LS-1034), n = 2.5 x
10°cells/100ul; PIK3CA-KRAS (DLD-1), n = 2.5 x 10°cells/100ul; wild-type (Caco-2), n
= 3.5 x 10°cells/100ul) were implanted in the right flank of 6-8 week old BALB/C SCID
mice. When tumours reached 100mm?®, mice were randomised into untreated control
(C = 0), 5-FU chemoradiotherapy (5R = m) and copanlisib- 5-FU chemoradiotherapy
(P5R = A) treatment regimens. Copanlisib (7mg/kg) was administered intravenously
twice a day on days 1 and 2. 5-FU chemotherapy (20mg/kg) was administered
intraperitoneally, and mice were subsequently radiated in a Faxitron CP 160 x-ray
generator at 1.8Gy on days 1, 3 and 5. Tumour measurements were taken every third
day until tumours reached 400mm?, when mice were sacrificed.Significant differences
(p < 0.05) are indicated. Prism software (GraphPad) was used for generation of
graphs and statistical analysis. Tumour growth was analysed using the unpaired 2-
tailed t-test with Welch’s correction and a confidence interval of 95%. Error bars are

representative of the mean and standard deviations per treatment group.
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Table 6.4. Mean, median, range and standard deviation values for survival
times in mice bearing wild-type, PIK3CA, KRAS and PIK3CA-KRAS mutant

xenografts by treatment cohort (untreated control (C), chemoradiotherapy

(5R) and copanlisib chemoradiotherapy (P5R)).

CRC cells (PIK3CA (SNU-C4), n = 2.5 x 10°cells/100ul; KRAS (LS-1034),n = 2.5
x 10°cells/100ul; PIK3CA-KRAS (DLD-1), n = 2.5 x 10°cells/100ul; wild-type
(Caco-2), n = 3.5 x 10°cells/100ul) were implanted in the right flank of 6-8 week

old BALB/C SCID mice. When tumours reached 100mm?, mice were randomised

to untreated control (C), chemoradiotherapy (5R) and copanlisib-

chemoradiotherapy (P5R) treatment regimens. Copanlisib (7mg/kg) was

administered intravenously twice a day on days 1 and 2. 5-FU chemotherapy

(20mg/kg) was administered intraperitoneally, and mice were subsequently

radiated in a Faxitron CP 160 x-ray generator at 1.8Gy on days 1, 3 and 5.

Tumour measurements were taken every third day until tumours reached 400mm?,

when mice were sacrificed.

Wild-type | PIK3CA™" ", PIK3CA-
(%) (%) KRAST (%) KRAS™ ! (%)
C 22+4.1 18.7+ 6.5 15.6 + 2.7 17.2+5
Mean 5R 37.2+17.7 | 22.2+68 19.9+5.6 23+6.2
P5R 38.6 + 8.4 25.6+9.6 | 28.3+11.1 22.3+55
C 20 16.8 15.4 17.8
Median | 5R 32 20.5 19 22.6
P5R 36.5 28.1 27.3 23.2
C 18 - 27.7 11.1-28.4 | 12.5-205 8.1-22.2
Range | 5R 23 -65.1 16.1 - 36 12.8 - 32 12.8 -31.5
P5R 31-50 11 - 40.6 15.5 - 46.5 13-31.1
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Further survival analysis demonstrated that of the untreated control mice, only
13% of those bearing KRAS™" xenograft survived up to day 20, compared to mice
bearing WT (40%), PIK3CA™" (38%) or PIK3CA-KRAS™" (38%) xenografts (Table
6.5). Similarly, KRAS™" xenograft models were the least responsive to
chemoradiotherapy (5R) (38% survival on day 20), compared to WT (100%),
PIK3CA™" (50%), or PIK3CA-KRAS® ™! (75%) xenograft models. However, 75%
of KRAS™" xenograft mice remained alive at 20 days when treated with
copanlisib-chemoradiotherapy (P5R). Mice bearing WT tumours treated with
chemoradiotherapy, either with (P5R) or without copanlisib (5R), 100% were alive

at day 20 compared to 40% in the matched untreated control cohort.

No mice in any of the four control groups were alive at 30 days. Survival rates
were also analysed in the 5R and P5R treated mice at 30 days. The addition of
copanlisib to chemoradiation did not increase survival in mice bearing PIK3CA-
KRAS® ™" xenografts (5R and P5R = 13% survival). Both PIK3CA™" and KRAS™"
xenograft mice had a 13% survival rate when treated with 5R, compared to a 25%
survival rate with P5R. Mice bearing wild-type xenografts had the best survival
rates at 30 days in both 5R and P5R treated cohorts (60% and 100%

respectively).

Survival rates were also analysed in the 5R and P5R treated mice at 40 days. In
the KRAS™" and PIK3CA™" xenograft models, only mice who received copanlisib
in addition to chemoradiation survived to 40 days (25% and 13% respectively). In
the WT xenograft model, 20% of mice who were treated with chemoradiation
survived to 40 days, while the addition of copanlisib to chemoradiation increased
the survival rate to 25% (Table 6.5).
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PIK3CA-
Wild-type (%) PIK3CA (%) KRAS (%) KRAS (%)
C | 5R|PS5R|{ C |5R [P5R| C | 6R |P5R [ C | 5R |P5R
10 100 | 100| 100 | 100|100 | 100|100 | 100 | 100 |88 | 100 (100
days
™ |20
= 40 | 100| 100 | 38 | 50 75113 | 38 | 75 |38 |75 |63
> | days
a |30
0 60 | 100| 0 | 13 25| 0 13 |25 [0 |13 | 13
s | days
40
0 20025 (0| O 13| 0 0 25 |0 0 0
days

Table 6.5: Survival fractions at 10, 20, 30 and 40 days post commencement
of treatment.

CRC cells (PIK3CA (SNU-C4), n = 2.5 x 10°cells/100ul; KRAS (LS-1034), n = 2.5
x 10°cells/100ul; PIK3CA-KRAS (DLD-1), n = 2.5 x 10°cells/100ul; wild-type
(Caco-2), n = 3.5 x 10°cells/100ul) were implanted in the right flank of 6-8 week
old BALB/C SCID mice. When tumours reached 100mm?, mice were randomised
to untreated control (C), chemoradiotherapy (5R) and copanlisib-
chemoradiotherapy (P5R) treatment regimens. Copanlisib (7mg/kg) was
administered intravenously twice a day on days 1 and 2. 5-FU chemotherapy
(20mg/kg) was administered intraperitoneally, and mice were subsequently
radiated in a Faxitron CP 160 x-ray generator at 1.8Gy on days 1, 3 and 5.
Tumour measurements were taken every third day until tumours reached 400mm?,

when mice were sacrificed.
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Figure 6.4: Kaplan-Meier survival curves for mice implanted with wild-type
(Caco-2), PIK3CA™ ! (SNU-C4), KRAS™! (LS-1034) and PIK3CA-KRAS™"
(DLD-1) tumours
CRC cells (PIK3CA (SNU-C4), n = 2.5 x 10°cells/100ul; KRAS (LS-1034), n = 2.5
x 10°cells/100ul; PIK3CA-KRAS (DLD-1), n = 2.5 x 10°cells/100ul; wild-type
(Caco-2), n = 3.5 x 10°cells/100ul) were implanted in the right flank of 6-8 week
old BALB/C SCID mice. When tumours reached 100mm?, mice were randomised
to untreated control (C), 5-FU chemoradiotherapy (5R) and copanlisib-
chemoradiotherapy (P5R) treatment regimens. Copanlisib (7mg/kg) was
administered intravenously twice a day on days 1 and 2. 5-FU chemotherapy
(20mg/kg) was administered intraperitoneally, and mice were subsequently
radiated in a Faxitron CP 160 x-ray generator at 1.8Gy on days 1, 3 and 5.
Tumour measurements were taken every third day until tumours reached 400mm?,
when mice were sacrificed. Prism software (GraphPad) was used for generation of
graphs and statistical analysis. Survival was calculated using Kaplan-Meier
survival curves, and p-values were calculated using the log-rank (Mantel-Cox)
test. The Bonferroni method was used to calculate the statistical significance for

the p-value, assuming a significant value of 0.05.
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Table 6.6: Log-rank (Mantel-Cox) test used to determine significant
differences in survival curves

CRC cells (PIK3CA (SNU-C4), n = 2.5 x 10°cells/100ul; KRAS (LS-1034), n = 2.5
x 10°cells/100ul; PIK3CA-KRAS (DLD-1), n = 2.5 x 10°cells/100ul; wild-type
(Caco-2), n = 3.5 x 10°cells/100ul) were implanted in the right flank of 6-8 week
old BALB/C SCID mice. When tumours reached 100mm?®, mice were randomised
into untreated control (C), chemoradiotherapy (5R) and copanlisib-
chemoradiotherapy (P5R) treatment regimens. Copanlisib (7mg/kg) was
administered intravenously twice a day on days 1 and 2. 5-FU chemotherapy
(20mg/kg) was administered intraperitoneally, and subsequently radiated in a
Faxitron CP 160 x-ray generator at 1.8Gy on days 1, 3 and 5. Tumour
measurements were taken every third day until tumours reached 400mm?, when
mice were sacrificed. Kaplan-Meier curves were used to plot survival curves. P-
values were subsequently determined from the Log-rank (Mantel-cox) test, and
significant values of p < 0.0167 were calculated from the Bonferroni method

(assuming a significant value of 0.05, and number of possible tests (K) = 3).

Wild-type | PIK3CA | KRAS | PIK3CA-KRAS

C:5R 0.0439 0.5047 | 0.0448 0.0335
C:P5R 0.0046 0.0454 | 0.0012 0.0219
S5R:P5R 0.8398 0.227 |0.1019 0.8228
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6.2.3. Tolerability of copanlisib chemoradiotherapy in vivo.

Clinical trial data has reported manageable side effects of copanlisib including
hypertension, hyperglycaemia, infections (particularly pneumonia), embryo-foetal
toxicity, leukopenia, neutropenia, thrombocytopenia, diarrhoea, nausea and

cutaneous reactions.

