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Thesis Abstract

Oesophageal cancer is an aggressive malignancy associated with a poor 5-year survival of <20%,
accounting for over 400,000 deaths each year. The current standard of care for oesophageal
adenocarcinoma (OAC) is neo-adjuvant therapy with chemotherapy or chemoradiation therapy to
debulk the tumour prior to surgery. However, only 30% of patients achieve a complete
pathological response to neo-adjuvant treatment. Currently there are no approved biomarkers
which can be used in the clinic to stratify patients into good and poor responders prior to treatment.
In addition, there are currently no approved radiosensitisers in the neo-adjuvant space which can
be administered with the standard of care to enhance radioresponse. The radioresistant phenotype
is polymodal and influenced by multiple biological processes. Altered energy metabolism and
mitochondrial function were previously linked with the radioresistant phenotype in OAC. In this
thesis we evaluated the action of our novel small molecule patented compounds on angiogenesis,

energy metabolism and inflammatory secretions to enhance radioresponse.

Through phenotype-based screens we identified Pyrazinib (P3), a pyrazine phenol small
molecule drug with anti-angiogenic and anti-metabolic activity in-vivo in zebrafish and in-
vitro isogenic models of OAC radioresistance. Pyrazinib (P3) significantly inhibited
intersegmental vessel development in zebrafish embryos. In-vivo, in zebrafish Pyrazinib (P3)
significantly inhibited both oxygen consumption rate (OCR) and extracellular acidification
rate (ECAR), measures of oxidative phosphorylation and glycolysis respectively, when
evaluated using seahorse technology. In-vitro, in an isogenic model of OAC radioresistance,
Pyrazinib (P3) significantly reduced OCR in both OE33P (radiation-sensitive) and OE33R
(radiation-resistant) cells, in addition Pyrazinib (P3) produced a simultaneous reduction in
ECAR in OE33R cells.

The ability of Pyrazinib (P3) to alter radiosensitivity was evaluated by clonogenic assay.
Pyrazinib (P3) significantly reduced the surviving fraction in OE33P; radiation-sensitive and
OE33R,; radiation-resistant cells following 2, 4 and 6 Gy irradiation. Under hypoxic conditions
Pyrazinib (P3), significantly reduced the surviving fraction of OE33R cells following 4 Gy
irradiation. Pyrazinib (P3) did not significantly alter the sensitivity of cisplatin sensitive OE33
Cis P and cisplatin resistant OE33 Cis R cells to cisplatin treatment nor did it alter sensitivity of
OE33P or OE33R cells to 5-flouracil.

Inflammation has previously been linked with the radioresistant phenotype in OAC. Proteomic

profiling of 184 proteins found leukaemia inhibitory factor (LIF), to be significantly elevated in

radioresistant OAC cells. Furthermore, significantly higher circulating levels of LIF were present



in the serum of treatment-naive OAC patients who had a subsequent poor pathological response
to neo-adjuvant therapy. Quantitative PCR analysis revealed expression of LIF receptor (LIFR)
may function as a predictive indicator of response to neo-adjuvant chemoradiation therapy in
OAC. LIF was demonstrated to be actively secreted from human OAC treatment-naive biopsies
and significantly correlated with the secretion of bFGF, VEGF-A and IL-8. Importantly, LIF
secretion negatively correlated with the percentage of tumour infiltrating lymphocytes in matched
pre-treatment OAC patient biopsies. Elevated circulating LIF is a marker of poor response to neo-
adjuvant treatment in OAC and secretion of this chemokine from the tumour is tightly linked with
pro-tumorigenic mediators including bFGF, VEGF-A and IL-8. Targeting this pathway may
reveal a novel mechanism to enhance neo-adjuvant treatment responses in OAC. Further
investigation of the inflammatory secretions from our isogenic model of OAC radioresistance by
multiplex ELISA showed 11 of 30 detected inflammatory and angiogenic factors were secreted
at significantly higher levels in OE33R than OE33P cells; IL-2, IL-4, IL-6, IL-8, IL-12p70,
IL-10, MCP-1, IP-10, ICAM. Pyrazinib (P3) significantly reduced the secretions of IL-4, IL-
6, IL-8 and IL-13 in OE33R cells.

Furthermore, in this thesis for the first time we have demonstrated in real-time using the Seahorse
Biosciences XFe24 analyser and human ex-vivo biopsies, OAC tumour biopsies have a
significantly higher OCR, a measure of oxidative phosphorylation compared to ECAR, a measure
of glycolysis highlighting the importance of aerobic respiration in OAC. Pyrazinib (P3), an anti-
metabolic small molecule radiosensitiser significantly inhibited oxygen consumption rate in OAC
biopsies. Furthermore, biopsies from OAC tumours can quickly adapt their metabolic rate to their
environment to cope with hypoxia. Under conditions of hypoxia, Pyrazinib (P3) produced a
simultaneous and significant reduction in both OCR and ECAR in OAC treatment-naive biopsies.
We demonstrated that the inflammatory secretome profile of OAC treatment-naive biopsies is
highly heterogeneous. OCR was significantly correlated with three secreted factors in the tumour
conditioned media: VEGF-A, IL-1RA and TSLP. ECAR was significantly correlated with VEGF-
A, IL-1RA, TSLP, IL-13, MIP-3a and TNF-a. Pyrazinib (P3) significantly inhibited IL-1B
secretion and increased IL-3 and IL-17B secretions from treatment-naive OAC patient tumour
biopsies. Critically, Pyrazinib (P3) did not directly alter the expression of dendritic cell maturation

markers.

The findings of this thesis have identified the small molecule compound Pyrazinib (P3) with anti-
angiogenic, anti-metabolic and anti-inflammatory action which can enhance radiosensitivity both
under normoxic and hypoxic conditions in-vitro in isogenic model of OAC radioresistance.
Further pre-clinical development of this small molecule compound will been required in different

in-vivo models to track radiosensitivity more precisely.
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1. Chapter 1 — General Introduction



1.1. Oesophageal cancer
1.1.1. Epidemiology and incidence

Oesophageal cancer is the eighth most common cancer worldwide and the 6™ most common cause
of cancer related death, accounting for approximately 400,000 deaths annually [1]. Oesophageal
cancer is primarily classified into two histological subtypes, squamous cell carcinoma (SCC) and
oesophageal adenocarcinoma (OAC) [1]. SCC and OAC have distinct pathological
characteristics. SCC can occur in all subsections of the oesophagus, but predominantly occurs in
the middle and upper third whilst the majority of OAC’s are located in the distal oesophagus or

gastro-oesophageal junction (Figure 1-1) [2-4].

Whilst SCC is the predominant subtype globally, in western populations, the incidence of OAC
has increased by approximately 48% over the past 15 years (Figure 1-2) [1, 5]. Critically, over
the next 10 years, the incidence of oesophageal cancer is expected to increase by 140% [6]. In
Ireland, the average number of new oesophageal cancer cases diagnosed each year is 182
in women and 301 in men [7]. The incidence of each subtype is highly variable depending on
geographical location (Figure 1-3). The highest incidence rates for OAC are in the UK,
Netherlands and Ireland [5]. The highest incidence rates for SCC occur in Asia and east Africa
[5]. The prognosis of oesophageal cancer remains poor with the overall five-year survival rate
less than 20% in most developed countries, the best outcomes are associated with early disease
diagnosis [1, 5]. In Ireland, between 2005-2009, oesophageal cancer accounted for 7.62 deaths

per 100,000 people annually [8].

The incidence of OAC is 3-9 times higher in men than women, depending on geographical
location [5]. To date there is insufficient evidence to explain the vast difference in gender risk.
For females, breastfeeding may reduce OAC risk as female sex hormones may provide a
protective effect against disease development [9]. Male and female obesity rates are similar in the
West, however visceral adipose tissue around the abdomen is more often observed in males and

may contribute to increased risk of disease development [10].
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Figure 1-1 Location of SCC and OAC tumours.

Figure outlining the physical location of SCC and OAC tumours within the oesophagus. SCC
tumours are predominantly located in the middle and upper third of the oesophagus. OAC tumours
are predominantly located in the distal third of the oesophagus and at the gastro-oesophageal
junction. Image adapted from www.cancer.gov.
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Figure 1-2 OAC incidence and incidence-based mortality, 1975 to 2009.
This figure outlines both the incidence of OAC and the incidence-based mortality of OAC
between 1975 and 2009. Image taken from Hur et al. [11].
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Figure 1-3 Global incidence rates of OAC and SCC and global distribution of disease in men.
Figure illustrating the age standardised incidence rate (ASR) of (A) OAC and (B) SSC per
100,000 men. Image taken from Arnold et al. [5].



1.1.2.  Risk factors of oesophageal adenocarcinoma

There are three major risk factors for the development of OAC including gastro-oesophageal
reflux disease (GORD), the pre-disposing condition Barrett’s oesophagus and obesity.

GORD is a common clinical condition and heartburn is the most frequent symptom. GORD
induces oesophageal inflammation and consequent oxidative stress leading to DNA damage [12,
13]. Both acid and bile can activate oncogenic pathways. Bile acid induces DNA damage,
decreases proliferation and increases apoptosis whilst bile salts induce DNA damage and affect

proliferation in a pH-dependent manner and promote resistance to apoptosis [12, 13].

Barrett’s oesophagus is characterised by chronic tissue inflammation which results in the
transition of the stratified normal epithelium of the oesophagus to a single layered mucin-secreting
columnar epithelium [14]. Tissue inflammation and a dysregulated immune response provide the
ideal microenvironment for OAC development [15]. Barrett’s oesophagus is considered the
strongest risk factor for OAC, increasing the risk of incidence by 30-40 fold over the normal
population [16]. The development of OAC occurs in step-wise progression from no reflux disease
to GORD to Barrett’s oesophagus to OAC [17]. Only approximately 10% of patients will
progress from GORD to Barrett’s oesophagus [18]. The overall risk of cancer developing in
Barrett’s oesophagus patients is estimated to be approximately 0.12-0.5% per year [19-21].
Interestingly a study by Drahos et al. found that the metabolic syndrome increases the risk of
Barrett’s oesophagus in the absence of gastroesophageal reflux [22]. Supporting this, our group
has shown that patients with Barrett’s oesophagus commonly display symptoms of the metabolic
syndrome, characterised by visceral obesity, blood lipid disorders, insulin resistance and type Il
diabetes [23]. This study by Ryan et al. demonstrated that 46% of the Barrett’s oesophagus
patients in their cohort had the metabolic syndrome and this was significantly correlated with the
length of intestinal metaplasia [23]. The step-wise progression from GORD to Barrett’s
oesophagus to OAC over ~10 years should provide the opportunity for early diagnosis and
prevention of OAC [24]. However, disease progression is relatively asymptomatic and less than

5% of patients diagnosed with OAC have a precancerous diagnosis of Barrett’s oesophagus [24].

The dramatic increase in the incidence of OAC in the Western World has paralleled with
increasing rates of obesity. A meta-analysis of 14 studies found that a body mass index of greater
than 25 was associated with an increased risk of OAC in both males and females [25]. In addition
as body mass index increased the relative risk of OAC increased [25]. Another meta-analysis of
22 studies found a nearly threefold increase in risk with a body mass index greater than 30 kg/m?

[26]. Altered secretion of adipokines such as leptin produced by visceral adipose tissue, often



observed in men, has been suggested to contribute to markedly differential incidence of OAC by
sex [27]. This has been supported by the observation that patients with Barrett's oesophagus have
a greater waist circumference than population controls [28].

1.1.3.  Diagnosis and staging of oesophageal adenocarcinoma

Early stage OAC is often asymptomatic and as a result approximately 50% of patients present
with locally advanced disease at first diagnosis [29]. Diagnosis of OAC is commonly coupled
with patients presenting with common symptoms including dysphagia and unexplained weight
loss [30]. Three diagnostic tests are commonly used in the diagnosis of OAC including endoscopic
ultrasound (EUS), a computed tomographic (CT) scan and positron-emission tomography (PET).
EUS is used to determine tumour (T) stage and has been shown to be the most accurate method
for nodal (N) staging [31, 32]. A CT scan is used to assess the primary tumour and can detect
lymph node metastasis, if the appearance of the node is enlarged [32]. A CT scan is limited to
defining the local extent and nodal involvement in OAC but is useful in identifying the presence
of distant disease such as liver or lung metastases [32]. PET with fludeoxyglucose (**F-FDG) is
used to detect tissues with high metabolic activity [33]. The detection of 8F-FDG uptake depends
on the capacity of the PET detector to detect the natural radioactive decay of fluorine-18 attached
to this glucose analogue. [34] PET scans improve staging by detecting previously unsuspected
metastatic disease in up to 15-20% of patients and should be considered when the CT scan does
not show metastatic disease [33, 35]. However, PET scans are not without their limitations and
have been associated with both false positive and false negative results which can limit their
sensitivity and specificity and as a result their clinical efficacy [34]. The clinical efficacy of PET
scans is influenced by multiple factors including tumour size, tumour stage and the cellular

content of the tumour [34].

Oesophageal cancer staging is based on the depth of tumour invasion, involvement of regional
lymph nodes, and the presence or absence of metastatic disease [36]. Clinical staging of OAC is
carried out using the TNM system which was developed by the American Joint Committee on
Cancer (AJCC) [37]. The staging system that establishes tumour-node-metastasis (TNM) sub-
classifications based on the depth of invasion of the primary tumour (T), lymph node involvement
(N), and extent of metastatic disease (M) (Table 1-1) (Table 1-2). Accurate pre-treatment staging

of OAC and subsequent stage-appropriate treatment is crucial to optimise OAC patient outcomes.



Table 1-1 TNM classification and histological grading for OAC.

This table outlines the scoring system used to give an OAC a tumour, node and metastasis score
(TNM) based on tumour invasion, nodal involvement and the presence or absence of metastases.
Histological grades can also be determined based on the level of tumour differentiation.

T classification

Tis High grade dysplasia

T1 Tumour invades lamina propria, muscularis mucosa (T1a) or
submucosa (T1b)

T2 Tumour invades muscularis propria

T3 Tumour invades adventitia

T4 Tumour invades adjacent structures; T4a resectable, T4b

unresectable

N classification

NO No regional lymph node metastasis
N1 1 to 2 positive lymph node metastasis
N2 3 to 6 positive lymph node metastasis
N3 >7 positive lymph node metastasis

M classification

MO No distant metastasis

M1 Distant metastasis

Histological grade

Gl Well differentiated

G2 Moderately differentiated

G3 Poorly differentiated

G4 Undifferentiated

Table 1-2 OAC tumour stage classification based on TNM.
This table outlines how a tumour stage is determined based on the tumour node and metastasis

score described in Table 1-1.

Stage | Tumour | Node Metastasis | Therapeutic options
0 Tis NO MO Local ablative therapy
| T1 NO MO Surgery
T2 NO MO
1A Surgery
T3 NO MO
Tl N1 MO
11B Neo-adjuvant therapy with or without surgery
T2 N1 MO
T3 N1 MO ) ) )
i Neo-adjuvant therapy with or without surgery
T4 Any N | MO
Chemotherapy or radiation therapy with or without
IVA | AnyT Any N | Mla
surgery
IVB | AnyT Any N | Mlb Palliative treatment




1.1.4. Treatment of vesophageal adenocarcinoma

Treatment options for OAC tumours include local mucosal resection, ablation therapies,
oesophagectomy, chemotherapy and chemoradiation therapy both pre- and post-operatively [38].
The recommended treatment for each patient is dependent on multiple factors including tumour
stage, tumour location, and the patients’ medical fitness for receiving a particular therapeutic

modality.

Patients with T1-2NO OAC tumour are typically recommended to undergo surgery without the
induction treatment [38]. The standard treatment for patients with locally advanced operable OAC
is neo-adjuvant therapy and surgical resection. The neo-adjuvant therapies are utilised to debulk
the primary tumour prior to surgery [39]. Surgery offers the best chance of loco-regional control
and neo-adjuvant treatment aims to reduce tumour burden prior to surgery to improve post-
operative outcome, neo-adjuvant chemoradiation therapy in combination with surgery has been
associated with higher rates of overall survival [40-42]. In addition surgical resection aims to

reduce local reoccurrence and systemic disease [43].

In Ireland, the current standard of care for OAC focuses on neo-adjuvant treatment with
chemotherapy (neo-CT) alone or in combination with radiation; neo-adjuvant chemoradiation
(neo-CRT) for locally advanced tumours, prior to surgery [40]. The Cancer Trials Ireland-
sponsored Neo-AEGIS randomised, phase Il clinical trial, is comparing neo-CT (MAGIC
protocol) to neo-CRT (CROSS protocol) in OAC (Figure 1-4) [44]. The MAGIC chemotherapy
protocol consists of administration of epirubicin, cisplatin or oxaliplatin, and 5-Fluorouracil (5-
FU) or capecitabine chemotherapy pre- and post-operatively, the CROSS protocol consists of
administration of carboplatin and paclitaxel chemotherapy with fractionated radiotherapy of 41.4
Gy over five weeks [45, 46]. Since the initiation of the Neo-AEGIS trial, the perioperative
chemotherapy protocol FLOT, which includes treatment with docetaxel, oxaliplatin , leucovorin
and 5-FU prior to surgery was found to significantly improve patient outcome compared to the
combination of epirubicin, cisplatin and 5-FU (MAGIC) in a phase Il randomised controlled trial
[47]. Asaresult, the FLOT protocol is now offered as an option in addition to MAGIC as standard
treatment regimen of chemotherapy in the Neo-AEGIS trial. The primary end-point of the Neo-
AEGIS trial is overall survival with 3 year follow up [44]. The secondary endpoints of this trial
are disease-free survival, recurrence rates, clinical and pathological response rates, toxicities of
induction regimens, post-operative pathology and tumour regression grade, operative in-hospital

complications, and health-related quality of life (Figure 1-4) [44].
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Figure 1-4 Neo-AEGIS trial schematic.

This figure illustrates the two treatment arms of the neo-AEGIS trial, the modified MAGIC
regimen and the CROSS regimen, and outlines both the primary and secondary endpoints of the
trial. Image taken from Reynolds et al. [44].

The cytotoxic chemotherapies which are administered pre- or post-operatively to OAC patients
are classified based on their cytotoxic effect into alkylating agents, anti-metabolites, anti-

microtubule agents, topoisomerase inhibitors and cytotoxic antibiotics.

Cisplatin, carboplatin and oxaliplatin are platinum-based alkylating agents which form covalent
bonds with DNA resulting in DNA intercalation and the formation of DNA adducts [48]. These
DNA adducts disrupt DNA replication and transcription and result in the induction cell death.
Importantly, alkylating agents are cell cycle independent as they can bind to the DNA during all
stages of the cell cycle [49].

Paclitaxel is an anti-microtubule taxane agent which stabilises microtubules and inhibits
microtubule disassembly [50]. During cell division microtubules form the mitotic spindle,
paclitaxel inhibits normal microtubule function and induces mitotic catastrophe and cell death

during G2/M phase of the cell cycle [49].
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Anti-metabolite agents capecitabine and 5-FU are pyrimidines which are incorporated into DNA
and RNA. The thymidine synthase enzyme is the only source of de novo thymine base production
in the cell, inhibition of thymine synthase inhibits DNA synthesis [51]. The cytotoxic effects of
5-FU are S phase cell cycle dependent [52]. The metabolites of 5-FU interfere with RNA function,
induce DNA damage and interfere with DNA replication and transcription to induce cell death
[52].

Epirubicin is an anthracycline and topoisomerase inhibitor [53]. The topoisomerase Il enzyme
relieves supercoiled DNA during replication by inducing temporary double strand DNA breaks
which are immediately repaired. Epirubicin inhibits topoisomerase Il and interferes with DNA

replication during S phase of the cell cycle [54].

lonising radiation is a crucial treatment modality used to exert local tumour control in over 50%
of solid cancers [55]. Irradiation aims to exert local control through the induction of double strand
breaks (DSB) to induce cellular DNA damage [55].

A number of patients are not suitable for neo-adjuvant treatment and surgical resection.
Approximately 50% of patients have evidence of distant metastatic disease at the time of
diagnosis [36]. Palliative therapy is recommended for patients with metastatic disease and can
include chemotherapy, clinical trial enrolment if available and suitable, or best supportive care
[36].

1.1.5.  Oesophageal adenocarcinoma tumour response fo treatment

Despite major advances in the multimodal approach to treat locally advanced OAC, the 5-year
survival of patients treated with curative intent remains poor [56, 57]. Unfortunately, on average
only 20-30% of patients show a complete pathological response (pCR) to neo-adjuvant therapy
with 70-80% of patients receiving a toxic treatment with little to no therapeutic gain and a
subsequent delay to surgery [43, 55, 58]. Importantly, there are currently no clinico-pathological
markers available to stratify patients who will achieve a beneficial response to neo-adjuvant
therapy. Tumour response to neo-CT/CRT is the best predictor of both disease-free and overall
survival [59]. Five-year survival rates are increased up to 60% for patients achieving a pCR,

irrespective of treatment protocol, tumour histology or stage [60, 61].
Several classification systems for grading tumour response to neo-adjuvant therapy have been

developed, but the most widely used is the Mandard system, which is divided into 5 tumour

regression grades (TRG) 1-5 (Figure 1-5) [62]. TRG 1 represents a complete response and is
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characterised by fibrosis within the oesophageal wall with no viable residual tumour cells. TRG
2 is characterised by rare residual tumour cells within the fibrosis. TRG 3 is characterised by
predominant fibrosis with residual tumour cells [62]. TRG 4 represents residual tumour cells
outgrowing fibrosis, whilst TRG 5 represents a complete absence of regression change. A TRG
of 1-3 was significantly associated with disease-free survival, when compared to TRG 4-5 [62].

Mucosa
——— P — TRG. |

Muscularis mucosag —%
™M i b No residual cancer
uscularis

Serosa

e 75— TRG 2

7 Rare residual cancer cells

o Fibrosis outgrowing
» residual cancer

. TRG 4
‘ * Residual cancer
- i outgrowing fibrosis

e —— e

TRGS
Absence of
regressive changes

B RESIDUAL CANCER CELLS

[7777] sCAR

Figure 1-5 Mandard's Tumour Regression Grade (TRG) scoring system for tumour response
to radiation.

Diagrammatic representation of Mandard’s tumour regression grade scoring system. TRG 1
indicates that no viable tumour cells remain after treatment, TRG 2 indicates rare residual cancer
cells remain, TRG 3 indicates fibrosis outgrows residual cancer, TRG 4 indicates residual cancer
outgrows fibrosis and TRG 5 indicates that there is no evidence of tumour regression. Image taken
from Mandard et al. [62].

Combination therapies aim to overcome resistance by challenging the tumour with a variety of
cytotoxic mechanisms to overwhelm the repair and survival pathways to exceed the sublethal
threshold of cellular damage of cancer cells to subsequently induce cell death [63]. Randomised
clinical trials continue to inform best clinical practice in order to identify the best treatment
combinations for improved response and overall survival, the key clinical trials informing clinical
practice based on pathological complete response and overall 5 year survival are outlined in Table
1-3.
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Table 1-3 Key clinical trials informing the treatment of oesophageal cancer.
This table details the trial name, oesophageal tumour type, patient number, treatment arms,
pathological complete response rates (pCR), median survival and 5-year survival in key clinical

trials which have informed clinical treatment of oesophageal cancer.
Tumour Type pCR Median i .
Trial and Patient Trgartr:]r;ent rate Survival 5 year(oiL;rvwal
number (%) (Months) 0
OE02 SCC (n=269) Surgery 2 13 17
[64] OAC (n=533) Neo-CT 4 17 23
MAGIC OAC/Junctional Peris—l:)rp?:rr;ive 0 20 23
[45] (n=503) chemotherapy 0 24 36
ACCORD 07 Surgery 0 N/A 24
FNCLCC- _ . .
FFCD 9703 OAC (n=224) Perl-opbrarive 3 N/A 38
[57] py
CROSS SCC (n=96) Surgery 0 24 33
[56] OAC (n=270) Neo-CRT 29 49 47
MAGIC CT Not yet 35 Not yet reported
FLOT4 _ reported
[65] OAC (n=716) Not yet
FLOTCT 50 Not yet reported
reported

1.1.6. Targeted therapies which have been previously investigated in OAC

As previously described the primary treatment modality for OAC patients with advanced disease
is combination chemotherapy administered in conjunction with radiotherapy. Oesophageal
cancers are associated with a high mutational burden and as a result a number of alternative
targeted therapies have been investigated for the treatment of oesophageal cancer with varying

success [66].

HER?2 is overexpressed in approximately 24% of OAC patient tumours [67]. Trastuzumab, an
anti-HER2 monoclonal antibody, was the first targeted agent approved for the treatment of
advanced oesophageal and gastroesophageal patients in combination with first-line chemotherapy
for patients with ERBB2/HER2-positive disease [66]. A phase Il randomised control trial
evaluated 594 patients with gastric or gastro-oesophageal junction cancer with HER2
overexpressing tumours [68]. Patients were randomised to either combination chemotherapy or
combination chemotherapy in combination with trastuzumab, median overall survival was
significantly higher (13.8 months v 11.1 months) in the patient cohort that received trastuzumab
plus chemotherapy compared to patients who received chemotherapy alone [68]. Whether anti-
HERZ2 targeted treatment strategies are of added value in patients with resectable OAC is currently
being investigated in a phase I/11 clinical trial (NCT02120911) [69]. Given the relative improved
overall survival with trastuzumab, additional HER?2 targeting agents were also evaluated in

clinical trials but have led to disappointing results. A phase Il clinical trial comparing the
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antibody—drug conjugate ado-trastuzumab emtansine (T-DM1) to taxane monotherapy in the
second-line setting failed to meet its primary endpoint of improved overall survival. In addition,
the administration of the dual EGFR/HER2 small molecule inhibitor lapatinib, in combination
with chemotherapy as part of first- or second line-treatment did not improve overall survival [70,
71]. (Figure 1-6)

In addition to HER2, EGFR is another ERBB1 family protein found to be overexpressed in
oesophageal tumours [66]. However, EGFR targeting therapies such as the monoclonal antibodies
cetuximab or panitumumab or small molecule inhibitors such as gefitinib did not show any
survival benefit when evaluated in gastro-oesophageal cancer patients in phase Il clinical trials
(Figure 1-6) [72, 73].

Furthermore, vascular endothelial growth factor (VEGF) and its receptors have been shown to be
overexpressed in approximately 30-40% of all gastroesophageal carcinomas. Ramucirumab, a
monoclonal antibody against VEGFR-2 has been approved for second-line therapy in OAC
patients with advanced disease both as monotherapy and in combination with paclitaxel. A Phase
Il randomised controlled study of 355 patients demonstrated an increase in median overall
survival to 5.2 months versus 3.8 months in patients treated with ramucirumab versus placebo
respectively [74]. In another trial, the addition of ramucirumab to paclitaxel also improved
survival (9.6 months v 7.4 months). Importantly, analysis of tumour biopsies and serum from
patients enrolled on the trial did not identify any significant markers that were predictive of
sensitivity to ramucirumab [75]. Following the improved survival benefit demonstrated with
ramucirumab, the anti-VEGF antibody bevacizumab was evaluated as part of first-line therapy in
combination with chemotherapy in a phase Ill clinical trial [76]. However, the addition of
bevacizumab to capecitabine-cisplatin did not improve overall survival or progression-free

survival of oesophageal cancer patients [76]. (Figure 1-6)

The amplification of the hepatocyte growth factor receptor, MET, was identified in 2% of
gastroesophageal adenocarcinomas and was associated with an aggressive tumour subtype [77] .
Therapeutic targeting of this receptor was evaluated in clinical trials, however, similar to a number
of the trials previously described in this section the addition of MET targeting antibodies to
combination chemotherapy in the first-line setting for patients with advanced MET-positive

gastric or gastroesophageal junction adenocarcinomas did not improve overall survival [78, 79].
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Figure 1-6 Schematic of several of the most well-studied therapeutic targets in oesophageal
cancer.

Figure illustrating molecular targeted agents which have been or are currently being evaluated for
the treatment of oesophageal cancer. Agents in red upper-case letters represent approved drugs
for this indication; agents in Roman type (no italics) are currently undergoing evaluation and final
study results are not yet available; agents in italic type were previously evaluated in clinical trials
with negative results. TCR; T cell receptor. Image taken from Wang et al. [66].

More recently, there has been a shift in molecular targeted clinical trials in the OAC advanced
disease setting towards the evaluation of immune targeted agents. Early stage clinical trials have
shown initial promise such as the phase I/l CHECKMATE-032 trial which evaluated the
combination of anti-PD-1 antibody nivolumab and the anti-CTLA-4 antibody ipilimumab in
patients with locally advanced or metastatic chemotherapy-refractory gastric, oesophageal, or
gastroesophageal junctional tumours showed a response rate of 26% [80] . In the neoadjuvant
setting the combination of neo-CRT with immunotherapies is currently being investigated in

multiple clinical trials and this is discussed further in section 1.6.15.

A major limitation of a number of studies which have evaluated novel molecular targeting agents
in oesophageal cancer is that often studies do not recruit for one subtype of oesophageal cancer
alone and studies often include gastric cancer as well, and as there are distinct histological and
genetic differences between the subtypes this can impact on the primary outcomes of the trials.
In the future it will be crucial to ensure robust pre-selection of patients based on the expression
levels of proteins of interest and their specific tumour histological subtype for optimal treatment

evaluation and patient outcomes.
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1.2. Radiation therapy and the development of resistance to radiation therapy

Radiation therapy is the targeted administration of X-rays to destroy cancer cells and tumour
tissue. The X-rays penetrate the tumour tissues inducing cytotoxic damage in proliferating cells
through both direct and indirect mechanisms (Figure 1-7). Radiotherapy X-rays are targeted to
the site of the tumour to minimise off-target effects on the normal healthy tissue. The sensitivity
of OAC tumours to irradiation is inversely correlated to tumour burden [81]. Resistance to
radiation therapy is multifactorial and associated with a number of biological processes both
within the tumour itself and the surrounding microenvironment, including dysregulated cellular
energetics, angiogenesis and inflammation which are discussed further in the next sections,
section 1.3 -1.5 [82-84]. Radiation-mediated cell death is induced by direct and indirect damage
effects (Figure 1-7). Radiation directly induces single and double strand breaks in the DNA. In
addition, radiation induces ROS and free radicals which induce DNA damage, cell stress and
indirectly alter cellular signalling pathways [85]. The accumulation of radiation-mediated DNA
breakages and ROS damage ultimately induce cell death [85]. Radiotherapy is a mainstay
treatment for many types of cancer, although it is still a large challenge to enhance radiation
damage to tumour tissue and reduce side-effects to healthy tissue. Radiosensitisers are promising
agents that enhance injury to tumour tissue by accelerating DNA damage and producing free
radicals. Several strategies have been exploited to develop highly effective and low-toxicity

radiosensitisers.
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Figure 1-7 Direct and indirect effects of radiation therapy.

lonising radiation induces DNA damage through both direct and indirect effects. Radiation
directly damages DNA (direct effect) through the induction of both single and double DNA strand
breaks. In addition radiation damages DNA by indirect effects through the cleavage of the water
molecules to generate ROS, and then ROS subsequently damages DNA. There are several types
of DNA damage, such as single-strand breaks (SSBs), double-strand breaks (DSBs), base damage,
cross-linking with protein or another DNA molecule. Image adapted from Wang et al. [85].
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Currently no radiosensitisers are approved for clinical use in the treatment of oesophageal cancer
and there is an unmet clinical need for novel radiosensitising agents given the large number of

patients (~70%) who do not have a complete pathological response to neo-CRT.

As oxygen is a potent radiosensitiser a large body of work has focused on oxygen mimetics or
oxygen promoting agents to improve radiosensitivity in the clinic. Oxygen mimetic drugs often
contain a nitro group which has electron affinity and can fix the free radical damage similar to
oxygen [86]. Nicotinamide is a vasoactive substance which has been combined with accelerated
radiotherapy and inhalation of carbogen to enhance radiosensitivity (ARCON) [86]. In a phase
Il laryngeal cancer clinical trial, 5-year regional tumour control was significantly better with
ARCON compared to accelerated radiotherapy alone specifically in patients with hypoxic
tumours compared to well-oxygenated tumours [86]. Other nitro compounds such as
misonidazole which showed promise in pre-clinical trials failed in the clinic due to limiting
neurotoxicity and less toxic modified compounds such as etanidazole and pimonidaole failed to
show clinical efficacy [87, 88]. Nimorazole, is part of a class of nitroimidazoles with anti-
microbial activity and has been shown to enhance radiosensitivity in clinical trials, and has been
recommended for clinical use in the treatment of head and neck cancers in Denmark, especially
for patients with high concentrations of osteopontin in their plasma [89, 90].

Tirapazamine (TPZ) is a hypoxia-activated prodrug that selectively acts in hypoxic tumour cells
through a bio-reductive mechanism, administration of TPZ was associated with mixed results in
clinical trials whereby selection of patients on the basis of tumour oxygenation was deemed
critical to the success of the drug [91]. TPZ was also associated with poor diffusion and as such
an analogue of TPZ is currently under investigation in clinical trial. [91]. One major limitation
of the evaluation of bio-reductive prodrugs in the clinic is the failure to identify patients who will
have an optimal response to such therapies. Stratification of patients most likely to benefit from
these therapies is difficult due to the variability in the incidence and severity of tumour hypoxia,

in patient populations with the same tumour type [91].

A number of chemotherapies including 5-FU, capecitabine, gemcitabine, paclitaxel, docetaxel
and cisplatin are commonly combined with radiotherapy in a bid to enhance tumour sensitivity
[92]. However the results of the combined therapy are often mixed and fail to enhance
radiosensitivity in a large percentage of the patient population [92]. Nonetheless they remain the
standard treatment of care in combination with radiotherapy in the absence of any superior

targeted therapies [92].
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A number of novel targeted therapies to enhance radiosensitivity are currently under investigation
at both pre-clinical and clinical trial level and are discussed in depth in section 1.6.

1.3. Angiogenesis and cancer

Having extensively discussed the difficulty in treating OAC and high rate of treatment failure, in
this section we begin to discuss key molecular processes and hallmarks of cancer which have
previously been linked with radiation resistance including angiogenesis. Sustained angiogenesis
is a well-established hallmark of cancer, which refers to vessel sprouting and development from
pre-existing blood vessels [93]. Blood vessels supply oxygen and nutrients to growing tumours
and provide a route for tumour cells to enter the circulation and metastasise [94]. It was first
reported in 1971 by Folkman et al. that tumour growth and metastasis are angiogenesis-dependent
and inhibiting angiogenesis could arrest tumour growth [95].

The development of new blood vessels relies on the availability of pro-angiogenic factors such
as VEGF, Platelet Derived Growth Factor (PDGF), Fibroblast Growth Factor (FGF), Epidermal
Growth Factor (EGF), Transforming Growth Factor (TGF), Tumour Necrosis Factor (TNF) and
Angiopoietins (Ang) and anti- angiogenic mediators such as thrombospondin-1 (TSP-1) and
interferon beta which govern the angiogenic switch [96, 97]. Angiogenic growth factors can be
secreted from numerous cell types including endothelial cells, fibroblasts, smooth muscle cells,
platelets, inflammatory cells, and cancer cells [96]. In addition, growth factors such as FGF-2, or
basic fibroblast growth factor (b-FGF), are sequestered in the extracellular matrix (ECM), and

serve as reservoirs for sustained cell-demanded growth factor release [96].

The ‘angiogenic switch’ is ‘off” when pro-angiogenic molecules are balanced by anti-angiogenic
molecules and is ‘on’ when the balance is tipped in favour of pro-angiogenic mediators [93, 98].
When the angiogenic switch is ‘on’ this results in the initiation of a number of steps which lead
to angiogenic sprouting including perivascular detachment and vessel dilation, angiogenic
sprouting, new vessel creation and development, and recruitment of the perivascular cells (Figure
1-8) [99].
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Figure 1-8 The angiogenic “switch” from dormant vasculature to tumour vasculature.

This figure illustrates the step wise process of the ‘angiogenic switch” which occurs during tumour
development and progression including (A) dormant tumours have avascular nodules (dormant),
and (B) the initiation of angiogenesis, or the 'angiogenic switch' begins with perivascular
detachment and vessel dilation, (C) this is then followed by angiogenic sprouting, (D) and
subsequently new vessel formation and maturation, and the recruitment of perivascular cells.
(E) Finally, blood-vessel formation will continue as long as the tumour continues to grow.
Image adapted from Bergers et al. [99].

The process of angiogenic vessels sprouting begins when endothelial cells become activated and
motile in response to pro-angiogenic signals. The activated endothelial cells have filopodia which
guide the vessel development as tip cells. The tip cells lead the new sprouting vessels in response
to guidance cues from their surrounding environment. Stalk cells follow the tip cell and continue
to proliferate to support sprout elongation. Tip cells anastomose with cells from neighbouring
sprouts to build vessel loops. The initiation of blood flow, the establishment of a basement
membrane and the recruitment of mural cells stabilise new connections. Vessel sprouting

continues until the balance of pro- and anti-angiogenic signals is restored (Figure 1-9). [99]
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Figure 1-9 The angiogenic cascade.

This figure illustrates the angiogenic cascade following endothelial cell activation. Quiescent
endothelial cells are activated when stromal, tumour and immune cell-derived pro-angiogenic
factors are secreted into the tumour site leading to proliferation, migration, ECM degradation and
tube formation from existing capillaries. Bone marrow derived (BMD) endothelial progenitor
cells (EPCs) are recruited to the tumour site and differentiate into endothelial cells, forming de-
novo vessels. The resulting tumour blood vessels are morphologically and functionally distinct
from normal vasculature. Image adapted from Bejarano et al. [100].

Under normal tissue homeostasis endothelial cells which line blood vessels are responsible for
tissue growth and repair however the development of abnormal and uncontrolled vascular growth
contributes to cancer growth and progression through pathological angiogenesis [94]. A number
of environmental and genetic factors influence the development of angiogenesis in the tumour
including low oxygen and pH which can induce metabolic stress, the response of infiltrating
immune cells into the tumour, genetic mutations which alter angiogenic regulators and the
mechanical stress of rapidly proliferating cancer cells [101, 102]. Tumour vessels are structurally
and functionally abnormal [103]. Unlike normal vasculature, tumour vasculature is highly
disorganised and permeable and associated with altered structures and blood flow with uneven
diameters, dilated lumens and excessive branching [103]. As a result tumour blood flow is chaotic
and variable and leads to hypoxic and acidic regions in tumours [103]. A hypoxic environment
promotes the secretion of pro-angiogenic signals, vessel sprouting and tumour growth through
the upregulation of HIF-1a [99]. In addition, abnormal tumour vasculature is associated with an
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immunosuppressive tumour microenvironment which does not support anti- tumour immunity
(Figure 1-10) [104].

| Tumor oxygenation |
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Figure 1-10 Impact of tumour vasculature normalisation on the tumour microenvironment.
The abnormal tumour vasculature creates a hypoxic tumour microenvironment which hinders the
infiltration of T effector cells into tumours and polarises tumour associated macrophages (TAMS)
to an immune inhibitory M2-like phenotype which suppresses T cell function. Vascular
normalising therapies generate homogeneous distribution of tumour vessels which facilitate the
infiltration of T cells. In addition, improved vascular perfusion polarises TAMs to an
immunostimulatory M1-like phenotype. Image adapted from Huang et al. [104].

Examples of anti-angiogenic agents include bevacizumab, a monoclonal antibody which targets
the VEGF pathway [105]. Targeting endothelial cells in cancer is thought to have a number of
advantages including the easy accessibility of endothelial cells by anti-angiogenic/vascular
targeting agents compared with drugs that act directly on tumour cells found in bulky masses
[106]. Vascular targeting agents may avoid resistance mechanisms because they are directly
cytotoxic to endothelial cells [106]. The biological process of angiogenesis is limited in normal
body homeostasis limiting normal tissue toxicities and each tumour capillary supplies a large
number of tumour cells, therefore targeting of the tumour vasculature should lead to a potentiation
of the anti-tumorigenic effect [106]. Despite these advantages resistance to anti-angiogenic
agents is extremely common in the clinic. An alternative to monotherapy with anti-angiogenic
agents is the combined administration of anti-angiogenic agents with radiation for an enhanced
anti-tumour effect [107]. Combining anti-angiogenic agents with radiation has been shown to
improve response to radiation [105]. Sustained tumour angiogenesis is associated with the
formation of hypoxic regions within the tumour. Anti-angiogenic agents are thought to create a
window of vascular normalisation during which there is a transient increase of tumour
oxygenation and decrease of tumour interstitial pressure which has been supported by pre-clinical
studies [108, 109]. Winkler et al. demonstrated that the administration of the VEGF-R2 inhibitor
DC-101 alone did not significantly decrease tumour cell growth significantly, and irradiation only

had a modest effect but the combination of both treatments produced a synergistic effect when
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irradiation was performed 4-6 days after the administration of DC-101. This interval
corresponded to a significant and transient increase of tumour oxygenation, and it is precisely
during this window that radiation was the most effective highlighting the importance of this
vascular normalisation window and treatment scheduling [110]. The potential of combining anti-
angiogenic agents with radiation is discussed further in section 1.6.10.

As previously mentioned, the process of angiogenesis does not function in isolation, it is
interconnected with other biological processes within the tumour microenvironment including
tumour metabolism (Figure 1-11) [111]. Blood vessels supply oxygen and nutrients required to
fuel metabolic pathways. In addition, endothelial cells can secrete mediators which promote
mitochondrial biogenesis [111]. High levels of VEGF-B, are found in metabolically active tissues,
where it is co-expressed with mitochondrial proteins and stimulates mitochondrial biogenesis and
controls endothelial uptake distribution of fatty acids into other tissues [112]. Cross-talk also
exists in the opposite direction whereby metabolism can affect vascular growth. Metabolic
sensors and regulators (PGCla, LKB1, AMPK, FOXOs, and SIRT1) can control vascular growth
and stimulate angiogenesis in conditions of nutrient deprivation [111]. In conditions of oxygen
and nutrient starvation, PGClo stimulates angiogenesis by upregulating VEGF through
interaction with the estrogen receptor alpha (ERRa) resulting in both angiogenesis and
mitochondrial biogenesis which prepares the low oxygen tissue for oxidative metabolism upon
revascularization [111]. In addition, under conditions of metabolic stress upregulation of AMPK
can induce VEGF-mediated angiogenesis [111].

A Angiogenesis — Metabolism Metabolism — Angiogenesis

Angiogenesis
stimulates adipose
tissue growth

Figure 1-11 Angiogenesis and metabolism crosstalk.

(A) Endothelial cells (ECs) promote growth and repair of metabolically active tissues and
angiogenic molecules stimulate trans-endothelial transport of fuel to surrounding tissues. (B)
Metabolic sensors and regulators stimulate angiogenesis and mitochondrial biogenesis in order to
prepare the ischemic tissue for oxidative metabolism upon repletion of oxygen and nutrients
following revascularization. Image adapted from Potente et al. [94].
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The cross talk which exist between the two biological processes of angiogenesis and metabolism
highlights the therapeutic potential of targeting both biological processes for anti-tumour effect.
The main aim of this thesis was to evaluate the potential of anti-angiogenic and anti-metabolic
agents to enhance radiosensitivity in OAC.

1.4. Energy metabolism and cancer

As previously mentioned, energy metabolism is tightly linked with angiogenesis as metabolic
pathways rely on the oxygen and nutrients being brought to the tumour by blood vessels. In this
section we discuss the importance of energy metabolism as a mediator of tumour growth and
treatment resistance in OAC. Metabolism can be defined as a series of chemical reactions whereby
cells carry out a series of catabolic reactions to meet their energy requirements. A number of
metabolic pathways exist and the use of a certain metabolic pathway is often determined by the
availability of metabolic pathway substrates including glucose, glutamine, amino acids and fatty
acids in addition to oxygen [113]. The main metabolic pathways of interest in this study were

oxidative phosphorylation, the tricarboxylic acid (TCA) cycle and glycolysis.

Glycolysis is an anaerobic process which takes place in the cytosol (Figure 1-12). During this
process, one molecule of glucose is converted into two molecules of pyruvate in a series of

chemical reactions, with the net production of two molecules of ATP [114].

The TCA cycle is a cyclic mitochondrial pathway which takes places in the mitochondrial matrix
(Figure 1-12). Pyruvate formed by glycolysis is converted to acetyl coenzyme A (acetyl-CoA),
the start point of the TCA cycle and is responsible for the oxidisation of the acetyl moiety of
acetyl-CoA to CO, which in turn results in the generation of NADH and FADH,, whose electrons
fuel the electron transport chain of the oxidative phosphorylation pathway for ATP generation.
The TCA cycle begins with the condensation of acetyl-CoA with oxaloacetate to form citrate,
catalysed by citrate synthase. Citrate can be exported to the cytoplasm, where it is used as
precursor for lipid biosynthesis or remains in the mitochondria, where it is converted to isocitrate
by aconitase. In the next step, a-ketoglutarate (a-KG), formed by the oxidative decarboxylation
of isocitrate catalysed by isocitrate dehydrogenase (IDH) and is converted to succinyl-CoA by a
further decarboxylation by the a-KG dehydrogenase complex. Succinyl-CoA is then transformed
to succinate by the succinyl-CoA synthetase. Fumarate which is produced by succinate oxidation
and catalysed by the succinate dehydrogenase complex, is then hydrated to malate by fumarase.
Oxidation of malate by malate dehydrogenase, results in the regeneration oxaloacetate, thus

ensuring the completion of the cycle. [115]
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The oxidative phosphorylation pathway takes place in the inner mitochondrial membrane and
involves the transfer of electrons from NADH or FADH, from the TCA cycle to oxygen (O) by
a series of electron carriers to form ATP (Figure 1-12). Electrons are transferred by electron
carriers NADH via three protein complexes: NADH-Q oxidoreductase (Complex 1), Q-
cytochrome ¢ oxidoreductase (Complex I11) and cytochrome c oxidase (Complex V). Another
protein complex, succinate-Q reductase (Complex Il) transfers electrons from FADH instead of
NADH. Complex | accepts two electrons and transfers them through FeS clusters to ubiquinone
to form ubiquinol. Complex Il also functions during the TCA cycle to convert succinate to
fumarate, generating FADH,. The electrons then get transferred from FADH- to ubiquinone.
Complex 1 accepts electrons from ubiquinol generated by Complexes I and 1l and transfers them
to cytochrome c protein. Cytochrome c transfers electrons to Complex 1V which then pass to O,
reducing it to two water molecules. The electron transport by complexes I, 11l and IV drives the
transport of protons through the protein complexes out of the mitochondrial matrix, creating a pH
gradient. This pH gradient then forces protons through ATP synthase back into the mitochondrial
matrix. This energy drives the rotation of ATP synthase to generate ATP. [116]
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Figure 1-12 Schematic of cellular metabolism pathways.

This figure illustrates metabolic pathways in proliferating cells including glycolysis; lactate
production; TCA cycle; oxidative phosphorylation, the pentose phosphate pathway,
glutaminolysis and the biosynthesis of nucleotides, lipids, and amino acids. Glucose is
metabolised through the glycolytic pathway for production of ATP and pyruvate. Pyruvate can
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either be used in the formation of lactate or enter the TCA cycle. Glucose-derived citrate is
exported to the cytosol and processed to acetyl-CoA, oxaloacetate (OAA), or a-ketoglutarate (o-
KG). Glutamine is deaminated to form glutamate, which is processed to generate a-ketoglutarate
and maintain the TCA cycle. Glut Trans indicates glucose transporters; Glut 1, glutaminase 1,
Glut 2, glutaminase 2, LDH, lactate dehydrogenase; Mal, malate, and OXPHOS, oxidative
phosphorylation. Image adapted from Levine et al. [117].

It is critical to understand normal cellular metabolism to be able to understand changes to cellular
metabolism in cancer cells. Dysregulated cellular energetics has been identified as an emerging
hallmark of cancer whereby cancers cells have adapted to sustain rapid growth and proliferation
through altering their metabolism [118]. The first tumour-specific alteration in metabolism was
reported by Otto Warburg [119]. Warburg demonstrated that cancer cells rely on an increased
glycolytic flux, whereby cancer cells were found to constitutively take up glucose even in the
presence of oxygen, an effect which is now commonly referred to as “aerobic glycolysis” or the
“Warburg effect” [119]. The increase in glycolytic flux was thought to fulfil the metabolic
demands of proliferating cells [120]. Whilst the Warburg effect has been repeatedly reported in
multiple studies it has also been well established in recent years that cancer cells also require
mitochondrial respiration [121]. As such, metabolic reprogramming of tumours is complex and
can now be divided in six distinct hallmarks including (1) dysregulated uptake of glucose and
amino acids, (2) use of opportunistic modes of nutrient acquisition, (3) use of glycolysis/TCA
cycle intermediates for biosynthesis and NADPH production, (4) increased demand for nitrogen,
(5) alterations in metabolite-driven gene regulation and (6) metabolic interactions with the

microenvironment [122].

