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Abstract
Colorectal cancer (CRC) is a leading cause of cancer-related death and the third most
common type of cancer worldwide. The five-year survival rate strongly correlates with the
stage of the disease at initial diagnosis, falling from well over 90% at Stage I to less than 10%
when diagnosed at Stage IV. Drug resistance is a major limitation to current treatment
options for advanced CRC. Consequently, there is an unmet clinical need for novel
therapeutic agents for treating patients with CRC in the advanced disease setting.

CRC is frequently associated with a pro-inflammatory tumour microenvironment in which
TNFα signalling plays an important role. Inhibitor of apoptosis proteins (IAPs) are capable of
converting TNFα signalling from a pro-apoptotic to a pro-survival and pro-inflammatory
signal. Overexpression of IAPs is associated with chemoresistance and poor prognosis in CRC.
Consequently, IAPs are an attractive target for therapeutic intervention, and IAP antagonists,
such as ASTX660, have recently been developed in order to exploit their pro-survival
mechanisms. When TNFα binds to its receptor TNFR1 in the presence of an IAP antagonist, it
leads to the formation of a cytoplasmic death-inducing complex consisting of RIPK1, FADD
and procaspase-8. Procaspase-8 undergoes homodimerization within this complex and
subsequently activates effector caspases-3 and -7 to promote apoptosis. FLIP, a pseudocaspase, can also bind to FADD and inhibit homodimerization of procaspase-8, subsequently
inhibiting apoptosis.

In vitro results indicated that the CRC cell line models investigated herein harboured intrinsic
resistance to IAP antagonist-mediated cell death, even in the presence of recombinant TNFα.
Further investigation using siRNA-mediated silencing techniques, revealed FLIP is a major
mediator of this resistance mechanism. Moreover, Entinostat, a clinically relevant Class I
HDAC inhibitor, was found to downregulate FLIP expression and sensitise CRC cell line models
to ASTX660. Through the use of procaspase-8 and procaspase-10 CRISPR-Cas9 knockout cell
lines, the enhanced cell death observed was determined to be dependent on caspase-8, but
not on its paralog, caspase-10. Furthermore, FLIP-mediated resistance, to ASTX660 and
TNFα, was also overcome through the use of a novel small molecule FLIP inhibitor that targets
the FLIP:FADD protein-protein interaction (PPI).
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Clinical approval of IAP antagonists is not only hampered by intrinsic resistance, but also by
a lack of clinical biomarkers to stratify patients who would respond well to this treatment.
Herein, the potential of using the presence of a Fusobacterium nucleatum infection as a
predictive biomarker for clinical positioning of these agents was investigated. F. nucleatum
infection was shown to promote an upregulation of CIAP2 and TNFα in pre-clinical models
and this correlated with observations made in clinical samples. Interestingly, there was
evidence to suggest that FLIP expression was downregulated by F. nucleatum infection.
Importantly, co-culture of F. nucleatum infected monocytic cells significantly enhanced the
efficacy of IAP antagonism in a manner dependent on bacterial induction of TNF secretion
in the immune cells. Collectively, this work suggests that the presence of F. nucleatum
bacteria in colorectal tumours promotes a tumour microenvironment rich in TNFα levels and
may ‘prime’ tumours with elevated CIAP2 and lower FLIP expression to become sensitive to
IAP antagonists.

Overall, the work presented in this thesis indicates that IAP antagonists may be most
effective in pro-inflammatory, TNF-rich CRC, but only if combined with an agent capable of
overcoming FLIP-mediated resistance. Furthermore, the data presented suggest that the
presence of F. nucleatum has the potential to be utilised as a predictive biomarker to identify
patients who would benefit from IAP antagonistic therapy.
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Chapter 1: Introduction
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1.1 Colorectal cancer
Colorectal cancer (CRC) is the third most common cancer type and a leading cause of cancerrelated deaths worldwide. As of 2018, there was an estimated 1.8 million new cases globally,
with over half of these new cases occurring in more economically developed/Westernised
countries. Consequently, increasing incidence of CRC is becoming a sign of socioeconomic
development (Bray et al., 2018). CRC affects a wide range of people, however there is a
significant increase of incidence in patients aged over 50 years and, according to Cancer
Research UK, 44% of new cases were diagnosed in patients aged over 74 years between 20152017. Furthermore, recent statistics from Cancer Research UK determined the five-year
survival rate for CRC is around 58%, however, survival strongly correlates with the stage at
initial diagnosis. For example, the five-year survival rate for patients diagnosed at Stage I is
as high as 93%, however this falls dramatically to 10% if a patient is diagnosed with Stage IV
disease (Cancer Research UK, 2020). CRC is a huge clinical and economic burden globally, and
consequently there is a strong need for novel therapeutics to improve the overall survival in
late stage disease and to overcome potential drug resistance.

The aetiology of CRC is multifactorial and can be influenced by endogenous factors, such as
genetic predisposition or a history of chronic inflammatory bowel disease, and exogenous
factors, such as diet, obesity, smoking and other lifestyle factors. CRC develops gradually over
a prolonged period of time, the initial stages include the formation of epithelial polyps within
the colon and rectum (Bardhan and Liu, 2013). At these early stages, the polyps often go
undetected and if not treated, these benign lesions can accumulate further mutations,
proliferate, become malignant and eventually metastasise. Metastasis is defined as the
invasion and migration of tumour cells from the primary site, which then establish
themselves in secondary sites in other areas of the body. During this process, cancer cells can
use the lymphatic system or the bloodstream to spread further around the body. Research
completed by Vogelstein and colleagues determined the progression of CRC development
was reliant on sequential mutations of oncogenes and tumour suppressor genes to drive
tumorigenesis. Consequently the “Vogelgram” or Vogelstein model was created to map the
progression of CRC from normal cells to adenoma, carcinoma, and finally to invasive
metastatic disease against the most common mutations linked to CRC tumorigenesis, such
as APC, KRAS and TP53 (Fearon and Vogelstein, 1990; Armaghany et al., 2012).
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1.1.1 Diagnosis of colorectal cancer and the National Health Service (NHS) screening
program
CRC is relatively asymptomatic in the earlier stages, however patients may experience
symptoms including weight loss, general fatigue, malaise, changes in bowel movements and
presence of blood in the stool (Dekker, P. Tanis, et al., 2019). Due to the nature of these
symptoms, many people are often diagnosed in the later stages of this disease, which often
results in a poor prognosis. Around 50% of CRC patients will develop metastasis, with one
study suggesting that of these patients, 22% will already present with advanced metastatic
CRC at the time of diagnosis (Lievre et al., 2013). Consequently, most European countries
have developed screening programmes to detect colorectal cancer earlier. The National
Health Service (NHS) has recently updated its screening program and has introduced the new
faecal immunochemical test (FIT) to phase out the previous faecal occult blood (FOB) test.
Both FIT and FOB are home-based tests, currently delivered to those between the age of 6074 years old, every two years as standard across the UK (Public Health Agency, 2020; NHS
England, 2021). However, the age range for the screening program varies slightly between
the countries. In Scotland the age limit for the bowel screening program is currently 50-74
years old and Wales has the target to include those between the ages of 50-59 in its screening
program by April 2023 (Public Health Wales, 2020; Public Health Scotland, 2021). The FIT and
FOB tests are non-invasive, easy for patients to administer at home and relatively
inexpensive. However, the tests are not 100% accurate and screen for the presence of nonvisible blood in the stool, not specifically for the presence of malignancy. Consequently,
anyone with a positive result is offered a follow up colonoscopy for diagnostic purposes. Any
polyps which may be found during the colonoscopy are removed and histologically screened
for signs of cancer (Benson et al., 2008; Atkin et al., 2010). To further increase early detection
of CRC, NHS England had introduced bowel scope screening for anyone between the ages of
55-60 years; however, this screening programme has currently been halted due to the
COVID-19 pandemic (NHS England, 2021). During bowel scope screening, a sigmoidoscopy is
performed; a procedure which is similar to a colonoscopy, except that it only covers the
rectum and sigmoid colon. As with a colonoscopy, any polyps discovered during the
procedure are removed and undergo histological testing.
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1.1.2 Clinical staging of colorectal cancer
After diagnosis of CRC, it is recommended that patients are then offered a computed
tomography (CT) scan of the abdomen, chest and pelvis to assess the stage of the disease.
Magnetic resonance imaging (MRI) may also be used for a more detailed assessment and to
determine the risk of local recurrence (National Institute for Health and Care Excellence,
2014). Staging can be assigned by a medical professional using one of three staging systems;
the tumour, node and metastasis (TNM) system (Table 1.1), the Dukes’ staging system (Table
1.2) both of which can be translated into the numerical AJCC staging system (Table 1.3). The
AJCC staging system was developed and is maintained by the American Joint Committee on
Cancer and is the system most commonly used by patients (American Joint Committee on
Cancer, 2017). Establishing the stage of the disease is essential when considering the most
effective treatment to prescribe for each individual patient. Any staging system can be used
at the discretion of the Physician; however, the TNM and numerical systems are preferred
within the NHS (Labianca et al., 2010).

Stage
Tumour (T)
T1
T2
T3
T4

Description
Tumour is contained to the inner layer of the bowel.
Tumour has reached the muscle layer.
Tumour has penetrated the outer lining of the bowel.
Tumour has exceeded the bowel and penetrated surrounding tissues
or organs.

Node (N)
N0
No lymph nodes have been affected.
N1
1-3 lymph nodes contain cancer cells.
N2
4 or more lymph nodes contain cancer cells.
Metastasis (M)
M0
Cancer has not metastasised.
M1
Cancer is metastatic and has spread to other parts of the body.
Table 1.1: A table representing the Tumour, Node, metastasis (TNM) system for the staging
of CRC.
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Stage
Dukes’ A

Description
Tumour present predominantly in the bowel lining and may have slightly
penetrated the muscle layer.
Dukes’ B
Tumour has completely penetrated the bowel lining and the underlying
muscle.
Dukes’ C
The tumour has penetrated the bowel lining, muscle layer and has affected
at least one nearby lymph node.
Dukes’ D
The cancer has metastasised and spread through the body colonising
another organ such as the liver or lungs.
Table 1.2: A table representing Dukes’ system for that staging of CRC.

Stage
Stage 0
(carcinoma
in situ)
Stage I

Description
T
Early stage CRC; cancer cells present on colon
lining but have not spread.

N
N0

M
M0

Dukes’
-

Tumour has penetrated the bowel lining and T1
N0 M0 A
potentially the underlying muscle.
or
T2
Stage II
This stage is sub-divided into two categories, A)
N0 M0 B
yet the tumour remains localised and has not T3
yet reached the lymph nodes:
B)
A – The tumour has reached the outer layer of T4
the bowel
B – The tumour has spread from the outer
layer of the bowel to surrounding tissues
Stage III
This stage is sub-divided:
A)
N1 M0 C
A – The cancer cells have penetrated the inner T1/2 or
bowel lining or muscle and has affected up to B)
N2
three nearby lymph nodes.
T3/4
B – The cancer cells have penetrated the outer C)
bowel wall or surrounding tissues and up to T3/4
three nearby lymph nodes.
C – The cancer has infected four or more lymph
nodes but has not spread out of the bowel.
Stage IV
The cancer has metastasised, spreading Any Any M1 D
through the body via the bloodstream or the T
N
lymphatic system.
Table 1.3: A table representing the AJCC classification system for staging CRC and how that
translates to the TNM and Dukes’ classification systems. Adapted from: American Joint
Committee on Cancer, 2017.
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1.1.3. Current treatment options
Surgery is most effective treatment option for CRC, as removal of the tumour site, with wide
margins, offers the best curative chance for patients. However, complete removal of tumour
tissue is not attempted unless it is causing an obstruction in the metastatic setting.
Consequently, a chemotherapy protocol tailored to the patient’s performance status can aim
to reduce potential recurrence following surgery, or to reduce tumour burden and prolong
survival in the metastatic setting. The National Institute of Health and Care Excellence (NICE)
has published guidelines for NHS England and Wales on the treatment of the different stages
of CRC. Treatments across the rest of the UK may vary, as the devolved administrations of
Northern Ireland and Scotland have departments to review and determine which NICE
guidelines to endorse. The recommended therapy is tailored to each individual patient,
depending on Stage, size of tumour and the risk of recurrence. The NICE guidelines advise
surgical removal of the tumour for Stage 0-I cases, with the possibility of subsequent
chemotherapy decided on an individual basis. Adjuvant chemotherapy following surgery is
advised for patients with high-risk Stage II and Stage III CRC. The recommended adjuvant
chemotherapy consists of a 5-fluorouracil (5-FU)-based regimen, combined with oxaliplatin
and folinic acid (also known as Leucovorin) (FOLFOX), or capecitabine (a pro-drug of 5-FU) as
a monotherapy. For advanced metastatic CRC (Stage IV), either FOLFOX, FOLFOX plus
irinotecan (FOLFOXIRI), irinotecan plus 5-FU and folinic acid (FOLFIRI) or capecitabine in
combination with oxaliplatin (XELOX) may be considered (National Institute for Health and
Care Excellence, 2014) (Table 1.4).

Tumour stage
Stage 0/I
Stage II
High-risk Stage II
Stage III
Stage IV

Treatment
Surgery
Surgery
Surgery + adjuvant chemotherapy (FOLFOX or capecitabine)
Surgery + adjuvant chemotherapy (FOLFOX/XELOX)
Resection of metastatic tumour(s)
Systemic chemotherapy (FOLFOX, FOLFIRI, XELOX or a combination)
Targeted therapies (VEGF-A inhibitors [bevacizumab], EGFR
inhibitors [cetuximab]).
Table 1.4. Treatment options for colorectal cancer characterised by stage. Adapted from
NICE guidelines on CRC treatment, 2014.
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Fluoropyrmidines have been around since the 1950s, and 5-FU remains the standard-of-care
treatment option for CRC. 5-FU is an analogue of the base uracil, and once it has entered the
cell via nucleotide transporters, it is converted to three active metabolites:
fluorodeoxyuridine monophosphate (FdUMP), fluorouridine triphosphate (FUTP) and
fluorodeoxyuridine triphosphate (FdUTP). FdUMP inhibits the nucleotide synthetic enzyme
thymidylate synthase (TS), while FdUTP is directly incorporated into DNA, resulting in DNA
damage. FUTP is incorporated into RNA species, altering their structures and functions with
cytotoxic effects. As a monotherapy, 5-FU response rates are only of 10-15% in the metastatic
disease setting. 5-FU treatment is supplemented with folinic acid to increase the efficacy of
TS inhibition, and together the combination is well-tolerated and can be combined with other
types of chemotherapies, such as irinotecan or oxaliplatin, to improve response rates up to
40-50% in the advanced disease setting (Longley, Harkin and Johnston, 2003). Irinotecan
inhibits the enzyme topoisomerase I, which results in the generation of lethal DNA doublestrand breaks (Douillard et al., 2000). Whereas, Oxaliplatin is a platinum-based
chemotherapy which induces DNA damage by forming platinum adducts within the DNA
strand in a similar way to cisplatin (Giacchetti et al., 2000). Another drug that can be used in
combination with oxaliplatin, is capecitabine (XELOX). Capecitabine is a prodrug of 5-FU,
which is administered orally and is transformed into an active metabolite of 5-FU by the
enzyme thymidine phosphorylase, which is typically highly expressed in colorectal tumours
(Rödel et al., 2003; Walko and Lindley, 2005).

For advanced metastatic cancers, further treatment strategies include the use of molecular
targeted therapies. Currently, there are very few biological agents approved for the
treatment of metastatic CRC. The most common biological agents are inhibitors of vascular
endothelial growth factor (VEGF) and epidermal growth factor receptor (EGFR), such as
bevacizumab or cetuximab, respectively. These anti-VEGF or anti-EGFR agents are prescribed
based on the mutational status of the CRC tumour, and are usually administered alongside
first-line chemotherapy (Sinicrope et al., 2016; Dekker, P. J. Tanis, et al., 2019). NICE
guidelines recommend the use of cetuximab or panitumumab (another EGFR inhibitor)
alongside FOLFOX/ FOLFIRI for patients with previously untreated KRAS wild-type metastatic
CRC disease (National Institute for Health and Care Excellence, 2017). More recently, the
combination of cetuximab and encorafenib has been approved by NICE for previously treated
metastatic CRC disease with a BRAF V600E mutation, which occurs in approximately 10% of
cases (Morris and Bekaii-Saab, 2020; National Institute for Health and Care Excellence, 2021).
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Encorafenib is a small molecule BRAF inhibitor which disrupts the mitogen-activated protein
kinase (MAPK) signalling pathway and prevents the growth of BRAF V600E mutation-positive
cells. Encorafenib was previously approved for the use in treatment of unresectable or
metastatic BRAF V600E mutant melanoma (National Institute for Health and Care Excellence,
2019) and the decision to approve the use of this drug for CRC treatment was primarily based
upon data from the BEACON CRC clinical trial (NCT02928224) which showed the therapy was
effective and well tolerated; demonstrating a significant improvement in the median overall
survival of metastatic CRC patients treated with a combination of encorafenib and cetuximab
of 8.4 months compared to the control group of 5.4 months (Kopetz et al., 2019). The use of
targeted therapies is an ever-advancing field, worldwide there are currently 95 studies
ongoing involving cetuximab with various other agents, 8 of which are currently on-going in
the United Kingdom as outlined below in Table 1.5. However, despite continuing advances
in treatment options, drug resistance and recurrence remain significant problems for CRC
patients. Therefore, more research is needed to identify the molecular pathways
contributing to drug resistance in CRC, with the aim of developing novel targeted treatments.
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9

Conditions

BRAF V600Emutant Metastatic
Colorectal Cancer
BRAF V600Emutant Metastatic
Colorectal Cancer

Colorectal Cancer

Colorectal Cancer

Study Title

Encorafenib, Binimetinib and Cetuximab in Subjects With
Previously Untreated BRAF-mutant Colorectal Cancer
(ANCHOR-CRC)

Study of Encorafenib + Cetuximab Plus or Minus
Binimetinib vs. Irinotecan/Cetuximab or Infusional 5Fluorouracil (5-FU)/Folinic Acid (FA)/Irinotecan
(FOLFIRI)/Cetuximab With a Safety Lead-in of
Encorafenib + Binimetinib + Cetuximab in Patients With
BRAF V600E-mutant Metastatic Colorectal Cancer

A Study of Biomarker-Driven Therapy in Metastatic
Colorectal Cancer (mCRC)

Fluorouracil and Oxaliplatin With or Without
Panitumumab In Treating Patients With High-Risk Colon
Cancer That Can Be Removed by Surgery

Status

Active, not
recruiting

Active, not
recruiting

Active, not
recruiting

Active, not
recruiting

Panitumumab
Capecitabine
Fluorouracil
Oxaliplatin

Cetuximab
FOLFOX induction regimen
Fluoropyrimidine (5FU/Folinic acid or
capecitabine)
Atezolizumab
Vemurafenib
Bevacizumab
Trastuzumab
Pertuzumab
Cobimetinib
5-FU/ Folinic acid

Encorafenib
Binimetinib
Cetuximab
Irinotecan
Folinic acid
5-Fluorouracil

Encorafenib
Binimetinib
Cetuximab

Interventions

Phase
2/
Phase 3

Phase 2

Phase 3

Phase 2

Phase

1053

706

702

95

Number
enrolled/
estimated

Table 1.5: Ongoing clinical trials in the UK including EGFR inhibitors. Data taken from: www.clinicaltrials.gov. Accessed: 01/03/2021

NCT00647530

NCT02291289

NCT02928224

NCT03693170

NCT number
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Non-Small Cell
Lung Cancer
Colorectal
Cancer
Colorectal
Advanced
Cancer
Solid Tumors

Metastatic
Colorectal
Cancer

Colorectal
Neoplasms

A Study to Evaluate the Safety, Pharmacokinetics, and Activity
of GDC-6036 Alone or in Combination in Participants With
Advanced or Metastatic Solid Tumors With a KRAS G12C
Mutation
A Safety Study of NUC-3373 in Combination With Standard
Agents Used in Colorectal Cancer Treatment

A Study of Nivolumab, Nivolumab Plus Ipilimumab, or
Investigator's Choice Chemotherapy for the Treatment of
Participants With Deficient Mismatch Repair
(dMMR)/Microsatellite Instability High (MSI-H) Metastatic
Colorectal Cancer (mCRC)

Study of Tepotinib Combined With Cetuximab in Participants
Left-Sided Metastatic Colorectal Cancer (mCRC) Acquired
Resistance Due to Mesenchymal Epithelial Transition (MET)
Amplification

Recruiting

Recruiting

Not yet
recruiting

Recruiting

Conditions

Study Title

Status

Tepotinib
Cetuximab

Ipilimumab
Oxaliplatin
Leucovorin
Fluorouracil
Irinotecan
Bevacizumab
Cetuximab
Nivolumab

GDC-6036
Atezolizumab
Cetuximab
Bevacizumab Erlotinib
NUC-3373
NUC-3373 + leucovorin
NUC-3373 + oxaliplatin
NUC-3373 + oxaliplatin +
VEGF pathway inhibitor
NUC-3373 + oxaliplatin +
EGFR inhibitor
NUC-3373 + irinotecan
NUC-3373 + irinotecan +
VEGF pathway inhibitor
NUC-3373 + irinotecan +
EGFR inhibitor

Interventions

Phase 2

48

748

118

Phase 1

Phase 3

236

Number
enrolled/
estimated

Phase 1

Phase

NCT04515394

NCT04008030

NCT03428958

NCT04449874

NCT Number

1.1.4 Molecular classification of colorectal cancer
Whilst it is important for clinicians to use a system of staging to enable an informed decision
about CRC treatment, scientists have developed a molecular classification system in order to
subtype CRC tumours with differing molecular profiles. Molecular subtyping of CRC tumours
may aid the understanding of the disease and create more personalised treatment strategies.
The first classification system to be widely acknowledged was the consensus molecular
subtype (CMS) system; which was developed through an international consortium of six
research groups which combined multiple different classification systems to create one
unified (“consensus”) system (Guinney et al., 2015). This classification approach utilised
transcriptomic techniques to classify tumours into one of four molecular groups (Table 1.6).

The CMS1 group accounts for approximately 14% of early-stage tumours and includes
tumours which harbour microsatellite instability (MSI). MSI occurs due to dysfunctional DNA
mismatch repair, resulting in short lengths of repeated nucleotides which are present
throughout the genome. Another key aspect of this group is that the tumours exhibit
hypermutation and hypermethylation of key genes involved in tumour development.
Common mutations within this group include: BRAF, PTEN, ATM, MSH6, RNF43 and TGFBR2
(Guinney et al., 2015). CMS2-4 consist of tumours with chromosomal instability (CIN). CIN is,
a phenome where part of or whole genomes are either duplicated or deleted. The CMS2
group accounts for approximately 37% of early stage tumours and is noted for its activation
of the Wnt signalling pathway and the upregulation of MYC, an oncogenic transcription factor
which leads to an increase in cell proliferation. Mutations within this CMS group are
commonly associated with the following genes: APC, KRAS, TP53, SMAD4 and PIK3CA. The
CMS3 group is associated with metabolic dysfunctions in epithelial cells and mutations in
KRAS. This group accounts for approximately 13% of all CRC tumours (Dienstmann et al.,
2017). The final group, CMS4, accounts for up to 23% of CRC tumours and is known as the
mesenchymal subtype due to the prevalence of epithelial-mesenchymal transition (EMT)
within this tumour subtype. EMT is a key step in the development of metastasis and is the
process by which epithelial cells lose their cell-cell adhesion properties and become
mesenchymal-like cells, breaking away from the epithelium, migrating and invading other
areas of the body. Transforming growth factor-β (TGFβ), a master regulator of proliferation,
differentiation and apoptosis, is also activated within tumours belonging to the CMS4 group.
Patients in the CMS4 group have the worst prognosis and overall survival rates (Müller,
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Ibrahim and Arends, 2016). There can be crossover between the CMS groups, for example,
tumours categorised as CMS3 may have MSI and/or be hypermutated. While, in most cases
there is a clear dominant feature, such as metabolic dysregulation, about 13% of tumours
have mixed features and cannot be placed into a single group. It was later determined that
this method of classification is affected by the region of the tumour sampled (Dunne et al.,
2016).

CMS1 Immune

CMS2 Canonical

CMS3 Metabolic

CMS4
Mesenchymal

14%

37%

13%

23%

MSI, CIMP high,
hypermutation

SCNA high

Mixed MSI status,
SCNA low, CIMP low

SCNA high

BRAF MT

-

KRAS MT

-

Immune infiltrate

WNT and MYC
activation

Metabolic
deregulation

Stromal infiltrate,
TGF-β activation,
angiogenesis

Poor relapse-free
survival

Poor relapse-free
and overall survival

Table 1.6. The consensus molecular subtypes of CRC. Adapted from Guinney et al., 2015.

Currently, the CMS system is the most widely accepted CRC classification system yet multiple
research groups are striving to improve its parameters for use in the clinical setting. This
includes retrospective studies comparing patient prognosis to predicted outcomes based on
the CMS group, and considering limiting factors which may skew sample classification, such
as the effect of the microbiome or the region of tumour analysed (Dunne et al., 2016;
Alderdice et al., 2018; Menter et al., 2019). In an attempt to overcome these limitations and
provide better predictive and prognostic clinical performance, a second classifier, the CRC
intrinsic subtype (CRIS), was developed by selectively exploring the epithelial cancer cell
intrinsic transcriptional features. This was achieved using patient-derived xenograft (PDX)
mouse models, where the stromal components of the human tumour were replaced by the
murine counterparts. This enabled specific targeting of the cancer-cell transcriptome by
utilising human-specific arrays (Isella et al., 2017). From this study five tumour subtypes were
identified. CRIS-A contains MSI-like, KRAS mutant or BRAF mutant samples with mucinous
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histology, glycolytic metabolism and pro-inflammatory. The CRIS-B subtype contains tumours
with elevated EMT and TGFβ signalling and is associated with poor prognosis. CRIS-C, -D and
-E all presented chromosomal instability (CIN) and were separated based on their mutational
status and signalling amplification: CRIS-C encompasses the KRAS wild-type tumours with
increased c-Myc expression and ERBB/EGFR signalling activity, which could indicate this
subtype may be sensitive to EGFR inhibitors. CRIS-D includes IGF2 amplification and increased
Wnt activation. Finally, the CRIS-E subtype is also associated with an increase in Wnt pathway
activity, TP53 mutations and a Paneth cell-like phenotype (Isella et al., 2017; Buikhuisen,
Torang and Medema, 2020). Whilst there is some overlap between the two classification
systems, none of the subtypes directly corelate between the systems. CMS1 is split between
CRIS-A and CRIS-B; CMS-2 was spread out among the CRIS groups presenting with CIN
(namely CRIS-C,-D and -E); CMS-3 primary correlated with CRIS-A; whilst CMS4 was
distributed across all the CRIS groups (Isella et al., 2017).
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1.2 Apoptosis
Controlled cell death is necessary in multicellular organisms to maintain tissue homeostasis
and to prevent diseases such as cancer or Alzheimer’s disease. Whilst there are many cell
death pathways, the three main modes of cell death are apoptosis, autophagy and necrosis.
Each mode of cell death can be classified based on the mechanisms and morphology used
during cell destruction and the method of cell component disposal (D’Arcy, 2019). This study
focuses on apoptosis, evasion of which has been identified as a hallmark of cancer (Hanahan
and Weinberg, 2000) and frequently contributes to drug resistance (Holohan et al., 2013).

The term apoptosis was first coined in 1972 by Kerr et al to define a form of programmed cell
death morphologically categorised by chromatin condensation (pyknosis), cell shrinkage and
membrane blebbing (Kerr J. F. R., Wyllie A. H., 1972). The process of apoptosis terminates
with the cell splitting into small fragments bound by plasma membranes, known as apoptotic
bodies, which contain the cellular components. These fragments are then engulfed through
phagocytosis by macrophages, in which they are digested and thereby cleared, avoiding an
inflammatory response. Apoptosis is a highly controlled process and takes place via two
distinct, although not mutually exclusive pathways, intrinsic apoptosis and extrinsic
apoptosis. The two pathways share a common feature in that they rely on activation of
caspases, a family of cysteine proteases that specifically cleave proteins after an aspartate
residue. The caspases important in apoptosis can be further divided into initiator caspases
(caspase-2, -8, -9 and -10) and effector caspases (caspase-3, -6 and -7) (Li and Yuan, 2008).
Caspases are present in cells as inactive zymogens known as procaspases; the activation and
function of the caspases involved in apoptosis will be reviewed in the following sections.

1.2.1 Intrinsic Apoptosis
The intrinsic, or mitochondrial apoptosis pathway is stimulated by intracellular stimuli such
as removal of growth factors or DNA damage resulting from genotoxic stress. These signals
are monitored by the BCL-2 family proteins which tightly regulate the intrinsic apoptotic
pathway. The BCL-2 family consists of both pro- and anti-apoptotic members, and the
balance between these proteins determines the fate of the cell with regards to cell death or
survival. BCL-2 proteins have at least one of four BCL-2 homology (BH) domains (BH1-BH4).
The main pro-apoptotic activator proteins include: BCL-2-interacting mediator of cell death
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(BIM), cleaved BH3-interacting domain death agonist (tBID) and p53-upregulated modulator
of apoptosis (PUMA). BIM, tBID and PUMA only contain a BH3-domain and activate apoptosis
by binding and subsequently activating either BCL-2-associated X protein (BAX) or BCL-2
antagonist/killer (BAK) (Youle and Strasser, 2008; Ren et al., 2010). When activated, BAX and
BAK undergo a conformational change, resulting in oligomerisation at the mitochondrial
membrane and initiation of pore formation. Pore formation results in mitochondrial outer
membrane permeabilization (MOMP) and the subsequent release of proteins from the
mitochondrial intermembrane space, including cytochrome c, second mitochondria-derived
activator of caspases (SMAC) and serine protease OMI/HtrA2. Upon its release, cytochrome
c binds to apoptotic protease activating factor 1 (APAF1) and adenosine triphosphate (ATP)
in the cytosol to form the apoptosome, through which procaspase-9 is recruited and is
activated (Duprez et al., 2009). Activated caspase-9 then cleaves and activates caspase-3, -6
and -7 which subsequently execute apoptosis (Figure 1.1). SMAC, also known as DIABLO
(direct inhibitor of apoptosis-binding protein with low isoelectric point), is a pro-apoptotic
protein which inhibits the inhibitor of apoptosis proteins (IAPs). X-linked inhibitor of
apoptosis protein (XIAP) binds to and inhibits partially processed caspase-9, -3 and -7,
preventing apoptosis. However, SMAC is able to bind to XIAP and inhibit its suppression of
caspase activation; this is discussed in greater detail in Section 1.3.2 (Hotchkiss et al., 2009;
Singh, Letai and Sarosiek, 2019).

Anti-apoptotic BCL-2 proteins, including BCL-2, B cell lymphoma extra-large (BCL-XL) and
myeloid cell leukaemia 1 (MCL1) prevent apoptosis by sequestering pro-apoptotic BCL-2
proteins (Willis et al., 2005), including the main activator proteins (BIM, tBID and PUMA) and
sensitizer proteins. Sensitizer proteins only contain a single BH3 domain and include: BCL-2associated agonist of cell death (BAD), BCL-2-modifying factor (BMF), BCL-2-interacting killer
(BIK), activator of apoptosis harakiri (Hrk) and Noxa. These proteins are considered as
‘sensitizers’ as they are unable to directly activate BAX and BAK but promote apoptosis by
inhibiting the anti-apoptotic BCL-2 proteins; BAX and/or BAK can only be activated if these
anti-apoptotic proteins are absent or saturated (Kuwana et al., 2005). This delicate balance
of the BCL-2 family proteins regulates apoptosis and has been considered a target in recent
years for novel BH3 mimetics (Wu, Jeffrey Medeiros and Young, 2017).
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Figure 1.1 Schematic representation of Intrinsic apoptosis
Activated BAX and BAK translocate to the mitochondrial membrane and instigate
mitochondrial outer membrane permeabilization (MOMP). Pore formation by BAX and BAK
results in the release of proteins from the mitochondrial intermembrane space, including
cytochrome c and second mitochondria-derived activator of caspases (SMAC). Cytochrome C
interacts with apoptotic protease activating factor 1 (APAF1) and adenosine triphosphate
(ATP) in the cytosol to form the apoptosome which recruits and activates procaspase-9.
Caspase-9 then activates caspase-3/-7 to promote apoptosis, when the negative regulator
XIAP is inhibited by SMAC.
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1.2.2 Extrinsic Apoptosis
The extrinsic pathway is stimulated by external extracellular signals, predominantly by the
binding of death ligands such as TRAIL and TNFα to their respective membrane-bound death
receptors. These receptors are part of the tumour necrosis factor (TNF) superfamily and
regulate multiple functions from pro-survival to apoptotic signalling and inflammation. This
study will focus on receptors involved in regulating apoptosis, specifically TNFR1, DR4/5
(TRAILR1 and TRAILR2) and CD95/Fas and their respective death ligands, TNFα, TNF-related
apoptosis-inducing ligand (TRAIL) and CD95L/FasL. Each of these receptors have death
domains (DD) which upon binding of their respective ligands, recruit and bind adaptor
proteins such as Fas-associated death domain (FADD) or TNFR1-associated death domain
(TRADD) through homotypic DD:DD interactions. After which, the type of signalling and the
conditions within the cell determines the signalling outcome (Plati, Bucur and Khosravi-Far,
2011).