A preliminary pilot study was carried out in 10 mice to determine optimal drug
scheduling and to ensure mice had sufficient time to recover between treatments.
Copanlisib was given twice daily on days 1 and 2, and mice were left to recover for
1-2 hours between copanlisib IV injections. Chemotherapy and radiation were
separated by 1-2 hours, and given on days 1, 3 and 5, to allow for mice to recover
in between. To minimise weight loss as a result of possible diarrhoea or nausea,
mice were given high fat DietGel, alongside dry food for a week during treatment.
Mice were weighed every 2-3 days, monitored more often if their weight dropped

by 10% and culled if it dropped by 20% since the start of treatment.

Overall, the dosages of copanlisib (7mg/kg x 4), chemotherapy (20mg/kg x 3) and
radiation (1.8Gy x 3) were all well tolerated by the mice. Mice demonstrated little

or no weight loss during treatments in all cohorts (Figure 6.5).

Splenomegaly was evident in mice bearing wild-type (n=1) and PIK3CA-KRAS™"
(n=2) xenografts in the P5R treatment cohorts (Figure 6.6, supplementary figure
9). Spleens were significantly larger in mice with KRAS™" 5R treated xenografts
compared with control (p = 0.0002) or P5R-treated mice (0.038). Similarly, mice
with PIK3CA™" xenografts had significantly smaller spleens when treated with
P5R than 5R (p = 0.047). In contrast, mice with PIK3CA-KRAS™" xenografts
displayed significant splenomegaly after P5R treatment compared with control (p =
0.048) or 5R treatment (p = 0.043). No significant difference was identified in wild-
type tumours (Figure 6.6).

Liver mass was significantly increased in mice with PIK3CA-KRAS™" xenografts

when treated with PSR compared to control or 5R (

265



Figure 6.8, supplementary figure 11). Conversely, mice with wild type xenografts
had significantly smaller livers in the P5R cohort compared to control (p = 0.03) or
5R (p= 0.003) treated cohorts.
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Figure 6.5: Mean body weight alterations over the course of the study.

CRC cells (PIK3CA (SNU-C4), n = 2.5 x 10°cells/100ul; KRAS (LS-1034), n = 2.5
x 10°cells/100ul; PIK3CA-KRAS (DLD-1), n = 2.5 x 10°cells/100ul; wild-type
(Caco-2), n = 3.5 x 10°cells/100ul) were implanted in the right flank of 6-8 week
old BALB/C SCID mice. When tumours reached 100mm?, mice were randomised
to untreated control (C) (@), chemoradiotherapy (5R) (M) and copanlisib-
chemoradiotherapy (P5R) ( W) treatment regimens. Copanlisib (7mg/kg) was
administered intravenously twice a day on days 1 and 2. 5-FU chemotherapy
(20mg/kg) was administered intraperitoneally, and subsequently mice were
radiated in a Faxitron CP 160 x-ray generator at 1.8Gy on days 1, 3 and 5.
Tumour measurements were taken every third day until tumours reached 400mm?,
when mice were sacrificed. Measurements show mean body weight alterations
starting from day 1 of treatment, until the study endpoint. Error bars are

representative of the mean and standard deviations per treatment group.
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Figure 6.6: Spleen mass in wild-type (Caco-2 = A), KRAS™" (LS-1034 = o),
PIK3CA™' (SNU-C4 = m) and PIK3CA-KRAS™" (DLD-1 = 0) xenograft mice at
the time of sacrifice.

CRC cells (PIK3CA (SNU-C4), n = 2.5 x 10°cells/100ul; KRAS (LS-1034), n = 2.5
x 10°cells/100ul; PIK3CA-KRAS (DLD-1), n = 2.5 x 10°cells/100ul; wild-type
(Caco-2), n = 3.5 x 10°cells/100ul) were implanted in the right flank of 6-8 week
old BALB/C SCID mice. When tumours reached 100mm?, mice were randomised
to untreated control (C), chemoradiotherapy (5R) and copanlisib-
chemoradiotherapy (P5R) treatments. Copanlisib (7mg/kg) was administered
intravenously twice a day on days 1 and 2. 5-FU chemotherapy (20mg/kg) was
administered intraperitoneally, and subsequently radiated in a Faxitron CP 160 x-
ray generator at 1.8Gy on days 1, 3 and 5. Tumour measurements were taken
every third day until tumours reached 400mm?, when mice were sacrificed. Error

bars are representative of the mean and standard deviations per treatment group.
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Figure 6.7: Scatter plot depicting lung mass (mg) excised from wild-type
(Caco-2 = A), KRAS™" (LS-1034 = o), PIK3CA™" (SNU-C4 = m) and PIK3CA-
KRAS™ ! (DLD-1 = ¢) xenograft models.

CRC cells (PIK3CA (SNU-C4), n = 2.5 x 10°cells/100ul; KRAS (LS-1034), n = 2.5 x
10°cells/100ul; PIK3CA-KRAS (DLD-1), n = 2.5 x 10°cells/100ul; wild-type (Caco-2), n
= 3.5 x 10°cells/100ul) were implanted in the right flank of 6-8 week old BALB/C SCID
mice. When tumours reached 100mm?, mice were randomised to untreated control
(C), chemoradiotherapy (5R) and copanlisib-chemoradiotherapy (P5R) treatments.
Copanlisib (7mg/kg) was administered intravenously twice a day on days 1 and 2. 5-
FU chemotherapy (20mg/kg) was administered intraperitoneally, and subsequently
radiated in a Faxitron CP 160 x-ray generator at 1.8Gy on days 1, 3 and 5. Tumour
measurements were taken every third day until tumours reached 400mm?, when mice
were sacrificed and tumour, liver, lungs and spleen were excised. Prism software
(GraphPad) was used for generation of graphs and statistical analysis was carried out
using the unpaired 2-tailed t-test with Welch’s correction and a confidence interval of

95%. Error bars are representative of the mean and standard deviations per treatment

group
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Figure 6.8: Scatter plot depicting liver mass (mg) excised from wild-type (Caco-
2= A), KRAS™' (LS-1034 = o), PIK3CA™" (SNU-C4 = m) and PIK3CA-KRAS™"
(DLD-1 = 9) xenograft models.

CRC cells (PIK3CA (SNU-C4), n = 2.5 x 10°cells/100ul; KRAS (LS-1034), n = 2.5 x
10°cells/100ul; PIK3CA-KRAS (DLD-1), n = 2.5 x 10°cells/100ul; wild-type (Caco-2), n
= 3.5 x 10°cells/100ul) were implanted in the right flank of 6-8 week old BALB/C SCID
mice. When tumours reached 100mm?, mice were randomised to untreated control
(C), chemoradiotherapy (5R) and copanlisib-chemoradiotherapy (P5R) treatments.
Copanlisib (7mg/kg) was administered intravenously twice a day on days 1 and 2. 5-
FU chemotherapy (20mg/kg) was administered intraperitoneally, and subsequently
radiated in a Faxitron CP 160 x-ray generator at 1.8Gy on days 1, 3 and 5. Tumour
measurements were taken every third day until tumours reached 400mm?, when mice
were sacrificed and tumour, liver, lungs and spleen were excised. Prism software
(GraphPad) was used for generation of graphs and statistical analysis was carried out
using the unpaired 2-tailed t-test with Welch’s correction and a confidence interval of
95%. Error bars are representative of the mean and standard deviations per treatment
group
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6.2.4. Macroscopic variability between tumours based on their mutational

status and treatment regimens.

Tumours were weighed at the time of sacrifice, as soon as they were removed
from the mice. Tumour mass was generally consistent, irrespective of treatment
regimens (Table 6.7,

Figure 6.9, supplementary figure 8). However, some minor differences emerged.
PIK3CA-KRAS™! tumours from the control cohort weighed significantly less than
tumours treated with chemoradiation (p = 0.006), whilst PIK3CA™" tumours
weighed significantly more in the control group than their P5R treatment

counterparts (p = 0.036).

Macroscopic analysis showed tumours in the PIK3CA™" control cohort displayed
increased bleeding within the tumour tissue compared to the 5R or P5R treatment
groups (Figure 6.11). Oedema and bruising occurred in KRAS™" (Figure 6.12),
and to a lesser extent wild-type tumours (Figure 6.10); irrespective of the
treatment group. No difference could be noted macroscopically in PIK3CA-

KRAS™!" tumours across the 3 treatment cohorts (Figure 6.13).
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Figure 6.9: Scatter plot depicting primary tumour mass (mg) excised from
wild-type (Caco-2 = A), KRAS™" (LS-1034 = o), PIK3CA™" (SNU-C4 = m) and
PIK3CA-KRAS™! (DLD-1 = 0) xenograft models.

CRC cells (PIK3CA (SNU-C4), n = 2.5 x 10°cells/100ul; KRAS (LS-1034), n = 2.5 x 10°
cells/100ul; PIK3CA-KRAS (DLD-1), n = 2.5 x 10° cells/100ul; wild-type (Caco-2), n = 3.5
x 10° cells/100ul) were implanted in the right flank of 6-8 week old BALB/C SCID mice.