There is now accumulating evidence in the literature which suggests certain subpopulations of
tumours exhibit a high dependence on oxidative phosphorylation and reduced glycolytic
dependence [122]. Examples of such populations are stem-like sub-clones and circulating tumour
cells (CTCs) [123]. In pancreatic ductal carcinoma xenografts where tumours had regressed,
relapse occurred 4-5 months later following doxycycline withdrawal, tumour relapse was
attributed to cancer stem cells surviving the ablation of mutant K-Ras [123]. Of importance, the
remaining cancer stem cells had increased oxidative phosphorylation and mitochondrial
biogenesis and relapsing tumours were responsive to the complex V inhibitor, oligomycin [123].
In MCF-7 breast cancer stem cells atovaquone treatment was shown to inhibit cancer stem-cell
proliferation through the inhibition oxygen-consumption [124]. In a study by Le Bleu et al.
invasive mammary carcinoma cells were shown to enhance mitochondrial biogenesis and oxygen
consumption rate via the use transcription co-activator, PGC-1a. Silencing of PGC-1a in cancer
cells suspended their invasive potential and attenuated metastasis without affecting proliferation

[125]. In addition, in patient invasive breast cancer samples a strong correlation was identified
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between PGC-1a expression in invasive cancer cells and the formation of distant metastases
[125]. In a previous study by our department, OAC radioresistant cells were found to have a
significantly higher oxygen consumption rate, a measure of oxidative phosphorylation when
compared to matched OAC radiosensitive cells [82]. ATP5B, a surrogate marker of oxidative
phosphorylation was found to be expressed at significantly higher levels in OAC treatment-naive
biopsies which had a subsequent poor response to neo-CRT compared to biopsies of patients who

had a subsequent good response to neo-adjuvant treatment [82].

An altered metabolic phenotype confers a survival advantage in cancer cells, the findings reported
both here and in literature report the dysregulated metabolic phenotype of cancer cells and
highlight the important link between mitochondrial respiration and tumour progression and
treatment response. A major focus of our study is targeting mitochondrial respiration to improve

radiation response and this is discussed further in section 1.6.12.

1.5. Inflammation and cancer

The link between inflammation and cancer was originally identified in 1863, by Rudolf Ludwig
and Carl Virchow, who identified the inflammatory process as a predisposing condition for
tumour development [126]. Cancer-related inflammation is a hallmark of cancer and contributes
to proliferation and survival of cancerous cells, tumour angiogenesis, tumour metastasis, altered
immune response and treatment resistance [93]. Inflammation contributes to tumour development
and progression through the promotion of a pro-tumourigenic tumour microenvironment [93]. In
addition, inflammation and metabolism are tightly linked biological processes as inflammatory
cells rely on metabolites generated from the metabolic cycle to maintain their function. The
balance of cytokines in a tumour is critical for regulating the type and extent of inflammatory
infiltrate that forms. The inflammatory infiltrate is diverse and can consist of multiple cell types
including neutrophils, dendritic cells, macrophages, eosinophils, mast cells and lymphocytes. The
heterogeneous inflammatory infiltrate can produce a wide array of factors including cytokines,
MMPs, cytokine mediators and reactive oxygen species (ROS) which can influence tumour
progression [127]. C3a and C4a, components of the complement system, were previously found
to be upregulated in the pre-treatment serums of OAC patients having a subsequent poor
pathological response to neo-CRT, when compared to patients having a good response to
treatment [15].

Inflammatory mediators can promote cell differentiation and tumour cell responses. For example,

GM-CSF and interleukin 4 (IL-4) can cause monocytes to differentiate into immature dendritic

cells [128]. Dendritic cells migrate into inflamed peripheral tissue where they capture antigens
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and, after maturation, migrate to lymph nodes to stimulate T lymphocyte activation. Interestingly,
dendritic cells found in tumour infiltrates are frequently immature and defective in T cell
stimulatory capacity [129]. Soluble factors such as IL-6 and CSF-1, derived from malignant cells,
push myeloid precursors towards a macrophage-like phenotype [129].

TAMs are recruited to the tumour site predominantly by monocyte chemotactic proteins (MCP-
1). TAMs make up a large amount of the inflammatory cell infiltrate and are associated with both
pro- and anti-tumourigenic activity. TAMs can produce a number of potent angiogenic and
lymphangiogenic growth factors, cytokines and proteases which promote tumour progression
[130]. TAMs and tumour cells also produce IL-10, which blunts the anti-tumour response by
cytotoxic T cells. TAMs can also Kill neoplastic cells following activation by IL-2, interferon and
IL-12 [131].

Interleukin-6 (IL-6), one of the major cytokines in the tumour microenvironment and is an
important factor that is found at high concentrations and known to be deregulated in cancer [132].
The main sources of this cytokine are monocytes, fibroblasts and endothelial cells [133]. IL-6
functions as a modulator of tumour cell growth and has previously been shown to be expressed
constitutively in cervical cancer cells [134]. IL-6 has been found to be overexpressed in multiple
tumour types and interestingly IL-6 was shown to be overexpressed in the pre-malignant disease
of OAC, Barrett’s oesophagus and promote apoptosis resistance [135]. IL-6 protects cancer cells
from therapy-induced DNA damage, oxidative stress and apoptosis by facilitating the repair
and induction of countersignalling antioxidant and anti-apoptotic/pro-survival pathways [132].
IL-6 derived from cancer-associated fibroblasts was shown to promote chemoresistance in
oesophageal SSC by upregulating C-X-C motif chemokine receptor 7 (CXCR7) expression
through signal transducer and activator of transcription 3/nuclear factor-kB (STAT3/NF«B)
pathway [136]. Knockdown of CXCRY7 resulted in the inhibition of IL-6-induced proliferation

and chemoresistance [136].

Interleukin-8 (IL-8) is pro-inflammatory cytokine found in abundance in the tumour
microenvironment [137]. Expression of IL-8 is primarily regulated by the NFkB pathway and is
secreted in response to inflammatory cytokines such as TNF-a and IL-1p [137]. In addition
exposure of cancer cells to chemotherapies, regions of hypoxia and steroid hormones have been
shown to increase IL-8 expression [137, 138]. Importantly, the secretion of IL-8 from cancer
cells can promote tumour growth and survival through the upregulation of autocrine signalling
pathways such as the PI3K pathway [139]. Tumour derived IL-8 can activate endothelial cells
and promote angiogenesis and induce a chemotactic infiltration of neutrophils into the tumour

site [139]. IL-8 secretion has also been shown to induce TAMs to secrete growth factors which
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further stimulate cancer cell proliferation. Targeting IL-8 has been shown to enhance response to
chemotherapeutics and radiation [138, 140].

TNF-o is a multifunctional cytokine that is synthesized from various cell types, including
macrophages, monocytes, fibroblasts, endothelial cells, adipocytes, B cells, and some tumour cell
types. The binding of TNF-a to its receptor can result in the activation of the NFkB and MAPK
pathways [141]. TNF-a has been shown to have a paradoxical role in cancer whereby on the one
hand it can induce cancer death and on the other hand, TNF-a stimulates proliferation, survival,
migration, and angiogenesis in most cancer cells that are resistant to TNF-induced cytotoxicity,

resulting in tumour promotion [141].

IL-1pB is a pro-inflammatory cytokine which can be secreted from immune, stromal and cancer
cells and binds to the IL-1 receptor. Activation of the IL-1 pathway is associated with tumour
infiltrating myeloid cell recruitment, angiogenesis and skewing and suppression of anti-tumour
immunity. In an oesophageal SCC patient cohort IL-1p was significantly overexpressed at both
the mRNA and protein level in cancer specimens when compared to non-malignant tissues
[142]. IL-1pB expression significantly correlated with higher clinical stage, lower response rate
to concurrent CRT and tumour recurrence [142]. In addition, inhibition of IL-1f signalling
significantly reduced tumour growth, invasion ability and treatment resistance in-vitro
[142]. Inastudy by Li et al. IL-1B was shown to promote self-renewal of colon cancer cells and

induce cancer stem cells [143, 144] .

In this section we have only discussed a very small number of inflammatory mediators which
play a role in tumour progression and may influence response to radiation therapy. Inflammation
is an important driver of tumorigenesis. Numerous pro-inflammatory cytokines, including those
discussed in this section and many others are secreted from the tumour cells and cells of the
surrounding tumour microenvironment which promote tumour growth and progression and can
attenuate response to treatment. The potential of targeting inflammatory mediators to augment

radiation response is discussed further in section 1.6.13.

In the previous three sections we have extensively discussed the role of three key biological
processes; angiogenesis, metabolism and inflammation in OAC tumour progression and their
potential in governing resistance to radiation. In the next section we discuss the potential of
targeting different biological processes in combination with radiotherapy to enhance

radioresponse.
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1.6.Current strategies under investigation to enhance radiation response

1.6.1. verview

Resistance to radiation therapy is polymodal and associated with a number of biological
alterations both within the tumour itself and the surrounding microenvironment including; altered
cell cycle [145], accelerated repopulation [146, 147], hypoxia [148], evasion of apoptosis [149],
altered DNA damage response and enhanced DNA repair [150], inflammation [84] and altered

mitochondrial function and cellular energetics [82] (Figure 1-13).
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Figure 1-13 Molecular mechanisms contributing to radioresistance.

The radiation-resistant phenotype is commonly associated with large tumour burden, altered cell
cycle, accelerated repopulation, hypoxia and inflammation, evasion of apoptosis, altered DNA
damage repair and immune cell function.

Combining radiotherapy with conventional chemotherapies such as cisplatin and 5-FU has
produced improved response to radiation in the clinic in a number of different tumour types
including gastrointestinal cancers such as gastric and rectal cancers [151, 152]. These
chemotherapy drugs generally enhance radiosensitivity through increasing the amount of DNA
damage induced by radiotherapy thereby increasing cell death. However, conventional

chemotherapies do not specifically target tumour cells, they can increase toxicity in normal tissues
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and importantly resistance is an inherent problem. There is currently a significant unmet clinical

need for novel targeted agents which can enhance radiosensitivity of gastrointestinal cancers.

The next sub-sections review the current literature evaluating the potential of targeting the key
hallmarks of cancer in combination with radiation to improve response to radiation treatment in

gastrointestinal cancers, in in-vitro studies, in-vivo studies and in patients through clinical data.

1.6.2. Targeting altered DNA repair and genome instability to enhance radiosensitivity in

gastrointestinal cancer

DNA is a primary target for ionising radiation and the therapeutic efficacy of radiation therapy
relies on its ability to induce lethal DNA damage in cancer cells [153]. A cells ability to repair
this radiation-induced DNA damage will ultimately affect its decision to undergo cell death.
Alterations in the DNA Damage Response (DDR) and DNA repair are associated with tumour
resistance to ionising radiation [150], suggesting that targeting of the DDR and/or DNA repair
pathways is a viable therapeutic approach to boost the efficacy of ionising radiation in cancer.

1.6.3. PARP, ATM and ATR inhibitors in combination with radiotherapy

DNA lesions induced by radiotherapy lead to the activation of ataxia telangiectasia-mutated
(ATM) and ATM-Rad3-related (ATR) protein kinases in response to DSBs and replication
stress, respectively [154, 155].

In colorectal cancer, the selective ATR inhibitor VE-821, was shown to significantly sensitise a
panel of colorectal cancer cell lines to radiation [156]. VE-821 was also demonstrated to inhibit
hypoxia-induced ATR signalling, increase DNA damage and inhibit HIF-1-mediated signalling.
Importantly, VE-821 was demonstrated to significantly radiosensitise cells under physiologically-
hypoxic conditions, which is a common mechanism of radioresistance in-vivo. This is also
supported in oesophageal cancer, where combined treatment with the ATR inhibitor VX-970 and
radiation significantly reduced viability of oesophageal cell lines under normoxic and hypoxic
conditions [157]. The radiosensitising effects of VX-970 were also demonstrated in a murine
oesophageal cancer model where the combination of this ATR inhibitor with ionising radiation
produced a significant tumour growth delay in xenografts [157] . In a separate study, the selective
ATR inhibitor VE-822 was demonstrated to inhibit Chk1 phosphorylation and sensitise pancreatic
ductal adenocarcinoma cells to radiation in-vitro [158]. Importantly VE-822 did not significantly
alter normal tissue radiosensitivity in-vitro in HFL-1 fibroblast cells. In-vivo growth delay
experiments demonstrated VE-822 was capable of sensitising tumours to both single and

fractionated radiation in a dose dependant manner [158]. (Figure 1-14)
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A Phase | trial investigating the maximum tolerated dose of an ATR inhibitor AZD6738 and its
potential as a radiosensitiser in patients with advanced solid tumours receiving palliative

radiotherapy was suspended due to a potential serious breach (Table 1-4) [159].

Targeting ATM has been investigated as a radiosensitising approach in colorectal cancer. The
flavanol quercetin, was demonstrated to sensitise colon cancer to radiation in-vitro and in-vivo
[160]. Quercetin prolonged IR-induced YH2AX foci, and inhibited IR-induced activation of ATM,
suggesting impairment of the DDR [160]. Supporting this, the radiosensitising effects of quercetin
were lost in ATM-deficient cells, highlighting the potential of quercetin as a novel radiosensitiser
via its abrogation of ATM signalling following irradiation. In-vivo, administration of quercetin
enhances radiosensitivity in DLD-1 xenografts demonstrating a significant increase in mean
tumour doubling time [160]. (Figure 1-14)

Poly ADP-ribose polymerase 1 (PARP1) is the best studied PARP enzyme and plays a critical
role in the repair of DNA damage [161]. PARP1 is primarily involved in the repair of single strand
DNA breaks but a role for PARPL in the repair of other DNA lesions has also been implicated
[162]. A number of PARPL inhibitors have been developed and assessed clinically as a single
agent therapy for cancer, which exploit BRCAL1/BRCAZ2 deficiencies in mammary tumours [163].
However, increasing evidence also supports the potential of PARP inhibition as a combination
therapy in cancer. Radiation exposure results in the rapid activation and recruitment of PARP1 to
damaged DNA [164] suggesting that a combination approach of PARP inhibition and ionising

radiation could deliver synergistic effects.

A study in hepatocellular cancer, demonstrated that a panel of liver cancer cells have different
sensitivities to the PARP-1 inhibitor ABT-888 as a single agent, potentially due to differences in
DNA repair capacities. Interestingly, ABT-888 significantly sensitised two hepatocellular cancer
cell lines (with differing ABT-888 sensitivities) to radiation, with radiosensitisation greatest in
the cell line most sensitive to ABT-888. This highlights the potential use of PARP inhibitors as a
radiosensitising approach but suggests that efficacy of this combined approach may depend on

inherent DNA repair capabilities of tumours [165]. (Figure 1-14)

This approach is also supported in colon cancer [166], the PARP1 and PARP2 inhibitor olaparib
significantly sensitised colon cancer cells to radiation in-vitro at doses as low as 0.01 uM at 2 h
following irradiation. Combined treatment significantly increased induction of YH2AX foci, when
compared to radiation alone. The addition of the topoisomerase | inhibitor camptothecin, to

olaparib and ionising radiation also significantly radiosensitised cells, significantly inducing
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yYH2AX foci and G2/M arrest, when compared to olaparib and ionising radiation treatment [166].
Thus, combination therapy of PARP and topoisomerase inhibitors may be a promising strategy
for enhancing the effects of radiotherapy.

In 2000 a phase | clinical trial, evaluated the maximal tolerated dose of combining the
topoisomerase inhibitor irinotecan with radiation in patients with locally advanced, unresectable
gastric, gastroesophageal junction, or oesophageal cancer [167]. The combination was tolerated
but doses of irinotecan above 250mg/m? combination with ionising radiation were associated
with more grade 3 and 4 hematologic and gastrointestinal toxicities [167]. Treatment response to
combination of irinotecan and ionising radiation was reported in 12 patients where 7 patients
responded of which 2 had a complete response, 4 patients had no response and 1 patient
progressed on treatment [167]. An additional clinical trial combining topoisomerase inhibitor

camptothecin with radiation in rectal cancer patients is currently ongoing [168].

In pancreatic cancer [169], pre-treatment (1 day prior to ionising radiation) with the PARP
inhibitor rucaparib, was demonstrated to sensitise pancreatic cancer cells to radiation in-vitro.
Pre-treatment with rucaparib also sensitised cells to combined ionising radiation and gemcitabine
treatment. Interestingly, this sensitisation effect was independent of BRCA mutation status.
Combined rucaparib and ionising radiation treatment induced similar levels of DSBs (YH2AX) in
both BRCA mutated and WT cell lines, however, induction of apoptosis was only observed in the
BRCA mutated pancreatic cell line. This approach is supported by a separate study in pancreatic
cancer [170], which demonstrated that the PARP inhibitor, LT626, significantly radiosensitised
pancreatic cells, increasing levels of YH2AX and 53BP1 foci following ionising radiation,
highlighting PARP inhibitor as a potential radiosensitising approach in pancreatic cancer. Of note
in a separate study, the sensitivity of two patient-derived pancreatic cancer xenografts which
expressed either a truncated or wild type BRCAZ2, to ionising radiation alone or in combination
with olaparib was evaluated [171]. In this four arm animal experiment, treatments involved the
following; 7 days of olaparib, a single dose of 12 Gy or 7 days of olaparib followed by a single
dose of 12 Gy. The BRCA-2 mutated and wild type tumours showed similar radiation sensitivity,
and treatment with olaparib did not further sensitise either model when compared to ionising
radiation alone suggesting PARP inhibition is not beneficial in BRCAZ2 related pancreatic tumours
[171].

One clinical trial is currently underway assessing the effect of olaparib as a radiosensitiser in
oesophageal cancer [172]. The ROCOCO trial is currently recruiting in the UK for Phase | dose
escalation testing of olaparib with radical radiotherapy in oesophageal cancer patients unsuitable

for platinum-based chemotherapy (Table 1-4). This 5 arm study will compare oral olaparib twice
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daily at either 25 mg, 50 mg, 100 mg or 200 mg commencing three days before irradiation (50
Gy in 25 fractions) until the last day of radiotherapy to radiotherapy alone. This study will also
use local tumour regression and blood-borne pharmacodynamic markers to assess for any

response to treatment [172].

1.6.4. Targeting non-homologous end joining (NHEJ) in combination with radiation

DNA-dependent protein kinase (DNA-PK) is a protein essential for non-homologous end joining
(NHEJ), a major mechanism for repair of DNA double strand breaks (DSB) [173]. A study by Li
and colleagues [174], profiled a panel of pancreatic cancer cell lines and demonstrated that
inhibition of DNA-PK by shRNA and the DNA-PK inhibitor NU7026 reduced cell growth and
increased DNA damage and apoptosis, suggesting a dependence on NHEJ for normal viability
and proliferation in pancreatic cancer cells. Interestingly, inhibition of DNA-PK significantly
decreased repair of radiation-induced DSB in three pancreatic cancer cell lines and significantly
sensitised cells to radiation, suggesting NHEJ as the predominant repair mechanism for IR-
induced DSB in pancreatic cancer, and supporting inhibition of NHEJ as a potential therapeutic
radiosensitising approach [174].

This is approach was also supported in colon cancer. Sun et al. developed BTW3, a novel small
fusion peptide that targets the auto-phosphorylation of DNA-PK, inhibiting its activation in
response to DNA damage [175]. In-vitro in colon cancer cells, BTW3 significantly decreased the
induction and repair of IR-induced DSB (as assessed by YH2AX foci) and significantly sensitised
cells to radiation in-vitro [175]. A separate study by Zhao et al. [176], demonstrated that another
DNA-PK specific inhibitor, NU7441, significantly sensitised two colon cancer cell lines to
radiation when used at non-cytotoxic doses, an effect which was independent of p53 status.
NU7441 treatment increased IR-induced G2/M phase arrest and persistence of IR-induced
YH2AX foci, suggesting impairment of DSB repair as a mechanism of NU7441-mediated
radiosensitisation, (Figure 1-14). The potential of DNA-PK inhibitors has not yet been

investigated in oesophageal cancer specifically.

A DNA-PK inhibitor is currently being tested in clinical trial in combination with radiation
therapy in patients with solid malignancies, administration of M3814 in combination with
palliative dose radiotherapy has been associated with an acceptable toxicity profile (Table 1-4)
[177].
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1.6.5. Homologous recombination (HR)

Using high-throughput screening, Stachelek et al. developed YU238259, a novel small molecule
that demonstrated synthetic lethality in HR-deficient colorectal cancer cells and colorectal mouse
xenografts [178]. YU238259 was demonstrated to specifically inhibit homologous-dependant
DNA repair with no effect on NHEJ efficiency in-vitro. This effect on HR was also independent
of PARP activity. YU238259 was demonstrated to inhibit the repair of IR-induced DSB and
significantly sensitised DLD-1 BRCA knockout colorectal cancer cell lines to radiation, with
radiosensitisation greatest in BRCA2 deficient cells, suggesting a potential role for YU238259 as

a novel radiosensitiser in BRCA2-negative tumours [178].
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Figure 1-14 Schematic of DNA damage response pathway inhibitors

The induction of DNA damage results in the activation of specific DNA damage repair pathways.
This figure illustrates the molecular targets of specific inhibitors of the DNA damage response
which have been shown to enhance radiation induced cell death when administered in
combination with radiotherapy in gastrointestinal cancers. Image adapted from Pilié et al. [179].

1.6.6. Dual targeting of HR and NHEJ

A study in pancreatic cancer, demonstrated that treatment with the MEK inhibitor GSK212
significantly sensitised a panel of pancreatic cell lines to X-ray radiation [180]. This
radiosensitisation was mediated by inhibiting both HR and NHEJ repair pathways and decreased
expression of proteins involved in the DNA damage response and DSB repair pathways [180].
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This dual targeting approach is also supported in oesophageal cancer. Valproic acid is a histone
deacetlyase inhibitor (HDACI) which is approved for the treatment of epilepsy. A study in
oesophageal SCC demonstrated a valproic acid-mediated radiosensitising effect on four SCC cell
lines [181]. This was accompanied by an increase in radiation-induced DSB and suppression of
the HR protein RAD-51. A further study demonstrated that valproic acid treatment resulted in
acetylation of the NHEJ protein Ku70 following radiation in SCC cells [182], suggesting that the
radiosensitising effects of valproic acid in SCC is mediated via inhibition of the HR and NHEJ

DNA repair pathways.

A phase | clinical trial is currently testing the potential of combining a MEK-1/2 inhibitor;
trametinib with  neo-adjuvant chemoradiation therapy for locally advanced rectal
adenocarcinoma. The trial is assessing 3 dose levels of the MEK-1/2 inhibitor trametinib in
combination with 5-FU: 0.5 mg, 1.0 mg, and 2.0 mg daily (Table 1-4) [183]. Patients receive
standard CRT (5-FU 225 mg/m? per day by continuous infusion during radiotherapy, and 50.4 Gy
in 28 fractions, 5 days/ week) in combination with trametinib (5 days/week) [183]. Patients have
total mesorectal excision (TME) 6-10 weeks after completion of CRT [183].
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Table 1-4 Summary of clinical trials targeting DNA repair and genome instability to enhance
radiosensitivity.

Table detailing registered clinical trials investigating the potential of targeting DNA repair and
genome instability in combination with radiotherapy in gastrointestinal cancers. *estimated
enrolment.

Drug Class Drug Name Year Phase N Cancer Type | Conclusion Ref

PARP Inhibitor | Olaparib Ongoing Phase | 36* Oesophageal | No published | [172]
results.

Proteosome Bortezomib 2010 Phase | 9 Colorectal Maximum tolerated | [184]

Inhibitor dose when
combined with

chemoradiotherapy
may not be clinically

relevant.
ATR Inhibitor | AZD6738 Ongoing | Phase | 100* | Solid tumours | Suspended [159]
Topoisomerase | Irinotecan 2000 Phase | 12 Upper Gl Combining [167]
I Inhibitor irinotecan with
radiotherapy is

feasible from a
toxicity perspective.
Good response
noted in this small

cohort.
Topoisomerase | Camptothecin | Ongoing Phase Ib/l | 32* Rectal No published | [168]
I Inhibitor | results.
DNA-PK M3814 2018 Phase la/l | 10 Solid tumours | Acceptable toxicity | [177]
inhibitor b profile up to doses

of 200mg QDS
when combined
with palliative dose

radiotherapy.

MEK1/2 Trametinib Ongoing | Phase | 19* | Rectal (neo- | No published | [183]
Inhibitor adjuvant) results.

1.6.7. Targeting the cell eycle

A study by Kleiman and colleagues [185], screened a panel of 28 small molecule inhibitors in-
vitro for radiosensitising effects in rectal cancer. They identified AZD7762, a checkpoint kinases
1 and 2 (Chk1/2) inhibitor as a potent radiosensitiser in a panel of 4 rectal cancer cell lines.
AZD7762 also inhibited the ionising radiation-induced G2 arrest and increased ionising radiation-
induced YH2AX foci and apoptosis in-vitro. Interestingly, 5-FU a chemotherapeutic commonly

combined with radiation therapy in the clinic to treat rectal cancer, was demonstrated to enhance
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the radiosensitising effects of AZD7762, suggesting Chk1/2 inhibitors as a potential novel
combination therapeutic approach for rectal cancer.

This approach is also supported in colon cancer, where a study demonstrated that the selective
Chk1 inhibitor Chir-124, abrogated the IR-induced G2 arrest in HCT116 cells, increased
apoptosis and significantly sensitised cells to 2 Gy radiation. Interestingly, these effects were
independent of p53 mutational status [186]. (Figure 1-14)

The potential of targeting cell cycle checkpoints in combination with radiation was also
investigated in a pancreatic xenograft model using AZD7762, a Chk1/2 targeted agent [187]. This
combination significantly extended the median tumour volume doubling time [187]. Enhanced
radiosensitivity status was seen with this combination and was associated with abrogation of the
G2 checkpoint and inhibition of Rad51 focus formation, inhibition of homologous recombination
repair, and persistent gamma-H2AX expression [187]. In another study with colorectal xenografts
where HT29 xenografts exposed to five daily radiation fractions and to two daily AZD7762 doses
there was a significant increase in radiation response compared with radiation alone [188]. The
potential of Chk1/2 inhibitors in combination with radiotherapy has not yet been extensively
investigated in OAC.

Weel is a tyrosine kinase which phosphorylates cyclin-dependent kinase 1 (CDK1, CDC2) to
inactivate the CDC2/cyclin B complex. Inhibition of Weel activity prevents the phosphorylation
of CDC2 and impairs the G2 DNA damage checkpoint which may cause apoptosis following
treatment with DNA damaging agents. A Weel inhibitor AZD1775 sensitised BRAC2 wild type
cells but not BRCA2 mutant pancreatic cancer cells to gemcitabine-radiation therapy in-vitro
[189]. In both wild type and mutant cells Weel inhibition was associated with CDK1
phosphorylation and G2 checkpoint abrogation but sensitisation by AZD1775 in BRCA2 wild
type only cells was specifically associated with persistent formation of YH2AX foci and reduction
of RAD51 foci formation. In-vivo, AZD1775 in combination with gemcitabine-radiation therapy
significantly inhibited tumour growth in patient-derived pancreatic xenografts and which was
associated with the inhibition of RAD51 foci formation [189]. Weel inhibition in combination
with gemcitabine-radiation therapy may be a novel strategy in pancreatic patients with no defects
in HR. (Figure 1-14, Figure 1-15)
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Figure 1-15 Weel inhibition in combination with radiotherapy enhances radiation-induced
cell death.

Figure demonstrating (A) the role of Weel in G2-M regulation (B) Weel inhibition using the
Weel inhibitor (AZD1775) in combination with radiotherapy results in increased mitotic entry
and reduced DNA repair. Image adapted from Geenan et al. [190].

Furthermore, dual targeting of both Weel and PARP in pancreatic cancer produced a greater
effect than either agent alone in-vitro and in-vivo [191]. AZD1775 in combination with the PARP
inhibitor olaparib was associated with abrogation of the G2 checkpoint and persistent DNA
damage in pancreatic cancer cells. In-vivo, pancreatic MiaPaCa-2-derived xenografts, AZD1775
in combination with olaparib significantly enhanced radiosensitivity as demonstrated by a 13-day
delay in tumour volume doubling and an eradiation of 20% of tumours when compared to
radiation alone [191]. Importantly, in the Xxenograft model olaparib alone did not enhance
radiosensitivity and AZD1775 alone could only modestly enhance radiosensitivity when
compared the dual targeting with the Weel and PARP inhibitors [191]. This study suggests the
potential of targeting both Weel tyrosine kinase and PARP enzyme to modulate radiosensitivity

in pancreatic cancer.

1.6.8. Targeting replicative immortality with telomerase inhibitors

Another radiosensitising therapeutic approach that has been investigated is the targeting of
telomeres or the ribonucleoprotein telomerase to boost radioresponse. Telomeres are
nucleoprotein structures located at the end of chromosomes and their primary role is to maintain
chromosome integrity and ultimately genomic stability [192]. Several studies have demonstrated
that telomere dysfunction is associated with increased sensitivity to genotoxic agents such as
ionising radiation, suggesting that targeting of telomere function may provide a novel
radiosensitising approach (Figure 1-16) [193, 194]. A study in SSC [195], investigated the

radiosensitising effects of zidovudine, abacavir and lamivudine, which are frequently used in the
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treatment of HIV and have been demonstrated to inhibit telomerase activity [196]. All 3 drugs
were demonstrated to inhibit telomerase activity and increase ionising radiation-induced telomere
shortening in SSC cells. This was accompanied by a significant increase in ionising radiation-
induced DNA damage and apoptosis. Treatment with either zidovudine, abacavir or lamivudine
for 48 hours prior to radiation was demonstrated to significantly increase sensitivity to radiation
in two OSSC cell lines [195]. This is supported by another study in SCC [197], which
demonstrated that a 40 day pre-treatment with the telomerase inhibitor imetelstat, significantly
sensitised KYSE-410 and KYSE-520 OSCC cells to X-ray radiation in-vitro. Combined treatment
also delayed tumour growth in-vivo in xenograft murine models, which was accompanied by

increased apoptosis.

This approach is also supported in liver cancer. Wang and colleagues [198] treated HepG2 liver
cancer cells with a telomerase inhibitor MST-312. MST-312 treatment inhibited basal and IR-
induced telomerase activity. Pre-treatment with MST-312 significantly sensitised HepG2 cells to
2 Gy radiation and increased radiation-induced DNA damage and apoptosis, whilst reducing

RAD51 foci, suggesting impairment of HR repair of radiation-induced DSB.
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Figure 1-16 Targeting telomere and telomerase to enhance radioresponse.
Inhibition of telomeres and telomerase results in the activation of cellular responses such as the
DNA damage response, alterations to cell cycle, apoptosis and senescence resulting in telomere
dysfunction, enhanced radiosensitivity of malignant cells. Image adapted from Berardinelli et al.

[199].

In colon cancer, a bipartite vector strategy was employed to disrupt one allele of hTERT, the
catalytic subunit of telomerase in HCT116 cells [200]. hTERT heterozygous HCT116 cells

39



demonstrated 50% reduced telomerase activity and were more sensitive to radiation at 2, 4, 6 and
8 Gy. Interestingly, no alterations in cell cycle or apoptosis was observed following ionising
radiation in hnTERT-targeted cells. However, these cells demonstrated significantly higher levels
of senescence-associated-beta galactosidase following irradiation, suggesting a potential
mechanism explaining the radiosensitising effects.

1.6.9. Targeting growth signalling pathways

Radiation has been shown to induce PI3K/AKT activation and activation of the PI3K/AKT
signalling pathway is correlated with radioresistance in a number of cancers [201], suggesting
inhibition of PIBK/AKT as a novel radiosensitising approach. In pancreatic cancer [202], the
novel PI3K inhibitor HS-173 significantly sensitised pancreatic cell lines to X-ray radiation,
which was associated with an increased G2/M arrest and apoptosis (Figure 1-17). Treatment with
HS-173 significantly reduced radiation-induced levels of both phosphorylated-AKT and the
major regulator of the DNA damage response, ATM, suggesting an impaired DNA damage
response. Supporting this, HS-173 also inhibited radiation-induced activation of DNA-PKcs,
suggesting that the radiosensitising effect of HS-173 may be due to inhibition of repair of
radiation-induced DNA damage in pancreatic cancer cells. This was also supported in-vivo, using
pancreatic cancer xenograft models. Treatment with HS-173 significantly sensitised tumours to
radiation, significantly inhibiting tumour growth and was demonstrated to significantly inhibit the
phosphorylation of ATM and DNA-PKcs [202]. This approach was also supported in colorectal
cancer. Pal et al. demonstrated that combined treatment with the COX-2 inhibitor celecoxib and
the AKT-inhibitor BI-69A11, significantly sensitised colon cancer cells to radiation [203].
Treatment was demonstrated to attenuate radiation-induced G2/M phase arrest and increase
cells in sub-G1 phase (Figure 1-17). Combined treatment inhibited radiation-induced ATM
and DNA-PK phosphorylation, which was accompanied by prolonged radiation-induced
yYH2AX foci formation, suggesting that BI-69A11 and celecoxib-mediated radiosensitisation is

via abrogation of DDR and DNA repair following IR.

The EGFR pathway is the pathway that has been most extensively studied so far in human trials.
Following initial promising phase | studies by Machiels et al. proving the safety and possible
efficacy of panitumumab as a neo-adjuvant single agent radiosensitiser in human rectal cancer,
Mardjuadi et al. performed a Phase 1l trial, published in 2015 (Table 1-5) [204, 205] . This study
evaluated response to neo-adjuvant concomitant panitumumab and radiotherapy in 19 patients
with KRAS wild type locally advanced rectal cancer (LARC). Traditionally only used in the
metastatic setting, this was one of the first trials that attempted to assess the ability of

panitumumab to act as a potent radiosensitiser in the neo-adjuvant setting. The primary endpoint
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was pCR. Unfortunately, the trial was closed prematurely due to failure to meet this endpoint.
Despite this, some interesting observations were made. The investigators noted tumour regression
in 17 patients despite a lack of pCR, an acceptable rate of side-effects and a high rate of colorectal
anastomosis. Investigators admitted that the primary endpoint of pCR was optimistic however
given the great impact pCR has on DFS and OS in rectal cancer they felt it was justified and
necessary. The SAKK 41/07 trial published in 2013 also incorporated panitumumab into standard
neo-adjuvant chemo radiotherapy for LARC [206]. This followed on from a Phase /11 study by
Roedel et al. which demonstrated safety in the combination of cetuximab, oxaliplatin and
radiotherapy (Table 1-5). 68 patients received cetuximab and chemoradiotherapy and 28 received
chemoradiotherapy alone [207]. Results showed pCR in 10% and 14% of patients respectively.
More interestingly the near-complete pathological response favoured the panitumumab group at
43% compared to 14% in the chemoradiotherapy alone group. There was a slightly higher rate of
grade 3 and 4 side-effects in the panitumumab arm with an anastomotic leakage rate of 18% vs.
7%. Although this study was small it showed an interesting improvement in near complete
pathological response suggesting that panitumumab may increase the radiosensitising effects of
chemotherapy in humans. A new phase Il1 clinical trial is currently recruiting patients with HER2-
positive metastatic gastric or gastroesophageal junction adenocarcinoma (KEYNOTE 811) to

compare trastuzumab plus chemotherapy and pembrolizumab or placebo as first-line treatment.

Table 1-5 Summary of clinical trials targeting growth signalling to enhance radiosensitivity
Table detailing registered clinical trials which investigated the effect of targeting growth
signalling pathways in combination with radiotherapy in gastrointestinal cancers.

Drug Name | Year | Phase | N | Cancer Conclusion Ref
Type
Cetuximab 2007 | Phase 60 | Rectal (neo- | Safety of combining cetuximab with capecitabine, oxaliplatin | [207]
11 adjuvant) and radiotherapy confirmed. Further investigation into

optimum sequencing of treatments required.

Panitumumab | 2013 | Phase 68 | Rectal (neo- | Combination panitumumab and chemoradiotherapy resulted in | [206]
1 adjuvant) a good pNC/CR rate, however was associated with increased

toxicity.

Panitumumab | 2015 | Phase 19 | Rectal (neo- | Modest tumour regression noted in combining panitumumab | [204]
I adjuvant) and preoperative radiotherapy. Primary endpoint not met-
unable to recommend this combination outside research

setting.

Panitumumab | 2017 | Phase 54 | Rectal (neo- | Tumour regression noted not significant enough to justify | [20g)

I adjuvant) further trial. Favourable toxicity profile observed.
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Figure 1-17 Inhibition of cellular proliferation and angiogenic growth factor receptors and
downstream mediators in combination with radiotherapy.

This figure illustrates specific inhibitors of receptor tyrosine kinase growth factor receptors
and downstream mediators. Inhibition in combination with radiotherapy results in inhibition
of cellular growth, cellular proliferation and/or angiogenesis and enhanced radioresponse.
Image adapted from Simone et al. [209].

1.6.10. Targeting angiogenesis to enhance radiosensitivity

Pathological angiogenesis is thought to play a critical role in governing response to ionising
radiation [210]. A number of chemotherapeutic agents and radiation therapy alike rely on the
formation of oxygen radical species to exert their cytotoxic effects; oxygen is a potent
radiosensitiser, with oxygenated cells killed more readily than hypoxic cells [210]. As oxygen is
required for maximal response to radiation it may be of concern that combining anti-angiogenic
agents with radiation may compromise tumour vasculature and result in a more hypoxic
environment with reduced sensitivity to radiation [210]. Despite this concern, anti-angiogenic
agents have previously been shown to enhance tumour response when combined with single dose
radiotherapy in oesophageal SCC xenografts and in pancreatic and colorectal cancer patients
[105, 107, 211, 212]. Anti-angiogenic agents may enhance radio-sensitivity through

normalisation of the tumour vasculature and augmenting endothelial cell response to injury
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creating a more favourable environment for response to radiation therapy [105, 210]. It is also
critical to understand the effect of radiation on endothelial cell function for maximising the effect
of radiotherapy. Radiation-induced changes of tumour vasculature is dependent on dose, fraction,

tumour location and tumour size [213].

In an oesophageal SCC xenograft model the pre-treatment with recombinant endostain (rh-Endo)
prior to one dose of 8 Gy irradiation significantly delayed tumour growth when compared to
radiation or rh-Endo treatment alone. Treatment with rh-Endo in combination with radiation was
associated with remodelling of the tumour vasculature and a reduction in tumour hypoxia in
xenografts demonstrated by reduction on in HIF-1a and VEGF expression in-vivo [211]. In
colon xenografts, an anti-VEGF monoclonal antibody administered every second day for 11 days
prior to radiation had an additive effect (Figure 1-17). The anti-VEGF antibody induced a
significant tumour growth delay which was associated with a reduction in tumour micro vessel
density and interstitial fluid pressure. Interestingly the significant delay in tumour growth was
found to be independent of oxygenation status. The results of this study suggested that the increase
in tumour growth delay observed under both normoxic and hypoxic conditions suggests that anti-
VEGF mAb treatment can compensate for the resistance to radiation induced by hypoxia [109].
Another study investigated the potential of targeting the VEGF receptor VEGFR-2 using an anti-
VEGFR2 monoclonal antibody DC-101. Pre-treatment with either low or high doses of DC-101
before radiation significantly delayed tumour growth by an average 7.9 days compared to
radiation alone in a pancreatic xenograft [214]. The increase in tumour growth delay in tumours
treated with DC-101 in combination with radiation tumours was strongly associated with changes

in tumour perfusion compared to tumours treated with radiation alone (Figure 1-17) [214].

The radiation-enhancing effects of VEGF-targeted therapies may occur through a number of
mechanisms including the normalisation of tumour vascular and subsequent re-oxygenation of
the tumour and directly increasing the radiosensitivity of cancer cells; the killing of endothelial
cells in the tumour vasculature causing indirect killing of cancer cells; and the reduction of the

number of blood endothelial and progenitor cells supporting the tumour.

1.6.11. Overcoming resistance to cell death to enhance radiosensitivity

Proteins which are responsible for the inhibition of apoptosis, known as Inhibitor of apoptosis
protein (IAP) play a crucial role in radiation response. One member of this family is X
chromosome linked inhibitor of apoptosis (XIAP) which functions as an endogenous caspase
inhibitor which targets caspase 3 and caspase 9. An advantage of targeting this particular protein

is its higher expression in cancer tissue when compared to normal tissue. Targeting XIAP has
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been found to inhibit proliferation and invasion of tumour cells and enhance apoptosis. Inhibition
of XIAP by siRNA in an oesophageal SCC xenograft model EC9706 cells in combination with
one dose of 15 Gy radiation reduced tumour growth. This study demonstrated reduced XIAP
expression significantly suppressed tumour growth and enhanced radiosensitivity [215].

An additional IAP which plays an important role in response to radiation is survivin, a key
regulator of apoptosis inhibition. Therapeutic targeting of this protein with a miR-338-5p mimic
delivered by direct injection into the tumour mass significantly enhanced radiosensitivity in an

oesophageal SCC xenograft model [216].

1.6.12. Targeting cellular bioenergetics to enhance radiosensitivity

Targeting energy metabolism pathways is increasingly being investigated in combination with
radiation therapy as a means to enhance radiosensitivity. Metformin is a well-tolerated an anti-
diabetic drug which is prescribed for type Il diabetes which safely lowers blood glucose levels.
Metformin targets complex | of the mitochondrial electron transport chain and inhibits
mitochondrial respiration (Figure 1-18). Increasing evidence supports the anti-cancer effects of
metformin, which along with its well established safety profile, supports the repurposing of

metformin as an anti-cancer drug [217].

Several studies support the combined use of metformin and radiation therapy in oesophageal,
colorectal, pancreatic and hepatocellular cancers. Metformin was demonstrated to significantly
sensitise oesophageal cancer cells to radiation in-vitro through targeting the AMPK/mTOR/HIF-
la pathway [218]. The enhanced radiosensitivity of oesophageal cells was associated with an
induction of GO/G1 arrest, apoptosis and delayed repair of DSBs following ionising radiation and
activation of AMPK, serine/threonine kinase which functions as a cellular metabolism sensor. In
colorectal cancer [219], pre-treatment with metformin significantly sensitised cells and xenografts
to radiation. Metformin was demonstrated to prolong IR-induced G2/M phase arrest, inhibit
repair of DNA damage and decrease expression of DNA repair proteins. Interestingly, these
effects were more pronounced in p53-deficient colorectal cells, highlighting metformin as a
potential novel radiosensitiser in p53-deficient tumours. However, a study by Jin and colleagues
[220], demonstrated that metformin induced activation of AMPK, which enhanced
radioresistance in colorectal cells, suggesting that metformin may play a dual role in the
radioresponse in colorectal cancer and may be dependent on the molecular background of the

tumour.

In contrast, in pancreatic cancer [221], the radiosensitising effects of metformin were abrogated

when AMPK was inhibited, suggesting that AMPK is important for metformin-mediated
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radiosensitisation. Importantly, this metformin-mediated radiosensitisation was demonstrated at
clinically-relevant doses of radiation and in a cancer stem-like population of pancreatic cells,
highlighting the clinical potential of metformin as a novel radiosensitiser in pancreatic cancer.
Metformin also radiosensitised hepatocellular cancer cell lines [222], significantly enhancing
radiation-induced G2/M arrest, radiation-induced DNA damage and a decrease in DNA repair of
radiation-induced damage. Interestingly, combined treatment of metformin and ionising radiation
was demonstrated to alter energy metabolism. Metformin treatment significantly decreased
mitochondrial respiratory chain complex | activity, which was accompanied by a significant
increase in lactate and activity of the key glycolysis enzyme LDH, suggesting a switch from
oxidative phosphorylation to glycolysis in these cells. ATP levels were significantly decreased in
cells treated with metformin and ionising radiation, ATP is known to function in DNA repair and
the reduction in ATP levels may be one mechanism underlying metformin-mediated

radiosensitisation.

To improve metformin targeting in pancreatic cancer, Cheng and colleagues developed a panel
of metformin analogues that are specifically targeted to the mitochondria (Mito-Mets), using an
alkyl substituent containing a triphenylphosphonium cation [223]. One of these Mito-Met
analogues, Mito-Metyo, was nearly 1,000 times more effective at inhibiting proliferation in
pancreatic cancer cells and also significantly inhibited tumour growth in a murine model of
pancreatic cancer, when compared to metformin. Mito-Mety, demonstrated enhanced
radiosensitising effects in pancreatic cells, when compared to metformin, which was associated
with G1 arrest. Mito-Metip was also demonstrated to be a more potent inducer of AMPK
activation and inhibitor of mitochondrial respiratory complex I, suggesting that direct targeting
of the mitochondria may be a viable approach for radiosensitisation. In contrast, a study in
pancreatic cancer demonstrated that the flavanol (-)-epicatechin selectively stimulates
mitochondrial respiration in pancreatic cancer cells and significantly sensitises K-ras mutant
pancreatic cells to cells to radiation in-vitro. This combination treatment stimulated p21
expression, phosphorylation of Chk2 and caspase 3 cleavage, suggesting possible mechanisms
underlying the radiosensitising effects. Interestingly, no radiosensitisation was demonstrated in
normal human fibroblasts, suggesting (-)-epicatechin as a novel, selective radiosensitiser in

pancreatic cancer [224].

In-vivo, in HCT-116 xenografts administration of metformin 30 mins before the tumours were
excised was found to produce a 7% reduction in oxygen consumption rate and to improve tumour
reoxygenation in-vivo. HCT-116 colon cancer xenografts were administered one dose of
metformin 30 minutes before receiving one dose of 15 Gy radiation. Metformin treated tumours

were found to have significantly increased tumour growth delay compared to ionising radiation
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only treated animals but one dose alone did not alter tumour growth, a number of pre-treatment
doses of metformin may be required to enhance radiosensitivity and inhibit tumour growth
especially given the fact in a non-gastrointestinal xenograft study when metformin was
administered twice a day at 25 mg/Kg prior and following one dose of 20 Gy radiation, tumour
growth was significantly inhibited [225] .

Metformin also enhanced radiosensitivity by reducing Rad51 and ERCC1 proteins in-vivo,
especially in p53-deficient colorectal xenografts [226]. Thus, metformin does influence oxygen
levels and DNA repair gene expression and may enhance radiosensitivity in gastrointestinal
cancers in-vivo. In addition to targeting complex | of the ETC, metformin has also been shown to
produce anti-tumoural effects through activation of AMPK and subsequent inhibition of mTOR,
a known mediator of tumour progression and radioresistance [227, 228]. In addition, the reduction
of circulating insulin levels may also reduce growth signals available to insulin receptor
expressing tumour cells. Given the widespread use of metformin and the potential benefits in
cancer therapy further studies investigating the potential of metformin as a radiosensitiser are
warranted. An early phase | clinical trial is currently recruiting to evaluate the tolerability and
preliminary activity of the combination of stereotactic body radiation therapy with metformin for
resectable and locally-advanced pancreatic/periampullary cancers. (ClinicalTrials.gov Identifier:
NCT02153450). A phase Il, randomized study of placebo versus metforminin addition to
chemotherapy with capecitabine and radiation in the neo-adjuvant treatment of locally advanced
rectal carcinomas was terminated due to slow recruitment (ClinicalTrials.gov Identifier:
NCT02473094).

In addition to metformin other compounds targeting cellular energetics are also currently under
investigation in combination with radiotherapy to enhance radioresponse. Papaverine is
mitochondrial complex | inhibitor which was shown significantly reduce the demand for oxygen
[229]. The reduction in oxygen demand of tumour cells was directly linked to increased tumour

oxygenation and radiation response [229]. (Figure 1-18)
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Figure 1-18 Targeting cellular energetics to enhance to radiosensitivity.

2-Deoxyglucose inhibits glycolysis, it is phosphorylated by the hexokinase (HK) to produce 2-
deoxglucose-6-phosphate (2-DG-6-P). Metformin and papaverine inhibit complex | of the
electron transport chain. The glycolysis pathway converts glucose in pyruvate via a sequence of
enzymatic reactions. The lactate dehydrogenase (LDH) catalyses the conversion of pyruvate into
lactate. Pyruvate can also enter the mitochondria where it is converted into acetyl-CoA by the
pyruvate dehydrogenase (PDH), acetyl-CoA is then processed by the tricarboxylic acid (TCA)
cycle. The TCA produces important intermediates but also cofactors (NADH and FADH,)
required by the electron transport chain. Inhibition of complex | by metformin and papaverine
reduces oxygen consumption resulting in increased cellular O,. Metformin has also been shown
to induce AMPK activation which results in reduced fatty acid, cholesterol synthesis and mTOR
activation. Image adapted from images by Bost et al. and Van De Voorde et al. [230, 231].

Inhibition of glucose metabolism with 2-Deoxyglucose, a glycolytic inhibitor in combination with
ionising radiation was also demonstrated to enhance radiosensitivity in-vivo in a pancreatic
xenografts [232]. The combination of 2-DG with x-ray radiation resulted in greater inhibition of
tumour growth and increased survival versus either agent alone. The enhanced radiosensitivity
seen with this combination occurred via the inhibition of glucose metabolism resulting in
cytotoxicity of human pancreatic cancer cells via metabolic oxidative stress and disruptions in

thiol metabolism. (Figure 1-18)

1.6.13. Targeting inflammation and inflammation-associated hypoxia

Inflammation plays a pivotal role in modulating response of tumours to radiation. NF-xB, STAT-

3, and HIF-1 play a crucial role in radiation-induced inflammatory responses thus therapeutic
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targeting of these factors may be a novel mechanism to overcome inflammation-induced
radioresistance [233]. Of note, OAC, an inherently radioresistant cancer has been identified as an
inflammatory-driven upper gastrointestinal cancer and previous studies have reported the role of
inflammation as a negative regulator of response to radiation treatment in OAC [15, 234].
Inflammatory cytokines are been increasingly reported to play a role in radioresistance, LIF is an
IL-6 type cytokine and has previously been linked with radioresistance in nasopharyngeal
carcinoma and OAC [228, 235].