In the case of TRAIL or Fas signalling, after the ligand has bound to its receptor, DR4/DR5 or
CD95 respectively, FADD is recruited through homotypic DD interactions. The engagement
of FADD’s DD, frees up its other domain called the death effector domain (DED), allowing it
to interact with procaspase-8, procaspase-10 or the pseudo-caspase FLIP. All of these genetic
paralogs have tandem DEDs, with which they interact with the DED of FADD and one another,
leading to formation of homo- and heterodimers. This complex is known as the death
inducing signalling complex (DISC). Furthermore, in order for FADD to be recruited and
stabilised at the DISC, it requires the interaction with another DED-containing protein at its
own DED sites, preferentially procaspase-8, which serves as a protein scaffold (Horn et al.,
2017; Humphreys et al., 2020).

When procaspase-8 molecules form a homodimer at the DISC, it is subsequently activated.
The first step of this activation results in the formation of two p43/41 intermediate
fragments, which are formed following cleavage of the p12 subunit from each caspase
molecule, which is subsequently processed to produce a p10 subunit. The two p43/41
fragments then cleave each other to release two p18 subunits to produce the final, active
hetero-tetramer consisting of the two p10 and two p18 subunits (Figure 1.2) (Chang et al.,
2003; Kallenberger et al., 2014). Active caspase-8 in turn activates caspase-3 and caspase-7,
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the executioners of apoptosis. These effector caspases exist as inactive proenzymes prior to
being cleaved by caspase-8. The active caspase-8 heterotetramer cleaves each proenzyme
into small and large subunits; these subunits then dimerise to form active heterotetramers
(Riley et al., 2015). However, apoptosis induced by this pathway is susceptible to inhibition
by the Fas-associated death domain (FADD)-like IL-1β-converting enzyme-inhibitory protein
(FLIP) which binds to the DED of FADD disrupting the homodimerization and activation of the
initiator caspase-8 (Wilson et al., 2007). FLIP will be discussed in greater detail in Section 1.4.

The intrinsic and extrinsic apoptosis pathways are not mutually exclusive, and crosstalk can
occur between the two pathways. In Type-I cells, activation of caspase-8 is sufficient to
activate apoptosis through activation of caspase-3/-7. However, Type-2 cells require both
caspase-8 activation and activation of the intrinsic pathway through cleavage of BID (Rudner
et al., 2005).
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Figure 1.2 Schematic representation of caspase-8 formation.
As the process of homodimerization of caspase-8 begins after recruitment and binding to
FADD, the p12 subunit is cleaved from the procaspase-8 molecules and subsequently
processed into p10 resulting in the formation of the intermediate p43/41 fragments. The
p43/p41 fragments undergo further cleavage of the p18 subunit which form the active
caspase-8 heterotetramer consisting of the two p10 and p18 subunits.
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1.2.3 TNFα signalling pathway
The TNFα signalling pathway is capable of both pro-survival/pro-inflammatory and proapoptotic signalling depending on the regulatory proteins present within the cell. The
different signalling outcomes resulting from TNFα binding to the TNFR1 receptor are
dependent on the components of the complexes formed after its activation as discussed
below (Micheau and Tschopp, 2003). These complexes are summarised in Figure 1.3 and
Figure 1.4.

1.2.3.1 Complex I
Complex I promotes pro-survival signalling through the NFκB and MAPK signalling pathways.
Upon TNFα binding to tumour necrosis factor receptor 1 (TNFR1), TNFR1-associated death
domain protein (TRADD) is recruited to the death domain of TNFR1. This complex
sequentially recruits receptor-interacting serine/threonine-protein kinase 1 (RIPK1), TNFRassociated factor 2 (TRAF2) or TRAF5 and cellular inhibitor of apoptosis 1 (CIAP1) or CIAP2 to
form Complex I. TNFα is also capable of binding to a second receptor, TNFR2, however this
receptor does not contain a functional death domain and cannot recruit TRADD, although
TNFR2 can bind directly to TRAF1/2 and subsequently CIAP1/2 (Brenner, Blaser and Mak,
2015). The binding of CIAP1/2 to TRAF2 initiates their E3 ligase activity to ubiquitinate RIPK1,
adding ubiquitin chains linked at specific lysine residues (Lys63-, Lys11- and Lys48- ubiquitin
chains) to RIPK1. Each of these chains can facilitate different signalling events; Lys63-linked
polyubiquitin chains have been shown to act as a protein scaffold to activate kinases.
Conversely, Lys48-linked polyubiquitin chains have been associated with ubiquitin tagging for
proteasomal degradation, whereas Lys11-linked polyubiquitin chains have the ability to both
initiate activation of kinases and degradation. It has been demonstrated that a combination
of these polyubiquitin chains are required to recruit LUBAC (linear ubiquitin chain assembly
complex) which then stabilises the complex through an additional M1-linked
polyubiquitination chain to RIPK1 (Komander and Rape, 2012). This in turn initiates
recruitment of the TAB/TAK complex and the IκB kinase (IKK) complex. The TAB/TAK complex
consists of TAK1 (TGFβ-activated kinase 1), TAB2 (TGFβ-activated kinase 1 and MAP3K7binding protein 2) and TAB3, and activates JNK (JUN N-terminal kinase) and p38 (Kalliolias
and Ivashkiv, 2016) MAPK signalling. The IKK complex, includes IKKα, IKKβ and NEMO (NFκB
essential modulator) and is activated by TAK1. Once activated, the IKK complex activates the
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canonical NFκB signalling pathway by phosphorylating IκBα which is then ubiquitinated and
undergoes degradation. IκBα is an inhibitor of NFκB which binds primarily to the canonical
NFκB p65:p50 heterodimer, preventing its translocation to the nucleus. Phosphorylation and
subsequent degradation of IκBα releases the p65:p50 heterodimer, resulting in activation of
NFκB driven pro-survival and pro-inflammatory signalling through the transcription of antiapoptotic proteins such as CIAP1/2 and FLIP and cytokines such as IL-8 and TNFα (Hayden
and Ghosh, 2014).

1.2.3.2 Complex IIa
Complex IIa is a TRADD-dependent cell death platform which forms when Complex I becomes
unstable and RIPK1 dissociates from the initial complex. Dissociation of RIPK1 occurs
following deubiquitination by cylindromatosis (CYLD). The unbound RIPK1 then binds to
TRADD within the cytosol and recruits FADD (FAS-associated death domain). Procaspase-8 is
recruited to the complex, binding to FADD and facilitating its homodimerization, leading to
its activation and subsequent initiation of apoptosis in a manner similar to that described
previously for the DISC (Figure 1.3). However, this process can be inhibited by the protein
FLIP, which is upregulated by pro-survival NFκB signalling from complex I, and therefore is
often upregulated following TNFR1 activation. FLIP binds to FADD and procaspase-8,
disrupting procaspase-8 homodimerization and subsequent activation of caspase-8,
inhibiting apoptotic signalling from Complex IIa. Furthermore, when FLIP(L) binds to this
complex, the FLIP(L)/procaspase-8 heterodimer cleaves RIPK1 and RIPK3, preventing
necroptosis from occurring, although this heterodimer has limited catalytic activity and
cannot propagate an apoptotic signal (Berghe et al., 2014).

1.2.3.3 The Necrosome
Necroptosis is another cell death pathway that can be activated by TNFR1 signalling and
occurs after chemical or viral inhibition of caspase-8. Necroptosis is dependent on the
presence of RIPK1, RIPK3 and MLKL (mixed-lineage kinase domain-like) (Zhang et al., 2009).
If not cleaved by FLIP(L)/procaspase-8 heterodimer or caspase-8 homodimers in Complex-IIa,
RIPK1 and RIPK3 interact and form the necrosome complex (Figure 1.3). This amyloid-like
structure then recruits MLKL which is phosphorylated by RIPK3 (Cho et al., 2009).
Phosphorylated MLKL forms oligomers which translocate to the plasma membrane, where
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they form pores that compromise membrane integrity, leading to cell death (Berghe et al.,
2014; Wang et al., 2014; Galluzzi et al., 2018).

1.2.3.4 Complex IIb/ The Ripoptosome
Complex IIb is formed upon activation of the TNFR1 receptor in the absence of CIAPs (Figure
1.4). This absence of CIAPs can be caused by the presence of the endogenous inhibitors of
IAPs, SMAC or OMI/HtrA2 or by IAP antagonist therapy (discussed in Section 1.3). This
complex is distinct from Complex IIa, as it is dependent on RIPK1 but not TRADD. Complex IIb
is formed after RIPK1 is recruited to TNFR1 Complex I in the absence of IAPs. Without the
recruitment of CIAP1/2, RIPK1 dissociates from Complex I in a process facilitated by CYLD
(Bertrand et al., 2008)(Mathieu J M Bertrand et al., 2008). Dissociated RIPK1 then acts as an
adaptor protein and recruits FADD (Petersen et al., 2007). Once FADD has bound to the death
domain of RIPK1, it recruits and activates procaspase-8/-10 via its DED regions, as in ComplexIIa and the DISC. FLIP is an inhibitor of procaspase-8 dimerization in this complex (Tenev et
al., 2011).

The Ripoptosome consists of the same components as Complex IIb and acts in a similar
manner but forms independently of death ligands. Instead, the Ripoptosome forms after
genotoxic stress-induced or IAP antagonist-meditated reduction of the levels of CIAP1, CIAP2
or XIAP (Tenev et al., 2011). Ripoptosome signalling can follow one of two pathways. Firstly,
it can induce caspase-8-dependent apoptosis, or, in cases where RIPK3 is expressed, it can
promote necroptosis. FLIP(L) is a negative regulator of cell death via the Ripoptosome, as
noted above; however, while FLIP(S) has been shown to inhibit apoptosis, it can promote
necroptosis. This is due to the ability of FLIP(S) to inhibit caspase-8 activity when it forms a
heterodimer with procaspase-8, as this heterodimer cannot cleave RIPK1 (Feoktistova, et al.,
2011).
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Figure 1.3 Schematic representation of TNFα signalling in the presence of CIAP1/2.
A) Upon binding of TNFα to its receptor TNFR1, TRADD, TRAF2, RIPK1 are recruited to for
Complex I. CIAP1/2 are then recruited to the complex and initiate the ubiquitination of RIPK1.
This ubiquitination facilitates the activation of the pro-survival canonical NFκB and MAPK
signalling pathways. Subsequent dissociation of RIPK1 leads to the formation of B) complex
IIa, when the unbound RIPK1 interacts with TRADD in the cytosol, then recruits FADD and
procaspase-8 initiating downstream apoptosis. Or C) upon viral or chemical inhibition of
caspase-8, necroptosis is induced following the auto- and trans-phosphorylation of RIPK1 and
RIPK3 and the recruitment of MLKL.
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Figure 1.4 Schematic representation of TNFα signalling with and without IAP antagonists.
A) Upon binding of TNFα to its receptor TNFR1, TRADD, TRAF2, RIPK1 are recruited to for
Complex I. CIAP1/2 are then recruited to the complex and initiate the ubiquitination of RIPK1.
This ubiquitination facilitates the activation of the pro-survival canonical nuclear factor-κB
(NFκB) and mitogen-activated protein kinase (MAPK) signalling pathways. B) With the
addition of an IAP antagonist, XIAP is inhibited and CIAP1/2 undergo proteasomal
degradation. RIPK1 is then free to dissociate from Complex I and form a secondary complex
consisting of FADD and two molecules of procaspase-8, in the absence of the negative
regulator protein FLIP. FADD facilitates the homodimerization of caspase-8 which then
activates procaspase-3/-7 and induces apoptosis.
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1.3 Inhibitor of Apoptosis Proteins
1.3.1 Inhibitor of apoptosis proteins and structure
The inhibitor of apoptosis gene (IAP) was first identified in baculovirus DNA in 1993 (Crook,
Clem and Miller, 1993). In total, there are eight mammalian IAPs, Neuronal IAP (NIAP/ BIRC1),
CIAP1 (BIRC2), CIAP2 (BIRC3), XIAP (BIRC4), Survivin (BIRC5), Ubiquitin-conjugating BIR
Domain Enzyme Apollon (BIRC6), Melanoma IAP (ML-IAP/ BIRC7) and IAP-like protein 2 (ILP2/
BIRC8) (Fulda and Vucic, 2012). This study focuses on three IAP proteins; CIAP1 (BIRC2), CIAP2
(BIRC3) and XIAP (BIRC4). These IAPs are involved in the intrinsic and extrinsic apoptotic
pathway and are particularly associated with TNFα signalling. IAPs are a family of antiapoptotic proteins which regulate cell survival and are characterised by the presence of at
least one BIR (baculoviral IAP repeat) domain (named after the original discovery). The BIR
domain consists of around 70 amino acids and IAPs can have up to three BIR domains (BIR1BIR3). CIAP1, CIAP2 and XIAP all have three BIR domains, which facilitate protein-protein
interactions (Deveraux and Reed, 1999; M Darding and Meier, 2012). These proteins also
have E3 ubiquitin ligase activity through their RING (Really Interesting New Gene) zinc-finger
domain at the C-terminal (Clancy-Thompson et al., 2018). CIAP1, CIAP2 and XIAP also have a
ubiquitin-associated (UBA) domain, which enables binding of polyubiquitin chains
(Blankenship et al., 2009). The final domain contained in CIAP1 and CIAP2 but not present in
XIAP is the caspase recruitment domain (CARD) as shown in Figure 1.5. Further research is
necessary to determine the exact role of the CARD domain; one study reported it is involved
in auto-inhibition of CIAP1, by inhibiting the E3 ligase activity through inhibition of the RING
domain (Lopez et al., 2011), however, further structural studies are required to determine its
exact mechanism.
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Figure 1.5: A schematic representation of the structural domains of CIAP1, CIAP2 and XIAP
Schematic representation of CIAP 1, CIAP2 and XIAP, showing the three highly conserved
baculoviral IAP repeat (BIR) domains, the ubiquitin-associated (UBA) domain, the RING
(Really Interesting New Gene) zinc-finger domain and the caspase recruitment domain
(CARD) which is not present in XIAP.
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1.3.2 Inhibitor of apoptosis protein function and regulation
An important function of CIAP1 and CIAP2 under normal conditions is to maintain tissue
homeostasis by regulating cell death through suppression of caspase-8-dependent death (J.
Zhang et al., 2019). CIAP1 and CIAP2 are functionally redundant and promote pro-survival
signalling through the TNFα/TNFR1 signalling pathway. This is initiated upon the recruitment
and binding of CIAP1/2 to TRAF2/TRADD; after subsequent recruitment of RIPK1 to this
complex, CIAP1/2 initiates its ubiquitination (Mathieu J.M. Bertrand et al., 2008). RIPK1
ubiquitination facilitates the activation of the pro-survival canonical nuclear factor-κB (NFκB)
and mitogen-activated protein kinase (MAPK) signalling pathways (Figure 1.4) (Mahoney et
al., 2008). Through this process, CIAP1/2 also prevents the formation of Complex IIb and the
necrosome, consequently inhibiting apoptosis and necroptosis respectively (Fulda and Vucic,
2012). XIAP is able to bind to and inhibit caspase-3, -7 and partially processed caspase-9 via
its BIR2 and BIR3 domains (Obexer and Ausserlechner, 2014). CIAP1 and CIAP2 can also bind
to caspase-7 and partially processed caspase-3, however they are not able to inhibit the
caspases directly, instead they mark the proteins for proteasomal degradation through
ubiquitination (Choi et al., 2009).

IAPs are regulated by the inhibitory proteins OMI/HtrA2 and second mitochondrial activator
caspase/direct inhibitor of apoptosis-binding with low isoelectric point (SMAC/DIABLO,
hence referred to as SMAC) (Vande Walle, Lamkanfi and Vandenabeele, 2008). OMI/HtrA2
and SMAC are released from the mitochondria following MOMP, a process previously
discussed. OMI/HtrA2 is a mitochondrial serine protease and although the exact molecular
mechanism has not been determined, OMI/HtrA2 is able to cleave IAPs, initiating their
release of bound caspases (Vande Walle, Lamkanfi and Vandenabeele, 2008). Following its
release from the mitochondria, SMAC is known to bind to BIR domains of IAPs, with a higher
affinity for the BIR3 domain than the BIR2 domain, through interaction with its N-terminal
amino acid residues AVPI (alanine-valine-proline-isoleucine). When bound to XIAP, SMAC
acts in a pro-apoptotic manner by directly preventing XIAP from binding to and inhibiting
caspase-9 and caspase-3/7 activity, respectively (Rathore et al., 2017). Upon binding to
CIAP1 and CIAP2, SMAC promotes a conformational change and RING domain dimerization,
resulting in autoubiquitination and proteasomal degradation of these IAPs through their E3
ligase activity (Figure 1.4) (Varfolomeev et al., 2007).
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1.3.3 IAP overexpression
IAPs are frequently overexpressed in many types of cancer including breast, prostate and
CRC. Overexpression of IAPs has been associated with poor prognosis, aggressive disease and
drug resistance (Dubrez, Berthelet and Glorian, 2013). Several factors can contribute to
overexpression of IAPs, such as chromosomal amplification and pro-inflammatory signalling
from the tumour microenvironment. For example, when activated, the pro-inflammatory
NFκB pathway provides a positive feedback loop, further increasing expression levels of TNFα
and IAPs to increase pro-survival/pro-inflammatory signalling and evasion of apoptosis
(Hoesel and Schmid, 2013). Another factor that contributes to increased IAP levels is the
downregulation of endogenous IAP antagonists such as SMAC, which has been shown to be
detrimental to patient overall survival and significantly increased incidence of metastasis
(Endo, Kohnoe and Watanabe, 2009).

Consequently, it has been reasoned that CIAP1, CIAP2 and XIAP could be useful as prognostic
markers in CRC. Several studies investigating the expression of these IAPs by
immunohistochemistry on banked patient specimens, correlated increased IAP expression
with poor prognosis in CRC patients (Krajewska et al., 2005; Guoan et al., 2009; Miura et al.,
2011). Furthermore, XIAP was found to be an independent prognosis factor for CRC patients
using multivariate Cox proportional hazards model (Guoan et al., 2009). Unfortunately, these
IAPs cannot be used as predictive biomarkers in the clinical setting, to identify patients who
would respond to IAP antagonistic therapy, as pre-clinical studies have shown that
upregulation of IAPs alone, is not enough to indicate sensitivity (Zinngrebe et al., 2019).
Currently there are no known predictive biomarkers available for IAP antagonists and it is
becoming evident that an alternative approach, such as a systems biology approach may be
required (Crawford et al., 2018).

1.3.4 IAPs and drug resistance
Despite advances in targeted therapies and treatment protocols, drug resistance remains a
significant problem in the clinic. Drug resistance can be categorised into two groups: intrinsic
or acquired resistance. Intrinsic resistance is present in treatment-naïve tumour cells and
may be due to a mutation or may be aided by the tumour microenvironment. Acquired
resistance develops in response to the therapeutic, often caused by a mutation that occurs
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during treatment, through cell plasticity or through activation of a compensatory pathway. A
common source of acquired resistance occurs due to tumour heterogeneity, when a subpopulation of resistant tumour cells survive initial treatment and subsequently proliferate,
causing relapse (Holohan et al., 2013).

Overexpression of IAPs has been associated with chemoresistance in multiple cancer types
and towards multiple treatments, including 5-FU, paclitaxel and doxorubicin. The link
between chemoresistance and overexpression of IAPs, particularly CIAP2 and XIAP, has been
widely reported in literature and confirmed, in vitro, using both knockout and overexpressing
cell line models and has been attributed to the ability of IAPs to promote evasion of apoptosis
(Lopes et al., 2007; Karasawa et al., 2009).

1.3.5 IAP antagonists
IAPs have become an attractive target for novel anti-cancer therapies due to their ability to
inhibit apoptosis and their frequent overexpression in many cancer types, including CRC,
giving rise to treatment-resistant cancers (Miura et al., 2011; Rathore et al., 2017). In recent
years, IAP antagonists (otherwise known as SMAC mimetics) have been developed. IAP
antagonists are a novel class of small molecule anti-cancer drugs that mimic endogenous
SMAC and promote pro-apoptotic signalling through loss of function of IAPs.

IAP antagonists are either monovalent (only capable of binding to one BIR domain) or
bivalent, capable of binding to two BIR domains simultaneously. Consequently, bivalent
compounds are often more effective and potent IAP antagonists, although bivalent
compounds tend to have decreased bioavailability compared with monovalent compounds
(Fulda and Vucic, 2012). Most IAP antagonists are modelled on the N-terminal AVPI binding
motif of SMAC (Hennessy et al., 2013).

However, as CIAP1 and CIAP2 are predominantly involved in the TNFα signalling pathway,
IAP antagonists targeting these proteins are usually reliant on the presence of TNFα for
activity. As discussed, in the presence of IAPs, TNFα promotes pro-survival signalling through
activation of the canonical NFκB signalling pathway and MAPK signalling (Aggarwal, 2003).
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IAP antagonists, mimic the function of SMAC and promote a conformational change in the
CIAPs, resulting in their autoubiquitination and proteasomal degradation. Consequently,
RIPK1 is not ubiquitinated and TNFα signalling induces cell death through the formation of a
complex containing FADD, procaspase-8 and RIPK1, termed Complex IIb, as previously
described (Micheau and Tschopp, 2003). However, as apoptosis is a tightly regulated
pathway, resistance to IAP antagonists can still occur after Complex IIb formation; this is
dependent on the expression levels of FLIP (Crawford et al., 2013), which binds to Complex
IIb through protein:protein interactions with FADD and procaspase-8 and prevents the
activation of caspase-8; these interactions will be discussed in greater detail in the next
section (Section 1.4). Colorectal cancer has been associated with a pro-inflammatory tumour
microenvironment, which can include relatively high levels of TNFα and inflammatory
cytokines, making it an ideal cancer to target with IAP antagonists (Obeed et al., 2014).

1.3.6 IAP antagonists in Clinical Trials
Currently, there are multiple IAP antagonist compounds under investigation in clinical trials,
the majority of these compounds are still in dose-escalating Phase I/II trials, most commonly
recruiting patients with advanced solid tumours or lymphomas. Some IAP antagonists are
being investigated as monotherapies, however, the vast majority of clinical trials are in
combination with a second therapeutic, such as a chemotherapy or radiation, to enhance the
efficacy of the IAP antagonist (Cong et al., 2019). This study focuses on two IAP antagonists,
ASTX660 and TL32711 (otherwise known as Birinapant).

ASTX660 was developed by Astex Pharmaceuticals (Cambridge, UK), using fragment-based
screening against the BIR3 domain of XIAP. This compound was then further optimised
chemically to enable targeting of CIAP1 and CIAP2 (Chessari et al., 2015). ASTX660 is an orally
bioavailable monovalent compound currently in Phase 1-2 clinical trials as a monotherapy
for use in advanced solid tumours and lymphoma patients (Ref: NCT02503423). The focus of
the trial is to establish the safety, maximum tolerated dose, efficacy and pharmacokinetic
properties of ASTX660. Early reports from the Phase 1 portion of the clinical trial determined
the maximum tolerated dose to be 210 mg/day and set the recommended phase II dose at
180 mg/day, with a delivery schedule of 7-day on/off cycle. Patients in this trial had a
maximum of two treatment cycles. The trial demonstrated that ASTX660 was well-tolerated
and the main adverse effects, such as fatigue (reported in 33% of patients) and vomiting
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(reported in 31% of patients), were manageable with prophylactic intervention. ASTX660 was
rapidly absorbed after administration and was able to decrease levels of CIAP1 (Mita et al.,
2020).

TL32711 was initially developed by TetraLogic Pharmaceuticals and has previously been
tested as a single agent and in combination with immunomodulatory agents. TL32711 is
currently recruiting for a Phase I trial targeting recurrent head and neck squamous cell
carcinoma as a combination therapy with radiation (Ref: NCT03803774), after failing to offer
significant clinical benefit as a single agent.
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1.4 FLIP
Fas-associated death domain (FADD)-like IL-1β-converting enzyme inhibitory protein (FLIP) is
a catalytically inactive paralog of procaspase-8 and procaspase-10, and predominantly acts
as an endogenous inhibitor of these caspases. The gene encoding FLIP (CFLAR) is found on
the 2q33.1 chromosome in the same region as procaspase-8 (CASP8) and procaspase-10
(CASP10). Overexpression of FLIP results in evasion of apoptosis, as FLIP binds to procaspase8 and -10, via FADD, preventing homodimerization and activation of these initiator caspases,
in turn preventing initiation of the apoptotic caspase cascade. FLIP has been identified as a
resistance mediator in TNFα and TRAIL-induced cell death pathways (Safa, 2012; Humphreys,
Espona-Fiedler and Longley, 2018).

1.4.1 FLIP structure and function
Humans express three different splice forms of FLIP, FLIP-long (L), FLIP-short (S) and FLIP-raji
(R). FLIP(L) has a molecular weight of 55kDa and has a C-terminal region similar to that of
caspase-8 and capsase-10, except that it lacks the active site critical catalytic cysteine residue
that confers enzymatic activity to caspase-8 and -10. The FLIP protein plays a well-established
regulatory role in multiple cell death pathways, particularly those associated with the TNF
receptor superfamily. FLIP interacts with the death-inducing signalling complex (DISC) which
forms through activation of the DR4/DR5 and CD95 death receptors and Complex IIa and IIb
which form downstream of the activated TNFR1 receptor as well as the ripoptosome as
described above (Feoktistova, et al., 2011; Tenev et al., 2011).

FLIP(L) binds to FADD and prevents procaspase-8 activation, which results in the production
of a cleaved N-terminal fragment p43-FLIP(L):procaspase-8 heterodimer. This p43FLIP:caspase-8 heterodimer has limited catalytic activity, as it remains bound to the DISC but
is able to cleave adjacent substrates such as RIPK1 and procaspase-8 (Boatright et al., 2004).
Although the heterodimer is unable to fully activate caspase-8, it can cleave procaspase-8
and consequently may enhance apoptosis (Yu, Jeffrey and Shi, 2009; Riley et al., 2015). This
cleavage of RIPK1 prevents formation of Complex II and the necrosome inhibiting apoptosis
and necroptosis (Oberst, Christopher P Dillon, et al., 2011). FLIP(S) and FLIP(R) are also able
to bind to FADD; however, these splice forms (26kDa and 24kDa respectively) lack the
caspase-like domain at the C-terminus and instead, prevent procaspase-8 activation by
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simple inhibition of caspase homodimerization (Yu, Jeffrey and Shi, 2009). All splice forms
have two adjacent Death Effector Domains (DEDs) which enable protein:protein interactions,
and it is these tandem DEDs that bind to the DED of FADD and the DEDs of procaspase-8
(Golks et al., 2005). The recruitment and processing of FLIP to the DISC is highly dependent
on procaspase-8 functioning as a scaffold, although some levels of FLIP may be recruited to
the DISC in absence of procaspase-8 (Hughes et al., 2016; Humphreys et al., 2020).

1.4.2 FLIP as a therapeutic target
FLIP is overexpressed in multiple cancer types including CRC, castrate-resistant prostate
cancer and non-small cell lung cancer (Wilson et al., 2007; McLaughlin et al., 2016; McCann
et al., 2018). Overexpression in CRC has been associated with poor prognosis and disease
progression, and has been associated with chemotherapy resistance, primarily through
evasion of apoptosis through the TNFα and TRAIL signalling pathways. As discussed, the
ability of FLIP to inhibit the initiator caspase, procaspase-8, prevents induction of apoptosis.
Accordingly, downregulation of FLIP through siRNA experiments have shown to sensitise
cancer cell lines to chemotherapy and recombinant TRAIL (Longley et al., 2006; Mclornan et
al., 2013). Conversely, overexpression of FLIP in vitro has been shown to induce resistance to
death receptor-mediated apoptosis (Rippo et al., 2004). Consequently, FLIP is a potential
therapeutic target for anti-cancer treatment (Ullenhag et al., 2007). Currently, there are no
commercially available direct inhibitors of FLIP, however multiple therapeutic compounds
such as cisplatin (a DNA damaging agent), Vorinostat (a Histone Deacetylase Inhibitor) and
SNS-032 (a CDK9 inhibitor) have been reported in the literature to indirectly target and
downregulate FLIP mRNA and protein expression via multiple mechanisms (Safa and Pollok,
2011; Lemke et al., 2014).

1.4.2.1 Downregulation of FLIP using histone deacetylase inhibitors
Previous studies have shown that histone deacetylase inhibitors (HDACi) can indirectly
downregulate FLIP at the mRNA and protein level and consequently sensitise cells to
treatment, such as chemotherapies or TRAIL/TNFα, that they were previously resistant to
(Rao-Bindal et al., 2013; Venza et al., 2014). Histone acetyltransferases (HATs) and histone
deacetylases (HDACs) are enzymes that regulate gene expression by either adding or
removing acetyl groups from histones to enable or repress transcriptional activation,
33

respectively. The addition of an acetyl group to histones by the action of HATs results in
unwinding of chromatin structure, allowing for transcription to occur. HDACs reverse this
action by removing the acetyl group (Ververis and Karagiannis, 2012). HDACs are not only
regulators of histone proteins, but can also regulate non-histone proteins and transcription
factors such as the tumour suppressor p53 and α-Tubulin (Walkinshaw and Yang, 2008). In
humans, 18 HDACs have been identified and these are characterised in four classes: Class I
(HDAC 1, 2, 3 and 8) and Class II (HDAC 4, 5, 6, 7, 9, and 10) HDACs are zinc-dependent with
regards to their enzymatic activity. Class III HDACs (Sirtuins (SIRT) 1-7) are NAD+-dependent
enzymes and Class IV, including only one HDAC protein (HDAC 11), is similar to Class I and II.
HDACs are sorted into classes based on their sequence homology to yeast (the species in
which HDACS were first discovered) and their target localisation (Xu, Parmigiani and Marks,
2007).
There are four types of HDAC inhibitors: aliphatic acids, benzamides, cyclic peptides and
hyrdoxamates. HDAC inhibitors may either target a particular class of HDACs or may be panHDAC inhibitors and are currently being explored for their potential as anti-cancer
therapeutics (Ververis and Karagiannis, 2012). It has been reported in previous studies that
particular HDAC inhibitors can downregulate FLIP, however the mechanism through which
this occurs varies depending on the specific HDAC inhibitor and cell line model. For example,
SAHA (suberoylanilide hydroxamic acid) otherwise known as Vorinostat, is a hydroxamate
pan-HDACi which has been shown to downregulate FLIP in a Ku70-dependent manner. Ku70
is a DNA damage repair protein which can bind to the DED2 domain of FLIP and mediate its
stabilisation. However, SAHA promotes acetylation of Ku70, resulting in disruption of the
FLIP:Ku70 interaction, leading to proteasomal degradation of FLIP. Furthermore, SAHA has
been shown to induce apoptosis in colorectal and mesothelioma cell lines, following a
reduction of FLIP, in a caspsase-8 dependent manner (Hurwitz et al., 2012; Kerr et al., 2012).
Entinostat (MS-275) is a Class I benzamide HDAC inhibitor has been shown to downregulate
FLIP through disruption of the FLIP:Ku70 interaction, but also at the mRNA level through
activation of c-Myc (Ricci et al., 2004; McLaughlin et al., 2016; Nebbioso et al., 2017).
However, although certain HDAC inhibitors can downregulate FLIP, they are not designed to
specifically target FLIP, and may therefore impact other protein expression levels.
Consequently, the development of a novel specific FLIP inhibitor would be clinically beneficial
and provide enhanced specificity and on-target effects.
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1.4.2.2 Small-molecule FLIP inhibitors
An inhibitor specifically designed to target and impede FLIP would be valuable in the clinical
setting to overcome FLIP-mediated resistance to induction of apoptosis upon treatment.
However, due to the structural similarities between FLIP and procaspase-8, it has proven
difficult to selectively inhibit FLIP without having off-target effects. Our laboratory has
successfully developed novel first-in-class FLIP inhibitors in collaboration with Domainex
(Cambridge, UK). The discovery of these compounds was based on molecular modelling of
the FLIP:FADD and procaspase-8:FADD interactions, which discovered that FLIP and
procaspase-8 had differential binding affinities for FADD. It was demonstrated that FLIP
preferentially binds to FADD at the α1/α4 surface, whereas procaspase-8 preferentially binds
to the α2/α5 surface of FADD (Majkut et al., 2014). Subsequently, a potential drug-binding
pocket on FLIP was identified after further molecular modelling was carried out on the
FLIP:FADD binding site. A virtual small molecule screen was carried out on this potential drugbinding pocket and compounds were subsequently identified with potential compound
structures with inhibitory activity against the FLIP:FADD protein:protein interaction, using a
cell-free screen (AlphaScreen). The FLIP inhibitors taken forward for validation have the
potential to prevent FLIP from binding to FADD, and subsequently, sensitising cells to
apoptosis in the presence of death ligands such as TRAIL or TNFα (Higgins et al., 2016).
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1.5 The microbiome and CRC
The aetiology of CRC is multifactorial, including environmental factors, such as a poor diet
high in fat, a person’s genetic predispositions and their gastrointestinal health status (Rhodes
and Campbell, 2002). The microbiome plays an important role in the management and
maintenance of gut health and develops in symbiosis with the host. One example are the
commensal bacteria that colonise the gastrointestinal tract, which provides a nutrient-rich
environment for the bacteria, and in return the bacteria aid the digestion of complex
carbohydrates and provide a level of protection against pathogenic bacteria. However, this
system exists in fine balance and can be easily disrupted by many endogenous and exogenous
factors, such as medical treatments (i.e. antibiotics and chemotherapies), diet, hormones,
host immune system dysregulation and pathogenic organisms. Disruption of gut microbiota
homeostasis is known as dysbiosis and renders the gastrointestinal tract vulnerable to
opportunistic pathogens, inflammatory diseases (such as Crohn’s disease) and carcinogenesis
(Zitvogel et al., 2015).