When tumours reached 100mm?, mice were randomised to untreated control (C),

chemoradiotherapy (5R) and copanlisib-chemoradiotherapy (P5R) treatments. Copanlisib

(7mg/kg) was administered intravenously twice a day on days 1 and 2. 5-FU

chemotherapy (20mg/kg) was administered intraperitoneally, and subsequently mice were

radiated in a Faxitron CP 160 x-ray generator at 1.8Gy on days 1, 3 and 5. Tumour

measurements were taken every third day until tumours reached 400mm?, when mice

were sacrificed and tumour, liver, lungs and spleen were excised. Prism software

(GraphPad) was used for generation of graphs and statistical analysis was carried out

using the unpaired 2-tailed t-test with Welch'’s correction and a confidence interval of

95%. Error bars are representative of the mean and standard deviations per treatment

group
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C:5R | C:P5R | 5R:P5R

WT 0.802 |0.312 | 0.665
KRAS 0.156 | 0.262 | 0.673
PIK3CA 0.519 |0.036 |0.251

PIKSCA-KRAS | 0.006 |0.606 |0.011

Table 6.7: P-values for variation in tumour mass for wild type, KRAS,
PIK3CA and PIK3CA-KRAS tumours, depending on the treatment regimen.
CRC cells (PIK3CA (SNU-C4), n = 2.5 x 10°cells/100ul; KRAS (LS-1034), n = 2.5
x 10°cells/100ul; PIK3CA-KRAS (DLD-1), n = 2.5 x 10°cells/100ul; wild-type
(Caco-2), n = 3.5 x 10°cells/100ul) were implanted in the right flank of 6-8 week
old BALB/C SCID mice. When tumours reached 100mm?, mice were randomised
to untreated control (C), chemoradiotherapy (5R) and copanlisib-
chemoradiotherapy (P5R) treatment regimens. Copanlisib (7mg/kg) was
administered intravenously twice a day on days 1 and 2. 5-FU chemotherapy
(20mg/kg) was administered intraperitoneally, and mice were subsequently
radiated in a Faxitron CP 160 x-ray generator at 1.8Gy on days 1, 3 and 5.
Tumour measurements were taken every third day until tumours reached 400mm?,
when mice were sacrificed and tumour, liver, lungs and spleen were excised.
Prism software (GraphPad) was used for generation of graphs and statistical
analysis was carried out using the unpaired 2-tailed t-test with Welch’s correction

and a confidence interval of 95%.
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Figure 6.10: Macroscopic view of wild-type tumours from mice after sacrifice
CRC cells (PIK3CA (SNU-C4), n = 2.5 x 10°cells/100ul; KRAS (LS-1034), n = 2.5
x 10°cells/100ul; PIK3CA-KRAS (DLD-1), n = 2.5 x 10°cells/100ul; wild-type
(Caco-2), n = 3.5 x 10°cells/100ul) were implanted in the right flank of 6-8 week
old BALB/C SCID mice. When tumours reached 100mm?, mice were randomised
to untreated control (C), chemoradiotherapy (5R) and copanlisib-
chemoradiotherapy (P5R) treatment regimens. Copanlisib (7mg/kg) was
administered intravenously twice a day on days 1 and 2. 5-FU chemotherapy
(20mg/kg) was administered intraperitoneally, and mice were subsequently
radiated in a Faxitron CP 160 x-ray generator at 1.8Gy on days 1, 3 and 5.
Tumour measurements were taken every third day until tumours reached 400mm?,

when mice were sacrificed and tumour, liver, lungs and spleen were excised.
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Figure 6.11: Macroscopic view of PIK3CA™ " tumours from mice after
sacrifice.

CRC cells (PIK3CA (SNU-C4), n = 2.5 x 10°cells/100ul; KRAS (LS-1034), n = 2.5
x 10°cells/100ul; PIK3CA-KRAS (DLD-1), n = 2.5 x 10°cells/100ul; wild-type
(Caco-2), n = 3.5 x 10°cells/100ul) were implanted in the right flank of 6-8 week
old BALB/C SCID mice. When tumours reached 100mm?, mice were randomised
to untreated control (C), chemoradiotherapy (5R) and copanlisib-
chemoradiotherapy (P5R) treatment regimens. Copanlisib (7mg/kg) was
administered intravenously twice a day on days 1 and 2. 5-FU chemotherapy
(20mg/kg) was administered intraperitoneally, and mice were subsequently
radiated in a Faxitron CP 160 x-ray generator at 1.8Gy on days 1, 3 and 5.
Tumour measurements were taken every third day until tumours reached 400mm?,

when mice were sacrificed and tumour, liver, lungs and spleen were excised.
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Figure 6.12: Macroscopic view of KRAS™" tumours from mice after sacrifice.
CRC cells (PIK3CA (SNU-C4), n = 2.5 x 10°cells/100ul; KRAS (LS-1034), n = 2.5
x 10°cells/100ul; PIK3CA-KRAS (DLD-1), n = 2.5 x 10°cells/100ul; wild-type
(Caco-2), n = 3.5 x 10°cells/100ul) were implanted in the right flank of 6-8 week
old BALB/C SCID mice. When tumours reached 100mm?, mice were randomised
to untreated control (C), chemoradiotherapy (5R) and copanlisib-
chemoradiotherapy (P5R) treatment regimens. Copanlisib (7mg/kg) was
administered intravenously twice a day on days 1 and 2. 5-FU chemotherapy
(20mg/kg) was administered intraperitoneally, and mice were subsequently
radiated in a Faxitron CP 160 x-ray generator at 1.8Gy on days 1, 3 and 5.
Tumour measurements were taken every third day until tumours reached 400mm?,

when mice were sacrificed and tumour, liver, lungs and spleen were excised.
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Figure 6.13: Macroscopic view of PIK3CA-KRAS™ " tumours from mice after
sacrifice.

CRC cells (PIK3CA (SNU-C4), n = 2.5 x 10°cells/100ul; KRAS (LS-1034), n = 2.5
x 10°cells/100ul; PIK3CA-KRAS (DLD-1), n = 2.5 x 10°cells/100ul; wild-type
(Caco-2), n = 3.5 x 10°cells/100ul) were implanted in the right flank of 6-8 week
old BALB/C SCID mice. When tumours reached 100mm?, mice were randomised
to untreated control (C), chemoradiotherapy (5R) and copanlisib-
chemoradiotherapy (P5R) treatment regimens. Copanlisib (7mg/kg) was
administered intravenously twice a day on days 1 and 2. 5-FU chemotherapy
(20mg/kg) was administered intraperitoneally, and mice were subsequently
radiated in a Faxitron CP 160 x-ray generator at 1.8Gy on days 1, 3 and 5.
Tumour measurements were taken every third day until tumours reached 400mm?,

when mice were sacrificed and tumour, liver, lungs and spleen were excised.
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6.2.5. Microscopic variability between tumours based on their mutational

status and treatment regimens.

Caco-2

Caco-2 (WT) tumours consisted of highly proliferative (Ki67 positive), well-
differentiated, glandular epithelium encasing large necrotic cores (Figure 6.14A-
D). Mass inflammatory cell infiltration was identified within the necrotic tissue
(Figure 6.14A, B). Ki67 positive cells were scattered throughout the spleen in all
treatment groups (control = 3/5, chemoradiation (5R) = 5/5, copanlisib-
chemoradiation (P5R) = 2/4 xenografts), and in the liver and lungs of 1/5 (20%)
Caco-2 xenografts treated with chemoradiation therapy.

(A) (B)

©)

Figure 6.14: Microscopic view of Caco-2 (WT) primary tumours. (A) H&E of a
necrotic core with mass inflammatory cell infiltration (x20). (B) H&E of
numerous necrotic cores (pink) surrounded by tumour tissue (purple) (4x),
(C) H&E of a well-differentiated tumour (10x). (D) Ki67 staining of
proliferative glandular tumour epithelium surrounding necrotic cores (20x).
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DLD-1

DLD-1 (PIK3CA-KRAS™" tumours were composed of highly proliferative (Ki67
positive), poorly differentiated epithelium which surrounded a necrotic core.
Islands of proliferative tissue were scattered amongst necrotic tissue (Figure
6.15A, B). A large metastatic tumour was identified in the lung of a DLD-1
xenograft that was treated with chemoradiation therapy (5R) (Figure 6.15C, D).
Ki67 positive cells were identified scattered amongst lung samples in 2/8
xenografts treated with 5R, and in clusters in 3/8 untreated control xenografts
(Figure 6.15E). Ki67 staining was positive in spleens from xenografts in the control
(5/8), chemoradiation (7/8) and copanlisib-chemoradiation (5/8) treatment arms
(Figure 6.15F).

(A)

(D)

Figure 6.15: Microscopic view of DLD-1 (PIK3CA-KRAS™") xenograft tissues
(A) H&E of primary tumour (10x), (B) Ki67 stain of proliferative tumour
islands amongst necrotic tissue (10x), (C) H&E of large secondary lung
metastasis (20x), (D) Ki67 stain of large secondary lung metastasis (20x), (E)
Ki67 positive cluster in lung tissue (10x) (F) Ki67 positive scattered cells in

spleen (4x).
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LS-1034:

LS-1034 (KRASmut) tumours consisted of nodules of well-differentiated glandular
epithelium, each encasing necrotic cores held together by connective tissue
(Figure 6.16A-D). Large islands of inflammatory infiltration were identified within
necrotic cores (Figure 6.16B). A secondary tumour was identified in the lung of a
xenograft treated with chemoradiation (5R) (Figure 6.16E). Ki67 was negative in
liver specimens for all treatment groups whilst 1/8 chemoradiation treated lung
specimen was positive for Ki67. However Ki67was positive in 4/8 control, 5/8
chemoradiation (5R) and 6/8 copanlisib-chemoradiation (P5R) splenic samples.
From which, 1/8 samples from each of the 5R and P5R treatments contained large

clusters of Ki67 positive cells (Figure 6.16F).

(A) (B)
(®) (D)
(E)
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Figure 6.16: Microscopic view of LS-1034 (KRAS™'") xenograft tissues. (A)

H&E of primary tumour tissue with necrotic cores (20x), (B) H&E of primary

tumour tissue with inflammatory cell infiltration into necrotic core (20x), (C)
Ki67 staining of primary tumour (x20), (D) Ki67 staining of primary tumour
(x20), (E) H&E of secondary tumour metastasis in lung (x10), (F) Ki67

staining of proliferative clusters in spleen (x10).
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SNU-C4:

SNU-C4 (PIK3CA™") tumours were composed of poorly differentiated glandular
epithelium with a necrotic core containing large islands of tumourigenic epithelium
(Figure 6.17A-B). Secondary lung metastases were identified in control (1/8) and
copanlisib-CRT (P5R) (1/8) treated xenografts (Figure 6.17C-D). 1/8 liver samples
from each of the treatment arms contained positive Ki67 cells scattered
throughout. Furthermore, single Ki67 positive cells were scattered throughout
splenic tissue in control (1/8), CRT (5R) (2/8) and copanlisib-CRT (P5R) (5/8)
treated xenografts. Ki67 positive cells were also identified scattered throughout the
lungs of 1/8 control, 2/8 CRT, and 2/8 copanlisib-CRT xenograft mice.