A study by Chen et al. investigated the manipulation of the STAT-3 pathway to enhance
radiosensitivity in oesophageal SCC through targeting IL-6. In CE81T oesophageal SCC cells,

down regulation IL-6 expression significantly inhibited tumour growth in-vitro and in-vivo and

increased radiation sensitivity. In-vivo, IL-6 inhibition was associated with delayed tumour
growth enhanced DNA damage as a result of reduced STAT3 activation [236].

Hypoxia often develops as a result of inflammation in tumours which promotes the stabilisation
of HIF-1a. Oxygen is a potent radiosensitiser and solid tumours with areas of hypoxia are the
most aggressive and difficult tumours to treat [237]. Hypoxia is heterogeneous across tumours
and can change following radiation treatment [238]. Hypoxic cancer cells are generally more
resistant to both chemotherapy and radiotherapy than their normoxic counterparts and contribute
largely to the development of treatment resistance and thus may serve as a novel target to enhance

radiosensitivity [238].

In gastric cancer [239], the RNA polymerase inhibitor TAS106 was demonstrated to
radiosensitise gastric cancer cells and xenografts to X-ray radiation. TAS106 enhanced IR-
induced apoptosis and suppressed HIF-1a both in-vitro and in-vivo. Inhibition of HIF-1o was
demonstrated to enhance radiation-induced apoptosis in hypoxic gastric cancer cells, suggesting
that the induction of apoptosis via inhibition of HIF-1a is a mechanism underlying TAS106-

mediated radiosensitisation in gastric cancer.

Another approach for targeting hypoxia is the use of nitroimidazole radiosensitisers, a class of
chemical compounds that react with radiation-induced DNA radicals and cause DNA strand
breaks in a manner similar to oxygen [240]. Bonnet and colleagues developed a panel of novel
nitroimidazole alkylsulfonamides and demonstrated their radiosensitising potential in anoxic

colorectal cancer both in-vitro and in-vivo [241].
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In a pancreatic xenograft, the selective HIF-1a inhibitor PX-478 was found to potentiate the effect
of fractioned chemoradiation therapy [242]. Alternative dosing schedules indicate he optimal
treatment schedule of either adjuvant or concurrent administration of this inhibitor with radiation
therapy [242]. It is important to note PX-478 was toxic to mice when given concurrently with 5-
FU and radiation causing myelosuppression, a 50% decrease in the maximum tolerated daily dose
was required to safely administer this combination. This is a novel approach of targeting
radioresistance in pancreatic cancer given inherently high rate of radioresistance associated with

tumour hypoxia in pancreatic cancer.

1.6.14. Targeting invasion activation and metastasis proteins

Invasion and metastasis are well-defined hallmarks of cancer and importantly metastasis has been
reported to account for over 90% of cancer-related deaths [118, 243]. Epithelial to mesenchymal
transition (EMT) is a fundamental biological process during which epithelial cells lose their
polarity and change to a mesenchymal phenotype [244]. The role of EMT in tumour invasion and
metastasis is well established [118]. Emerging evidence suggests that EMT plays an important
role in cancer radiation resistance [245, 246]. Targeting key proteins involved in the invasion and
metastasis process may be a novel mechanism to enhance radiosensitivity in gastrointestinal
cancers. An EMT-like phenotype has been identified in a number of radioresistant cells including
in an oesophageal SCC model of radioresistance [247]. KYSE-150R radioresistant oesophageal
SCC cells were shown to have an irregular shape and loss of cell-cell adhesion proteins [247].
Targeting KYSE-150R cells with FH535, a Wnt/B-catenin pathway inhibitor could reverse the
EMT phenotype and enhance radiosensitivity [247].

In addition Bcl-xL has been previously shown to enhance metastatic potential in numerous cancer
types such as breast cancer where Bcl-xL could increase metastatic activity by inducing resistance
to apoptosis and enhancing anchorage-independent growth [248]. The potential targeting of Bcl-
xL was evaluated in a colorectal cancer model [249]. Adenovirus-mediated SiRNA targeting Bcl-
xL was shown to inhibit proliferation, reduce invasion and enhance radiosensitivity of human
colorectal cancer cells [249]. SIRNA targeting of Bcl-xL was shown to enhance radiosensitivity
both in-vitro and in-vivo by increasing caspase-dependant apoptosis (Figure 1-19) [249]. This

strategy has not yet been investigated in OAC.
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Administration of a Bcl-xL inhibitor in combination with radiotherapy results in outer membrane

polarisation and the release of cytochrome C from the mitochondria and caspase activation and
subsequent cellular apoptosis.

\\ |
Cytocheome €

o
Comt

1.6.15. Immunotherapy in combination with radiation

The potential of combining immunotherapy with radiation for improved treatment response has
been increasingly investigated in recent years with the increasing clinical use of targeted
immunotherapies. Radiation therapy can activate the immune system and increase T cell
trafficking to the tumour. In addition, radiation triggers an anti-tumour immune response
following cytotoxic death and subsequent release of immune-stimulating signals. The biologic
premise behind such a strategy is that the tumour-antigen release and change in the tumour
microenvironment achieved by localised radiotherapy will promote specific tumour targeting by
the adaptive immune system, which can be augmented further by systemic immune-stimulating
agents [250].

In pancreatic ductal adenocarcinoma xenograft model the combination of an anti-PD-L1 therapy
with 12 Gy radiation significantly enhanced tumour growth delay when compared to radiation
therapy alone (Figure 1-20) [251]. Furthermore, the addition the chemotherapeutic gemcitabine
to this combination produced an additive effect in a JAK/Statl-dependent manner [251].
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Enhanced radiation response following PD-L1 blockade and ionising radiation was associated
with a reduction in CD11b*Grl" myeloid cell infiltration and enhanced CD45" CD8* T cell
infiltration coupled with an upregulation of T-cell activation markers including CD69, CD44, and
FasL, and increased CD8:Treg ratio. Interestingly the depletion of CD8* T cells diminished the
radiosensitisation effect by anti-PD-L1 in this study [251]. Given that pancreatic cancer is
inherently resistant to treatment and pancreatic ductal adenocarcinoma is hon-immunogenic this

study offers new possibilities in cancers where the response to immunotherapies is minimal.

A Anti-PD-L1antibody alone B Radiation combined F receptor
with anti-PD-L1 antibody
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Figure 1-20 Combining radiation with immune check point inhibitors increases tumour cell
susceptibility to immune-mediated cell death.

(A) Anti-PD-L1 alone is not predominantly cytotoxic. (B) Radiation combined with anti-PD-L1
upregulates MHC and FAS on tumour cells, increasing susceptibility to T-cell-mediated
cytotoxicity. TCR=T cell receptor. Image adapted from Sharabi et al. [252].

Furthermore, in a study by Son et al. the potential of combining anti-CTLA-4 with the injection
of immature dendritic cells and radiation was investigated in a colon cancer xenograft model. This
combination was developed on the basis that the combined administration of anti-CTLA-4 with
the immature dendritic cells to potentiate tumour response and overcome tumour tolerance to the
immature dendritic cells and irradiation seen in previous studies by the group [253]. This
combination was associated with inhibition of metastatic tumour growth and improved survival

when compared to control and other treatment groups [254].

A study by Dewan et al. investigated the potential synergistic effects of combining anti-CTLA-4
therapy with radiation in a colon cancer xenograft model both locally and at secondary sites [255].
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CTLA-4 blockade alone had no effect on tumour growth whilst radiation induced tumour growth
delay at the local site. Importantly, when anti-CTLA-4 therapy was combined with fractionated
radiotherapy both primary and secondary tumour growth was significantly inhibited when
compared to radiation alone. The growth inhibition of the secondary tumour was proportional to
the frequency of tumour-specific T cells. Importantly, anti-CTLA-4 blockade in combination with
a single large fraction of radiation at 20 Gy failed to significantly enhance the inhibition of
primary tumours highlighting the importance of radiation dose and frequency when combining

with immunotherapy for best outcomes.

A study by Welsh et al. investigated the potential of combining ipilimumab with radiation in
100 patients with different metastatic cancers, importantly the outcomes of this trial indicated
favourable toxicity profile and supported the sequential treatment of ipilimumab and radiotherapy
for the best responses, supporting the development of further clinical trials combining
immunotherapy approaches with radiation [256]. A number of clinical trials investigating the
potential of combining immunotherapy approaches with radiation for improved outcomes in
gastrointestinal cancers do not have updated results available (Table 1-6). A novel approach
under investigation for oesophageal cancer involves the use of adoptive cellular therapy in
combination with radiation in oesophageal cancer patients using cytokine induced killer cells,
cytokine-induced killer (CIK) cells show cytolytic activity against tumour. It is hypothesised that
combining radiation therapy with adoptive cellular therapy after surgery may produce improved
responses compared to treatment with radiation alone, the estimated completion for the primary end
point of this study is December 2019 [257].
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Table 1-6 List of clinical trials combining immunotherapies with radiation for improved
outcome in gastrointestinal cancer.
Table outlining registered clinical trials investigating immunotherapies in combination with
radiotherapy in gastrointestinal cancers. *denotes estimated enrolment.

Drug Class Drug Name | Year Phase | N Cancer Type | Conclusion Ref
Immunotherapy | Ipilimumab 2017 Phase | 100 Various Toxicity profile | [256]
1 Metastatic acceptable. Trial
Cancers supports
sequential
treatment of
ipilimumab and
radiotherapy for
best response.
Immunotherapy DC-CIK Ongoing N/A 40* | Oesophageal No published [257]
results to date.
Immunotherapy DC-CIK Ongoing N/A 50* | Oesophageal No published [258]
results to date.
Immunotherapy | Pembrolizu | Ongoing | Phasel | 18* | Oesophageal No published [259]
mab results to date.
Immunotherapy | Pembrolizu | Ongoing | Phase | 14* | Oesophageal/ No published [260]
mab 1 Gastric/duncti results to date.
onal
Immunotherapy | Durvalumab | Ongoing | Phase | 75* | Oesophageal No published [261]
1711 results to date.
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Figure 1-21 Figure summarising potential therapeutics targeting processes associated with the
hallmarks of cancer to enhance radiosensitivity in gastrointestinal cancers.

Schematic illustrating the different treatments which have been tested at the preclinical and/or the
clinical level targeting the hallmarks of cancer in combination with radiotherapy to enhance
radiosensitivity in gastrointestinal cancers.

In conclusion, there are a wide number of molecular targets and biological processes currently
being investigated to enhance radiosensitivity (Figure 1-21) and it will be crucial to monitor
the development of these therapies from pre-clinical to clinical testing. In addition, in the
future for any new experimental therapeutics, it will be essential to define not only effects on
the tumour but also effects on normal tissues when given in combination with radiation to
enhance radiosensitivity. In this thesis we present our findings of the effect of a pyrazine
compound (Pyrazinib (P3)) with anti-angiogenic, anti-metabolic and anti-inflammatory

activity on radiosensitivity in OAC.
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1.7. Aims and objectives

1.7.1.

Overall hypothesis

Dual inhibition of both angiogenesis and metabolism in the form of oxidative phosphorylation
enhances response to radiation therapy in oesophageal adenocarcinoma. Novel dual action drugs
which inhibit both angiogenesis and metabolism will enhance radiosensitivity in oesophageal
adenocarcinoma.

1.7.2.

Overall aim

The overall aim of this thesis was to identify a novel small compound with anti-angiogenic and
anti-metabolic activity in-vivo in zebrafish and in-vitro in an isogenic model of OAC
radioresistance and determine if this compound could enhance radiosensitivity of OAC
radiosensitive and radioresistant cells.

1.7.3.

1.

Specific aims af thesis

Assess the anti-angiogenic and anti-metabolic activity of Pyrazinib (P3) and P series
compounds in-vivo using a zebrafish model.

Determine the effect of our P series compounds on metabolism, mitochondrial function,
radiosensitivity and cellular proliferation using a novel in-vitro isogenic model of OAC
radioresistance.

Evaluate the activity of our lead compound on metabolism and radiosensitivity under
hypoxic conditions of 0.5% O and determine its effect on chemosensitivity.

Evaluate the inflammatory secretions of our isogenic model of OAC radioresistance and
determine the effect of our lead compound on inflammatory protein secretions.
Investigate the activity of our lead compound on metabolic rate and inflammatory protein

secretions ex-vivo in OAC treatment-naive patient biopsies.
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2. Chapter 2 Evaluation of the anti-angiogenic and anti-
metabolic activity of Pyrazinib (P3) and P series
compounds in-vivo in Tg(flil:EGFP) Danio Reiro

zebrafish
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2.1, Introduction

Blood vessels deliver oxygen and nutrients to every part of the body, but also nourish diseases
such as cancer. Vascular growth can occur through a number of processes including angiogenesis,
vasculogenesis, angiogenic sprouting and vessel branching [262]. New blood vessel development
is regulated by a number of pro-angiogenic and anti-angiogenic factors [263]. Example proteins
which play a pivotal role in new blood vessel development include the proangiogenic factors
VEGF-A, b-FGF, Angiopoietin-2 (ANG-2), PDGF and anti-angiogenic factors angiostatin,

endostatin and thrombospondin [263].

Pathological angiogenesis may occur when a quiescent vessel is activated in response to pro-
angiogenic factors released by hypoxic or inflammatory cells [263]. Pro-angiogenic signals can
promote endothelial cell proliferation, differentiation, chemotaxis and angiogenic remodelling
[263]. Angiogenic sprouting can facilitate angiogenic remodelling through the selection of tip-
cells which lead the sprouting vessel [262]. The growing sprout is guided by VEGF gradients and
extracellular matrix cues where tip-cells migrate and stalk cells proliferate [262]. Interaction of
two vessel sprouts may eventually lead to mature endothelial tube formation [262]. Inappropriate
activation of quiescent vessels and resulting development of new vasculature can promote

pathological angiogenesis [264].

Importantly, pathological angiogenesis is thought to play a critical role in governing response to
X-ray radiation [210]. A number of chemotherapeutic agents and radiation therapy alike rely on
the formation of oxygen radical species to exert their cytotoxic effects; oxygen is a potent
radiosensitiser, with oxygenated cells killed more readily than hypoxic cells [210]. As oxygen is
required for maximal response to radiation it may be of concern that combining anti-angiogenic
agents with radiation may compromise tumour vasculature and result in a more hypoxic
environment with reduced sensitivity to radiation [210]. Despite this concern, anti-angiogenic
agents have previously been shown to enhance tumour response when combined with single dose
radiotherapy [107, 212, 265]. Anti-angiogenic agents may enhance radio-sensitivity through
normalisation of the tumour vasculature creating a more favourable environment for response to
radiation therapy [105, 210].

In addition to angiogenesis, altered energy metabolism is an emerging hallmark of cancer, and a
feature of cancer cells which was originally eluded to in 1956 by Otto Warburg [266] . Cells
produce energy primarily through two interconnected pathways; glycolysis and oxidative
phosphorylation, which involve the catabolism of glucose to pyruvate and the production of

energy from glucose via the mitochondrial tricarboxylic acid cycle respectively [266]. Novel
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therapeutics which target oxidative phosphorylation could reduce oxygen consumption and in
turn allow more oxygen to be available to act as a radiosensitiser. This may in turn reduce tumour
hypoxia and create a more oxygen-rich radiation-sensitive tumour microenvironment [229].
Given the critical role of angiogenesis in supplying critical nutrients such as glucose and oxygen
for metabolism and the role of both angiogenesis and metabolism in tumourigenesis and treatment

response we hypothesise that targeting both processes may enhance radio-response in OAC.

For our angiogenic and metabolic screening studies we initially used a zebrafish in-vivo model,
which offers the advantages of a whole organism model. We chose to use a whole model organism
for our initial screening as they are a superior screening tool to in-vitro cell lines such as
endothelial cell line models, the benefits and limitations of this model are discussed in the

following sections.

2.1.1. Zebrafish as a model organism

Zebrafish (Danio Reiro) are an important model organism used in drug discovery and cancer
research. Zebrafish have a number of advantages which position them as an attractive model
organism and are an invaluable tool for phenotypic based drug discovery [267]. A number of
advantages of this cost-effective small vertebrate organism include their small size, rapid
development and high reproduction rates [267]. An adult zebrafish is only approximately 2 cm
long and as a result large numbers of zebrafish can be housed at a relatively low cost. Furthermore,
a mating pair of zebrafish can produce over 200 embryos per week which undergo rapid
development ex-vivo. In addition, the rapid development of zebrafish embryos means the
progenitors of major organs can be seen by 36 hours post fertilisation and embryos are able to
dechorniate and feed independently by 5 days post fertilisation (dpf). The small and transparent

nature of zebrafish embryos makes them suitable for optical imaging. [267]

Zebrafish are an invaluable tool for drug screening which have a broad range of accessible
biological targets and can provide an early insight into toxicity including developmental and
cardiotoxicity [268]. A large number of phenotypic drug screens are carried out using cell-based
assays thus limiting these screens to cell-autonomous phenotypes. Zebrafish screens use living
zebrafish embryos that possess fully integrated vertebrate organ systems meaning a much broader
range of phenotypes can be assayed when compared to in-vitro cell culture assays [269]. A
number of disease relevant phenotypes can currently be assessed in zebrafish including tumour
metastasis, vascular development, pain, sedation, gut motility and vision [270]. Furthermore, drug
screening in zebrafish can often provide an early insight into toxicity as zebrafish larvae have

functional kidneys, livers and blood-brain barriers [268]. Obvious phenotypic changes that are
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easily visualised are often produced in zebrafish embryos following treatment with a toxic
compound, for example developmental toxicity is often exhibited by curving of the trunk of the
embryo [268]. Furthermore, drug screening in zebrafish can provide initial pharmacological
insight. In order for a compound to induce a particular phenotype in-vivo in zebrafish, the
compound must have the ability to be absorbed, distributed to the target tissue, avoiding rapid
metabolism and excretion prior to reaching its target tissue providing important pharmacokinetic
insight [270]. This can provide valuable information for later studies in rodents as several
compounds that were discovered in zebrafish screens were rapidly translated to in-vivo
mammalian models with minimal optimisation of the pharmacological properties of the
compound [271, 272].

Importantly, for cancer research, zebrafish possess a high level of genetic similarity to humans,
where 71% of human proteins and more importantly 82% of disease-causing human proteins have
an obvious orthologue in zebrafish where they appear to be reasonably similar to their human
counterparts, notably within the functional domains [273]. The conservation rate of
pharmacological effect from zebrafish to humans is relatively high and this is possibly attributable
to the fact that the active sites of enzymes, cell channels and receptors which are often drug targets
have retained the ability to bind to the same metabolites, ions and other biomolecules [273]. It is
important to note that hepatic drug metabolism enzymes are not fully characterised in zebrafish

thus the understanding of drug metabolism in this organism is limited.

2.1.2. Zebrafish and angiogenic screens

Transgenic zebrafish are an important model used in drug discovery screens, especially in the
identification of anti-angiogenic agents. In our studies we used Tg(flil:EGFP) zebrafish which
drive enhanced green fluorescent protein (EGFP) using the flil promotor. Flil is the earliest
known endothelial cell marker in zebrafish embryos which is present until 2 dpf [274].
Morphological changes in blood vessels can be observed using fluorescent microscopy making
Tg(flil:EGFP) embryos an ideal in-vivo model for early anti-angiogenic screens. Importantly, the
zebrafish vascular system exhibits functional conservation with the human vascular system [275].
An important study by Stoletov et al. demonstrated that human VEGF-A could promote zebrafish
angiogenesis [275]. A number of small molecule anti-angiogenic hits identified in zebrafish have
been validated in mammalian models such as 3-PO which was shown to have anti-angiogenic

activity in zebrafish embryos, endothelial cell spheroids and in the retina of a mouse model [271].
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2.1.3. Zebrafish and metabolic screens

Although rodent models are widely used as animal models for metabolism studies, the use of
zebrafish is emerging as an interesting alternative option. Zebrafish possess key organs also
involved in the metabolic processes of humans including the appetite circuits of the
hypothalamus, pancreas and insulin-sensitive tissues including the liver, white adipose tissue and
muscle [276]. It is important to note that zebrafish are substantially smaller than other animal
models and are poikilothermic thus their body temperature varies with the ambient temperature
[276]. Therefore, the study of pathways that are activated by non-shivering thermogenesis, for
example the B-adrenergic system, will be more limited in zebrafish than in mice [277].
Nonetheless, zebrafish are emerging as a novel model for studying metabolism, especially for the
screening of pharmacological inhibitors of oxidative phosphorylation and glycolysis in real-time

using the Seahorse analyser [278] which is demonstrated in this chapter.

In summary, angiogenesis and metabolism are thought to play a critical role in both the
pathogenesis and treatment response of OAC to neoadjuvant CRT as discussed in depth in
Chapter 1. Zebrafish are a well-established tool for the identification of novel anti-angiogenic
agents through the use of transgenic strains such as Tg(flil:EGFP) zebrafish which express green
fluorescent protein in developing blood vessels which can be examined using fluorescent
microscopy. More recently the popularity of zebrafish as tool for metabolic studies has increased
[278], the use of zebrafish as a model for the identification of novel anti-angiogenic and anti-

metabolic agents is demonstrated in our work.

2.1.4. Quininib, Pyrazinib and P series compounds and their activity

Previously, screening of a DIVERSET™ chemical library of over 50,000 small molecule
compounds (<500kDa) identified Quininib (Q1), a small molecule compound which could
significantly inhibit developmental angiogenesis in Tg(flil:EGFP) zebrafish embryos at 2 dpf.
Quininib (Q1) was also shown to reduce endothelial tube cell formation, but not endothelial cell
migration or proliferation. Treatment of human colorectal explants with Quininib (Q1) reduced
the secretions of VEGF, IL-6, IL-8, IL-1B, GRO-a, MCP-1 and TNF-a. In addition, treatment of
Balb/C nu/nu mice injected with HT29-LUC CRC cells with Quininib (Q1), reduced tumour
development and metastasis [272]. Immunohistochemical analysis demonstrated CD31, a marker
of blood vessels, was significantly reduced by 5 mg/kg, 25 mg/kg and 50 mg/kg of Quininib (Q1)
and VEGF was reduced following treatment with 25 mg/kg of Quininib (Q1). Quininib (Q1) was
also shown to inhibit ocular angiogenesis whereby a sustained release formulation of novel
quininib-hyaluronan microneedles inhibited angiogenesis and retinal vascular permeability in-
vivo [279].
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Structural analogues of Quininib (Q1), the parent compound, were designed and synthesised with
the expectation of developing small molecules which could inhibit angiogenesis more effectively
than Quininib (Q1) including Pyrazinib (P3). Quininib (Q1) has previously been shown to act as
a cyteinyl leukotriene receptor antagonist however the mechanism of action of Pyrazinib (P3) and
P series compounds is not currently known. A priority patent application for the novel use of
Pyrazinib (P3) and P series compounds was filed in February 2011, progressed to a National Phase
PCT (Patent Cooperation Treaty) in 2013 (PCT/IE2012/000002) and has now been nationally and
regionally filed and published in Europe and in the USA. Pyrazinib (P3) and P series compounds
were tested in this project to investigate their effect angiogenesis, metabolism and inflammation

and their ability to enhance radiosensitivity.

It was critical to investigate both the anti-angiogenic and the anti-metabolic activity of Pyrazinib
(P3) and P series compounds to determine if by targeting both these biological processes could
enhance radiosensitivity in OAC. The parent compound Quininib (Q1) was previously shown to
inhibit angiogenesis and tumour growth, however, to enhance radiosensitivity it may be critical
to inhibit oxidative phosphorylation in addition to angiogenesis in OAC. A previous study by our
group demonstrated a significant association between oxidative phosphorylation and treatment
response both in-vitro and ex-vivo, whereby radioresistant cells have a significantly higher rate of
oxygen consumption and ATP5B a marker of oxidative phosphorylation is significantly higher in
patients who have a subsequent poor response to neoCRT. Angiogenesis fuels the metabolic cycle
through the provision of oxygen and nutrients to the mitochondria via the blood supply. Targeting
both angiogenesis and metabolism is hypothesised to both normalise tumour vasculature and limit
oxygen consumption respectively to increase intra-tumoural oxygen levels and thus enhance

radioresponse in OAC.

Following initial screening in-vivo in zebrafish 5 potent anti-angiogenic compounds and 2 non-
anti-angiogenic compounds were carried forward for further screening. Both anti-angiogenic and
non-anti-angiogenic compounds were carried forward to determine whether compounds with or
without anti-angiogenic activity also had anti-metabolic activity and if only compounds which

inhibited both angiogenesis and oxidative phosphorylation could enhance radiosensitivity.
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2.2. Overall objective and specific aims of chapter 2

The overall objective of chapter 2 was to evaluate the anti-angiogenic activity of Pyrazinib (P3)
and P series compounds (n=23) in an in-vivo model of developmental angiogenesis in
Tg(flil:EGFP) zebrafish and determine the anti-metabolic activity of Quininib (Q1), the 5 most
potent and 2 least potent anti-angiogenic compounds of the P series of compounds in
To(flil:EGFP) zebrafish.

The specific aims of this chapter were:

1. Evaluate and rank the anti-angiogenic activity of quinoline compound Quininib (Q1) and
Pyrazinib (P3) and 22 P series compounds in an in-vivo model of developmental
angiogenesis in Tg(flil:EGFP) zebrafish using an intersegmental vessel assay screen.

2. Evaluate the anti-metabolic activity of Quininib (Q1) and our 5 most potent anti-
angiogenic P series compounds on energy metabolism including oxidative
phosphorylation and glycolysis in Tg(flil:EGFP) zebrafish using the Seahorse
Biosciences XFe24 Analyser.

3. Evaluate the effect of our 2 least potent P series compounds which show no anti-
angiogenic activity in-vivo on energy metabolism in Tg(flil:EGFP) zebrafish.

4. Rank compounds based on dual anti-angiogenic and anti-metabolic activity in-vivo.
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2.3 Methods
2.3.1.  Small molecule compounds

Quininib (Q1), (parent compound) 2-[(e)-2-(quinolin-2-yl)vinyl]phenol, Pyrazinib (P3), (E)-2-(2-
Pyrazin-2-yl-vinyl)-phenol and P series compounds were synthesised by Celtic Catalysts (Ireland)
and Onyx Scientific (UK). Analogues were dissolved in 100% DMSO to make 10 mM stock
solutions for experimental use and stored at -20°C. Pyrazinib (P3) and 22 P series compounds are
listed below in Table 2-1.

1.3.2. Ethical approval

The intersegmental vessel assay screen was approved by the UCD Animal Research Ethics
Committee under protocol number AREC-P-14-69 prior to commencement of this study. The
zebrafish metabolic profilling assay was approved by TCD Animal Research Ethics Committee
prior to commencement of the study.

2.3.3. Zebrafish husbandry

Tg(flil:EGFP) zebrafish were maintained on a 14 hour (h) light /10 h dark cycle at 28°C in a
recirculating aquaculture system, according to standard procedures [280]. Embryos were obtained
through natural spawning and developmental stages were determined using time and
morphological criteria [281]. Fertilised eggs were obtained from mating adult Tg(flil:EGFP)
zebrafish and were stored in an incubator at 28°C. Embryos were analysed under an Olympus-
SZX16 at time of collection, undeveloped-embryos were removed to prevent a delay to

development of other embryos
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Compound Compound Chemical Name C3C4C5C6 X Y RI R2 Salt Chemical Structure Skeleton
Pl (E)-2-Q2Pyricin-2-wi-vinyl}-phenol - N - - alkene OH
P2 (E)-2-Q-Pyridin-2-yi-viayl)}-phenol HCl salt -l N|-]- alkene OH HCI
| et et | o o s
P4 (E)-2-(2-Pyrazin-2-yi-vinyl}-phenol HCl salt - N - |- |IN alkens OH HCI
Ps (E)-2-Qpyndin4-yl-vinyi)-phencl - - - |N alkene OH
P6 (E)-2-Q-pydin-4x1~inyl)-phanol HCl salt | — . alkens OH HCt
P7 (E)-2-[2{6Mathyi-pyridin-2-y)-vimyi] -phenol Me| N |[-|- alkens OH
P8 (E)-2-[2{6Methyi-pyridin-2-yi)-vimi]-phenol HCl salt Me| N [-]- alkene OH HCl
P9 (E)-2-Q{pyridin-3-yi)vinyl)phencl - - N| - alkens OH
P10 (E)-2-Q<{pyridin-3-yi)vinyl)phenol hydrochlorde - - N| - alkene OH HCI
P11 (E)-2-(2-Pyraxin-2-yl-propemyi)-phenal - N - |- |IN alkens |Me| OH
P12 (E)-2-(2 Pyraxin-2-yi-propenyl)-phenol HCl salt - N - -|IN alkens |Mz| OH HCI
P13 (E)-4-Methyl-2-Q-pyrazin-2yl-vl-vinyl)-phencl - N |-|-|IN alkene OH [Me
P14 (E)-4-Methyl-2-Q-pyrazin-2-vl-yl-vinwi)-phenol HCl salt - N - - |IN alkene OH [Me| HCl
P15 (E)-2-(2-Pyrimidin-2-yl-viny)-phencl HCl salt - N - |- N | alkens OH HCl
P16 (E)-2-Q2-Pyridin-2-y-vinyl}-pyrazin=HCl salt - N - |- |IN alkene C=N HCl
P17 (E)-2-Q2-Pyrazin-2-wi-vinyl-benzamids HCl salt - N - |- |IN alkens CON2 HCl
P18 2-[2-(Pyrazin-2y]ethymyiJphenol -| N |-]|-|IN alkyne OH
P19 2-[2-(2Methoxyphenyi) ethynylpy -| N |-|-|N alkyne Ome
P20 2-[2-(Pyrazin-2-y1jethymyl]phenol hydrochloride - N - - |IN alkyne OH HCL
P21 (Z)-2-R+Pyrazin-2yl)vinyi]phenol - N - -|IN z-alkens OH
P22 (E)-2-Q{H-imidazol-2-yi)vinyl)phenol - N - | - IN| - | alksne OH
P23 (E)-2-Q2{(H-imidazol-2-yijvinyl)phenol hydrochloride S| N [ -] -IN]|- | alkene OH HCL

Table 2-1 Structures of P Series Compounds.
Table listing differences in chemical structures of P series compounds indicating where modifications were made

to groups C2-C6, R1-R2, A, X and Y to yield P series of compounds.
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2.3.4. Intersegmental vessel assay

6 hours post fertilisation (hpf) Tg(flil:EGFP) zebrafish embryos were plated 5 per well in a 48-
well plate, and visualised using an Olympus-SZX16 microscope in 400 uL Embryo medium (EM)
(5 mM NaCl, 0.17 mM KCI, 0.4 mM CaCl; and 0.16 mM MgSQOy4). 100 UM solutions dissolved
in dH,O/1% DMSO of Quininib (Q1), Pyrazinib (P3) and 22 P series compounds were stored at
-20°C. Compounds were defrosted to room temperature (RT) and vortexed before use. EM was
removed and 400 pL containing EM and test compound was added to each well. Drug treatments
were carried out in duplicate and repeated three times at 1, 5 and 10 uM. Sunitinib (10 uM) was
used as a positive control. Drug treated larvae were incubated until 48 hpf at 28°C on a 14 h
light/10 h dark cycle.

After incubation, larvae were placed in 400 uL of Phosphate-Buffered-Saline (PBS) (Lonza,
Basal, Switzerland) and dechorionated under an Olympus-SZX16 microscope. Larvae were
euthanized and fixed in 400 uL of 4% para-formaldehyde (PFA) in PBS in a parafilm-covered
plate at RT for 2 h. 400 pL of PFA was removed and larvae were washed three times at 10 minute
intervals with 400 puL PBS. Larvae were stored in 400 pL of PBS in a parafilm-covered 48-well
plate at 4°C until analysis. (Figure 2-1)

Tgiflil:EGFP)

Collect Incubate

Zebrafish Mating ~ % ‘?"

E + Male Eggs Embryos

et + Mske untd 6 hpf
Analyse at 2 dpf Drug treat at & hpf

Figure 2-1 Schematic of intersegmental vessel assay in Tg(flil:EGFP) zebrafish embryos.
Intersegmental vessel assay schematic; Embryos were collected following mating and placed in
incubator at 28°C, 6 hour post fertilisation (hpf) embryos were plated 5 per well in 48 well plate
and treated with novel compounds at either 1, 5 or 10 uM and fixed and analysed at 2 days post
fertilisation (dpf).
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2.3.5. Quantification of intersegmental vessels and imaging

Prior to analysis of intersegmental vasculature, larvae were screened using an Olympus-SZX16
microscope for gross morphological defects. Larvae were placed on a depression slide on their
side with their head in a left pointing orientation. Anti-angiogenic activity was determined on the
basis of (a) the total inhibition of intersegmental vessel (ISV) growth and (b) incomplete sprouting
of the intersegmental vessel (ISV) from the dorsal aorta (DA) to the dorsal longitudinal
anastomotic vessel (DLAV). Intersegmental vasculature was viewed by epi-fluorescence under
an Olympus-SZX16 microscope using a GFP filter. The number of complete intersegmental
vessels was quantified for each larvae which were imaged using cell*F software (Olympus,

Europe). (Figure 2-2)

Figure 2-2 Intersegmental vasculature of Danio Rerio zebrafish.

Schematic illustrating zebrafish intersegmental vasculature highlighting major structures
including the dorsal longitudinal anastomotic vessel (DLAV), intersegmental vessel (ISV) and
the dorsal aorta (DA).
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1.3.06. Optimisation of zebrafish metabolic profiling assay.

To optimise the most suitable number of embryos per well for our zebrafish metabolic profiling
assay, 26 hpf Tg(flil:EGFP) zebrafish embryos were plated 1, 2 , 3, 4 or 5 per well in a 24-well
islet cell microplate (Agilent Technologies, Santa Clara, CA, USA) using an Olympus-SZX16
microscope in 700 uL. EM. Larvae were incubated for 24 h at 28°C on a 14 h light/10 h dark cycle
until 50 hpf. At 50 hpf, an islet screen (Agilent Technologies, Santa Clara, CA, USA) was inserted
above the embryos in each well to prevent the embryos coming in contact with the sensor probe
during the course of the assay. The Seahorse Biosciences XFe24 analyser (Agilent Technologies,
Santa Clara, CA, USA) couples a sensor cartridge with a custom cell plate. Sensor probes that lie
close to the islet screen to sense changes in the levels of dissolved oxygen and free protons in this
micro-chamber at indicated intervals, giving a read-out of Oxygen Consumption Rate (OCR) and
Extracellular Acidification rate (ECAR), a measure of oxidative phosphorylation and glycolysis
respectively. Prior to the assay the XFe24 cartridge plate (Agilent Technologies, Santa Clara, CA,
USA) was hydrated overnight at 28°C in a non-CO; incubator. At 50 hpf three measurements
were taken over 24 minutes (min) consisting of three repeats of mix (3 min) / wait (2 min) /
measurement (3 min) to establish basal respiration. Upon completion of assay, drug treatment
was aspirated off and larvae were euthanized and fixed in 400 pL of 4% PFA in PBS in a parafilm-
covered plate at RT for 2 h.

2.3.7. Zebrafish metabolic profiling assay

26 hpf Tg(flil:EGFP) zebrafish embryos were plated 3 per well (as determined from optimisation)
in a 24-well islet cell microplate (Agilent Technologies, Santa Clara, CA, USA) using an
Olympus-SZX16 microscope in 700 uL EM containing a final concentration of 10 uM of test
compounds; Quininib (Q1), Pyrazinib (P3), P2, P4, P18, P20, P8 and P23, with 5 wells per
treatment group. Four wells contained EM only to identify temperature fluctuations across the
plate. Drug treated larvae were incubated for 24 h at 28°C on a 14 h light/10 h dark cycle until 50
hpf. At 50 hpf, an islet screen (Agilent Technologies, Santa Clara, CA, USA) was inserted above
the embryos in each well. Prior to the assay the XFe24 cartridge plate (Agilent Technologies,
Santa Clara, CA, USA) was hydrated overnight in 28°C non-CO; incubator. At 50 hpf three
measurements were taken over 24 min consisting of three repeats of mix (3 min) / wait (2 min) /
measurement (3 min) to establish basal respiration. Upon completion of assay, drug treatment
was aspirated off and larvae were euthanized and fixed in 400 pL of 4% PFA in PBS in a parafilm-
covered plate at RT for 2 h (Figure 2-3).
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Figure 2-3 Real-time metabolic profile analysis in zebrafish.

Embryos were collected and placed in incubator at 28°C. 26 hpf embryos were plated in a XFe24
islet cell microplate and treated with 10 uM novel compounds or 0.1% DMSO control. Metabolic
profile was analysed at 50 hpf using the Seahorse Biosciences XFe24 analyser.

2.3.8. Statistical analysis

Statistical analysis was performed using GraphPad Prism 5 software (GraphPad Software, CA,
USA). Scientific data were expressed as mean + standard error of the mean (SEM). SEM was
calculated as the standard deviation of the original samples divided by the square root of the

sample size. Statistical test used indicated in relevant figure legends.
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2.4. Resulig

2.4.1. Pyrazinib (P3) and P series compounds inhibit developmental angiogenesis in
Te(flil: EGFP) zebrafish.

Using Tg(flil:EGFP) embryos, Pyrazinib (P3) & P series compounds were screened for anti-
angiogenic activity in a phenotype based approach using the intersegmental vessel assay
illustrated in Figure 2-1. Compounds were tested at 1, 5 and 10 uM and their anti-angiogenic
activity assessed by quantification of intersegmental vessel number at 48 hpf (Figure 2-2). This
screen was carried out to identify if Pyrazinib (P3) and 22 P series compounds (Table 2-2)
produced greater anti-angiogenic effects compared to the quinoline series compound Quininib
(Q1) from which Pyrazinib (P3) was derived. Quininib (Q1) has previously been shown to inhibit
both ocular and tumour angiogenesis in-vitro and in-vivo [272, 282]. A dose response profile was
conducted at 1, 5 and 10 uM, with the most potent anti-angiogenic effect seen at 10 uM. Pyrazinib
(P3) and P series compounds P2, P4 and P18 produced the most potent anti-angiogenic activity
(p<0.0001) compared to vehicle control (Figure 2-4A-C). The most potent anti-angiogenic
compound Pyrazinib (P3), reduced ISV number by ~67% at 10 uM , whereas the quinoline
compound Quininib (Q1) produced a reduction in ISV number of ~35% in this screen.
Furthermore, the P series compounds, Pyrazinib (P3) and P4 produced significantly greater anti-
angiogenic activity when compared directly to the quinoline compound Quininib (Q1) when
tested at 10 uM (p<0.001 and p<0.01) respectively (Figure 2-4C). Fluorescent images (Figure
2-5) illustrate the potent reduction in ISV number and loss of vessel integrity following treatment
with Pyrazinib (P3) (white arrows indicate incomplete sprouting and absence of vessel growth)
and P series compounds (P2, P4, P18, P20), compared to control and quinoline series compound
Quininib (Q1). No gross morphological defects or toxicities were observed following treatment
with Pyrazinib (P3) or any other P series compounds tested in this assay, although there were

some alterations to skin pigmentation following treatment (Figure 2-5).

Based on this anti-angiogenic screening of Pyrazinib (P3) and 22 P series compounds, it was
decided to further test P series compounds which produced significant (P2, P4, Pyrazinib (P3),
P18 and P20) or no (P8 and P23) anti-angiogenic activity in-vivo to determine if these compounds
could also inhibit metabolism, in particular oxidative phosphorylation, which is strongly

associated with radioresistance in OAC.
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Figure 2-4 Inhibition of intersegmental vasculature growth in Tg(flil:EGFP) zebrafish at 1, 5
and 10 pM.

6 hpf zebrafish embryos were treated with 0.1% DMSO control, 10 uM Sunitinib (positive
control), parent compound Quininib (Q1), P3 and 22 P series compounds at (A) 1, (B) 5 and (C)
10 uM. Number of intersegmental vessels was quantified at 2 dpf. One-way ANOVA with Tukey
post-tests (n=3). *p<0.05, **p<0.01 and ***p<0.001. Data expressed as mean +SEM.
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OMSO Contro

Figure 2-5 GFP and brightfield images showing Pyrazinib (P3) and P series compounds inhibit
developmental angiogenesis in Tg(flil:EGFP) zebrafish.

Representative fluorescent images illustrating GFP-positive intersegmental vessels at low and
high magnification and brightfield images of whole larvae at 2 dpf in Tg(flil:EGFP) zebrafish
treated with 0.1% DMSO vehicle control, 10 uM sunitinib (positive control), Quininib (Q1) 10
uM, Pyrazinib (P3) 10 uM, P4 10 uM, P18 10 uM and P20 10 uM. White arrows highlight areas
of incomplete vessel sprouting and absence of vessel growth.
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2.4.2. Measuring metabolic rate in real-time in Tg(flil: EGFP) zebrafish embryos

As previously mentioned we sought to identify novel compounds which could inhibit both
angiogenesis and metabolism as both biological processes are tightly interlinked and are
mediators of radioresistance. Zebrafish are becoming an increasingly popular model for cancer
research and the use of this model for metabolic screening and profiling is continuing to emerge.
Previous studies carried out by Gibert et al. reported using one embryo per well for metabolic

screening using the Seahorse Biosciences XFe24 Seahorse Analyser [278].

We determined the optimal number of embryos to plate per well to obtain an optimal metabolic
readout. When embryos were plated at either 1, 2, 3, 4 or 5 per well we found that 3 embryos per
well produced a strong metabolic readout of both OCR (~218 pmol/min) and ECAR (~20
mpH/min) and was sufficient to detect a change in metabolic readout following drug treatment if
present (Figure 2-6A,B). One and 2 embryos per well produced a much lower metabolic readout
as expected and were thought to be too low to efficiently detect changes in metabolic rate where
OCR was ~100-120 pmol/min and ECAR was ~5 mpH/min. Furthermore we determined when
we increased the embryos in the well above 3 to 4 or 5, the embryos did not have enough space
in the well and at 5 embryos the variability between wells increased. Thus, on the basis of these

optimisation studies we used 3 embryos per well for our further experiments.
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Figure 2-6. Evaluation of optimal number of zebrafish emrbyos per well to measure metabolic
rate in Tg(flil:EGFP) zebrafish embryos.

26 hpf embryos were plated 1, 2, 3, 4 or 5 per well and at 50 hpf basal metabolic rate was measured
using the Seahorse Biosciences XFe24 Analyser. (A) Oxygen Consumption Rate (OCR) in
zebrafish embryos at 50 hpf measured using the Seahorse Biosciences XFe24 Analyser, (n=1).
(B) Extracellular acidification rate (ECAR) in 50 hpf zebrafish embryos measured using the
Seahorse Biosciences XFe24 Analyser, (n=1). Data expressed as mean +SEM.
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2.4.3. Pyrazinib (P3) and P series compounds inhibit metabolism in Tg(flil: EGFP) zebrafish

Following on from our angiogenic screens in zebrafish we sought to evaluate the potential of
Pyrazinib (P3) and P series compounds to inhibit metabolism in-vivo in zebrafish embryos. Using
Tg(flil:EGFP) embryos, Pyrazinib (P3), 6 P series compounds and Quininib (Q1) of the quinoline
series were screened for anti-metabolic activity as illustrated in Figure 2-3. 26 hpf embryos were
treated with vehicle control or 10 uM of test compound and anti-metabolic activity assessed at 50
hpf using the Seahorse XFe24 Biosciences analyser. Pyrazinib (P3), P2 and P4 significantly
reduced OCR (p=0.0076, p=0.0088 and p=0.0194 respectively), a measure of oxidative
phosphorylation, producing a reduction of between ~16-18% (Figure 2-7A), with both Pyrazinib
(P3) and P2 producing a simultaneous and significant reduction in ECAR, a measure of
glycolysis, (p=0.0059, p=0.0352) respectively (Figure 2-7B). This significant reduction of both
OCR and ECAR following treatment with 10 uM of Pyrazinib (P3) and P2 illustrates the ability
of these P series compounds to target the two major metabolic pathways, oxidative

phosphorylation and glycolysis.

In summary, in-vivo in zebrafish we identified three compounds of the P series; Pyrazinib (P3),
P2 and P4 which inhibit both angiogenesis and metabolism, a significant finding given the well
reported role of angiogenesis and metabolism, particularly oxidative phosphorylation in
radioresponse in OAC [82].
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Figure 2-7 Pyrazinib (P3) and P series compounds inhibit metabolism in Tg(flil:EGFP)
zebrafish.

(A) OCR in zebrafish embryos treated with 0.1% DMSO vehicle control or 10 uM of Quininib
(Q1), Pyrazinib (P3), P2, P4, P18, P20, P8 and P23, (n=5). (B) ECAR in zebrafish embryos treated
with 10 uM of Quininib (Q1), P3, P2, P4, P18, P20, P8 and P23, (n=5). Unpaired two-tailed t-
test. *p<0.05, **p<0.01. Data expressed as mean +SEM.
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244, Ranking of Pyrazinib (P3) and P series compounds following in-vive screens in

sehrafish

Following our in-vivo screening of the anti-angiogenic and anti-metabolic activity of Pyrazinib
(P3) and P series compounds in Tg(flil:EGFP) embryos we ranked the compounds evaluated in
both assays based on their activity Table 2-2.

Pyrazinib (P3) was identified as the most active compound in this model producing both robust
anti-angiogenic and anti-metabolic activity inhibiting both OCR and ECAR. The parent
compound of Pyrazinib (P3), Quininib (Q1) significantly inhibited blood vessel growth in
zebrafish embryos as seen in previous studies but did not significantly alter real-time metabolic
rate in this model. P2 and P4 in addition to Pyrazinib (P3) significantly inhibited blood vessel
growth, OCR and ECAR and were ranked 2™ and 3™ respectively, notably P4 is a HCI salt of
Pyrazinib (P3) and thus it is not surprising that it has similar activity to Pyrazinib (P3).
Importantly not all compounds which significantly inhibited angiogenesis (P18, P20) inhibited
metabolic rate. The P series compounds P8 and P23 which produced no significant anti-
angiogenic activity did not significantly inhibit real-time metabolic rate either. Our initial findings
have identified novel dual acting anti-angiogenic and anti-metabolic compounds in this zebrafish

model.
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Table 2-2 Ranking Table of Pyrazinib (P3) and P series compounds based on their anti-
angiogenic and anti-metabolic activity in-vivo in zebrafish embryos.

Table ranking P series compounds based on their anti-angiogenic anti-metabolic activity, a greater
weighting was given for inhibition of oxygen consumption rate than inhibition of extracellular
acidification rate.

Rank Hit % ISV % %
Reduction | Reduction | Reduction Chemical Name
at10puM | OCR at | ECAR at
10 uM 10 uM
Quinoline Q1 35.4 0 0 o 2‘[2j(2'
Compound quinolinyl)vinyl]phenol

(E)-2-(2-Pyridin-2-yl-
vinyl)-phenol HCI salt
2-[2-(Pyrazin-2-
yl)ethynyl]phenol
2-[2-(Pyrazin-2-
yl)ethynyl]phenol
hydrochloride

3 P2 49.5 16.4 30.5

4 P18 41.5 0 1.6

5 P20 27 0 0
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2.5. Summary of main findings of chapter 2

Pyrazinib (P3), P2, P4, P18 and P20 significantly inhibited blood vessel development in

zebrafish embryos following 10 uM treatment.

Pyrazinib (P3) and the P series compound P4 produced a significantly greater inhibition of
intersegmental blood vessel development than the parent compound of Pyrazinib (P3),
Quininib (Q1) following 10 uM treatment.

Pyrazinib (P3), P2 and P4 significantly reduced OCR, a measure of oxidative phosphorylation
in zebrafish embryos with Pyrazinib (P3) and P2 producing a simultaneous reduction in

ECAR, a measure of glycolysis.
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2.6. Discussion

Two of twenty-three of our P series compounds tested; Pyrazinib (P3) and P4, demonstrated
greater anti-angiogenic activity than the quinoline series compound Quininib, (Q1) in the ISV
assay. Pyrazinib (P3) produced the most potent anti-angiogenic activity with a ~67% reduction in
vessel number compared to control. The enhanced anti-angiogenic activity produced by Pyrazinib
(P3) and P4 of the P series was an important finding given that Quininib (Q1), a quinoline
compound from which Pyrazinib (P3) was derived was previously shown to inhibit ocular and
tumoural angiogenesis using in-vitro and in-vivo models and produces a potent anti-tumoural
response in a colorectal murine xenograft model [272, 282]. Thus, our initial findings indicate our
novel small molecule compounds have more potent anti-angiogenic activity than quinoline series

compound, Quininib (Q1), and warrant further investigation in other model systems.