The gut microbiota develops over the first two years of an infant’s life, firstly from commensal
flora obtained from the mother, and then developing with exposure to their own
environment. Once fully established, the composition of the microbiota remains stable, with
small fluctuations in response to external environmental factors. However, in the later stages
of life, the composition of the microbiota changes and may no longer provide the same level
of protection, leaving the host vulnerable to infections, inflammation and other conditions
(Yamamoto and Matsumoto, 2016). Consequently, there is a correlation between age and
the incidence of bowel conditions, particularly bowel-related cancers.

The gut microbiota is separated into two categories dependent on location of colonisation.
Firstly, there is the luminal flora consisting of microorganisms colonising the lumen, and
secondly, the mucosa-associated flora, named due to the capability of the bacteria to
penetrate and survive in the mucus layer which protects the epithelial cells. Within this
second category, there is a group of bacteria named adherent invasive bacteria; this group
of pathogenic bacteria are able to bind to and invade the host epithelial layer (Gagnière et
al., 2016).
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The link between the microbiome and CRC is still under investigation; it is a complex area of
biomedical research due to the diversity of the microbiome, which is consists of bacteria,
fungi, viruses and protozoa; indeed, the microbiome itself is considered an organ. However,
two mechanisms have been hypothesised and there is strong evidence to support both. The
first proposed mechanism is that dysbiosis of the microbiome leads to a surge in proinflammatory responses, which in turn promotes tumourigenesis. The second mechanism is
based on bacterial drivers; where individual bacterial species within the microbiome directly
interact with the epithelial cells to promote DNA damage and tumourigenesis. The presence
of bacterial drivers also promotes the growth and recruitment of passenger bacteria that
have an associated growth or survival advantage within the tumour microenvironment
(Tjalsma et al., 2012; Gagnière et al., 2016).

There is also evidence that the microbiota plays an important part in the response to
chemotherapy and immunotherapy. Studies have found that bacteria-free mice or mice pretreated with antibiotics, do not respond as well to chemotherapy, such as oxaliplatin, or
immunotherapy, such as antibodies targeting CTLA-4 (a suppressor of T-cell activation), in
comparison to control mice with their microbiome intact. This effect has been linked to the
ability of the commensal bacteria to modulate the innate immune system after treatment
(Iida et al., 2013; Vétizou et al., 2015).

Of course, these mechanisms will vary depending on the pathogen. Many species of bacteria
have already been associated with invasion of the microbiome and subsequent CRC
development, including Streptococcus gallolyticus, Escherichia coli and Fusobacterium
nucleatum (Sears and Garrett, 2014; Viljoen et al., 2015). This study focuses on F. nucleatum,
as this bacterium has been associated with promoting the development and progression of
CRC.
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1.5.1 Fusobacterium nucleatum
In recent years, multiple methods of metagenomic analysis (including 16S rRNA,
transcriptome and whole genome sequencing) have identified an overabundance of F.
nucleatum in CRC tumours compared with that observed in matched adjacent normal tissue
(Castellarin et al., 2012; Kostic et al., 2012). F. nucleatum is a gram-negative anaerobic
microorganism, predominantly found in the oral cavity, known for its role in periodontal
disease, yet the bacterium has also been associated with cases of appendicitis and some
inflammatory bowel disease (L. Flanagan et al., 2014; Bashir et al., 2015). The exact
mechanism used by F. nucleatum to infiltrate the intestinal space is not fully understood,
although there is evidence to suggest that the bacterium can utilise either biofilms or saliva
to protect itself during the journey to the intestine through the stomach. Moreover, one
study has demonstrated that the majority of patients with detectable F. nucleatum within
their CRC tumour have the same strain of F. nucleatum present in their saliva (Komiya et al.,
2018; Zhou et al., 2018; Kabwe et al., 2019). Intestinal F. nucleatum infections occur when
there is dysbiosis of the gut microbiome, and therefore, the organism may be regarded as an
opportunistic bacterium. Recent research indicates that this bacterium plays an important
role in the development and progression of CRC tumours, providing a competitive advantage
to the tumour microenvironment (Bashir et al., 2016). Patients with F. nucleatum-infected
CRC have a poorer prognoses, in comparison to those without the infection (L. Flanagan et
al., 2014). Further research is required to further our mechanistic understanding of this
association, with the aim of developing novel therapeutics which would improve patient
outcomes.
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1.5.2 Mechanisms of action of F. nucleatum
F. nucleatum infection has been implicated in aiding in the promotion and development of
CRC and plays a critical role in facilitating immune evasion and driving lymph node metastasis
(Castellarin et al., 2012; Gur et al., 2015). The ability of F. nucleatum to encourage
tumourigenesis has been examined in vivo within the ApcMin/+ mouse model. This study found
that the F. nucleatum infection was able to promote a pro-inflammatory tumour
microenvironment (TME), through the recruitment of tumour-infiltrating immune cells and
an enrichment of a pro-inflammatory gene expression signature, including increased levels
of TNFα, IL1β and NFκB activation (Kostic et al., 2013). Extensive research in recent years has
investigated the effect of F. nucleatum infection in the CRC setting and has revealed some of
its many mechanisms-of-action to promote tumorigenesis.

F. nucleatum is now known to have multiple virulence factors that interact with the host cells
to promote tumour progression. Firstly, the bacterium adheres to and invades intestinal
epithelium cells via the surface adhesion molecule FadA, this molecule is specific to F.
nucleatum (Zhang, Cai and Ma, 2018). FadA binds to E-cadherin, a transmembrane protein
on the host cells, activating the expression of oncogenic and inflammatory genes through βcatenin signalling and activation of the Wnt signalling pathway, thereby promoting
proliferation of CRC cells (Keku, McCoy and Azcarate-Peril, 2013; Rubinstein et al., 2013).

Another pathway activated by F. nucleatum is NFκB signalling through Toll-like receptors
(TLR) to increase proliferation and tumour development (Figure 1.6) (Park et al., 2014; Bashir
et al., 2016; Yang et al., 2016). F. nucleatum as a Gram-negative bacterium which expresses
lipopolysaccharide (LPS), a pathogen-associated molecular pattern (PAMP) that binds to and
activates TLR4, a pattern recognition receptor (PRR). Activation of TLR4 results in the
production of proto-oncogenes such as miR-21 and c-Myc, as well as the production of proinflammatory cytokines such as IL-6, IL-8 and TNFα through MyD88-dependent NFκB
signalling. TLR4 activation also increases β-catenin signalling via the TLR4/P-PAK1 cascade
(Chen et al., 2017).
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Despite studies showing a greater abundance of the bacteria in cancerous tissue compared
to matched adjacent normal tissue (L Flanagan et al., 2014; Tahara et al., 2014), and also the
advances in understanding the mechanisms by which the bacterium enhances CRC
development, it was not until recently that it was understood how F. nucleatum localised to
CRC tumour cells. This question has been answered through the discovery that the
polysaccharide, D-galactose-β(1-3)-N-acetyl-D-galactosamine (Gal-GalNAc), which is in
abundance in CRC cells, is complementary to the microbial galactose-binding lectin Fap2
(Abed et al., 2016). Although, it was previously established that F. nucleatum can bind to host
epithelial cells through FadA association with E-cadherin, E-cadherin is expressed by many
different cell types, whereas Gal-GalNAc has long been considered a potential marker of
colorectal adenocarcinoma and metastasis (Shamsuddin, Tyner and Yang, 1995).
Furthermore, Fap2 has additional functions, the most significant being its ability to enhance
tumour evasion of the immune system. Fap2 directly binds to the TIGIT (T cell
immunoglobulin and ITIM domain) receptor, an inhibitory receptor present on most immune
cells, most notably T cells and natural killer (NK) cells. These immune cells are inhibited upon
Fap2 binding to TIGIT, which consequently protects the cancer cells from immune-initiated
cell death (Gur et al., 2015). More recently, F. nucleatum has been demonstrated to have
further inhibitory effects on T cells and NK cells, via activation of CEACAM1
(carcinoembryonic antigen-related cell adhesion molecule 1), which is an inhibitory receptor
expressed on the surface of such immune cells. CEACAM1 is able to bind to and activate itself
and has been attributed to increase tumour progression by inhibiting anti-tumour immunity.
Furthermore, CEACAM1 expression is associated with poor prognosis, increased tumour
aggressiveness and metastasis, and has been found in increased levels in advanced CRC
cases(Gur et al., 2019). F. nucleatum can bind to and activate CEACAM1 through a previously
unknown protein which Brewer et al. determined was a trimeric autotransporter adhesin, for
which they proposed the name ‘CEACAM binding protein of Fusobacterium’ (CbpF) (Brewer
et al., 2019).

Additionally, F. nucleatum has been shown to further modulate local immune response by
altering the TME. F. nucleatum recruits tumour infiltrating myeloid-derived suppressor cells
(MDSCs), tumour-associated neutrophils (TANs) and tumour-associated macrophages
(TAMs) (Kostic et al., 2013). MDSCs, as the name suggests, are immune cell suppressors and
are dedicated to supressing anti-tumour immune responses and have a significant impact on
T cells. Furthermore, F. nucleatum has been shown to increase the level of Foxp3+ Treg cells,
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which further work to suppress anti-tumour immune responses (Saito et al., 2016). Finally, F.
nucleatum promotes M1 repolarization of macrophages, which subsequently release
inflammatory cytokines (Liu et al., 2019).
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Figure 1.6 – Schematic representation of the key virulence factors of Fusobacterium
nucleatum
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1.5.3 F. nucleatum: incidence and outcomes in CRC
F. nucleatum has been highly associated with CRC, although the percentage of F. nucleatum
positive cases reported in different patient cohorts varies largely between published works,
from 8-87% (Shang and Liu, 2018). This variation is dependent on the type or location of the
sample tested, the processing of the sample and the method of detection used. Although, it
is clear that F. nucleatum is enriched in cancerous tissues compared to matched adjacent
tissue (Castellarin et al., 2012; Kostic et al., 2012). F. nucleatum has been associated through
16Sr RNA and qPCR analysis to be enriched in the CMS1 CRC subtype (Purcell et al., 2017)
and has also been associated with higher incidence rates in proximal tumours and with
presence of high microsatellite instability and CpG island methylator phenotype (CIMP)
(Tahara et al., 2014).

The F. nucleatum infection is associated with poor prognosis in CRC patients; thus, F.
nucleatum is under consideration as a biomarker of poor patient prognosis (Mima, Nishihara,
et al., 2016). The F. nucleatum bacterium has been linked to chemotherapy resistance and,
although the full mechanism of how this is achieved remains unknown, initial research
indicates that F. nucleatum can promote chemoresistance via at least two mechanisms.
Firstly, F. nucleatum can promote chemoresistance to 5-FU and oxaliplatin treatment
through activation of autophagy. Autophagy is a pro-survival pathway which plays an
important role in the maintenance of cellular homeostasis. During autophagy,
autophagosomes are formed containing sequestered damaged cellular components or
proteins within double membrane vesicles. These autophagosomes then fuse with the
lysosome, promoting the degradation of the vesicular components (Glick, Barth and
Macleod, 2010). It has been shown that F. nucleatum initiates autophagy through
TLR4/MYD88 signalling, leading to a decrease in miRNA-18a and miRNA 4082 which in turn,
results in the upregulation of ULK1 and ATG7, respectively. Autophagy has been associated
with promoting chemoresistance (Yu et al., 2017).

The second mechanism F. nucleatum utilises to promote chemoresistance is via upregulation
of IAP expression. Direct co-culture of F. nucleatum and the CRC cell lines HT29 and HCT116
has been shown to increase the level of CIAP2 expression (S. Zhang et al., 2019). This increase
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in CIAP2 is initiated via activation of the NFκB signalling pathway and is known to increase
chemoresistance through evasion of apoptosis as described previously in Section 1.3.4.

The F. nucleatum infection has also been highly associated with metastatic disease; whole
genome sequencing of primary CRC tumours and associated metastatic tumours from the
liver have identified the same strain of F. nucleatum at both tumour sites, indicating that
there is a stable metastasis-associated microbiome that promotes metastatic tumour growth
from the primary site (Castellarin et al., 2011; Bullman et al., 2017; Yang and Jobin, 2018).

1.5.4 Rationale for using IAP antagonists in patients with the F. nucleatum infection
In summary, F. nucleatum is known to interact with both the tumour cells and the TME,
driving cancer progression through inhibiting the host immune system and by driving both
pro-inflammatory and pro-survival signalling. Patients with this infection typically have
aggressive cancers and poorer overall survival. Consequently, there is a clinical need to
understand these mechanisms, with the aim of discovering a therapeutic opportunity to
exploit. Research suggests that F. nucleatum could be a promising biomarker in late Stage III/
IV patients with CRC (Yan et al., 2017). We propose that it could also be a potential predictive
biomarker for patients who would benefit from IAP antagonist therapy. The F. nucleatum
infection increases the production of pro-inflammatory cytokines, IL-1β, IL-6, IL-8 and TNFα,
which stimulate the NFκB pathway (Zhang, Chen and Rudney, 2011) and up-regulate CIAP1
and CIAP2 (Gyrd-Hansen and Meier, 2010; S. Zhang et al., 2019), making this the ideal setting
to utilise novel IAP antagonists to sensitise cancer cells to TNFα-mediated cell death.
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1.6 Project aims
Colorectal cancer is the third most common cancer and a leading cause of cancer-related
death; particularly in the Western world, where an ever-increasing aging population is
putting increasing amounts of stress on healthcare services. Treatments for CRC are well
established, yet recurrence and drug resistance remain a major problem, and therefore,
there is an unmet clinical need for novel therapeutics in order to combat such a devastating
disease. Overexpression of anti-apoptotic proteins, including IAPs and FLIP, in CRC contribute
to chemoresistance. Furthermore, CRC has been associated with a pro-inflammatory TME,
rich in levels of TNFα, IL1β, IL6 and IL8. We hypothesise that this pro-inflammatory
environment makes CRC an ideal disease setting for IAP antagonist therapy. This project aims
to examine the effects of IAP antagonists on apoptosis in CRC in vitro, utilising a panel of CRC
cell lines. This study will also investigate the expression of the anti-apoptotic protein FLIP as
a potential resistance mechanism to IAP antagonist therapy and will explore therapeutic
compounds capable of downregulating FLIP expression. Finally, due to growing evidence of
the ability of the microbiome to impact the TME in CRC, this study aims to investigate the
role of the F. nucleatum infection on CRC cells, with a focus on apoptotic proteins and the
goal of identifying a vulnerability that could potentially be exploited with novel therapeutics.

Consequently, the objectives of this research are:
1. To determine the efficacy of IAP antagonists in CRC cell line models.
2. To investigate the impact of FLIP expression on the efficacy of IAP antagonist therapy
in CRC cell line models and to investigate novel approaches for targeting FLIP.
3. To determine the impact of the F. nucleatum infection on apoptotic protein
expression in CRC cell line models.
4. To determine if the pro-inflammatory TME associated with F. nucleatum infection
could be exploited through IAP antagonist therapy.
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Chapter 2: Materials and Methods

46

2.1 General
All glassware and pipette tips were autoclaved for sterilisation. All reagents used were of
analytical grade.

2.2 Safety
Every experimental technique received a risk assessment prior to completion, and Control of
Substances Hazardous to Health (COSHH) forms were completed and stored in a centralised
location within the labatory, in compliance with the Health and Safety at Work Act (1974).
Any work utilising hazardous chemicals was completed within a MAC AIRC fume hood and all
tissue culture procedures were carried out in a class II laminar flow cabinet (Thermo-Fisher
Scientific). All cytotoxic and solid biohazard waste was incinerated.

2.3 Tissue Culture
2.3.1 General Tissue Culture Materials
Tissue culture flasks (T175, T80 and T25) and plates (P90, 6-well and 96-well) were obtained
from Nunc (ThermoFisher Scientific). Pipettes were obtained from Eppendorf. Pipette tips,
serological pipettes, 1.5mL and 15mL and 50mL centrifuge tubes were obtained from
Starstedt.

2.3.2 Cell Lines and Growth Media
Colorectal cell lines were authenticated and obtained from American Type Culture Collection
(ATCC) and cultured as described in Table 2.1.
Cell Line
HCT116

Media
McCoy’s
(Life Technologies)

Supplements
10% Foetal Calf Serum (FCS) (Life Technologies)
10% Sodium Pyruvate (Life Technologies)
10% L-Glutamine (Life Technologies)
SW610
McCoy’s
10% FCS (Life Technologies)
(Life Technologies)
10% Sodium Pyruvate (Life Technologies)
10% L-Glutamine (Life Technologies)
LoVo
DMEM (Life Technologies) 10% FCS (Life Technologies)
HT29
DMEM (Life Technologies) 10% FCS (Life Technologies)
DLD-1
RPMI (Life Technologies)
10% FCS (Life Technologies)
MC38
DMEM (Life Technologies) 10% FCS (Life Technologies)
THP-1
RPMI (Life Technologies)
10% FCS (Life Technologies)
0.05 mM β-mercaptoethanol (Sigma)
Table 2.1: Media and additional supplements required for maintenance of cell lines used.
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2.3.3 Cell Line Maintenance
Cell lines were maintained in a tissue culture incubator (Sanyo Europe) at 37oC and 5% CO2.
Adherent cells were cultured in various sized flasks (T25, T80, T175) until they reached 7080% confluency before they were passaged. To passage cells, each adherent cell line was
washed with 5mL sterile phosphate buffered saline (PBS) (Appendix 1) and detached with
3mL sterile trypsin (Life Technologies) (Appendix1). 7mL of media (Table 2.1) was added to
neutralise the trypsin and dilute the cell suspension, then a volume of 1:10 of this suspension
was transferred to a new tissue culture flask before an additional volume of media was
added, as necessary, to maintain optimum growth conditions. This process was repeated as
necessary (on average every three days). To passage cells growing in suspension (THP-1), the
total cell volume was collected in a 50mL centrifuge tube, centrifuged at 300rcf for 3 minutes
at room temperature, before being resuspended in 10mL of media (RPMI supplemented with
10% FCS and 0.05 mM β-mercaptoethanol). 1mL of this cell suspension was resuspended in
24mL fresh media in a new tissue culture flask.

2.3.4 Freezing Cells for Storage
Cells were cultured in T80 flasks until 70-80% confluency was reached. All media was
aspirated and the cells were washed with 5mL sterile PBS. Adherent cells were detached by
adding 3mL Trypsin and incubating at 37oC for 3-4 minutes. Once the cells had detached, 7mL
media was added then the total 10mL cell suspension was transferred to a 15mL tube, which
was centrifuged at 300rcf for 3 minutes at room temperature. The supernatant was
aspirated, and the pellet was gently re-suspended in 6mL of freezing media (FCS with 10%
DMSO; for THP-1 cells, freezing media was FCS with 5% DMSO). 1.5mL of the cell suspension
was added to a labelled cryovial; which were then put in a Mr Frosty (Sigma-Aldrich)
containing isopropanol and stored at -80oC. Cryovials were left in the Mr. Frosty at -80oC
overnight, to control the rate of freezing, before being transferred to a liquid nitrogen storage
container for long-term storage.

2.3.5 Thawing Cells
Cryovials containing cells were removed from either -80oC storage or from liquid nitrogen
and immediately thawed at 37oC, then transferred to a T25 flask containing 10mL of the pre48

heated corresponding media. Cells were left to adhere to the flask overnight, then gently
washed with 3mL PBS, after which fresh media was added. Cells were allowed to grow until
they reached 70-80% confluency, before being transferred to a T80 flask. From this point, the
cells were cultured and maintained as described.

2.3.6 Mycoplasma Testing
Cells were screened once a month for the presence of mycoplasma using the MycoAlert™
mycoplasma detection kit (Lonza). 1mL media from cultured cells was centrifuged at room
temperature for 5 minutes at 200rcf, 50µL of the supernatant was transferred to a white 96well plate along with 50µL of both positive and negative controls. Then, 45µL MycoAlert™
Reagent was added to the wells, incubated at room temperature for 5 minutes before
luminescence was read to provide ‘Reading A’. Next, 45µL of MycoAlert™ substrate was
added to each well and the plate was incubated at room temperature for a further 10
minutes before a second luminescence reading was taken again to get ‘Reading B’. Finally,
‘Reading B’ was divided by ‘Reading A’ to produce a ratio which determined a positive or
negative result (Table 2.2).
Result
Outcome
<0.9
Negative for mycoplasma
0.9-1.2
Quarantine cells and re-test after 24/48h
>1.2
Mycoplasma contamination (discard infected cells)
Table 2.2: Summarising the potential outcomes of a mycoplasma test

2.3.7 Cell Counting
Subsequent to trypsinisation, detached cells were transferred to a sterile 50mL falcon tube.
A solution was prepared using 10µL of the cell suspension and 10µL of trypan blue
(NanoEnTek). 10µL of this solution was then pipetted into one side of a cell counting slide
(NanoEnTek) and placed into the Countess II cell counter (Life Technologies), which
calculated the total, live and dead cells per 1mL of solution. The live cell count was then used
to calculate the volume of cell suspension required to seed the cells at an appropriate density
as listed below according to the experiment plate (Table 2.3).
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Experimental Plate
Cell Number
Volume of media
96-well plate (per well)
3000
200µL
6
P90
1x10
10mL
5
6 well plate
1x10
2mL
Table 2.3: A table showing the seeding density used for each type of experimental plate.

2.3.8 siRNA Transfections
siRNAs were obtained from Dharmacon and reconstituted in 1x siRNA buffer (Thermo
Scientific) to a stock concentration of 20µM and stored at -20oC. All siRNA sequences are
listed in Appendix 3. Transfections were conducted with a concentration of 10nM siRNA. On
the first day, cells were seeded at the appropriate densities as previously defined (Table 2.3)
and were allowed to adhere overnight. The following day, transfection mixtures were
prepared. Firstly, OptiMEM media (Life Technologies) and Lipofectamine 2000 RNAiMAX (Life
technologies) were combined in one tube (Mix A) and in a second tube (Mix B), OptiMEM
and 10nM siRNA were combined and left to incubate for 2 minutes at room temperature.
Mix A and Mix B were then combined and incubated for a further 15 minutes at room
temperature. A pre-calculated volume of appropriate media was added to the transfection
mixture and subsequently added to the cells after the old media was removed. To aid the
transfection, cells were incubated in a reduced volume of media with the transfection
solution at 37oC for 6 hours, before the appropriate growth media was used to top-up the
total volume in each plate.

2.3.9 CRISPR-Cas9
A plasmid containing the lentiviral vector lentiCRISPR v2 (addgene #52961) and the guide
RNA sequence 5’-AAGTGAGCAGATCAGAATTG-3’ was utilised in order to knockout CASP8
(procaspase-8) expression in DLD-1 cells; this was kindly gifted from Prof. Galit Lahav (Paek
et al., 2016). Viral media, containing either an empty vector (EV) or the procaspase-8targeting CRISPR plasmid, was incubated with parental DLD-1 cell lines for 24 hours.
Following this, the viral media was removed and replaced with a selection media containing
1mg/mL puromycin (a selection marker, inserted into the CRISPR plasmid to produce
puromycin-resistant cells). The DLD-1 cells were exposed to puromycin (1mg/mL) for two
weeks until all the cells in a control (untreated) plate perished, and a mixed population of
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CRISPR-Cas9 Caspase-8 KO DLD-1 cells was generated. Knock down of procaspase-8 was
validated via western blot.
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2.4 Western Blotting
2.4.1 Protein Collection
Cells were detached from a P90 using a cell scraper, collected along with the spent media,
into a 15mL falcon tube and kept on ice. Samples were then centrifuged at 2400rpm at 4oC
for 5 minutes, the supernatant was removed and 5mL of ice-cold PBS was added to the falcon
tube to wash the cell pellet. After a second centrifugation step, the PBS was removed and
the pellet was resuspended in 50-200µL of RIPA buffer (Appendix 1) containing a protease
inhibitor (Protease Inhibitor Cocktail Set III, Calbiochem), and transferred to a 1.5mL
Eppendorf tube. The cells were left to lyse for 1 hour, before another centrifugation step at
13200rpm for 15min at 4oC. The supernatant was transferred to a fresh eppendorf tube,
ready to be quantified. Protein lysates were quantified using the Pierce BCA assay (Sigma),
before being stored at -20oC.

2.4.2 Quantification of Protein Concentration
Proteins were quantified against a standard curve of known concentrations of bovine serum
albumin (BSA) using the Pierce BCA protein reagent assay (Thermo Fisher), following the
manufacturer’s instructions. Firstly, 5µL of lysate was dispensed, in duplicate into a clear flatbottomed 96-well plate. Then, a solution of Reagent A and Reagent B (5µL and 245µL,
respectively per well) was mixed before 245µL of this mixed solution was added to each well.
The 96-well plate was incubated at 37 oC for 20 minutes. Absorbance was measured at 570nm
using the BioTek Synergy 4 microplate reader (BioTek) and the protein concentration of each
sample was calculated from the standard curve using Graphpad Prism Software.

2.4.3 Preparation of Protein Samples
After thawing protein lysates on ice, 30μg protein was added to 5μL of 10x Laemmli loading
buffer (Appendix 4) in a fresh 0.5mL microcentrifuge tube. The protein samples were
denatured at 95oC for 5 minutes, then centrifuged using the short spin setting for 10 seconds,
to mix and bring any condensed sample to the bottom of the tube.
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2.4.4 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) was used to separate proteins by
molecular weight (kDa). The resolving gel was made to the required percentage of acrylamide
for optimal protein separation (Appendix 4), poured into casting frames, overlaid with
methanol and allowed to polymerise at room temperature. The methanol was then removed
and rinsed out with ddH2O. Stacking gel was then poured over the top of the resolving gel; a
lane comb was inserted and the gel was allowed to polymerise at room temperature.
Depending on the size of the gel required, either the Mini-PROTEAN 3 gel electrophoresis
apparatus (BioRad) or the PerfectBlue™ Dual Gel System Twin ExW S (VWR Peqlab) were
used. Once set, the gels were loaded into the apparatus, before 1X running buffer (Appendix
4) was added to the tank. The protein samples (containing 30µg of protein) were loaded into
the individual wells, along with 5µL of PageRuler Plus pre-stained protein ladder 10-250kDa
(Thermo Fisher) at the beginning of the gel, to enable identification of proteins via their
molecular weight. Electrophoresis was conducted at room temperature using 70V for the
first 30 minutes (or until the dye front had passed through the stacking gel), before the
voltage was increased to 100V, until the dye front had reached close to the end of the gel.

2.4.5 Protein Transfer
Following SDS-PAGE protein separation, the proteins were transferred onto Amersham™
nitrocellulose membrane (GE Healthcare) via electrophoresis using either the Mini Trans-Blot
Transfer system (BioRad) or the PerfectBlue™ Tank Electro Blotter (VWR Peqlab), as
appropriate. The gel was carefully removed from the glass plates and the stacking gel was
discarded, before the running gel, containing the protein samples, was assembled in a
‘sandwich’ cassette including sponges, filter paper (Whatman) and nitrocellulose membrane.
The cassettes were then loaded into the transfer tank, filled with 1X transfer buffer
(Appendix 4). The transfer was conducted on ice to prevent overheating at 100V for 70
minutes.

2.4.6 Immunoblotting
After the transfer, the membranes were removed from the cassettes and stained with
Ponceau S solution (Sigma Aldrich) to visualise the proteins and confirm successful transfer.
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The membranes were then washed in 1X PBS/Tween-20 (PBS/T) (Appendix 4) to remove the
Ponceau S solution and subsequently blocked for one hour at room temperature in Blocking
solution (Appendix 4). Following this, the membrane was placed into a 50mL tube containing
primary antibody (Appendix 5) diluted in 5mL of blocking solution and left to incubate at 4oC
overnight. The following day, the membrane was given three, five-minute washes in PBS/T,
then incubated at room temperature for one hour in the appropriate secondary antibody
(Appendix 5). After which the wash step was repeated and the membrane was ready for the
immunodetection step.

2.4.7 Immunodetection
Immunodetection was carried out using the G:Box Chemi-XX6 (Syngene) digital developer
and the accompanying GeneSys software (Syngene). To complete immunodetection, excess
PBS/T buffer was removed from the membrane by gently tapping the edge of the membrane
onto tissue paper. The membrane was then covered in Western Lightning ECL detection
reagent (Perkin Elmer) which was made up following the manufacturer’s instructions. After
focusing the camera inside the developer, the GeneSys software determined the optimum
exposure time for the band of interest and produced a digital image.

2.4.8 Co-Immunoprecipitation
Cells were seeded into a P90 plate and allowed to adhere overnight. The following day, the
media was removed and the cells were incubated for 30 minutes in 4mL media with 20µM ZVAD-FMK (Calbiochem) after which time, THP-1/F. nucleatum conditioned media or control
media was added in a 1:10 dilution with either a DMSO (control), TL32711 (1µM) or FLIPi
(1µM), to a final volume of 5mL. A positive control plate of TL32711 (1µM) and TNFα
(10ng/mL) was also included, and the plates were incubated for a further 3 hours. The
samples were collected at 4°C using ice cold reagents. Firstly, the media was discarded, and
the cells were washed with PBS. After carefully removing all the PBS, the cells were scraped
into 1mL of CHAPS buffer with protease inhibitor (PI) (Appendix 1) and transferred into 1.5mL
Eppendorf tubes. The tubes were then left to lyse at 4oC for 1 hour before centrifugation at
13000rpm for 10 minutes at 4oC, and the supernatants were transferred to a fresh 1.5mL
tube and the protein was quantified as previously described.
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Per sample, 30μL Protein G magnetic beads (Life Technologies) were washed twice in CHAPs
buffer, then resuspended in 500μL CHAPs, using a DynaMag magnetic rack (ThermoFisher)
to immobilise the beads within the tube between washes. Pulldown antibody (1µg), either
caspase-8 (mouse monoclonal; Enzo) or mouse IgG (SantaCruz), was added to the
resuspended beads and incubated with agitation (rolling mechanism) at 4ᵒC overnight to
conjugate. Each sample was then pre-cleared by adding Protein G magnetic beads. 30μL
beads were washed twice in CHAPs buffer and 750μg of protein for each sample added,
topped up to a total volume of 1000μL with CHAPs buffer and left to roll at 4ᵒC overnight.