(A) (B)
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Figure 6.17: Microscopic view of SNU-C4 (PIK3CA™'") xenograft tissues. (A)
H&E of primary tumour, with islands of glandular epithelium amongst
necrotic tissue (x10), (B) Ki67 staining of proliferative islands of cellular
growth (x10), (C) H&E stain of secondary metastatic tumour in lung (20x), (D)

Ki67 stain of secondary metastatic tumour in lung (20x).
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6.2.6. Ki67 quantitative data
Tumours were divided into four, with one quarter undergoing histochemical (H&E)
and immunohistochemical (Ki67) analysis. Tumours and organs were analysed

and divided into the following grading system:

Score | Appearance

Negative

<20 positive cells, individually dispersed throughout tissue

>20 positive cells, individually dispersed throughout tissue

Small clusters of positive cells

Large islands of positive tissue

g b W N | O

>50% of tissue positive
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Table 6.8: Ki67 quantification in tumour samples.

CRC cells (PIK3CA (SNU-C4); KRAS (LS-1034); PIK3CA-KRAS (DLD-1); wild-
type (Caco-2) were implanted in the right flank of 6-8 week old BALB/C SCID
mice. When tumours reached 100mm?, mice were randomised to untreated
control (C), chemoradiotherapy (5R) and copanlisib-chemoradiotherapy (P5R)
treatment regimens. Copanlisib (7mg/kg) was administered intravenously twice a
day on days 1 and 2. 5-FU chemotherapy (20mg/kg) was administered
intraperitoneally, and mice were subsequently radiated in a Faxitron CP 160 x-ray
generator at 1.8Gy on days 1, 3 and 5. Tumour measurements were taken every
third day until tumours reached 400mm?®, when mice were sacrificed and tumour,
liver, lungs and spleen were excised. Organs were formalin fixed paraffin
embedded and stained with a Ki67 antibody. Ki67 positivity was scored upon a 6
point grading system (0 = negative, 1 = <20 positive cells, individually dispersed
throughout tissue, 2 = >20 positive cells, individually dispersed throughout tissue,
3 = small clusters of positive cells, 4 = large islands of positive tissue, 5 = >50% of
tissue positive). Charts are colour coded from lowest (green) to highest (red)

frequency positivity.

DLD-1
SNU-C4
Caco-2
LS-1034

Contol

5R

P5R
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Table 6.9: Ki67 quantification in spleen samples

CRC cells (PIK3CA (SNU-C4); KRAS (LS-1034); PIK3CA-KRAS (DLD-1); wild-
type (Caco-2) were implanted in the right flank of 6-8 week old BALB/C SCID
mice. When tumours reached 100mm?®, mice were randomised to untreated
control (C), chemoradiotherapy (5R) and copanlisib-chemoradiotherapy (P5R)
treatment regimens. Copanlisib (7mg/kg) was administered intravenously twice a
day on days 1 and 2. 5-FU chemotherapy (20mg/kg) was administered
intraperitoneally, and mice were subsequently radiated in a Faxitron CP 160 x-ray
generator at 1.8Gy on days 1, 3 and 5. Tumour measurements were taken every
third day until tumours reached 400mm?, when mice were sacrificed and tumour,
liver, lungs and spleen were excised. Organs were formalin fixed paraffin
embedded and stained with a Ki67 antibody. Ki67 positivity was scored upon a 6
point grading system (0 = negative, 1 = <20 positive cells, individually dispersed
throughout tissue, 2 = >20 positive cells, individually dispersed throughout tissue,
3 = small clusters of positive cells, 4 = large islands of positive tissue, 5 = >50% of
tissue positive). Charts are colour coded from lowest (green) to highest (red)

frequency positivity.

Grade
DLD-1
SNU-C4
Caco-2
LS-1034

Contol

5R

P5R
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Table 6.10: Ki67 quantification in liver samples

CRC cells (PIK3CA (SNU-C4); KRAS (LS-1034); PIK3CA-KRAS (DLD-1); wild-
type (Caco-2) were implanted in the right flank of 6-8 week old BALB/C SCID
mice. When tumours reached 100mm?, mice were randomised to untreated
control (C), chemoradiotherapy (5R) and copanlisib-chemoradiotherapy (P5R)
treatment regimens. Copanlisib (7mg/kg) was administered intravenously twice a
day on days 1 and 2. 5-FU chemotherapy (20mg/kg) was administered
intraperitoneally, and mice were subsequently radiated in a Faxitron CP 160 x-ray
generator at 1.8Gy on days 1, 3 and 5. Tumour measurements were taken every
third day until tumours reached 400mm?®, when mice were sacrificed and tumour,
liver, lungs and spleen were excised. Organs were formalin fixed paraffin
embedded and stained with a Ki67 antibody. Ki67 positivity was scored upon a 6
point grading system (0 = negative, 1 = <20 positive cells, individually dispersed
throughout tissue, 2 = >20 positive cells, individually dispersed throughout tissue,
3 = small clusters of positive cells, 4 = large islands of positive tissue, 5 = >50% of
tissue positive). Charts are colour coded from lowest (green) to highest (red)

frequency positivity.

Grade
DLD-1
snu-c4

Caco

LS-1034

Contol

5R

P5R
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Table 6.11: Ki67 quantification of lung samples

CRC cells (PIK3CA (SNU-C4); KRAS (LS-1034); PIK3CA-KRAS (DLD-1); wild-
type (Caco-2) were implanted in the right flank of 6-8 week old BALB/C SCID
mice. When tumours reached 100mm?, mice were randomised to untreated
control (C), chemoradiotherapy (5R) and copanlisib-chemoradiotherapy (P5R)
treatment regimens. Copanlisib (7mg/kg) was administered intravenously twice a
day on days 1 and 2. 5-FU chemotherapy (20mg/kg) was administered
intraperitoneally, and mice were subsequently radiated in a Faxitron CP 160 x-ray
generator at 1.8Gy on days 1, 3 and 5. Tumour measurements were taken every
third day until tumours reached 400mm?®, when mice were sacrificed and tumour,
liver, lungs and spleen were excised. Organs were formalin fixed paraffin
embedded and stained with a Ki67 antibody. Ki67 positivity was scored upon a 6
point grading system (0 = negative, 1 = <20 positive cells, individually dispersed
throughout tissue, 2 = >20 positive cells, individually dispersed throughout tissue,
3 = small clusters of positive cells, 4 = large islands of positive tissue, 5 = >50% of
tissue positive). Charts are colour coded from lowest (green) to highest (red)

frequency positivity.

Contol

5R

P5R

285



6.3. Discussion

KRAS™! PIK3CAWT

In our in vivo study, we found KRAS™" tumours grew more rapidly than any other

mutation group in both the untreated controls (C) and 5-FU chemoradiation (5R)
cohorts. Furthermore, no significant difference was found in mean overall survival
between 5-FU chemoradiation (5R) and our untreated control xenografts,
suggesting KRAS mutations may indeed result in resistance to
chemoradiotherapy. This theory coincides with multiple studies which
demonstrated RAS mutations resulted in radiation resistance (142). However, the
association between KRAS mutations and resistance towards chemotherapy
and/or radiation therapy is a highly controversial topic, with conclusions varying
widely between studies.

To further strengthen our findings, we found tumour growth was significantly
reduced in KRAS™" xenografts when copanlisib was given alongside
chemoradiation therapy (P5R), thereby inactivating the PI3K pathway and the
KRAS mutation. We found these mice had the slowest tumour growth out of all
mutated tumour xenograft models. Furthermore, they displayed significantly
increased the mean overall survival rates compared to untreated controls, and
increased survival rates on days 20, 30 and 40; with only P5R xenografts
remaining up to day 40. In addition, our study showed the use of copanlisib with
chemoradiation triggered an accelerated tumour response to treatment, compared
to chemoradiation alone. KRAS tumour growth was significantly reduced within 24
hours of the first round of copanlisib-chemotherapy (P5R) treatment, and
remained significantly reduced 2 weeks post-treatment initiation in the P5R cohort
compared to untreated controls. However, KRAS tumours required 3 rounds of
CRT before any significant difference could be found in tumour size in the 5R
group compared to untreated controls. Therefore, our data suggests that
inactivation of the PI3K pathway sensitises KRAS™" tumour to chemoradiation
therapy, and accelerates tumour response to treatment. These findings are in line
with Gupta et al, who demonstrated a synergistic improvement in RAS™" bladder
cancer cells when treated with the PI3K inhibitor LY294002 alongside radiation,
compared to radiation alone (271,272).
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PIK3CAVT, KRASWT

In vivo, copanlisib enhanced chemoradiotherapy response in WT xenograft

models, resulting in significantly reduced tumour growth and increased the mean
overall survival rates compared to untreated controls, which was otherwise
insignificant in chemoradiation therapy treated models. Tumour growth was
significantly reduced within 24 hours in the P5R arm, compared to 5 days and 3
rounds of treatment in the 5R arm. Median overall survival was increased in 5R
and P5R treated xenograft models by 60% and 82.5% respectively, compared to
untreated controls. This data suggests that copanlisib has the potential to enhance
chemoradiotherapy sensitivity in CRCs which are wild-type for PIK3CA or RAS.
This correlates with Patnaik et al, who treated non-Hodgkin’s lymphoma patients
with copanlisib, and found all seven patients who responded to copanlisib were
wild-type for PIK3CA mutations.