The potent anti-angiogenic activity of our novel compounds is an important finding given that
tumour vasculature has been recognised as a critical component of radiation response [83].
Aberrant tumour vasculature and dysregulated blood flow through tumour vasculature can
promote the development of hypoxic regions which are associated with radioresistance [83]. Cells
irradiated in the presence of oxygen are thought to be ~3 times more sensitive to irradiation than
those located in regions of severe hypoxia [83]. In an oesophageal SCC xenograft model the
administration of anti-angiogenic recombinant endostatin (rh-Endo) in combination with one dose
of 8 Gy irradiation significantly delayed tumour growth which was associated with remodelling
of the tumour vasculature and a reduction in tumour hypoxia in xenografts [211]. In a colon
cancer xenograft model, an anti-VEGF monoclonal antibody in combination with radiation had
an additive effect. The anti-VEGF antibody induced a significant tumour growth delay which was
associated with a reduction in tumour microvessel density and interstitial fluid pressure [109].
These studies strongly support the development of a novel anti-angiogenic to enhance
radiosensitivity. It is important to consider that the Tg(flil:EGFP) zebrafish model used in this
assay to identify our potent anti-angiogenic compounds is a model of developmental
angiogenesis, and not pathological angiogenesis. Both developmental and pathological
angiogenesis occur through very similar processes to drive the development of new blood vessels
in response to an increased demand for oxygen and nutrients. However, pathological angiogenesis
unlike developmental angiogenesis is not resolved upon the establishment of vascular perfusion.
Despite this, a large number of agents currently used in the clinic such as sorafenib and
regorafenib have also previously been shown to inhibit angiogenic activity in this zebrafish model
[283]. In order to identify novel radiosensitisers with potential therapeutic benefit, it is likely that
such agents will need to affect more than one biological process including metabolism to

counteract the complex polymodal OAC radioresistant phenotype [82, 150]. Thus, in addition to
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the anti-angiogenic activity produced by Pyrazinib (P3) and other P series compounds, we
investigated whether these compounds could also inhibit two major metabolic pathways,
oxidative phosphorylation and glycolysis in-vivo given the important association between
oxidative phosphorylation and treatment response previously reported in OAC whereby oxidative
phosphorylation was significantly upregulated in radioresistant OAC cells compared to matched
radiation-sensitive OAC cells [82].

Zebrafish are becoming an increasingly popular model for cancer research and the use of this
model for metabolic screening and profiling is continuing to emerge [278]. Pyrazinib (P3), P2
and P4 significantly reduced OCR, a measure of oxidative phosphorylation in zebrafish embryos,
where Pyrazinib (P3) and P2 produced a simultaneous reduction in ECAR, a measure of
glycolysis. These findings suggest Pyrazinib (P3) and P2 may be exerting their effect at an earlier
point common to both metabolic pathways. Notably, Pyrazinib (P3) and P4, two of the most active
compounds in both zebrafish assays have the same structural features including a (E)-2-(2-
Pyridin-2-yl-vinyl)-phenol backbone where unlike Pyrazinib (P3), P4 is a HCI salt, thus, the
highly potent activity produced by these P3 and P4 is likely to be attributable to these common
structural features. In-vitro studies cannot recapitulate the complexity that exists in in-vivo
systems thus whole-animal approaches are required to study metabolism. Zebrafish are a good
model in which to study metabolism because they possess all the key organs required for
metabolic control in humans, from the appetite circuits that are present in the hypothalamus,
through to the pancreas and insulin-sensitive tissues. This highlights the unique and robust
approach we have taken to identify novel anti-metabolic agents in our initial screen. Previous
studies have shown the reproducibility of metabolic studies carried out in zebrafish using different
housing facilities and instrumentation and highlighted the enhanced sensitivity of the Seahorse
Biosciences XFe24 analyser further supporting our method and findings using our zebrafish
model [284]. Whilst the current literature is limited on the use of whole zebrafish for
pharmacological screening of metabolic inhibitors some studies do report validation of
pharmacological manipulation of metabolic rate in zebrafish in mammalian model systems [284].
In OAC, previous studies have highlighted the importance of oxidative phosphorylation in
radioresponse whereby ATPS5B, a marker of oxidative phosphorylation was upregulated in
patients with a subsequent poor response to chemoradiation therapy and in-vitro, in an OAC
model of radioresistance, OCR in OE33R; radiation-resistant cells OCR was significantly higher
than OCR in OE33P; radiation-sensitive cells. Targeting oxidative phosphorylation has been
found to enhance radiosensitivity in multiple cancer models, in-vivo, in HCT-116 xenografts,
administration of metformin was found to produce a 7% reduction in oxygen consumption rate
and to improve tumour re-oxygenation [225]. In addition, in these xenografts, pre-treatment with

metformin before one dose of 15 Gy irradiation produced a significant tumour growth delay [225].
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In summary, in this chapter we have identified three compounds, Pyrazinib (P3), P2 and P4 which
can significantly inhibit both angiogenesis and metabolism in zebrafish embryos. The effect of
Pyrazinib (P3) and P series compounds on metabolic rate and radiosensitivity in-vitro in an

isogenic model of OAC radioresistance is discussed in chapter 3.

Aspects of this chapter have been published in Cancer Letters, see Figure 2-8.
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Figure 2-8 Pyrazinib (P3), [(E)-2-(2-Pyrazin-2-yl-vinyl)-phenol], a small molecule pyrazine
compound enhances radiosensitivity in oesophageal adenocarcinoma.
Aspects of this chapter have been published in Cancer Letters [285].
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3. Chapter 3 - Effect of Quininib (Q1), Pyrazinib (P3) and P
series compounds on energy metabolism, mitochondrial
function, radiosensitivity and cytotoxicity in-vitro in our

isogenic model of OAC radioresistance
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3.1. Introduction

In Chapter 2, we previously identified Pyrazinib (P3) and P2 which produced a greater anti-
angiogenic effect than Quininib (Q1) in-vivo in zebrafish embryos. In addition, we found
Pyrazinib (P3), P2 and P4 could also inhibit oxidative phosphorylation in-vivo in zebrafish
embryos with Pyrazinib (P3) and P2 producing a simultaneous reduction in glycolysis. Thus, we
sought to investigate the effect of Pyrazinib (P3) and P series compounds on metabolism,
mitochondrial function, radiosensitivity and DNA repair gene expression in-vitro using our
isogenic model of OAC, consisting of OE33P; radiation-sensitive cells and OE33R; radiation-
resistant cells [150].

Cells produce energy primarily through two interconnected pathways; glycolysis and oxidative
phosphorylation [286]. Glycolysis is an anaerobic process which involves the catabolism of
glucose to pyruvate and ATP in the cytosol [286]. The pyruvate generated during glycolysis can
be reduced to lactate in the absence of oxygen by lactate dehydrogenase or enters the mitochondria
to be oxidised to acetyl-CoA in the presence of oxygen [286]. Oxidative phosphorylation is an
aerobic process which involves the production of energy from glucose via the mitochondrial
tricarboxylic acid cycle [266]. Novel therapeutics which target oxygen consumption in the
tumour could reduce tumour hypoxia and create a more oxygen-rich radiation-sensitive tumour
microenvironment. A common characteristic of aggressive malignant tumours is their ability to
metabolise more glucose to lactic acid than normal non-malignant tissues allowing for a selective
growth advantage [114].

Altered energy metabolism is an emerging hallmark of cancer [118] and feature of cancer cells
which was originally alluded to in 1956 by Otto Warburg [119]. Warburg reported that cancer
cells predominantly produce energy via the glycolytic pathway, even in the presence of oxygen
due to defective oxidative phosphorylation, termed aerobic glycolysis [119]. Whilst in the past it
was believed that aerobic glycolysis occurred in cancer cells due to permanent impairment of the
oxidative phosphorylation pathway, a number of recent studies have challenged this
demonstrating that in a number of cancers, the oxidative phosphorylation pathway is still intact.
As a result emerging reports have suggested that the presence of aerobic glycolysis in cancers is
the combined result of numerous factors such as oncogenes, hypoxia, tumour suppressors,
mitochondrial DNA mutations and the genetic background of the cancer [286, 287]. Lactate reuse
known as metabolic symbiosis can also occur in tumour cells where lactate can function as a
medium to carry energy from highly glycolytic/hypoxic transformed cells to more oxidative
cancer cells [288, 289].
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Recent studies have reported the reverse Warburg effect to further describe tumour metabolism,
the reverse Warburg effect proposes that cancer cells secrete hydrogen peroxide to induce the
Warburg effect in stromal cells [290, 291]. Furthermore, cancer associated fibroblasts export the
lactate produced by this aerobic glycolysis, which is then converted into pyruvate to be used in
oxidative phosphorylation by the cancer cells [292].

Altered energy metabolism is a hallmark of cancer which is tightly linked to treatment resistance.
Elevated glycolysis has previously been linked to enhanced radioresistance. In a study by Bhatt
et al. transient stimulation of glycolysis was found to enhance radioresistance in cerebral glioma
and oral carcinoma cell lines through enhanced DNA repair [293]. Inhibition of glycolysis is
thought to enhance radioresponse through a reduction in DNA repair and energy production and

subsequent increase in cell death [293, 294].

Oxidative phosphorylation has also been linked to radioresistance in cancer [82, 295]. A previous
publication by Lynam-Lennon et al., which evaluated the metabolic profile of radiation-sensitive
and radiation-resistant OAC cells demonstrated that radio-resistant OAC cancer cells have an
altered metabolic phenotype when compared to isogenic radiosensitive cells [82]. Radio-resistant
cells were found to have a significantly higher rate of oxidative phosphorylation with no
significant differences observed in glycolytic rate between the isogenic OAC cell lines [82]. In
addition, radioresistant cells were also shown to have altered mitochondrial function [82].
Examination of metabolic markers in treatment-naive patient samples of OAC found ATP5B, a
surrogate marker of oxidative phosphorylation to be significantly upregulated in the patient cohort
with a poor response to radiation therapy [82]. Interestingly, in a xenograft study using a cervical
cancer isogenic model, tumours derived from cells with a higher intrinsic level of oxidative
phosphorylation were more radioresistant when compared to matched radiosensitive cells which

were predominantly glycolytic [295].

lonising radiation is a crucial treatment modality used to exert local tumour control in over 50%
of human malignancies [55]. Response to radiation plays a central role in patient outcome in
OAC, with sensitivity to ionising radiation inversely correlated with tumour burden [81].
Resistance to radiation therapy is polymodal and associated with a number of biological
alterations both within the tumour itself and the surrounding microenvironment including; altered
cell cycle [145] accelerated repopulation [146, 147], hypoxia [148], evasion of apoptosis [149],
altered DNA damage response and enhanced DNA repair [150] and altered mitochondrial
function and cellular energetics [82]. Altered cellular energetics and DNA repair have been

specifically linked to the radio-resistant phenotype in OAC [82, 150].
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A fibrosarcoma xenograft study showed that administration of metformin, a mitochondrial
complex I inhibitor twice a day at 25 mg/Kg prior and following one dose of 20 Gy ionising
radiation tumour significantly inhibited tumour growth when compared to ionising radiation alone
[225]. The potential of compounds which target oxidative phosphorylation as radiosensitisers are
warranted. It will be important to consider the plasticity of tumour metabolism as inhibition of
one pathway may result in the upregulation of another.

This chapter aimed to identify compounds with anti-metabolic activity specifically targeting
oxidative phosphorylation, which in turn may enhance radiosensitivity in both radiosensitive and
radioresistant OAC cells from a series of small molecule compounds consisting of Pyrazinib (P3),
a pyrazine compound, and P series compounds P2, P4, P18, P20, P8 and P23. Pyrazinib (P3) was
synthesised as an analogue of Quininib (Q1) and we sought to determine if Pyrazinib (P3) or
compounds of the P series could produce more potent anti-cancer activity than its parent
compound Quininib (Q1) in OAC. Quininib (Q1) is an anti-angiogenic quinoline compound
which was previously discovered to produce significant anti-angiogenic activity and inhibit
tumour growth both in-vitro and in-vivo respectively [272, 282]. The findings presented in this
chapter demonstrate that in-vitro, in an isogenic model of OAC radioresistance, Pyrazinib (P3)
significantly reduced OCR and ECAR. Pyrazinib (P3) significantly enhanced the
radiosensitivity of OE33P; radiation-sensitive and OE33R; radiation-resistant cells to

increasing doses of X-ray radiation.
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3.2. Overall objective and specific aims of chapter 3

The overall objective of chapter 3 was to evaluate the anti-metabolic activity of Pyrazinib (P3)
and P series compounds in-vitro using an isogenic model of radioresistance previously generated
in our department. The specific aims of this chapter was to assess the effect of Quininib (Q1), the
5 most potent and 2 least potent anti-angiogenic compounds of the P series compounds previously
identified in Chapter 2 in Tg(flil:EGFP) zebrafish embryos on energy profiles, mitochondrial
function, radiosensitivity, cytotoxicity and DNA repair gene expression in-vitro in our OE33P;

radiation-sensitive and OE33R; radiation-resistant cells.

The specific aims of chapter 3 were:

1. Evaluate the anti-metabolic activity of Quininib (Q1) , Pyrazinib (P3), P2, P4, P18, P20,
P8 and P23 on energy metabolism including oxidative phosphorylation and glycolysis in-
vitro using our isogenic OAC cell line and the Seahorse Biosciences XFe24 Analyser.

2. Investigate the effects of Quininib (Q1), Pyrazinib (P3), P2, P4, P18, P20, P8 and P23 on
ATP levels in OE33P and OE33R cell lines using the ATP luminescence assay.

3. Evaluate the effect of Quininib (Q1), Pyrazinib (P3), P2, P4, P18, P20, P8 and P23 on
mitochondrial function in-vitro including mitochondrial membrane potential,
mitochondrial mass and ROS levels in OE33P and OE33R cells.

4. Evaluate the effect of Quininib (Q1), Pyrazinib (P3), P2, P4, P18, P20, P8 and P23 on
radiosensitivity and cytotoxicity in-vitro in OE33P and OE33R cells.

5. Evaluate the effect of Quininib (Q1), Pyrazinib (P3), P2, P4, P18, P20, P8 and P23 on
cell proliferation in-vitro in OE33P and OE33R cells.

6. Evaluate the effect of Quininib (Q1), Pyrazinib (P3), P2, P4 on the expression of MLH1,
SMUG1, PARP1 and MMS19 in OE33P and OE33R cells.

7. Carry out a dose response to investigate the effect of Pyrazinib (P3) on radiosensitivity
in OE33P and OE33R cells at 1, 5 and 10 uM.

8. Evaluate the effect of Pyrazinib (P3) on radiosensitivity at increasing doses of irradiation

in our isogenic model of OAC radioresistance.
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3.3. Meihods
3.3.1. Generation of the OE33P and OE33R cell lines

The human OE33 oesophageal adenocarcinoma cell line was obtained from the European
Collection of Authenticated Cell Cultures. The isogenic model of radioresistant OAC; OE33P
(radiosensitive) and OE33R (radioresistant) cells was generated as previously described [150].

3.3.2. Cell sub-culture

Cells were examined daily using an inverted phase contrast Nikon microscope (Nikon
Corporation, Tokyo, Japan) and sub-cultured upon reaching 70-80% confluency. Both OE33P
and OE33R cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium
supplemented with 10% fetal bovine serum (FBS) (Lonza, Basal, Switzerland) and 1% penicillin-
streptomycin (Lonza, Basal, Switzerland). Growth media was decanted and cells were washed
with 3 mL PBS. 2 mL trypsin ethylene-diamine tetra acetic acid (EDTA) (0.5% trypsin, 0.02%
EDTA) was added to the flask and cells were incubated for 3-5 min at 37°C in 5% CO2/95% air
until they had detached from the surface. 6 mL complete medium was added to inactivate the
trypsin, cell pellets were collected in 15 mL tubes after centrifugation at 180 x g for 3 min, cells
were seeded at appropriate densities in vented 75 cm? culture flasks.

3.3.3. Preparation of frozen cell stocks

Frozen cell stocks were prepared from cell lines growing in the exponential phase at 70-80%
confluency. The flask of cells was trypsinised and 10 mL complete medium was added to
inactivate the trypsin. Cells were centrifuged at 180 x g for 3 min, the supernatant was decanted,
and the pelleted cells were resuspended in 3 mL FBS containing 10% DMSO. The cell suspension
was divided into 1 mL aliquots in cryovials and placed in a -80°C freezer for short-term storage
or under liquid nitrogen for long-term storage.

3.34. Reconstitution of frozen cells

Frozen stocks were thawed rapidly in a water-bath at 37°C, added to 5 mL complete medium and
centrifuged at 180 x g for 3 min. The supernatant was decanted and the cell pellet was resuspended
in 5 mL complete medium and transferred to a vented 25 cm? culture flask. Once the cells were

70-80% confluent, they were trypsinised and transferred to a 75 cm? flask.

3.3.5. Cell counting

Cell counting was carried out using a Bright Line haemocytometer (Hausser Scientific, PA, USA).
Cells pellets were collected as previously described. The supernatant was decanted and the cell
pellet was resuspended in 1 mL complete medium. 20 uL of the cell suspension was added to 180

uL of trypan blue solution (0.4%), mixed by pipetting, and 20 puL. was added to the
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haemocytometer. Viable cells were unstained due to their active exclusion of trypan blue, whereas
dead cells were stained blue due to their disrupted cell membranes. The number of viable cells in
each of the five squares at the corners of the grid and the square in the centre of the grid was
counted excluding cells touching the edges of the grid. The number of cells per mL was calculated
using the following equation:

(Total number of cells/5) x 10* x 10 (dilution factor) = number of cells/mL where;

5=number of squares counted, 4= Haemocytometer constant and 10=Trypan blue dilution factor.

3.3.6. OCR and ECAR measurements in OE33P and QOE33R cells

OE33P and OE33R cells were seeded in triplicate at a density of 11,000 and 13,000 cells/well,
respectively in 24-well cell culture XFe24 microplates (Agilent Technologies, Santa Clara, CA,
USA) at a volume of 100 pL in complete RPMI-1640 and allowed to adhere at 37°C in 5%
C02/95% air. Following 5 h incubation, an additional 150 pL/well complete RPMI-1640 medium
was added. Twenty four hours later, OE33P and OE33R cells were treated with either 0.1%
DMSO control or 10 uM of Quininib (Q1), Pyrazinib (P3), P2, P4, P18, P20, P8 and P23.
Following 24 h treatment, media was removed and cells were washed with unbuffered Dulbecco’s
Modified Eagle’s medium (DMEM) supplemented with 10 mM glucose (Sigma-Aldrich) and 10
mM sodium pyruvate (Sigma-Aldrich) (pH 7.4) and incubated for 1 h at 37°C in a CO,-free
incubator. OCR and ECAR were measured using a Seahorse Biosciences XFe24 Analyser
(Agilent Technologies, Santa Clara, CA, USA). Three basal measurements of OCR and ECAR
were taken over 24 min consisting of three repeats of mix (3 min) / wait (2 min) / measurement
(3 min) to establish basal respiration. Three additional measurements were obtained following the
injection of 3 mitochondrial inhibitors including oligomycin (Sigma Aldrich), an uncoupling
agent carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) (Sigma-Aldrich) and
antimycin-A (Sigma-Aldrich). ATP turnover was calculated by subtracting the OCR post
oligomycin injection from baseline OCR prior to oligomycin addition. Maximal respiration was
calculated by subtracting OCR post antimycin A addition from OCR post FCCP addition. Spare
respiratory capacity was calculated by subtracting basal OCR from maximal respiration. All
measurements were normalised to cell number using the crystal violet assay, transferring the

eluted stain to a 96-well plate before reading.

3.3.7. Crystal violet assay

Cells were fixed with 1% glutaraldehyde (Sigma-Aldrich) for 15 min at RT. The fixative was
removed and cells were washed with PBS and stained with 0.1% crystal violet in dH20 for 30 min
at RT. Plates were left to air dry and incubated with 50 ulL 1% Triton X-100 in PBS on a plate

88



shaker for 30 min at RT. Absorbance was read at 595nm on a VersaMax microplate reader
(Molecular Devices, Sunnyvale, CA, USA).

3.3.8. ATPlite assay

ATP levels were measured using the ATPlite™ Luminescence Assay System (Perkin Elmer,
Waltham, MA, USA). ATP levels are measured on the basis of the production of light caused
when ATP reacts with luciferase and p-luciferin, with the emitted light proportional to ATP
concentration. This assay was carried out in a low lit area in 96-well white-walled plates (Perkin
Elmer, Waltham, MA, USA). OE33P and OE33R cells were seeded at a density of 8,000
cells/well in 96-well plates in triplicate and allowed to adhere overnight. Twenty-four hours later,
OE33P and OE33R cells were treated with 0.1% DMSO control or 10 uM Quininib (Q1),
Pyrazinib (P3), P2, P4, P18, P20, P8 and P23 by removal of 50 uL of cell media and addition of
50 uL of novel compound diluted in complete media. 24 h later, 50 puL/well Mammalian Cell
Lysis Solution (Perkin Elmer, Waltham, MA, USA) was added. The plate was incubated with
vigorous shaking for 5 min at RT. The ATP Lyophilised Substrate (Perkin EImer, Waltham, MA,
USA) was resuspended in 5 mL Substrate Buffer and 50 pL/well was added. The plate was
incubated with vigorous shaking for 5 min at RT. The plate was dark adapted for 10 min at RT
and luminescence was read on a FLx800 Fluorescence Microplate Reader (Mason Technology
Dublin, Ireland). Luminescence values were normalised to cell numbers using the crystal violet

assay in section 3.3.7.

3.3.9.  Reactive oxygen species (ROS) levels

Reactive oxygen species (ROS) levels were measured using 2,7-dichlorofluorescein (DCF) which
emits a fluorescent signal linearly linked to the intracellular H,O, OE33P and OE33R cells were
seeded at a density of 8,000 cells/well in triplicate and allowed to adhere overnight. Following 24
h incubation after seeding, OE33P and OE33R cells were treated with for 24 h with 10 uM
Quininib (Q1), Pyrazinib (P3), P2, P4, P18, P20, P8 and P23 or 0.1% DMSO control dissolved in
RPMI-1640, 24 h later media was removed from wells. 50 puL of 5 uM 2,7-DCF in PBS Mg**
(Sigma-Aldrich) was added to each well and incubated for 30 min at 37°C in 5% CO2/95% air.
The stain was removed and 100 uL. PBS was added to each well, fluorescence was measured on
a FLx800 fluorescence microplate reader (Mason Technology Dublin, Ireland). Fluorescence was

normalised to cell number using the crystal violet assay, as previously described in section 3.3.7.
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3.3.10. Mitochondrial membrane potential

To assess mitochondrial membrane potential, the fluorescent probe rhodamine 123 (5 pM) was
used, which is selectively taken up by mitochondria and its uptake dependent on mitochondrial
membrane potential. OE33P and OE33R cells were seeded at a density of 8,000 cells/well in
triplicate and allowed to adhere overnight. 24 h later, OE33P and OE33R cells were treated with
0.1% DMSO control or 10 uM of Quininib (Q1), Pyrazinib (P3), P2, P4, P18, P20, P8 and P23
for 24 h. Following 24 h incubation, the media was removed from wells and cells were washed
with 100 pL of PBS. 50 pL of 5 uM rhodamine 123 in PBS Mg** solution was added to each well
and incubated for 30 min at 37°C in 5% CO2/95% air. The stain was removed and 100 uL of PBS
added to each well. Fluorescence was measured on a FLx800 fluorescence microplate reader
(Mason Technology Dublin, Ireland). Fluorescence was normalised to cell number using the

crystal violet assay, as previously described in section 3.3.7.

3.3.11. Mitochondrial mass

MitoTracker Green (0.3 UM, Invitrogen, Carlsbad, CA, USA), a mitochondrial selective dye was
used to evaluate mitochondrial mass in OE33P and OE33R cells treated with 10 uM of our novel
compounds. OE33P and OE33R cells were seeded at a density of 8,000 cells/well in triplicate in
100 pL complete RPMI-1640 and allowed to adhere overnight. Following 24 h incubation after
seeding, OE33P and OE33R cells were treated with 0.1% DMSO or 10 uM Quininib (Q1),
Pyrazinib (P3), P2, P4, P18, P20, P8 and P23. Following 24 h treatment, media was removed and
50 pL of 0.3 uM MitoTracker Green in PBS Mg++ and incubated for 30 min at 37°C in 5%
C02/95% air. The stain was removed and 100 puL. PBS was added to each well and fluorescence
was measured on a FLx800 fluorescence microplate reader (Mason Technology Dublin, Ireland).
Fluorescence was normalised to cell number using the crystal violet assay, as previously described

section 3.3.7.

3.3.12. Clonogenic assay

OE33P and OE33R cells were trypsinised, counted and seeded at the optimised densities of 1 -
11 x 10% in 1.5 mL complete RPMI-1640 in triplicate in 6 well plates and allowed to adhere
overnight. 24 h later OE33P and OE33R cells were treated with 0.1% DMSO control or 10 uM
of Quininib (Q1), Pyrazinib (P3), P2, P4, P18, P20, P8 and P23. Following 24 or 72 h incubation,
OE33P and OE33R cells were either irradiated at 2 Gy or mock irradiated (0 Gy). OE33P and
OE33R cells were additionally treated with either 0.1% DMSO or Pyrazinib (P3) at 1, 5 or 10 uM
for 24 h prior to 2, 4 or 6 Gy irradiation or mock irradiation. Colonies were allowed to grow for
7-14 days at which point they were stained and fixed with ~200 uL crystal violet (0.5%/ 25% v/v

methanol) per well and allowed to air dry. Colonies consisting of 50 cells or more were counted
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using a colony counter (ColCountTM, Oxford Optronix, Oxford, UK). Plating efficiency (PE),
fraction of colonies formed by untreated cells, was calculated using the formula: PE = No.
colonies/No. cells seeded. The surviving fraction (SF), the number of colonies formed by treated
cells, expressed in terms of PE, was calculated using the formula: SF = No. colonies/(No. cells
seeded x PE).

3.3.13. Irradiation

Irradiation was performed using a Gulmay Medical X-ray generator, (RS225) (Gulmay Medical),
at a dose rate of 3.25 Gray (Gy) per min.

3.3.14. BrdU ELISA

Proliferation was assessed using the BrdU cell proliferation enzyme-linked immunosorbent assay
(ELISA) (Roche Diagnostics, Sussex, UK). The pyrimidine analogue 5-bromo-2’deoxyuridine
(BrdU) is incorporated in the place of thymine in the newly synthesised DNA of proliferating
cells during the S phase of the cell cycle, and is bound by the BrdU anti-POD antibody. The
antibody complexes are then detected by a substrate reaction. As DNA is only synthesised in
proliferating cells, this assay gives a measurement of cell proliferation. Cells were seeded in
triplicate at a density of 5,000 cells/well in complete RPMI-1640 in 96-well plates and allowed
to adhere overnight, followed by treatment with 0.1% DMSO control or 10 uM Quininib (Q1),
Pyrazinib (P3), P2, P4, P18, P20 , P8 and P23 for 24 or 72 h. 10 uM BrdU labelling solution was
added (except for background control wells) and cells were incubated for 1 hour at 37°C in 5%
C0O2/95% air. The media was removed and cells were fixed by adding 200 uL FixDenat and
incubating for 30 min at RT. FixDenat was removed, 100 uL/well Anti-BrdU-POD working
solution was added (1:100 dilution of Anti-BrdU-POD stock solution in antibody dilution
solution) and cells were incubated for 90 min at RT. Cells were washed three times with 250 uL
washing solution. 100 uL/well substrate solution was added and cells were incubated for 5-10
min at RT until colour was sufficient for photometric detection. 25 uL/well sulfuric acid (H2SO4
was added to stop the reaction and absorbance was measured at 450nm on a VersaMax microplate

reader (Molecular Devices, Sunnyvale, CA, USA).

3.3.15. RNA isolation

OE33P and OE33R cells were seeded at a density of 2.5 x 10° cells/well in complete RPMI-1640
in 6-well plates and allowed to adhere overnight. Following drug treatment with 10 uM of
Quininib (Q1), Pyrazinib (P3), P2, P4 or 0.1% DMSQO control for 24 h, RNA was isolated from
cell lines using the TRI Reagent® method. The RNA pellet was re-suspended in 30 pL. RNAase

free molecular grade H»0 and stored at -80°C.
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3.3.16. RNA quantification

RNA quantification was determined spectrophotometrically, using a Nanodrop 1000
spectrophotometer (version 3.1.0, Nanodrop technologies, DE, USA). 1 uL. RNase-free water was
used to blank the instrument prior to RNA analysis. 1 uL of each sample of isolated RNA was
loaded onto the instrument and concentration was measured in ng/uL. 260:280 and 260:230 ratios

were also recorded to evaluate RNA quality.

3.3.17. ¢DNA synthesis

For cell line samples, total RNA (1 ug total RNA) was reverse transcribed to cDNA using the
following method. To anneal the primers to the RNA, the sample was heated for 10 min at 70°C,
and immediately chilled for at least 1 min at 4°C. A master mix containing RNaseOUT
(Invitrogen, Carlsbad, CA, USA) recombinant ribonuclease inhibitor (lunit/uL), dNTPs
(Invitrogen, Carlsbad, CA, USA) (10 mM, prepared as a 1:1:1:1 ratio of dATP, dGTP, dTTP and
dCTP), Bioscript reverse transcriptase (200units/uL) (Bioline, Kilkenny, Ireland) and 5X
Bioscript Reaction Buffer (Bioline, Kilkenny, Ireland) in RNase-free water was added to each
sample. Samples were incubated for 1 h at 37°C then 10 min at 70°C and held at 4°C. The resulting
cDNA was stored at -20°C.

3.3.18. Quantitative real-time PCR (RT-PCR)

Mastermix was prepared with 10 uLL Tagman® Universal Master Mix (2X, Applied Biosystems,
CA, USA) and 8 pL nuclease-free H.O per sample to be amplified. 1 pLL cDNA and 1 pL
RealTime Ready Custom Single Assay probes for MLH1, SMUG1, PARP1, MMS19 (Roche) and
18S (Applied Biosystems) were added in triplicate to a 96-well MicroAmp™ Optical reaction
plate (Applied Biosystems, CA, USA). A non-template control using 1 pL H2O instead of cDNA
template was also included. The plate was sealed using an optical adhesive cover (Applied
Biosystems, CA, USA), and the plate was centrifuged briefly to pool reagents and eliminate any
bubbles. Quantitative real-time PCR (gPCR) detections were performed using an ABI Quant
Studio 5 real-time thermal cycler (Applied Biosystems, CA, USA). The plate was heated for 2
min at 50°C, then 10 min at 95°C, followed by 40 cycles of 15 seconds at 95°C and 1 min at 60°C

for 1 min.

3.3.19. Quantitative real-time PCR data analysis

Data analysis was performed using Thermofisher Scientific Connect gPCR application software.

The threshold cycle (Ct) for each well was calculated and the expression levels of target genes
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were normalised to expression levels of an endogenous control gene (18S ribosomal RNA).
Analysis of gene expression data was performed using the 2-AACt relative quantification method,
which describes the change in expression of a target gene relative to the expression of a reference
group, such as an untreated control. One sample was set as the calibrator for the analysis. Gene
expression changes were only reported if the transcript was amplified before 35 cycles.

3.3.20. Statistical analysis

Statistical analysis was performed using GraphPad Prism version 5 software (GraphPad Software,
CA, USA). Scientific data were expressed as mean +SEM. SEM was calculated as the standard
deviation of the original samples divided by the square root of the sample size. Specific statistical
tests used are indicated in figure legends. For all statistical analysis, differences were considered

statistically significant at p<0.05.
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3.4. Besulis

34.1. Pyrazinib (P3) significantly alters metabolic rates in OE33P (radiation-sensitive) and
OE33R (radiation-resistant) isogenic OAC cells

In chapter 2 we previously identified 3 compounds Pyrazinib (P3), P2 and P4 which significantly
inhibited metabolic rate in-vivo in zebrafish embryos. In this chapter we investigated if Pyrazinib
(P3) and P series compounds altered OCR and ECAR when tested in an in-vitro model, we used
an isogenic OAC cell line model of radioresistance, OE33P; radiation-sensitive and OE33R;
radiation-resistant, cells which was previously generated in our department [150]. The effect of
our novel compounds on two major metabolic pathways; oxidative phosphorylation and
glycolysis was assessed using the Seahorse Biosciences XFe24 analyser. Following 24 h
treatment of OE33P and OE33R cells with our novel P series compounds, simultaneous
measurements of OCR and ECAR were recorded in live cells. Radioresistant OE33R cells
produced a significantly higher OCR at baseline when compared to OE33P cells (p<0.05) but no
significant difference in ECAR was observed (Figure 3-1A, B). 24 h treatment with Pyrazinib
(P3) significantly reduced OCR in OE33P (7.8%) and OE33R (22.1%) cells (p=0.0262,
p=0.0044) (Figure 3-1C, E), with a simultaneous reduction in ECAR in OE33R cells (p=0.0162)
(Figure 3-1F). Treatment with P2 produced a reduction in OCR alone in OE33R cells
(p=0.0169). Interestingly, the non-anti angiogenic analogue P8 increased OCR in OE33P cells
(p=0.0175) (Figure 3-1C) and Quininib (Q1) significantly reduced ECAR in OE33P cells only
(Figure 3-1D). Interestingly, no significant effect was seen following treatment with P4, the HCI
salt of Pyrazinib (P3), which was previously shown to have anti-angiogenic and anti-metabolic
activity in zebrafish embryos (Figure 2-5, Figure 2-7). This screen demonstrated the novel anti-
metabolic action of Pyrazinib (P3) in-vitro through the production of a significant reduction in
OCR in both OE33P and OE33R cells and ECAR in OE33R cells only. P series compounds; P8
and P23 which produced no effect on angiogenesis or metabolism in-vivo in zebrafish embryos
also produced no anti-metabolic activity when tested in-vitro in the isogenic OAC model (Figure
3-1C,D,E,F). In summary, Pyrazinib (P3) a novel small molecule compound can significantly
inhibit oxidative phosphorylation in radiation-sensitive (OE33P) and radiation-resistant (OE33R)

OAC cells, with a simultaneous reduction in glycolysis in radiation-resistant OE33R cells.
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Figure 3-1 Pyrazinib (P3) treatment reduced oxidative phosphorylation and glycolysis in
OE33R; radioresistant OAC cells.

(A) OCR, a measure of oxidative phosphorylation was evaluated in OE33P and OE33R cells
using the Seahorse Biosciences XFe24 analyser. OE33R; radiation-resistant cells have a
significantly higher OCR when compared to OE33P; radiation-sensitive cells, (n=13). (B) ECAR,
a measure glycolysis was evaluated in OE33P and OE33R cells using the Seahorse Biosciences
XFe24 analyser, (n=13). (C) Relative percentage OCR in OE33P cells following treatment with
0.1% DMSO control, Quininib (Q1), Pyrazinib (P3), P2, P4, P18, P20, P8 and P23 at 10 uM,
(n=7, except Pyrazinib (P3) n=12). (D) ECAR in OE33P cells following treatment with 0.1%
DMSO control, Quininib (Q1) or P series compounds at 10 uM (n=7, except Pyrazinib (P3)
n=12). (E) Relative percentage OCR in OE33R cells following treatment with 0.1% DMSO
control, Quininib (Q1), or P series compounds at 10 pM, (n=7, except Pyrazinib (P3) n=12). (F)
Relative percentage ECAR in OE33R cells following treatment with 0.1% DMSO control,
Quininib (Q1) or P series compounds at 10 uM (n=7 except Pyrazinib (P3) n=12). Statistical
analysis was carried out using an unpaired t-test to compare different cell lines and a paired t-test
to compare within the same cell line, *p<0.05, **p<0.01. Data was normalised to cell number, as
assessed by crystal violet assay. Data are expressed as mean +SEM.
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3.4.2. ATP levels are significanty higher in OE33R cells compared to OE33P cells

To further investigate the anti-metabolic activity of our P series compounds we investigated the
effect of treatment on ATP levels in OE33P and OE33R cells using an ATPlite luminescence
assay. OE33P and OE33R cells were treated with 0.1% DMSO control, 10 uM of Quininib (Q1),
Pyrazinib (P3) or P series compounds for 24 or 72 h and ATP levels were measured using an ATP
luminescence assay. Interestingly there was no significant difference observed in ATP levels in
OE33P compared OE33R cells at 24 h (Figure 3-2A) but ATP levels were significantly higher in
OE33R cells compared to OE33P cells at 72 h, (Figure 3-2A), *p<0.05. In addition, no significant
changes in ATP levels were observed following treatment with Pyrazinib (P3), which was
previously shown to inhibit OCR in OE33P and OE33R cells (Figure 3-2B,C,D,E). Interestingly,
P20 which was previously shown to inhibit angiogenesis in-vivo but had no effect on metabolic
rate in-vivo or in-vitro was found to significantly increase ATP levels in OE33R cells following
72 h treatment (p=0.0420) (Figure 3-2E). In addition, treatment with P8 for 72 h, a compound
which was previously shown to have no anti-angiogenic activity in-vivo and increased OCR in
OE33P cells, significantly increased ATP levels in both OE33P (p=0.0220) and OE33R
(p=0.0190) cells (Figure 3-2E). In summary, P series compounds which were previously shown
to inhibit metabolic rate did not significantly alter ATP levels in OE33P or OE33R cells following
24 or 72 h treatment whilst 2 compounds which were previously shown to have no anti-metabolic

activity, P20 and P8 significantly increased ATP levels following 72 h treatment.
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Figure 3-2 The effect of 24 and 72 h treatment with P series compounds on ATP levels in
OE33P and OE33R cells.

Difference in ATP levels were assessed using an ATP luminescence assay, at (A) 24 hand 72 h
in OE33P and OE33R cells, two-tailed, unpaired t-test, (n=4). ATP levels in OE33P cells
following treatment with 10 uM of Quininib (Q1), Pyrazinib (P3) and P series compounds for (B)
24 hand (C) 72 h (n=4). ATP levels in OE33R cells following treatment with 10 uM of Quininib
(Q1), Pyrazinib (P3) and P series compounds for (D) 24 h and (E) 72 h, two-tailed, unpaired t-
test, (n=3). Paired t-tests used to compare same cell lines, unpaired t-tests used to compare
different cell lines. *p<0.05. Data was normalised to cell number, as assessed by crystal violet
assay. Data expressed as mean +SEM.
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34.3. Pyrazinib (P3) reduces ROS levels in radiation-sensitive OE33P cells with no effect on

mitochondrial mass and mitochondrial membrane potential

Treatment with Pyrazinib (P3) and P2 was previously shown to reduce metabolic rate in the
isogenic model of OAC, thus, we investigated if this reduction in metabolic rate was accompanied
by changes in mitochondrial function following treatment with our novel compounds. To
investigate if treatment with our novel compounds induced changes in mitochondrial function we
assessed alterations in ROS levels, mitochondrial membrane potential and mitochondrial mass,

three surrogate markers of mitochondrial function.

OE33R cells were associated with significantly higher basal levels of ROS (p=0.0151) when
compared to age and passage matched OE33P cells (Figure 3-3A). Treatment with our novel
compounds had a notable effect on ROS production in OE33P cells (Figure 3-3B) but no changes
in ROS were observed following treatment in OE33R cells (Figure 3-3C). 24 h treatment with
Pyrazinib (P3), P2 and P18, P20 significantly reduced ROS levels in OE33P cells (p<0.01) with
P4 and P8 also inducing a modest but significant reduction in ROS levels (p<0.05) in radiation-
sensitive OE33P cells (Figure 3-3B). There were no significant differences in the other two
surrogate markers of mitochondrial function; mitochondrial membrane potential and
mitochondrial mass either between the two cell lines at baseline or following treatment with 10

MM of novel compounds (Figure 3-3D-1).
In summary, the potent anti-metabolic activity of Pyrazinib (P3) in OE33R cells is independent

of changes to mitochondrial function including ROS production, mitochondrial membrane

potential and mitochondrial mass.
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Figure 3-3 Pyrazinib (P3) and P series compounds can reduce ROS levels in the radiation-
sensitive OE33P cells with no effect on mitochondrial mass and mitochondrial membrane
potential.

(A) ROS levels are significantly higher in radiation-resistant OE33R cells compared OE33P;
radiation-sensitive cells, (n=4). (B) 24 h treatment with 10 uM Pyrazinib (P3) or P series
compounds significantly reduced ROS in OE33P cells, (n=4). (C) Pyrazinib (P3) and other P
series compounds tested did not significantly alter ROS levels in OE33R cells following treatment
at 10 uM, (n=4). (D) Mitochondrial mass was not significantly different between OE33P and
OE33R cells, (n=4). (E) 24 h treatment with 10 pM of Q1 or P series compounds did not
significantly alter mitochondrial mass in OE33P cells, (n=4) (F) 24 h treatment with 10 uM of
Quininib (Q1) or P series compounds did not significantly alter mitochondrial mass in OE33R
cells, (n=4). (G) Mitochondrial membrane potential was not significantly different between
OE33P and OE33R cells, unpaired t-test, (n=4). (H) 24 h treatment with 10 uM of P series
compounds had no effect on mitochondrial membrane potential in OE33P cells, (n=4). (1) 24 h
treatment with 10 pM of Q1 or P series compounds had no effect on mitochondrial membrane
potential in OE33R cells, (n=4). Statistical analysis was carried out using an unpaired t-test to
compare different cell lines and paired t-test to compare within same cell line, *p<0.05, **p<0.01,
***p<0.001. Data was normalised to cell number, determined by crystal violet assay. Data are
expressed as mean +SEM.
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344,  Pyrazinib (P3) significantly enhances radio-sensitivity in-vitro in an isogenic model of

eesophageal adenocarcinoma

Angiogenesis and metabolism are interconnected processes, tightly linked to the radioresistant
phenotype [82, 109]. We investigated the ability of our small molecule compounds with anti-
angiogenic and anti-oxidative phosphorylation activity, Pyrazinib (P3) and other P series
compounds (P2, P4), and the parent compound Quininib (Q1) to sensitise OAC cells to radiation.

We carried out a clonogenic assay, the gold standard for assessing radiosensitivity [296],
following 24 h treatment with 10 uM of Quininib (Q1), Pyrazinib (P3), P2, P4 OE33P and OE33R
cells were either irradiated (2 Gy) or mock irradiated (0 Gy). We also tested other P series
compounds which had previously been shown to be anti-angiogenic and have no anti-metabolic
activity; P18 and P20 and two compounds which were neither anti-angiogenic or anti-metabolic;
P8 and P23. Quininib (Q1), which produced significant anti-angiogenic activity and a modest but
significant reduction in ECAR in OE33P cells had no effect on the surviving fraction in either
cell line (Figure 3-4B,F) indicating that targeting OCR as opposed to ECAR may be more
important to overcome radioresistance in OAC cells.

Notably, Pyrazinib (P3), which produced the most potent anti-angiogenic activity in-vivo in
zebrafish embryos and significant anti-metabolic effect activity both in-vivo and in-vitro, could
significantly reduce the surviving fraction in both radiation-sensitive (p=0.0395) and radiation-
resistant cells (p=0.0342) following 24 h treatment (Figure 3-4C,G). Pyrazinib (P3) treatment
produced a sensitisation enhancement ratio of 23% and 25% in OE33P and OE33R cells to 2 Gy
radiation respectively. In addition, P4, the HCI salt of Pyrazinib (P3), which was previously
shown to have potent anti-angiogenic and anti-metabolic activity in-vivo produced a significant
reduction in surviving fraction in both OE33P (p=0.0373) and OEE3R cells (p=0.0220) (Figure
3-4E, I). P2, a HCl salt which has a similar but distinct different IUPAC structure from Pyrazinib
(P3) and P4, could significantly reduce surviving fraction in OE33P cells (p=0.0246) (Figure
3-4D) and showed a trend, although not significant, towards a reduction in surviving fraction in
the radioresistant line (Figure 3-4H). This result indicated that small molecule compounds which
were previously shown to inhibit angiogenesis in-vivo and inhibit oxidative phosphorylation
either in-vivo or in-vitro or both could radio-sensitise OAC cells to radiation, whereas compounds
which were anti-angiogenic but do not inhibit OCR, a measure of oxidative phosphorylation (Q1,
P18 and P20) could not induce this effect (Figure 3-4B,F,J,K,N,O) nor could compounds P8
and P23, which had neither anti-angiogenic or anti-metabolic activity (Figure 3-4L,M,P,Q).
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To further investigate the ability of Pyrazinib (P3) and P series compounds to enhance
radioresponse in OE33P and OE33R cells we investigated the effect of 72 h treatment with our P
series compounds at 10 uM on colony formation with/without 2 Gy irradiation. The extended
treatment period of 72 h from 24 h did not further enhance the activity of any of the P series
compounds. Surprisingly the radio-sensitising effect of P2 and P4 (Figure 3-5D,E,l) was lost
following the extended treatment incubation time. Pyrazinib (P3) could only enhance
radiosensitivity in OE33R cells (p=0.0402) (Figure 3-5G) but the effect in OE33P cells

previously seen following 24 h of treatment was diminished (Figure 3-5C,E).

These results indicate that repeated treatment may be required to maintain the radio-sensitising
effect if there is an extended time period between drug treatments and ionising radiation
administration. No significant changes in the surviving fraction were seen following treatment for
72 h with Quininib (Q1), P18, P20, P8 and P23 similar to results obtained following 24 h

treatment.
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Figure 3-4. Dual action compounds Pyrazinib (P3), P2 and P4 can enhance radio-sensitivity
in-vitro in an isogenic model of oesophageal adenocarcinoma.

The effect of our novel small molecule compounds following 24 h treatment on radiosensitivity
in-vitro was assessed by clonogenic assay. (A) Surviving Fraction of OE33P and OE33R cells
following 2 Gy radiation, OE33R radioresistant cells have a significantly higher surviving
fraction when compared to OE33P radiation-sensitive cells, (n=3), unpaired t-test, *p<0.05.
Surviving Fraction of OE33P cells following treatment with 0.1% DMSO or 10 uM of (B)
Quininib; Q1 + 2 Gy, (n=3), (C) P3 + 2Gy, (n=3), (D) P2 + 2 Gy, (n=3) and (E) P4 + 2 Gy, (n=3).
Surviving Fraction of OE33R cells following treatment with (F) Quininib; Q1 + 2 Gy, (n=3), (G)
P3 + 2Gy, (n=3), (H) P2 + 2 Gy, (n=4) and (I) P4 + 2 Gy, (n=4). Surviving Fraction of OE33P
cells following treatment with 0.1% DMSO or 10 uM of (J) P18 + 2Gy, (n=3), (K) P20 + 2Gy,
(n=3), (L) P8 + 2 Gy, (n=3) and (M) P23 + 2 Gy, (n=3). Surviving Fraction of OE33R cells
following treatment with 0.1% DMSO or 10 uM of (N) P18 + 2Gy, (n=3), (O) P20 + 2Gy, (n=3)
(P) P8 + 2 Gy, (n=4) and (Q) P23 + 2 Gy, (n=3). Statistical analysis by two-tailed paired t-test,
*p<0.05. Data expressed as mean +SEM.
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Figure 3-5 The effect of P series compounds on radio-sensitivity in-vitro in an isogenic model
of oesophageal adenocarcinoma following treatment for 72 h.

The effect of 72 h treatment with our novel small molecule compounds on radiosensitivity in-vitro
was assessed by clonogenic assay. (A) Surviving Fraction of OE33P and OE33R cells following 2 Gy
radiation, OE33R radioresistant cells have a significantly higher surviving fraction when compared to
OE33P radiation-sensitive cells, (n=3), unpaired t-test, *p<0.05. Surviving Fraction of OE33P cells
following treatment with 0.1% DMSO or 10 uM of (B) Quininib; Q1 + 2 Gy, (n=3), (C) P3 + 2Gy,
(n=3), (D) P2 + 2 Gy, (n=3) and (E) P4 + 2 Gy, (n=3). Surviving Fraction of OE33R cells following
treatment with (F) Quininib; Q1 + 2 Gy, (n=3), (G) P3 + 2Gy, (n=3) (H) P2 + 2 Gy, (n=4) and (I) P4
+ 2 Gy, (n=4). Surviving Fraction of OE33P cells following treatment with 0.1% DMSO or 10 uM of
(J) P18 + 2Gy, (n=3), (K) P20 + 2Gy, (n=3), (L) P8 + 2 Gy, (n=3) and (M) P23 + 2 Gy, (n=3).
Surviving Fraction of OE33R cells following treatment with 0.1% DMSO or 10 uM (N) P18 + 2Gy,
(n=3), (O) P20 + 2Gy, (n=3) (P) P8 + 2 Gy, (n=4) and (Q) P23 + 2 Gy, (n=3). Statistical analysis by
two-tailed paired t-test, *p<0.05. Data expressed as mean +SEM.
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34.5. The effect of Quininib (Q1), Pyrazinib (P3) and P series on cellular proliferation and

cytotoxicity in-vitro

To investigate if Quininib (Q1), Pyrazinib (P3) and P series compounds alter cell proliferation in
our isogenic model of OAC radio-resistance, two assays were performed: the BrdU assay and the

clonogenic assay.