The following day, the antibody-conjugated beads were washed three times in CHAPs buffer
with PI, and all residual buffer was removed. Then, the pre-cleared lysate beads were placed
on the magnetic rack and the lysates were added to their respective antibody-conjugated
beads, which were incubated for 6 hours at 4ᵒC. Following this, the lysate-antibody bead mix
was placed on the magnetic rack, the lysate was discarded, and the remaining beads were
washed 5 times in CHAPs buffer. Finally, all residual buffer was removed, and the beads were
resuspended in 20μL 10x Laemelli loading buffer (Appendix 4). The samples were then
denatured at 95ᵒC for 5 minutes. Alongside this, 30μg sample input (take from lysate control
plates prior to immunoprecipitation) was also prepared as per standard Western Blotting
sample preparation, as previously described. The beads were extracted from samples with a
magnetic rack prior to loading samples and the samples were separated by SDS-PAGE, as
previously described.
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2.5 Quantitative PCR
2.5.1 RNA extraction
Cells were seeded into a P90, allowed to adhere overnight, then treated for the desired time
point. To collect the cells, spent culture media was removed and the cells were washed in
PBS, then scraped into 1mL of fresh PBS. These cells were then transferred to a 1.5mL
Eppendorf tube centrifuge and spun at 250 x g for 5 minutes, and the supernatant was
discarded. The cell pellet was then resuspended in 200µL cold PBS and from this point, the
samples were always kept on ice. RNA was extracted using the Roche High Pure RNA Isolation
Kit according to the manufacturer’s instructions. Briefly, cells were lysed in Lysis/Binding
buffer and vortexed for 15 seconds; this cell suspension was then loaded into the upper
reservoir of the High Pure Filter Tube with a collection tube underneath. The High Pure Filter
tubes were then centrifuged for 15 seconds at 8000 x g and the flow through was then
discarded. Next, a master solution of 90µL DNase Incubation buffer and 10µL DNase I solution
per sample was made and gently mixed. Then 100µL of this master solution was added to
each tube and incubated for 15 minutes at room temperature, wash buffer was then added
to the top reservoir and the tubes were centrifuged again for 15 seconds at 8000 x g. The
flow through was again discarded and two further washes followed. The final wash step was
a longer spin (2 minutes) at 13,000 x g to remove any residual wash buffer from the filter
tube, after which the collection tube was discarded. A new 1.5 mL microcentrifuge tube was
then used to collect the eluted RNA, following a 1 minute spin at 8000 x g with 75μL Elution
buffer. The eluted RNA was preferentially quantified and used immediately; however, RNA
can be stored at -80oC, although freeze thaw cycles should be avoided to prevent
degradation.

2.5.2 Reverse Transcription
cDNA was prepared using the Roche Transcriptor Frist Strand cDNA synthesis kit according
to the manufacturer’s instructions. Firstly, RNA was quantified using the Nanodrop™ One
(Thermo Scientific). Each sample was made up in a 0.2mL PCR tube (Eppendorf) and required
2µg RNA, 2µL of random primers and a pre-calculated volume of PCR-grade H2O to reach a
final volume of 13µL. The first step of reverse transcription was carried out using the
Eppendorf Mastercycler PCR machine at 65oC for 5 minutes and 4oC for 5 minutes, then
placed back on ice. A master mix containing 4µL 5x reaction buffer, 0.5µL RNase inhibitor,
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2µL deoxynucleotriphosphate (dNTP) mix and 0.5µL transcriptase per sample was then
created for the second reverse transcription step. 7µL of the master mix was added to each
tube, giving a final volume of 20µL, and the samples were placed back into the PCR machine
at 25ᵒC for 10 minutes, followed by 30 minutes at 55ᵒC, 5 minutes at 85ᵒC and held at 4ᵒC.
This cDNA can be stored at -20oC.

2.5.3 Quantitative PCR conditions
The Roche LightCycler® 480 was used in conjunction with compatible LightCycler® 480 96well plates and plate seals (Roche). Firstly, the neat cDNA samples were diluted 1:5 through
the addition of 80µL PCR-grade H2O, and 3µL of this was added to each well as appropriate
and in duplicate. Next, a master mix containing 5µL LightCycler® 480 SYBR Green 1 Master
(Roche) reagent mix, 1.5µL PCR grade H2O, 0.25µL forward primer (5µM) and 0.25µL reverse
primer (5µM) per well. A full list of primers and their sequences can be found in Appendix 6.
7µL of the master mix was added to the appropriate wells, the plate was then sealed and
quickly centrifuged to ensure the small volumes were mixed at the bottom of the wells. The
following RT-PCR protocol was used (Table 2.4):
PCR stage

Temperature (°C)

Time

Cycles

Pre-incubation
Denaturation
Annealing
Extension
Melt curve

95
95
55
72
95
65
97

5 minutes
10 seconds
10 seconds
10 seconds
5 seconds
1 minute
Continuous ramp down for
cooling
30 seconds
Until samples are retrieved

1

Cooling
40
Hold
4
Table 2.4: Quantitative PCR cycling profile
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1
1
1
1
1

2.5.4 Relative Quantification of mRNA
Relative quantification of mRNA levels were normalised to a specified housekeeping gene,
and determined by the ΔΔCT method, which calculates the change in target gene as a ratio
relative to the change in housekeeping gene. A fold change from the treated sample versus
the control sample is then calculated.
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2.6 Cell death and viability assays
2.6.1 CellTiter-Glo Viability Assay
CellTiter-Glo® (CTG) was purchased from Promega and is made up from two components (a
lyophilized substrate and a buffer). To prepare the solution, both reagents were thawed,
equilibrated to room temperature and mixed until the substrate had dissolved. The reagent
was then split into 10mL aliquots and stored at -20oC. Cells were seeded at 3000 cells per
well in 200µL of media into a clear 96-well, flat-bottomed plate and allowed to adhere
overnight before being treated with the appropriate compound for the necessary time point.
Before use, an aliquot of CTG was thawed in the dark as the reagent is light sensitive. After
viewing the cells under a light microscope and visually assessing the status, 160µL of media
was removed from each well, then 30µL of the CTG reagent was added to each well and the
plate was covered in foil and gently agitated on a plate shaker for 10 minutes. Following
incubation, the solution in each well was gently mixed by pipetting and transferred to a white
96-well plate. Luminescence was read using the BioTek Synergy 4 plate reader.

2.6.2 Caspase-Glo 3/7 Assay
Like CTG reagent, Caspase-Glo 3/7® reagent (Promega) consists of a lyophilized substrate and
a buffer. To prepare the solution, both reagents were thawed, allowed to equilibrate to room
temperature and mixed until the substrate had fully dissolved. The reagent mixture was then
aliquoted and stored at -20oC. The assay was performed following the manufacturer’s
instructions; 5µg of cell protein lysate was made up to a volume of 25µL with normal culture
media in triplicate and added to a white, flat-bottomed 96-well plate. Next, 25µL of the
reconstituted Caspase-Glo 3/7 reagent was added to each well in a 1:1 ratio. The plates were
then wrapped in foil to protect the reagent from the light and gently agitated at room
temperature for 30 minutes. After which, the luminescent signal was quantified using the
BioTek Synergy 4 plate reader.

2.6.3 Annexin V/Propidium Iodide High Content Analysis
Cells were seeded at 3000 cells per well in 200µL of media in 96-well glass-bottomed plates
(Cellvis) and allowed to adhere overnight before receiving the required treatment. After 24
hours, an Annexin V/ PI staining solution was made (Appendix 1) using FITC tagged Annexin
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V (BD-Biosciences), propidium iodide (PI) (Sigma) and Hoechst staining solution (Invitrogen).
Half of the media within each well was removed (100µL) and 50µL of the Annexin V/ PI mix
was added to each well, the plate was then incubated at room temperature, protected from
light, for 10 minutes. Cell death was assessed by high content microscopy on an Array Scan
XTI microscope (Thermo Scientific).

2.6.4 Annexin V/ PI Flow cytometry
Cells were seeded in a 6-well plate at 1x105 cells/well in 2mL of media and left to adhere
overnight. The following day, the cells were treated with the relevant treatments for 24
hours. After this, the media was removed from the well and transferred to a 15mL tube kept
on ice. Next, 1mL trypsin was added to each well and the cells were allowed to detach, before
being transferred to a 15mL tube. The cells were then gently resuspended via manual
pipetting and 1.5mL was transferred to a 1.5mL Eppendorf tube. The cells were pelleted at
2000rpm for 5 minutes and the supernatant was discarded. Finally, the cell pellet was
resuspended in a solution of 294µL 1X binding buffer (BD Pharmingen), 3µL Annexin V (BD
Pharmingen) and 3µL Propidium Iodide (BD Pharmingen) per sample. Flow cytometric
analysis was performed using the BD Accuri C6 flow cytometer (BD Biosciences). C6 Plus
software was used to quantify and plot % AV/ PI-unstained or stained cells. Annexin V positive
cells were indicative of early apoptosis, PI positive cells were indicative of necrosis and
Annexin V/ PI positive cells represented cells undergoing late apoptosis. The final result was
taken in a single reading at the end point of the experiment Final results were plotted using
GraphPad Prism 8.0.

2.6.5 TNFR1 Flow Cytometry
Cells were seeded in a 6-well plate at 1x105 cells per well in 2mL of media and left to adhere
overnight. The following day, the media was removed, and each well was washed with PBS.
1mL trypsin was used to detach cells and the cell suspension was transferred to a 15mL tube,
with the addition of 5mL Buffer A (PBS/0.2% BSA/0.1% sodium azide) (Appendix 1). The cells
were then pelleted via centrifugation at 2000rpm for 5 minutes at 4oC, the supernatant was
removed and the pellet was resuspended in 95µL Buffer A and 5µL Phycoerythrin-conjugated
anti-TNFR1 antibody (R&D Systems). Antibody-treated cells were incubated in darkness for 1
hour at 4 oC, before being washed in Buffer A (Appendix 1), then washed a second time with
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PBS, before being finally resuspended in 300µL PBS. All samples were compared to an IgG
isotype control and the analysis was conducted on a BD FACS Calibur flow cytometer using
the Cell Quest Pro software (BD Biosciences).
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2.7 Fusobacterium nucleatum experiments
2.7.1 Maintenance of the bacteria
Aseptic techniques were employed whilst working with Fusobacterium nucleatum, and the
bacteria was maintained in anaerobic conditions at 37oC using the Whitley A35 anaerobic
workstation (Don Whitley Scientific). F. nucleatum was purchased from the American Tissue
Culture Collection (ATCC 25586™) and was propagated following the manufacturer’s
instructions. For normal maintenance of the bacterium, Fastidious anaerobic broth (FAB)
(NEOGEN; formally Lab M) was prepared by adding 100mL ddH2O to 3g of FAB powder; this
solution was then heated (~80oC) for 15 minutes to dissolve the powder and to drive off
oxygen, before autoclaving for sterilisation. F. nucleatum was maintained in anaerobic
growth conditions and was subcultured three times a week by transferring 50µL of the
culture into 5mL of fresh FAB.

2.7.2 Preparation of Glycerol Stocks
To ensure longevity of the bacterium, glycerol stocks were made using sterile glycerol and
bacterial suspension at a 1:1 ratio and stored in the -80oC.

2.7.3 Gram staining of Bacteria
To prepare a slide, bacteria (200µL) was pelleted from suspension, washed with distilled
water to remove culture broth, before a drop of bacteria re-suspended in distilled water was
heat fixed to the slide. To carry out the Gram stain, Crystal Violet was applied to the slide for
30 seconds, briefly rinsed with ddH2O, then Lugo’s iodine was applied for a further 30
seconds. After this, the slide was rinsed, first with 100% ethanol, then with ddH2O, before
Saffron was added for a final minute. The slide was then blotted and left to dry before viewing
under a x100 lens with immersion oil on a standard microscope. Gram-positive bacteria
appear purple on the slide, whereas Gram-negative bacteria (such as F. nucleatum) appear
red/ pink.
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2.7.4 Growth Curve Analysis
Anaerobic agar plates were prepared (Appendix 1) and placed into the anaerobic chamber
for 24 hours prior to use. A growth curve was established by making serial dilutions from an
overnight culture of F. nucleatum (200µL of bacteria suspension in 20mL of fresh broth) and
dropping three 10µL drops of each dilution on an anaerobic agar plate. The optical density
(OD600) for each dilution was recorded. After three days, the colonies were visible on the
growth plate and the number of colonies were counted. This determined the Colony Forming
Unit (CFU), which was then plotted and a growth curve was created so that the amount of
bacteria used in every experiment could be standardised.

2.7.5 Direct co-culture with CRC cells
On the first day, an overnight bacterial culture was established, and CRC cells were seeded
into a 6-well plate and incubated overnight to adhere to each well. The following day, the
number of cells per well was counted and used alongside the growth curve to determine how
much bacterial suspension was required for each experiment. F. nucleatum was used at a
multiplicity of infection (MOI) ratio of 10:1, 100:1 or 1000:1 (bacteria to cells). Bacteria was
spiked directly into wells and plates were centrifuged at 200g for 2 minutes to encourage
interaction between the cells and bacteria. The cells were then incubated for the desired
time point, before being collected for either protein or RNA as previously described.

2.7.6 Co-culture with THP-1 cells and collection of conditioned media
THP-1 cells were seeded at 5x106 in a P90 prior to incubation with either F. nucleatum at a
MOI of 10:1, or the equivalent volume of anaerobic broth as a control for 6 hours. Plates
containing THP-1 media without cells were also treated alongside these plates as further
experimental controls. After the 6-hour time point, the media and THP-1 cells were collected
and centrifuged at 2400rpm, before the supernatant was separated. This media supernatant
was then added to CRC cells growing in culture in a 10:1 dilution factor.
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2.8 Statistical Analysis
All graphs and statistical analysis were generated using GraphPad Prism 8 software
(GraphPad Software Inc. California, USA). Where relevant, a 2-way ANOVA multiple
comparisons Tukey test was the statistical test used. Statistical significance was denoted as:
* if p<0.05, ** if p<0.01, *** if p<0.001, **** if p<0.0001 and ‘ns’ if not significant. The half
maximal inhibitory concentration (IC50) value was calculated using nonlinear regression in
GraphPad.
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Chapter 3: Results
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3.1 Efficacy of IAP Antagonists in Colorectal Cancer Cell
Lines
3.1.1 Introduction
Inhibitor of apoptosis proteins (IAPs) are frequently overexpressed in many cancer types,
including colorectal cancer, and have been previously associated with resistance to
chemotherapy (Rathore et al., 2017). IAPs are involved in the TNFα signalling pathway,
positively regulating pro-survival signalling through activation of the NFκB and MAPK
pathways upon the binding of TNFα to TNFR1. CIAP1, CIAP2 and XIAP function to suppress
the activation of caspases, subsequently inhibiting apoptosis, which gives rise to treatmentresistant cancers. Consequently, IAPs have become an attractive target for novel anti-cancer
therapies (Miura et al., 2011). The IAP antagonist examined in this chapter, ASTX660 (Astex
Pharmaceuticals), was discovered using fragment-based screening against the BIR3 domain
of XIAP, then further chemically optimised to target CIAP1 and CIAP2 (Chessari et al., 2015).
ASTX660 is an orally bioavailable compound currently in Phase 1-2 clinical trials for use in
advanced solid tumours and lymphoma patients (Ref: NCT02503423). The focus of the trial
was to establish the safety, maximum tolerated dose, efficacy and pharmacokinetic
properties of ASTX660 (Mita et al., 2020).

Previous publications have identified the anti-apoptotic protein FLIP (Fas-associated death
domain (FADD)-like IL-1β-converting enzyme-inhibitory protein) as a resistance mechanism
to IAP antagonist therapy in multiple cancers, including mesothelioma and castrate-resistant
prostate cancer (CRPC) (Crawford et al., 2013; Riley et al., 2013; McCann et al., 2018). FLIP is
an endogenous inhibitor of procaspase-8, and is present in humans in three isoforms: FLIP(L),
FLIP(S) and FLIP(R). In our laboratory, it was observed that both FLIP(L) and FLIP(S) mediated
resistance to the IAP antagonists ASTX660 and Birinapant (TL32711) in CRPC. Additionally, it
was shown that by indirectly downregulating FLIP at the post-transcriptional level through
the use of a Class-I HDAC inhibitor, Entinostat (Syndax), in the presence of recombinant TNFα,
cells were able to overcome FLIP-mediated resistance to IAP inhibitor therapy (McCann et
al., 2018).
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Leading on from this work and from preliminary experiments in colorectal cancer (CRC)
carried out in our laboratory, this chapter aims to investigate the efficacy of ASTX660 in a
panel of CRC cell lines. IAP antagonists are an attractive anti-cancer treatment for therapeutic
intervention in CRC. Due to the pro-inflammatory nature of this disease, the presence of
TNFα is required for induction of cell death by IAP antagonists. Consequently, in addition to
ASTX660, recombinant human TNFα was utilised, to mimic the pro-inflammatory
environment associated with certain subtypes of CRC.
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3.1.2 Results
3.1.2.1 Basal Expression of Apoptotic Proteins and TNFR1 Cell Surface
A previous, large-scale screen conducted by our collaborators, Astex Pharmaceuticals,
identified a panel of colorectal cancer cell lines (HCT116, SW620, HT29, LoVo and DLD-1)
presenting with varying levels of sensitivity to ASTX660.

Blinded to these results, the same panel of CRC cell lines was screened for basal expression
of key apoptotic proteins and expression of the TNFR1 cell surface receptor of the extrinsic
apoptosis pathway. As depicted in Figure 3.1.1 (A), protein expression levels of FLIP(L),
FLIP(S), MCL-1, CIAP1, CIAP2, XIAP, BAX, SMAC, RIPK1, FADD and procaspase-8 were
determined in the above CRC cell line panel, with β-actin utilised as a loading control. The
cell lines expressed varying levels of IAPs, particularly CIAP1. The cell lines all displayed similar
levels of SMAC and the components of Complex-IIb (RIPK1, FADD and procaspase-8). Notably,
LoVo cells expressed higher levels of CIAP1, MCL-1 and BAX compared to the other cell lines.

The panel of cell lines utilised all express FLIP to various levels, with the DLD-1 cell line having
the highest levels of both FLIP isoforms and the SW620 cell line demonstrating the lowest
expression level compared to the other cell lines. Furthermore, cell surface expression
analysis of TNFR1 in Figure 3.1.1 (B) indicated that all the cell lines expressed the TNFR1 cell
surface receptor, with SW620 and HCT116 cell line presenting with the highest percentage
positivity overall.

These results demonstrate that the CRC cell line panel express the relevant proteins and
receptors to explore the efficacy of IAP antagonists in the context of extrinsic apoptosis.
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Figure 3.1.1: Basal expression of pro- and anti-apoptotic proteins and cell surface TNFR1
expression in a panel of colorectal cancer cell lines.
A) Western blot analysis of FLIP(L), FLIP(S), MCL-1, CIAP1, CIAP2, XIAP, BAX, SMAC, RIPK1,
FADD, procaspase-8 and β-actin in DLD-1, SW620, LoVo, HT29 and HCT116 cells. B) TNFR1
cell surface expression in DLD-1, SW620, LoVo, HT29 and HCT116 cells expressed as %
positive cells compared to an IgG isotype control antibody. Statistical significance was
determined by performing a two-way ANOVA with multiple comparisons (ns p>0.05; *
p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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3.1.2.2 FLIP contributes to resistance to IAP antagonists in CRC cell lines
FLIP is an endogenous inhibitor of the initiator caspase, procaspase-8, and is frequently
overexpressed in multiple cancer types including CRC (Ryu et al., 2001). FLIP plays a crucial
role in impeding the activation of the extrinsic apoptotic pathway, predominantly through
inhibiting Complex II-mediated cell death. FLIP is a negative regulator of apoptosis and
prevents the homodimerization of procapsase-8, inhibiting activation of the caspase cascade
and subsequent apoptosis (Feoktistova, et al., 2011; Tenev et al., 2011). The
FLIP(L):procaspase-8 heterodimer also regulates necroptosis and Ripoptosome formation.
Overexpression of FLIP and its ability to inhibit apoptosis has been linked to treatment
resistance in many cancer types.

To examine the impact of FLIP expression on response to IAP antagonists, FLIP-specific short
interfering RNA (siRNA) was utilised to downregulate FLIP expression in DLD-1, SW620, LoVo,
HT29 and HCT116 cells. Three different siRNA sequences were used either targeting
individual splice forms of FLIP (siFLIP(L) and siFLIP(S)) or total FLIP (siFLIP(T)), which targets
both isoforms simultaneously; these were compared to a non-targeting siRNA control (SCR).
Effective FLIP silencing was confirmed via Western blot analysis (Figure 3.1.2 (C), Figure 3.1.3
(C) and Figure 3.1.4 (C)). HCT116 cells induced limited apoptosis in response to ASTX660 and
TNFα treatment, however siRNA-mediated silencing of any of the FLIP isoforms enhanced
treatment-induced cell death in response to ASTX660/TNFα (Figure 3.1.2 (A)). In SW620,
HT29 and DLD-1 cells (Figure 3.1.2 (B), Figure 3.1.3 (A) and Figure 3.1.4 (A), respectively)
there was a greater increase in sensitivity to ASTX660 and TNFα, in combination with FLIP(L)
and FLIP(T) silencing. The addition of siFLIP did not significantly enhance response to ASTX660
and TNFα treatment in the LoVo cell line (Figure 3.1.3 (B)) suggesting that FLIP does not
mediate resistance in LoVo cells.
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Figure 3.1.2: Knock down of FLIP via siRNA sensitises cells to ASTX660 and TNFα mediated
cell death.
Annexin V/ PI assay in A) HCT116 and B) SW620 cells transfected with siRNA sequences
targeting FLIP(S), FLIP(L), FLIP(T) or Scramble control (SCR) 6 hours prior to treatment with
ASTX660 (1µM), TNFα (1ng/mL) or a combination for a further 24 hours. C) Western blot
analysis of FLIP(L), FLIP(S) and GAPDH in HCT116 and SW620 cells following transfection with
siRNA sequences targeting FLIP(S), FLIP(L), FLIP(T) or Scramble control (SCR) for 30 hours.
Statistical significance was determined by performing a two-way ANOVA with multiple
comparisons (ns p>0.05; * p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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Figure 3.1.3: Knock down of FLIP via siRNA sensitises cells to ASTX660 and TNFα mediated
cell death.
Annexin V/ PI assay in A) HT29 and B) LoVo cells transfected with siRNA sequences targeting
FLIP(S), FLIP(L), FLIP(T) or Scramble control (SCR) 6 hours prior to treatment with ASTX660
(1µM), TNFα (1ng/mL) or a combination for a further 24 hours. C) Western blot analysis of
FLIP(L), FLIP(S) and β-actin in HT29 and LoVo cells following transfection with siRNA
sequences targeting FLIP(S), FLIP(L), FLIP(T) or Scramble control (SCR) for 30 hours. Statistical
significance was determined by performing a two-way ANOVA with multiple comparisons (ns
p>0.05; * p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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Figure 3.1.4: Knock down of FLIP via siRNA sensitises cells to ASTX660 and TNFα mediated
cell death.
A) Annexin V/ PI assay in DLD-1 cells transfected with siRNA sequences targeting FLIP(S),
FLIP(L), FLIP(T) or Scramble control (SCR) 6 hours prior to treatment with ASTX660 (1µM),
TNFα (1ng/mL) or a combination for a further 24 hours. B) Western blot analysis of FLIP(L),
FLIP(S) and GAPDH in DLD-1 cells following transfection with siRNA sequences targeting
FLIP(S), FLIP(L), FLIP(T) or Scramble control (SCR) for 30 hours. Statistical significance was
determined by performing a two-way ANOVA with multiple comparisons (ns p>0.05; *
p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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3.1.2.3 Entinostat downregulates FLIP mRNA and protein expression
Downregulation of FLIP expression by siRNA resulted in increased sensitivity of cell lines to
ASTX660 and TNFα combination treatment. HDAC inhibitors (HDACi) promote various antitumourigenic effects, and in recent years have been considered as novel anti-cancer
therapeutics. Previously published observations have identified the class I HDAC inhibitor
Entinostat as capable of downregulating FLIP expression at the mRNA and protein level
(Walkinshaw and Yang, 2008; Venza et al., 2014; McLaughlin et al., 2016). Entinostat is
currently in multiple Phase 2 clinical trials with Pembrolizumab (a PD-1 antagonist) for the
treatment of melanoma and non-small cell lung cancer (NSCLC), and is also being investigated
in a Phase 3 trial for the treatment of advanced hormone receptor positive breast cancer in
combination with Exemestane (an anti-estrogen aromatase inhibitor) following FDA
‘breakthrough status’. One of the mechanisms by which Entinostat has been shown to
downregulate FLIP is through destabilisation of the interaction between FLIP and Ku70 (a
DNA repair protein) which results in FLIP being degraded via polyubiquitination (Kerr et al.,
2012). This effect has previously been observed in CRC cells, non-small cell lung cancer and
castrate-resistant prostate cancer (Kerr et al., 2012; McCann et al., 2018). Consequently,
Entinostat was employed to downregulate FLIP expression prior to IAP antagonist therapy,
as a more clinically relevant method than utilising siRNA.
The panel of CRC cell lines were treated with a range of Entinostat concentrations for 24
hours prior to Western blot analysis. A range of concentrations of Entinostat (1 μM-2.5μM)
resulted in a decreased protein expression of both FLIP isoforms (FLIP(L) and FLIP(S)) in the
majority of the cell lines tested (Figure 3.1.5). However, treatment of the LoVo cell line with
Entinostat, even at the higher concentration of 5μM, resulted in little change in FLIP
expression. Hyperacetylated H4 was used as a pharmacodynamic marker for Entinostat. A
time course experiment, treating the cell line panel with 2.5M for 24 and 48 hours,
determined that 24 hours was a sufficient time point to downregulate FLIP expression and
that this knock down was maintained at 48 hours (Figure 3.1.6). In order to determine if FLIP
mRNA levels were altered by Entinostat treatment, qPCR was carried out in the CRC cell line
panel following treatment with 2.5μM Entinostat for 24 hours. Downregulation of FLIP(L)
(Figure 3.1.7 (A)) and FLIP(S) (Figure 3.1.7 (B)) was evidenced at the transcriptional level in
all cell lines.
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Figure 3.1.5: HDAC inhibitor Entinostat downregulates FLIP at the protein level.
Western blot analysis of FLIP(L), FLIP(S), CIAP1, Hyper Acetylated Histone 4 (H4) and β-actin
which was used as a loading control in HCT116, SW620, HT29 LoVo and DLD-1 cells treated
with 0.5µM, 1µM, 2.5µM and 5µM Entinostat for 24 hours.
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Figure 3.1.6: HDAC inhibitor Entinostat downregulates FLIP at 24 and 48 hours.
Western blot analysis of FLIP(L), FLIP(S), CIAP1 and. β-actin which was used as a loading
control in HT29, SW620, DLD-1, HCT116 and LoVo CRC cells treated with 2.5µM Entinostat
for 24 and 48 hours.
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Figure 3.1.7: HDAC inhibitor Entinostat downregulates FLIP mRNA.
qPCR analysis of A) FLIP(L) and B) FLIP(S) normalised to 18S in DLD-1, HT29, HCT116, LoVo
and SW620 CRC cells treated with 2.5µM Entinostat for 24 hours. Statistical significance was
determined by performing a two-way ANOVA with multiple comparisons (ns p>0.05; *
p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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3.1.2.4 Entinostat sensitises CRC cell lines to IAP antagonistic therapy in the presence
of TNFα
The previous results indicate that Entinostat downregulates FLIP expression in CRC cell lines,
both at the protein and transcriptional levels, as previously observed (Kerr et al., 2012; Riley
et al., 2013; Carson et al., 2015; McCann et al., 2018). Consequently, a 24-hour pre-treatment
of Entinostat was employed in order to reduce FLIP expression before addition of ASTX660
(1µM) and TNFα (1ng/mL) therapy for a further 24 hours.

Cell death induction by ASTX660/TNF was significantly increased following pre-treatment
with Entinostat, resulting in a decrease in cell viability in HCT116, SW620 and DLD-1 cells
(Figure 3.1.8 (A), Figure 3.1.9 (A) and Figure 3.1.10 (A) respectively). Pre-treatment with
2.5μM Entinostat for 24 hours prior to treatment with ASTX660/TNF also led to a significant
increase in cell death in HCT116, SW620 and DLD-1 cells (Figure 3.1.8 (B), Figure 3.1.9 (B)
and Figure 3.1.10 (B) respectively). However, in these cell lines, a decrease in cell viability
and an increase in cell death in response to Entinostat monotherapy was also observed; in
HCT116 cells this was a much as a 50% decrease in cell viability (Figure 3.1.8 (A)). Although
the HT29 cell line presented as more resistant to both Entinostat as a monotherapy and in
combination therapy (Entinostat, ASTX660 and TNFα) compared to the other cell lines (Figure
3.1.11), the induction of cell death and the decrease in cell viability remained significant in
response to 2.5μM Entinostat at the 48-hour time point. Several factors may contribute to
this resistance and decrease in sensitivity. Firstly, HT29 had the highest basal level of XIAP
protein expression compared to the other cell lines (Figure 3.1.1) and it was determined that
although Entinostat results in increased cell death and reduced cell viability in HT29 cells, the
downregulation of FLIP was much less pronounced than that observed in the other CRC cell
lines (Figure 3.1.5).

The LoVo cell line displayed minimal response to the combination of Entinostat, ASTX660 and
TNFα (Figure 3.1.12). No significant effects on either cell death or cell viability were observed
in response to single agent Entinostat. At the 48-hour time point, significant levels of cell
death following exposure to either 2.5μM or 5μM Entinostat when combined with ASTX660
and TNFα was apparent (Figure 3.1.12 (B)). However, 2.5μM Entinostat did not appear to be
sufficient enough to affect cell viability as a monotherapy or in combination with
ASTX660/TNFα. Only an increase in Entinostat to 5μM combined with ASTX660/TNFα
induced a viability affect compared to the experimental control (Figure 3.1.12 (A)).
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Figure 3.1.8: Entinostat enhances cell death induced by ASTX660 and TNFα.
A) Cell viability assay at 48 and 72h and B) Annexin V/ PI assay at 48h in HCT116 cells pretreated with 0.5µM, 1µM, 2.5µM and 5µM Entinostat for 24 hours before the addition of
1μM ASTX660, 1ng/mL TNFα for a further 48 hours. Statistical significance was determined
by performing a two-way ANOVA with multiple comparisons (ns p>0.05; * p≤0.05; ** p≤0.01;
*** p≤0.001; **** p≤0.0001).
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Figure 3.1.9: Entinostat enhances cell death induced by ASTX660 and TNFα.
A) Cell viability assay at 48 and 72h and B) Annexin V/ PI assay at 48h in SW620 cells pretreated with 0.5µM, 1µM, 2.5µM and 5µM Entinostat for 24 hours before the addition of
1μM ASTX660, 1ng/mL TNFα for a further 48 hours. Statistical significance was determined
by performing a two-way ANOVA with multiple comparisons (ns p>0.05; * p≤0.05; ** p≤0.01;
*** p≤0.001; **** p≤0.0001).
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Figure 3.1.10: Entinostat enhances cell death induced by ASTX660 and TNFα.
A) Cell viability assay at 48 and 72h and B) Annexin V/ PI assay at 48h in DLD-1 cells pretreated with 0.5µM, 1µM, 2.5µM and 5µM Entinostat for 24 hours before the addition of
1μM ASTX660, 1ng/mL TNFα for a further 48 hours. Statistical significance was determined
by performing a two-way ANOVA with multiple comparisons (ns p>0.05; * p≤0.05; ** p≤0.01;
*** p≤0.001; **** p≤0.0001).
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Figure 3.1.11: Entinostat enhances cell death induced by ASTX660 and TNFα.
A) Cell viability assay at 48 and 72h and B) Annexin V/ PI assay at 48h in HT29 cells pre-treated
with 0.5µM, 1µM, 2.5µM and 5µM Entinostat for 24 hours before the addition of 1μM
ASTX660, 1ng/mL TNFα for a further 48 hours. Statistical significance was determined by
performing a two-way ANOVA with multiple comparisons (ns p>0.05; * p≤0.05; ** p≤0.01;
*** p≤0.001; **** p≤0.0001).
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Figure 3.1.12: Entinostat enhances cell death induced by ASTX660 and TNFα.
A) Cell viability assay at 48 and 72h and B) Annexin V/ PI assay at 48h in LoVo cells pre-treated
with 0.5µM, 1µM, 2.5µM and 5µM Entinostat for 24 hours before the addition of 1μM
ASTX660, 1ng/mL TNFα for a further 48 hours. Statistical significance was determined by
performing a two-way ANOVA with multiple comparisons (ns p>0.05; * p≤0.05; ** p≤0.01;
*** p≤0.001; **** p≤0.0001).
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3.1.2.5 Development of a caspase-8 CRISPR/Cas9 knockout DLD-1 cell line
As previously described, downregulation of FLIP by Entinostat in CRC cell lines significantly
enhanced cell death in the presence of ASTX660/TNF, likely due to the activation of
caspase-8 in Complex IIb (Figure 3.1.8). This complex is formed when the TNFR1 receptor is
activated by TNFα in the absence of CIAP, when RIPK1 recruits FADD and procaspase-8. When
two molecules of procaspase-8 bind to FADD, they form a homodimer and become activated.
Activated caspase-8 in turn activates the executioner caspases-3 and -7, subsequently
initiating apoptosis. However, ASTX660 also targets XIAP, which primarily acts downstream
of caspase-8 to inhibit caspase-3 and -7. Therefore, in order to investigate the role of caspase8 in the cell death induced by Entinostat/ASTX660/TNF, a DLD-1 procaspase-8 knockout
model was generated using CRISPR/Cas9 technology. A mixed population and multiple clonal
DLD-1 procaspase-8 CRISPR/Cas9 cells lines were generated.