PIK3CA™! KRASWT

Our in vivo study showed PIK3CA™" tumours were the most responsive cell line to

initial treatment with copanlisib-chemoradiotherapy. Similarly, Liu et al reported
around a 40 fold increase in copanlisib sensitivity in PIK3CA™" cell lines compared
to PIK3CA"T (122). We found PIK3CA mutated tumours were the only xenograft
model to show a significant reduction in tumour growth when treated with P5R
compared to 5R alone; a significant reduction which was observed for 18 days
(81.1% of the mean lifespan of 5R treated mice). Furthermore, the median overall
survival in PIK3CA mutated xenografts was increased by 37.1% when treated with
P5R compared to 5R treated mice, and 67.3% compared to untreated controls.
Multiple studies have shown anti-tumourigenic properties of copanlisib in
PIK3CA™" cell lines (122,124,126). Of particular interest was Gupta et al, who
showed that the PI3K pathway is the primary pathway associated with
chemoradiation resistance, rather than the MAPK/ERK pathways (273).
Furthermore, Wang et al reported that PIK3CA™" CRCs demonstrated poorer
response rates to first-line chemotherapy than that of their PIK3CA""
counterparts, both in vitro and in vivo (192). Therefore, targeting the PI3K pathway

should increase chemoradiotherapy sensitivity, as was the case with our study.
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PIK3CA-KRASC MU

In vivo, the addition of copanlisib did not significantly improve tumour growth or

overall survival compared to chemoradiotherapy alone. These findings are similar
to our in vitro study, which showed that copanlisib alone did not enhance

Sco-mut

chemoradiotherapy sensitivity in PIK3CA-KRA cancer cells. Rather, they
required both a PISK and MAPK inhibitor alongside chemoradiotherapy to
significantly reduce tumour cell growth. Numerous studies have shown that
inhibition of one signalling pathway may result in upregulation of another signalling
pathway, as may be the case in our experiments (266). Furthermore, Wee et al
demonstrated that PIKSCA-KRAS mutated CRC xenograft models required a
combination of both PI3K and MEK inhibitors to halt tumour progression (274).
Our in vivo study was carried out on colonic cancer cell lines which are not usually
treated with radiation, therefore in future it may be of interest to extend this study
to rectal cancer xenografts as they may have a more radioresistant phenotype.
Further immunohistochemical staining of cellular responses of interest could
include markers for apoptosis (caspase 3, apoptosis-inducing factor (AlF), PARP),
necrosis (TNFa), DNA repair (PARP1, XRCC3, RAD51), oxidative stress (SOD1),

macrophages (CD68) and / or angiogenesis (CD31, VEGF).
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6.4. Overview of results chapters

Whole exome sequencing of CRC samples
Mutations within the PI3K and MAPK
pathways are commonly mutated in CRC
(PIK3CA, KRAS) and associated with lymph
node positivity (PIK3C, BRAF).

Mutations in MUC16, KMT2C and TCF20 were
associated with good response in CRC to
NACRT.

Mutations in PCDHA12, TCTE1, APOB, CD93
and TPD52L2 were associated with poor
NACRT response, whilst RANBP2 and ZIC1
were also associated with lymph node

positivity

Signhatures associated with age and defective
DNA mismatch repair were common in CRC

samples.

Inhibition of PI3K and MAPK pathways in
CRC cell lines

PIK3CA+/KRAS mutated cell lines are
sensitive to the PI3K inhibitor copanlisib,
whilst BRAF mutated cell lines are also
sensitive to the MEK inhibitor refametinib. A
combination of both drugs is most beneficial
in PIK3CA/KRAS® ™" and wild-type cell
lines.

The addition of copanlisib or refametinib
significantly reduces tumour cell growth in
KRAS™" or wild-type cell lines. Whilst both
inhibitors are required with chemoradiation to
significantly reduce tumour cell growth in
BRAF™" and PIK3CA/KRAS® ™ cell lines.

Clinical trial of LARC patient response to
NACRT

22.2% of patients administered IMRT
achieved pCR, vs 0% of the 3-DCRT cohort
Patients who did not achieve pCR had a
significant increase in the mean number of
CTCs during CRT (week 3 and last week)
compared to pre-treatment.

PI3K and MAPK pathway mutations were
identified in all CRC samples, with KRAS,
NRAS and PIK3CA mutations being the most

prevalent.

87.5% of patients who progressed onto
metastatic disease possessed a PIK3CA

mutation.

Inhibition of the PI3K pathway in CRC
xenografts

Copanlisib-chemoradiotherapy (P5R)
resulted in a significant reduction in tumour
growth and a significant increase in overall

mut

survival in wild-type and KRAS™" xenografts

compared to untreated controls.

PIK3CA™" xenografts were the most
responsive xenografts to initial P5R
treatment.

The addition of copanlisib to chemoradiation
did not show any addition benefit to
PIK3CA/KRAS® ™ xenografts, and
therefore may require the addition of a
MAPK inhibitor.

Potential future work in respect to genomic analysis to determine functionality of CRC

Genomic analysis could be carried out to determine the effects of NACRT, copanlisib and

refametinib within the body. This could be carried out through reverse phase protein arrays,

which detects alterations within protein levels of a sample. This could be carried out on samples

from all four studies, with particular interest in alterations within the Pi3K and MAPK pathways

throughout treatment.
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Colorectal cancer is the second most common cancer in Ireland, with the second
highest mortality rate. Over the past couple of decades, our knowledge,
understanding and treatment of cancer have developed dramatically. We now
understand that specific mutational aberrations within tumours i.e. in the PI3K and
MAPK pathways are responsible for tumour progression, metastasis and
resistance to cancer therapies (93,192-194). However, many cancers, including
CRC are still treated based on tumour location, histological subtype and tumour
grade. Personalised therapy is the ultimate goal. However, in order to achieve this
goal, we must first identify the specific mutational aberrations responsible, locate
drugable targets, create therapies which do not succumb to cancer resistance and
identify markers to predict and measure patient response to therapy. This PhD
project sought to target most of these obstacles which are currently plaguing the

field of oncology.

In chapters three and four, we worked to identify mutational aberrations within
LARC samples which may be driving tumour progression or predict patient
response to NACRT. In chapter three, we carried out whole-exome sequencing on
DNA extracted from 26 LARC patient pre-treatment tumour biopsies. The cohort
consisted of good (n = 5), intermediate (n = 11) and poor (n = 10) responders to
NACRT. We assessed mutational profiles in respect to mutational load, type,
response to NACRT, heterogeneity and mutational signatures. Whole-exome
sequencing data showed tumours can become hyper-mutated if they are MSI
tumours containing mutations within the MMR pathway (e.g. MSH3, MLH3, Bax),
or MSS tumours containing POLE mutations (responsible for DNA repair). MSI
tumours are widely known to be indicative of a good prognosis (275). However,
POLE mutations are rapidly evolving as potential markers for favourable prognosis
and reduced probability of recurrence (276). Similarly in our study, patients
harbouring these mutations had good or intermediate responses to NACRT,
thereby suggesting specific mutations rather than mutational burden is responsible
for patient response. This was further supported by the low volume of mutations
(235 non-synonymous mutations) identified in one-third of non-responder. This
concurred with Innocenti et al also found low tumour mutational burden to be
indicative of a poor prognosis in CRC (277). Furthermore, poor responders had
reduced intra-tumour heterogeneity compared to good or intermediate responders.
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In chapter four, we enlisted 35 LARC patients into the TRILARC clinical trial.
During which, patients were treated with NACRT, with the radiation therapy
consisting of either 3-DCRT or the novel IMRT. We monitored the circulating
tumour cells (CTCs), circulating tumour DNA (ctDNA) mutations and cancerous
tissue mutations before, during and after therapy. Only patients receiving IMRT in
the TRILARC clinical trial achieved pCR. IMRT is known to target the tumour more
directly, and at a higher intensity than 3-DCRT. Therefore this may explain why
patients receiving IMRT may be responding better. The TRILARC clinical trial,
along with other studies have shown CRT results in an increased volume of CTCs
being shed into the circulation (247,248).

Finally, in chapters five and six, we utilised the information gathered from our
previous work, and that of others; that PI3K and MAPK pathway mutations are
common in CRC (91-93), and are associated with poor patient outcomes and
chemotherapy and radiation therapy resistance (93,192-194). We targeted the
PI3K and/or MAPK pathways with the novel BAYER PI3K inhibitor copanlisib, and
MEK inhibitor refametinib in the hope of enhancing chemoradiation therapy
sensitivity in the PI3BK/MAPK mutated CRC cells, both in vitro and in vivo. CRC cell
lines (n = 10) were treated with copanlisib (PI3K inhibitor) and refametinib (MEK
inhibitor); both as single and dual agents in 2D proliferation assays. One cell line
from each mutation group (n = 5) were subsequently treated with 5-FU
chemoradiation therapy in conjunction with one or both inhibitors. Finally, PI3K
pathway mutated cell lines (n = 3) and a wild-type cell line (n = 1) were implanted
into BALB-C xenografts, and divided into untreated control, 5-FU chemoradiation
therapy alone or 5-FU chemoradiotherapy combined with the PI3K inhibitor

copanlisib.

Since our study is primarily based on the PI3K and MAPK pathways and their
effects on NACRT effectiveness in LARC patients, | will now delve a little deeper

into these aspects of my project.

BRAF

BRAF is reportedly mutated in 5-12% of CRCs (93,104-107). 11.5% of patients in
our whole-exome sequencing (WES) study, and 5.3% of patients from the
TRILARC clinical trial (ctDNA only) displayed BRAF mutations.
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However, BRAF mutational effects on prognosis were rather contradictory. BRAF
mutations in the WES study were indicative of a negative prognosis with all
BRAF™! patients failing to achieve pCR (intermediate = BRAF™*%¢ BRAFL597R;
poor = BRAF'?%F). |n contrast, BRAF™" patients in the TRILARC study achieved
PCR (BRAFY°F) or TRG2 (BRAF®***F). However, the BRAF®°F mutation was
only identified at the surgical procedure, and not in any of the other 4 samples
taken previously. As a result, this mutation was most likely not a driving mutation
in this tumour at this stage, and may therefore not have played a large role in its
prognosis. BRAFV600E tumours are associated with a negative prognosis
(115,278,279).

In vitro, BRAFY®%°E cell lines are sensitive to refametinib and resistant to copanlisib
in 2D proliferation and 3D clonogenic assays. However, when the drugs are
combined, they resulted in a synergistic reduction in cellular growth in 2D

FV600E calls

proliferation assays. These findings were further solidified when BRA
required both copanlisib and refametinib alongside chemoradiation to significantly
reduce cellular growth in 3D clonogenic assays compared to chemoradiation

therapy alone, or combined with either drug alone.