The BrdU assay was used to assess the ability of OE33P and OE33R cells to proliferate following
treatment with our P series compounds and compared to that of 0.1% DMSO treated cells. OE33P
and OE33R cells were treated with 10 uM of Quininib (Q1), Pyrazinib (P3), P2, P4, P18, P20, P8
and P23 for 24 and 72 h and the effect on cellular proliferation was determined by photometric
detection. Following treatment with Quininib (Q1), Pyrazinib (P3) and P series compounds in
OE33P and OE33R cells no significant change was seen in cellular proliferation when compared
to control in either OE33P or OE33R cells following 24 h treatment (Figure 3-6A,B). A longer
treatment period of 72 h did not significantly alter cellular proliferation following treatment with

Pyrazinib (P3) and P series compounds (Figure 3-6C,D).

In addition the effect of Pyrazinib (P3) and P series compounds on cellular cytotoxicity was
evaluated using the gold standard clonogenic assay. There were no significant differences in the
surviving fraction of OE33P and OE33R isogenic OAC cells following treatment with our P series
compounds for 24 or 72 h (Figure 3-7A-D). Following treatment for 72 h, Quininib (Q1)
significantly reduced cell survival in OE33P and OE33R cells (**p<0.01, ***p<0.001), this was
in line with previous findings by our group (Figure 3-7C,D).

Interestingly these studies indicate Pyrazinib (P3) and P series compounds don’t significantly
alter cell growth or inhibit cellular proliferation thus the enhanced radiosensitivity seen upon
treatment with Pyrazinib (P3), P2 and P4 previously is not mediated by cellular cytotoxicity or

the inhibition of cellular proliferation
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Figure 3-6 Proliferation of OE33P and OE33R cells following treatment with Quininib (Q1)
and P series compounds for 24 and 72 h.

Proliferation of OE33P and OE33R cells was assessed by BrdU assay following 24 h treatment
with Quininib (Q1), Pyrazinib (P3) and P series compounds at 10 uM in (A) OE33P (B) OE33R
OAC cells and following 72 h treatment in (C) OE33P and (D) OE33R cells (n=3); Paired t-test.
Data are expressed as mean +SEM.
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Figure 3-7 Differences in survival of OE33P and OE33R cells following treatment with our
novel drugs.

Survival of OE33P and OE33R cells were assessed by clonogenic assay following 24 h treatments
with 10 uM of Quininib (Q1), Pyrazinib (P3) and P series compounds in (A) OEE3P (n=3) and
(B) OE33R (n=3) OAC and following 72 h treatment in (C) OE33P (n=4) and (D) OE33R cells
(n=4). One-way ANOVA with Bonferroni post-tests, **p<0.01, ***p<0.001. Data are expressed
as mean +SEM.
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3.4.6. Investigating the effect of Quininib (Q1), Pyrazinib (P3), P2 and P4 on the expression
of DNA repair genes in OE33P and OE33R cells

To further investigate the mechanism by which Pyrazinib (P3) and P series compounds P2 and
P4 can enhance the response of OE33P and OE33R cells to radiation we investigated the effect
of Quininib (Q1), Pyrazinib (P3), P2 and P4 on the expression of DNA repair genes (MMS19,
SMUG1, PARP1,MLH1) by quantitative real-time PCR.

Previously, our group identified four DNA repair genes (MMS19, SMUG1, PARP1 and MLH1)
whose increased expression in OAC patient samples was associated with poor treatment response
[150].

We investigated if the expression of these genes was altered in OE33R cells when compared to
the parental OE33P cells. Expression levels of MMS19, SMUG1, PARP1 and MLH1 were not
significantly altered in OE33R cells when compared to OE33P cells (Figure 3-8A-D). In addition
treatment with Quininib (Q1), Pyrazinib (P3), P2 and P4 for 24 h at 10 uM did not significantly
alter expression of MMS19, SMUG1, PARP1 and MLH1 in OE33P (Figure 3-9A-D) or OE33R
cells (Figure 3-10A-D). Of note, P4 produced a trend towards increased expression of all four
DNA repair genes specifically in OE33P cells but this effect was not significant.
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Figure 3-8 Expression of MLH1, SMUG1, MMS19 and PARP1 in OE33P and OE33R cells.
Relative expression of (A) MLH1, (B) SMUG1, (C) MMS19 and (D) PARP1 in OE33P and
OE33R cells (n=3). Unpaired t-test. Data are expressed as mean +SEM.
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Figure 3-9 Expression of MLH1, SMUG1, MMS19 and PARP1 in OE33P cells following
treatment with Quininib (Q1), Pyrazinib (P3), P2 and P4.

Gene expression of (A) MLH1, (B) SMUG1, (C) MMS19 and (D) PARP1 was assessed in OE33P
cells by quantitative real-time PCR following 24 h treatments with 10 uM of Quininib (Q1),
Pyrazinib (P3), P2 and P4 (n=3). Paired t-tests. Data are expressed as mean +SEM.
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Figure 3-10 Expression of MLH1, SMUG1, MMS19 and PARP1 in OE33R cells following
treatment with Quininib (Q1), Pyrazinib (P3), P2 and P4.

Gene expression of (A) MLH1, (B) SMUGL, (C) MMS19 and (D) PARP1 was assessed in OE33R
cells by quantitative real-time PCR following 24 h treatments with 10 uM of Quininib (Q1), P3,
P2 and P4 (n=3). Paired t-tests. Data are expressed as mean +SEM.
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3.4.7. Ranking of P series compounds following in-vitro screening experiments

In chapter 2 we ranked the P series compounds on their ability to inhibit angiogenesis and two
measures of metabolic rate; oxidative phosphorylation and glycolysis in-vivo in Tg(flil:EGFP)
zebrafish embryos, following which we brought the 5 most potent P series compounds Pyrazinib
(P3), P2, P4, P18 and P20 and 2 least active compounds, P8 and P23 forward for in-vitro screening
in this chapter.

In this chapter we have outlined the results of our extensive in-vitro screening where we evaluated
the effect of the P series compounds on real-time metabolic rate including oxygen consumption
rate and extracellular acidification rate, surrogate markers of mitochondrial function including
ATP levels, ROS levels, mitochondrial mass and mitochondrial membrane potential. In addition
we evaluated the effect of P series compounds on radiosensitivity, cellular proliferation and

cellular cytotoxicity following 24 h and 72 h treatments.

The key aim of our extensive screening was to evaluate if any of our P series compounds could
significantly enhance radiosensitivity in our isogenic model of radiosensitivity and if these
compound’s also inhibited oxidative phosphorylation which has been previously specifically
linked to radioresistance in OAC. The activity and ranking of these compounds in these assays is
outlined in Table 3-1. Three of our compounds, Pyrazinib (P3), P2 and P4 significantly enhanced
radiosensitivity in OE33P cells, whilst Pyrazinib (P3) and P4 also significantly enhanced
radiosensitivity of OE33R cells.

Based on our findings Pyrazinib (P3) was selected as our lead compound as it produced the most
robust reduction in surviving fraction of OE33P (42.2%) and OE33R (27.9%) cells and in addition
it was the only compound which could significantly reduce oxidative phosphorylation in both
OE33P and OE33R cells, producing the greatest reduction of OCR in OE33R cells of 22.1%.
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Table 3-1 Ranking of P series compounds following in-vitro screening in our isogenic model
of OAC radioresistance.

A ranking table showing the ranking of P series compounds based on their effect on metabolic
rate and radiosensitivity in-vitro in OE33P and OE33R cells. The greatest weighting was given
for their effect on radiosensitivity, followed by their effect on OCR. Inhibition of OCR was of
more importance in terms of weighting than ECAR. Pyrazinib (P3) achieved the highest ranking
as a result of its robust radiosensitising activity and significant inhibition of OCR in both OE33P
and OE33R cells.

Rank Hit In-vitro metabolism In-vitro metabolism Radio- Radio-
OE33P OE33R sensitivity sensitivity
OE33P @ OE33R @
24 h 24 h
Percentage | Percentage
reduction reduction
OCR % ECAR % OCR % ECAR % ) ]
reduction reduction reduction reduction In n
surviving surviving
fraction fraction
Quinoline Q1 175 21.7 0 3.8 12.7 5.8
Compound
1 P3 7.8 4.7 22.1 17 42.2 27.9
2 P2 6.5 15.2 18.8 10.2 27.16 19.5
3 P4 11.3 0 25 0 25.1 17.3
4 P18 9.2 2.8 0 5.1 0 2
5 P20 7.7 2.2 8.9 0 0 0
6 P8 0 0 0 0 0 0
7 P23 0 0 0 4 0 0
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3.4.8. Trearment with Pyrazinib (P3) at 10 uM is the optimal dose to enhance radio-sensitivity

in-vitro in an isogenic model of OAC radioresistance at 2 Gy irradiation

In the previous section we identified Pyrazinib (P3) as our lead radiosensitising compound, to
further investigate the ability of Pyrazinib (P3) to enhance radiosensitivity in our isogenic model
of OAC radioresistance we carried out a dose response clonogenic assay where we treated OE33P
and OE33R cells with 1, 5 and 10 uM for 24 h prior to 0 or 2 Gy irradiation.

Pyrazinib (P3) significantly enhanced radiosensitivity in OE33P cells at 10 uM (p=0.0062) but
there was no significant difference in surviving fraction following treatment with 1 or 5 uM and
2 Gy irradiation (Figure 3-11A). Pyrazinib significantly enhance radiosensitivity in OE33R cells
both at 5 (p=0.0008) and 10 uM (p=0.0031) to 2 Gy irradiation but there was no significant
difference in surviving fraction following treatment with 1 yM and 2 Gy irradiation (Figure
3-11B). There was no significant difference in the surviving fraction of OE33R cells treated with
either 5 or 10 uM of Pyrazinib (Figure 3-11B).

Based on our findings we selected 10 UM of Pyrazinib (P3) as our optimal dose to enhance
radiosensitivity in both OE33P and OE33R cells to 2 Gy irradiation.

113



(A) (B)

OE33P OE33R
0.81 0.81
c
2 0.6- S 0.6+ ]
§ & ok —*:—
LL *% Lt
o 0.4 --— 5 0.4-
= =
= =
5 0.2 £ 0.2
» 7]
0.0- T T T 0.0- T T T
1) 3 N 5) A N 5 5
o KO @ A9 S RO @ 29
0 o o N 8 o
S < < < 3 & < <
Sl & S S s S N N
~ ® N © S o% ¥
Treatment Treatment

Figure 3-11 Increasing doses of Pyrazinib (P3) significantly enhance radiosensitivity in OE33P
and OE33R cells.

The effect of 1, 5 and 10 uM treatment of Pyrazinib (P3) on radiosensitivity was assessed by
clonogenic assay in-vitro in (A) OE33P and (B) OE33R oesophageal adenocarcinoma cells,
(n=3). Paired t-test, *p<0.05, **p<0.01, (n=3). Data expressed as +SEM.
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349 Pyrazinib (P3) enhances radio-sensitivity in-vitro in an isogenic model of oesophageal

adenocarcinoma at 2, 4 and 6 Gy X-ray radiation

To further investigate the ability of Pyrazinib (P3) to enhance radiosensitivity in OAC we
evaluated the ability of Pyrazinib (P3) to radio-sensitise OE33P and OE33R cells to radiation
therapy at increasing doses of radiation (0, 2, 4 and 6 Gy) by clonogenic assay.

Similar to our findings shown previously in this chapter, Pyrazinib (P3) significantly enhanced
the radiosensitivity in OE33P and OE33R cells (p=0.0043, p=0.0051) respectively to 2 Gy
irradiation (Figure 3-12A,B). In addition, Pyrazinib (P3) significantly enhanced radiosensitivity
following irradiation at 4 Gy in OE33P (p=0.0081) and OE33R cells (p=0.0139) and 6 Gy in
OE33P and OE33R cells (p=0.0093, p=0.0141 respectively) (Figure 3-12A,B).

Pyrazinib (P3) produced a ~30% reduction in surviving fraction of OE33P cells following 2, 4
and 6 Gy X-ray radiation. In OE33R cells Pyrazinib (P3) produced a ~25% reduction following
2 and 4 Gy X-ray radiation and ~20% reduction following 6 Gy X-ray radiation.

Our findings demonstrate the robust ability of Pyrazinib (P3) to significantly enhance
radiosensitivity of both radiosensitive and radioresistant OAC cells to increasing doses of
radiation including 2, 4 and 6 Gy and highlight the robust radiosensitising activity of our lead

small molecule compound.
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Figure 3-12 Pyrazinib (P3) significantly enhances radio-sensitivity in-vitro in an isogenic
model of oesophageal adenocarcinoma at increasing fractionated doses of irradiation.

The effect treatment with our novel small molecule compound Pyrazinib (P3) on radiosensitivity
in-vitro was assessed by clonogenic assay. (A) Surviving Fraction of OE33P cells following
treatment with 0.1% DMSO control or 10 pM Pyrazinib (P3) and 0, 2, 4 and 6 Gy radiation,
(n=3), paired t-test, *p<0.05, **p<0.01. (B) Surviving Fraction of OE33R cells following
treatment with 0.1% DMSO control or 10 pM Pyrazinib (P3) and 0, 2, 4 and 6 Gy radiation,
(n=3), paired t-test, *p<0.05, **p<0.01. Data expressed as mean +SEM.
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3.5. Summary of main findings of chapter 3

Pyrazinib (P3) significantly inhibited OCR, a measure of oxidative phosphorylation in both
OE33P (radiation-sensitive) and OE33R (radiation-resistant) isogenic OAC cells

ATP levels are significantly higher in OE33R cells compared to OE33P cells, Pyrazinib (P3) and
P series compounds do not significantly alter ATP levels.

Treatment with Pyrazinib (P3), P2 and P18, P20 significantly reduced ROS levels in OE33P but
not OE33R cells.

Pyrazinib (P3) and P4 significantly enhanced radio-sensitivity in-vitro in an isogenic model of

oesophageal adenocarcinoma following 2 Gy X-ray radiation.

Pyrazinib (P3) and P series compounds did not significantly alter cellular proliferation.

Treatment with Quininib (Q1), Pyrazinib (P3), P2 and P4 did not significantly alter expression of
MMS19, SMUG1, PARP1 and MLH1 in OE33P or OE33R cells.

Pyrazinib (P3) was selected as our lead compound based on its ability to robustly enhance

radiosensitivity in OE33P and OE33R cells following 2 Gy X-ray radiation.

Pyrazinib significantly enhanced radiosensitivity in both OE33P and OE33R cells following 2, 4
and 6 Gy X-ray radiation doses.
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3.6. Discussion

In our initial screens in zebrafish we identified 3 novel small molecule compounds (Pyrazinib
(P3), P2 and P4) with significant anti-angiogenic and anti-metabolic activity in-vivo. For this
chapter our goal was to investigate if Pyrazinib (P3) and P series compounds which were
previously shown to inhibit angiogenesis and metabolism in-vivo in zebrafish could also inhibit
metabolism in-vitro and enhance radiosensitivity in our isogenic model of radioresistance.
Furthermore we also sought to investigate the effect of our P series compounds on surrogate

markers of mitochondrial function and DNA repair gene expression.

In-vitro, Pyrazinib (P3) and P2 produced a significant reduction in OCR a measure of oxidative
phosphorylation of ~22% and ~18% respectively in OE33R cells with Pyrazinib (P3) producing
a simultaneous reduction in ECAR, a measure of glycolysis. Notably, only Pyrazinib (P3)
produced significant anti-metabolic activity in both the radiosensitive OE33P and radioresistant
OE33R cell lines. We have previously shown that OAC radio-resistant cells have an increased
rate of oxidative phosphorylation when compared to radiosensitive OAC cells, thus, the potent
inhibition of oxidative phosphorylation produced by our novel compounds is a significant finding
in this model [82]. The higher rate of oxidative phosphorylation in OE33R radioresistant cells
may indicate these cells consume more oxygen than radiosensitive cells and is thought to be a
contributing factor promoting the radioresistant phenotype. Given the importance of oxygen in
the radioresponse especially and that ATP5B, a marker of oxidative phosphorylation, is expressed
at significantly higher levels in OAC patients with a subsequent poor response to neo-CRT the
inhibition of OCR by Pyrazinib (P3) is a significantly important effect [82]. Metformin was
demonstrated to significantly sensitise oesophageal cancer cells to radiation in-vitro [218]. This
was associated with an induction of GO/G1 arrest, apoptosis and delayed repair of DSB’s
following ionising radiation and activation of AMPK, serine/threonine kinase which functions as
a cellular metabolism sensor. As mentioned earlier, in-vivo, in HCT-116 xenografts,
administration of metformin was found to produce a 7% reduction in oxygen consumption rate
and to improve tumour re-oxygenation [225]. In addition, in these xenografts, pre-treatment with
metformin before one dose of 15 Gy irradiation produced a significant tumour growth delay [225].
Targeting oxidative phosphorylation in-vivo with papaverine was found to enhance tumour
oxygenation and sensitise tumours to radiation therapy [229]. These findings in the literature
support our results and highlight the potential of our novel anti-metabolic agents to enhance
radiosensitivity. ATP levels were modestly but significantly higher in OE33R cells when
compared to OE33P cells, supporting previous findings by our group but P series compounds had
no effect on ATP levels [82].
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The more potent anti-angiogenic and anti-metabolic activity produced by Pyrazinib (P3) than its
parent compound Quininib (Q1) may be attributable to their different structural features and
molecular targets, Quininib (Q1), a quinoline compound, is a known cysteinyl leukotriene
receptor 1 and receptor 2 antagonist whereas binding studies have shown Pyrazinib, a pyrazine
phenol does not target this molecular pathway [272]. Furthermore, previous studies have indicated
that cancer cells can switch from a predominant glycolytic phenotype to an oxidative phenotype
following radiation to promote cancer cell survival under genotoxic stress via mTOR-mediated
hexokinase Il inhibition [297] and p53-independent mitochondrial biogenesis, which is counter-
regulated by HIF 1a [298] . Thus, dual inhibition of both oxidative phosphorylation and glycolysis
by Pyrazinib (P3) in combination with anti-angiogenic activity is favourable. The lack of feedback
upregulation of ECAR following OCR inhibition suggests Pyrazinib (P3) is acting at an early
point common to both pathways or there is a dysregulated compensatory mechanism in this
isogenic model. In a pancreatic study inhibition of OCR with oligomycin was not found to cause
an upregulation in ECAR [123]. Furthermore, metabolism is tightly linked to angiogenesis, as
tumour vasculature supplies glucose to the tumour which is used to fuel the tricarboxylic acid
cycle [299]. Thus, the use agents targeting both angiogenesis and oxidative phosphorylation may
be a novel approach that could be utilised to overcome radiation resistance.

Elevated levels of ROS have been reported in a number of cancer types [300]. In-vitro, OE33R
cells were found to have significantly higher levels of ROS when compared to their matched
OE33P cells which supports previous findings by our group and may be linked to the increased
levels of mitochondrial mutagenesis in these cells [82]. The higher levels of ROS in the OE33R
line may be a product of the extensive radiation exposure these cells underwent to become
radioresistant but also highlights the altered mitochondrial function in radiation-resistant cells
when compared to radiation-sensitive cells. Treatment with our novel compounds Pyrazinib (P3),
P2, P4, P18, P20 and P8 significantly reduced ROS levels in the OE33P cells but no effect was
seen in the treated OE33R cells. This inhibition of ROS specifically in our OE33P but not OE33R
line was interesting and may indicate Pyrazinib (P3) and other P series compounds (P2, P4, P18,
P20, P8) can only alter inherently lower levels of ROS, as seen in OE33P cells, with no activity
on the higher ROS levels in OE33R cells. Notably only Pyrazinib (P3), which produced a
reduction in ROS levels in OE33P cells, could also reduce oxidative phosphorylation in OE33P
cells, potentially indicating that these compounds are targeting ROS generated from other
processes outside the metabolic cycle, given no simultaneous reduction in metabolism is seen
despite robust reductions in ROS produced by the other compounds (P2, P4, P18, P20 and P8) in
OE33P cells. This result indicated that the previous reduction in metabolic rate in the OE33R
cells is independent of changes to ROS and other mediators of mitochondrial function including

mitochondrial membrane potential and mitochondrial mass and the reduction of either OCR or
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ECAR or both by Pyrazinib (P3) and P2 is possibly occurring through an alternative mechanism.
ROS is critical to the DNA damage response induced by irradiation, but on the contrary can
promote cellular signalling and proliferation, thus a reduction of the higher levels of ROS in the
OE33R cells following treatment may confer a favourable advantage [301]. ROS can function as
tumourigenic mediators which promote cellular proliferation, survival and migration [302].
Furthermore ROS have been reported to function as second messengers in intracellular signalling
cascades to further promote tumourigenesis [302]. On the other hand, it is also known that ROS
can induce cellular senescence and cell death and can therefore function as anti-tumorigenic
agents [300]. ROS is produced as a by-product of oxidative phosphorylation and elevated ROS
levels in the tumour and surrounding microenvironment can be a result of a number of processes
including increased metabolic activity and mitochondrial dysfunction [302]. A disproportional
increase in intracellular ROS can also induce cancer cell cycle arrest, senescence and apoptosis
which can be exploited by chemotherapy and may also occur due to the generation of ROS by
immune cells [300]. In summary, our results suggest that our P series compounds may be acting
directly on these metabolic pathways, independent of significant changes to mitochondrial

function.

Pyrazinib (P3) and P4, significantly enhanced radiosensitivity in both radiation-sensitive and
radiation-resistant OAC cells. P2 could only enhance radiosensitivity in the radiation-sensitive
OAC cells. Importantly, the quinoline compound Quininib, (Q1) and the P series compounds
which can inhibit angiogenesis but not OCR, a measure of oxidative phosphorylation could not
enhance radioresponse. Furthermore, the enhanced radiosensitising effect was independent of
changes to cellular proliferation or cellular cytotoxicity. These were significant findings which
demonstrated that our lead small molecule compound; Pyrazinib (P3), could enhance
radiosensitivity in an isogenic model of OAC radioresistance as similar agents currently do not
exist in this space. Irradiation is a critical treatment modality which is used in the treatment of
over 50% of human malignancies with response to radiation often inversely correlated to a
reduction in tumour size [55]. This further highlights the importance of our identification of novel
small molecule compounds which can enhance radiosensitivity in an isogenic model of OAC
radioresistance. Importantly, clonogenic studies have been previously used to identify
radiosensitising compounds in-vitro which have been later translated to radiosensitising agents in
the clinic, an example of which is gemcitabine [189]. Thus, the clonogenic assay is a useful tool
for the identification of potential novel radiosensitising agents, but it is important to note such

assays lack the complexity of the heterogeneous tumour microenvironment.

In addition to metabolism and mitochondrial function, DNA repair plays a critical role in

radiosensitivity. Pyrazinib (P3) significantly enhances radiosensitivity in OE33P and OE33R cells
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independent of baseline changes to the expression of DNA repair genes MLH1, SMUG1, MMS19
and PARP1 which have been previously linked to radiation resistance in OAC [150]. Treatment
of OE33P and OE33R cells with Quininib (Q1), Pyrazinib (P3), P2 and P4 had no effect on the
expression four DNA repair genes; MLH1, PARP1, MMS19 or SMUGL1, these findings indicated
that Pyrazinib (P3) is not enhancing radioresponse through the inhibition of these DNA repair
genes specifically but may do so through alternative DNA damage/repair pathways and/or
mechanisms. Importantly, the expression levels of these 4 DNA repair genes are not significantly
different in OE33P versus OE33R cells at baseline indicating these genes may not be the only
factors promoting the radio-resistant phenotype in these cells despite the apparent role of these
genes in radiosensitivity in OAC, highlighting possibly the difference in biological importance of
these genes in-vitro versus in-vivo. As mentioned previously ionising radiation primarily aims to
exert local control through the induction of cellular DNA damage including critical double strand
breaks (DSB) and the level repair of these DSB often confers the level of radiosensitivity within
the tumour. In a previous study by our group, it was found there was significantly higher
expression of DNA repair genes; MLH1, SMUG1, PARP1 and MMS19 in treatment-naive OAC
patient biopsies from patients who failed to respond to neo-CRT when compared to those obtained
from patients with a good response to neo-CRT, highlighting the importance of DNA damage
repair in treatment response in OAC [303]. Furthermore, additional studies in our lab have also
demonstrated that microRNA; miR-31 was downregulated in OE33R cells and subsequent
expression was associated with increased radiosensitivity and decreased expression of a number
of genes involved in DNA repair including MMS19, SMUG1, PARP1 and MLH1 highlighting the
role of these genes in radioresponse in OAC [303]. MMS19, Methyl-methanesulfonate sensitivity
19, which plays a crucial role in genomic stability has been identified as a potential new predictor
of metastasis and CRT response in SCC [304]. Mut L homologue-1 (MLH1) protein which is a
necessary component of DNA mismatch repair (MMR), in G2-M cell cycle checkpoint has been
previously linked with radiosensitivity in CRC and inhibition of MLH1 via c-MYC has been
shown to enhance radiosensitivity in melanoma [305-307]. In a pancreatic xenograft model, the
combination of a PARP1 inhibitor and Weel inhibitor significantly enhanced radiosensitivity and
produced a 20 % eradication of tumours [308]. In addition silencing SMUG1, a DNA glycosylase
which plays a role in the base excision repair pathway was shown to increase sensitivity to y-
radiation in mouse embryonic fibroblasts [309]. Notably, cisplatin and gemcitabine, two of the
most widely used radio-sensitising agents exert their effects through the induction of DNA
damage through the disruption of two common DNA repair pathways; non-homologous end
joining and homologous recombination respectively. -It will be of interest in the future to assess
the levels of DNA damage induced by Pyrazinib (P3) treatment using the comet assay as our
previous studies only focused on 4 specific DNA repair genes whereas this assay will allow us to

assess the actual DNA damage levels induced in the cells following treatment and may provide
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further information to aid investigation into the relationship between Pyrazinib (P3) and the DNA
damage response pathway.

Pyrazinib (P3) significantly enhanced radiosensitivity of OE33P and OE33R cells to increasing
doses of radiation including 2, 4 and 6 Gy. In our initial experiments in this we investigated the
ability of Pyrazinib (P3) to enhance radiosensitivity at the clinically relevant dose of 2 Gy. In
order to further investigate the clinical utility of Pyrazinib (P3) we investigated its potential to
increase radiosensitivity at higher doses of radiation. OE33R cells have previously been shown
to more resistant to 2, 4 and 6 Gy fractions of X-ray radiation than OE33P cells [150]. The ability
of Pyrazinib (P3) to enhance radiosensitivity to higher doses of radiation further highlights in

clinical potential as a radiosensitiser.

In summary from our findings in this chapter we have identified Pyrazinib (P3) as our lead
compound which can significantly inhibit OCR, a measure of oxidative phosphorylation and
enhance radiosensitivity in OE33P and OE33R cells. Pyrazinib (P3) will be the only drug taken
into further studies detailed in the following chapters.

Aspects of this chapter have been published in Cancer Letters, see Figure 3-13.
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Figure 3-13 Pyrazinib (P3), [(E)-2-(2-Pyrazin-2-yl-vinyl)-phenol], a small molecule pyrazine
compound enhances radiosensitivity in oesophageal adenocarcinoma.
Aspects of this chapter have been published in Cancer Letters [285].
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4. Chapter 4. Evaluating the effect of Pyrazinib (P3) on
metabolism and radiosensitivity under normoxic and hypoxic

conditions and its effect on chemosensitivity in OAC
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4.1. Introduction

In chapter 3 we identified Pyrazinib (P3) as our lead compound from our drug screening analysis
with robust anti-angiogenic, anti-metabolic and radiosensitising activity. In this chapter we
further investigated the anti-metabolic and radiosensitising activity of Pyrazinib (P3) under
normoxic and hypoxic conditions. Furthermore, we investigated the action of Pyrazinib (P3) in
an OAC isogenic model of cisplatin resistance and investigated the interactions between Pyrazinib

(P3) and the well-known chemotherapy 5-FU in our OAC model of radioresistance.

Aerobic mitochondrial respiration is fuelled by a number of metabolic substrates including
glucose/pyruvate, fatty acids and glutamine [310]. Pyruvate formed by glycolysis is converted to
acetyl CoA, the starting point of the TCA cycle [310]. The TCA cycle is also the entry point for
fatty acid and amino acid oxidation, which enter the cycle as acetyl CoA [310]. Fatty acids can
then move through this pathway as acetyl CoA derivatives utilising NADH and FADH; [310].
Glutaminolysis involves the initial deamination of glutamine by glutaminase, yielding glutamate
and ammonia. Glutamate is then converted via a second deamination step to a Krebs cycle
intermediate, a-ketoglutarate (0-KG) [311]. In this chapter we sought to investigate the aerobic
mitochondrial metabolic substrate dependency of OE33P and OE33R cells.

Increased levels of oxidative phosphorylation in tumours promote the development of hypoxic
regions. Hypoxia can be defined as an oxygen deficiency. Hypoxic tumour cells are inherently
resistant to radiation therapy and tumour hypoxia is a negative prognostic marker in head and
neck SCC tumours treated with X-ray radiation [148, 312]. A number of studies which have
previously investigated the potential of targeting tumour oxygenation levels before radiation to
enhance radiation response have utilised hyperbaric oxygen or carbogen, an oxygen rich gas in
combination with vasodilation therapies [313]. Although these studies have shown clinical benefit
their application in the clinic is limited due to practical implications of applying such treatment
[314]. An alternative approach is to molecularly target oxidative phosphorylation to reduce the
amount of oxygen consumed and enhance the amount of oxygen available to function as a
radiosensitiser in the tumour. Thus, given the elevated levels of oxidative phosphorylation in our
OAC radioresistant cells and the role of oxygen in radioresponse we sought to evaluate the
potential of Pyrazinib (P3) to inhibit oxygen consumption rate in our isogenic OAC model of
radioresitance under conditions of normoxia and hypoxia and evaluate its ability to enhance

radiosensitivity under both conditions.

Cisplatin is a platinum-based chemotherapy which is used to treat a wide number of solid cancers

[315]. Cisplatin is administered as part of a neo-adjuvant chemotherapy regimen referred to as
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MAGIC for the treatment of OAC [44]. The MAGIC chemotherapy protocol consists of
administration of etoposide, cisplatin and 5-FU chemotherapy pre- and post-operatively [45, 46].
One mechanism by which cisplatin exerts its anti-cancer effect is through the generation of DNA
lesions resulting in the activation of the DNA damage response and the subsequent induction of
mitochondrial apoptosis [315]. Initial responses to cisplatin are often quite promising, however
chemoresistance to cisplatin develops leading to treatment failure. A poor response to neo-
adjuvant treatment is associated with poor outcome thus it is critical to understand the molecular
mechanisms governing resistance to cisplatin in OAC and the effect of Pyrazinib (P3), if any on
cisplatin sensitive and cisplatin resistant cells in terms of metabolism, cell survival,

chemosensitivity and radiosensitivity.

5-FU is an anti-metabolite drug which is a pyrimidine nucleoside analogue [316]. 5-FU, is rapidly
taken into cells via the same transport mechanism as uracil [316]. Intracellularly, 5-FU is
converted into a number of active metabolites including, fluorodeoxyuradine monophosphate
(FAUMP), fluorodeoxyuradine triphosphate (FAUTP) and fluorouradine triphosphate (FUTP)
[52]. 5-FU is thought to exert its cytotoxic effect through both the misincorporation of
fluoronucleotides into RNA and DNA and the inhibition of the nucleotide synthetic enzyme
thymidylate synthase [52]. FdUMP binds to the nucleotide synthetic enzyme thymidylate
synthase which results in the depletion of the thymidine nucleotide pool, and subsequently hinders
nucleic acid synthesis. The delay in thymidine synthesis results in the misincorporation of uracil
and subsequent DNA damage [317, 318]. 5-FU is given as a chemotherapy-based treatment alone
or in combination with other chemotherapies or radiation to enhance radioresponse. 5-FU may
enhance radiosensitisation through a number of mechanisms including cellular redistribution of
cells to radiosensitive phases of the cell cycle, inappropriate progression through the radiation-
resistant S-phase of the cell cycle and inhibition of DNA repair following radiation-induced
damage [319-321]. In an in-vitro model of CRC, the down regulation of NAD*-dependent
deacetylase sirtuin-7 (SIRT7) by 5-FU was shown to enhance radiosensitivity [322]. 5-FU is
commonly used clinically in conjunction with radiation for the treatment of malignant neoplasms
of the gastrointestinal tract. In 2001, the INT-0116 study demonstrated an improvement in overall
survival for patients with gastric cancer who underwent resection followed by adjuvant 5-FU
chemotherapy and X-ray radiation compared to patients who were treated with surgical resection
alone [323]. However, 5-FU is not currently administered in combination with radiation to OAC
patients, 5-FU is administered as part of the chemotherapy only arm of the trial, the MAGIC
regimen [44]. In this chapter we sought to investigate the effect of 5-FU on cellular cytotoxicity
and radiosensitivity in our isogenic model of OAC radioresistance. Furthermore, we investigated
the interaction of Pyrazinib (P3) and 5-FU when administered in combination to OE33P and

OE33R cells. It is important to not only understand how Pyrazinib (P3) interacts with radiation
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but also with other treatments such as chemotherapies and whether it can sensitise OAC cells to

these chemotherapies.

In this chapter we sought to further investigate the anti-metabolic activity of Pyrazinib (P3) under
both normoxic and hypoxic conditions and investigate the specific mitochondrial fuels that
OE33P and OE33R cells rely on. We also wanted to explore the ability of Pyrazinib (P3) to inhibit
metabolism and alter radioresponse under hypoxic conditions. Furthermore, we investigated the
action of Pyrazinib (P3) in isogenic model of OAC cisplatin resistance and investigated the action

of Pyrazinib (P3) in combination with 5-FU in our isogenic model of OAC radioresistance.
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4.2. Overall objective and specific aims of chapter 4

Our overall objective of chapter 4 was to further investigate the ability of Pyrazinib (P3) to inhibit

metabolism and enhance radiosensitivity in our isogenic model of OAC radioresistance under

hypoxic conditions. In addition, we investigated the effect of Pyrazinib (P3) on chemosensitivity.

The specific aims of chapter 4 were:

1.

Investigate the dependency of OE33P and OE33R cells on the metabolic substrates;
pyruvate, fatty acids and glutamine for aerobic respiration.

Evaluate the effect of Pyrazinib (P3) treatment on the mitochondrial apoptosis proteins
Cytochrome C and Caspase 3 secretion from OE33P and OE33R cells.

Evaluate the anti-metabolic activity of Pyrazinib (P3) on energy metabolism including
oxidative phosphorylation and glycolysis in OE33P and OE33R cells cultured under
normoxia and hypoxia (0.5% Oy).

Evaluate the effect of Pyrazinib (P3) on three surrogate markers of mitochondrial
function; ROS, mitochondrial mass and mitochondrial membrane potential in OE33P and
OE33R cells cultured under normoxia and hypoxia.

Evaluate the effect of Pyrazinib (P3) on radiosensitivity and cellular proliferation under
hypoxic conditions of 0.5% O, in OE33P and OE33R cells.

Evaluate the anti-metabolic activity of Pyrazinib (P3) on energy metabolism in an OAC
isogenic model of acquired cisplatin resistance.

Evaluate the effect of Pyrazinib (P3) on chemosensitivity and radiosensitivity in our
isogenic model of OAC acquired cisplatin resistance.

Investigate the effect of Pyrazinib (P3) in combination with 5-FU on chemosensitivity
and radiosensitivity in OE33P and OE33R cells.
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4.3, Meihods
4.3.1. Generation of cell lines

The human OE33 oesophageal adenocarcinoma cell line was obtained from the European
Collection of Authenticated Cell Cultures and generated as previously described in section 3.3.1
[150]. The isogenic model of cisplatin resistant OAC; OE33 Cis P (cisplatin-sensitive) and OE33
Cis R (cisplatin-resistant) cells was generated as previously described [324]. Briefly, to generate
the isogenic model of OAC cisplatin resistance, OE33 cells were treated with 1 uM cisplatin or
PBS (NaCl) vehicle control for 72 h. Treatment was then discarded and replaced with complete
media for 72 h, and this cyclic treatment regimen was repeated for approximately 6-months.
During this time, cells were subcultured at 80-90% confluence and cisplatin sensitivity was
assessed throughout the 6-month period via clonogenic assay. The 1C50 of OE33 Cis P and OE33
Cis R cells was determined to be 1.3 uM and 2.8 uM respectively. OE33 Cis R cells maintain

their resistance to cisplatin in cisplatin free media.

4.3.2. Cell culture

Cell culture was carried out as per section 3.3.2.

4.3.3. Preparation and storage of Pyrazinib (P3)

Pyrazinib (P3), (E)-2-(2-Pyrazin-2-yl-vinyl)-phenol was synthesised by Celtic Catalysts
(Ireland). Pyrazinib (P3) was dissolved in 100% DMSO to make 10 mM stock solutions for

experimental use and stored at -20°C.

4.3.4. Metabolic pathway dependency analysis

OE33P and OE33R cells were seeded at a density of 11,000 and 13,000 cells/well, respectively
in 24-well cell culture XFe24 microplates (Agilent Technologies, Santa Clara, CA, USA) in a
volume of 100 uL and allowed to adhere at 37°C in 5% CO./95% air. 5 hours later, an additional
150 uL/well complete cell culture RPMI-1640 medium was added. Cells were cultured for 24 h
prior to running pathway dependency assay. Three specific inhibitors were used to evaluate the
dependency of OE33P and OE33R cells on glutamine oxidation, fatty acid oxidation and glucose
oxidation using the Seahorse Mito Fuel Flex Test (Agilent Technologies, Santa Clara, CA, USA).
The Mito Fuel Flex Test inhibits import of three major metabolic substrates (pyruvate, fatty acids,
and/or glutamine) with mitochondrial pyruvate carrier inhibitor UK5099 (2 pM), carnitine
palmitoyltransferase 1A inhibitor etomoxir (4 pM), or glutaminase inhibitor BPTES (3 puM)
(Figure 4-1). This test determines cellular dependence on each metabolite to fuel mitochondrial
metabolism by inhibiting the individual substrate import or the capacity for utilising that substrate

when the others are blocked. Baseline OCR was monitored for 24 min followed by sequential
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inhibitor injections of either Treatment 1 or Treatment 2 with OCR readings taken 6 times over 8
min following the addition of each treatment. The inhibitor treatments and calculations are shown

in Table 4-1.

Glucose

BPTLS Glutamine

BOua— Fatty Acids N,

ECAR

H* W= Lactate 4w Pyruvate Glutamate

UKSe99

OCR O,

Figure 4-1 Schematic of metabolites and drug targets.
Schematic illustrating targets of three inhibitors used in pathway dependency assay; UK5099,

BPTES and etomoxir. Image adapted from Smallwood et al. [325].

Table 4-1 Metabolic tests and associated inhibitors

Table detailing treatments used to carry out pyruvate, glutamine and fatty acid dependency and
capacity tests. Formulas used to calculate percentage capacity, dependency and flexibility
following metabolic tests are detailed in last three rows of table.

Metabolite Test Treatment 1 Treatment 2
Pyruvate dependency UK5099 Etomoxir + BPTES
Pyruvate capacity Etomoxir + BPTES UK5099
Glutamine dependence BPTES Etomoxir + UK5099
Glutamine capacity Etomoxir + UK5099 BPTES
Fatty acid dependence Etomoxir BPTES + UK5099
Fatty acid capacity BPTES + UK5099 Etomoxir
(Baseline OCR — OCR following other 2 inhibitors)
Percentage Capacity [1- (Baseline OCR — OCR following all inhibitors) ]+100
(Baseline OCR — OCR following target inhibitor)
Percentage Dependency (Baseline OCR — OCR following all inhibitors)
Percentage Flexibility Percentage Capacity — Percentage Dependency
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4.3.5. Caspase 3 ELISA

Caspase 3 levels were assessed in OE33P and OE33R cell supernatants which were collected
following 24 and 72 h treatment of 250,000 cells/well with 10 puM Pyrazinib (P3) or 0.1% DMSO
by ELISA (LifeSpan Biosciences Inc.) using a human caspase 3 sandwich ELISA kit. The assay
principle was based on specific binding of caspase 3 in 100 uL of standards or samples binding
to target specific capture antibody on coated wells following incubation for 1 h at 37°C in 5%
C0./95% air. Any unbound standard or samples were washed away following incubation. 100 uL
of biotin-conjugated detection antibody was added and bound to capture antigen following
incubation for 1 h at 37°C in 5% C0,/95% air, any unbound detection antibody was washed away
following incubation. 100 pL. Avidin-Horseradish Peroxidase (HRP) which binds to biotin was
added and incubated for 1 h at 37°C in 5% CO2/95% air and any unbound HRP was washed away
following incubation. 3,3',5,5'-Tetramethylbenzidine (TMB) substrate which reacts with HRP
enzyme was added and colour change was induced following incubation for 10-20 min at 37°C
in 5% CO./95% air. 50 pL sulfuric acid solution was added to terminate colour development and
absorbance was read at 450 nm on a VersaMax microplate reader (Molecular Devices, Sunnyvale,
CA, USA). Absorbance values were normalised to protein levels following BCA assay as
described in section 4.3.7.

4.3.6. Cytochrome C ELISA

Cytochrome C levels were assessed in OE33P and OE33R cell supernatants which were collected
following 24 and 72 h treatment with 10 uM Pyrazinib (P3) or 0.1% DMSO by ELISA (LifeSpan
Biosciences Inc.) using a human Cytochrome C sandwich ELISA Kit. The assay principle was
based on specific binding of Cytochrome C in 100 uL standards or samples to target specific
capture antibody on coated wells following incubation for 2 h at 37°C in 5% C0O/95% air. Any
unbound standard or samples were aspirated off. 100 uL biotin-conjugated detection antibody
was added and bound to capture antigen following incubation for 1 h at 37°C in 5% CO/95% air,
any unbound detection antibody was washed away. 100 uL. HRP which binds to biotin was added
and incubated for 1 h at 37°C in 5% CO,/95% air. Any unbound HRP was removed following
aspiration and 5 wash cycles. 90 uL. TMB substrate which reacts with HRP enzyme was added
for 15-30 min and incubated at 37°C in 5% CO./95% air until sufficient colour change was
induced. The stop solution sulfuric acid was added at 50 uL/well to terminate colour development
and absorbance was read at 450nm on a VersaMax microplate reader (Molecular Devices,
Sunnyvale, CA, USA). Absorbance values were normalised to protein levels following BCA

assay as described in next section 4.3.7.
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4.3.7. Bicinchoninic acid (BCA) assay

Protein content was determined using the Pierce bicinchoninic acid (BCA) Protein Assay Kit
(Thermo Fischer Scientific, Waltham, MA, USA). The highest standard used was 2 mg/mL
albumin. A 2-fold serial dilution was made and 25 pL/well standard or sample was added in
duplicate. 200 pL/well working reagent (50:1 BCA reagent A: BCA reagent B) was added and
mixed. The plate was incubated for 30 min at 37°C. The plate was cooled to RT and absorbance
was read at 562 nm on a VersaMax microplate reader (Molecular Devices, Sunnyvale, CA, USA).
A standard curve was generated and sample values were interpolated to determine unknown

protein concentration of samples.

4.3.8. Evaluation of metabolic rate of OE33P and OE33R cells cultured under 0.5% 0;

Cells cultured under normoxic conditions were cultured as follows, OE33P and OE33R cells were
seeded at a density of 11,000 and 13,000 cells/well, respectively in 24-well cell culture XFe24
microplates (Agilent Technologies, Santa Clara, CA, USA) in a volume of 100 puL and allowed
to adhere at 37°C in 5% CO2/95% air. Following 5 h incubation, an additional 150 pL/well
complete cell culture RPMI-1640 medium was added. Cells cultured under hypoxia of 0.5% O>
were seeded at a density of 15,000 and 18,000 respectively, cells were allowed to adhere at 37°C
in 5% CO0,/95% air for 6 h before being placed under hypoxic conditions in the H35 Whitley
workstation. 24 h later, OE33P and OE33R cells were treated with 10 uM Pyrazinib (P3) or 0.1%
DMSO control, treatment was carried out under normoxia or hypoxia conditions as required.
Following 24 h treatment, media was removed and cells were washed with DMEM supplemented
with 10 mM glucose and 10 mM sodium pyruvate (pH 7.4) and incubated for 1 h at 37°C in a
CO.-free incubator. OCR and ECAR were measured using a Seahorse Biosciences XFe24
Extracellular Flux Analyser (Agilent Technologies, Santa Clara, CA, USA). Three basal
measurements of OCR and ECAR were taken over 24 min consisting of three repeats of mix (3
min) / wait (2 min) / measurement (3 min) to establish basal respiration. Three additional
measurements were obtained following the injection of three mitochondrial inhibitors including
oligomycin (2 pg-mL—1, Sigma Aldrich), FCCP (5 uM, Sigma Aldrich) and antimycin-A (2 pM,
Sigma Aldrich). ATP turnover was calculated by subtracting the OCR post oligomycin injection
from baseline OCR prior to oligomycin addition. Proton leak was calculated by subtracting OCR
post antimycin-A addition from OCR post oligomycin addition. Maximal respiration was
calculated by subtracting OCR post antimycin-A addition from OCR post FCCP addition. Non-
mitochondrial respiration was determined as OCR value post antimycin A addition. All
measurements were normalised to cell number using the crystal violet assay, transferring the

eluted stain to a 96-well plate before reading as previously described in section 3.3.7.
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4.3.%. Measuring ROS levels, mitochondrial mass and mitochondrial membrane potential in

OFE33P and OFE33R cells cultured under 0.5% O

OE33P and OE33R cells were seeded at 8,000 cells/well for normoxic culture and 10,000
cells/well for hypoxic culture. Cells for hypoxic culture were allowed to adhere at 37°C in 5%
C0O2/95% air for 6 h before being transferred to the Whitley H35 hypoxystation at 37°C in
5%C0,/0.5%0,. Following 24 h incubation under normoxic or hypoxic conditions (0.5% O5)
OE33P and OE33R cells were treated with 10 uM of Pyrazinib (P3) or 0.1% DMSO control whilst
being maintained under specific culture conditions. Following 24 h treatment, ROS levels,
mitochondrial mass and mitochondrial membrane potential were evaluated as previously
described in sections 3.3.9 - 3.3.11 whilst being maintained under normoxic or hypoxic conditions
of 0.5% O..

4.3.10h. Clonogenic assay with OE33P and OE33R OAC cells

OE33P and OE33R cells were trypsinised, counted and seeded at the optimised densities of 1 - 3
x 10% in 1.5 mL complete RPMI-1640 in triplicate in 6 well plates and allowed to adhere
overnight. Following 24 h incubation, OE33P and OE33R cells were treated with either 0.1%
DMSO or Pyrazinib (P3) at 10 uM for 24 h prior to receiving 0 or 2 Gy irradiation. Clonogenics
carried out under hypoxic conditions were seeded and allowed to adhere at 37°C in 5% CO./95%
air for 6 h before being transferred to the Whitley H35 hypoxystation at 37°C in 5%C0,/0.5%0,.
Following 24 h incubation under hypoxic conditions (0.5% O,) OE33P and OE33R cells were
maintained at 0.5% O and treated with 10 uM of Pyrazinib (P3) or 0.1% DMSO control and
irradiated 24 h later at 5% C0O2/0.5% O,. Following 24 h incubation following irradiation, plates
were returned to 37°C in 5% CO,/95% air. Colonies were allowed to grow for 7-14 days, at which
point they were fixed and stained with 250 pL 0.05 % crystal violet (25% Methanol in dH-0) and
allowed to air dry. Colonies consisting of 50 cells or more were counted using a colony counter
(ColCountTM, Oxford Optronix, Oxford, UK). Plating efficiency (PE), fraction of colonies
formed by untreated cells, was calculated using the formula: PE = No. colonies/No. cells seeded.
The surviving fraction (SF), the number of colonies formed by treated cells, expressed in terms

of PE, was calculated using the formula: SF = No. colonies/(No. cells seeded x PE).

4.3.11. Irradiation

Irradiation was performed using a Xstrahl X-ray generator, (RS225) (Xstrahl), at a dose rate of

2.85 Gray (Gy) per min.
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4.3.12. BrdU proliferation assay in OE33P and OE33R cells cultured under 0.5% O,

OE33P and OE33R cells were seeded at 8,000 cells/well for normoxic culture and 10,000
cells/well for hypoxic culture. Cells for hypoxic culture were allowed to adhere at 37°C in 5%
C0O2/95% air for 6 h before being transferred to the Whitley H35 hypoxystation at 37°C in
5%C0,/0.5%0,. Following 24 h incubation under normoxic or hypoxic conditions (0.5% O5)
OE33P and OE33R cells were maintained at 0.5% O, and treated with 10 uM of Pyrazinib (P3)
or 0.1% DMSO control, following 24 h treatment BrdU labelling solution was added and BrdU

assay was carried out as previously described in section 3.3.14.

4.3.13. Preparation of chemotherapeutic drugs

Stock solutions of cis-diamminedichloroplatinum (cisplatin) and 5-FU were prepared in PBS and
dimethyl sulfoxide (DMSO), respectively. Solutions were sterile filtered and then aliquoted and

stored at -20°C. Prior to use the solution was incubated at 37°C and mixed thoroughly.