In order to confirm knockout of procaspase-8 in the mixed population DLD-1 procaspase-8
CRISPR cell lines, Western blot analysis was conducted. Procaspase-8 protein expression was
noticeably reduced in the mixed population compared to the EV (Empty Vector) cell line;
however, there was still a significant amount of procaspase-8 remaining (Figure 3.1.13).
Consequently, these cells underwent clonal selection and expansion to create multiple DLD1 procaspase-8 CRISPR/Cas9 cell lines. Protein lysates were collected and analysed by
Western blot to confirm complete knockout of procaspase-8 (Figure 3.1.14). Clones retaining
procaspase-8 expression (highlighted in red in Figure 3.1.14) were disposed of, and clones
absent of procaspase-8 were further analysed via Western blot for basal expression levels of
key apoptotic proteins. Clone 2 and Clone 9 DLD-1 Caspase-8 CRISPR/Cas9 cell lines were
selected for further experimental validation, as their basal protein profile best matched the
DLD-1 EV control cell line (Figure 3.1.15). This was necessary to ensure that the procaspase8 knockout clones used had similar expression levels of key apoptotic proteins such as FLIP,
FADD and RIPK1 compared to the EV in order to confirm that any experimental effects
observed between the EV and the procaspase-8 knockout cells was due to solely to the
treatment.
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Figure 3.1.13: Generation of CRISPR-Cas9 caspase-8 knockout cells.
Western blot analysis of Caspase-8 and -actin in mixed populations of DLD-1 Empty Vector
(EV) and DLD-1 caspase-8 CRISPR/Cas9. -actin was utilised as a loading control.
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Figure 3.1.14: Generation of clonal CRISPR-Cas9 caspase-8 knockout cells.
Western blot analysis of Caspase-8 and -actin in clonally derived DLD-1 Caspase-8
CRISPR/Cas9 cell lines. Clones highlighted in red were removed from the selection process.
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Figure 3.1.15: Characterisation of DLD-1 caspase-8 CRISPR-Cas9 knockout cells.
Western blot analysis of FLIP(L), FLIP(S), Caspase-3, Caspase-8, Mcl-1, FADD, CIAP1, Caspase8 and Caspase-10, CIAP2 and -actin in DLD-1 Empty Vector (EV) and clonally derived DLD-1
Caspase-8 CRISPR/Cas9 cell lines. Protein lysates were obtained from DLD-1 CRISPR caspase8 KO clones 2, 5, 6 and 9 following 24 hours in culture. Western blotting was utilised to assess
the basal expression level of key apoptotic proteins. β-actin was utilised as a loading control.
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3.1.2.6 Entinostat and IAP antagonistic therapy results in caspase-8 dependent cell
death
In order to determine the role of caspase-8 in cell death induced by Entinostat and IAP
antagonist co-treatment; DLD-1 EV, DLD-1 caspase-8 CRISPR/Cas9 Clone 2 and DLD-1
caspase-8 CRISPR/Cas9 Clone 9 cells were subjected to Western blot analysis following
treatment with Entinostat/ASTX660/TNF. Pharmacodynamic markers CIAP1 and
Hyperacetylated H4 were used to demonstrate that ASTX660 and Entinostat were on-target.

Treatment of DLD-1 EV, DLD-1 caspase-8 CRISPR/Cas9 Clone 2 and DLD-1 caspase-8
CRISPR/Cas9 Clone 9 cell lines with Entinostat resulted in downregulation of FLIP(L) and
FLIP(S) protein expression. The DLD-1 procaspase-8 knockout clones (Clone 2 Figure 3.1.16
and Clone 9 Figure 3.1.17) demonstrated visibly lower cleaved PARP and cleaved caspase-3,
markers indicative of the induction of apoptosis, when treated with Entinostat and ASTX660
(in the presence of TNFα) compared to the EV. These results indicate that caspase-8 plays a
role in the cell death response to Entinostat/ASTX660/TNF combination treatment.
Notably, the DLD-1 caspase-8 CRISPR/Cas9 clones appeared to have lower overall expression
of caspase-10 via Western blot analysis. Caspase-3/7 activity was greatly decreased in the
DLD-1 caspase-8 CRISPR/Cas9 clones compared to the DLD-1 EV cells, indicating at least a
partial rescue of death in absence of caspase-8 in response to Entinostat/ASTX660/TNF
(Figure 3.1.18). It is important to note, however, that the extent of PARP cleavage was not
totally

rescued,

indicating

that

apoptosis

is

still

occurring

in

response

to

Entinostat/ASTX660/TNF, potentially through caspase-10 or via the intrinsic apoptotic
pathway and/or direct inhibition of XIAP. It is important to note that the majority of the cell
death occurring in the procaspase-8-knockout cell lines in response to Entinostat/ ASTX660
and TNFα appears to be an Entinostat effect.

To explore this rescue of cell death in response to Entinostat, ASTX660 and TNFα, in the
absence of procaspase-8 in more quantitative detail, Annexin V/ PI high content analysis and
cell viability assays were carried out. Annexin V/ PI analysis, 48 hours after initial treatment
with Entinostat, indicated that both DLD-1 caspase-8 CRISPR/Cas9 Clone 2 and Clone 9 had
reduced cell death in response to combination of Entinostat, ASTX660 and TNFα therapy.
However, depletion of caspase-8 had no effect on the cell death induced by Entinostat as a
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monotherapy (Figure 3.1.19). These results were further supported by cell viability assays
carried out at the 48- and 72-hour time points (Figure 3.1.20 and Figure 3.1.21), collectively
indicating that cell death induced by Entinostat in combination with ASTX660 and TNFα is, at
least partially, caspase-8 dependent; however, cell death in response to Entinostat alone is
independent of caspase-8.

To validate these findings in another cell line model, these experiments were repeated
utilising HCT116 caspase-8 CRISPR knockout cells. Western blot analysis of HCT116 EV and
HCT116 caspase-8 CRISPR cells indicated that Entinostat and ASTX660 treatments were ontarget through their pharmacodynamic markers of Hyperacetylated H4 and CIAP1,
respectively (Figure 3.1.22). Again, there was a notable rescue of cell death in HCT116
Caspase-8 CRISPR/Cas9 cells compared to HCT116 EV cells, observed by a reduction of
cleaved PARP and caspase-3, although as before, this cleavage was not entirely rescued,
indicating cell death in response to combination treatment is only partially dependent on
caspase-8. HCT116 EV and HCT116 caspase-8 CRISPR/Cas9 cell viability was also assessed
following 48- and 72-hours Entinostat/ASTX660/TNF combination treatment (Figure
3.1.23). Trends observed with regards to cell viability mirrored the results obtained in the
DLD-1 model, indicating that although knocking out caspase-8 had no effect on the level of
cell death induced by Entinostat monotherapy, it resulted in significant rescue of cell death
when Entinostat was combined with ASTX660 and TNFα.
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Figure 3.1.16: Depletion of caspase-8 partially rescues cell death induced by Entinostat,
ASTX660 and TNFα treatment.
Western blot analysis of PARP, Caspase-8, FLIP(L), FLIP(S), Cleaved Caspase-10, Cleaved
Caspase-3, CIAP1, Hyper acetylated H4 and β-actin which was used as a loading control in
DLD-1 EV and DLD-1 caspase-8 CRISPR/Cas9 clone 2 cell lines; following pre-treatment with
2.5μM Entinostat for 24 hours, then addition of ASTX660 (1μM), TNFα (1ng/mL) or a
combination for a further 24 hours.
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Figure 3.1.17: Depletion of caspase-8 partially rescues cell death induced by Entinostat,
ASTX660 and TNFα treatment.
Western blot analysis of PARP, Caspase-8, FLIP(L), FLIP(S), Cleaved Caspase-10, Cleaved
Caspase-3, CIAP1, Hyper acetylated H4 and β-actin which was used as a loading control in
DLD-1 EV and DLD-1 caspase-8 CRISPR/Cas9 clone 9 cell lines; following pre-treatment with
2.5μM Entinostat for 24 hours then addition of ASTX660 (1μM), TNFα (1ng/mL) or a
combination for a further 24 hours.
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Figure 3.1.18: Depletion of caspase-8 reduces the level of caspase-3/7 activity induced by
Entinostat, ASTX660 and TNFα.
Caspase-3/7 activity assays in DLD-1 EV and A) DLD-1 caspase-8 CRISPR/Cas9 clone 2 and B)
DLD-1 caspase-8 CRISPR/Cas9 clone 9 pre-treated with 2.5μM Entinostat for 24 hours before
addition of ASTX660 (1μM), TNFα (1ng/mL) or a combination for a further 24 hours.
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Figure 3.1.19: Knockout of Caspase-8 rescues cell death induced by Entinostat, ASTX660,
TNFα combination therapy.
Annexin V/ PI analysis in DLD-1 EV and A) DLD-1 caspase-8 CRISPR/Cas9 clone 2 and B) DLD1 caspase-8 CRISPR/Cas9 clone 9 pre-treated with 2.5μM Entinostat for 24 hours before
addition of ASTX660 (1μM), TNFα (1ng/mL) or a combination for a further 24 hours Statistical
significance was determined by performing a two-way ANOVA with multiple comparisons (ns
p>0.05; * p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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Figure 3.1.20: Knockout of Caspase-8 rescues cell death induced by Entinostat, ASTX660,
TNFα combination therapy.
Cell viability analysis in DLD-1 EV and DLD-1 caspase-8 CRISPR/Cas9 Clone 2 pre-treated with
2.5μM Entinostat for 24 hours before addition of ASTX660 (1μM), TNFα (1ng/mL) or a
combination for a total time of A) 48 hours and B) 72hours. Statistical significance was
determined by performing a two-way ANOVA with multiple comparisons (ns p>0.05; *
p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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Figure 3.1.21: Knockout of Caspase-8 rescues cell death induced by Entinostat, ASTX660,
TNFα combination therapy.
Cell viability analysis in DLD-1 EV and DLD-1 caspase-8 CRISPR/Cas9 Clone 9 pre-treated with
2.5μM Entinostat for 24 hours before addition of ASTX660 (1μM), TNFα (1ng/mL) or a
combination for a total time of A) 48 hours and B) 72hours. Statistical significance was
determined by performing a two-way ANOVA with multiple comparisons (ns p>0.05; *
p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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Figure 3.1.22: Depletion of caspase-8 partially rescues cell death induce by Entinostat,
ASTX660 and TNFα treatment in HCT116 cells.
Western blot analysis of PARP, Caspase-8, FLIP(L), FLIP(S), CIAP1, Hyper acetylated H4 and βactin which was used as a loading control in HCT116 EV and HCT116 caspase-8 CRISPR/Cas9
cell lines following pre-treated with 2.5μM Entinostat for 24 hours then addition of ASTX660
(1μM), TNFα (1ng/mL) or a combination for a further 24 hours.

95

Figure 3.1.23: Knockout of Caspase-8 rescues cell death induced by Entinostat, ASTX660,
TNFα combination therapy.
Cell viability analysis in HCT116 EV and HCT116 caspase-8 CRISPR/Cas9 pre-treated with
2.5μM Entinostat for 24 hours before addition of ASTX660 (1μM), TNFα (1ng/mL) or a
combination for a total time of A)48 hours and B) 72h. Statistical significance was determined
by performing a two-way ANOVA with multiple comparisons (ns p>0.05; * p≤0.05; ** p≤0.01;
*** p≤0.001; **** p≤0.0001).
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3.1.2.7 Enhanced cell death in caspase-10 knockout cells is dependent on caspase-8
Caspase-10 is a paralog of caspase-8 and FLIP, sharing significant homology and overlapping
properties. However, caspase-10 is not found in rodents, consequently, it is difficult to study
in vivo and the exact nature of caspase-10 is still not entirely understood. It was initially
hypothesised that caspase-8 and caspase-10 have redundant functionality, yet the ability of
caspase-10 to fully substitute for caspase-8 is still disputed (Sprick et al., 2002; Fischer, Stroh
and Schulze-Osthoff, 2006).

To determine the role caspase-10 plays in the efficacy of IAP antagonists, a caspase8/caspase-10 double knockout CRISPR cell line was utilised. This cell line was generated in
house by the Longley Laboratory.

Previously, it was determined that depletion of caspase-8 partially rescued cell death induced
by Entinostat, ASTX660 and TNFα combination treatment, but not cell death induced by
Entinostat as a monotherapy (Section 3.1.2.6). A lower dose of Entinostat was deemed an
ideal treatment concentration for this experiment due to the increased sensitivity of the
double knockout cell line (Figure 3.1.24 (A) and Figure 3.1.25). Following treatment with 1µM
Entinostat, it was demonstrated that absence of caspase-10 enhanced the cell death
response, with similar levels of apoptosis observed in the EV cells (Figure 3.1.24). Increased
cell death in response to caspase-10 knockout has previously been reported, and it is
hypothesised that caspase-10 has the potential to negatively regulate caspase-8-mediated
apoptosis; through binding to the FADD, caspase-8 and RIPK1 complex IIb, caspase-10 has
been reported to prevent the homodimerization of procaspase-8 and subsequently
promotes pro-survival signalling via the NFκB pathway (Horn et al., 2017).

This hypothesis was supported by Western blot analysis of protein lysates (Figure 3.1.26)
where an increase in PARP cleavage was observed in the caspase-10 knockout cells, treated
with IAP antagonists, but was rescued in the caspase-8/caspase-10 double knockout cells.
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Figure 3.1.24: Enhanced cell death in caspase-10 knockout cells is caspase-8-dependent.
Annexin V/ PI analysis in HCT116 CRISPR EV, caspase-8, caspase-10 knockout and caspase8/caspase-10 double knockout cells pre-treated with A) 2.5μM or B) 1μM Entinostat for 24
hours before addition of ASTX660 (1μM), TNFα (1ng/mL) or a combination for a further 24
hours.
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Figure 3.1.25: Enhanced cell death in caspase-10 knockout cells is caspase-8-dependent.
Western blot analysis of Caspase-8, Caspase- 10, XIAP, CIAP1, PARP, RIPK1, FLIP(L), FLIP(S)
and β-actin which was used as a loading control in HCT116 CRISPR EV, caspase-8, caspase-10
knockout and caspase-8/caspase-10 double knockout cells pre-treated with 2.5μM
Entinostat for 24 hours before addition of ASTX660 (1μM), TNFα (1ng/mL) or a combination
for a further 24 hours.
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Figure 3.1.26: Enhanced cell death in caspase-10 knockout cells is caspase-8 dependent.
Western blot analysis of Caspase-8, Caspase- 10, XIAP, CIAP1, PARP, RIPK1, FLIP(L), FLIP(S)
and GAPDH which was used as a loading control in HCT116 CRISPR EV, caspase-8, caspase-10
knockout and caspase-8/caspase-10 double knockout cells pre-treated with 1μM Entinostat
for 24 hours before addition of ASTX660 (1μM), TNFα (1ng/mL) or a combination for a further
24 hours.
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3.1.3 Summary
Colorectal cancer is a leading cause of cancer-related death and despite well-established
treatment protocols, recurrence and drug resistance remain a major clinical problem,
therefore, there is an unmet clinical need for novel and effective therapeutic targets. IAPs
promote pro-survival signalling and have been associated with chemoresistance.
Consequently, they have become an attractive target for anti-cancer therapies and multiple
IAP antagonists have been developed. The aim of this section was to determine the efficacy
of the IAP antagonist ASTX660 on a panel of five CRC cell line models. This panel was selected
based on the differing levels of sensitivity to ASTX660, which was determined as part of a
large-scale screen conducted by our collaborators Astex Pharmaceuticals. It was established
in this chapter that the CRC cell line models held intrinsic resistance to the IAP antagonist
ASTX660. However, reduction of FLIP, by siRNA, increased sensitivity of the CRC cells to
ASTX660 and TNFα mediated cell death, in four out of the five CRC cell line models. This
indicates that FLIP is a major contributor to the resistance mechanism against IAP antagonists
in CRC cell line models. Subsequently it was revealed that this FLIP-mediated resistance could
be overcome through the use of the clinically relevant Class I HDAC inhibitor, Entinostat.
Entinostat was shown to downregulate FLIP mRNA and protein expression, increasing the
sensitivity of the CRC cell lines to IAP antagonistic therapy in the context of a proinflammatory environment, through the addition of exogenous TNFα. Furthermore, through
the generation of caspase-8 CRISPR/Cas9 knockout cell line models, this increase in cell death
was shown to be dependent on caspase-8. Together these results indicate that the reduction
or inhibition of FLIP expression is necessary to sensitise CRC cell lines ASTX660/TNFα
mediated cell death.
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3.2 Utilising a Novel FLIP:FADD Binding Inhibitor to
Selectively Inhibit the Function of FLIP
3.2.1 Introduction
Section 3.1 demonstrated the potential benefit of utilising IAP antagonists to treat CRC by
exploiting the pro-inflammatory tumour microenvironment associated with this disease. The
IAP antagonist ASTX660, promoted pro-apoptotic signalling in the presence of TNFα in a
panel of CRC cell lines, when FLIP-mediated resistance was overcome. The research carried
out in Section 3.1, identified FLIP, which is frequently overexpressed in CRC (Ryu et al., 2001),
as an intrinsic resistance mechanism to IAP antagonist therapy. Furthermore, it was found
that downregulation of FLIP expression by the Class I HDAC inhibitor Entinostat resulted in
the sensitisation of CRC cells to ASTX660/TNFα.

Due to the structural similarities between FLIP and procaspase-8/-10, selectively targeting
FLIP over its paralogs is challenging. However, a study carried out in our laboratory utilised
computational biology techniques to delve into the protein:protein interactions between the
DEDs of procaspase-8, FLIP and FADD. FLIP was found to preferentially bind to the α1/α4
surface of FADD, whereas procaspase-8 preferentially bound to the α2/α5 surface (Majkut
et al., 2014). Molecular modelling was carried out against the FLIP:FADD binding site, which
found a potential drug-binding pocket on FLIP. A subsequent virtual small-molecule screen
of this pocket identified compounds with inhibitory activity towards the FLIP:FADD
protein:protein interaction (Higgins et al., 2016). Currently, there are no commercially
available FLIP inhibitors; however, our laboratory is currently conducting pre-clinical
assessments of multiple first-in-class small molecule FLIP inhibitors which have been
demonstrated to disrupt the binding of FLIP to FADD. This chapter will investigate the efficacy
of the current lead FLIP:FADD binding inhibitor to overcome the intrinsic resistance
mechanism to IAP antagonist therapy in CRC, identified in Section 3.1.
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3.2.2 Results
3.2.2.1 The novel small molecule FLIP:FADD binding inhibitor results in a loss of cell
viability in CRC lines
The FLIP inhibitor (“FLIPi”) used in this chapter is capable of selectively inhibiting the
FLIP:FADD interaction, preventing FLIP recruitment to FADD, but allowing for the recruitment
of procaspase-8. To demonstrate the ability of FLIPi to prevent FLIP:FADD protein:protein
interactions, a protein:protein interaction (PPI) assay was carried out using the NanoBiT™
split luciferase assay system (Promega) (Humphreys et al., 2020). This system uses a
nanoluciferase enzyme split into two parts, the small BiT (smBiT) of the nanoluciferase
enzyme is fused to the DED domain of FADD and the large BiT (LgBiT) is fused to the DED
domain of FLIP, so that when FLIP and FADD interact and bind to each other, this re-forms
the nanoluciferase enzyme and generates a luminescence signal. Disruption of the FLIP:FADD
interaction via a dose escalation of FLIPi leads to a dose-dependent decrease in the level of
luminescence as shown in Figure 3.2.1.

Figure 3.2.1: FLIPi disrupts FLIP:FADD protein:protein interaction in a dose-dependent
manner
FLIP:FADD Protein:protein interaction (PPI) assay utilising the NanoBiT™ split luciferase assay
system (Promega), where the smBiT of the nanoluciferase enzyme is fused to the DED domain
of FADD and the LgBiT is fused to the DED domain of FLIP there proteins are stably expressed
from U20S cells. The U20S cells were treated with FLIPi at a range of concentrations from 010µM. This experiment was carried out by Dr. C. Higgins.
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The activity of FLIPi was assessed in the panel of CRC cell lines utilised in Section 3.2. FLIPi
was found to significantly decrease cell viability (Figure 3.2.2) in HCT116 (A), SW620 (B), DLD1 (C), LoVo (D) HT29 (E) cell lines. The IC50 concentration of FLIPi at 48 hours was 1.1µM for
HCT116 (A), 0.7µM for SW620 (B), 0.8µM for DLD-1 (C), 0.6µM for LoVo (D) and 1.0µM for
HT29 (E). The IC50 concentration of FLIPi across the cell lines does not vary greatly, with a
range of 0.6-1.1µM; this indicates that the FLIPi is similarly potent across the cell lines.
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Figure 3.2.2: Dose response curves to FLIPi in a panel of colorectal cancer cell lines
Cell viability assay in A) HCT116 B) SW620 C) DLD-1 D) LoVo and E) HT29 cells treated with 010µM FLIPi for 48 hours.
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3.2.2.2 FLIPi induces caspase-8-, FADD- and BAX/BAK-dependent cell death in
combination with IZ-TRAIL
In order to validate the efficacy of the FLIP:FADD binding inhibitor, Isoleucine Zipper (IZ)
TRAIL was used to activate formation of the TRAIL-R1/2 DISCs. The expected on-target
activity of the inhibitor is enhanced sensitivity to TRAIL-induced apoptosis by disrupting
recruitment of FLIP into the DISCs formed by these receptors.

Initial dose response curves on the panel of CRC cell lines revealed that the IC50 concentration
of IZ-TRAIL varied dramatically between cell lines. SW620 cells were resistant to IZ-TRAIL,
whereas the DLD-1 cell line, which was the most sensitive, had an IC50 concentration of
1ng/mL at 48 hours (Figure 3.2.3). In all the cell lines except DLD-1, at 24 hours, 0.3µM FLIPi
combined with 1ng/mL of IZ-TRAIL was enough to induce significant increases in cell death
compared to IZ-TRAIL treatment alone (Figure 3.2.4-Figure 3.2.8). The DLD-1 cell line lacked
significant levels of increased cell death in response to the FLIPi in combination with IZ-TRAIL
(Figure 3.2.8 (A)), because the cells were already sensitive to the IZ-TRAIL alone (Figure 3.2.3
(C)). However, this effect was overcome in the DLD-1 cell line at the later time points with a
significant decrease in cell viability with the FLIPi in combination with IZ-TRAIL compared to
IZ-TRAIL alone at 48 and 72 hours (Figure 3.2.8 (B)). In summary, all cell lines displayed
increased levels of cell death in response to a combination of FLIPi and IZ-TRAIL compared to
IZ-TRAIL alone; indicating that FLIPi sensitizes these cells to IZ-TRAIL-induced death.

To confirm the on-target effectiveness of the FLIP inhibitor, HCT116 Caspase-8 CRISPR
knockout cells were utilised. Knock down of caspase-8 was confirmed by Western blot
analysis (Figure 3.2.20). Consistent with the expected mechanism-of-action, at the 24-hour
time point, cell death induced by FLIPi alone and in combination with IZ-TRAIL was rescued
in the caspase-8-deficient cell line compared to the EV cells (Figure 3.2.9 (A)). This was
reflected in cell viability assays at 48 hours, although there was a reduction in cell viability in
the caspase-8-deficient model in response to FLIPi alone that was not further enhanced by
IZ-TRAIL co-treatment (Figure 3.2.9 (B)). This suggests either an off-target effect of FLIPi or
an on-target, caspase-8-independent effect. Other data from our group indicate that these
inhibitors can cause caspase-8-independent growth arrest, which may be FLIP-dependent as
FLIP silencing also induces caspase-8-independent growth arrest (unpublished observations).
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Moreover, at higher concentrations (>1µM), these molecules can induce caspase-8independent cell death; whether this is FLIP-related, or an off-target effect is an on-going
investigation.

To further investigate the on-target effects of FLIPi, HCT116 CRISPR/Cas9 FADD knockout
cells were also examined. Knockout of FADD was confirmed by Western blot analysis (Figure
3.2.22). As in the caspase-8 knockout model, cell death induction was attenuated in response
to FLIPi alone, IZ-TRAIL alone and their combination in the FADD knock-out compared to the
EV control (Figure 3.2.10), further supporting the expected mechanism-of-action of these
agents.

HCT116 cells are type-2 with respect to the extrinsic apoptotic pathway, in that they require
cross-talk with the mitochondria via BID to induce apoptosis. Therefore, HCT116 cells lacking
the effectors of the intrinsic mitochondrial apoptotic pathway, BAX and BAK, would be
expected to be resistant to FLIPi alone, IZ-TRAIL alone and a combination of each treatment.
HCT116 BAX/BAK double knockout cells were used to assess this, with knockout of BAX and
BAK confirmed by Western blot analysis (Figure 3.2.25). Once again, the level of cell death in
response to IZ-TRAIL and FLIPi was markedly decreased in the BAX/BAK double knockout cell
line compared to the matched EV model (Figure 3.2.11), concluding that BAX and/or BAK
play an active role in mediating the cell death response induced by FLIPi/IZ-TRAIL, consistent
with the known status of this cell line model as Type-2.

In summary, cell death induced by FLIPi alone and in the presence of IZ-TRAIL was found to
be dependent on caspase-8, FADD and BAX/BAK, consistent with its expected mechanismof-action in the HCT116 CRC cell line model.
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Figure 3.2.3: Dose response curves to IZ-TRAIL in a panel of colorectal cancer cell lines
Cell viability assay in A) HCT116 B) SW620 C) DLD-1 D) LoVo and E) HT29 cells treated with
Isoleucine Zipper (IZ) TRAIL concentrations from 0-100ng for 48h.
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Figure 3.2.4: The small molecule FLIPi sensitises HCT116 cells to IZ-TRAIL mediated death
A) Annexin V/ PI assay in HCT116 cells pre-treated with 0.3µM and 1µM FLIPi for 30 minutes
before the addition of IZ-TRAIL (1ng/mL or 3ng/mL) for a further 24 hours. B) Cell viability
assay in HCT116 cells pre-treated with 0.3µM and 1µM FLIPi for 30 minutes before the
addition of IZ-TRAIL (1ng/mL or 3ng/mL) for a further 48 and 72h. Statistical significance was
determined by performing a two-way ANOVA with multiple comparisons (ns p>0.05; *
p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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Figure 3.2.5: The small molecule FLIPi sensitises SW620 cells to IZ-TRAIL mediated death
A) Annexin V/ PI assay in SW620 cells pre-treated with 0.3µM and 1µM FLIPi for 30 minutes
before the addition of IZ-TRAIL (1ng/mL or 3ng/mL) for a further 24 hours. B) Cell viability
assay in SW620 cells pre-treated with 0.3µM and 1µM FLIPi for 30 minutes before the
addition of IZ-TRAIL (1ng/mL or 3ng/mL) for a further 48 and 72h. Statistical significance was
determined by performing a two-way ANOVA with multiple comparisons (ns p>0.05; *
p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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Figure 3.2.6: The small molecule FLIPi sensitises HT29 cells to IZ-TRAIL mediated death
A) Annexin V/ PI assay in HT29 cells pre-treated with 0.3µM and 1µM FLIPi for 30 minutes
before the addition of IZ-TRAIL (1ng/mL or 3ng/mL) for a further 24 hours. B) Cell viability
assay in HT29 cells pre-treated with 0.3µM and 1µM FLIPi for 30 minutes before the addition
of IZ-TRAIL (1ng/mL or 3ng/mL) for a further 24 hours for a further at 48 and 72h. Statistical
significance was determined by performing a two-way ANOVA with multiple comparisons (ns
p>0.05; * p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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Figure 3.2.7: The small molecule FLIPi sensitises LoVo cells to IZ-TRAIL mediated death
A) Annexin V/ PI assay in LoVo cells pre-treated with 0.3µM and 1µM FLIPi for 30 minutes
before the addition of IZ-TRAIL (1ng/mL or 3ng/mL) for a further 24 hours. B) Cell viability
assay in LoVo cells pre-treated with 0.3µM and 1µM FLIPi for 30 minutes before the addition
of IZ-TRAIL (1ng/mL or 3ng/mL) for a further 48 and 72h. Statistical significance was
determined by performing a two-way ANOVA with multiple comparisons (ns p>0.05; *
p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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Figure 3.2.8: The small molecule FLIPi sensitises DLD-1 cells to IZ-TRAIL mediated death
A) Annexin V/ PI assay in DLD-1 cells pre-treated with 0.3µM and 1µM FLIPi for 30 minutes
before the addition of IZ-TRAIL (1ng/mL or 3ng/mL) for a further 24 hours. B) Cell viability
assay in DLD-1 cells pre-treated with 0.3µM and 1µM FLIPi for 30 minutes before the addition
of IZ-TRAIL (1ng/mL or 3ng/mL) for a further 48 and 72h. Statistical significance was
determined by performing a two-way ANOVA with multiple comparisons (ns p>0.05; *
p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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Figure 3.2.9: Depletion of caspase-8 rescues cell death induced by FLIPi and IZ-TRAIL
combination therapy.
A) Annexin V/ PI analysis and B) cell viability analysis in HCT116 EV and HCT116 FADD
CRISPR/Cas9 cells pre-treated with FLIPi at 0.3µM or 1µM for 30 minutes before addition of
IZ-TRAIL (IZT) at either 1ng/mL or 3ng/mL for A) 24 hours and B) 48 hours. Statistical
significance was determined by performing a two-way ANOVA with multiple comparisons (ns
p>0.05; * p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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Figure 3.2.10: Depletion of FADD rescues cell death induced by FLIPi and IZ-TRAIL
combination therapy.
A) Annexin V/ PI analysis and B) cell viability analysis in HCT116 EV and HCT116 FADD
CRISPR/Cas9 cells pre-treated with FLIPi at 0.3µM or 1µM for 30 minutes before addition of
IZ-TRAIL at either 1ng/mL or 3ng/mL for A) 24 hours and B) 48 hours. Statistical significance
was determined by performing a two-way ANOVA with multiple comparisons (ns p>0.05; *
p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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Figure 3.2.11: Depletion of BAX/BAK rescues cell death induced by FLIPi and IZ-TRAIL
combination therapy.
A) Annexin V/ PI analysis and B) cell viability analysis in HCT116 EV and HCT116 BAX/BAK
CRISPR/Cas9 cells pre-treated with FLIPi at 0.3µM or 1µM for 30 minutes before addition of
IZ-TRAIL at either 1ng/mL or 3ng/mL for A) 24 hours and B) 48 hours. Statistical significance
was determined by performing a two-way ANOVA with multiple comparisons (ns p>0.05; *
p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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3.2.2.3 FLIPi sensitises CRC cells to IAP antagonist therapy in the context of a proinflammatory microenvironment
Targeting FLIP directly with siRNA or indirectly using Entinostat sensitised CRC cell lines to
ASTX660 and TNFα (Section 3.1). To investigate the ability of the FLIPi to sensitise CRC cells
to IAP antagonist therapy, cells were pre-treated for 30 minutes with FLIPi before the
addition of ASTX660 and TNFα alone and in combination.