PIK3CA

PIK3CA mutations are present in 8-20% of CRCs (89,99,100), with 80% of
PIK3CA mutations occurring within hotspots in codons 542, 545 and 1047 (92).
Our whole-exome sequencing study yielding 11.5% of LARC patients containing
PIK3CA mutations occurring within codons 545 (PIK3CAR**K = 7.7%) and 546
(PIK3CA®>*%K = 3.89%). Meanwhile, PIK3CA mutations were identified in 50% of
patients from our TRILARC clinical trial; with PIK3CA mutations identified in 7.9%
of tissue samples (MassARRAY; PIK3CAR*?X = 6.3%, PIK3CAR** = 1.6%),
compared to 47.4% of ctDNA samples (UltraSEEK; PIK3CAF>*%¢ = 28.99%,
PIK3CAR*K = 2.6%, PIK3CAP*#/PIK3CAS*K = 15.8%).

Our project revealed PIK3CA mutations were associated with failure to achieve
pCR with NACRT, with 100% of PIK3CA™" patients in the whole-exome
sequencing study and 94.1% of PIK3CA™" TRILARC patients retaining cancerous

cells after chemoradiation therapy. Multiple studies have shown PIK3CA mutations
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are associated with poor prognosis (280,281), metastasis and higher grade
tumours (282). This is also in agreement with our study where 87.5% of TRILARC
patients who progressed onto metastatic disease possessed a PIK3CA mutation.
Likewise, Shen et al found a significant association between PIK3CAF**X
mutations and tumour recurrence (281).

A6 cell line was the most sensitive cell line to

In vitro analysis proved the PIK3C
the PI3K inhibitor copanlisib in both the 2D proliferation assays and 3D clonogenic
assays. The PIK3CAF**C cell line was also sensitive to the MEK inhibitor
refametinib, and displayed a synergistic response to copanlisib-refametinib
treatment in 2D proliferation assays. This was further reinforced in 3D clonogenic
assays which showed copanlisib and refametinib combined with
chemoradiotherapy was more effective than chemoradiotherapy combined with
either inhibitor alone. Other studies have shown PIK3CA mutated cell lines are
sensitive to copanlisib (122), however its sensitivity to refametinib could be due to

cross-talk between the PI3K and MAPK pathways through ERK.

In vivo, the addition of copanlisib enhanced the median overall survival compared

AF>C tumours

to chemoradiation therapy treated mice alone. Furthermore, PIK3C
were most responsive to initial treatment with copanlisib-chemoradiotherapy.
PIK3CAF*¢ xenografts were the only model who displayed a significant reduction
in tumour growth when copanlisib was used in conjunction with 5-FU
chemoradiation therapy, compared to chemoradiation therapy alone. Furthermore,
this significant reduction remained for 81.1% of the mean lifespan of 5R treated
mice. Copanlisib has been shown to inhibit tumour growth and have anti-tumour

activity both in xenograft models and in human clinical trials (122,124).

KRAS

KRAS is typically mutated in 35-47% CRCs (93,104,105), with the majority of
KRAS mutations identified in codons 12, 13, 61 and 146. KRAS mutations were
identified in 30.8% of our whole-exome sequencing study, with non-synonymous
mutations occurring within codons 12, 13 and 146. Whereas in the TRILARC
clinical trial, 100% of patients had KRAS mutations in their ctDNA, and 65.8% of
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patients containing KRAS mutations in their tissue samples at some stage during

the clinical trial.

In vitro, KRAS mutated cell lines were sensitive to copanlisib and were the most
sensitive cell lines to refametinib in 2D proliferation assays. However, KRAS*'4%P
(LS-1034) was less sensitive to copanlisib treatment alone or combined with
refametinib compared to the KRAS®*?P (LS-513) cell line. This could be a result of
alternate KRAS mutations. KRAS*'*® mutations are known to be common in CRC,
but to a lesser degree than codon 12 or 13 mutations; therefore little research has
been carried out on these mutations. However, they have been associated with
MEK dependence, poor overall survival and recurrence-free survival.
(93,108,109,116,203). Our studies also suggest that mutations in this codon are
indicative of a worse response to NACRT. In our whole-exome sequencing study,
the patient with a KRAS***® mutation was a poor responder to NACRT.
Furthermore, ten patients in our TRILARC clinical trial (26%) possessed KRAS*'*°
mutations. Of which, 89% were non-responders (TRG2+), the only TRG5 patient

possessed a KRAS Y

mutation at surgery, and one patient has since
progressed onto a metastatic tumour. Chemoradiation significantly reduced
KRAS™!" tumour growth both in 3D clonogenic assays and during initial treatments

SAMP mutated

in vivo compared to the untreated controls. Despite this, KRA
tumours were the least responsive cell line to CRT, and ultimately resulted in no
significant difference in mean overall survival between 5R and untreated controls,
despite the fact DLD-1 xenografts exhibits both a KRAS®®P and PIK3CAF*
mutation. Therefore, this suggests that KRAS"**® mutations are indicative of a

worse prognosis, whether a KRAS mutation in another codon is present or not.

However, a significant improvement was identified in vitro and in vivo when treated
with copanlisib combined with chemoradiotherapy. In vitro, treatment with P5R,
M5R or PM5R all significantly reduced tumour growth compared to 5R alone.
Whilst in vivo, tumour growth was significantly reduced within 24 hours after
treatment with copanlisib-chemoradiation therapy (P5R), and lasting for a further 2
weeks, compared to untreated controls. Treatment with P5R also significantly
increased the mean overall survival compared to untreated controls. PI3K
inhibitors have been previously reported to increase radiation sensitivity in Ras

mutated cancer cells (271,272).
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Since there was no difference in vitro between P5R, M5R or PM5R therapy, this
suggests the addition of either inhibitor alone may be beneficial for KRAS mutated
tumours. Furthermore, the positive results from the in vivo study further support

this theory.

PIK3CA-KRAS®™"

Co-mutations in PIK3CA and KRAS are associated with metastasis and advanced
tumour stages (282). PIK3CA mutations in exon 10 (codons 514-555) are
associated with co-occurrence with KRAS mutations (100). Whole-exome

sequencing identified PIK3CA mutations in 11.5% (n = 3) of samples, all of which
were located within exon 10. Patient MDA-10 (PIK3CAF*** KRAS®'?") was an
intermediate responder despite its dual mutational status, compared to MDA-13

(PIK3CA®**K KRAS®™P) and MDA-1 (PIK3CAF*** KRAS"T) who were both poor

responders. Patients in the WES study displaying KRAS®*?Y

(PIK3CA"T, KRAS™") or intermediate (PIK3CA™' KRAS™") response to NACRT,
SG12V

mutations had good

therefore this suggests KRA mutations may act as a good prognostic marker.

S®2V mutations

Contrary to this, patients in our TRILARC cohort possessing KRA
all progressed onto metastatic cancer. Furthermore, numerous papers find
KRAS®'? mutations to be a poor prognostic marker, exhibiting worse progression-
free survival, worse overall survival, risk of tumour progression and increased
mortality (111,283-286). Therefore, this suggests that either patients with
KRAS®'? mutations in the WES study contained other mutations which took
precedence over this mutation rendering its effects null, or the patients may have
lost the KRAS®*?Y mutation during treatment. Further analysis of post-treatment
samples from the WES cohort will be necessary to clearly understand this

anomaly.

50% of patients in the TRILARC clinical trial were PIK3CA-KRAS® ™!, Patients
with PIK3CA mutations (particularly PIK3CAF>*?¢) and co-occurring KRAS
mutations in G12CR, G12D and G12S were associated with progression onto

SC12D is associated with metastatic CRC and liver cancer

metastatic disease. KRA
(287), whilst KRAS®*? is associated with worse overall survival and tumour

recurrence (114).
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In addition, KRAS®*** mutations potentially resulted in an improved response in
dual PIK3CA (E542K and E545K) mutated LARC patients, resulting in TRGs of 1-
3, compared to metastatic disease in the lung, liver and bone without the G13S

mutation.

In vitro, PIK3CA-KRAS® ™! cells were sensitive to high doses of copanlisib and
refametinib, with DLD-1 (PIK3CAP**¥, KRAS®**P) being more sensitive to
copanlisib than LS-174T (PIK3CA™M%R KRAS®'?P) in 2D proliferation assays. In
3D clonogenic assays, the PIK3CA-KRAS® ™ cell line (DLD-1) was the most
resistant cell line to refametinib and 5-FU chemotherapy when used as single
agents. Studies have shown PIK3CA-KRAS® ™ tumours are more resistant to
MEK inhibitors than Ras or Raf mutated tumours, resulting in a cytostatic

response rather than cytotoxic (263).

Neither copanlisib nor refametinib alone significantly enhanced
chemoradiotherapy response in 3D clonogenic assays. This was further proven in
our in vivo study, whereby the addition of copanlisib did not significantly improve
tumour growth or overall survival compared to chemoradiotherapy alone.
However, when copanlisib and refametinib were used in combination in 2D
proliferation assays, this resulted in strong synergism. Similarly, Clarke et al found
CRC cell lines harbouring KRAS mutations responded synergistically towards dual
PI3K and MEK inhibition, however, PIK3CA-KRAS® ™ cell lines were strongly
synergistic (260).

Likewise, in the 3D clonogenic assays, both drugs were necessary in conjunction
with chemoradiotherapy to result in a significant decrease in cellular growth
compared to chemoradiotherapy alone. Therefore, our study suggests that
PIK3CA-KRAS® ™! cell lines require inhibition of both the PI3K and MAPK
pathways in conjunction with chemoradiotherapy to enhance patient response to
NACRT. Numerous studies have shown that inhibition of one signalling pathway
may result in upregulation of another signalling pathway (266). Furthermore, Wee
et al demonstrated that PIK3CA-KRAS® ™! CRC xenograft models required a
combination of both PI3K and MEK inhibitors to halt tumour progression (274).
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WT

In the whole-exome sequencing study, patients were wild-type for PIK3CA, KRAS
and BRAF in good (80%), intermediate (72.7%) and poor (60%) responders. In
respect to the TRILARC clinical trial cohort, patients were wild-type for all three
mutations in tissue (pre-treatment samples = 23.1%, surgical resections = 26.7%,
recurrences = 0%); and ctDNA (mean prior to surgical procedure = 19.7%,

surgical procedure = 71%, 1 year follow up = 76.3%).