4.3.14. Metabolic rate measurements in OE33 Cis Pand OE33 Cis R cells

OE33 Cis P and OE33 Cis R cells were seeded in 5 wells per treatment group at a density of
18,000 and 20,000 cells/well, respectively in 24-well cell culture XFe24 microplates (Agilent
Technologies, Santa Clara, CA, USA) at a volume of 100 puL and allowed to adhere at 37°C in
5% C02/95% air. 5 hours later, an additional 150 pL/well complete cell culture RPMI-1640
medium was added. Following 24 h incubation cells were treated with 10 uM Pyrazinib (P3) or
0.1% DMSO, 24 h later media was removed and cells were washed with DMEM supplemented
with 10 mM glucose and 10 mM sodium pyruvate, (pH 7.4) and incubated for 1 h at 37°C in a
CO.-free incubator. OCR and ECAR were measured using a Seahorse Biosciences XFe24
Analyser (Agilent Technologies, Santa Clara, CA, USA). Three basal measurements of OCR and
ECAR were taken over 24 min consisting of three repeats of mix (3 min) / wait (2 min) /
measurement (3 min) to establish basal respiration ATP turnover, proton leak, maximal
respiration, non-mitochondrial respiration was determined as previously described in section
4.3.5. All measurements were normalised to cell number using the crystal violet assay as
previously described in section 3.3.7. For seahorse experiments carried out under 0.5% O
hypoxia, cells were seeded under normoxic conditions and allowed to adhere for 6 h at 37°C 5%
CO./95 % air following which they were placed at 37°C 5% CO,/0.5% O, in the H35 Whitley
hypoxystation for 48 h and seahorse measurements were carried out under hypoxia in the i2

Whitley station using the same protocol for measuring rate as described for normoxic conditions.
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4.3.15. Clonagenic assay with OFE33 Cis P and OE33 Cis R cells

OE33 Cis P and OE33 Cis R cells were trypsinised, counted and seeded at the optimised densities
of 1-2.5x10%in 1.5 mL complete RPMI-1640 in triplicate in 6 well plates and allowed to adhere
overnight. For chemosensitivity assays, cells were allowed to adhere for 24 h following which
they were treated with PBS control, 1.3 uM or 2.8 uM of cisplatin or 1.3 uM or 2.8 uM cisplatin
in combination with 10 pM Pyrazinib (P3). OE33 Cis P cells were treated with 1.3 uM cisplatin
and OE33 Cis R cells were treated with either 1.3 uM or 2.8 uM of cisplatin. For radiosensitivity
assays, cells were seeded and allowed to adhere for 24 h following which OE33 Cis P and OE33
Cis R cells were treated with control or 10 uM Pyrazinib (P3) for 24 h following which cells were
either irradiated at 2 Gy or mock irradiated. Colonies were allowed to grow for 7-14 days at which

point they were fixed, stained and counted as described in section 3.3.12.

4.3.16. Clonagenic assay with OE33P and OE33R cells treated with 5-1U

OE33P and OE33R cells were trypsinised, counted and seeded at the optimised densities of 1 —
2.5 x 10% in 1.5 mL complete RPMI-1640 in triplicate in 6 well plates and allowed to adhere
overnight. Following 24 h incubation, OE33P and OE33R cells were treated with either 0.1%
DMSO, 10 uM of Pyrazinib (P3), 0.3511 or 0.8982 uM of 5-FU (Sigma-Aldrich) alone or in
combination with 10 pM Pyrazinib (P3) for 24 h following which cells were either mock
irradiated or received 2 Gy irradiation and were grown for 7-14 days until sufficient colonies had

formed. Colonies were fixed, stained and counted as described in section 3.3.12.

4.3.17. Statistical analysis

Statistical analysis was performed using GraphPad Prism version 5 software (GraphPad Software,
CA, USA). Scientific data were expressed as mean £SEM. SEM was calculated as the standard
deviation of the original samples divided by the square root of the sample size. Specific statistical
tests used are indicated in figure legends. For all statistical analysis, differences were considered

statistically significant at p<0.05.
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4.4. Resulis

4.4.1. Investigating the dependency of OE33P and OE33R cells on the glutamine, fatty acid

and glucose/pyruvate metabolic pathways

To further understand the anti-metabolic activity of Pyrazinib (P3) demonstrated in chapter 3 we
investigated potential metabolic reprogramming which may occur as a result. As this has not yet
been explored in our isogenic model of OAC radioresistance we initially investigated the cellular
dependence on each of the mitochondrial metabolites, pyruvate, fatty acids and glutamine to fuel
mitochondrial respiration of OE33P and OE33R cells when the other 2 are blocked using the
Mito Fuel Flex test. OE33P cells are significantly more dependent on the glutamine pathway to
fuel mitochondrial respiration compared to OE33R cells (p=0.0009) (Figure 4-2A). There was
no significant difference in the dependence of OE33P and OE33R cells on fatty acid oxidation
and pyruvate oxidation (Figure 4-2B,C).When the dependence on each metabolite was compared
in both OE33P and OE33R cells, both cell lines relied on glutamine to fuel mitochondrial
oxidation significantly more than pyruvate (p=0.0098, p=0.0464) respectively (Figure 4-2D,E).

Our initial findings indicated that of the three pathways tested, OE33P and OE33R cells
predominantly rely on the glutamine pathway to fuel OCR although they are not totally dependent
on any one pathway. Thus, we sought to investigate the dependence, capacity and flexibility of
OE33P and OE33R cells treated with Pyrazinib (P3) or 0.1% DMSO control on the glutamine
pathway using the Mito Fuel Flex test.

Pyrazinib (P3) had very little impact on mitochondrial dependence of OE33P and OE33R cells
on the import of glutamine into the mitochondria, the capacity for import of glutamine or
metabolic flexibility when fatty acid oxidation and pyruvate oxidation were both inhibited in
OE33P and OE33R cells (Figure 4-3A,B,C). Furthermore, Pyrazinib (P3) had no effect on fatty
acid import or capacity for import when pyruvate oxidation and glutaminolysis were both
inhibited in OE33R cells (Figure 4-3D,E,F).

In summary, OE33P and OE33R cells appear to utilise the glutamine oxidation pathway as the
predominant pathway to fuel mitochondrial respiration however they are not reliant on this
pathway alone, furthermore Pyrazinib (P3) does not significantly alter the dependence or capacity
for glutamine import of OE33P and OE33R cells.
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Figure 4-2 OE33P cells are significantly more dependent on the glutamine oxidation pathway
compared to OE33R cells.

Percentage glutamine, fatty acid and glucose/pyruvate pathway dependency was assessed in
OE33P and OE33R cells using the Seahorse Biosciences XFe24 analyser. Following 24 h culture
of OE33P and OE33R cells, the Mito Fuel Flex test was run to evaluate (A) glutamine pathway
dependency, (n=4), (B) fatty acid oxidation pathway dependency, (n=3), and (C)
glucose/pyruvate oxidation pathway dependency, (n=3). Percentage pathway dependency of the
three pathways was compared in (D) OE33P cells, (n=3), and (E) OE33R cells, (n=3). Unpaired
t-test used compare different cell lines, paired t-test used to compare within same cell line,
**p<0.01, ***p<0.001. Data are expressed as mean +SEM.
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Figure 4-3 Pyrazinib (P3) does not significantly alter the percentage dependency, capacity or
flexibility of OE33P and OE33R cells on the glutamine metabolic pathway.

Percentage glutamine pathway dependency, capacity and flexibility was assessed in OE33P and
OE33R cells using the Seahorse Biosciences XFe24 analyser. Fatty acid pathway dependency,
capacity and flexibility was measured in OE33R cells. OE33P and OE33R cells were treated for
24 h with either 0.1% DMSO or 10 uM Pyrazinib (P3) before the Mito Fuel Flex test was run to
evaluate (A) glutamine pathway dependency, (n=4), (B) glutamine pathway capacity, (n=3), and
(C) glutamine pathway flexibility, (n=3). OE33R cells were treated with either 0.1% DMSO or
10 uM of Pyrazinib (P3) for 24 h following which a Mito Fuel Flex test was carried out to evaluate
(D) fatty acid pathway dependency, (n=3), (E) fatty acid pathway capacity, (n=3) and (F) fatty
acid pathway flexibility, (n=3). Unpaired t-test used compare different cell lines, paired t-test used
to compare within same cell line. Data are expressed as mean +SEM.
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4.4.2.  Pyrazinib (P3) does not alter the secretion of cytochrome C or caspase 3 from OE33P
or OE33R cells

To further investigate the mechanism by which Pyrazinib (P3) inhibits OCR under normoxic
conditions in OE33P and OE33R cells we evaluated the effect of treatment with Pyrazinib (P3)
on mitochondrial apoptosis proteins, cytochrome C and caspase 3 secretions by ELISA. OE33P
and OE33R cells were treated with 10 uM of Pyrazinib (P3) for 24 and 72 h.

Following treatment, the levels of both cytochrome C and cleaved caspase 3 were assessed in cell
supernatants. At baseline the secreted levels of cytochrome C were not significantly different at
24 h (Figure 4-4A) however following 72 h incubation the secreted levels of cytochrome C were
significantly lower in OE33R cells when compared to the parental OE33P cells (Figure 4-4C)
(p<0.05). Treatment with Pyrazinib (P3) had no effect on the secreted levels of cytochrome C in

either cell line at either time point (Figure 4-4B, D).

In addition caspase 3 levels did not significantly differ between the two cell lines at either time
point (Figure 4-4E, G) or following treatment with Pyrazinib (P3) (Figure 4-4F, H). The lower
cytochrome C levels following 72 h incubation in the OE33R cells would have thought to also
result in lower levels of secreted caspase 3 in OE33R cells but this was not seen but this may be
time dependent as the secreted levels of cleaved caspase 3 were very low in all samples tested
(Figure 4-4E-H).

These results indicated that the anti-metabolic activity previously seen following treatment with
Pyrazinib (P3) is not being mediated through altered secretion of mitochondrial apoptosis
proteins; cytochrome C and cleaved caspase 3 which have been previously shown to play a role

in reduced metabolic activity and tumoural radio-sensitivity.

138



(A) (B)

Cytochrome C 24 h
Cytochrome C 72 h

5 1000 § 1500
g g N
o2 o5 -
g ™ o 2 E
g? S 2 1000
£ 600 £s
S& gs
32 &2
S E 400 o]
) & s00
g3 200 g3
A &L
g g
s 0 v s o v
= Q & = 3
& 3 S &
& & & &
Cytochrome C 24 h Cytochrome C 72 h
§ 1000 § 1500
g g X
o5 L
= -
Sg o 02
£g 5 2 1000
fy o0 g5
g =1
32 52
o E 400 s £
s 8 £® 500
1] s
S 200 i3
g T
s E
g ° o g °
< £ s < 5y < 0
5 & 5 2 s oF RS <
& 8 & & & s & (ég?‘
& 0“‘;9 o 9
Treatment (10 uM) Treatment (10 pM)

Caspase 324 h Caspase 372 h

0.0003 S 0.0001
J— o
g = 00002 % 2 00001
z 2.
g5
£ 2 00001 £ ® 00000
]
0.0000 £
Q
e
&

Secreted Caspase 3
ng/mL prot

Secreted Caspase 3
(normalised pg/mL per pg/mL protein)
(normalised pg/mL p

o

55 o
& & &
Caspase 324 h Caspase 372 h
§ 0.0004 § 0.0002
3 3
S S
3 3
© E 0.0003 o E
g3 g
g Z3
S 2 00002 S 2 00001
ZE TE
52 5B
& 2 0.0001; 33
£ £
E E
5 0.0000 g
e S 3 > = S 3 »
o & R R &S
& & & &
Treatment (10 pM) Treatment (10 pM)

Figure 4-4 Secreted levels of cytochrome C and caspase 3 following treatment with Pyrazinib
(P3) for 24 or 72 h.

(A) Difference in cytochrome C levels in OE33P and OE33R cells at 24 h, (n=3) (B) Difference
in secreted levels of cytochrome C in OE33P and OE33R cells at 72 h (n=4) (C) Secreted levels
of cytochrome C in OE33P and OE33R cells following 24 h treatment with 10 uM Pyrazinib (P3).
(D) Secreted levels of cytochrome C in OE33P and OE33R cells following treatment with 10 uM
of Pyrazinib (P3) for 72 h. (E) Difference in caspase 3 levels in OE33P and OE33R cells at 24 h
(F) Difference in secreted levels of caspase 3 in OE33P and OE33R cells at 72 h (G) Secreted
levels of caspase 3 in OE33P and OE33R cells following 24 h treatment with 10 uM Pyrazinib
(P3). (H) Secreted levels of caspase 3 in OE33P and OE33R cells following treatment with
Pyrazinib (P3) for 72 h. Unpaired t-test, *p<0.05, (n=3). Data are expressed as mean +SEM.
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4.4.3. Pyrazinib (P3) significantly inhibits ATP turnover in OE33R cells

Previously in chapter 3 we have shown Pyrazinib (P3) can significantly inhibit OCR in OE33P
and OE33R cells. In this chapter we further investigated the anti-metabolic activity of Pyrazinib
(P3) in OE33P and OE33R cells under both normoxic and hypoxic conditions (0.5% O). Using
the Seahorse Biosciences XFe24 analyser we investigated the effect of Pyrazinib (P3) treatment
on ATP turnover, proton leak, spare respiratory capacity, maximal respiration and non-
mitochondrial respiration in OE33P and OE33R cells cultured under both normoxic and hypoxic
conditions (0.5% Oy).

OCR was significantly higher in OE33R cells compared to OE33P cells cultured under normoxia
(p=0.0307) however under hypoxic conditions, there was no significant difference in oxygen
consumption rate between OE33P and OE33R cells (Figure 4-5A). OCR was significantly higher
in OE33P cells cultured under hypoxia compared to OE33P cells cultured under normoxia
(p=0.0494). OCR was significantly higher in OE33R cells cultured hypoxia compared to OE33R
cells cultured under normoxia (p=0.0259). As previously seen in chapter 3, Pyrazinib (P3)
significantly reduced OCR in OE33P and OE33R cells cultured under normoxic conditions
(p=0.0193, p=0.0183) respectively (Figure 4-5A). Pyrazinib (P3) produced a non-significant
~10% decrease in OCR in OE33R cells cultured under hypoxic conditions (p=0.0877) (Figure
4-5A).

As previously seen in chapter 3 there was no significant difference in ECAR between OE33P and
OE33R cells cultured under normoxic conditions (Figure 4-5B). Pyrazinib (P3) produced a non-
significant reduction of 11.6% in ECAR in OE33R cells cultured under normoxic conditions
(Figure 4-5B). ECAR was significantly higher in OE33R cells cultured under hypoxia compared
to those cultured under nomoxia, (p=0.0411) (Figure 4-5B). In addition, ECAR was significantly
higher in OE33R cells compared to OE33P cells cultured under hypoxic conditions (p=0.0466)
(Figure 4-5B).

Under normoxic conditions ATP turnover was found to be significantly higher in OE33R cells
compared to OE33P cells (p=0.0236) (Figure 4-5C). Furthermore, treatment with Pyrazinib (P3)
was found to significantly decrease ATP turnover in OE33R cells cultured under normoxic
conditions. There was no significant difference in ATP turnover between OE33P and OE33R cells
cultured under hypoxia and treatment with Pyrazinib (P3) did not alter ATP turnover in either
OE33P or OE33R cells cultured under hypoxia (Figure 4-5C).

There was no significant difference in proton leak, spare respiratory capacity or non-
mitochondrial respiration between OE33P and OE33R cells cultured under normoxia or hypoxia

(Figure 4-5D-F). Furthermore, treatment with Pyrazinib (P3) did not significantly alter any of
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these 3 parameters in OE33P and OE33R cells cultured under normoxic and hypoxic conditions
(Figure 4-5D-F).

Maximal respiration decreased by ~67% in OE33R cells cultured under hypoxia compared to
those cultured under normoxia but this was not significant, (p=0.0666) (Figure 4-5G).

In summary, Pyrazinib (P3) can significantly inhibit OCR and ATP turnover in OE33R cells.
OE33R cells adapt to the hypoxic environment through the significant upregulation of ECAR
under hypoxic conditions. Pyrazinib (P3) does not significantly alter metabolic rate under hypoxic

conditions.
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Figure 4-5 Pyrazinib (P3) significantly inhibits ATP turnover in OE33R cells.

Metabolic profiling of OE33P and OE33R cells was carried out using the Seahorse Biosciences
XFe24 analyser. OE33P and OE33R cells were cultured under normoxic or hypoxic conditions
and treated with either 0.1% DMSO or 10 uM Pyrazinib (P3) for 24 h following which they were
analysed to assess (A) oxygen consumption rate, (B) extracellular acidification rate, (C) ATP
turnover, (D) proton leak, (E) non-mitochondrial respiration, (F) spare respiratory capacity and
(G) maximal respiration, (n=6). Statistical analysis was carried out using an unpaired t-test to
compare different cell lines and paired t-test to compare within same cell line, *p<0.05, **p<0.01.
Data was normalised to cell number, determined by crystal violet assay. Data are expressed as

mean +SEM.
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4.4.4.  Pyrazinib (P3) inhibits ROS under hypoxic conditions in OE33R cells

To further understand the metabolic phenotype of OE33P and OE33R cells cultured under
hypoxia and the action of Pyrazinib (P3) under these conditions we evaluated three surrogate
markers of mitochondrial function including ROS levels, mitochondrial membrane potential and
mitochondrial mass in cells treated with either 0.1% DMSO or 10 M Pyrazinib (P3).

As previously seen, in chapter 3 ROS levels were significantly higher in OE33R cells compared
to OE33P cells cultured under normoxia. ROS levels were significantly higher in OE33P cells
cultured under hypoxia (0.5% O-) compared to OE33P cells cultured under normoxia (p=0.0108)
(Figure 4-6A). Pyrazinib (P3) treatment significantly reduced ROS levels in OE33R cells
cultured under hypoxia (Figure 4-6A).

There were no significant differences in mitochondrial membrane potential in OE33P and OE33R
cells cultured under normoxic or hypoxic conditions (0.5% O,). Furthermore treatment with
Pyrazinib (P3) for 24 h did not significantly alter mitochondrial membrane potential in either
OE33P or OE33R cells (Figure 4-6B).

Mitochondrial mass was significantly higher in OE33P cells cultured under hypoxia (0.5% O)
compared to OE33P cells cultured under normoxia, (p=0.0081) (Figure 4-6C). Pyrazinib (P3)
did not alter mitochondrial mass in OE33P or OE33R cells cultured under normoxia or hypoxia
(Figure 4-6C).
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Figure 4-6 ROS levels, mitochondrial membrane potential and mitochondrial mass in OE33P
and OE33R cells cultured under normoxic and hypoxic conditions.

(A) 24 h treatment with 10 pM Pyrazinib (P3) significantly reduced ROS in OE33R under
hypoxic conditions, (n=4 for all except, OE33P and OE33R under normoxia n=8). (B) 24 h
treatment with 10 uM Pyazinib (P3) did not significantly alter mitochondrial membrane potential
in OE33P or OE33R cells under normoxic or hypoxic conditions, (n=3). (C) Mitochondrial mass
is significantly higher in OE33P cells cultured under hypoxic conditions compared to OE33P cells
cultured under normoxic conditions (n=3). Statistical analysis was carried out using an unpaired
t-test to compare different cell lines and paired t-test to compare within same cell line, *p<0.05,
**p<0.01. Data was normalised to cell number, determined by crystal violet assay. Data are
expressed as mean +SEM.
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4.4.5. Pyrazinib (P3) can enhance radiosensitivity in-vitro in an isogenic meodel of

oesophageal adenocarcinoma under hypoxic conditions

We have previously shown in chapter 3 that Pyrazinib (P3) can significantly enhance
radiosensitivity to increasing doses of radiation under normoxic conditions. Hypoxic tumours are
inherently radioresistant [238], and OAC tumours have been shown to have hypoxic regions thus
we investigated to ability of Pyrazinib (P3) to enhance radiosensitivity in an environment of low
oxygen (0.5% O,).

Both OE33P and OE33R cells were significantly more radioresistant to both 2 and 4 Gy radiation
when cultured under hypoxic conditions (0.5% 0O,) when compared to matched cells cultured
under normoxic conditions (Figure 4-7A,B). To determine the effect of 0.5% hypoxia
guantitatively on the radiosensitivity of OE33P and OE33R cells, the oxygen enhancement ratio
(OER) was determined for each cell line following increasing doses of irradiation by dividing the
average surviving fraction of cells in hypoxia by number of surviving cells in normoxia. The OER
of OE33P cells was 1.84 following 2 Gy irradiation and 3.45 following 4 Gy irradiation
highlighting the importance of oxygen for the radiosensitivity of these cells. In OE33R cells the
oxygen enhancement ratio was 1.43 and 1.32 following 2 and 4 Gy irradiation respectively.

Pyrazinib (P3) did not alter the radiosensitivity of OE33P cells cultured under hypoxic conditions
of 0.5% O but could enhance radiosensitivity under normoxic conditions following 2 and 4 Gy
irradiation similar to results previously shown (Figure 4-7C,E). Pyrazinib (P3) could
significantly enhance radiosensitivity of OE33R cells cultured under normoxic conditions
following 2 and 4 Gy X-ray radiation and hypoxic conditions following 4 Gy irradiation
(p=0.0216) (Figure 4-7D,F).

The radiosensitising activity of Pyrazinib (P3) is maintained when OE33R cells are cultured under

either normoxic or hypoxic conditions (0.5 % Oy).
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Figure 4-7 Pyrazinib (P3) can significantly enhance radiosensitivity under hypoxic conditions
(0.5% O2) in OE33R; OAC radioresistant cells.

The ability of Pyrazinib (P3) to enhance radiosensitivity was evaluated by clonogenic assay under
normoxia and hypoxia (0.5% Oy) using the Whitley H35 hypoxystation. Surviving Fraction
following culture under normoxic and hypoxic conditions following 0, 2 and 4 Gy irradiation of
(A) OE33P and(B) OE33R cells, (n=3). (C) Surviving Fraction of OE33P cells cultured under
normoxia and hypoxia following treatment with 0.1% DMSO control or 10 puM Pyrazinib (P3)
and 0, 2, and 4 Gy irradiation, (n=3). (D) Surviving Fraction of OE33R cells cultured under
normoxia or hypoxia following treatment with 0.1% DMSO control or 10 uM Pyrazinib (P3) and
0, 2, and 4 Gy irradiation, (n=3). Linear quadratic fit curves of (E) OE33P and (F) OE33R cells
cultured under hypoxia following treatment with 0.1% DMSO or Pyrazinib (P3) and 0, 2 and 4
Gy radiation. Paired t-test used to compare within same cell line, unpaired t-test used to compare
different cell lines, *p<0.05, **p<0.01, ***p<0.001. Data presented as the mean £SEM.
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4.4.06. Pyrazinib (P3) significanty inhibits proliferation of OE33P cells cultured under

hypoxic conditions following 2 Gy radiation

To investigate if the radiosensitising effect of Pyrazinib (P3) treatment was accompanied by
changes in cellular proliferation, we assessed cellular proliferation in OE33P and OE33R cells
cultured under normoxic and hypoxic conditions which were either mock irradiated (0 Gy) or
irradiated with 2 Gy X-ray radiation.

The proliferation rate of OE33P cells cultured under hypoxic conditions was significantly lower
than OE33P cells cultured under normoxia, (p=0.0486) (Figure 4-8A). There was no significant
difference in proliferation rate of OE33P cells which received 2 Gy radiation compared to mock
irradiated cells grown under normoxic or hypoxic conditions. Furthermore, there was no
significant difference between OE33R cells grown under normoxic or hypoxic conditions which

received 0 or 2 Gy radiation.

Pyrazinib (P3) treatment in combination with 0 or 2 Gy radiation did not significantly alter OE33P
cell proliferation under normoxic conditions. Under hypoxic conditions of 0.5% O, OE33P cells
treated with Pyrazinib (P3) and 2 Gy radiation had a significantly lower rate of cellular
proliferation compared to OE33P cells treated with 2 Gy radiation alone, (p=0.0293) (Figure
4-8B).

Pyrazinib (P3) treatment in combination with 0 or 2 Gy radiation did not significantly alter OE33R
cell proliferation under normoxic or hypoxic conditions (0.5% O,) (Figure 4-8C).
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Figure 4-8 Pyrazinib (P3) significantly inhibits cellular proliferation of OE33P cells cultured
under hypoxia following 2 Gy irradiation.

Proliferation of OE33P and OE33R cells was assessed by BrdU assay. (A) Proliferation of OE33P
and OE33R cells treated with 0 or 2 Gy irradiation and cultured under normoxic or hypoxic
conditions. Proliferation following 24 h treatment with Pyrazinib (P3) at 10 uM and 0 Gy or 2 Gy
irradiation in (B) OE33P and (C) OE33R OAC cells cultured under normoxic and hypoxic (0.5%
0O,) conditions. Paired t-test used to compare within same cell line, unpaired t-test used to
compare different cell lines (n=3). *p<0.05. Data are expressed as mean +SEM.
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4.4.7. OFE33 Cis R cells have an altered metabolic phenotype compared to the parental OE33
Cis P cells

In addition to the radiosensitising action of Pyrazinib (P3) in OAC we investigated the potential
of Pyrazinib (P3) to enhance chemosensitivity and radiosensitivity in a cisplatin sensitive and
cisplatin resistant OAC isogenic cell line. Altered mitochondrial function has previously linked
with radiation resistance in OAC thus we investigated the association between cisplatin resistance

and metabolism in our model of OAC acquired cisplatin resistance [82].

To investigate if cisplatin resistant OE33 Cis R cells have altered energy metabolism, we
measured the two major energy pathways, oxidative phosphorylation and glycolysis, in both
OE33 Cis P and OE33 Cis R OAC cells treated with control or 10 uM of Pyrazinib (P3) using the
Seahorse Biosciences XFe24 analyser. The metabolic profile of OE33 Cis P and OE33 Cis R cells
was assessed under normoxic and hypoxic conditions (0.5% O,) to investigate if the metabolic
phenotype of cisplatin resistant cells can adapt to different environmental settings. OE33 Cis R
cells have a significantly higher OCR, when compared to OE33 Cis P cells, p=0.0040 under
normoxia however the OCR of OE33 Cis R cells was significantly lower than OE33 Cis P cells
under low oxygen conditions of 0.5% O, p=0.0078, (Figure 4-9A).

Pyrazinib (P3) did not significantly alter metabolic rate in OE33 Cis P or OE33 Cis R cells under
normoxia. Pyrazinib (P3) significantly inhibited OCR in OE33 Cis P cells under hypoxia
(p=0.0260),(Figure 4-9A). There was no significant difference in ECAR, a measure of glycolysis,

between the two cell lines under normoxic or hypoxic conditions (Figure 4-9B).

To further investigate cellular energetics of OE33 Cis P compared to OE33 Cis R cells, both OE33
Cis P and Cis R cells were treated with oligomycin, FCCP and antimycin A which inhibit specific
processes in the electron transport chain. Oligomycin and antimycin A produced a similar levels
of OCR inhibition in both OE33 Cis P and OE33 Cis R cells, and there was no significant
difference in the rate of ATP production or proton leak between cisplatin sensitive and cisplatin
resistant cells under normoxic or hypoxic conditions (Figure 4-9C,D). Furthermore, treatment
of OE33 Cis P and OE33 Cis R cells with FCCP showed no significant difference maximal
respiration rate between the two cell lines (Figure 4-9E). In addition, the rate of non-
mitochondrial respiration was not significantly altered between the two cell lines (Figure 4-9F).
In summary OE33 Cis R cells have an alerted metabolic phenotype whereby they have a
significantly elevated OCR compared to parental OE33 Cis P cells under normoxia and OE33 Cis

R cells have significantly lower OCR under hypoxic conditions.
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Figure 4-9 Cisplatin resistant (OE33 Cis R) oesophageal adenocarcinoma cells have altered
metabolic phenotype compared to cisplatin sensitive (OE33 Cis P) cells under normoxic and
hypoxic conditions (0.5% O,).

(A) OE33 Cis R cells have a significantly higher OCR when compared to Cis P; cisplatin sensitive
cells, under normoxic conditions (n=5). (B) ECAR was evaluated in OE33 Cis P and OE33 Cis
R cells cultured under normoxic and hypoxic conditions (0.5% O,), (n=5), unpaired t-test. (C)
Difference in rate of ATP production in Cis P and Cis R cells cultured under normoxic and
hypoxic conditions (0.5% Oy), (n=5), unpaired t-test. (D) Difference in rate of proton leak in
OE33 Cis P and OE33 Cis R cells cultured under normoxic and hypoxic conditions (0.5% O5),
(n=5), unpaired t-test. (E) Difference in maximal respiration rate in OE33 Cis P and OE33 Cis R
cells cultured under normoxic and hypoxic conditions (0.5% O,), (n=5), unpaired t-test. (F)
Difference in non-mitochondrial respiration in OE33 Cis P and OE33 Cis R cells cultured under
normoxic and hypoxic conditions (0.5% O), (n=5). Paired t-test used to compare within same
cell line, unpaired t-test used to compare different cell lines, *p<0.05, **p<0.01. Data presented
as the mean +SEM.
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4.4.8. Pyrazinib (P3) does not enhance the sensitivity of OE33 Cis P or OE33 Cis R cells 1o

cisplatin

In the previous section we found Pyrazinib (P3) does not significantly alter the metabolic rate of
OE33 Cis P or OE33 Cis R cells. In this section we investigated whether Pyrazinib (P3) can alter
the sensitivity of an isogenic model of OAC cisplatin resistance to cisplatin treatment. Cisplatin
is administered as part of the MAGIC treatment regimen to OAC patients and is associated with
high rates of treatment resistance. Sensitivity of cisplatin sensitive OE33 Cis P and cisplatin
resistant OE33 Cis R OAC cells to cisplatin treatment alone and in combination with 10 pM of
Pyrazinib (P3) was evaluated by clonogenic assay. Treatment of cisplatin sensitive OAC cells
with 1.3 uM of cisplatin significantly reduced the surviving fraction of OE33 Cis P cells to 0.303
when compared to untreated OE33 Cis P cells, p=0.0108 (Figure 4-10A). Pyrazinib (P3) did not
significantly enhance the sensitivity of OE33 Cis P cells to cisplatin but importantly it did not

reduce the activity of cisplatin either when both drugs were administered in combination.

Treatment of cisplatin resistant OAC cells OE33 Cis R with 1.3 uM of cisplatin did not
significantly reduce the surviving fraction of these cells only reducing the surviving fraction to
0.944 when compared to untreated OE33 Cis R cells, which was significantly higher than the
surviving fraction of the OE33 Cis P cells at this concentration, p=0.0011 (Figure 4-10A). More
than double the concentration of cisplatin was required to significantly reduce colony formation
in OE33 Cis R cells. Treatment of Cis R cells with 2.8 UM cisplatin significantly reduced the
surviving fraction of Cis R cells to 0.604, a reduction of ~39%, p=0.0043 (Figure 4-10A), OE33
Cis P cells were not viable following treatment with 2.8 uM of cisplatin (Figure 4-10A).
Pyrazinib (P3) significantly reduced the surviving fraction of OE33 Cis R cells by ~17%,
(p=0.0094). An important finding from this experiment was the administration of 2.8 uM of
cisplatin in combination with Pyrazinib (P3) attenuated the cytotoxic effect of cisplatin which
would have to be further evaluated if these treatments were to be given in combination with one

another.
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Figure 4-10 Pyrazinib (P3) does not enhance cisplatin sensitivity in an isogenic model OAC
acquired cisplatin resistance.

The chemosensitivity of cisplatin-sensitive (OE33 Cis P) and cisplatin-resistant (OE33 Cis R)
OAC cells to cisplatin alone and in combination with 10 uM of Pyrazinib (P3) was assessed by
clonogenic assay. (A) Treatment of cisplatin-sensitive cells with 1.3 uM of cisplatin produced a
significant reduction in surviving fraction of Cis P cells, treatment of cisplatin-resistant cells with
2.8 UM but not 1.3 uM of cisplatin produced a significant reduction in surviving fraction of Cis
R cells, (n=3). Unpaired t-test between different cells lines, paired t-test between same cell line,
*p<0.05, **p<0.01. Data presented as the mean +SEM

152



4.4.9. OFE33 Cis R cells are more sensitive to 2 Gy radiation

To investigate if OE33 cells with acquired cisplatin resistance have altered sensitivity to other
treatments we investigated the response of OE33 Cis P cells to radiation compared to OE33 Cis
R cells.

Radiosensitivity of OE33 Cis P cells and OE33 Cis R OAC cells was assessed by clonogenic
assay. Initially, basal cell survival was assessed in OE33 Cis P and OE33 Cis R to determine if in
the absence of any irradiation was there a difference in surviving fraction. No significant
differences were seen at baseline in clonogenic survival between the two cell lines, indicating

there is no longer term proliferation differences between these cell lines (Figure 4-11A).

To assess if acquired cisplatin resistance conferred altered radiosensitivity, OE33 Cis P and OE33
Cis R cells were either mock irradiated or given one dose of 2 Gy irradiation. OE33 Cis P cells
were significantly more radioresistant than OE33 Cis R OAC cells to one fraction of 2 Gy
irradiation, (p=0.0055) (Figure 4-11B). To investigate if Pyrazinib (P3) altered radiosensitivity
of a model acquired cisplatin resistance we treated OE33 Cis P and OE33 Cis R cells with 10 pM
of Pyrazinib (P3) or 0.1% DMSO control for 24 h prior to 2 Gy irradiation. Pyrazinib (P3)
significantly enhanced the radiosensitivity of OE33 Cis P (p=0.0425) but not OE33 Cis R cells
(Figure 4-11C). In summary OE33 Cis P cells are more radioresistant than OE33 Cis R cells,
independent of differences in basal proliferation and Pyrazinib (P3) significantly enhanced the
radioresponse of OE33 Cis P cells.
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Figure 4-11 Pyrazinib (P3) significantly reduces the surviving fraction of OE33 Cis P cells
following 2 Gy irradiation.

The radiosensitivity of cisplatin sensitive (OE33 Cis P) and cisplatin resistant (OE33 Cis R) OAC
cells was assessed by clonogenic assay. (A) There is no difference in basal cell surviving fraction
of cisplatin sensitive and cisplatin resistant OAC cells, (n=3). (B) Surviving fraction of Cis P and
Cis R OAC cells following treatment with 2 Gy fraction of irradiation, (n=3). (C) Treatment with
10 puM of Pyrazinib (P3) significantly reduces the surviving fraction of OE33 Cis P cells, (n=3),
unpaired t-test used to compare between different cell lines, paired t-test used to compare between
same cell line. *p<0.05, **p<0.01. Data presented as the mean +SEM.
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4410 Pyrazinib (P3) does not enhance the sensitivity of OE33P or OE33R cells to 5-FU

To investigate if Pyrazinib (P3) altered the sensitivity of OE33P and OE33R cells to 5-FU, another
chemotherapy administered to OAC patients as part of the MAGIC treatment regimen we treated
OE33P and OE33R cells with two different doses of 5-FU (0.3511 and 0.8982 uM) alone and in
combination with 10 puM of Pyrazinib (P3).

The surviving fraction of OE33P cells following treatment with 0.8982 uM of 5-FU was
significantly reduced, (p=0.0351). The surviving fraction of OE33R cells was significantly
reduced following treatment with both 0.3511 and 0.8982 uM of 5-FU (p=0.0042,p=0.0024)
(Figure 4-12A). There was no significant difference in the surviving fraction of OE33P compared
to OE33R cells following treatment with either 0.3511 or 0.8982 uM of 5-FU. Pyrazinib (P3)
treatment alone did not significantly alter the surviving fraction of OE33P or OE33R cells.
Treatment with Pyrazinib (P3) in combination with 0.3511 of 5-FU significantly reduced the
surviving fraction of OE33P cells, (p=0.0092) but there was no significant difference in surviving
fraction between this combination and 0.3511 uM of 5-FU alone (Figure 4-12A). Importantly
when Pyrazinib (P3) was given in combination with 0.8982 uM of 5-FU in OE33P the cytotoxic
effect of 5-FU was lost (Figure 4-12A).

Similarly in OE33R cells, when Pyrazinib (P3) was given in combination with 0.3511 pM of 5-
FU the cytotoxic effect of 5-FU was lost, however when Pyrazinib (P3) was given in combination
with 5-FU at the higher dose in OE33R cells the cytotoxic effect was seen (p=0.0129) (Figure
4-12A).

5-FU did not enhance the radioresponse of OE33P or OE33R cells to 2 Gy radiation (Figure
4-12B). As previously seen, Pyrazinib (P3) significantly enhanced radiosensitivity of OE33P and
OE33R cells to 2 Gy X-ray radiation, (p=0.0431, p=0.0459) respectively (Figure 4-12B).When
Pyrazinib (P3) was administered in combination with 5-FU the radiosensitising activity of this
compound was lost in OE33P cells and OE33R cells, with the exception of the combination of
0.3511 pM 5-FU and Pyrazinib (P3) (Figure 4-12B).
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Figure 4-12 Pyrazinib (P3) does not significantly alter sensitivity to 5-FU in OE33P and
OE33R cells.

(A) The effect of Pyrazinib (P3) and 5-FU on cellular cytotoxicity both alone and in combination
was assessed in OE33P and OE33R cells, (n=3). (B) The effect of Pyrazinib (P3) and 5-FU on
surviving fraction both alone and in combination with one another was assessed in both 0 and 2
Gy irradiated OE33P and OE33R cells, (n=4). Statistical analysis by unpaired t-test used to
compare between different cell lines, paired t-test used to compare between same cell line.
*p<0.05, **p<0.01.Data presented as the mean +SEM.
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4.5. Summary of main findings of chapter 4

OE33P and OE33R cells predominantly rely on the glutamine metabolic pathway and
Pyrazinib (P3) treatment did not significantly alter the dependency of OE33P and OE33R

cells on glutamine, pyruvate or fatty acid metabolism.

Treatment of OE33P and OE33R cells with Pyrazinib (P3) did not significantly alter the
secretion of mitochondrial apoptosis pathway proteins cytochrome C and caspase 3.

Pyrazinib (P3) significantly inhibited ATP turnover in OE33R cells under normoxic
conditions, the significant anti-metabolic activity of Pyrazinib (P3) was lost under hypoxic

conditions of 0.5% O,

Pyrazinib (P3) significantly inhibited ROS levels in OE33R but not OE33P cells cultured
under 0.5% O..

Pyrazinib (P3) treatment significantly reduced the surviving fraction of OE33R cells cultured
under 0.5% O, following 4 Gy X-ray radiation.

The enhanced radiosensitivity of OE33R cells following treatment with Pyrazinib (P3) to 4
Gy X-ray radiation cultured under hypoxia was not associated with significant changes in
cellular proliferation.

OE33 Cis R cisplatin resistant OAC cells have an altered metabolic phenotype.

Treatment with Pyrazinib (P3) did not significantly enhance the sensitivity of cisplatin

sensitive or cisplatin resistant cells to cisplatin.

The sensitivity of OE33P and OE33R cells to 5-FU was not significantly enhanced when

administered in combination with Pyrazinib (P3).
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4.6. Discussion

In this chapter we further investigated the anti-metabolic and radiosensitising action of our lead
compound, Pyrazinib (P3), under both hypoxic and normoxic conditions. In addition, we
investigated the action of Pyrazinib (P3) in an isogenic model of OAC cisplatin resistance.

Anti-metabolic agents targeting mitochondrial respiration may target one specific substrate
leading to metabolic reprogramming whereby cells can adapt to fuel mitochondrial respiration
using other substrates. In this chapter we investigated the effect of Pyrazinib (P3) treatment on
metabolic substrate dependency. OE33P and OE33R cells have a higher dependency on the
glutamine metabolic substrate pathway than the pyruvate pathway to fuel mitochondrial
respiration. Pyrazinib (P3) treatment did not significantly alter the dependence of OE33P or
OE33R cells on the glutamine pathway or OE33R cells on the fatty acid oxidation pathway.
Several studies have shown that glutamine is a major nutrient involved in multiple aspects of
cancer metabolism and numerous cancer cell types have been shown to be addicted to glutamine
[326, 327]. Glutamine is the second most abundant amino acid in blood and functions as a carbon
source for energy production and anabolic processes [326]. Glutamine has been shown to be
essential to mitochondrial metabolism in rapidly dividing cells supporting our findings in this
chapter [327]. In particular glutamine has been shown to be of particular importance to cancer
cells which have been altered by either c-MYC or KRAS [328-330]. Inhibiting glutamine
metabolism using glutamate analogues demonstrated clinical activity however they were
discontinued due to dose-limiting neurotoxicity, gastrointestinal toxicity and myelosuppression
indicating the that lack of effect of Pyrazinib (P3) on glutamine metabolism is clinically

favourable due to the importance of glutamine metabolism in normal tissue physiology [331].

To investigate if the inhibition of oxidative phosphorylation by Pyrazinib (P3) previously shown
in chapter 3 was associated with changes in mitochondrial apoptosis protein secretions we
investigated the levels of cytochrome C and caspase 3 following treatment with Pyrazinib (P3).
Pyrazinib (P3) did not significantly alter the secretion of cytochrome C or caspase 3 from OE33P
or OE33R cells. Cytochrome C and caspase 3 are mediators of the mitochondrial apoptosis
pathway which have been previously shown to play a role in tumoral radio-sensitivity [332]. It
has previously been shown that reduced levels of caspase 3 in tumour cells or surrounding stroma
can enhance sensitivity to radiotherapy in xenograft in-vivo studies [332]. In addition, elevated
levels of active caspase 3 in patient tumour tissues have been correlated with an increased rate of
recurrence and mortality [332]. Furthermore, mitochondrial apoptosis is also associated with an
increase in mitochondrial oxidative stress which results in cytochrome C release, an irreversible

event which leads to the activation of caspases, such as caspase 3 and subsequent cell death [333,
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334]. The anti-metabolic activity of Pyrazinib (P3) was independent of changes to surrogate
markers of mitochondrial apoptosis, this supports our previous findings in chapter 3 where
Pyrazinib (P3) treatment did not significantly alter mitochondrial mass.

As previously shown in chapter 3, OCR was significantly higher in OE33R cells compared to
OE33P cells under normoxia, however under hypoxic conditions this significant difference was
lost. OE33R cells were sensitive to and adapted to the low oxygen environment through the
significant upregulation of ECAR in hypoxic compared to hormoxic cells to meet their metabolic
requirements. Metabolic changes in response to hypoxia are elicited through both direct and non-
direct mechanisms. Indirect mechanisms of metabolic changes include the reduction of ATP
generation by oxidative phosphorylation and inhibition of fatty-acid desaturation [335]. Indirect
mechanisms include changes in isozyme expression through hypoxia inducible factor (HIF)
activation [335]. A study in malignant glioma cells previously demonstrated the variability in
oxygen consumption as a result of hypoxia induction [335]. Under conditions of low oxygen,
hypoxia-tolerant glioma cells were shown to decrease their oxygen consumption rate in contrast
to hypoxia-sensitive cells which continue to consume oxygen at a relatively steady rate until the
oxygen supply becomes exhausted [335, 336]. In contrast in our study, both OE33P and OE33R
cells increase OCR in response to hypoxic conditions but OE33R cells were able to adapt to the

hypoxic environment through a significant upregulation in ECAR.

Pyrazinib (P3) significantly inhibited OCR in OE33P and OE33R cells cultured under normoxic
conditions but under hypoxia Pyrazinib (P3) only produced a modest non-significant reduction in
OCR in OE33R cells cultured under hypoxia. Hypoxia and HIF have been shown to increase
glucose/carbon flux through the glycolytic pathway while minimising input into the TCA cycle
and oxidative phosphorylation [337]. This result may be due to the rapid metabolic
reprogramming of OE33R cells in response to hypoxia causing a reduction in the ability of
Pyrazinib (P3) to alter metabolic rate whereby the metabolic shift due to hypoxic stress may alter
multiple cellular processes including cellular differentiation and subsequently may alter the
activity of Pyrazinib (P3). ATP turnover was significantly higher in OE33R cells when compared
to OE33P cells, supporting previous findings by our group [82]. Pyrazinib (P3) could significantly
inhibit ATP turnover in OE33R cells. This is an important finding given that a previous study
demonstrated that the maintenance of intracellular ATP levels following irradiation was
associated with a radioresistant phenotype in head and neck cancer [338]. This suggests that the
ability of Pyrazinib (P3) to reduce ATP turnover may contribute to its ability to enhance

radiosensitivity.
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Whilst OCR significantly increased in OE33P and OE33R cells following hypoxic culture, the
administration of the uncoupling agent FCCP, demonstrated maximal respiration is significantly
decreased in OE33R cells cultured under hypoxic compared to cells cultured under normoxic
conditions. FCCP results in the uninhibited flow of electrons through the electron transport chain
resulting in maximal possible consumption of oxygen through complex IV [339]. The significant
decrease in maximal respiration in OE33R cells cultured under hypoxia is not surprising in the
low oxygen conditions further highlighting how the resistant cells can adapt to cope with the
hypoxic environment. It is of importance to note, in contrast to its action on OCR, Pyrazinib (P3)
treatment did not significantly alter maximal respiration under normoxic or hypoxic conditions,
highlighting that in the presence of an uncoupling agent the anti-metabolic activity of Pyrazinib
(P3) may be lost.

ROS levels were significantly increased in OE33P cells cultured under hypoxia compared to
matched cells cultured under normoxic conditions. This result is in line with findings in the
literature whereby induction of hypoxia has been shown to produce an increase in ROS production
[340]. ROS is known to promote carcinogenesis from tumour initation to progression [340].
Hypoxia is thought to result in an increase in ROS levels through its effect on the electron
transport chain particularly at complex 1,11 and 11 [340]. Pyrazinib (P3) significantly inhibited
ROS in OE33R cells under hypoxic conditions which may be contribute to its radiosensitising
activity. In a breast cancer xenograft model the administration of a potent scavenger of reactive
oxygen and nitrogen species, was shown to enhance radiosensitivity through the inhibition of
angiogenesis by altering the density of micro vessels and the proliferation rate of endothelial cells
[341]. Furthermore, in a lung cancer model, inflammation was found to enhance radiation
resistance in a ROS dependent manner [84]. It is important to note there are inconsistent reports
on the role of ROS in radioresponse as whilst some studies mentioned a decrease in ROS is
favourable, other studies have shown an increase in ROS to be linked with enhanced
radiosensitivity. The overexpression of miR-200c in an in-vitro lung cancer model was shown to
enhance radiosensitivity through increasing ROS, inhibiting DNA damage and upregulating p21
[342].

Mitochondrial membrane potential was not significantly altered in OE33P and OE33R cells
cultured under normoxia compared to matched cells cultured under hypoxia which were treated
with vehicle control of Pyrazinib (P3). Hypoxia tolerant glioma cell lines were previously found
to maintain a constant mitochondrial membrane potential in response to changes in oxygen
tension [336]. OE33P and OE33R cells do not need to alter the mitochondrial membrane potential

to cope with a low oxygen environment.
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Mitochondrial mass was significantly increased in OE33P cells cultured under normoxia
compared to those cultured under hypoxia. The significant increase in mitochondrial biogenesis
of OE33P may account for the increase in OCR in OE33P cells cultured under hypoxia. This
result highlights the hypoxia sensitive nature of these cells whereby the change in oxygen tension
has resulted in an increase mitochondrial mass. This response was similar to findings shown by
Tohme et al. who found an increase in mitochondrial biogenesis in 2 hepatocellular carcinoma
cell lines in response to hypoxia [343]. Interestingly, in this study when mitochondrial biogenesis
was attenuated through the silencing of PGC-1a, cellular proliferation was significantly decreased
[343]. The upregulation of mitochondrial biogenesis may allow our OAC cells to cope with the
harsh hypoxic conditions by maintaining oxidative phosphorylation through increased
mitochondria. The lack of upregulation of mitochondrial mass in OE33R cells following hypoxia
further highlights the resilient and resistant nature of these cells as they appear to be better able

to cope with changes oxygen tension without the need to increase mitochondrial biogenesis.