In HCT116, SW620, HT29, LoVo and DLD-1 cell lines at 24, 48 and 72 hour time points, FLIPi
at a concentration of 1µM in combination with ASTX660 (1µM) and TNFα (1ng/mL),
significantly increased cell death compared to ASTX660/TNF (Figures 3.2.12 – 3.2.16 (A))
and decreased cell viability (Figures 3.2.12 – 3.2.16 (B)). At 24 hours, 0.3µM FLIPi sensitised
all of the cell lines, with the exception of the DLD-1 cell line (Figure 3.2.16 (A)) to
ASTX660/TNFα, resulting in significant increases in cell death compared to ASTX660/TNFα
alone. It should be noted that ASTX660 (as a single agent or in combination with a FLIPi) does
not result in a reduction of cell viability in any of the cell lines; supporting the observation
that its activity is dependent on TNFα. Furthermore, at the 24-hour time point across all of
the cell lines, FLIPi at 1µM significantly increased sensitivity to TNFα alone (Figures 3.2.12 –
3.2.16 (A)). This is consistent with FLIP being an inhibitor of TNFR1 Complex II.

Western blot analysis of PARP cleavage in the HCT116 and DLD-1 cell lines qualitatively
confirmed the quantitative increases in apoptosis observed in response to combinations of
FLIPi with either ASTX660/TNFα or IZ-TRAIL (Figure 3.2.17 and Figure 3.2.18 respectively).
The FLIPi was designed to inhibit the interaction between FLIP and FADD, consequently, there
was no significant effect observed on FLIP expression at the protein level. In line with the
previous results in this chapter, the DLD-1 cell line was less sensitive to FLIPi/ASTX660 /TNFα
combination compared to the HCT116 cell line, indicated by a lack of PARP cleavage
compared to its control. However, it should be noted that there was a significant increase in
sensitivity to IZ-TRAIL/FLIPi compared to its control, indicating that FLIP is a major TRAIL
receptor resistance factor in DLD-1 cells. Basal protein expression via Western blot analysis
of the DLD-1 cell line in Section 3.1 (Figure 3.1.1 (A)) supports this theory and showed the
DLD-1 cell line had the highest expression of FLIP.
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Figure 3.2.12: FLIPi sensitises HCT116 cells to IAP antagonist therapy in the context of TNFα.
A) Annexin V/ PI assay at 24h in HCT116 cells pre-treated with 0.3µM and 1µM FLIPi for 30
minutes before the addition of 1μM ASTX660, 1ng/mL TNFα for a further 24 hours. B) Cell
viability assay in HCT116 cells pre-treated with 0.3µM and 1µM FLIPi for 30 minutes before
the addition of 1μM ASTX660, 1ng/mL TNFα for a further 48 and 72h. Statistical significance
was determined by performing a two-way ANOVA with multiple comparisons (ns p>0.05; *
p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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Figure 3.2.13: FLIPi sensitises SW620 cells to IAP antagonist therapy in the context of TNFα.
A) Annexin V/ PI assay at 24h in SW620 cells pre-treated with 0.3µM and 1µM FLIPi for 30
minutes before the addition of 1μM ASTX660, 1ng/mL TNFα for a further 24 hours. B) Cell
viability assay in SW620 cells pre-treated with 0.3µM and 1µM FLIPi for 30 minutes before
the addition of 1μM ASTX660, 1ng/mL TNFα for a further 48 and 72h. Statistical significance
was determined by performing a two-way ANOVA with multiple comparisons (ns p>0.05; *
p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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Figure 3.2.14: FLIPi sensitises HT29 cells to IAP antagonist therapy in the context of TNFα.
A) Annexin V/ PI assay at 24h in HT29 cells pre-treated with 0.3µM and 1µM FLIPi for 30
minutes before the addition of 1μM ASTX660, 1ng/mL TNFα for a further 24 hours. B) Cell
viability assay in HT29 cells pre-treated with 0.3µM and 1µM FLIPi for 30 minutes before the
addition of 1μM ASTX660, 1ng/mL TNFα for a further 48 and 72h. Statistical significance was
determined by performing a two-way ANOVA with multiple comparisons (ns p>0.05; *
p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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Figure 3.2.15: FLIPi sensitises LoVo cells to IAP antagonist therapy in the context of TNFα.
A) Annexin V/ PI assay at 24h in LoVo cells pre-treated with 0.3µM and 1µM FLIPi for 30
minutes before the addition of 1μM ASTX660, 1ng/mL TNFα for a further 24 hours. B) Cell
viability assay in LoVo cells pre-treated with 0.3µM and 1µM FLIPi for 30 minutes before the
addition of 1μM ASTX660, 1ng/mL TNFα for a further 48 and 72h. Statistical significance was
determined by performing a two-way ANOVA with multiple comparisons (ns p>0.05; *
p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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Figure 3.2.16: FLIPi sensitises DLD-1 cells to IAP antagonist therapy in the context of TNFα.
A) Annexin V/ PI assay at 24h in DLD-1 cells pre-treated with 0.3µM and 1µM FLIPi for 30
minutes before the addition of 1μM ASTX660, 1ng/mL TNFα for a further 24 hours. B) Cell
viability assay in DLD-1 cells pre-treated with 0.3µM and 1µM FLIPi for 30 minutes before the
addition of 1μM ASTX660, 1ng/mL TNFα for a further 48 and 72h. Statistical significance was
determined by performing a two-way ANOVA with multiple comparisons (ns p>0.05; *
p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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Figure 3.2.17: FLIPi increases PARP cleavage through activation of the extrinsic apoptotic
pathway via stimulation with either ASTX660/TNFα or IZ-TRAIL (IZT).
Western blot analysis of FLIP(L), FLIP(S), PARP, Caspase 8, CIAP1, XIAP and β-actin in HCT116
cells treated with 0, 0.3 or 1µM of FLIPi for 30 minutes followed by either DMSO (Control),
ASTX660 (1µM) and TNFα (1ng/mL) or IZT (1ng/mL).

123

Figure 3.2.18: FLIPi increases PARP cleavage through activation of the extrinsic apoptotic
pathways, through stimulation with Isoleucine Zipper TRAIL (IZT).
Western blot analysis of FLIP(L), FLIP(S), PARP, Caspase 8, CIAP1, XIAP and β-actin in DLD-1
cells treated with 0, 0.3 or 1µM of FLIPi for 30 minutes followed by either DMSO (Control),
ASTX660 (1µM) and TNFα (1ng/mL) or IZT (1ng).
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3.2.2.4 Cell death induced by FLIP:FADD binding inhibitor, ASTX660 and TNFα
combination therapy, is caspase-8 dependent
As previously discussed, the rationale for pairing a FLIPi with an IAP antagonist in the
presence of TNFα was to enhance apoptosis, through the activation of the caspase cascade
via the TNFα signalling pathway. Subsequently, HCT116 Caspase-8 CRISPR knockout cells
were used to investigate the role of caspase-8 in cell death mediated by FLIPi in combination
with ASTX660/TNF.

At 24 hours, loss of caspase-8 protected against cell death induced by the FLIPi as a
monotherapy and also when it was combined with ASTX660/TNFα (Figure 3.2.19 (A)). These
results were again confirmed at 48 hours using a cell viability assay, although caspase-8independent growth inhibition was observed in response to FLIPi (Figure 3.2.19 (B)).

Western blot analysis confirmed that the HCT116 CRISPR/Cas9 caspase-8 cell line lacked
caspase-8 expression. The HCT116 EV cell line demonstrated increased levels of PARP
cleavage and cleaved caspase-3 in response to ASTX660/TNFα when combined with
increasing concentrations of FLIPi. Furthermore, there was a lack of apoptosis in the HCT116
caspase-8 knock-out model in all treatment groups, indicated by a lack of PARP cleavage and
a lack of cleaved caspase-3 compared to the EV model (Figure 3.2.20). In conclusion, these
results confirmed the hypothesis that cell death induced by FLIPi and ASXT660 in the
presence of TNFα is dependent on caspase-8.
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Figure 3.2.19: Loss of Caspase-8 rescues cell death induced by FLIPi, ASTX660 and TNFα
combination therapy.
A) Annexin V/ PI analysis and B) cell viability analysis in HCT116 EV and HCT116 caspase-8
CRISPR/Cas9 cells pre-treated with FLIPi at 0.3µM or 1µM for 30 minutes before addition of
ASTX660 (1μM), TNFα (1ng/mL) or a combination for A) 24 hours and B) 48 hours. Statistical
significance was determined by performing a two-way ANOVA with multiple comparisons (ns
p>0.05; * p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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Figure 3.2.20: Loss of Caspase-8 rescues cell death induced by FLIPi, ASTX660 and TNFα
treatment.
Western blot analysis of, Caspase-8, FLIP(L), FLIP p43, FLIP(S), PARP, CIAP1, XIAP, Caspase-3,
Cleaved Caspase-3, FADD and β-actin which was used as a loading control in HCT116 EV and
HCT116 Caspase-8 CRISPR/Cas9 cell lines; following pre-treatment with 0.3µM and 1µM FLIPi
for 30 minutes before addition of either a combination of ASTX660 (1μM) and TNFα (1ng/mL)
or IZ-TRAIL (1ng) for a further 24 hours.
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3.2.2.5 Cell death induced by FLIPi, ASTX660 and TNFα combination therapy, is
partially dependent on FADD
As discussed above, FADD is an essential component of the cytoplasmic death-inducing
Complex II, formed following TNF signalling in the absence of IAPs. Consequently, the role
of FADD in the efficacy of FLIPi/ASTX660/TNFα combination therapy was investigated using
a HCT116 FADD CRISPR/Cas9 knock-out cell line.

Cell death analysis at 24 hours revealed that although not completely rescued, apoptosis
induced by the FLIPi in combination with ASTX660 and TNFα was reduced in the HCT116
FADD knockout cell line compared to the matched EV model. In cells treated with
FLIPi/ASTX660/TNFα, the level of cell death decreased from around 80% in EV cells to 35% in
HCT116 FADD knockout cells (Figure 3.2.21 (A)). Although FADD-independent growth
inhibition was observed in response to FLIPi at 48h, this was not enhanced by co-treatment
with ASTX660/TNFα (Figure 3.2.21 (B)). This indicates that the apoptosis induced by FLIPi,
ASTX660 and TNFα is highly dependent on FADD. It was also notable in these paired cells that
FLIPi enhanced sensitivity to TNFα alone, and that this was also FADD-dependent. This is
consistent with formation of Complex II downstream of TNFα stimulation, even in the
absence of IAP antagonism.

Deletion of FADD in the HCT116 FADD CRISPR cell line was confirmed by Western blot
analysis. PARP cleavage was reduced in the knockout cell line in response to ASTX660/TNFα
in combination with 0.3µM FLIPi in the HCT116 FADD knockout cell line compared to the EV
cell line, consistent with the cell death analysis (Figure 3.2.21 (A)), it was not completely
rescued (Figure 3.2.22 (A)). However, there was a reduction of p43-FLIP, the product of
procaspase-8:FLIP heterodimerization induced by ASTX660 and TNFα combination; this
indicates a lack of Complex II formation. Subsequent Western blot analysis of basal protein
expression from the HCT116 EV and FADD knockout cell lines revealed there was residual
levels of FADD in the knockout cell line which may have been driving the phenotype,
preventing the complete rescue of cell death (Figure 3.2.22 (B)).

These results could also suggest that a FADD-independent complex may be able to mediate
cell death induction. The MLKL inhibitor Necrosulfonamide, prevents the formation of the
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necrosome complex (containing MLKL, RIPK1 and RIPK3), thereby inhibiting necroptosis.
However, there was no reduction in cell death, in either the HCT116 EV or HCT116 FADD
CRISPR/Cas9 cell lines in response to Necrosulfonamide (Figure 3.2.23), ruling out
necroptosis as an alternative cell death pathway. Conversely, Z-VAD-FMK completely rescued
cell death induced by FLIPi alone and in combination with ASTX660 and TNFα in both the EV
and FADD knockout cells (Figure 3.2.24), indicating that the cell death is dependent on
caspase activation; this is consistent with the current Complex II-inducing model.

In summary, it can be determined from the experiments in this section that the cell death
induced by a combination of FLIPi, ASTX660 and TNFα is highly, but not entirely dependent
on FADD; however, it is dependent on caspase-8 activation.
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Figure 3.2.21: Loss of FADD rescues cell death induced by FLIPi, ASTX660 and TNFα
combination therapy.
A) Annexin V/ PI analysis and B) cell viability analysis in HCT116 EV and HCT116 FADD
CRISPR/Cas9 cells pre-treated with FLIPi at 0.3µM or 1µM for 30 minutes before addition of
ASTX660 (1μM), TNFα (1ng/mL) or a combination for A) 24 hours and B) 48 hours. Statistical
significance was determined by performing a two-way ANOVA with multiple comparisons (ns
p>0.05; * p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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A)

B)

Figure 3.2.22: Loss of FADD rescues cell death induced by FLIPi, ASTX660 and TNFα
combination therapy.
A) Western blot analysis of, FADD, PARP, FLIP(L), FLIP(S), caspase-8, caspase-10 CIAP1, CIAP2
XIAP and β-actin which was used as a loading control in HCT116 EV and HCT116 FADD
CRISPR/Cas9 cell lines; following pre-treatment with 0.3µM FLIPi for 30 minutes before
addition of either ASTX660 (1μM) or TNFα (1ng/mL) or a combination of both, for a further
24 hours. B) Basal protein expression level in HCT116 EV and HCT116 FADD CRISPR/Cas9 cell
lines.
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Figure 3.2.23: Cell death induced by FLIPi, ASTX660 and TNFα combination therapy is not
via necroptosis.
Propidium Iodide analysis in HCT116 EV and HCT116 FADD CRISPR/Cas9 cells pre-treated with
Necrosulfonamide (2µM) for 1 hour before the addition of FLIPi at 0.3µM or 1µM for a further
30 minutes before final addition of ASTX660 (1μM) and TNFα (1ng/mL) for 24 hours.
Statistical significance was determined by performing a two-way ANOVA with multiple
comparisons (ns p>0.05; * p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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Figure 3.2.24: Cell death induced by FLIPi, ASTX660 and TNFα combination therapy is
dependent on caspase activity.
Annexin V/ PI high content analysis in HCT116 EV and HCT116 FADD CRISPR/Cas9 cells pretreated with Z-VAD-FMK (zVAD) (10µM) for 1 hour before the addition of FLIPi at 0.3µM or
1µM for a further 30 minutes before final addition of ASTX660 (1μM) and TNFα (1ng/mL) for
24 hours. Statistical significance was determined by performing a two-way ANOVA with
multiple comparisons (ns p>0.05; * p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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3.2.2.6 Cell death induced by FLIPi, ASTX660 and TNFα combination therapy, is
dependent on BAX/BAK
As previously discussed, there are two apoptotic pathways, intrinsic and extrinsic. Crosstalk
between the extrinsic and intrinsic pathway is facilitated by the cleavage of the BH3 protein
Bid to tBid by activated caspase-8 and caspase-10, which subsequently promotes the
activation of the mitochondria-mediated intrinsic pathway. This intrinsic pathway relies on
the activation of BAX and BAK to activate mitochondrial outer membrane permeabilization
(MOMP), which in turn leads to the release of Cytochrome C. Cytochrome C then binds to
the apoptotic protease activating factor 1 (APAF1) and procaspase-9, to form the
apoptosome, through which caspase-9 becomes activated and goes on to activate the
caspase cascade and induce apoptosis (Duprez et al., 2009). To investigate the involvement
of the intrinsic apoptotic pathway in the cell death induced by FLIPi and the IAP antagonist,
CRISPR/Cas9 BAX/BAK double knockout cells were used to diminish the activation of the
intrinsic apoptotic pathway.

Western blot analysis revealed that in the absence of BAX and BAK, there was an overall
decrease in the level of cleaved PARP and cleaved caspase-3 in response to ASTX660/TNFα
or IZ-TRAIL when combined with increasing concentrations of FLIPi (Figure 3.2.25). This result
was mirrored in the cell death and cell viability assays. At 24 hours after treatment, there was
a decrease in the level of cell death induced by FLIPi as a single agent and in combination
with ASTX660 and TNFα in the BAX/BAK double knockout cells compared to the EV model
(Figure 3.2.26 (A)). Furthermore, at the 48 hour time point, the decrease in cell viability
induced by FLIPi and ASTX660/TNFα in the EV cells was rescued in the BAX/BAK knockout
model (Figure 3.2.26 (B)). The reduced viability at 48 hours in response to FLIPi is not
dependent on the mitochondrial pathway indicating that this is a growth inhibitory effect
rather than an apoptotic effect.

These results conclude that the intrinsic pathway is playing a key role in the induction of cell
death promoted by FLIPi, ASTX660 and TNFα, as this death is dependent on BAX and BAK, inkeeping with the known Type 2 status of HCT116.
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Figure 3.2.25: Deletion of BAX/BAK rescues cell death induced by FLIPi, ASTX660 and TNFα
treatment.
Western blot analysis of PARP, BAK, BAX, FLIP(L), p43FLIP, FLIP(S), caspase-8, CIAP1, XIAP,
caspase-3, cleaved caspase-3 and β-actin which was used as a loading control in HCT116 EV
and HCT116 BAX/BAK CRISPR/Cas9 cell lines; following pre-treatment with 0.3µM FLIPi for
30 minutes before addition of either ASTX660 (1μM) or TNFα (1ng/mL) or a combination of
both, for a further 24 hours.
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Figure 3.2.26: Deletion of BAX/BAK rescues cell death induced by FLIPi, ASTX660 and TNFα
combination therapy.
A) Annexin V/ PI analysis and B) cell viability analysis in HCT116 EV and HCT116 BAX/BAK
CRISPR/Cas9 cells pre-treated with FLIPi at 0.3µM or 1µM for 30 minutes before addition of
ASTX660 (1μM), TNFα (1ng/mL) or a combination for A) 24 hours and B) 48 hours. Statistical
significance was determined by performing a two-way ANOVA with multiple comparisons (ns
p>0.05; * p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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3.2.3 Summary
Having previously established that FLIP contributes to the intrinsic resistance mechanism
observed in the CRC cell lines, to the IAP antagonist ASTX660. The aim of this chapter was to
investigate a novel approach to selectively target FLIP. Structural similarities between FLIP
and its paralog procaspase-8 have historically made it a challenge to selectively inhibit FLIP.
However, with computational molecular modelling, a novel small-molecule inhibitor was
identified, which is able to inhibit the FLIP:FADD protein:protein interaction (Higgins et al.,
2019). In this section, the FLIP inhibitor (FLIPi) was first shown to prevent FLIP recruitment to
FADD, through inhibiting the protein:protein interactions, via the NanoBiT™ split luciferase
protein:protein interaction assay (Humphreys et al., 2020). Secondly, FLIPi was shown to
effectively enhance cell death, in CRC cell line models treated with IZ-TRAIL and through the
use of CRISPR/Cas9 knockout cell line models, this cell death was determined to be
dependent on caspase-8, FADD and BAX/BAK.

After the effectiveness of the FLIPi was established, it was then combined with IAP
antagonistic therapy where it was shown that the FLIPi was able to overcome FLIP-mediated
resistance to ASTX660 and induce cell death in the CRC cell lines, in the context of a proinflammatory microenvironment. CRISPR/Cas9 cell lines and western blot analysis were used
to investigate the molecular signalling of these cells during treatment and determined that
the cell death induced by FLIPi/ASTX660 was dependent on caspse-8 and BAX/BAK, but only
partially dependent on FADD.

The results from this section demonstrated that the novel small-molecule FLIP inhibitor,
FLIPi, could be used to selectively target FLIP, enhancing cell death in the CRC cell line models,
in response to ASTX660, by overcoming FLIP-mediated resistance. Furthermore, this suggests
that the combination of ASTX660 and FLIPi could offer a therapeutic benefit in CRC patients
due to the pro-inflammatory nature of this disease. However, this would require further
research and will be discussed in greater detail in Chapter 4.
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3.3 Therapeutic Opportunities for IAP Antagonists
Afforded by Fusobacterium nucleatum
3.3.1 Introduction
The previous two sections have demonstrated the efficacy of the IAP antagonist, ASTX660,
on a panel of CRC cell lines. ASTX660 is not only dependent on the presence of TNFα, but also
caspase-8, FADD and BAX/BAK, such that when combined with TNFα and a FLIP-inhibiting
agent in vitro, ASTX660 induces caspase-8, FADD and BAX/BAK-dependent cell death.
Recombinant TNFα (as previously discussed) has been used in the previous sections to
replicate the pro-inflammatory microenvironment associated with CRC. There is clear
evidence that the microbiota plays a key role in the initiation and progression of colorectal
cancer, and overabundance of several bacterial species including Bacteroides fragillis,
Clostridium septicum, Escherichia coli and Fusobacterium nucleatum have each been
associated with CRC development and progression (Viljoen et al., 2015; Gagnière et al.,
2016).

This section focuses on Fusobacterium nucleatum; an anaerobic Gram-negative bacterium
found predominantly in the oral cavity that has been associated with periodontal disease,
appendicitis and more recently colorectal and oesophageal cancers. Enrichment of F.
nucleatum in colorectal tumour tissues, compared to adjacent normal tissue, has been widely
reported and confirmed by metagenomic and transcriptional analyses (Kostic et al., 2012;
Repass, 2018). Furthermore, preliminary research from our laboratory examined a cohort of
stage II/III CRC patient tumour samples and found 20% of these samples were positive for
the presence of F. nucleatum. Further analysis determined that the top upstream regulator
in F. nucleatum positive samples was TNFα, and correspondingly, the level of CIAP2 gene
expression was higher in F. nucleatum positive samples these samples compared to the F.
nucleatum negative samples (Unpublished observations, completed by Dr N. Crawford and
W. Moore). These preliminary observations are supported by recent literature, which
demonstrates an increase in CIAP2 levels in CRC cell lines treated with F. nucleatum (S. Zhang
et al., 2019).
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This section aims to build on these findings and the work in the previous chapters to explore
the effect of F. nucleatum on the HCT116 and HT29 CRC cell lines in order to determine if the
use of an IAP antagonist could be used to exploit the presence of the bacterium and its effects
on the pro-inflammatory tumour microenvironment.
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3.3.2 Results
3.3.2.1 F. nucleatum activates the NFκB pathway and affects levels of FLIP and IAPs
when directly co-cultured with CRC cells
Before assessing potential treatment combinations, the effect of the F. nucleatum bacteria
on the CRC cells needed to be assessed. In this section, only HCT116 and HT29 cell lines were
utilised; these lines were chosen based on their responses to treatment in previous chapters
and on published responses to F. nucleatum (Abed et al., 2016). All of the cell lines
investigated (with the exception of SW620) have been shown to increase their proliferative
capacity in response to F. nucleatum (Rubinstein et al., 2013; Yang et al., 2016; Yu et al.,
2017). However, HCT116 and HT29 cells were selected to take forward as they reportedly
express high and low levels (respectively) of D-galactose-β(1-3)-N-acetyl-D-galactosamine
(Gal-GalNAc), which is often overexpressed in tumours and acts as a target for the F.
nucleatum Fap2 protein, a lectin that mediates bacterial adherence to cells (Shamsuddin,
Tyner and Yang, 1995; Abed et al., 2016).

Firstly, the F. nucleatum culture was Gram-stained to ensure it was not contaminated with
other bacteria and the morphology of the bacterium was observed for a uniform fusiform
rod shape (Figure 3.3.1). The bacterial culture was then quantified and co-cultured with the
CRC cells at a multiplicity of infection (MOI) of either 10:1, 100:1 or 1000:1. Quantitative PCR
was used to investigate the effect of the bacteria on key proteins of interest.

CIAP1 mRNA expression (normalised to β-tubulin) increased in the HT29 cells co-cultured
with a MOI of 1000:1 at 6 hours compared to the control, and this was further increased at
24 hour (Figure 3.3.2 (A)). At 6 hours, the HT29 cells co-cultured with 1000:1 MOI,
demonstrated an approximate 25-fold change in CIAP2 gene expression, however, this
decreased to approximately 15-fold by the 24 hour time point (Figure 3.3.2 (B)). In contrast,
the mRNA level of XIAP in F. nucleatum co-cultured cells remained similar to that observed
in the control arm at the early time points, however, levels were observed to rise by
approximately 2-fold at 24 hours in the cells co-cultured with a MOI of 1000:1 (Figure 3.3.2
(C)). Furthermore, an acute increase in TNFα mRNA was observed at the early time point of
3 hours in HT29 cells treated with F. nucleatum at a MOI of 1000:1; however, levels of TNFα
decreased over time (Figure 3.3.2 (D)). Quantitative PCR analaysis also demonstrated a
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decrease in the level of FLIP(L) and FLIP(S) from 3 hours onwards in cells treated with F.
nucleatum, compared to the control-treated cells (Figure 3.3.2 (E + F)).

The result of the quantitative PCR for FLIP was supported by Western blot analysis. The
overall level of FLIP decreased in response to F. nucleatum compared to the control; this was
more evident for FLIP(S) than FLIP(L); however, FLIP(L) was decreased at 3, 6 and 24 hours.
By Western blot (Figure 3.3.3) treatment with F. nucleatum enhanced CIAP2 expression at
24 hours, consistent with the increase in mRNA expression at 6 hours. However, the levels of
both CIAP1 and XIAP were decreased, despite the small increases in their expression at the
mRNA level. Interestingly, in cells treated with the highest MOI of F. nucleatum, there was a
decrease in procaspase-8, suggestive of its activation.

Finally, the level of IκBα was analysed to assess whether NFκB activation was induced by F.
nucleatum; degradation of IκBα is indicative of its phosphorylation and subsequent activation
of the canonical NFκB pathway. Furthermore, TNFα was used as a positive control for NFκB
activation. Degradation of IκBα was observed in the HT29 cells treated with F. nucleatum (at
MOI of 10:1, 100:1 or 1000:1) compared to the controls at each time point (Figure 3.3.3).
This activation of the NFκB pathway by F. nucleatum, was hypothesised to be the cause for
the changes in IAP levels, and this is supported by recent literature (S. Zhang et al., 2019).

The experiment was replicated in the HCT116 cell line. Quantitative PCR showed an initial
spike in CIAP1 expression at 3 hours and a much larger increase in CIAP2 mRNA expression
between 3 and 24 hours in the cells co-cultured with F. nucleatum at a MOI of 1000:1
compared to the controls. There was also a decrease of FLIP(L) in all HCT116 cells treated
with F. nucleatum (Figure 3.3.4). Western blot analysis also showed downregulation of IκBα,
FLIP(L) and FLIP(S) in all cells and time points co-cultured with F. nucleatum. Again, there was
a clear decrease of CIAP1 with increasing concentrations of F. nucleatum compared to the
control; whilst, in line with the qPCR data, CIAP2 expression was highly upregulated at the
later timepoints. Similar to HT29 cells, XIAP expression was downregulated at the protein
level in response to the highest MOI.
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In summary, the combined results of the quantitative PCR and the Western blot analysis
indicate that F. nucleatum activates the NFκB pathway when directly co-cultured with either
HT29 or HCT116 cells. Furthermore, this correlates with changes in expression of CIAP2
(upregulated) and FLIP (downregulated). Although FLIP is an NFκB target gene usually
upregulated with NFκB activation, the downregulation observed here, is mostly likely due to
the upregulation of the oncogene c-Myc which is widely reported in literature to
downregulate FLIP expression (Ricci et al., 2004) and is upregulated by the F. nucleatum
infection (Rubinstein et al., 2013; Chen et al., 2017).
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Figure 3.3.1: Gram-negative Fusobacterium Nucleatum
Microscope image (x40) of the Gram-negative spindle/rod shaped Fusobacterium nucleatum
after Gram-staining.
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Figure 3.3.2: Co-culture of HT29 cells and F. nucleatum increases levels of IAPs and
decreases levels of FLIP.
qPCR analysis of A) CIAP1, B) CIAP2, C) XIAP, D) TNFα, E) FLIP(L) and F) FLIP(S) normalised to
β-tubulin in HT29 cells co-cultured with F. nucleatum with a MOI of 100:1 and 1000:1 for 1
hour, 3 hours, 6 hours and 24 hours (representative graphs showing N=1).
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Figure 3.3.3: Co-culture of HT29 cells and F. nucleatum
Western blot analysis of IκBα, FLIP(L), FLIP(S), CIAP2, CIAP1, XIAP, Caspase-8 and β-actin in
HT29 cells treated with F. nucleatum at a MOI of 10:1, 100:1 or 1000:1 (bacteria:cells) for 1,
3, 6 and 24 hours. TNFα was used as a positive control for activation of the NFκB activation.
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Figure 3.3.4: Co-culture of HCT116 cells and F. nucleatum increases levels of IAPs and
decreases levels of FLIP.
qPCR analysis of A) CIAP1, B) CIAP2, C) XIAP and D) FLIP(L) normalised to GAPDH in HCT116
cells co-cultured with F. nucleatum with a MOI of 10:1, 100:1 and 1000:1 for 3 hours, 6 hours
and 24 hours (representative graphs showing N=1).
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Figure 3.3.5: Co-culture of HCT116 cells and F. nucleatum
Western blot analysis of IκBα, FLIP(L), FLIP(S), Caspase-8, CIAP1, CIAP2, XIAP and β-actin in
HCT116 cells treated with F. nucleatum at a MOI of 10:1, 100:1 or 1000:1 (bacteria:cells) for
1, 3, 6 and 24 hours. TNFα was used as a positive control for activation of the NFκB activation.
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3.3.2.2 LPS conditioned media sensitises cells to the IAP antagonist TL32711
Having established the effect of a direct co-culture of F. nucleatum on HT29 and HCT116 cells,
it was necessary to improve modelling of the disease setting through utilising THP-1 cells to
replicate the pro-inflammatory tumour microenvironment of CRC. THP-1 cells are a human
leukaemia monocytic cell line that can be stimulated with LPS or other pathogen associated
molecular patterns (PAMPs). PAMPs are recognised by pattern recognition receptors (PRRs)
such as Toll-like receptor 4 (TLR4) on the cell membranes, which subsequently initiate
signalling pathways (e.g. NFκB signalling), increasing production of cytokines such as IL-1β,
IL-8 and TNFα (Chanput et al., 2010).

Before F. nucleatum was used to stimulate THP-1 cells, the assay was first optimised by the
use of Escherichia coli Lipopolysaccharide (LPS). LPS is a large molecule located on the outer
membranes of Gram-negative bacteria and functions to maintain the integrity of the
bacterial membrane. However, LPS is also an endotoxin and produces a strong inflammatory
response in host cells. Commercially available E. coli was purchased from Sigma Aldrich and
used as a positive control to optimise the assay. The IAP antagonist TL32711 (Birinapant) was
also utilised to optimise the experimental design, as it is a bivalent IAP antagonist, less
affected by FLIP-mediated resistance and was, at the time, better characterised in our
laboratory than ASTX660.

Western blot analysis indicated a concentration of 1µM of TL32711 was optimal, as at 24
hours, it displayed a clear downregulation of CIAP1, as well as a partial decrease in CIAP2 and
XIAP protein levels compared to the untreated control (Figure 3.3.6 (A)). This is in line with
published findings which demonstrate that although TL32711 is capable of inhibiting CIAP1,
CIAP2 and XIAP, it is more efficient at downregulating CIAP1 (Crawford et al., 2018). A further
experiment demonstrated that TL32711 was effective at downregulating CIAP1 (compared
to the control) from as little as one hour in HCT116 cells (Figure 3.3.6 (B)).

THP-1 cells were incubated with LPS to promote an inflammatory response and following
incubation, the media was separated from the THP-1 cells via centrifugation to produce THP1/LPS conditioned media. Annexin V/ PI flow cytometry was used to investigate the effect of
this THP-1/LPS conditioned media on HCT116 cells. To include sufficient controls, four
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different media conditions were used: media-only (control), media-only plus LPS, THP-1 cells
alone and THP-1 cells plus LPS. Commercially available Escherichia coli LPS was used to
validate initial experimental set up, as F. nucleatum Lipid A (the functional part of LPS that is
recognised by the TLRs) is structurally similar to E. coli Lipid A and has been shown to have
potent TLR4 activating capacity (De Andrade, Almeida-Da-Silva and Coutinho-Silva, 2019).