In vitro, WT cell lines were resistant to the PI3K and MEK inhibitors alone or in
combination in 2D proliferation assays. This concurs with other studies previously
published (122). However, when they were combined with 5-FU chemoradiation in
3D clonogenic assays, cellular growth was significantly reduced. This finding was
further supported with our in vivo study which too found that copanlisib enhanced
chemoradiation therapy sensitivity in WT xenograft models. Whereby tumour
growth was significantly reduced and mean overall survival was increased
compared to untreated controls, a result which was not achieved in the
chemoradiation therapy (5R) treated cohort. Furthermore, we found the addition
of copanlisib enhanced tumour response time to treatment, reducing tumour
growth within 24 hours compared to 4 days and 3 rounds of chemoradiation
therapy without the use to copanlisib.

We also found the effects of copanlisib and refametinib were most marked when
used in combination, in both 3D clonogenic assays and 2D proliferation. In the
latter, the combination resulted in a nearly additive effect in Caco-2, and strong
synergy in CL-14 and C2BBel. Whilst in 3D clonogenic assays, the addition of
both inhibitors alongside chemoradiation was significantly reduced compared to
either drug used alone with chemoradiation therapy. Therefore, the addition of a
MEK inhibitor may further enhance the benefits previously displayed in our CRC
models treated with copanlisib-chemoradiation therapy.

Conclusion
In conclusion, tumour mutational status affects patient response to NACRT;

therefore identification of mutations can suggest appropriate personalised
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treatment regimens. However, due to intra-tumour heterogeneity and the
continuous mutational progression and alterations occurring within tumours,
numerous samples before, during and after treatment will provide the best
representation of the tumour and its response to treatment. Tumour biopsies are
invasive and expensive, therefore liquid biopsies in the form of ctDNA could be an

ideal alternative.

In vitro, PIK3CA + / KRAS™! cell lines are sensitive to copanlisib; BRAF™",
KRAS™" and PIK3CA™" cell lines are sensitive to refametinib, however all cell
lines including wild-type respond best to a combination of the two drugs.

In vivo, chemoradiation therapy did not significantly improve overall survival in any
of the xenograft models in comparison to untreated controls. However, copanlisib-
chemoradiation therapy significantly reduced tumour growth in WT, PIK3CA™" and
KRAS™" xenografts, whilst overall survival is significantly increased in WT and
KRAS™" xenografts. However, PIK3CA-KRAS® ™" xenografts did not benefit from
the combination. Therefore, PIK3CA™!, KRAS™", and WT tumours may benefit
from copanlisib-chemoradiation therapy. However BRAF™" and PIK3CA-KRAS®”
mut

tumours may require the addition of a MEK inhibitor for optimal tumour

inhibition.
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Future directions

Due to the potentially clinically significant findings from this project further

investigation will be carried out by Prof. Bryan Hennessy and his team.

Whole-exome seguencing

Due to the interesting results and mutational variation identified before and after
treatment in the TRILARC clinical trial cohort, Prof. Bryan Hennessy, Dr. Simon
Furney and Dr. Sinead Toomey intend to extend the whole-exome sequencing
study, to include post-treatment samples. These results will be subjected to a

similar analysis as | have carried out in the pre-treatment cohort.

Furthermore, from the exome sequencing results, the team will select around 100
genes of interest and will sequence these genes in a new cohort of samples to
validate our findings from the current study. The genes of interest will include
many of which have been identified in this project, including genes associated with
good, poor or non-responders, commonly mutated genes and mutations within the
MMR, DNA repair, PI3K and MAPK pathways. The tumour samples collected from
patients enrolled in the TRI-LARC trial will be used to confirm and validate the
results from the whole exome sequencing study. Using the correlation between
different datasets they will summarise the data at a functional and pathway level.
This will further allow us to determine which pathways are implicated in treatment-
resistant disease and preliminarily determine how chemoradiation treatment
impacts molecular evolution in tumours of differential responsiveness at a
functional level. Alterations that are enriched in residual tumour cells will thereby
be categorised into several key pathways, with an emphasis on targetable

pathways.

TRILARC

The TRILARC clinical trial is currently ongoing and aims to enrol 240 patients
altogether over the next 4 years. The tumour samples collected from patients
enrolled in the TRI-LARC trial will be used to confirm and validate the results from
the whole-exome sequencing study. The oncology and bio-banking team will
continue to collect CTCs, ctDNA from patient plasma and corresponding tissue
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samples throughout the trial, in the hope of further cementing the findings

identified in this project.

In vitro and in vivo studies

We are now aiming to convert the work carried out in the in vitro and in vivo
studies into a phase | clinical trial. This will be carried out similar to the PANTHER
trial, whereby LARC patients will be enrolled into the clinical trial, and given
copanlisib in conjunction with chemotherapy and radiation therapy. Copanlisib will
be given via a lyophilised 6ml (60mg) intravenous infusion over one hour on days
1, 8 and 15 of each 28-day cycle. Patients will also receive a continuous
intravenous infusion of 5-FU chemotherapy (225mg/m,) daily and 28 fractions of
external-beam pelvic radiation therapy (50.4 Gy) over 6-8 weeks. Radiation will be
administered using a LINAC with 26MV energy and an Image-Guided Radiation
Therapy (IGRT) capacity for improved accuracy and precision. Acute toxicities will
be assessed weekly during radiotherapy and at 2 and 4 weeks post-treatment.
Late toxicities will be assessed at 3, 6, 9, 12, 18 and 24 months post-treatment
and annually up to 10 years.

Similar to the TRILARC clinical trial, bloods will be collected from patients before,
during and after treatment to monitor mutational alterations in the ctDNA.

Primary outcomes will include identification of the maximum tolerated dose of
copanlisib in conjunction with chemotherapy and radiation therapy, and to monitor
clinical benefit of the drug combination which will be calculated based on pCR
rates. Secondary outcomes will include monitoring of tumour response to
treatment, disease-free survival, overall survival, adverse effects and toxicities

associated with the combination.
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Gene Role Diseases
associated with

mutation
APC Tumour suppressor Familial
Cell migration and adhesion adenomatous
Transcription polyposis (FAP)
Apoptosis
Required for MM9 up-regulation through the
JNK pathway in CRC cells.
TP53 Tumour suppressor Range of cancers
Transcription including Li-
DNA binding Fraumeni
Cell cycle arrest syndrome
Apoptosis
DNA repair
SYNE1 May be involved in nuclear centrosome
attachment
PRKDC Encoded protein is a member of the PI3K
family.
DNA double break strand repair
Transcription
TTN Forms striated muscle
KRAS Multiple forms of

cancer inch CRC
LRP2 Reuptake of multiple ligands including
MAPK scaffold proteins and JNK interacting
proteins
Cell-signalling
Supplementary table 1: Roles and diseases associated with genes

commonly mutated in LARC patient samples in whole-exome sequencing
study.
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Gene
ALG10
CEP290
GRK4
KMT2C

MROH2A
NAV2

NOLC1

PDE11A

PGAP1
PTPRJ

SOX5
TCF20

TRIM8

TSC22D1

ZNF275

Supplementary table 2: Roles associated with good responders to NACRT in

Role

Translation

Associated with cancer

Phosphorylation of G-protein coupled receptors

Activation of signal transduction pathways

Associated with PI3K pathway

Transcription

Associated with cancer

Intracellular transport

Cellular growth and migration

Associated with cancers

Ribosomal processing and modification

GTPase and ATPase activity

Associated with cancer

Translation

Cellular growth and migration

Differentiation

Proliferation (negative regulator)

Cell adhesion

Mitosis

Oncogenic formation

Vascular development

Tyrosine phosphatase

Associated with PI3K and MAPK pathways

Associated with CRC

Transcription

Transcription (PI3K pathway — including JUN and SP1)
(MAPK pathway including PAX6 and ETS1)

Associated with cancer

Associated with PI3K and MAPK pathways

Cell trafficking

DNA repair

Associated with cancer

Cell signalling

Transcription

Tumour suppression

Transcription

whole-exome sequencing study.
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Gene Function

APOB Main apolipoprotein for chylomicrons and low-density lipoprotein.
Occurs in 2 main isoforms Apo-B48 (synthesized in the gut), and
APO-B100 (synthesized in the liver).

CASP4 Apoptosis,
Necrosis
Inflammation

CD93 Intercellular adhesion
Clearance of apoptotic cells.

DSCAM Central and nervous system development.
Intracellular signalling of MAPK pathway

IGHV3-11 Participates in antigen recognition.

PCDHA12 Cell-cell connections in the brain

PzZP Inhibits the activity of all four classes of proteinases

RANBP2  Control a variety of cellular functions through its interactions with
other proteins.

TCTE1

ZIC1 Transcription
Neurogenesis.
Important in early stage of development of the central nervous
system.

Supplementary table 3: Roles associated with poor responders to NACRT in

whole-exome sequencing study
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Supplementary figure 1: The relationship between serial circulating tumour
cell (CTC) counts and TRG status (A) Percentage of samples positive for
CTCs according to time-point and TRG grade. (B) Number of CTCs identified
in 3mls blood per sample in (I) TRG1, (ii) TRG2, (iii)) TRG3, (iv) TRG4, and (v)
TRG5 patients.

LARC patients (n=66) were enrolled into a clinical trial. Blood was drawn at 6 time-
points before, during and after chemoradiation therapy (CRT). Blood (3mls) was
filtered through a ScreenCell CY device and stained with haematoxylin and eosin
to detect CTCs. (A) Bar chart represents the percentage of samples which tested
positive for CTCs at each of the 6 time-points in patients subdivided by TRG
status. (B) Scatter plots depict the number of CTCs/3mls blood at each time-point.
Each dot is representative of a sample. Mean values are represented as a bar.
Significant differences (p < 0.05) are indicated. F-tests for two sample variances
were used to calculate F and F-critical values, and the corresponding t-test was

carried out.
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Supplementary figure 2: Cellular growth of PIK3CA™" SNU-C4 cell line in
clonogenic assays.