Pre-treatment with Pyrazinib (P3) significantly enhanced radiosensitivity of OE33R radioresistant
cells to 4 Gy X-ray radiation cultured under hypoxic conditions. Oxygen is a potent radiosensitiser
and solid tumours with areas of hypoxia are the most aggressive and difficult tumours to treat
[237]. Hypoxia is heterogeneous across tumours and can change following treatment with
radiation [238]. Hypoxic cancer cells are generally more resistant to both chemotherapy and
radiotherapy than their normoxic counterparts and contribute largely to the development of
treatment resistance and thus may serve as a novel target to enhance radiosensitivity. A number
of studies have reportedly developed hypoxia-targeting agents as a mechanism to enhance
radioresponse, thus the ability of Pyrazinib (P3) to maintain its radiosensitising effect under these
conditions is a critical finding. The potential anti-metabolic agents which inhibit oxygen
consumption rate to enhance radiosensitivity under hypoxic conditions is supported in the
literature in a study by Ashton et al, using the anti-malarial compound atovaquone [344]. Ashton
et al, demonstrated that a reduction of the oxygen consumption rate was associated with a
significant reduction in tumour hypoxia and tumour growth when administered in combination
with radiotherapy in-vivo in FaDu and HCT116 xenografts. In gastric cancer, the RNA
polymerase inhibitor TAS106 was demonstrated to radiosensitise gastric cancer cells and
xenografts to irradiation [239]. TAS106 enhanced IR-induced apoptosis and suppressed HIF-1a
both in-vitro and in-vivo. Inhibition of HIF-1a was demonstrated to enhance radiation-induced
apoptosis in hypoxic gastric cancer cells, suggesting that the induction of apoptosis via inhibition
of HIF-1a is a mechanism underlying TAS106-mediated radiosensitisation in gastric cancer. The
ability of Pyrazinib (P3) to radiosensitise OAC radioresistant cells under normoxic and hypoxic
conditions further highlights the potential of this compound to function as a novel radiosensitiser
in OAC.
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Furthermore, Pyrazinib (P3) treatment could significantly inhibit cellular proliferation of OE33P
cells under hypoxic conditions. This was interesting as Pyrazinib (P3) could not enhance the
radiosensitivity of OE33P cells cultured under hypoxia. The result also indicates the
radiosensitising effect of Pyrazinib (P3) on OE33R cells cultured under hypoxia is independent
of change to cellular proliferation. Hypoxia-inducible factor-1 (HIF-1) is strongly associated with
cancer cell growth and survival [345]. Most cell types have been shown to downregulate
proliferation in response to hypoxia to cope with hypoxic stress, so it is expected that OE33P cells
have a significantly lower cellular proliferation under hypoxic conditions [346]. No significant
differences were seen in the cellular proliferation of OE33R cells cultured under normoxic versus
hypoxic conditions further highlighting the resistant and resilient nature of these cells. Although
proliferation was assessed 42 h following hypoxic induction, perhaps evaluating proliferation at
an earlier time point following hypoxic induction may have shown differences in cellular

proliferation.

Cisplatin is a widely used chemotherapeutic drug for the treatment of solid cancers, including
OAC as part of the MAGIC treatment regimen, however the development of chemoresistance, to
cisplatin hinders the success of this agent [315]. Previous studies in cisplatin resistant cancer cell
lines of various tissue origin report multiple mechanisms responsible for enhanced resistance, and
that cisplatin resistant phenotype is the result of multiple microRNA, gene and protein expression
changes [347-349]. Molecular mechanisms commonly associated with cisplatin resistance include
alterations in DNA repair, drug influx/efflux, drug detoxification, cell cycle dysregulation and
evasion of apoptosis [350]. In this study we sought to characterise the key differences linked to
resistance in an isogenic model of OAC cisplatin resistance, including relative chemosensitivity

and radiosensitivity and metabolic phenotype.

Chemoresistant OE33 Cis R cells have a significant acquired resistance to cisplatin compared to
cisplatin sensitive OE33 Cis P cells. Interestingly, cisplatin resistant OE33 Cis R cells are more
radiosensitive than matched OE33 Cis P cells. Cisplatin is often administered in combination with
radiation for the treatment of numerous solid cancers, including oesophageal, head and neck and
cervical cancer [351-354]. Cisplatin has been widely shown to enhance radiosensitivity
potentially through the disruption of the NHEJ DNA repair pathway [355, 356]. As cisplatin is
often given in combination with radiation to improve response it was surprising that OE33 Cis R
cells are more radiosensitive than OE33 Cis P cells. Our data suggest the pathways that OE33 Cis
R cells employ to repair DNA damage induced by either radiation or cisplatin treatment are
different. OE33 Cis R cells which can overcome cytotoxic insult from cisplatin to a greater degree

than OE33 Cis P cells but cannot overcome radiation induced DNA damage as efficiently as they
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could before the acquisition of cisplatin resistance. Pyrazinib (P3) could significantly enhance the
radiosensitivity of OE33 Cis P but not OE33 Cis R cells indicating the mechanism of cisplatin
resistance may attenuate the effect of this compound.

Cisplatin resistant OE33 Cis R cells have an altered metabolic phenotype compared to matched
OE33 Cis P cisplatin sensitive cells. OE33 Cis R cells have ~40% higher rate of oxygen
consumption rate than OAC cisplatin sensitive cells. Interestingly a previous study by Lynam-
Lennon et al. demonstrated that increased OCR was linked with a radioresistant phenotype in
OAC [82]. However, to date the role of oxidative phosphorylation in cisplatin resistance in OAC
has been underexplored. In a human ovarian cancer model of cisplatin resistance, SKOV3/DPP
cisplatin resistant cells had a significantly higher oxygen consumption rate when compared to
SKOV3 cisplatin sensitive cells, similar to our findings in our OAC model of cisplatin resistance
[357]. Treatment of ovarian cisplatin resistant cells with a Bcl-2 inhibitor was found to reduce
OCR and enhance cisplatin sensitivity in the ovarian cancer cisplatin resistant cells [357].
Additionally, a study by Catanzaro et al. demonstrated that the inhibition of glucose-6-phosphate
dehydrogenase sensitised cisplatin resistant ovarian cancer cells to cytotoxic death further
highlighting the role of the oxidative phosphorylation pathway in cisplatin resistance [358].
Elevated OCR has also been linked to chemoresistance with other chemotherapies such 5-FU. A
study by Denise et al. showed that 5-FU resistant colorectal cancer cells have a significantly
higher oxygen consumption rate compared to parental 5-FU sensitive cells. Furthermore,
increased OCR has also been linked to chemoresistance in docetaxel resistant prostate cancer
cells, where treatment with metformin to inhibit OCR was found to increase chemosensitivity
[359]. Thus, it would be of interest in the future to target oxidative phosphorylation in OAC OE33
Cis R cells as a potential mechanism to enhance cisplatin sensitivity in OAC. Metabolism is
tightly influenced by environmental conditions, low oxygen conditions can result in the
upregulation of hypoxia inducible glucose transporters thus we also investigated the metabolic
rate of OE33 Cis P and Cis R cells under hypoxic conditions [360]. The metabolic profile of OE33
Cis R cells is significantly altered under hypoxic conditions, where OE33 Cis R cells have a
significantly lower oxygen consumption rate than parental OE33 Cis P cells when cultured under
0.5 % O,. This result highlights the flexible nature of OE33 Cis R cells whereby they are able to
adopt to their environmental conditions and reduce their oxygen consumption rate in low oxygen
conditions. Hypoxia plays a critical role in cisplatin resistance and hypoxic tumours often display
a high level of resistance to cisplatin. Studies in lung cancer have reported that hypoxia can
promote the activation of autophagy resulting in chemoresistance [361]. In addition cisplatin
resistant lung cancer cells have hypoxia induced upregulation of p53 resulting in activation of
p21 transcription resulting in arrest of the cell cycle at the G1-GO0 phase reducing the effect of

cisplatin [362]. As regions of hypoxia are found in most solid tumours including OAC, it is critical
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to understand how OE33 Cis R cells adapt to their tumour microenvironment to determine the
best method to target this cell population. OE33 Cis R cells may have a reduced OCR under
hypoxic conditions as they have slowed their cell cycle as a means of protection from cytotoxic
insult, this is something which needs to be further evaluated in future studies. Pyrazinib (P3)
significantly inhibited OCR in OE33 Cis R but not OE33 Cis P cells, this surprising result further
highlighting the different metabolic phenotype of the two cell lines which respond very differently

to our anti-metabolic agent.

5-FU induces significantly enhanced cellular cytotoxicity of OE33P and OE33R cells. Pyrazinib
(P3) does not significantly alter the sensitivity of OE33P and OE33R cells to 5-FU. The cytotoxic
effects of 5-FU are S phase cell cycle dependent [51]. 5-FU is a broadly used chemotherapeutic
which is administered as part of the MAGIC regimen to OAC patients and has previously been
shown to enhance radioresponse in gastric cancers. We investigated the interaction between 5-FU
and Pyrazinib (P3). Both previously and in our studies, OE33P and OE33R cells have been shown
to have similar sensitivities to 5-FU, Pyrazinib (P3) does not significantly alter the sensitivity of
OE33P and OE33R cells to 5-FU but of clinical importance the combined administration of 5-FU
and Pyrazinib (P3) appears to slightly reduce the cytotoxic effect of 5-FU in some cases. This
result may be due to a drug influx/efflux pressure and thus if both drugs were to be given in

combination an optimal dosing schedule would be required.

5-FU does not significantly enhance the radioresponse of OE33P and OE33R cells. Importantly,
the administration of 5-FU in combination with Pyrazinib (P3) reduces the ability of Pyrazinib
(P3) to act as a radiosensitiser. This is an important clinical finding which indicates that 5-FU and
Pyrazinib (P3) should not be administered at the same time for optimal response. Pre-treatment
of OE33P and OE33R cells with concentrations of 5-FU which can induce 25-50% cellular
cytotoxicity cannot enhance radioresponse to 2 Gy X-ray radiation. 5-FU has previously been
shown to enhance radiosensitivity in numerous cancer types [363-365]. It would be of interest in
the future to investigate if 5-FU can enhance radiosensitivity if given continuously or following
radiation to OE33P and OE33R cells.

In summary in this chapter we have demonstrated the robust radiosensitising activity of Pyrazinib
(P3) under both normoxic and hypoxic conditions. Furthermore, Pyrazinib (P3) does not
significantly enhance the chemosensitivity of OE33P or OE33R cells to cisplatin or 5-FU,
highlighting Pyrazinib (P3) acts specifically to enhance radiosensitivity. Importantly the
combined administration of Pyrazinib (P3) with either of these chemotherapies can reduce the
activity of Pyrazinib (P3), 5-FU and cisplatin highlighting the need for the development of dosing

schedules if these drugs were to be given in combination with each other.
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Aspects of this chapter have been published in Pharmaceuticals, see Figure 4-13.
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Figure 4-13 Characterisation of an Isogenic Model of Cisplatin Resistance in Oesophageal
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Aspects of this chapter have been published in Pharmaceuticals [366].
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5. Chapter 5 Investigating inflammatory secretions from an
isogenic model of OAC radioresistance and the anti-
inflammatory action of Pyrazinib (P3)
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5.1, Introduction

OAC has been identified as an inflammatory-driven upper gastrointestinal cancer and previous
studies have reported the role of inflammation as a negative regulator of response to radiation
treatment in OAC [15, 234]. C3a and C4a, components of the complement system, were
previously found at higher levels in the pre-treatment serums of OAC patients who had a
subsequent poor pathological response to neo-CRT, when compared to patients who had a good
pathological response to treatment [15]. Inflammatory cytokines are being increasingly reported
to play a role in radioresistance, leukaemia inhibitory factor (LIF) is an IL-6 type cytokine that

has previously been linked with radioresistance in nasopharyngeal carcinoma [228, 235].

Inflammation plays a pivotal role in modulating response of tumours to radiation. NF-xB, STAT-
3, and HIF-1 play a crucial role in radiation-induced inflammatory responses thus therapeutic
targeting of these factors may be a novel mechanism to overcome inflammation-induced
radioresistance [233]. Furthermore as previously mentioned, response to radiation plays a central
role in patient outcome in OAC, sensitivity to ionising radiation is inversely correlated to tumour
burden [81]. Inflammation does not promote tumourigenesis and radioresistance in isolation, it is
tightly linked with other biological processes including angiogenesis and metabolism which we
have previously investigated in earlier chapters. Inflammation is tightly linked to angiogenesis,
with angiogenic networks responsible for sustaining inflammation through the supply of oxygen
and nutrients to the inflammatory cells [367]. Inflammation is also tightly linked to metabolism
as inflammatory cells rely on metabolites generated from the metabolic cycle to maintain their
function. Thus, tumour inflammation, angiogenesis and metabolism form an interdependent

network which plays a crucial role in radiation resistance.

Astudy by Liu et al., reported a potential role of the inflammatory LIF pathway in radioresistance
of nasopharyngeal cancer (NPC), elevated serum levels of LIF were associated with significantly
poorer recurrence-free survival [228]. LIF is an IL-6 type cytokine which signals through the
leukaemia inhibitory factor receptor (LIFR) and glycoprotein (gp)-130 [368]. Other members of
this family include IL-6, IL-11, cardiotrophin-1, cardiotrophin-like cytokine, ciliary neurotrophic
factor and oncostatin M [368]. Activation of the LIFR pathway is associated with the activation
of a number of downstream pathways including the ERK1/2, JAK/STAT3, MAPK and
PI3K/AKT pathways [228, 369, 370]. Differential expression of LIF and/or LIFR is reported in a
number of cancers including breast cancer, colorectal cancer (CRC), NPC, osteosarcoma,

pancreatic cancer, melanoma, cholangiocarcinoma and cervical cancer [228, 369, 371-376].
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LIF is a multifunctional protein and its role is often context-dependent. For example, in non-
pathological conditions LIF plays an important role in embryonic implantation where
dysregulated LIF expression is associated with implantation failure [377]. Furthermore in cancer,
the role of LIF is complex and linked to both pro- and anti-tumorigenic functions dependent on
the cancer type [371, 372, 374]. In breast cancer, LIF can promote tumour growth and migration
in-vitro and in-vivo [369]. In addition, ectopic over-expression of LIF in CRC reduces
chemotherapy-induced apoptosis in a p53-dependent manner [372]. In contrast, in cervical cancer,
elevated LIF expression is associated with a reduction in cellular proliferation mediated by the
downregulation of human papillomavirus-16 (HPV-16) oncogene expression [374]. However the

role of LIF in OAC disease progression and treatment response has not yet been explored.

In this chapter we carried out a proteomics-based screen to identify molecular markers associated
with radioresistance in OAC. We investigated the association of the pro-inflammatory cytokine
LIF with response to neo-adjuvant treatment in OAC, both in-vitro and in pre-treatment OAC
patient serum and biopsies. We profiled the expression and secretion of LIF in-vitro, in-vivo and
ex-vivo. LIF expression and secretion was upregulated in radioresistant cells of an isogenic model
of OAC radioresistance in-vitro. In-vivo, circulating LIF was significantly elevated in pre-
treatment serum from OAC patients with a subsequent poor response to neo-adjuvant treatment.
Ex-vivo, LIF secretions from treatment-naive biopsies were positively correlated with secretions
of IL-8, bFGF and VEGF-A. LIF secretions ex-vivo were negatively correlated with percentage
lymphocyte infiltration into the tumour biopsies. In addition to LIF, downregulated LIFR
expression is significantly associated with poor response to neo-CRT in OAC pre-treatment
biopsies. Our findings both in-vitro and in patient samples strongly implicate the LIF/LIFR

pathway in treatment response in OAC.

In this chapter we also investigated the effect of Pyrazinib (P3) on the inflammatory secretome in
addition to its effects on two primary hallmarks of cancer, angiogenesis and dysregulated
metabolism. At the protein level we investigated the action of our radiosensitiser Pyrazinib (P3)
on inflammatory protein secretions from our isogenic model of OAC radioresistance. Pyrazinib
(P3) significantly reduced the secretions of IL-6, IL-8, IL-4 and IL-13 in-vitro in OE33R cells.
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5.2. Overall objective and specific aims of chapter 5

In this chapter we investigated the differences in inflammatory protein expression and secretion

in-vitro using an isogenic model of OAC radioresistance. In addition we investigated the effect

of Pyrazinib (P3) treatment on inflammatory protein secretions.

The specific aims of chapter 5 were:

1.

Investigate the differences in protein expression using specific inflammatory and
oncology panels in OE33P and OE33R cell lysates and supernatants using multiplex
proteomics-based approach.

Validate lead hits of proteomic multiplex assay; LIF and LIFR in-vitro.

Evaluate the levels of circulating LIF and intra-tumoural expression of LIF and LIFR in
OAC treatment-naive patient serum and patient tumour biopsies respectively.

Correlate the levels secreted LIF with the secretion of a panel of inflammatory and
angiogenic factors from tumour conditioned media (TCM) of matched OAC treatment-
naive biopsies.

Correlate secreted LIF with immune cell infiltrate score in matched human OAC pre-
treatment biopsies.

Evaluate the effect of Pyrazinib (P3) treatment on protein secretions from OE33P and
OE33R cells.
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5.3, Melhods

5.3.1. Generation of the cell lines

The OAC model of radioresistance was generated as previously described [150].

5.3.2. Cell sub-culture

Cell culture was carried out as previously described in section 3.3.2.

5.3.3. Preparation of OE33P and OE33R cell supernatants and lysates for OLINK Proseek

Proteomics Analysis

OE33P and OE33R cells were seeded at a density of 2.5 x 10° in 6 well plates in 1.5 mL complete
RPMI-1640 at 37°C in 5% CO,/95% air. At 48 h supernatant was removed and stored at -20°C.
Cells were washed twice with 300 uL of ice-cold PBS. NP40 cell lysis buffer (Invitrogen) was
supplemented on day of use with 100 pL. Phenylmethylsulfonyl fluoride (PMSF) (Sigma-Aldrich)
per 10 mL cell lysis buffer and 1 mL protease inhibitor (Sigma-Aldrich) per 10 mL cell lysis
buffer. Supplemented ice-cold NP40 cell lysis buffer (200 uL) was added to each well and left on
ice for 20 min. Cell lysate solutions were pipetted up and down following incubation to aid lysis
process. Lysis buffer solute was centrifuged for 20 min at 13,400 x g at 4°C. Lysates was aspirated
off and stored at - 80°C. 20 uL of each supernatant and cell lysate of equal protein concentration
was determined using the BCA assay (Pierce) as previously described in section 4.3.7 and were
placed in a MicroAmp plate (Applied Biosystems) and sealed and shipped on dry ice to OLINK

proteomics (Uppsala, Sweden).

5.3.4. Proseek proteomics assay

OLINK proteomics conducted a proseek proteomics screen of our samples, including
supernatants and cell lysates from 3 independent experiments obtained from OE33P and OE33R
cells. Samples were run on both their inflammatory | and oncology Il platform, with samples
screened for expression of a total of 184 proteins (92 per panel). All samples were of equal protein
concentration prior to shipping to OLINK. The readout of normalised protein expressions values
(NPX) were obtained from OLINK following the assay for statistical analysis. The NPX value
indicates the relative quantification for that protein and thus can only be used for comparison
between samples for each protein and cannot be used for comparing one protein to another. A hit
was determined as significant when p<0.05, p values were adjusted for multiple testing using the

false discovery rate method.
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5.3.5. Generation of OE33P and OE33R cell supernatants for LIF ELISA

Cells were seeded at a density of 2.5 x 10° cells/well in 6-well plates and allowed to adhere
overnight at 37°C in 5% CO/95% air. After 48 h, OE33P and OE33R were either mock irradiated
or irradiated with 2 Gy irradiation. Twenty-four hours later supernatant was removed and stored
at -20°C. Cells were washed twice with 300 pL of ice-cold PBS. RIPA cell lysis buffer was
supplemented on day of use with 100 puL phenylmethylsulfonyl fluoride (PMSF) (Sigma-Aldrich)
per 10 mL cell lysis buffer and one protease inhibitor cocktail tablet (Roche) per 10 mL cell lysis
buffer. 200 pL of supplemented ice-cold RIPA cell lysis buffer was added to each well and left
on ice for 20 min. Cell solutions were pipetted up and down following incubation to aid cell lysis.
Lysis buffer solute was incubated for 20 min at 13,400 x g at 4°C. Lysates were aspirated and
stored at -80°C. Protein concentration was determined by BCA assay (Pierce) as previously
described in 4.3.7.

5.3.6. [Irradiation

Irradiation was performed using a Gulmay Medical X-ray generator, (RS225) (Gulmay Medical),

at a dose rate of 3.25 Gray (Gy) per min.

5.3.7. Patient samples

Following ethical approval (Joint St James’s Hospital/ AMNCH ethical review board) and written
informed consent, diagnostic biopsy specimens were taken from patients with a diagnosis of
operable OAC, by a qualified endoscopist prior to neo-adjuvant therapy. Histologic confirmation
of tumour tissue in biopsies was performed by a pathologist using routine haematoxylin and eosin
staining. Patients with a subsequent TRG score received a complete course of neo-adjuvant
therapy. All patient samples in the qPCR study received neo-CRT according to the CROSS
regimen [44]. In the serum study, 16 patients received neo-CRT according to the CROSS regimen
and 10 patients received neo-adjuvant chemotherapy only according to the MAGIC regimen [44].

All patient tumour and serum samples used in this study were taken prior to initiation of treatment.

5.3.8. Generation of tumour conditioned media (TCM)

Following informed consent, biopsies were collected at endoscopy, immediately placed on saline-
soaked gauze and were transported within 10 minutes to the laboratory. Biopsies were placed in
culture as follows: biopsies were placed into a well of a 12 well plate containing 1 mL M199
medium (Gibco) supplemented with 10% FBS (Gibco), 1 ug/mL insulin and 1%
penicillin/streptomycin. Following 24 h culture in 0.1% DMSO in complete M199, tumour

171



conditioned media (TCM) was collected stored at -80°C.The remaining tissue was snap-frozen in
liquid nitrogen and stored at -80°C.

5.3.9. Protein isolation from OAC treatmeni-naive biopsies

OAC patients biospies previously treated with 0.1% DMSO in the generation of TCM were
defrosted on ice. 200 pL of RIPA buffer supplemented with a protease inhibitor cocktail tablet (1
tablet per 10 mL, Roche) was added to each 2 mL tube containing one biopsy each. A metal bead
was also placed in each tube. Biopsies were homogenised using the Qiagen tissue lyser (Qiagen,
CA, USA) at a speed of 30 Hz for 30-45 seconds depending on biopsy size until fully
homogenised. Biopsies were centrifuged at 13,000 x g for 20 min at 4°C. Cell lysate was removed
and placed in new 2 mL tube, 10 pL/well of protein lysate was required to quantify protein
concentration using the BCA assay (Pierce) as previously described in section 4.3.7.

5.3.10. Serum sampling

Following informed, written consent, OAC patient treatment-naive serum was collected using Z-
clot activator serum tubes (Greiner Bio-One, Gloustershire, United Kingdom). Samples were
centrifuged at 1150 xg for 10 min, the serum decanted, aliquoted, and subsequently stored at -
80°C in a designated biobank.

5311, LIF ELISA

To assess the secretion of LIF from OE33P and OE33R cell supernatants, patient serum and TCM
a singleplex sandwich LIF ELISA was carried out as per manufacturer’s instructions using 100
uL of neat OE33P or OE33R cellular supernatant, OAC treatment-naive patient serum or 0.1%
DMSO treated OAC TCM.

5.3.12. RNA isolation from OE33P and OE33R cells and OAC treaiment-naive biopsies

Cells were seeded at a density of 2.5 x 10° cells/well in 6-well plates and allowed to adhere
overnight. 24 h later OE33P and OE33R were either mock irradiated or irradiated with 2 Gy
irradiation. RNA was isolated as previously described in section 3.3.15. RNA from patient tumour
tissue samples was isolated using a miRNeasy RNA isolation kit (Qiagen), as per the
manufacturer’s instructions. Total RNA was quantified spectrophotometrically using a Nanodrop
1000 spectrophotometer v3.3 (Thermo Fisher Scientific). Total RNA (1.5 ug) was reverse
transcribed to cDNA using a High Capacity cDNA RT Kit (Thermo Fisher Scientific).
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5.3.13. RNA quantification of cell lines and OAC patient mRNA

RNA quantification was determined as previously described in section 3.3.16.

5.3.14. cDNA synthesis from cell lines and OAC patient mRNA

For cell line samples, cDNA synthesis was carried out as previously described in section 3.3.17.
For patient samples, total RNA (1.5 ug) was reverse transcribed to cDNA using a High Capacity
cDNA RT Kit (Thermo Fisher Scientific).

5.3.15. Quantitative Real-Time PCR of cell lines and OAC patient samples.

gPCR was performed using TagMan primer probes (LIF, LIFR Thermofisher) and a Quant Studio
5 real-time thermal cycler (Thermo Fisher Scientific). 18S (Applied Biosystems) was used as an
endogenous control for data normalization. PCR data were analyzed by the 2-24¢t Livak method
[378].

5.3.16. Multiplex ELISA using 0AC TCM

TCM from 6 different patients previously treated with 0.1% DMSO in M199 were defrosted on
ice. The secretion of cytokines and angiogenic growth factors were analysed by ELISA as per the
manufacturer’s instructions. To assess angiogenic and inflammatory cytokine release in TCM, 2
multiplex kits were used (Meso Scale Diagnostics, USA). For angiogenic markers, a 7-plex
ELISA was used to quantify levels of b-FGF (basic), FIt-1/VEGFR-1, PIGF, Tie-2, VEGF-A,
VEGF-C, VEGF-D. For inflammatory cytokines, a 10-plex assay was used to quantify IFN-y, IL-
10, IL-12p70, IL-13, IL-1B, IL-2, IL-4, IL-6, IL-8 and TNF-a. ICAM secretions were detected by
a separate ELISA (R&D Systems). Secretion data for all factors was normalised appropriately
explant protein content using the BCA assay (Pierce) as previously described in section 4.3.7 for

TCM secretions. Data was analysed using MSD Discovery Workbench software version 4.0.

5.3.17. Evaluation of inflammatory infiltrate in OAC pre-treatment biopsies

Routine haematoxylin and eosin stained sections from diagnostic biopsy material were reviewed
by a pathologist who was blinded to clinical outcomes. Inflammatory cell density and tumour
stroma percentage were assessed in tissue fragments containing invasive carcinoma. The
inflammatory cell density was classified as either absent, low-grade (mild/patchy increase in
inflammatory cells) or high-grade (prominent inflammatory infiltrate and/or involvement and
destruction of cancer cell islands). The presence of eosinophils, neutrophils, lymphocytes and
plasma cells was also assessed and similarly classified as either absent, low-grade or high-grade.

The tumour stroma percentage (TSP) was assessed by estimating the proportion of stroma as a
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percentage of the visible field from an area of carcinoma, excluding areas of mucin deposition or
necrosis. Tumours were classified as low-TSP if stroma accounted for 50% of the visible field or
high-TSP if stroma accounted for 50% of the visible field.

5.3.18. Multiplex ELISA in OE33P and OE33R cells

OE33P and OE33R cells were seeded at 2.5 x 103 for 24 h, following which they were treated
with either 0.1% DMSO or 10 uM of Pyrazinib (P3) for 24 h following which supernatants and
cell lysates were removed and stored at -80°C. Supernatants from OE33R and OE33P cells were
defrosted on ice. The secretion of cytokines and angiogenic and inflammatory growth factors
were analysed by ELISA as per the manufacturer’s instructions. To assess angiogenic, vascular
injury, inflammatory cytokine and chemokine secretions, a 54 multiplex kit spread across 7 plates
was used (Meso Scale Diagnostics, USA). The 54 multiplex kit was used to quantify the secretions
of CRP, Eotaxin, Eotaxin-3, FGF (basic), GM-CSF, ICAM-1, IFN-y, IL-10, IL-12/IL-23p40, IL-
12p70, IL-13, IL-15, IL-16, IL-17A, IL-17A/F, IL-17B, IL-17C, IL-17D, IL-1RA, IL-1a, IL-1B,
IL-2, IL-21, IL-22, IL-23, IL-27, IL-3, IL-31, IL-4, IL-5, IL-6, IL-7, IL-8, IL-8 (HA), IL-9, IP-
10, MCP-1, MCP-4, MDC, MIP-1a, MIP-1pB, MIP-3a, PIGF, SAA, TARC, Tie-2, TNF-a, TNF-
B, TSLP, VCAM-1, VEGF-A, VEGF-C, VEGF-D and VEGFR-1/FIt-1 from OE33P and OE33R
cell supernatants previously treated with 10 uM Pyrazinib (P3) or vehicle control (0.1% DMSO)
for 24 h. Secretion data for all factors was normalised appropriately to cell lysate protein content
using the BCA assay (Pierce). Data was analysed using MSD Discovery Workbench software

version 4.0.

5.3.19. Statistical analysis

Statistical analysis was performed using GraphPad Prism version 5 software (GraphPad Software,
CA, USA). Scientific data were expressed as +SEM. SEM was calculated as the standard
deviation of the original samples divided by the square root of the sample size. Specific statistical
tests used are indicated in figure legends. Correlations were carried out using R software version
3.4.1. Graphical representations of correlations were generated with the R package ‘corrplot’.

For all statistical analysis, differences were considered to be statistically significant at p<0.05.
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5.4, Resulig

5.4.1. Proteomic screening identifies alterations in intracellular and secreted protein levels
in OE33P compared to OE33R cells

To investigate the role of inflammatory mediators in radioresistance of OAC, we carried out a
comprehensive proteomics screen using the previously described isogenic in-vitro model of OAC
radioresistance [150]. Our isogenic cell line provides a unique model to investigate cellular and

molecular mediators involved in radioresistance in OAC [150].

Given the multifaceted role of inflammation in cancer progression, we investigated the levels of
184 oncogenic and inflammatory proteins in the supernatants and cell lysates of isogenic OE33P

and OE33R cells using a multiplex system.

This broad screen of 184 inflammatory and oncogenic proteins found 3 proteins significantly
downregulated and 21 proteins significantly upregulated intracellularly in cell lysates in OE33R;
radiation-resistant cells, compared to radiation-sensitive OE33P cells. Proteins significantly
downregulated were linked with immune signalling, hydrolysis and growth signalling (Figure
5-1A). A greater number of proteins were significantly upregulated in cell lysates of OE33R
compared to OE33P cells and are involved in different biological processes with the majority of
those identified in this specific study linked with interleukin and chemokine signalling (Figure
5-1B). Of the 184 proteins screened in the supernatant of OE33P and OE33R cells, 71 proteins
were found to be significantly altered between the two cell lines, 18 were significantly
downregulated in the supernatant of OE33R cells whilst 53 were significantly upregulated in
OE33R cells compared to matched radiosensitive OE33P cells (p<0.05). Using Panther pathway
analysis the 18 downregulated proteins were linked with 9 pathways (Figure 5-1C). The majority
of the significantly altered secreted proteins were upregulated in OE33R cells and the 53 proteins
secreted at higher levels from OE33R compared to OE33P cells were linked to 21 signalling
pathways hits (Figure 5-1D). Interestingly different mediators tightly linked to pro-tumorigenic
pathways including angiogenesis, inflammation and interleukin signalling were found to be both
upregulated and downregulated in OE33R cells compared to OE33P cells. One secreted protein
LIF and its intracellular receptor LIFR were found to be significantly altered in OE33R compared

to OE33P cells and were further validated in-vitro and ex-vivo following this screen.
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Figure 5-1 Proteomic screening identifies significant differences in intracellular and secreted
proteins between OE33P and OE33R cells.

(A) Pie chart illustrating factors significantly downregulated intracellularly in OE33R
(radioresistant) cells versus OE33P (radiation-sensitive) cells. (B) Pie chart illustrating factors
significantly upregulated intracellularly in OE33R cells versus OE33P cells. (C) Pie chart
illustrating factors significantly downregulated in the supernatant of OE33R cells versus OE33P
cells. (D) Pie chart illustrating factors significantly upregulated in the supernatant of OE33R cells
versus OE33P cells. (p<0.05), (n=3).
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5.4.2. LIF and LIFR expression is elevated in radioresistant OAC cells

From our initial proteomic screen of 184 proteins of both the supernatant and cell lysates
generated from passage matched OE33P and OE33R cells we selected one protein and its receptor
as lead hits to further investigate as a potential mediator of radioresistance in OAC, LIF and LIFR.

Of particular interest, the inflammatory profile generated in this screen found that the interleukin
6 type cytokine, LIF, was significantly upregulated in the supernatant of OE33R cells (p=0.007),
when compared to OE33P cells (Figure 5-2A). In addition, intracellular expression of LIF was
significantly higher in OE33R cells compared to OE33P cells, (p=0.006), (Figure 5-2B).

We also found, the LIF receptor, LIFR, was significantly upregulated (p=0.022) intracellularly in
OE33R cells relative to OE33P cells (Figure 5-2C). This data indicated that the in-vitro
expression of LIF is associated with a radioresistant phenotype in OAC and warranted further

validation and investigation in-vitro and ex-vivo.
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Figure 5-2 Secreted LIF and intracellular levels of LIF and LIF receptor (LIFR) are
significantly higher in OE33R; radioresistant OAC cells compared to OE33P; radiation-
sensitive cells.

Proteomic screening results of (A) Normalised protein expression (NPX) levels of secreted LIF
in supernatant from OE33P radiation-sensitive and OE33R; radiation-resistant OAC cells (n=3)
(B) NPX levels of LIF intracellularly in OE33P and OE33R cell lysates (n=3). (C) NPX levels
of LIFR intracellularly in OE33P and OE33R cell lysates (n=3). Unpaired t-test, *p<0.05,
**p<0.01. Data expressed as +SEM.
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5.4.3. Secreted LIF and intracellular LIF and LIFR expression is increased in radioresistant

A0 cells

We sought to validate the data generated in the multiplex proteomic screen and to investigate
secretion and intracellular expression profiles of LIF and LIFR when OE33P and OE33R cells
which were mock irradiated (0 Gy) or irradiated with 2 Gy X-ray radiation.

Secreted levels of LIF protein were evaluated by ELISA. Secreted levels of LIF from OE33R
cells were significantly higher when compared to OE33P cells at 0 Gy (p=0.012) and 24 h post 2
Gy X-ray radiation (p=0.001), (Figure 5-3A). This result validated the screen data and illustrated
that radiation significantly increased the secretion of LIF specifically in the radiation-resistant
OE33R cells (p=0.008) but no significant change was seen following 2 Gy irradiation in

radiation-sensitive OE33P cells.

Following on from the protein data, LIF mRNA expression, was evaluated by RT-PCR and was
found to be higher although not significant in OE33R cells compared to OE33P cells (p=0.059)
(Figure 5-3B). Interestingly, 24 h after the cells were exposed to one dose of 2 Gy irradiation, the
levels of LIF mRNA expression significantly decreased in both OE33P (p=0.034) and OE33R
cells (p=0.013). Similar to our findings from the proteomics screen, LIFR expression was higher
although this was not significant in OE33R cells and no significant change in expression was
observed following 2 Gy irradiation (Figure 5-3C). Our findings suggest that LIF and LIFR may
be expressed at higher levels in radiation-resistant OAC cells when compared to radiation-
sensitive cells although this is not significant, and that radiation treatment significantly increases
the secretion of LIF by OE33R cells.

Given that baseline LIF secretion is higher in OE33R cells and that radiation significantly induces

LIF secretion in OE33R cells indicates LIF is an important molecular mediator of response to
radiation in OAC.
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Figure 5-3 Validation of LIF and LIFR expression data from OLINK screen and investigation
of expression and secretion profile of LIF and LIFR at 0 Gy and 24 hours post 2 Gy irradiation.
(A) Secreted LIF protein from OE33P and OE33R cells which have been-mock irradiated and
following 2 Gy X-ray irradiation was evaluated by ELISA, (n=4). (B) Relative expression of LIF
MRNA in OE33P and OE33R cells at baseline and following 2 Gy irradiation was evaluated by
gPCR, (n=5). (C) Relative mRNA expression levels of LIFR at baseline in OE33R and OE33P
cells and post 2 Gy irradiation was evaluated by gPCR, (n=5). Unpaired t-test used to compare
OE33P and OE33R cell lines. Paired t-test used to compare within same cell line, *p<0.05,
**p<0.01. Data expressed as +SEM.
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S.4.4. Significantly increased levels of circulating LIF and decreased levels of tumoural

LIFR expression are associated with a poor response to neo-adjuvant ireatment in OAC

Following on from our in-vitro screens we sought to investigate both the levels of circulating LIF
and intra-tumoural LIF and LIFR expression ex-vivo in OAC treatment-naive patient serum and
OAC treatment-naive biopsies respectively. The levels of circulating LIF in the serum of
treatment-naive patients was evaluated in 26 OAC patient samples by ELISA, the patient cohort
is outlined in Table 5-1. Circulating levels of LIF were significantly elevated in patients who
went on to have a subsequent poor pathological response following neo-adjuvant treatment
(neoCT or neo-CRT), with TRG of 3-5, compared to patients who had a subsequent good
pathological response to neo-adjuvant treatment, with a TRG of 1-2 (p=0.037) (Figure 5-4A).
Circulating levels of LIF were not significantly associated with other patient clinical
characteristics, such as tumour stage, nodal status and stage of differentiation (Figure 5-5A-D).
In contrast to circulating levels of LIF in serum, there was no significant difference in LIF mRNA
expression in pre-treatment OAC tumour biopsies from good and poor responders to neo-adjuvant
treatment (Figure 5-4B) indicating that LIF in the circulation may be a more important predictive
marker of treatment response than expression levels of LIF within the tumour. Furthermore, LIF
expression was not significantly associated with other patient characteristics such as tumour stage,

nodal status, stage of differentiation or body mass index (Figure 5-6A-F).

LIFR expression (detected in 16 of 24 patients all of whom received neo-CRT) was significantly
reduced in tumour biopsies from patients having a subsequent poor pathological response to neo-
CRT (p<0.001), when compared to good responders (Figure 5-4C). Patient cohort for mRNA
expression of LIF and LIFR is outlined in Table 5-2. Circulating LIF and intra-tumoural
expression of LIFR was associated with neo-CRT treatment response but not with other patient
clinical characteristics (Figure 5-6A-F, Figure 5-7 A-F). This suggests that circulating LIF and
intra-tumoural LIFR expression may function as valuable pre-treatment predictive indicators of

response to neo-adjuvant therapy.
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Table 5-1 Patient characteristics of patient cohort for serum study.

Table detailing patient characteristics including gender, median age, median body mass index
(BMI), tumour stage, nodal status, treatment received and tumour regression grade of the 26
patients whose samples were used in the serum study.

n=26

Male 23
Female 3
Median Age at diagnosis 64.5 (38-80)
Medan BMI ot diagnosis 27 (23-36.8)
Tumour Stage at diagnosis

1 1

2 2

3 20

4 |

Not Specified 2
Nodal Status ot dizgnosis

0 14

1 8

2 2

Not Specificd 2
Treastmoent

CROSS I8

MAGIC 8
Tumour Regression Grade

1 5

2 5

< v

R O

§ 1
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Table 5-2 Patient characteristics of patient cohort for RT-PCR study.

Table detailing patient characteristics including gender, median age, median body mass index
(BMI), tumour stage, nodal status, treatment received and tumour regression grade of the 24
patients whose samples were used in the RT-PCR study.

n=214

Male 20
Female 4
Median Age at diagnosis 62.5 (43-75)
Median BMI at diagnosis 2734 (20.04-36.61)
Tumour Stage at diagnosis

2 3

3 21
Nodal Status at diagnosis

0 12

1 11

2 1
Treatment

CROSS 24
Tumour Regression Grade

1 4

2 8

3 6

4 6
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Figure 5-4 Circulating levels of LIF and tumoural levels of LIFR are significantly altered in
OAC patients with a subsequent poor response to heo-adjuvant treatment.

(A) Circulating LIF in pre-treatment serum of OAC patients was assessed by ELISA. Patients
were divided into good (TRG 1/2) (n=10) and poor responders (TRG 3/4/5) (n=16) based on
pathological response to neo-adjuvant treatment. (B) Relative mRNA expression of tumoural LIF
in OAC pre-treatment biopsies from good (TRG 1/2) (n=11) and poor (TRG 3/4) (n=9) responders
(n=20). (C) Relative mRNA expression of tumoural LIFR in OAC pre-treatment biopsies from
good (TRG 1/2) (n=6) and poor (TRG 3/4) (n=10) responders. Statistical analysis was performed
by Mann-Whitney U test. *p<0.05, ***p<0.001. Data expressed as +SEM.
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Figure 5-5 Circulating LIF in serum from treatment-naive oesophageal adenocarcinoma
patients, divided according to pathological parameters.

Circulating LIF in serum was assessed by ELISA and divided according to (A) Stage of
Differentiation (n=25), (B) Tumour stage (n=26), (C) Nodal status (n=26) and (D) Body Mass
Index (n=26). Mann-Whitney t-test. Data are expressed as mean + SEM.
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Figure 5-6 Relative expression of LIF in OAC pre-treatment biopsies.

Relative expression of LIF mRNA in treatment-naive patient biopsies was divided according to
clinical characteristics (A) Tumour Stage (n=20), (B) Nodal Status (n=20), (C) Presence of
Metastasis (n=20), (D) Body Mass Index (n=20), (E) Clinical Stage (n=20) and (F) Stage of
Differentiation (n=20). Mann Whitney U test. Data expressed as mean £ SEM.
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Figure 5-7 Relative expression of LIFR in OAC pre-treatment biopsies.

Expression of LIFR mRNA in patient biopsies was divided according to clinical patient
characteristics (A) Tumour Stage (n=15) (B) Nodal Status (n=15) (C) Presence of Metastasis
(n=15) (D) Body Mass Index (n=15) (E) Clinical Stage (n=15) and (F) Stage of differentiation
(n=15).Mann-Whitney U test. Data expressed as mean + SEM.
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5.4.5. LIF secretions were significanty correlated with the levels of b-FGF, VEGF-A and IL-

& in OAC treatment-naive human tumour explanis ex-vivo

Given the importance of circulating LIF as a predictive marker of treatment response we further
sought to investigate the secreted levels of LIF from OAC patient tumours using treatment-naive
OAC patient tumour biopsies (patient cohort outlined in Table 5-3). This unique model most
closely recapitulates the tumour microenvironment, encompassing multiple cell types as seen in-

Vivo.

Ex-vivo treatment-naive human explant tissue was cultured for 6 OAC patients, and the secretions
of LIF and a panel of inflammatory (n=10) and angiogenic (n=8) secretions in this TCM were
evaluated by ELISA. The secreted levels of these mediators were correlated in order to ascertain
what other mediators in the ex-vivo tumour microenvironment were associated with LIF. We
demonstrated for the first time that LIF is actively secreted from OAC tumour biopsies (range:
24.61-1137.36 pg/mL) and significantly correlated with the levels of basic fibroblast growth
factor (bFGF), VEGF-A and IL-8 (p<0.05, R=1) (p<0.05, R=0.9429) (p<0.05, R=1) respectively,
(Figure 5-8A, Table 5-4).

Our studies ex-vivo have importantly demonstrated that LIF is secreted into the tumour
microenvironment in OAC and is significantly positively correlated with pro-angiogenic and

growth factors secretions.
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Table 5-3 Patient characteristics of patient cohort for ex-vivo study.

Table detailing patient characteristics including gender, median age, median body mass index
(BMI), tumour stage, nodal status, treatment received and tumour regression grade of the 6
patients whose samples were used in the ex-vivo study.

n=5

Male 5
Female 1
Median Aze 685 (61-83)
Median BMI at diagnosis 30.15 (25.5-38.5)
Tumour Stage at diapmosis

2 2

3 3

4 1
Modal Status at diagnosis

0 1

1 3

2 2
Treatment

CROSS 3

MAGIC 1

Other Chemotherapy 2
Tumour Regression Grads

3 1

4 1

5 1

Mot Specified 3
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Figure 5-8 LIF secretions are significantly associated with the secretion bFGF, VEGF-A and

IL-8 ex-vivo.

(A) CorrPlot illustrating the correlation values of secreted LIF to secreted angiogenic and
inflammatory secretions evaluated by ELISA from OAC treatment-naive tumour biopsies
cultured ex-vivo (n=6). Blue indicates a positive correlation, red indicates negative correlation.
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Table 5-4 LIF secretion is significantly correlated with 1L-8, bFGF and VEGF-A secretion in
OAC treatment-naive biopsies.
Table showing correlation of secreted LIF secreted angiogenic and inflammatory secretions in
OAC treatment-naive biopsies cultured ex-vivo (n=6). Secretion of inflammatory and angiogenic
mediators was determined by ELISA. Correlation to LIF secretions where Spearman r 0.4-0.59
moderate, 0.6-0.79 strong and 0.8-1 very strong.*p<0.05, **p<0.01.

Factor Spearman r P value (two-tailed) P value summary

IL-1B -0.02857 1 ns
IL-6 0.6571 0.175 ns
IL-8 1 0.0028 e
IL-2 0.5429 0.2972 ns
IL-4 0.7143 0.1361 ns
IL-13 0.7714 0.1028 ns
IL-10 0.08571 0.9194 ns
IL-12p70 0.2571 0.6583 ns
IFN-y 0.1429 0.8028 ns
bFGF 1 0.0028 **
VEGF-A 0.9429 0.0167 *
FLT1 0.7143 0.1361 ns
PIGF 0.8286 0.0583 ns
TIE-2 0.2 0.7139 ns
VEGF-C -0.1429 0.8028 ns
VEGF-D 0.2571 0.6583 ns
sVCAM 0.6571 0.175 ns
TNF-a 0.3143 0.5639 ns
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S.4.0. Elevated secreted LIF negatively correlates with lymphocyte infiltration in human

0AC pre-treatment biopsies

Following our ex-vivo studies using TCM generated from 6 patient OAC pre-treatment biopsies,
we investigated the association of secreted LIF with immune cell infiltrate and patient clinical
characteristics. It is critical to understand the role of LIF in the tumour microenvironment, the
association of LIF with other secreted growth factors and cytokines and to understand how LIF
secretion is associated with immune cell infiltration of tumours. Immune cell infiltrates were
determined by a pathologist using matched diagnostic H&E slides prepared from pre-treatment
biopsies of 6 patients (patient cohort is outlined in Table 5-3).

We observed that LIF secretion was significantly negatively correlated with lymphocytic
infiltration whereby lower LIF secretion was associated with greater lymphocyte infiltration in
matched biopsies (p=0.0333, r=-0.8783) but no significant association was seen with other types

of infiltrating cells, including eosinophils, neutrophils, plasma cells (Figure 5-9A)(Table 5-5).
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Figure 5-9 Elevated levels of secreted LIF negatively correlates with lymphocyte infiltration in
human OAC pre-treatment biopsies.

(A) CorrPlot illustrating the correlation values of secreted LIF from OAC treatment-naive
biopsies cultured ex-vivo to patient clinical characteristics (Stage of Differentiation, Tumour
Stage, Nodal Status and BMI) and percentage tumour stroma immune cell infiltrations
(Neutrophils, Eosinophils, Lymphocytes and plasma cells). Blue indicates a positive correlation,
red negative correlation, (n=6).
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Table 5-5 LIF negatively correlates with lymphocyte infiltration in human OAC pre-treatment
biopsies.

Table showing correlation values of secreted LIF to patient clinical characteristics and immune
cell infiltrate (n=6). Spearman correlation to LIF secretions where Spearman r 0.4-0.59 moderate,
0.6-0.79 strong and 0.8-1 very strong.*p<0.05.

Factor Spearman r P value (two-tailed) | P value summary
% Tumour Stroma 0.3928 0.4194 ns
% Eosinophils Infiltrate -0.414 0.4194 ns
% Neutrophils Infiltrate -0.207 0.7139 ns
% Lymphocytes Infiltrate -0.8783 0.0333 *
% Plasma Cells Infiltrate -0.1309 0.8028 ns
Stage of differentiation -0.09759 0.9194 ns
Tumour stage -0.6172 0.175 ns
Nodal status 0.09258 0.9194 ns
Body mass index 0.6789 0.1361 ns
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5.4.7. Pyrazinib (P3) significantly alters the secretion of IL-6, IL-4, IL-8 and 1L-13 in OE33R

radioresistant cells

Following on from our proteomics screen, we investigated the difference in inflammatory protein
secretions from our OE33P and OE33R cells and evaluated the effect of treatment with our
radiosensitiser Pyrazinib (P3) on inflammatory protein secretions in our isogenic model. We
measured the effects of Pyrazinib (P3) on the protein secretions of 54 angiogenic factors,
growth factors and inflammatory cytokines in OE33P and OE33R cells following treatment
with 10 uM Pyrazinib (P3) or 0.1%DMSO control.

Of the 54 factors analysed, 30 were detected within the range of detection in our isogenic
radioresistant OAC model. Of the 30 factors detected, statistical testing could be carried out
for 25 proteins (Figure 5-10A-X). 9 factors were secreted at significantly higher levels in
OE33R radioresistant cells when compared to OE33P cells; IL-6, IL-4, IL-8, IL-13, ICAM,
IL-12p70, IL-2, IL-10, IP-10 and MCP-1 (Figure 5-10A-J). Pyrazinib (P3) significantly
reduced the secretions of IL-6 (p=0.0006) (Figure 5-10A), IL-4 (p=0.0111) (Figure 5-10B),
IL-8 (p=0.0488) (Figure 5-10C) and IL-13 (p=0.0204) (Figure 5-10D) in-vitro in OE33R cells.
Two factors were significantly down regulated in OE33R compared to OE33P cells, IL-1RA
(p=0.0013) (Figure 5-10M) and GM-CSF (p=0.0018)(Figure 5-10N).

This study supported our findings in the proteomic study highlighting the altered inflammatory

secretome of OE33R compared to OE33P cells and the anti-inflammatory action of Pyrazinib
(P3) through its inhibition of IL-6, IL-8, IL-4 and IL-13 secretion from OE33R cells.
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Figure 5-10 Pyrazinib (P3) significantly reduces the secretion of pro-inflammatory cytokines
IL-6, IL-4, IL-8 and IL-13 in OE33R radioresistant OAC cells.