Conditioned media from LPS-treated THP-1 cells was transferred onto experimental plates
containing HCT116 cells. A positive control of TL32711 and TNFα was used. The initial
experiment determined that there was little difference in the level of cell death induced by
conditioned media alone. There was also little observed difference with regards to cell death
in cells treated with TNFα. However, when cells were treated with TL32711 (TL) alongside
THP-1/LPS conditioned media, there was a significant increase in the level of cell death,
suggesting that TNFα production from the LPS stimulation of THP-1 cells increases
sensitisation to TL32711 treatment (Figure 3.3.7).
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Figure 3.3.6: Dose and Time response of TL32711 in HCT116 cells.
Western blot analysis of CIAP1, XIAP, CIAP2 and βactin in HCT116 cells treated with TL32711.
A) Dose response of TL32711 from 0-10µM and B) Time response of TL32711 at a
concentration of 10µM for 1, 3, 6, 16 and 24 hours.
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Figure 3.3.7: THP-1/ LPS conditioned media increases cell death in response to TL32711.
Annexin V/ PI Flow cytometry analysis in HCT116 cells treated with either Control or LPS
(500ng/mL) media/ THP-1 conditioned media and then with either TL32711 and/or TNFα
(N=1).
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3.3.2.3 Conditioned media from F. nucleatum infected THP-1 monocytic cells
sensitises cells to the IAP antagonist TL32711 in a TNFα-dependent manner
After establishing the experimental design, LPS was replaced with freshly grown F.
nucleatum. THP-1 cells or control media were incubated with F. nucleatum at a MOI of 10:1
(F. nucleatum: THP-1 cells) for 6 hours, before the THP-1 cells and bacteria were separated
from the conditioned media by centrifugation. There was no observable difference in the
level of cell death in HCT116 cells treated with either a DMSO control or TNFα alone,
regardless of the type of conditioned media added. However, in the HCT116 cells treated
with TL32711 alone, an almost two-fold increase in cell death was exhibited in those HCT116
cells supplemented with THP-1/F. nucleatum conditioned media compared to that of the
HCT116 cells supplemented with control conditioned media; although, this level of cell death
was not quite as effective as the positive control of HCT116 cells treated with TL32711 and
recombinant TNFα (Figure 3.3.8).

To demonstrate that the enhanced cell death in HCT116 cells supplemented with the THP-1/
F. nucleatum conditioned media was due to endogenously produced TNFα, a TNFαneutralising antibody was utilised. Firstly, to determine the effectiveness of the neutralising
antibody, a control experiment was first conducted using recombinant TNFα. This
experiment determined that the TNFα-neutralising antibody had no effect on cell death
compared to an untreated control and a rabbit IgG control. However, the TNFα neutralising
antibody was effective at inhibiting the cell death-inducing effects of the recombinant TNFα,
as it reduced the total level of cell death from approximately 50% to 20%, a similar level
observed in the controls, in cells also treated with TL32711 (Figure 3.3.9 (A)).

When combined with the THP-1/F. nucleatum conditioned media, the TNFα-neutralising
antibody reduced the level of cell death induced by TL32711 and the conditioned media
down from approximately 45% to 20% (in line with the response between TL32711 and the
other conditioned media); indicating that the enhanced level of cell death observed in the
cells treated with TL32711 and THP-1/F. nucleatum conditioned media was TNFα-dependent
(Figure 3.3.9 (B)).
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Figure 3.3.8: THP-1/ F. nucleatum conditioned media increases cell death in response to
TL32711.
Annexin V/ PI Flow cytometry analysis in HCT116 cells treated with either Control or F.
nucleatum (MOI 10:1) media/ THP-1 conditioned media and then with either TL32711 and/or
TNFα (N=2).
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Figure 3.3.9: THP-1/ F. nucleatum conditioned media increases cell death in response to
TL32711 dependent on TNFα.
A) Annexin V/ PI Flow cytometry analysis in HCT116 cells treated either normal media, media
+ TNFα neutralising antibody (TNFα NAb), media + TNFα, media + TNFα + TNFα NAb or Rabbit
IgG as a control experiment to show the effectiveness of the TNFα Nab and B) Annexin V/ PI
Flow cytometry analysis in HCT116 cells treated with either Control or F. nucleatum (MOI
10:1) media/ THP-1 conditioned media and then with either TL32711 and/or TNFα. Statistical
significance was determined by performing a two-way ANOVA with multiple comparisons (ns
p>0.05; * p≤0.05; ** p≤0.01; *** p≤0.001; **** p≤0.0001).
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3.3.2.4 Combination of TL32711 and TNFα therapy induces formation of Complex IIb
Upon activation of the TNFα signalling pathway, in the absence of IAPs, Complex IIb
formation occurs which consists of Caspase-8, RIPK1 and FADD (M. Darding and Meier, 2012).
To confirm activation of the TNFα signalling pathway and Complex II formation in response
to TL32711 in HCT116 cells supplemented with THP-1/F. nucleatum conditioned media, coimmunoprecipitation of caspase-8 was used to pull out those proteins associated with
Complex IIb. As part of the procedure, cells were pre-treated with z-VAD-fmk (a pan-caspase
inhibitor) to prevent caspase-8 from cleaving RIPK1 and breaking up the complex. Formation
of Complex II was observed in HCT116 cells treated with TL32711 and enhanced in those cells
treated with TL32711 and supplemented with THP-1/F. nucleatum conditioned media as
confirmed by increased levels of interaction between caspase-8, RIPK1 and FADD (Figure
3.3.10 (A)). A positive control of cells treated with TL32711 and TNFα was included.
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Figure 3.3.10: Complex II formation in response to TL32711 in combination with
conditioned media.
A) Western blot analysis of RIPK1, FADD and caspase-8 following caspase-8
immunoprecipitation in HCT116 cells pre-treated with 20µM z-VAD-fmk for 30 minutes
before addition of conditioned media and either TL32711 (1µM) or FLIPi (1µM). Matched IgG
negative control and a positive control (both treated with) TL32711 (1µM) and TNFα
(1ng/mL) were used as controls. B) Western blot analysis of RIPK1, FADD, caspase-8 and βactin in HCT116 cells pre-treated with 20µM z-VAD-fmk for 30 minutes before addition of
either TL32711 (1µM) or FLIPi (1µM) for 3 hours. *The lower band seen on the FADD blots is
a non-specific band.
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3.3.2.5 F. nucleatum conditioned media sensitises cells to the IAP antagonist ASTX660
After optimisation of the experimental design and subsequent testing of TL32711, it was
concluded that TL32711 can promote Complex IIb formation and cell death in HCT116 cells,
in the presence of THP-1/F. nucleatum conditioned media. To determine if ASTX660 had the
same effect, THP-1/F. nucleatum conditioned media was combined with either ASTX660
alone or in combination with the FLIP:FADD inhibitor (discussed previously in Section 3.2) to
treat HCT116 cells. Annexin V/ PI flow cytometry revealed that THP-1/F. nucleatum
conditioned media had no effect on untreated CRC cells and produced only minimal effects
in cells treated with FLIPi alone, and this was only at the higher concentration of 1μM.
However, when ASTX660 and FLIPi (1µM) were combined, there was an increase in the
percentage cell death to around 65% in HCT116 cells supplemented with THP-1/ F. nucleatum
conditioned media compared to 27% cell death in the HCT116 cells supplemented with
control media (Figure 3.3.11). At the lower concentration of FLIPi (0.3µM), the combination
of ASTX660 and THP-1/F. nucleatum conditioned media increased the percentage of cell
death in the HCT116 cells by 27%. Interestingly, there was an increase in cell death of 27% in
HCT116 cells treated with ASTX660 alone when supplemented with THP-1/ F. nucleatum
conditioned media compared to those supplemented with the control media; an effect
similar to that observed with TL32711 (Figure 3.3.8). This was interesting as previously,
HCT116 cells were resistant to treatment with ASTX660 and recombinant TNFα alone (Figure
3.1.8). One hypothesis offering explanation for this observation is that, unlike recombinant
TNF, F. nucleatum is able to decrease the expression level of FLIP through activating the
production of the oncogene c-Myc in cells (Ricci et al., 2004; Rubinstein et al., 2013). This
therefore could potentially sensitise HCT116 cells to IAP antagonist monotherapy.
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Figure 3.3.11: THP-1/ F. nucleatum conditioned media increases cell death in response to
ASTX660 and FLIPi.
Annexin V/ PI Flow cytometry analysis in HCT116 cells pre-treated with FLIPi at either 0.3µM
or 1µM for 30 minutes before addition of either control or F. nucleatum (MOI 10:1) media/
THP-1 conditioned media and ASTX660 (1µM) (N=1).
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3.3.3 Summary
The findings presented in the first two sections demonstrate the potential benefit of
combining IAP antagonists with a FLIP inhibitor as a novel combination for the clinic.
However, the development of IAP antagonists to the clinic will be hampered without a
suitable predictive biomarker to stratify patients for IAP antagonistic therapy. F. nucleatum
has been documented to drive tumourigenesis by promoting pro-inflammatory and prosurvival signalling (Sun et al., 2019). Consequently, patients with this infection typically have
a poor prognosis and poorer overall survival and the literature suggests that F. nucleatum
could be a promising prognostic biomarker in late Stage III/ IV CRC patients (Yan et al., 2017).
Additionally, we propose that it could also be a potential predictive biomarker for patients
who would benefit from IAP antagonist therapy, as the F. nucleatum infection increases the
production of pro-inflammatory cytokines and up-regulates CIAP1 and CIAP2 (Gyrd-Hansen
and Meier, 2010; Zhang, Chen and Rudney, 2011; S. Zhang et al., 2019), creating the ideal
environment to utilise IAP antagonists. Considering this, the aim of this section was to
determine the impact of the F. nucleatum infection on apoptotic protein expression in CRC
cell line models and investigate if the pro-inflammatory TME associated with an F. nucleatum
infection could be exploited through IAP antagonist therapy.

The results presented in this section determined that co-culturing F. nucleatum with CRC cells
activated the NFκB pathway, increased levels of CIAP2 and decreased levels of FLIP at both
the mRNA and protein expression levels. The downregulation of FLIP was an unexpected
observation, as FLIP is an NFκB target gene which is usually upregulated with NFκB activation.
We hypothesis that this decrease is due to the upregulation of the oncogene c-Myc which is
reported in the literature to be increased by the F. nucleatum infection as well as having the
capability to downregulate FLIP (Ricci et al., 2004; Rubinstein et al., 2013; Chen et al., 2017).

Moving forward, to address the second aim for this section, a more complex model was
developed to better replicate the pro-inflammatory TME. In the first instance, this model was
set up and optimised using E. coli LPS and the IAP antagonist, TL32711. Stimulating the
monocytic THP-1 cell line with LPS promotes an inflammatory response and drives the
production of cytokines such as TNFα to create a conditioned media. The THP-1/LPS
conditioned media was then added to HCT116 cells in combination with TL32711, alongside
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experimental controls, to validate the experimental design. This initial experiment concluded
that the TNFα produced in the THP-1/LPS conditioned media was sufficient to activate cell
death in response to TL32711 in the HCT116 cell line. It was then demonstrated that the
conditioned media, from F. nucleatum infected THP-1 cells, could also sensitise HCT116 cells
to either ASTX660 or TL32711, independently of a FLIP inhibitor. The latter of which was
shown to be in a TNFα-dependent manner, through the use of TNFα neutralising antibody.
Together these results indicate that the pro-inflammatory microenvironment is enhanced by
the presence of F. nucleatum and that the bacteria itself is able to simulate optimal
conditions within the CRC cells to enhance their sensitivity to IAP antagonists, namely an
increase in IAPs (particularly CIAP2) and a decrease in the anti-apoptotic protein, FLIP. This
highlights the potential to utilise the presence of an F. nucleatum infection as a predictive
biomarker for IAP antagonists in CRC patients. However further research into this area is
required and will be discussed in the next chapter.
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Chapter 4: Discussion, Future Directions and Conclusions

161

4.1 Discussion
Colorectal cancer is a significant burden on healthcare systems Worldwide and a leading
cause of cancer-related deaths. Disease recurrence and drug resistance are major problems
impacting patient treatment and, consequently, there is a clinical need for novel therapeutics
targeting advanced stage CRC to improve prognosis and overall patient survival. CRC is
associated with a pro-inflammatory tumour microenvironment and IAPs are frequently
overexpressed resulting in poor prognosis for patients (Krajewska et al., 2005; Dubrez,
Berthelet and Glorian, 2013). In attempt to exploit the pro-survival mechanisms mediated by
IAPs, IAP antagonists have been developed, which target proinflammatory TNFα signalling
and directs it to induce apoptosis. The IAP antagonist investigated in this study is a second
generation IAP antagonist, ASTX660 (Tolinapant), developed by Astex Pharmaceuticals.

4.1.1 Efficacy of IAP Antagonists in Colorectal Cancer Cell Lines
The first aim of this study was to determine the efficacy of IAP antagonists in CRC cell line
models and to identify and explore potential intrinsic resistance mechanisms to IAP
antagonist therapy. The IAP antagonist ASTX660 was developed via fragment-based drug
discovery (FBDD) screening against the XIAP-BIRC3 region. Using medicinal chemistry
techniques, ASTX660 was then optimised to enhance binding to CIAP1 to create a novel, nonpeptidomimetic compound with inhibitory activity against CIAP1, CIAP2 and XIAP (Chessari
et al., 2015). ASTX660 is a monovalent compound, meaning that it is only able to bind to one
BIR domain; bivalent compounds are generally considered to be more effective, but this is
often at the expense of bioavailability. Contrary to this, in early phase clinical trials, ASTX660
has shown to be extremely potent with excellent oral bioavailability and, due to its design,
ASTX660 has a better sensitivity balance between CIAP1/2 and XIAP compared to previous
generations of SMAC-mimetics (Ward et al., 2018).

ASTX660, has recently completed a first-in-human Phase I clinical trial (NCT02503423) and
was demonstrated to be well tolerated, rapidly absorbed and biologically active, capable of
decreasing the level of CIAP1 the pharmacodynamic marker used in this trial in peripheral
blood mononuclear cells (PBMCs). The trial was conducted in adult patients with advanced
solid tumours or lymphoma with the aim of establishing the maximum tolerated dose (MTD)
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and the recommended dose for subsequent Phase II trials. Although not the main role of this
study, preliminary indications of clinical activity were observed in a single patient with
cutaneous T cell lymphoma following two treatment cycles of ASTX660 (180mg/day; 7-day
on/7-day off) (Mita et al., 2020). Phase II trials are currently recruiting patients with advanced
solid tumours and lymphomas who will be treated with the recommended Phase II dose of
ASTX660 at 180mg/day with a 7-day on/ 7-day off treatment schedule. Consequently,
ASTX660 was an excellent candidate, with proven clinical potential, to use in this study.

In Section 3.1, the efficacy of ASTX660 in a panel of CRC cell lines was examined. The cell lines
(HCT116, DLD-1, SW620, HT29 and LoVo) were selected based on the results of a large-scale
cell line screen, conducted by our collaborators Astex Pharmaceuticals, based their differing
levels of sensitivity to ASTX660 in the context of a pro-inflammatory microenvironment; for
in vitro experiments, this was simulated by recombinant TNFα. The results of this cell line
screen were blinded to us, to ensure that the results of this study were not biased by their
findings. All the cell lines in the panel were epithelial colon cancer cells of different molecular
subtypes of CRC and with different mutational status as outlined below (Table 4.1.1).

Cell Line CMS
CRIS
P53
KRAS
BRAF
MSI
HCT116
CMS4 CRIS D
WT
G13D
WT
MSI
DLD-1
CMS1 CRIS A
S241F
G13D
WT
MSI
SW620
CMS2 CRIS D
R273H/P309S G12V
WT
MSS
HT29
CMS3 CRIS B
R273H
WT
V600E MSS
LoVo
CMS1 CRIS B
WT
G13D/A14V
WT
MSI
Table 4.1.1: CMS, CRIS subtyping and mutational status of HCT116, DLD-1, SW620, HT29
and LoVo colorectal cell lines. CRC subtypes determined by Dr WL. Allen (unpublished data).

As IAP antagonists rely on the TNFα signalling pathway, the activity of ASTX660 is dependent
on autocrine signalling of TNFα in cell lines (Petersen et al., 2007; Ward et al., 2018). Despite
the ability of ASTX660 to decrease levels of CIAP1 and CIAP2 in each of the CRC cell lines in
our panel (HCT116, DLD-1, SW620, HT29 and LoVo), ASTX660 had little effect on cell viability
as a monotherapy or in combination with recombinant TNFα, indicating that each cell line
harbours an intrinsic resistance mechanism to IAP antagonist therapy, which prevents the
induction of cell death.
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In the presence of IAPs, TNFα initiates activation of the NFκB pathway, leading to
transcriptional upregulation of anti-apoptotic proteins, including IAPs and FLIP. Conversely,
in the absence of IAPs, TNFα promotes pro-apoptotic signalling through the formation of
Complex IIa, IIb and the ripoptosome. FLIP is a negative regulator of apoptosis, capable of
binding to FADD in Complex II and subsequently inhibiting apoptosis by preventing the
activation of the activator caspases, caspase-8/-10 (Wilson et al., 2007). Furthermore,
FLIP(L):procaspase-8 heterodimers are able to cleave localised RIPK1 and RIPK3, preventing
the induction of necroptotic signalling from Complex II (Oberst, Christopher P. Dillon, et al.,
2011). An investigation of basal protein expression revealed that FLIP is expressed in all the
CRC cell lines used for this study (Figure 3.1.1) and consequently, the role of FLIP expression
as an intrinsic resistance mechanism to IAP antagonists in the panel of cell lines was
investigated. The hypothesis that FLIP could act as a resistance mechanism to IAP antagonists
in CRC cell lines is supported in the literature, as FLIP is a well characterised negative
regulator of apoptosis (Krueger et al., 2001) and a well-known resistance mechanism to
standard-of-care chemotherapeutics and other more targeted therapies (Longley et al.,
2006). Furthermore, recent publications from our laboratory have identified FLIP as a
resistance mechanism to other IAP antagonists, AT-IAP and TL32711, in mesothelioma cell
lines and castrate-resistant prostate cancer cells respectively (Crawford et al., 2013; McCann
et al., 2018). Supporting this hypothesis, siRNA- mediated downregulation of FLIP protein
expression, in particular FLIP(L), resulted in sensitisation of each CRC cell line to ASTX660, in
the context of a modelled pro-inflammatory microenvironment through the use of
recombinant TNFα (Figures 3.1.2-4); with the exception of the LoVo cell line, which was not
sensitised to IAP antagonist therapy following FLIP downregulation.

Direct therapeutic targeting of FLIP has proved difficult due to the structural similarities
between FLIP and procaspase-8; however, there are a number of compounds which have
been reported to indirectly target and downregulate FLIP (Safa and Pollok, 2011). HDAC
inhibitors are one such category of compounds that are capable of downregulating FLIP
expression at the protein and transcriptional level. One mechanism by which HDAC inhibitors
downregulate FLIP is via the destabilisation of the FLIP and Ku70 interaction, through
acetylation of Ku70. Ku70 is a component of the non-homologous end joining (NHEJ) DNA
damage repair system and has been identified as being capable of binding to FLIP, resulting
in its stabilisation. After acetylation of Ku70, this binding is disrupted and leads to
polyubiquitination of FLIP and its subsequent degradation via the proteasome (Kerr et al.,
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2012; Venza et al., 2014). Entinostat is a clinically relevant, class I specific HDAC inhibitor and
has been reported to downregulate FLIP at the protein and transcriptional levels in various
cellular models, including osteosarcoma cells and non-small cell lung cancer models (RaoBindal et al., 2013; Riley et al., 2013; McLaughlin et al., 2016). Entinostat was selected for use
in this study, as it has well demonstrated efficacy and tolerability multiple clinical trials
(Yardley et al., 2013). Currently, Entinostat is in Phase 2 clinical trials with Pembrolizumab (a
PD-1 antagonist) for the treatment of melanoma, non-small cell lung cancer (NSCLC) and
advanced microsatellite stable CRC (NCT02437136) as part of the ENCORE 601 study.
Furthermore, Entinostat is also being investigated in a Phase 3 clinical trial (NCT02115282)
for the treatment of advanced hormone receptor positive breast cancer in combination with
Exemestane (an anti-estrogen aromatase inhibitor) following FDA ‘breakthrough status’
which was awarded based on results from the ENCORE 301 study (Yeruva et al., 2018).

The observations in Section 3.1.2.3 affirm that Entinostat was effective at downregulating
both FLIP(L) and FLIP(S) isoforms, at the transcriptional and protein level; however,
Entinostat did not completely abrogate FLIP expression. Quantitative PCR revealed that
Entinostat significantly reduced FLIP(L) and FLIP(S) mRNA levels across each cell line, most
notably in the HCT116 cell line and least in the LoVo cell line (Figure 3.1.7). This may in part
explain why cell lines display differing sensitivities, with regards to cell death, following
exposure to Entinostat in combination with ASTX660. In terms of cell death, the HCT116,
SW620, HT29 and DLD-1 cell lines were sensitised to ASTX660/TNFα following pre-treatment
with Entinostat (Figures 3.1.8-11). However, LoVo cells displayed minimal response at 48h to
Entinostat and ASTX660 combination treatment in the presence of TNFα (Figure 3.1.8). This
is, in part, consistent with the observation that downregulation of FLIP mRNA following
Entinostat treatment was less pronounced in the LoVo cell line compared with other cell
lines, however, it is important to note that the LoVo cell line was also resistant to ASTX660
and TNFα treatment when FLIP was depleted with siRNA. Furthermore, the basal protein
profile of the LoVo cell line (Figure 3.1.1 (A)) showed that the cell line had increased
expression of MCL-1 and CIAP1 compared with the other CRC cell lines, which may also
contribute to resistance mechanisms. MCL-1 is a member of the BCL-2 family of proteins and
is a known negative regulator of apoptosis, as it is capable of inhibiting BAX from
permeabilising the mitochondrial membrane and thus preventing the release of the
cytochrome C and endogenous SMAC to initiate intrinsic apoptosis (Germain, Milburn and
Duronio, 2008; Thomas, Lam and Edwards, 2010). The LoVo cell line has a mutation in the
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FBXW7 gene, a known E3 ubiquitin ligase for MCL-1, which impacts on the protein’s
proteasomal degradation (Tong et al., 2017) and potentially contributes to the resistance to
ASTX660 in combination with TNFα following pre-treatment with FLIP siRNA or Entinostat.
Further investigation into the role of MCL-1 in mediating resistance to ASTX660 in the
presence of TNFα is required and may be considered as a future direction for this project.

The potential role of FLIP as an intrinsic resistance mechanism to IAP antagonist therapy was
further validated in CRC cell line models utilising CRISPR-Cas9 technology to knockout
procaspase-8 expression. DLD-1 and HCT116 cells were utilised to generate caspase-8
knockout (KO) cell lines and validation was conducted using a matched empty vector (EV) cell
line, which retained procaspase-8 expression. As presented in Section 3.1.2.6, cell death
induced by ASTX660 and TNFα with Entinostat pre-treatment was significantly dependent on
the presence of procaspase-8. Furthermore, it was revealed that the cell death induced by
Entinostat alone was only moderately caspase-8-dependent. Subsequently, a procaspase8/procaspase-10 double knockout (DKO) CRISPR cell line model was used to investigate the
potential role of caspase-10 in mediating a cell death response to Entinostat, ASTX660 and
TNFα combination. The function of caspase-10 is not fully understood and still widely
debated within the literature. Previously, it was understood that as caspase-10 is a paralog
of caspase-8, caspase-10 may compensate for the loss of caspase-8 and function as a proapoptotic regulator (Sprick et al., 2002; Fischer, Stroh and Schulze-Osthoff, 2006). More
recently however, it has been observed to negatively regulate caspase-8 in a similar, yet
independent manner to FLIP, by binding to FADD and preventing the homodimerization of
caspase-8 (Horn et al., 2017). This theory is supported by the increased levels of cell death
observed in the HCT116 caspase-10 knockout cell line compared to the matched EV cell line,
in response to Entinostat, ASTX660 and TNFα treatment, which was rescued in the caspase8/capspase-10 double knockout cell lines (Figure 3.1.24).

In conclusion, it has been determined that FLIP is a major inhibitor of the efficacy of ASTX660
in CRC. However, the HDAC inhibitor Entinostat was found to downregulate FLIP and enhance
apoptotic cell death in four out of five CRC cell line models in a caspase-8 dependent manner.
In vivo experiments performed by Astex Pharmaceuticals in collaboration with our group
using the MC38 murine CRC model have demonstrated that the combination of ASTX660 and
Entinostat is well-tolerated and the combined treatment (but not the individual treatments)
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inhibits the growth of these tumours (Figure 4.1.1). Moreover, recently our laboratory
completed an in vivo study where Entinostat was combined with the IAP antagonist, TL32711,
to treat a castrate-resistant prostate cancer cell line PC3 xenograft model. The combination
of the HDAC inhibitor and TL32711 proved to be well tolerated and more effective at
impeding the growth of the tumours compared with either treatment as a monotherapy.
Furthermore, this study also demonstrated an increase in murine-derived TNFα (quantified
by ELISA) in response to Entinostat treatment, which may aid Entinostat-mediated enhanced
sensitivity to ASTX660 treatment (McCann et al., 2018). Together these results indicate that
the combination of ASTX660 and Entinostat may be an effective targeted treatment, not only
against CRC, but other pro-inflammatory malignancies such as castrate-resistant prostate
cancer and malignant pleural mesothelioma.
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Figure 4.1.1: Combination therapy of Entinostat and ASTX660 was well tolerated and
inhibited tumour growth in an MC38 murine CRC model.
A) Tumour volume (mm3) in an MC38 syngeneic model treated with either a vehicle control,
Entinostat (15mg/kg), ASTX660 (16mg/kg) or combination of Entinostat and ASTX660. Data
shown as mean tumour volume per treatment group per timepoint. B) Corresponding body
weight of each treatment group plotted as a represented as percentage of weight relative to
initiation of treatment.
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4.1.2 Utilising a Novel FLIP:FADD Binding Inhibitor to Selectively Inhibit the Function
of FLIP
As a negative regulator of apoptosis, FLIP facilitates drug resistance, and is consequently an
attractive clinical target for novel therapeutics. As determined previously, downregulation of
FLIP is essential to sensitise CRC cell lines to IAP antagonistic therapy. Nevertheless, structural
similarities between FLIP and its paralog procaspase-8 have made targeting FLIP extremely
difficult, as a therapeutic that disrupts FLIP:FADD binding may also disrupt the binding of
procaspase-8:FADD (Safa and Pollok, 2011). Consequently, any inhibitory compound would
need to be specific to the FLIP:FADD binding site to avoid interfering with caspase-8 binding
interactions.

Following the identification of FLIP as a major resistance mediator against IAP antagonists, a
small molecule inhibitor of FLIP was screened against our panel of CRC cell lines as a novel
approach to directly target FLIP activity. Small molecule inhibitors have many advantages
over traditional drug compounds in that by design, they are more specific; able to directly
target protein:protein interactions and are therefore associated with reduced off-target
toxicities. For example, the FLIP inhibitor investigated in Section 3.2 was designed to
specifically disrupt the FLIP:FADD protein:protein interaction, avoiding procaspase-8:FADD
interactions. The FLIP inhibitor utilised in this study was designed and created in our
laboratory, in collaboration with Domainex (Cambridge). Molecular modelling and in vitro
experiments were first used to identify and establish that procaspase-8 and FLIP each have
preferential binding sites on FADD’s surface, rather than directly competing for the same
binding site. It was determined that procaspase-8 preferentially binds to the α2/α5 surface
of FADD’s DED domain, whereas FLIP binds to FADD’s DED domain at the α1/α4 surface
(Majkut et al., 2014). This distinction gave rise to an exploitable target for small-molecule
therapeutics, and a small molecule library screen was conducted to identify potential
inhibitors which target this drug-binding pocket. Subsequent biochemical optimization and
analysis was carried out to generate a number of compounds for pre-clinical assessment
(Higgins et al., 2016), the FLIP inhibitor utilised in this study was identified as the lead
compound. Initial analyses revealed that the IC50 values for the five CRC lines varied between
0.6-1.1µM of FLIP inhibitor (FLIPi) (Figure 3.2.2). Consequently, a low (0.3µM) and high (1µM)
concentration of FLIPi was selected to take forward, with the aim of sufficiently inhibiting
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FLIP’s recruitment to Complex-IIa/b and thereby halting the protein’s resistant mechanisms
towards IAP antagonists.

To explore the efficacy of the FLIPi as a single agent and to determine if the compound
efficacy is on-target, preliminary dose and cell viability experiments were carried out using
Isoleucine Zipper (IZ) TRAIL and CRISPR-Cas9 knock-out models of various key apoptotic
proteins, namely procaspase-8, FADD and BAX/BAK. IZ-TRAIL is a more potent form of
recombinant TRAIL, due to a trimerizing N-terminal isoleucine zipper (IZ) motif and is able to
stimulate both TRAIL-R1/DR4 and TRAIL-R2/DR5 to induce extrinsic apoptosis. IZ-TRAIL was
first used to validate the FLIP inhibitor, as the inhibitor was originally modelled on this
pathway.

Cell death and cell viability analysis revealed that each of the CRC cell lines were sensitised
to IZ-TRAIL-mediated cell death and cell viability effects following treatment with FLIPi.
(Figure 3.2.4 - Figure 3.2.8). Additionally, validation with the HCT116 CRISPR/Cas9 knock-out
cell line models (procaspase-8 KO, FADD KO and BAX/BAK double KO), determined that cell
death induced by the FLIP inhibitor and IZ-TRAIL co-treatment was dependent on caspase-8
(Figure 3.2.9) and FADD (Figure 3.2.10). Furthermore, cell death was attenuated in a
BAX/BAK double knockout model (Figure 3.2.11), consistent with the expected mechanismof-action in the HCT116 cell line model, which are type-2 apoptotic cells, reliant on crosstalk
with the intrinsic/ mitochondrial apoptotic signalling pathway (Özören and El-Deiry, 2002;
Rudner et al., 2005). Collectively, these results are indicative of the on-target inhibitory
effects of the FLIPi.

Having established the effectiveness of the FLIP inhibitor, CRC cells were then treated with
FLIPi and ASTX660 in the presence of TNFα to validate previous observations, in which FLIP
abrogation sensitised CRC cells to ASTX660 plus TNFα-mediated cell death. As before,
HCT116, SW620 and HT29 cells demonstrated enhanced cell death and reduced cell viability
upon treatment with FLIPi in the presence of ASTX660 and TNFα (Figure 3.2.12 - Figure
3.2.16). The HCT116 cell line was the most sensitive to FLIPi in combination with ASTX660
and TNFα, undergoing approximately 70% total cell death following 24 hours exposure to
0.3µM (Figure 3.2.12). Moreover, Western blot analysis showed a notable increase in PARP
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cleavage in the HCT116 cells in response to FLIPi and ASTX660/TNFα compared to the
controls (Figure 3.2.17). It is important to note that since the FLIPi was designed to inhibit
FLIP:FADD binding, the level of FLIP protein displayed on the Western blot was unchanged in
response to the FLIPi, as although FLIP activity was inhibited, it was not being degraded.
SW620 and HT29 cells were also sensitised to ASTX660 and TNFα treatment upon the
addition of FLIPi. Conversely, the DLD-1 cell line appeared to be the most resistant to the
FLIPi/ASTX660/TNFα therapy and showed no significant response in cell death following
treatment with 0.3µM FLIPi compared to the control arm at either 24-, 48- or 72 hours (Figure
3.2.16). However, there was a significant increase in cell death in the DLD-1 cells following
co-treatment with 1µM FLIPi, ASTX660 and TNFα at 24 hours. This difference between cell
lines may be due to differing basal protein expression levels, for example, Figure 3.1.1 (A) in
Section 3.1.2 demonstrated that the DLD-1 cells had increased protein levels of both FLIP
(long and short splice-forms) and CIAP2 compared to the other CRC cell lines in the cell panel.
Western blot analysis of DLD-1 protein lysates also revealed a lack of increased PARP
cleavage in response to FLIPi, ASTX660 and TNFα (Figure 3.2.18), supporting the cell death
observations. Although, the DLD-1 cell line did show a clear increase in cleaved PARP in
response to FLIPi and IZ-TRAIL compared to the controls. This indicates that the resistance
observed to FLIPi/ASTX660/TNFα in the DLD-1 cells is more than likely due to the effect of
the IAP antagonist rather than the FLIPi. This is supported by the findings in the previous
section, where the enhanced cell death in response to ASTX660 when pre-treated with
Entinostat was less in the DLD-1 cell line compared to the HCT116 cell line.