2,000 PIK3CA™!' CRC cells (SNU-C4) were plated in T25 flasks (20mls per flask)
and incubated for 24 hours. Cells were treated with PI3K inhibitor copanlisib (P)
(3.1nm), MEK inhibitor refametinib (M) (4.4nm), 5-FU chemotherapy (5) (130nm)
and radiation (R) (2Gy). Cells were incubated until colony formation (2 weeks).
Cells were fixed and stained with 0.1% crystal violet. Wells were rinsed with 1ml
acetic acid to remove crystal violet, which was subsequently diluted (1:5), and the
staining intensity was read on a plate reader at 595nm. Error bars represent the
standard deviation, with experiments run in triplicate. Data are representative of
the mean and standard deviation of 3 independent experiments. *p<0.05
compared to control, **P<0.05 compared to 5-fu chemoradiotherapy (5R).
Representative clonogenic assays are shown in panel B (4x magnification) and C
(macroscopic view of the flask).
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Supplementary figure 3: Cellular growth of PIK3CA-KRAS™! DLD-1 cell line
in clonogenic assays.

1,000 PIK3CA-KRAS™" CRC cells (DLD-1) were plated in T25 flasks (20mls per
flask) and incubated for 24 hours. Cells were treated with PI3K inhibitor copanlisib
(P) (50nm), MEK inhibitor refametinib (M) (500nm), 5-FU chemotherapy (5)
(730nm) and radiation (R) (2Gy). Cells were incubated until colony formation (2
weeks). Cells were fixed and stained with 0.1% crystal violet. Wells were rinsed
with 1ml acetic acid to remove crystal violet, which was subsequently diluted (1:5),
and the staining intensity was read on a plate reader at 595nm. Error bars
represent the standard deviation, with experiments run in triplicate. Data are
representative of the mean and standard deviation of 3 independent experiments.
*p<0.05 compared to control, *P<0.05 compared to 5-fu chemoradiotherapy (5R).
Representative clonogenic assays are shown in panel B (4x magnification) and C

(macroscopic view of the flask).
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Supplementary figure 4: Cellular growth of KRAS™" LS-1034 cell line in
clonogenic assays.

3,000 KRAS™" CRC cells (LS-1034) were plated in T25 flasks (20mls per flask)
and incubated for 24 hours. Cells were treated with PI3K inhibitor copanlisib (P)
(8.6nm), MEK inhibitor refametinib (M) (33nm), 5-FU chemotherapy (5) (60nm)
and radiation (R) (2Gy). Cells were incubated until colony formation (2 weeks).
Cells were fixed and stained with 0.1% crystal violet. Wells were rinsed with 1ml
acetic acid to remove crystal violet, which was subsequently diluted (1:5), and the
staining intensity was read on a plate reader at 595nm. Error bars represent the
standard deviation, with experiments run in triplicate. Data are representative of
the mean and standard deviation of 3 independent experiments. *p<0.05
compared to control, **P<0.05 compared to 5-fu chemoradiotherapy (5R).
Representative clonogenic assays are shown in panel B (4x magnification) and C
(macroscopic view of the flask).
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Supplementary figure 5: Cellular growth of wild-type Caco-2 CRC cell line in
clonogenic assays.

50,000 wild-type CRC cells (Caco-2) were plated in T25 flasks (20mls per flask)
and incubated for 24 hours. Cells were treated with PI3K inhibitor copanlisib (P)
(6.1nm), MEK inhibitor refametinib (M) (250nm), 5-FU chemotherapy (5) (130nm)
and radiation (R) (2Gy). Cells were incubated until colony formation (2 weeks).
Cells were fixed and stained with 0.1% crystal violet. Wells were rinsed with 1ml
acetic acid to remove crystal violet, which was subsequently diluted (1:5), and the
staining intensity was read on a plate reader at 595nm. Error bars represent the
standard deviation, with experiments run in triplicate. Data are representative of
the mean and standard deviation of 3 independent experiments. *p < 0.05
compared to control, **P < 0.05 compared to 5-fu chemoradiotherapy (5R) ***p <
0.05 compared to P5R or M5R. Representative clonogenic assays are shown in
panel B (4x magnification) and C (macroscopic view of the flask).
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Supplementary figure 6: Cellular growth of BRAF™' LS-411N in clonogenic
assays.

5,000 BRAF™! CRC cells (LS-411N) were plated in T25 flasks (20mls per flask)
and incubated for 24 hours. Cells were treated with PI3K inhibitor copanlisib (P)
(200nm), MEK inhibitor refametinib (M) (4.6nm), 5-FU chemotherapy (5) (290nm)
and radiation (R) (2Gy). Cells were incubated until colony formation (2 weeks).
Cells were fixed and stained with 0.1% crystal violet. Wells were rinsed with 1ml
acetic acid to remove crystal violet, which was subsequently diluted (1:5), and the
staining intensity was read on a plate reader at 595nm. Error bars represent the
standard deviation, with experiments run in triplicate. Data are representative of
the mean and standard deviation of 3 independent experiments. *p<0.05
compared to control, **p<0.05 compared to 5-fu chemoradiotherapy (5R).
***pn<0.05 compared to P5R or M5R. Representative clonogenic assays are shown

in panel B (4x magnification) and C (macroscopic view of the flask).
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Supplementary figure 7: Tumour growth for each wild-type (Caco-2), PIK3CA
(SNU-C4), KRAS (LS-1034) and PIK3CA-KRAS (DLD-1) xenograft model.
Colorectal cancer cells (PIK3CA™" (SNU-C4), n = 2.5 x 10°cells/100ul; KRAS™"
(LS-1034), n = 2.5 x 10°%cells/100ul; PIK3CA-KRAS™" (DLD-1), n = 2.5 x
10°cells/100ul; wild-type (Caco-2), n = 3.5 x 10°cells/100ul) were implanted in the
right flank of 6-8 week old BALB/C SCID mice. When tumours reached 100mm?,
mice were randomised into untreated control (C) (green), 5-fluorouracil (5-FU)
chemoradiotherapy (5R) (red) and copanlisib plus chemoradiotherapy (P5R)
(black) treatment arms. Copanlisib (7mg/kg) was administered intravenously twice
a day on days 1 and 2. 5-FU chemotherapy (20mg/kg) was administered
intraperitoneally, and mice were subsequently radiated in a Faxitron CP 160 x-ray
generator at 1.8Gy on days 1, 3 and 5. Tumour measurements were taken every
third day until tumours reached 400mm?*, when mice were sacrificed. The grey box
indicates the 5 days whilst treatment was ongoing. Error bars are representative
of standard deviations in each treatment group. Mice whose survival rates were

above or below the mean * 2 x s.d. were removed from the analysis.
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Supplementary figure 8: Scatter plot depicting tumour mass (mg) excised
from wild-type (Caco-2 = A), KRAS mutated (LS-1034 = o), PIK3CA mutated
(SNU-C4 = m) and PIK3CA-KRAS mutated (DLD-1 = 0) xenograft models.

Cell line derived xenograft models were divided into control (C), chemoradiation
(5R) or copanlisib-chemoradiation (P5R) treatment cohorts. Tumours were
allowed to develop to 100mm?, at which time mice were administered intravenous
copanlisib (14mg/kg/day) for 2 days, intraperitoneal chemotherapy (20mg/kg) and
radiated (1.8Gy) on days 1, 3 and 5. Mice were sacrificed when tumours reached
400mm?; and tumour, liver, lungs and spleen were excised.

Error bars are representative of the mean and standard deviations per treatment

group.
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Supplementary figure 9: Scatter plot depicting spleen mass (mg) excised
from wild-type (Caco-2 = A), KRAS mutated (LS-1034 = o), PIK3CA mutated
(SNU-C4 = m) and PIK3CA-KRAS mutated (DLD-1 = 0) xenograft models.

Cell line derived xenograft models were divided into control (C), chemoradiation
(5R) or copanlisib-chemoradiation (P5R) treatment cohorts. Tumours were
allowed to develop to 100mm?, at which time mice were administered intravenous
copanlisib (14mg/kg/day) for 2 days, intraperitoneal chemotherapy (20mg/kg) and
radiated (1.8Gy) on days 1, 3 and 5. Mice were sacrificed when tumours reached
400mm?; and tumour, liver, lungs and spleen were excised.

Error bars are representative of the mean and standard deviations per treatment

group.
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Supplementary figure 10: Scatter plot depicting lung mass (mg) excised
from wild-type (Caco-2 = A), KRAS mutated (LS-1034 = o), PIK3CA mutated
(SNU-C4 = m) and PIK3CA-KRAS mutated (DLD-1 = 0) xenograft models.

Cell line derived xenograft models were divided into control (C), chemoradiation
(5R) or copanlisib-chemoradiation (P5R) treatment cohorts. Tumours were
allowed to develop to 100mm?, at which time mice were administered intravenous
copanlisib (14mg/kg/day) for 2 days, intraperitoneal chemotherapy (20mg/kg) and
radiated (1.8Gy) on days 1, 3 and 5. Mice were sacrificed when tumours reached
400mm?; and tumour, liver, lungs and spleen were excised.

Error bars are representative of the mean and standard deviations per treatment
group.
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Supplementary figure 11: Scatter plot depicting liver mass (mg) excised
from wild-type (Caco-2 = A), KRAS mutated (LS-1034 = o), PIK3CA mutated
(SNU-C4 = m) and PIK3CA-KRAS mutated (DLD-1 = 0) xenograft models.

Cell line derived xenograft models were divided into control (C), chemoradiation
(5R) or copanlisib-chemoradiation (P5R) treatment cohorts. Tumours were
allowed to develop to 100mm?, at which time mice were administered intravenous
copanlisib (14mg/kg/day) for 2 days, intraperitoneal chemotherapy (20mg/kg) and
radiated (1.8Gy) on days 1, 3 and 5. Mice were sacrificed when tumours reached
400mm?; and tumour, liver, lungs and spleen were excised.

Error bars are representative of the mean and standard deviations per treatment

group.
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