The mechanisms by which FLIPi, ASTX660 and TNFα treatment induced cell death were
further explored utilising CRISPR/Cas9 technology to knock-out key proteins from the
apoptotic pathway in HCT116 cells. Firstly caspase-8 knock-out HCT116 cells showed rescued
cell death from combination therapy of FLIPi, ASTX660 and TNFα, compared to the EV, at 24
hours, signifying that this cell death is dependent on caspase-8. However, at the later time
point of 48 hours, the FLIPi, as a monotherapy at 0.3µM and 1µM, induced a loss of cell
viability of around 30% and 70% respectively (Figure 3.2.19). This indicates that the FLIPi
alone is capable of inducing cell death independently of caspase-8; which could potentially
occur via two mechanisms; either, the FLIP inhibitor could be having an off-target effect, or
it could be an on-target, caspase-8-independent effect. Based on previous observations
within our laboratory, it is hypothesised that the FLIP inhibitor may be capable of initiating
caspase-8-independent growth arrest. The literature suggests that this additional cell death
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could be due to the effect of FLIP interfering with proliferative and/or survival pathways,
including NFκB activation and β-catenin signalling (Kataoka, 2004; Naito et al., 2004; Nakagiri
et al., 2005; Golks et al., 2006; Baratchian et al., 2016). However, further investigation of this
is required.

Moving forward, FADD was knocked out of the HCT116 cell line. Cell death and cell viability
assays revealed there is a huge reduction in cell death in FADD knock-down cells treated with
ASTX660 and FLIPi in the presence of TNFα compared to the EV; for example, the
combination of 1µM FLIPi with ASTX660 and TNFα revealed a reduction of approximately
45% cell death in the FADD knockout cell line (Figure 3.2.21). However, the induced cell death
observed in response to ASTX660/TNFα/FLIPi in the FADD KO model was not entirely rescued.
Western blot analysis revealed that although the majority of FADD was depleted from the
cell line, low levels of residual FADD expression remained. This may have contributed to the
background cell death, as indicated by PARP cleavage, in response to FLIPi and ASTX660
treatment in the presence of TNFα. Alternatively, this could also suggest an off-target effect
of the FLIPi; at the 48 hour time point, FLIPi treatment reduced cell viability by approximately
30% upon 0.3µM treatment and approximately 70% upon 1µM treatment, which was not
rescued by CRISPR-mediated knockout of FADD. To explore the mechanisms which could
have been contributing to the residual death occurring, Z-VAD-FMK a pan-caspase inhibitor,
was used to assess the involvement of the other initiator caspases. This result confirmed that
cell death induced by FLIPi, ASTX660 and TNFα is dependent on catalytic activation of the
caspases consistent with the model of Complex II formation.

A BAX/BAK double knockout (DKO) CRISPR cell line demonstrated the significant involvement
of the intrinsic apoptotic pathway to induce cell death upon treatment with FLIPi, ASTX660
and TNFα. Western blot analysis revealed that cell death was significantly rescued in the
BAX/BAK DKO cell line, via a decrease in cleaved PARP and cleaved caspase-3 (Figure 4.2.6.1).
This result was supported by cell death and cell viability assays, particularly at the 0.3µM
concentration of FLIPi (Figure 4.2.6.2). Thus, the intrinsic mitochondrial-mediated apoptotic
pathway plays a significant role in the ASTX660/TNFα/FLIPi induced cell death. Which is
expected of the HCT116 cell line and its type-2 status requiring this crosstalk with the
mitochondria to induce apoptosis (Özören and El-Deiry, 2002; Rudner et al., 2005).
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To summarise, the novel small molecule FLIP:FADD binding inhibitor can sensitise CRC cell
lines to cell death in response to ASTX660 and TNFα treatment, overcoming FLIP-mediated
resistance. Furthermore, it was determined that the cell death induced by ASTX660 and TNFα
treatment in the presence of FLIPi is dependent on the activation of caspase-8, BAX/BAK and
FADD; indicating that both the intrinsic and extrinsic apoptotic pathways are being activated.
However, it would be necessary to follow-up these experiments and explore the effect of the
FLIP inhibitor on the extrinsic and intrinsic apoptosis pathways through a Type-1
(mitochondria-independent) status CRC cell line, such as the SW480 cell line, with the
additional use of BAX/BAK knockout daughter cell lines, to assess whether the mitochondrial
pathway is still critical for cell sensitisation with FLIPi and IAP antagonists (Özören and ElDeiry, 2002).
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4.1.3 Therapeutic Opportunities for IAP Antagonists Afforded by Fusobacterium
nucleatum
Despite advances in IAP antagonist research, including development and early phase use in
the clinical setting, there is still a lack of clinical biomarkers available to select patients for
this particular therapy. The use of CIAP1 as a biomarker is more effective at measuring the
efficacy of an IAP antagonist as a pharmacodynamic marker rather than a selective/
predictive biomarker, as pre-clinical studies have shown that upregulation of IAPs alone is
not enough to confer sensitivity (Zinngrebe et al., 2019). Likewise, TNFα may also be another
biomarker to consider, as it is essential to initiate the pro-apoptotic activity of IAP
antagonists; however, TNFα expression does not correlate with IAP antagonist sensitivity
(Fulda, 2015). The difficulties of finding a suitable biomarker for IAP antagonists are due to
the intricacies of the pathway, for example, as we have demonstrated, despite the presence
of TNFα and IAPs, CRC cell lines still need to overcome FLIP-mediated resistance to be
susceptible to IAP antagonists. Therefore, it is increasingly likely that a single biomarker
would not be sufficient and instead alternative approaches such as a systems biology
approach may be required (Crawford et al., 2018).

It is evident that the microbiome and the tumour microenvironment (TME) are major
influencing factors in the development and progression of CRC (Gagnière et al., 2016).
Fusobacterium nucleatum is an opportunistic, gram-negative anaerobic bacteria which has
been found in overabundance in CRC tumour tissue compared to adjacent normal tissue
(Kostic et al., 2012). The presence of the F. nucleatum infection in CRC tumours has been
shown to impact patient survival rates (Kostic et al., 2012; L. Flanagan et al., 2014). However,
the percentage of CRC patients who have the F. nucleatum infection varies within literature;
dependent on the patient cohort, detection method used and the type of sample tested
(Shang and Liu, 2018). Nevertheless, through 16S rRNA analysis, the F. nucleatum infection
has been associated with CMS1, MSI-high and right-sided subset of CRC (Purcell et al., 2017).
The interactions between this bacteria and CRC are still being investigated and have
previously been discussed in Section 1.5.2; however, it is clear that the presence of the F.
nucleatum infection confers a competitive advantage during tumour development, driving
tumorigenesis. This makes this subset of patients an attractive target for novel therapeutic
intervention (Mima, Cao, et al., 2016; Lee et al., 2018).
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F. nucleatum positive CRC was initially highlighted as an attractive target for IAP antagonist
treatment after preliminary analysis of a cohort of stage II/III CRC patient tumour samples
completed within our laboratory. This study used qPCR to screen patient samples for the
presence of the F. nucleatum bacteria and stratified them into F. nucleatum positive and
negative samples. Pathway analysis revealed the TNFα signalling pathway was upregulated
in F. nucleatum positive samples compared to negative samples. Furthermore,
transcriptional analysis revealed the CIAP2 was upregulated in F. nucleatum positive tumour
samples compared to negative samples (unpublished observations).

Before the impact of F. nucleatum could be assessed on the efficacy of IAP antagonists, a
suitable in vitro model of CRC and F. nucleatum needed to be established. Colorectal
adenocarcinomas express the polysaccharide D-galactose-β(1-3)-N-acetyl-D-galactosamine
(Gal-GalNAc) in high levels, and it has recently been discovered that Fap2, a galactose-binding
lectin, expressed by F. nucleatum, can bind to Gal-GalNAc and mediate the interaction
between the bacterium and host cells (Abed et al., 2016). HT29 and HCT116 cell lines were
taken forward as they both express low and high levels of Gal-GalNAc, respectively. F.
nucleatum was co-cultured with the CRC cell lines HT29 and HCT116 to determine the impact
of the infection on apoptotic protein expression. CRC cells were incubated with the F.
nucleatum from 1-24 hours; this was found to be the optimal time course for this model, due
to the anaerobic nature of F. nucleatum, the bacterium dies relatively quickly when incubated
in tissue co-culture conditions. Furthermore, activation of the NFκB pathway in this model
was demonstrated via western blot analysis of IκBα protein levels from the earliest time point
of one hour with the F. nucleatum infection. The impact of F. nucleatum on key apoptotic
proteins was assessed at the protein and mRNA level; Figure 3.3.2 demonstrates CIAP1 and
CIAP2 mRNA was induced following the infection of HT29 and HCT116 cells with F.
nucleatum. A recent publication also observed an increase of CIAP2 in HT29 and HCT116 cells
treated with F. nucleatum and this increase in CIAP2 was also implicated in chemoresistance
to 5-FU (S. Zhang et al., 2019). It is hypothesised that the increase in CIAP1 and CIAP2
observed after F. nucleatum infection is a result of NFκB activation (Rubinstein et al., 2013).
Furthermore, the co-culture of F. nucleatum and the CRC cell lines, HCT116 and HT29,
revealed that FLIP was downregulated at both the protein and transcriptional level (Section
3.3.2.1). This was unexpected, as FLIP is also a NFκB target gene, usually upregulated upon
NFκB activation. However, it is possible that FLIP may be downregulated by the oncogene cMyc, which is reported in literature to be upregulated by F. nucleatum in response to
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activation of the β-catenin pathway (Chen et al., 2017). c-Myc has been reported to
downregulate FLIP at the transcriptional level by binding and inhibiting the FLIP promoter
(Ricci et al., 2004). These initial observations indicate that the presence of the F. nucleatum
infection could prime CRC cells for IAP antagonist treatment through the upregulation of
CIAP2 and TNF and downregulation of FLIP.

F. nucleatum has immunosuppressive properties which aid in tumour development, and as
previously discussed, F. nucleatum can inhibit T and Natural Killer cells through binding to
one of two inhibitory receptors, either TIGIT or CEACAM1 (Gur et al., 2015, 2019). Moreover
F. nucleatum has been shown to encourage a tumour permissive environment through repolarisation of macrophages from the pro-inflammatory M1-macrophage phenotype to the
anti-inflammatory / tumour-promoting M2-phenotype (Chen et al., 2018; Liu et al., 2019; Wu
et al., 2019; Wu, Li and Fu, 2019). To establish a better model of the complex proinflammatory TME associated with CRC, co-cultures between F. nucleatum and THP-1 cells
were employed. The THP-1 cell line is a monocytic human cell line derived from an acute
monocytic leukaemia patient. THP-1 cells can be stimulated with bacterial LPS or other
pathogen associated molecular patterns (PAMPs) that are recognised by pattern recognition
receptors (PRRs) such as the Toll-like receptor 4 (TLR4) on cell membranes. Subsequently this
activates the production of cytokines such as IL-1β, IL-8 and TNFα through activation of
proinflammatory signalling pathways including the NFκB pathway (Chanput et al., 2010).

For initial optimisation of the experimental design, THP-1 cells were stimulated with
commercially available Escherichia coli LPS instead of live F. nucleatum. This was used as a
positive control, as it has been shown to have potent TLR4 activity in vitro, and the functional
Lipid A component of E. coli LPS is not dissimilar in structure to F. nucleatum Lipid A (De
Andrade, Almeida-Da-Silva and Coutinho-Silva, 2019). Furthermore, to support optimisation,
the IAP antagonist TL32711 (Birinapant) was utilised, instead of ASTX660, as (at the time of
this work) this IAP antagonist was better characterised in our laboratory. Following
optimisation, Annexin V/ PI flow cytometry was considered the optimal method of detection
of cellular death. After this experimental optimisation was complete, the E. coli LPS was
replaced by live F. nucleatum which was co-cultured at a multiplicity of infection (MOI) of
10:1 with THP-1 cells for 6 hours before the ‘conditioned’ media was separated from the
bacteria and THP-1 cells via centrifugation. Annexin V/ PI flow cytometry revealed a
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significant increase in cell death in the HCT116 cells when treated with TL32711 in the
presence of conditioned media from F. nucleatum infected THP1 cells, compared to control
media. Furthermore, the level of cell death in these treated cells was similar to that observed
in the positive control (TL32711/ recombinant TNFα and the conditioned media), meaning
that the TNFα secreted from the THP-1 cells within the THP-1/F. nucleatum-stimulated
conditioned media, was sufficient to sensitise the HCT116 cells to TL32711. To ensure that
this increase in cell death was due to the endogenous TNFα secreted into the conditioned
media by the THP-1 cells, the conditioned media, after stimulation with F. nucleatum, was
incubated with a TNFα neutralising antibody, prior to addition to the CRC cells. Neutralised
TNFα resulted in reduced levels of cell death, indicating that the increased level of cell death
induced by TL32711 in the presence of conditioned media from F. nucleatum infected THP-1
cells was TNFα dependent. Furthermore, it was determined that the TNFα produced from
the THP-1/F. nucleatum conditioned media in the presence of TL32711 was able to induce
Complex IIb formation, promoting increased interactions between caspase-8, RIPK1 and
FADD.

After experimental optimisation and the discovery that the TNFα produced from the coculture of THP-1 cells and F. nucleatum could sensitise HCT116 cells to TL32711, ASTX660 was
assessed. These studies were conducted with and without the presence of the FLIP inhibitor,
which was included to overcome the FLIP-mediated resistance to ASTX660 previously
demonstrated. It was revealed that the THP-1/F. nucleatum conditioned media was also able
to enhance cell death in HCT116 cells treated with ASTX660, compared to HCT116 cells
treated with ASTX660 and control media (Figure 3.3.11). Interestingly, the FLIPi had little
additional effect when combined with ASTX660 at the lower concentration of 0.3µM and only
induced a marginal increase in cell death at 1µM. This is most likely due to the ability of F.
nucleatum to induce downregulation of FLIP in the HCT116 cells and overcome FLIP-mediated
resistance to ASTX660. Although in this experiment the HCT116 cells were not directly
infected with F. nucleatum, it is possible that c-Myc could be upregulated through the
presence of other cytokines, such as IL-6, in the THP-1/F. nucleatum conditioned media.
Recently, Xue et. al reported that IL-6 was upregulated alongside TNFα in THP-1 cells treated
with live F. nucleatum (Xue et al., 2018). However further experimentation would be required
to determine if IL-6 and other key cytokines were upregulated in the THP-1/F. nucleatum
conditioned media.
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The work carried out in Section 3.3 is preliminary, however it supports, alongside recent
literature, the argument for F. nucleatum to be investigated further as a potential predictive
biomarker for patients who would benefit from IAP antagonist therapy. The presence of F.
nucleatum is associated with chemoresistance and a poorer prognosis for patients, yet the
results from this study indicate it could also create the optimal conditions to target with IAP
antagonists, namely an increased level of IAPs and decreased expression of FLIP. However,
further investigation is required to fully explore all the mechanisms and therapeutic
opportunities for IAP antagonists facilitated by F. nucleatum and will be discussed in greater
detail in Section 4.2.2.
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4.2 Future Directions
4.2.1 Further characterisation of ASTX660 and FLIP-mediated resistance
In Sections 3.1 and 3.2, we demonstrated the efficacy of ASTX660 on the panel of CRC cell
line models and identified FLIP as a resistance mechanism of IAP antagonist-mediate cell
death. Additionally, we demonstrated that cell death could be enhanced through
downregulation or inhibition of FLIP by Entinostat or a novel FLIP inhibitor respectively and
examined the molecular signalling occurring during treatment of the CRC cell lines. However,
the LoVo cell line lacked response to the ASTX660 and TNFα treatment despite the
downregulation in FLIP expression by either siRNA or Entinostat. We hypothesised this was
due to the increased protein expression levels of MCL-1 and CIAP1 observed, compared to
the other cell lines in the panel and noted that the LoVo cell line has a mutation in the FBXW7
gene, impacting MCL-1 regulation (Tong et al., 2017). Unexpectedly, cell death in response
to ASTX/TNFα was significantly enhanced in the LoVo cell line by the FLIPi. Therefore, further
investigation into the role of MCL-1 is required and could be explored through the use of
MCL-1 siRNA or a selective MCL-1 inhibitor such as S63845 (Kotschy et al., 2016). Additionally,
Section 3.1 and 3.2, would have benefited from further Western blot analysis of key intrinsic
apoptotic proteins including caspase-3 or-7 and BCL-2 family proteins, especially cleaved BID,
to reveal the extent of intrinsic apoptosis involvement.

Furthermore, one limitation to this research is that most of the in-depth signalling analysis in
this study was carried out using CRISPR/Cas 9 HCT116 cells, which have a known Type-2
status in regard to apoptosis requiring crosstalk with the intrinsic apoptotic pathway.
Consequently, it would be prudent to determine the apoptotic status of the other cell lines
in our panel and utilise an additional Type-1 model, especially to further characterise the
effect of FLIPi. To establish whether a cell line is Type-1 (mitochondria-independent) or Type2 (reliant on intrinsic apoptosis crosstalk), you should first treat the cells with a caspase-9
inhibitor, such as Z-LEHD-FMK, and subsequently induce apoptosis with IZ-TRAIL. Type-1 cells
would perish, whereas the TRAIL-induced apoptosis in Type-2 cells would be inhibited and
the cells would survive (Özören and El-Deiry, 2002). Also an additional RIPK3-expressing CRC
cellular model, such as the HT29 or SW620 cell lines, should be employed to fully explore the
molecular mechanisms and determine the effect of FLIPi and IAP antagonists on necroptosis;
as the HCT116 cell line lacks RIPK-3 expression. The effect of the FLIPi on necroptosis could
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be investigated with and without the inclusion of a MLKL inhibitor, such as
Necrosulfonamide, and the results could be assessed through cell death assays and Western
blot analysis of key proteins such as MLKL, RIPK1 and RIPK3.

Finally, the FLIPi, used in this study, has shown extensive potential as a novel anti-cancer
drug, however as a first-in-class FLIP inhibitor, FLIPi it is still a long way from entering the
clinic and extensive pre-clinical in vivo studies would be required to fully determine the
efficacy and tolerability of ASTX660 and FLIPi co-treatment. Moreover, this work has only
demonstrated one application for the novel FLIP inhibitor. FLIP has been reported to confer
resistance to apoptosis in a number of different chemotherapies and targeted treatments in
a range of cancers (Longley et al., 2006; McCourt et al., 2012; McCann et al., 2018). Therefore,
future projects should also examine how FLIPi interacts with common standard of care
therapies.

4.2.2 IAP antagonists and Fusobacterium nucleatum
To expand on the results presented in Section 3.3 and to further explore this model used to
mimic the pro-inflammatory tumour microenvironment, it would be informative, to quantify
the levels of TNFα and other key cytokines induced by the infection, in both the co-culture
and conditioned media experiments; this could be done by an enzyme-linked
immunosorbent assay (ELISA). It would also be valuable to determine the effect on cell
viability of the F. nucleatum on CRC cells in the co-culture experiments.

Furthermore, the experimental phenotypic analyses should be extended to other models,
particularly those expressing the necroptotic machinery, to consider the impact of the F.
nucleatum infection on alternative cell death pathways, especially necroptosis, which can be
activated to overcome resistance in the apoptotic pathway (Gong et al., 2019). The HT29 cell
line has a lower expression level of Gal-GalNAc and expresses MLKL, RIPK1 and RIPK3; making
it an ideal model to investigate in the future.
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Additionally, it would be important to define the mechanism of FLIP downregulation by F.
nucleatum, to determine if it is in fact due to an upregulation of c-Myc as anticipated or via
an alternative mechanism. To achieve this, the expression level of c-Myc could be determined
through the use of an ELISA assay alongside other key cytokines such as IL-6.

Finally, moving forward with this project, it would be interesting to investigate the effect of
F. nucleatum against standard of care chemotherapies, with and without an IAP antagonists.
In a recent study, Zhang et. al. reported that F. nucleatum promoted chemoresistance to 5FU through upregulation of CIAP2, in both in vitro and in vivo experiments, in agreement with
our findings (S. Zhang et al., 2019). Together, with the observed deregulatory effect of the F.
nucleatum bacteria on FLIP expression; this highly suggests an IAP antagonist would enhance
sensitivity to standard of care chemotherapies, which would be of great clinical benefit.
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4.3 Overall Conclusions
To conclude, the aim of this project was to investigate the efficacy and pre-clinical potential
of using IAP antagonists to treat colorectal cancer and to determine if the pro-inflammatory
TME associated with the F. nucleatum infection could be exploited through the use of IAP
antagonists. IAP antagonists rely on activation of the TNFα signalling pathway, and as such
depend on the presence TNFα in vitro to induce apoptosis. However, upon investigation, CRC
cell lines were found to be resistant to ASTX660/TNFα treatment. The anti-apoptotic protein
FLIP was determined to contribute to the intrinsic resistance mechanism to IAP antagonist
therapy in CRC cell lines. The clinically relevant HDAC inhibitor, Entinostat, was first utilised
to overcome this FLIP-mediated resistance and demonstrated promising results in sensitising
four out of five cellular models to ASTX660 treatment in the presence of TNFα. Entinostat is
currently in Phase I/II clinical trials and has been shown to be well tolerated in humans when
administered alone or in combination with hormone and checkpoint therapies.
Consequently, these factors indicated that Entinostat and ASTX660 combination therapy
might provide a promising new treatment strategy against CRC. Our in vivo studies within the
syngeneic MC38 model suggest that this is a promising combination treatment that is well
tolerated in mice. Furthermore, as FLIP was identified as a major resistance factor against IAP
antagonists, a novel small molecule FLIP:FADD binding inhibitor was used to impede the antiapoptotic properties of FLIP. This novel approach targets FLIP with more specificity than
Entinostat. These experiments concluded that ASTX660 was capable of enhancing CRC cell
death in the presence of TNFα, when FLIP was inhibited, in a caspase-8, FADD and, at least in
type-II CRC cells, BAX/BAK-dependent manner.

F. nucleatum has a binding affinity to Gal-GalNAc, expressed on CRC cells, through binding
mediated by Fap2 creating localisation to the tumour site and, once bound, the F. nucleatum
infection

continues

to

create

a

tumour

permissive,

pro-inflammatory

and

immunosuppressed environment that has been shown to contribute towards poor prognosis
and chemoresistance (Luo et al., 2019). Consequently, the presence of an F. nucleatum
infection, in advanced CRC patients, identifies a subset of patients for which there is an
unmet clinical need for novel therapeutics. In Section 3.3, the presence of an F. nucleatum
infection was considered as a potential clinical predictive biomarker to stratify patients for
IAP antagonistic therapy. Initial experiments indicated that the bacterium is capable of
increasing levels of IAPs, particularly CIAP2, TNFα and NFκB pathway activation, whilst
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simultaneously decreasing levels of FLIP, offering a unique opportunity to create the ideal
conditions for effective IAP antagonist treatment. The data presented within this thesis
demonstrates that the tumour microenvironment, promoted by F. nucleatum infection, may
be capable of sensitising CRC cells to ASTX660 treatment while simultaneously overcoming
FLIP-mediated resistance. Although further study is required, the results from this thesis are
encouraging, suggesting that IAP antagonists could fulfil an unmet clinical need for the
treatment of poor prognosis, advanced pro-inflammatory colorectal cancer infected with F.
nucleatum.
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Appendices
Appendix 1: General Reagents and Buffer Recipes
Phosphate Buffered Saline (PBS)
One PBS tablet (OXOID/Thermo Scientific) was dissolved in 100mL ddH20 and then
autoclaved to ensure sterilisation.

Radio-immunoprecipitation assay (RIPA) Buffer + PI
10% Sodium Doecyl Sulphate (SDS)
5mL
Triton X-100
5mL
EDTA
0.186g
Sodium Chloride
4.383g
0.5M Tris
0.606g
Made up to 500mL with ddH20 and stored at 4°C. Before use, 10µL Protease Inhibitor
Cocktail Set III, EDTA-Free (Calbiochem (No. 539134)) was added to 10mL RIPA Buffer to
create RIPA+PI.

High content Annexin V/ PI solution (Per 96-well plate)
1.05mL of x10 binding buffer (diluted to 3x for stock as diluted 1:2 – 50:100 in wells)
2.45mL ddH2O
17.5µL Annexin V (5µL/mL)
3.5µL Propidium Iodide (1µL/mL)
1.4µL Hoechst (0.4µL/mL)

TNFR1 Flow Cytometry Buffer A
Buffer A (PBS/0.2% BSA/ 0.1% sodium azide)
PBS
BSA
Sodium azide

500mL
1g
0.5g

CHAPS Buffer
CHAPS
HEPES
Sodium Chloride

1%
10mM
150mM

Made up to 500mL in ddH20, adjusted to pH 7.4 and stored at 4°C. Before use,
Protease Inhibitor Cocktail Set III, EDTA-Free (Calbiochem (No. 539134)) was added in
1:1000 dilution as necessary.
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Anaerobic Agar Plates
ddH2O
Fastidious Anaerobic Broth
Agar

100mL
3g
1.2g

The reagents were heated (~80oC) for 15 minutes to dissolve the powders and to drive off
the oxygen, before autoclaving for sterilisation. After this, plates were poured under a
Bunsen burner, left to set and placed into the anaerobic chamber for 24 hours prior to use.

LPS (Lipoploysaccharide)
Escherichia coli LPS was obtained from Sigma Aldrich and stored at 4°C.

ASTX660
ASTX660 was obtained from Astex Pharmaceuticals and reconstituted in sterile DMSO
(Sigma) to a stock concentration of 10mM and stored at -20ᵒC.

TL32711
TL32711 (Birinapant) was obtained from TetraLogic Pharma and reconstituted in sterile
DMSO (Sigma) to a stock concentration of 10mM and stored at -20ᵒC.

Entinostat
Entinostat (MS-275) was obtained from Selleck Chemicals (Newmarket, UK) and
resuspended in DMSO to a stock concentration of 10mM and stored at -20ᵒC.

Human Recombinant TNF-α
Human recombinant TNF-α was obtained from Alomone Labs and reconstituted in sterilefiltered H2O to a stock concentration of 50μg/ mL and stored at -20°C.

Z-VAD-FMK
Caspase inhibitor I (Z-VAD-FMK) was obtained from Calbiochem. 1mg of powder was
reconstituted in 241μL DMSO to yield a 10mM solution stored at -20ᵒC.

Necrosulfonamide
Necrosulfonamide was purchased from Selleckchem and reconstituted in DMSO to produce
a 10mM stock solution which was stored at -20ᵒC.
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TNFα Neutralising Antibody
Purchased from Cell Signalling Technologies and stored at -20ᵒC.
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Appendix 2: Cell Culture Reagents
Foetal Calf Serum (FCS)
Purchased from Life Technologies as 500 mL bottle, stored at -20°C.

L-Glutamine 200mM
Purchased as a 100mL bottle from Life Technologies and stored at -20°C.

Sodium Pyruvate
Purchased as a 100mL bottle from Life Technologies and stored at 4°C.

1x Trypsin-EDTA
Purchased as a x10 concentration in a 100mL bottle from Life Technologies, then diluted
1:10 with sterile 1xPBS and stored at 4°C.

Freezing Medium
Foetal calf serum supplemented with either 5 or 10% DMSO (Dimethylsulphoxide) (Sigma)
as appropriate.

THP-1 cell media (RMPI + β-mercaptoethanol (0.05mM))
THP1 cells were cultured in RPMI (Life Technologies), supplemented with 10% FCS and
0.05mM sterile β-mercaptoethanol (Sigma Aldrich).
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Appendix 3: siRNA reagents
Lipofectamine 2000 RNAiMAX
Purchased from Life technologies and stored at 4°C.

OptiMEM
Purchased from Life Technologies as a 500mL bottle, aliquoted into 50mL tubes and stored
at 4°C.

siRNA sequences
siRNA was obtained from Dharmacon and reconstituted to a stock concentration of 20µM in
the accompanying siRNA buffer.
Target
Scrambled (SCR)
FLIP (L) (FL)
FLIP (S) (FS)
FLIP (Total) (FT)

siRNA Sequence
UUCUCCGAACGUGUCACGU
AACAGGAACTGCCTCTACTT
AAGGAACAGCTTGGCGCTCAA
AAGCAGTCTGTTCAAGGAGCA

Transfection protocol per P90
• Cells were seeded at 1x106 in a P90 and left to adhere overnight
• Mix A: 600µL OptiMEM + 9µL RNAimax
• Mix B: 600µL OptiMEM + 1.8µL siRNA (stock 20µM)
• Mix A and Mix B were incubated at room temperature for 5 minutes, before being
mixed and gently shaken then left to incubate for a further 15 minutes.
• 2.4mL of normal media was added to the transfection solution and gently mixed by
pipetting.
• Media from the P90 was removed, then 3.6mL of the transfection solution was
added onto the cells and the P90 was incubated for 6 hours at 37oC.
• After incubation, the P90 was topped up with 7.4mL normal media and placed back
into the cell incubator.
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Appendix 4: Western blotting
SDS-PAGE Gel
10%
ddH2O
30% Acrylamide Mix
1.5M Tris (pH 8.8)
10% SDS
10% APS
TEMED
12%
ddH2O
30% Acrylamide Mix
1.5M Tris (pH 8.8)
10% SDS
10% APS
TEMED
15%
ddH2O
30% Acrylamide Mix
1.5M Tris (pH 8.8)
10% SDS
10% APS
TEMED
STACK
ddH2O
30% Acrylamide Mix
1.0M Tris (pH 6.8)
10% SDS
10% APS
TEMED

10mL
4.0
3.3
2.5
0.1
0.1
0.008
10mL
3.3
4.0
2.5
0.1
0.1
0.008
10mL
2.3
5.0
2.5
0.1
0.1
0.008
5mL
3.4
0.83
0.63
0.05
0.05
0.005

40mL
15.8
13.3
10.0
0.4
0.4
0.032
40mL
13.2
16.0
10.0
0.4
0.4
0.032
40mL
9.2
20.0
10.0
0.4
0.4
0.032
20mL
13.6
3.4
2.5
0.2
0.2
0.02

1.5M Tris-Cl (pH 8.8)
Tris 90.75g, dissolved in 500 mL ddH2O, adjusted to pH8.8 and stored at room temperature.

1M Tris–Cl (pH 6.8)
Tris 60.5g, dissolved in 500 mL ddH2O, adjusted to pH8.8 and stored at room temperature.

10% SDS
10g Sodium Dodecyl Sulphate (SDS) dissolved in 100 mL ddH2O and stored at room
temperature.
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10% APS
1g Ammonium Persulphate (Sigma) in 10mL and stored at room temperature.

10x Western Running Buffer
Tris
Glycine
SDS

60.6g
288g
20g

Made up to 2L with ddH2O, and further diluted 1:10 with ddH2O for working solution.

10x Western Transfer Buffer
Tris
Glycine

60.6g
288g

Made up to 2L with ddH2O, and further diluted 1:10 with ddH2O for working solution.

1x Western Transfer Buffer
ddH2O
10x Transfer buffer
Methanol

700mL
100mL
200mL

10x Laemmli loading buffer
1M Tris pH 6.8
Glycerol
10% SDS
β-mercaptoethanol
0.05% bromophenol blue
ddH2O

2mL
3.2mL
6.4mL
1.6mL
0.8mL
2mL

PBS/T
10L PBS
10mL Tween-20

Blocking solution
5% Marvel (dried milk) in 0.1% PBS/T
2.5g Marvel
50mL PBS/T
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Appendix 5: Western Blot Antibodies
Antibody

Molecular Weight

Ratio

Secondary Company

(kDa)
Caspase 8

55

1:2000

Rabbit

Abcam

GAPDH

36

1:10000 Mouse

Abcam

FLIP (NF6)

FLIP (L) 55, p43, FLIP

1:2000

Mouse

AdipoGen

(S)
FADD

28

1:2000

Mouse

BD Pharm.

RIPK1

74

1:1000

Mouse

BD Transduction
Laboratories

Caspase 3

17,19,35

1:2000

Rabbit

Cell Signalling
Technologies (CST)

MCL-1

40

1:2000

Rabbit

CST

IkBa

39

1:1000

Rabbit

CST

PARP

116, 89

1:5000

Rabbit

CST

XIAP

53

1:1000

Rabbit

CST

RIPK3

62-42

1:1000

Rabbit

CST

BAX

20

1:2000

Rabbit

CST

BAK

25

1:2000

Rabbit

CST

Caspase 8

55/54, 44/41 and 18

1:2000

Mouse

ENZO Life Sciences

CIAP1

62

1:2000

Rat

ENZO Life Sciences

CIAP2

68

1:2000

Rat

ENZO Life Sciences

Caspase 10

58

1:2000

Mouse

MBL

Hyperacetylated

10

1:2000

Rabbit

Millipore

42

1:10000 Mouse

Histone H4
β-actin

Sigma Aldrich

Secondary horseradish peroxide (HRP)-linked antibodies (Anti-mouse IgG, Anti-rabbit IgG
and Anti-rat IgG) were purchased from CST.
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