The secreted levels of 54 proteins in OE33P and OE33R cells were quantified by multiplex
ELISA. Of these, 25 proteins were detected in sufficient samples to carry out statistical analysis.
Protein secretions in OE33P and OE33R cells following treatment with 0.1% DMSO or 10 uM
Pyrazinib (P3) (A) Interleukin 6 (IL-6), (B) Interleukin 4 (IL-4), (C) Interleukin 8 (IL-8), (D)
Interleukin 13 (IL-13), (E) Intracellular Adhesion Molecule 1 (ICAM-1), (F) Interleukin 12p70
(IL-12p70), (G) Interleukin 10 (IL-10), (H) Interleukin 2 (IL-2), (1) Interferon gamma-induced
protein 10 (IP-10), (J) Monocyte chemoattractant protein 1 (MCP-1), (K) Macrophage
Inflammatory Protein -1 alpha (MIP-1a), (L) Tumour necrosis factor alpha (TNF-a), (M)
Interleukin 1 receptor antagonist (IL-1RA), (N) Granulocyte-macrophage colony-stimulating
factor (GM-CSF), (O) Serum amyloid A (SAA), (P) Vascular endothelial growth factor A
(VEGF-A), (Q) Placental growth factor (PIGF), (R) C reactive protein (CRP), (S) Vascular cell
adhesion molecule 1 (VCAM-1), (T) Macrophage derived chemokine (MDC), (U) Thymus and
Activation Regulated Chemokine (TARC), (V) Macrophage inflammatory protein-1p (MIP-1p),
(W) Interleukin 1 beta (IL-1p) and (X) Interleukin 15 (IL-15). All secretions were normalised to
protein content. Unpaired t-test was used to compare different cell lines, paired t-test to compare
within same cell line, (n=3), *p<0.05, **p<0.01, ***p<0.001. Data expressed as +SEM.
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5.5. Summary of main findings of chapter 5

OE33R radioresistant cells have significantly altered intracellular and secreted levels of

inflammatory and oncogenic proteins compared to OE33P cells.

LIF and its receptor LIFR were identified as lead hits which were secreted and/or

expressed at significantly higher levels from OE33R cells.

Circulating levels of LIF were significantly higher in the treatment-naive serum of OAC
patients who have a subsequently poor response to neo-adjuvant CRT.

LIFR was expressed at significantly lower levels in the mRNA of OAC treatment-naive
biopsies of patients who had a subsequent poor response to neo-CRT.

LIF secretions from OAC tumour conditioned media were significantly correlated with
the levels of secreted basic fibroblast growth factor (bFGF), vascular endothelial growth

factor (VEGF-A) and IL-8 in matched OAC treatment-naive human tumour explants ex-

Vivo.

Secreted levels of LIF negatively correlated with lymphocyte infiltration in human OAC

pre-treatment biopsies.

Pyrazinib (P3) significantly reduced the secretion of IL-6, IL-4, IL-8 and IL-13 in OE33R

radioresistant cells.
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5.0, Discussion

We carried out a large proteomics screen of 184 proteins to compare the inflammatory profiles of
an isogenic radioresistant in-vitro model of OAC. We found that LIF, an IL-6 type cytokine, was
significantly elevated in radioresistant OAC cells. Furthermore, significantly higher circulating
levels of LIF were present in the serum from treatment-naive OAC patients who had a subsequent
poor pathological response to neo-adjuvant therapy. Quantitative PCR analysis revealed
expression of LIF receptor (LIFR) may function as a predictive indicator of response to neo-
adjuvant chemoradiation therapy in OAC. LIF was demonstrated to be actively secreted from
human OAC treatment-naive biopsies and significantly correlated with the secretion of bFGF,
VEGF-A and IL-8. Importantly, LIF secretion negatively correlated with tumour infiltrating
lymphocytes in pre-treatment OAC patient biopsies. Elevated circulating LIF is a marker of poor
response to neo-adjuvant treatment in OAC and secretion of this chemokine from the tumour is
tightly linked with pro-tumorigenic mediators including bFGF, VEGF-A and IL-8. Targeting this

pathway may be a novel mechanism to enhance response to neo-adjuvant treatment in OAC.

LIF is a multi-functional cytokine which under non-pathological conditions plays an essential role
in embryonic implantation, bone formation and neuronal development [377, 379]. In cancer,
previous studies have demonstrated the role of LIF as an oncogenic mediator which stimulates
cancer growth, proliferation and metastasis, and have associated LIF with both resistance to
radiation and chemotherapy treatments [228, 369, 372]. To our knowledge this is the first study
to investigate the role of LIF in OAC. OAC is an aggressive disease with a poor prognosis,
currently over 70% of patients do not show a beneficial response to neo-adjuvant therapy [43]. A
complete pathological response to treatment is associated with increased survival, thus it is critical
to gain further insight into the molecular mediators which play a role in treatment response in
OAC.

In-vitro, both in our screen and validation study, LIF and LIFR expression were elevated in
radiation-resistant OE33R cells relative to radiation-sensitive OE33P cells. Overexpression of
LIF at the mRNA level has been previously shown in a number of cell lines such as breast cancer
where LIF expression was found to be significantly higher in breast cancer cells with greater
metastatic capability [369]. In-vivo, targeting of the LIF/LIFR pathway through inhibition of
LIFR with small interfering RNA was shown to inhibit metastasis in rhabdomyosarcoma
xenografts, further highlighting both the role of LIF in tumorigenesis and therapeutic targeting
potential of this pathway [380]. Furthermore in NPC, treatment with soluble LIFR, an antagonist
of LIF or rapamycin, an mTOR inhibitor of LIF, was found to reduce cell survival and tumour

growth following irradiation in-vitro and in-vivo [228]. Given these findings in the literature in
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addition to our studies in OAC, the potential of targeting this pathway to enhance radiosensitivity
in OAC must be investigated in future studies.

LIF secretion was significantly higher in OE33R cells than OE33P cells, complementing our
findings at the gene level. An important finding from this result was the differential secretion of
LIF in OE33P and OE33R cells following one dose of 2 Gy radiation, the response to radiation
was cell line specific, with elevated levels of secreted LIF identified in radioresistant OE33R cells
only. In contrast at the gene level LIF expression was reduced in both cell lines 24 hours following
2 Gy irradiation, it would be interesting to evaluate the levels of LIF at an earlier time point
following irradiation to see if LIF expression is altered. Higher LIF secretion in the OE33R cells
may result in increased activation of the LIF/LIFR pathway in OE33R cells and could be
contributing to the radioresistant phenotype. In-vivo, LIF was previously shown to significantly
enhance radioresistance in a NPC xenograft model whereby the administration of soluble LIF
following one dose of 7 Gy irradiation significantly enhanced resistance to radiation and promoted
tumour growth [228]. The enhanced tumour growth following LIF administration is supported by
other studies in both breast and pancreatic cancer, where LIF administration and ectopic
expression was shown to promote tumour growth and tumour progression in-vitro [369, 373]. Our
findings, along with the current literature, indicate that LIF may play a role in treatment resistance
in OAC. Enhanced cell growth and tumour progression as a result of LIF pathway activation has
been linked to downstream activation of the JAK/STAT3 and Akt/mTOR pathways. In these
studies, mMTOR expression has been identified in both OE33P and OE33R cells previously (data
not shown) but the actual pathway through which LIF signals in OAC requires further
investigation, especially since inhibition of mTOR has previously been shown to enhance

radiosensitivity in oesophageal SCC, lung and pancreatic cancer [369, 381, 382].

In OAC patient pre-treatment serum, circulating LIF was found at significantly higher levels in
OAC treatment-naive patients who went on to have a subsequent poor pathological response to
neo-adjuvant treatment with a TRG of 3-5. This result complements our findings in-vitro whereby
elevated LIF protein secretion was associated with radiation resistance. This result was similar to
that seen by Liu et al., in NPC where elevated levels of circulating LIF in serum were positively
associated with a poor response to treatment and subsequent local tumour recurrence [228]. Our
study demonstrates that elevated circulating levels of LIF is associated with poor response to neo-
adjuvant treatment (MAGIC or CROSS) and may contribute to subsequent disease progression in
OAC. Circulating LIF may therefore have important value as predictive marker of treatment
response and as a therapeutic target to halt tumour progression. This is supported by a study which

showed that elevated IL-6 in serum, a key oncogenic cytokine from the same family was shown
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to predict a two-fold increased risk of progression to malignancy from Barrett’s oesophagus (BO),
a chronic inflammatory condition and pre-disposing risk factor of OAC [383].

LIFR mRNA expression was significantly reduced in treatment-naive OAC tumour biopsies from
patients having a subsequent poor pathological response to treatment, suggesting that a loss in
receptor expression is associated with poor treatment response. This result may seem surprising
given that elevated circulating LIF was demonstrated to be associated with a poor response.
However, several other studies support this data. LIFR expression has previously been identified
in breast cancer, CRC, gastric cancer, liver cancer and pancreatic cancer [373, 375, 384, 385]. In
hepatocellular carcinoma (HCC), LIFR was found to negatively regulate the metastasis via the
PI3K/Akt pathway and downregulated expression of LIFR was an indicator of poor prognosis
[386]. A previous study in a large cohort of metastatic breast cancer patients also found loss of
LIFR to be associated with poor clinical outcome [375]. LIFR was found to promote membrane
localisation factor Scribble which in turn led to the activation of Hippo signalling and
phosphorylation and functional inactivation of the transcriptional co-activator Yes-associated
protein 1 (YAP1) and subsequent suppression of tumour metastasis [375]. It has been suggested
that LIFR may be reduced in tumour tissues as a result of the promoter undergoing
hypermethylation [370]. Furthermore, in pancreatic cancer tissue microarrays, downregulated
LIFR was significantly associated with Tumour Node Metastasis (TNM) stage and lymph node
metastasis, and silencing of LIFR in-vitro reduced colony formation and metastatic potential of

pancreatic cancer cells [384].

The significantly lower levels of LIFR expression in OAC patients with a poor response to neo-
CRT highlights the loss of LIFR as a predictive indicator of poor outcome, similar to findings in
other cancers. LIFR may act as an additive predictive indicator for treatment response in OAC,

however this result would need to be validated in a larger patient cohort.

Therapeutic targeting of this receptor in OAC warrants further investigation, particularly given
that in-vivo in pancreatic cancer xenografts, primary tumour volume and lung metastasis were
increased by LIFR silencing and tumour volume and metastasis were reduced and inhibited
respectively when LIFR was overexpressed in primary implanted pancreatic cancer cells [384].
These studies support our data, which suggests that decreased LIFR in pre-treatment OAC tumour
biopsies is a predictive marker of poor response to neo-adjuvant treatment. However, this requires

further validation in a larger independent patient cohort.

Given the predictive importance of LIF as a circulating mediator, we then investigated the role of

secreted LIF in the tumour microenvironment from human pre-treatment OAC tumour biopsies
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which we cultured ex-vivo. We demonstrated for the first time that LIF is secreted from OAC
tumours. The angiogenic and inflammatory factors produced by OAC tumours play an important
role disease progression and response to treatment. Secreted LIF was significantly correlated with
the secreted levels of bFGF, VEGF-A and IL-8 in the matched TCM of treatment-naive OAC
tumour explants. Basic FGF, similar to LIF, is a pleiotropic factor which was shown to promote
cell growth, angiogenesis and differentiation and to prevent apoptosis in cancer [387].
Interestingly, in patients with bone sarcomas, increased serum levels of tumour-promoting
cytokines, including IL-6, IL-8 and VEGF significantly correlated with poor overall survival
[388]. LIF and bFGF are potent growth factors which have been previously shown to stimulate
cancer growth in osteosarcoma [369, 389]. In osteosarcoma cells, bFGF was found to enhance
cancer growth through hyper-activation of ERK 1/2 [389]. Both alone and in combination, LIF
and bFGF were found to significantly enhance cell growth of osteosarcoma cells. Importantly,
when they were administered together, this produced an additive effect on tumour growth,
highlighting a synergistic interplay between both factors [389]. Anti-bFGF antibodies were shown
to enhance radiosensitivity in oesophageal SCC through a reduction in colony formation in-vitro
[382]. In addition, targeting of bFGF by a peptide has been shown to improve chemo-sensitivity
in CRC [390]. These findings in the literature and within our study show that LIF and bFGF
together both play important roles in cancer progression and treatment response in many cancers
and may influence both OAC cells and host immunity by functioning as part of the active cytokine
network. Given the ability of both bFGF and LIF to enhance radiosensitivity in previous studies
and the strong correlation between both factors in OAC, the potential of the combined targeting

to enhance radiosensitivity in OAC strongly warrants further investigation.

Furthermore, secreted VEGF-A was significantly correlated with LIF in the OAC tumour
microenvironment. VEGF-A is a well-known tumorigenic mediator which plays a key role in
angiogenesis, a process tightly linked with treatment resistance. Targeting of VEGF-A in-vivo
was shown to enhance radiation response in a head and neck xenograft model [107]. It is
unsurprising that LIF, a potent tumorigenic growth factor is strongly associated with VEGF-A,
given the necessity of tumour vasculature to promote tumour growth and survival. Given the
significant relationship we have shown between LIF and treatment resistance in OAC, and the
known role of VEGF-A in tumorigenesis and treatment response, the potential of targeting both

mediators to enhance response should be explored in future.

In addition, LIF was found to significantly correlate with 1L-8, a pro-inflammatory cytokine
which signals through the CXCR1/2 receptors. This signalling results in PI3K, MAPK and JAK2
pathway activation, and has been found to promote cell proliferation, angiogenesis and metastasis

in xenograft models where administration of an anti-IL-8 monoclonal antibody attenuated tumour
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growth and metastatic potential [137]. IL-8 expression has previously been correlated with LIF
expression in other inflammatory diseases such as psoriasis [391]. Furthermore, both IL-8 and
VEGF-A have been shown to play an important role in tumour angiogenesis, a key process
involved in treatment resistance which, when inhibited with targeted therapy, can enhance
radiation response in-vivo [107, 137].

Given the pivotal role of LIF, bFGF, VEGF-A and IL-8 in tumorigenesis and their correlated
secretion in OAC, the potential of targeting these growth factors and cytokines to improve patient
response to neo-adjuvant treatment and to inhibit tumour progression in OAC must be
investigated in future studies. Whilst targeting all 4 mediators simultaneously may not be
clinically feasible, this study offers insight into potential mediators which could be targeted to
enhance radiosensitivity and possible compensatory mediators which may be upregulated in
response to such targeting, possibly providing novel mechanistic insight into resistance
mechanisms that may arise following targeting of one of the mediators in isolation. This study
also highlights the potential of sequential targeting of these factors to overcome resistance and

improve treatment response.

OAC tumours do not function in isolation and interaction of the tumour with the host plays a
significant role in tumour progression. The recent successes of immunotherapies in the clinic
highlight the key role of the host immune system in tumour control, thus we investigated the
relationship between LIF and immune cell tumour infiltration. LIF secretion from the tumour
microenvironment was negatively correlated to percentage of lymphocyte infiltrate in matched
OAC pre-treatment biopsies. The negative correlation between LIF and lymphocyte infiltration,
where LIF secretion from the tumour microenvironment is increased in patients with low tumour
infiltrating lymphocytes (TILs) is a significant finding, given that high lymphocyte infiltration
has been previously associated with improved patient outcome in SCC and many other cancer
types. TILs are thought to play a pivotal role in tumour control through activation of the host anti-
tumour immune response [392]. In addition, higher TILs have been associated with improved
prognosis in breast, colon, ovarian and lung cancer [393-395]. The relationship between LIF
secretion and immune activation is relatively under-explored in cancer, and it is unknown whether
elevated LIF secretion in biopsies with reduced lymphocyte infiltrate is a causal relationship or if
this is just an association which could have the potential to determine response of patients to
treatment [392, 396]. It is however important to note that immune cell infiltration analysis was
carried out on pre-treatment diagnostic OAC biopsies which only represent a very small portion
of tumour and the invasive edge was not represented in these biopsies and thus inflammatory

infiltrate of the invasive edge could not be analysed. It will be critical to evaluate the effect of
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targeting the LIF pathway, not only in terms of treatment response but also on immune cell
activation and infiltration in OAC.

Furthermore, using a multiplex ELISA approach we sought to investigate differences in
inflammatory protein secretions in our isogenic model of OAC radioresistance and importantly
the effect of Pyrazinib (P3) treatment on inflammatory secretions. Nine of 30 detected
inflammatory and angiogenic factors were secreted at significantly higher levels in OE33R
radioresistant cells when compared to OE33P cells; IL-8, IL-4, IL-6, IL-2, IL-12p70, IL-10,
MCP-1, IP-10 and ICAM highlighting the potential importance of these inflammatory and
angiogenic mediators in radioresistance in OAC. Pyrazinib (P3) significantly reduced the
secretions of IL-6, IL-8, IL-4 and IL-13 in-vitro in OE33R cells. Inflammation plays a critical
role in disease outcome in OAC, given the increased risk of cancer development and poor
outcome for obese patients where altered secretion of adipokines and cytokines from adipose
tissue contributes a pro-tumorigenic environment [397, 398]. A previous study by our group
showed a significant increase in oesophageal and colorectal tumour cell proliferation following
culture with conditioned media from visceral adipose tissue of centrally obese patients which may
be linked to the higher levels of IL-6 and VEGF found in this tissue [399]. IL-6 and its family
members have been repeatedly linked with radioresistance in multiple tumour types including
nasopharyngeal, liver, prostate, oral, and oesophageal cancer [228, 400-404]. In a prostate cancer
model, IL-6 inhibition enhanced radiosensitivity, an effect which was associated with increased
IR-induced ROS and oxidative DNA damage in-vitro and inhibition of IL-6 protein expression in
combination with ionising radiation attenuated angiogenesis and decreased tumour regrowth in-
vivo [402]. In addition, IL-6 signalling was reported to promote radioresistance through enhanced
DNA repair and prevention of apoptosis in CD133+ stem-like cells of lung cancer after radiation
[400]. Furthermore, IL-8 has also previously been linked with tumour radioresistance and in our
study both in the proteomic screen and multiplex ELISA IL-8 was secreted at significantly higher
levels from OE33R cells than OE33P cells [140]. Let-7c, a tumour suppressor microRNA, was
shown to restore radiosensitivity and impair stemness of oral cancer cells through inhibition of
IL-8 secretion [140]. In another study, in a radioresistant nu61 oral squamous cell carcinoma
xenograft, the administration of IL-8 and IL-6 neutralising antibodies sensitised the tumours to
irradiation which supports our findings that inhibition of both IL-6 and IL-8 can enhance
radiosensitivity [405]. In addition, similar to our findings, IL-6 and IL-8 were present at higher
levels in radioresistant tumours when compared to the parental radiosensitive oral SCC tumours,
further supported by our findings where IL-8 is positively correlated with radioresistant mediator
LIF ex-vivo [405]. Furthermore, IL-4 and IL-13 are closely related cytokines which have also
been previously linked with radioresistance, where the blockade of IL-4/IL-13 mediated

phosphorylation of STAT6 produced a decrease in M2 polarization of macrophages and was
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protective against macrophage-mediated radioresistance of inflammatory breast cancer [406].
Given the association of IL-6, IL-8, IL-4 and I1L-13 with tumour growth and treatment resistance
in the literature, the inhibition of secretion of these cytokines by Pyrazinib (P3) may further
augment its anti-cancer effect. In summary, Pyrazinib (P3), a novel anti-angiogenic and anti-
metabolic compound, can significantly enhance radiosensitivity in an isogenic model of OAC
radioresistance and is associated with anti-inflammatory activity through its inhibition of IL-6,
IL-8, IL-4 and IL-13 secretion from OE33R cells. IL-1RA is an anti-inflammatory cytokine
which was secreted at significantly lower levels from OE33R cells compared to OE33P. The
administration of IL-1RA to osteosarcoma cells was found to significantly decrease IL-1 induced
secretion of IL-8 and IL-6 and was associated with reduced angiogenesis and invasiveness [388],
although Pyrazinib (P3) did not directly affect IL-1RA secretion, it would be of interest to further
investigate the action of Pyrazinib (P3) on the IL-1 pathway in the future.

In this chapter we have shown an association between expression of the 1L-6 family member LIF
and treatment response in OAC, both in in-vitro cell line models, and in pre-treatment OAC
patient serum and biopsies. LIF secretion and expression is elevated in radioresistant cells in-
vitro. Importantly, circulating LIF is elevated in patients with a subsequent poor response to neo-
adjuvant treatment, implicating this pathway in treatment resistance in OAC. LIF secreted ex-
vivo, from human OAC treatment-naive biopsies, correlates with the secretion of key tumorigenic
growth factors, including bFGF, VEGF-A and IL-8, indicating that these factors are tightly
associated with one another in the tumour microenvironment of OAC. A significant finding of
this study is the negative correlation of LIF, which we have identified as a poor prognostic factor
in OAC, with percentage of tumour infiltrating lymphocytes which have been reported to play a
key role in the host response to tumour and serve as a marker of prognosis in multiple cancer
types [396]. The use of LIF as a circulating marker of treatment response in OAC needs to be
validated in a larger patient cohort following this pilot study. Furthermore, given the increased
secretion of LIF from our radioresistant cells following irradiation, and the tight association of
secreted LIF with other pro-tumorigenic factors from our OAC patient tumours, targeting of the
LIF pathway to boost treatment response warrants investigation in future studies in OAC. In
addition, Pyrazinib (P3) was shown to have significant anti-inflammatory activity through its
inhibition of IL-6, IL-8, IL-4 and IL-13 inflammatory cytokine secretions in OE33R cells.
Importantly, in-vitro studies utilise tumour cells grown in a monolayer without the supporting
stromal cells, endothelial cells and immune cells and it is possible the action of our novel dual
action compounds may be altered in the complex in-vivo tumour microenvironment. To further
progress our studies, it will be critical to evaluate the effect of our lead radiosensitising compound,
Pyrazinib (P3), ex-vivo in human pre-treatment OAC biopsies which is the focus of the next

chapter.
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Aspects of this chapter have been published in Oncotarget and Cancer Letters see Figure

5-11 and Figure 5-12 .
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compound enhances radiosensitivity in oesophageal adenocarcinoma.
Aspects of this chapter have been published in Cancer Letters [285].
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6. Chapter 6 Real-time metabolic profiling reveals an altered
and adaptive metabolic phenotype of oesophageal
adenocarcinoma tumours
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6.1. Introduction

In the previous chapters we have repeatedly alluded to the altered metabolic phenotype identified
both in-vitro in an isogenic model of OAC radioresistance and ex-vivo in fixed OAC tumour tissue
[82]. However, to date, metabolic rate has not yet been assessed in real-time in OAC biopsies ex-
vivo. Understanding the real-time metabolic rate of human OAC treatment-naive biopsies may
provide novel insight into the detailed metabolic phenotype of OAC tumours and possible
mechanisms of treatment resistance. Furthermore, by assessing metabolism in real-time ex-vivo
there is the added opportunity to evaluate novel anti-metabolic agents in this human ex-vivo model
system. In addition, we investigated whether Pyrazinib (P3) altered inflammatory protein

secretions and the expression of dendritic cell maturation markers.

Whilst Warburg initially found cancer cells to be reliant on aerobic glycolysis numerous studies
also support the functional role of oxidative phosphorylation in tumorigenesis [119]. Real-time
metabolic profiling of OAC biopsies may support the findings at the in-vitro level which
demonstrated mitochondrial respiration is a predominant metabolic pathway used by OAC cancer
cells [82]. Numerous studies have evaluated the mitochondrial function of tumour cells and
reported that tumour cells predominantly have functional mitochondria which have retained the
ability to carry out oxidative phosphorylation. Furthermore, the depletion of mitochondrial DNA
was shown to reduce the tumorigenic potential of cancer cells both in-vitro and in-vivo [121, 407,
408]. Of note, it has been suggested that the ‘Warburg effect’ could in fact be a regulated
metabolic pathway in cancer cells which can be used during periods of increased metabolic

demand as opposed to an adaption to defective respiration [122].

In addition to investigating the effect of Pyrazinib (P3) on metabolic rate ex-vivo, in this chapter
we also investigated the effect of Pyrazinib (P3) on inflammatory secretions. Inflammation has
been shown to play a critical role in both tumour progression and treatment resistance. In addition,
inflammation and metabolism are tightly linked biological processes as inflammatory cells rely
on metabolites generated from the metabolic cycle to maintain their function. Thus we
investigated whether any anti-metabolic activity of Pyrazinib (P3) was accompanied by changes

in inflammatory secretions ex-vivo.

Solid malignancies trigger an intrinsic inflammatory response that builds up a pro-tumorigenic
microenvironment, through the production of chemokines and cytokines which can then recruit
inflammatory cell such as neutrophils, macrophages, dendritic cells and lymphocytes to the
tumour microenvironment [409]. Of which, TAMs and T cells are often the most prominent

leukocytes present in a tumour [126, 410]. Pro-tumorigenic cytokines promote tumour
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inflammation through several different mechanisms. For example, TNF-a produced by tumour
cells or inflammatory cells in the tumour microenvironment can promote tumour cell survival
through the induction of genes encoding NF-kB—dependent anti-apoptotic molecules and can also
stimulate tissue remodelling [411]. IL-6 is a pleiotropic cytokine which actively promotes
inflammation through the activation of signal transducer and activator of transcription 3 (STAT3)
which protects cancer cells from apoptosis [412].

Furthermore, inflammation has also been shown to act as a negative regulator of neo-adjuvant
treatment response in OAC [15, 234]. In the previous chapter we demonstrated circulating levels
of leukaemia inhibitory factor in pre-treatment serum of OAC patients was higher in patients with
a subsequent poor pathological response to neo-adjuvant treatment [235]. Additionally, as
previously mentioned C3a and C4a, components of the complement system are upregulated in the
pre-treatment serum of OAC patients having a poor pathological response to neo-CRT, when
compared to patients having a favourable response to treatment [15]. In this chapter, following
on from our in-vitro work in chapter 5 we sought to characterise the inflammatory secretome of
TCM generated from OAC treatment-naive biopsies and correlate this to the metabolic profile of
matched OAC patient samples.

In this chapter for the first time we have demonstrated in real-time that OAC tumour biopsies
have a significantly higher OCR, a measure of oxidative phosphorylation compared to ECAR, a
measure of glycolysis highlighting the importance of aerobic respiration in OAC. Furthermore,
biopsies from OAC tumours can adapt their metabolic rate to their environment to cope with
severe levels of hypoxia. Pyrazinib (P3), an anti-metabolic small molecule radiosensitiser
significantly inhibited oxygen consumption rate in OAC biopsies. Furthermore, under hypoxic
conditions, Pyrazinib (P3) produced a simultaneous and significant reduction in both OCR and
ECAR in OAC treatment-naive biopsies. The inflammatory secretome profile from OAC
treatment-naive biopsies is highly heterogeneous. OCR was significantly correlated with three
secreted factors in the TCM: VEGF-A, IL-1RA and TSLP. Extracellular acidification rate was
significantly correlated with VEGF-A, IL-1RA, TSLP, IL-13, MIP-30 and TNF-a. Pyrazinib (P3)
significantly inhibited IL-1p secretion and increased IL-3 and IL-17B secretion from treatment-
naive biopsies from OAC patients. Circulating levels of TNF-a, IL-6, 1L-8 and IL-1p in OAC
treatment-naive serum are not significantly correlated with patient clinical characteristics.
Critically Pyrazinib (P3) did not directly alter the expression of dendritic cell maturation markers
indicating Pyrazinib (P3) does not negatively affect dendritic cell functions. We present a new
method for profiling the metabolic rate of tumour biopsies in real-time and demonstrate the novel
anti-metabolic and anti-inflammatory action of Pyrazinib (P3) ex-vivo in OAC treatment-naive

biopsies.
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6.2. Overall Objective and specific aims of chapter 6

The overall objective of chapter 6 was to evaluate the effect of Pyrazinib (P3) treatment on real—

time metabolic rate and inflammatory secretions in human OAC treatment-naive biopsies.

The specific aims of chapter 6 were:

1. Evaluate real-time metabolic rate of OAC treatment-naive biopsies to establish the
metabolic nature of OAC tumours.

2. Evaluate the effect of Pyrazinib (P3) treatment on real-time metabolic rate in OAC
patient biopsies.

3. Evaluate the effect of hypoxic culture on the metabolic rate of human OAC biopsies
and evaluate the effect of Pyrazinib (P3) treatment under these conditions.

4. Measure lactate secretion from OAC pre-treatment biopsies.
Determine inflammatory protein secretions from OAC treatment-naive biopsies by
multiplex ELISA.

6. Investigate the effect of Pyrazinib (P3) treatment on inflammatory protein secretions ex-
vivo from OAC treatment-naive biopsies.

7. Correlate real-time metabolic rate with inflammatory protein secretions of matched
OAC pre-treatment biopsies.

8. Evaluate the levels of circulating IL-8, IL-6, IL-1p and TNF-a in serum of treatment-
naive OAC patients and correlate with patient characteristics.

9. Investigate the effect of Pyrazinib (P3) treatment and the OAC tumour
microenvironment on the expression of dendritic cell maturation markers, to further
understand the crosstalk between the tumour microenvironment and immune cell

function.
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0.3. Methods
6.3.1. Patient samples

Following ethical approval (Joint St James’s Hospital/ AMNCH ethical review board) and written
informed consent, diagnostic biopsy specimens were taken from patients with a diagnosis of
operable OAC, by a qualified endoscopist, prior to neo-adjuvant therapy. Histologic confirmation
of tumour tissue in biopsies was performed by a pathologist using routine haematoxylin and eosin
staining. All patient tumour used in this study were taken prior to the initiation of neo-adjuvant

treatment.

6.3.2. Real-time metabolic profiling of OAC tumour biopsies

Following informed consent, 3 biopsies per patient were collected at endoscopy, immediately
placed on saline-soaked gauze and were transported within 10 min to the laboratory. Each biopsy
was placed into a separate well of a 24 well XF24 Islet Capture Microplate (Agilent Technologies,
Santa Clara, CA, USA) containing 1 mL M199 medium (Gibco) supplemented with 10% FBS
(Gibco), 1 pg/mL insulin (Sigma) and 1% penicillin/streptomycin (Gibco). 1 mL of complete
M199 was placed in the four background control wells. A XF24 capture screen was placed over
each biopsy to prevent the biopsy touching utility plate probes during assay. The XF24 microplate
was placed at 37°C for 30 min to allow biopsies to equilibrate. Three basal measurements of OCR
and ECAR were taken over 24 min consisting of three repeats of mix (3 min) / wait (2 min) /
measurement (3 min) to establish basal respiration, using a Seahorse Biosciences XFe24 analyser
(Agilent Technologies, Santa Clara, CA, USA). Basal respiration of each patient was established
by taking the average OCR and ECAR, readout from the three individual biopsies obtained from
same patient. Following basal metabolic profiling of biopsies, capture screens were removed and
biopsies and corresponding media were transferred to a new XF24 islet capture microplate and
treated with one of the following; 0.1% DMSO (control), 6 uM of oligomycin (positive control)
or 10 uM of our compound Pyrazinib (P3). Following treatment biopsies were cultured for 24 h
at 37°C in 5% CO2/95% air. Following 24 h culture, a capture screen was placed on each biopsy
and three basal measurements of OCR and ECAR were taken over 24 min consisting of three
repeats of mix (3 min) / wait (2 min) / measurement (3 min) to establish the effect of drug
treatment with our novel small molecule Pyrazinib (P3) on OCR and ECAR. The effect of
treatment was determined as the percentage change in metabolic rate readout from the baseline
reading of each individual biopsy to the reading following treatment of that individual biopsy.
The metabolic rate of each biopsy was normalised to protein content using the BCA assay

(Pierce).
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6.3.3. Real-time metabolic profiling of OAC tumour biopsies under hypoxia (0.5% O)

Basal metabolic rate was determined as described in the previous section. Following evaluation
of basal OCR and ECAR using the Seahorse Biosciences XFe24 analyser; biopsies and
corresponding media were transferred to a new XF24 islet capture microplate and cultured in the
Whitley H35 hypoxystation (Don Whitley Scientific) at 0.5% O; at 37°C in 5% CO; for 6 h.
Following 6 h culture, capture screens were placed over each biopsy in each well and the plate
was transferred to Whitley i2 workstation containing the XFe24 Seahorse analyser being
maintained at 0.5% O, Real-time OCR and ECAR were assessed under 0.5% O, three
measurements of OCR and ECAR were taken over 24 min consisting of three repeats of mix (3
min) / wait (2 min) / measurement (3 min) to establish the effect of a 6 h hypoxia culture on real-
time metabolic rate in OAC patient biopsies. Following metabolic profiling of biopsies, capture
screens were removed and biopsies and corresponding media were transferred to a new XF24 islet
capture microplate and treated with one of the following; 0.1% DMSO (control), 6 uM of
Oligomycin (positive control) or 10 uM of our novel compound Pyrazinib (P3) for 14 h under
0.5% O at ,37°C in 5% CO; Following 14 h treatment, real-time OCR and ECAR measurements
were taken over 24 min consisting of three repeats of mix (3 min) / wait (2 min) / measurement
(3 min) whilst the Seahorse Biosciences XFe24 analyser was maintained under 0.5% O to
establish the effect of treatment on metabolic rate of OAC biopsies maintained under 0.5% O,
Following metabolic profiling, capture screens were removed and biopsies were snap frozen and
both biopsies and TCM were stored at -80°C.

6.3.4. Generation TCM from OAC treatment-naive biopsies

Biopsies were placed in culture as follows: biopsies were placed into a well of a 12 well plate
containing 1 mL complete M199 medium (Gibco). Biopsies were treated with 0.1% DMSO or 10
UM of Pyrazinib (P3). Following 24 h culture, TCM was collected and stored at -80°C.The

remaining tissue was snap-frozen in liquid nitrogen and stored at -80°C.

6.3.5. Lactate assay

Lactate levels were assessed in TCM using a colorimetric lactate assay kit which measures L(+)-
lactate concentration in biological samples. The highest standard was prepared by diluting the
lactate standard to 1nmol/uL in lactate assay buffer. A 2-fold serial dilution was carried out to
generate 7 standards, with the 8th standard being lactate assay buffer alone. Samples were diluted
1:20 in lactate assay buffer and 50uL/well standard or sample was added in duplicate. SOuL/well
reaction mix (46puL lactate assay buffer, 2uL lactate probe, 2uL lactate enzyme mix) was added
and mixed well. The reaction was incubated for 30 min at RT in the dark. The absorbance was

measured at 570nm using a VersaMax microplate reader (Molecular Devices, Sunnyvale, CA,
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USA). A standard curve was generated and sample values were interpolated. Values were
normalised to protein content as determined by the BCA assay (Pierce).

6.3.6. Multiplex Enzyme Linked Immunosorbent Assay (ELISA) of 54 proteins

OAC patient treatment-naive TCM were defrosted on ice. The secretion of cytokines and
angiogenic growth factors were analysed by ELISA as per the manufacturer’s instructions. T0O
assess angiogenic, vascular injury, inflammatory cytokine and chemokine secretions, a 54
multiplex kit spread across 7 plates was used (Meso Scale Diagnostics, USA). The 54 multiplex
kit was used to quantify the secretions of CRP, Eotaxin, Eotaxin-3, FGF (basic), GM-CSF, ICAM-
1, IFN-y, IL-10, IL-12/IL-23p40, IL-12p70, IL-13, IL-15, IL-16, IL-17A, IL-17A/F, IL-17B, IL-
17C, IL-17D, IL-1RA, IL-10, IL-1B, IL-2, IL-21, IL-22, 1L-23, IL-27, IL-3, IL-31, IL-4, IL-5,
IL-6, IL-7, IL-8, IL-8 (HA), IL-9, IP-10, MCP-1, MCP-4, MDC, MIP-1a, MIP-1p, MIP-3a, PIGF,
SAA, TARC, Tie-2, TNF-0, TNF-B, TSLP, VCAM-1, VEGF-A, VEGF-C, VEGF-D and
VEGFR-1/FIt-1 from OAC TCM previously treated with 10 uM Pyrazinib (P3) or vehicle control
(0.1% DMSO) for 24 h. Secretion data for all factors was normalised appropriately to protein
content using the BCA assay (Pierce). Data was analysed using MSD Discovery Workbench
software version 4.0.

6.3.7. Multiplex Enzyme Linked Immunosorbent Assay (ELISA) of TNF-a, IL-6, IL-8 and
-1

OAC patient treatment-naive serum samples were defrosted on ice. The secretion of TNF-a, IL-
6, IL-8 and IL-1p were analysed by ELISA as per the manufacturer’s instructions using a 4-plex
kit (Meso Scale Diagnostics, USA). Data was analysed using MSD Discovery Workbench

software version 4.0.

6.3.8. Dendritic cell isolation and culture

Human monocyte-derived immature dendritic cells were generated from peripheral blood
mononuclear cells (PBMCs) obtained from buffy coat preparations (National Blood Centre, St.
James’s Hospital, Dublin) by density gradient centrifugation (Lymphoprep) as described [413,
414]. Briefly, monocytes were isolated by positive selection using anti-CD14 magnetic
microbeads as described by the manufacturer (Miltenyl Biotec) and seeded at a density of 1 x 10°
cells/mL in 6-well plates in 3 mL of RPMI-1640 medium containing 10% defined HyClone FBS
(Thermo Scientific), 1% penicillin/streptomycin, 1% fungizone, human granulocyte macrophage
colony-stimulating factor (50 ng/mL; Immunotools), and human IL-4 (70 ng/mL; Immunotools)
in a humidified atmosphere with 5% CO, at 37°C. Cells were fed at day 3 by replacing half the
medium, made up with fresh cytokines. At day 6, CD11c+ cells exhibited an immature dendritic

cell phenotype capable of upregulating maturation markers following LPS stimulation.
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6.3.9.  Stimulation of monocyte-derived dendritic cells

Freshly generated dendritic cells were plated in 96-well plates at 2 x 10° cells in 200 uL RPMI-
1640 media supplemented with 10% dened Hyclone FBS (Thermo Scientific) and stimulated with
a 1:2 dilution of TCM from tumour explants or cell culture supernatants for 4-5 hours before
exposure to 10 pg/ml of ultrapure TLR4 agonist Escherichia coli lipopolysaccharide (LPS-EB,;
Invivogen) overnight. Supernatants were harvested and frozen, and cells were assessed for

expression of surface markers.

6.3.10. Flow cytometry

Dendritic cells were stained with the following antibodies: Pe-Cy7- anti-CD83, Brilliant Violet
421- anti-PD-L1, Brilliant Violet 510- anti-CD11c, allophycocyanin (APC)- anti-CD54, and
APC-Cy7- anti-HLA-DR (Biolegend). Samples were acquired on DAKO CyAn flow cytometer
(Beckman Coulter) with compensation performed with positive and negative compensation beads
(BD Biosciences) stained with the antibodies and the data were analyzed with FlowJo software
(Tree Star Inc.) [413, 414].

6.3.11. Statistical analysis

Statistical analysis was performed using GraphPad Prism version 5 software (GraphPad Software,
CA, USA). Scientific data were expressed as mean +SEM. SEM was calculated as the standard
deviation of the original samples divided by the square root of the sample size. Specific statistical
tests used are indicated in figure legends. For all statistical analysis, differences were considered

to be statistically significant at p<0.05.
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6.4, Resulig

6.4.1. Oxidative Phosphorylation was significantly higher than glycolysis in OAC treaiment-

naive biopsies

ATP5B, a marker of oxidative phosphorylation was previously shown to be expressed at higher
levels in OAC treatment-naive biopsies of patients who had a subsequent poor response to
treatment [82]. In this chapter for the first time we investigated real-time metabolic rate to
understand the importance of aerobic respiration in live OAC biopsies. Real-time metabolic rate
was measured in fresh OAC treatment-naive biopsies using the Seahorse Biosciences XFe24
analyser. Real-time metabolic profiling of 17 live OAC pre-treatment biopsies demonstrated that
biopsies from OAC treatment-naive tumours have a significantly higher oxygen consumption rate
(OCR), a measure of oxidative phosphorylation, compared to extracellular acidification rate
(ECAR), a measure of glycolysis (p=0.0005), highlighting the importance of aerobic respiration
in OAC tumours (Figure 6-1A,B). The rate of OCR and ECAR was heterogeneous across our
patient cohort. Clinical patient characteristics of patient cohort used in this study are outlined
Table 6-1 and Table 6-2.

To investigate the relationship between real-time metabolic rate and clinical patient
characteristics, OCR and ECAR were divided according to nodal status, tumour stage, stage of
differentiation, body mass index, TRG, age at diagnosis and gender of the 17 patients evaluated
in this study. OCR and ECAR were shown to be independent of clinical patient characteristics,
(Figure 6-2A-F, Figure 6-3A-F). Furthermore, no significant differences in the OCR: ECAR
ratio were identified when divided according to clinical patient characteristics (Figure 6-4A-F).

In summary, OAC treatment-naive biopsies have a significantly higher rate of OCR, a measure

of oxidative phosphorylation than, ECAR, a measure of glycolysis and real-time metabolic rate

is not significantly associated with clinical patient characteristics.
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Figure 6-1 Oxygen consumption rate is significantly higher than extracellular acidification
rate in OAC treatment-naive biopsies.

OCR a measure of oxidative phosphorylation and ECAR, a measure of glycolysis were assessed
in real-time in OAC treatment-naive biopsies using the Seahorse BiosciencesXFe24 Analyser.
(A) Basal OCR and ECAR rates in OAC pre-treatment biopsies, (n=17). (B) OCR is significantly
elevated in OAC treatment-naive biopsies, (n=17), paired t-test, ***p<0.001. Data expressed as
+SEM.
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Figure 6-2 Real-time oxygen consumption rate is not significantly linked with clinical patient
characteristics in OAC pre-treatment biopsies.
Baseline OCR readings of OAC treatment-naive biopsies divided according to (A) Tumour Stage
(n=16), (B) Nodal Status, (n=17), (C) Stage of Differentiation, (n=16), (D) Body Mass Index,
(n=16), (E) Gender (n=17) and (F) Age at Diagnosis, (n=17). Mann Whitney U test. Data

expressed as +SEM.
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Figure 6-3 Real-time extracellular acidification rate is not significantly linked with clinical
patient characteristics in OAC pre-treatment biopsies.

Baseline ECAR readings of OAC treatment-naive biopsies divided according to (A) Tumour
Stage (n=16), (B) Nodal Status, (n=17), (C) Stage of Differentiation, (n=16), (D) Body Mass
Index, (n=16), (E) Gender (n=17) and (F) Age at Diagnosis, (n=17). Mann Whitney U test. Data
expressed as +SEM.
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Figure 6-4 The OCR: ECAR ratio of OAC treatment-naive biopsies is not significantly
correlated with clinical patient characteristics.

Baseline OCR: ECAR ratio of OAC treatment-naive biopsies divided according to (A) Tumour
Stage (n=16), (B) Nodal Status, (n=17), (C) Stage of Differentiation, (n=16), (D) Body Mass
Index, (n=16), (E) Gender, (n=17), and (F) Age at diagnosis, (n=17). Mann Whitney U test. Data
expressed as +SEM.
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6.4.2. Pyrazinib (P3) significantly inhibited oxygen consumption rate in OAC treatment-

naive biopsies

In the previous section we demonstrated in real-time the OAC treatment-naive biopsies are
metabolically active. In this section we investigated the effect of Pyrazinib (P3) on real-time
metabolic rate in OAC treatment-naive biopsies and we evaluated the difference between baseline
metabolic rate and metabolic rate following 24 h treatment with Pyrazinib (P3) in OAC treatment-
naive biopsies in 10 of 17 patients samples evaluated in Figure 6-1, patient characteristics of the

patient cohort evaluated in this study are outlined in Table 6-1.

Pyrazinib (P3) significantly inhibited OCR in OAC treatment-naive biopsies (p=0.0039) (Figure
6-5A). Pyrazinib (P3) produced a ~ 35% reduction in OCR compared to the baseline OCR
reading. Oligomycin, an ATP synthase inhibitor, was used as a positive control in this experiment
and produced a significant reduction in OCR (p=0.0098) (Figure 6-5A). No significant change
in metabolic rate was seen following treatment with the 0.1% DMSO control from baseline OCR
(Figure 6-5A). To determine if the reduction in OCR following treatment with Pyrazinib (P3)
was dependant on certain clinical patient characteristics, the percentage reduction in OCR was
divided according to the following clinical patient characteristics: nodal status, tumour stage,
stage of differentiation and body mass index (Figure 6-6A,C,E,G). The percentage reduction in
OCR was independent of clinical patient characteristics.

Treatment with Pyrazinib (P3) did not significantly alter ECAR in OAC treatment-naive biopsies
(Figure 6-5B). Percentage change in ECAR following treatment with Pyrazinib (P3) was
independent of clinical patient characteristics: nodal status, tumour stage, stage of differentiation
and body mass index (Figure 6-6B,D,F,H).

Pyrazinib (P3) significantly inhibits OCR in OAC treatment-naive biopsies and this effect is

independent of clinical patient characteristics.
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Table 6-1 Clinical patient characteristics of patient cohort used in normoxia metabolism study.
This table details the clinical patient characteristics of the 10 patients whose biopsies were used
to investigate the effective of Pyrazinib (P3) on real-time metabolic rate under normoxic
conditions.

n=10

Male 8

Female 2

Median age at diagnosis 70.5 (57-80)
Median BMI at diagnosis 27.7 (24.3-30.8)
Tumour Stage

1

2

3

Not Specified

Nodal Status

0

1

2

Not Specified

Stage of Differentiation
Poor

Moderate

Well

Not Specified

Tumour Regression Grade
3

4 1
Not specified

=AW

=~

|| o w

o
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Figure 6-5 Pyrazinib (P3) significantly reduces oxygen consumption rate in OAC treatment-
naive biopsies.

OCR and ECAR were measured in real-time using Seahorse Biosciences XFe24 analyser. (A)
Percentage change from baseline of OCR following treatment with 0.1% DMSO control, 10 uM
Pyrazinib (P3) or 6 pM oligomycin for 24 h, (n=10), Wilcoxon paired t-test, *p<0.05. (B)
Percentage change from baseline of ECAR following treatment with 0.1% DMSO control, 10 uM
Pyrazinib (P3) or 6 uM Oligomycin for 24 h, (n=10), Wilcoxon paired t-test. Data are expressed
as +SEM.
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Figure 6-6 The anti-metabolic activity of Pyrazinib (P3) is not dependant on clinical patient

characteristics.

OCR and ECAR were measured in real-time using Seahorse Biosciences XFe24 analyser.
Percentage reduction of OCR following 24 h treatment with Pyrazinib (P3) was divided according
to (A) Tumour Stage, (n=9), (C) Nodal Status (n=9), (E) Stage of differentiation (n=9), and (G)
Body Mass Index (n=9). Percentage reduction of ECAR following 24 h treatment with P3 was
divided according to (D) Tumour Stage, (n=9), (F) Nodal Status, (n=9), (H) Stage of
differentiation, (n=9) and (1) Body Mass Index, (n=9). Mann-Whitney U test. Data are expressed

as +SEM.
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6.4.3.  Pyrazinib (P3) significanty inhibited real-time metabolic rate in OAC treatment-naive

biopsies cultured under hypoxia (0.5% 03)

Hypoxic tumours are inherently resistant to treatment thus we investigated both real-time
metabolic rate and the action of Pyrazinib (P3) under hypoxic conditions of 0.5% O, in OAC
treatment-naive patient biopsies.

To determine if OAC biopsies adapt their metabolic rate to changes in oxygen levels we evaluated
real-time basal metabolic rate under normoxia and real-time metabolic rate of the same biopsies
again following culture in 0.5% O, for 6 h. Basal metabolic rate of 7 patients which were also
evaluated in Figure 6-1, demonstrates OCR is significantly higher than ECAR under hormoxic
conditions (p=0.0156) (Figure 6-7A). Clinical patient characteristics of the patient cohort used in
this study are outlined in Table 6-2. In contrast to OAC biopsies cultured under normoxic
conditions, following culture of OAC treatment-naive biopsies under 0.5% O no significant
differences were observed between OCR and ECAR (Figure 6-7A). The ratio of OCR:ECAR
was significantly higher in OAC treatment-naive biopsies at baseline under normoxic conditions
compared to the same biopsies cultured under hypoxia for 6 h (p=0.0469) (Figure 6-7B).
Furthermore the ECAR:OCR ratio was significantly higher in the OAC treatment-naive biopsies
following culture in hypoxia compared to when the same biopsies were analysed at baseline under
normoxia (p=0.0469) (Figure 6-7C). The shift in metabolic phenotype in conditions of different
oxygen concentrations highlights the ability of the OAC treatment-naive biopsies to adapt to their
local microenvironment whereby there is a shift from oxidative phosphorylation to glycolysis

under hypoxic conditions.

Pyrazinib (P3) significantly inhibited OCR under hypoxia, producing a ~41% reduction real-time
oxygen consumption compared baseline metabolic rate under hypoxia in OAC treatment-naive
patient biopsies (p=0.0022) (Figure 6-8A). Additionally, Pyrazinib (P3) simultaneously and
significantly inhibited real-time ECAR, a measure of glycolysis under hypoxia (p=0.0313)
(Figure 6-8B). Pyrazinib (P3) produced a ~52% reduction in ECAR under hypoxia. In summary,
our studies demonstrate the ability of OAC patient biopsies to dynamically adapt their metabolic
rate in real-time to cope with changes in oxygen concentration in their local environment.
Additionally, Pyrazinib (P3) can significantly reduce OCR and ECAR under hypoxic conditions

ex-vivo in OAC treatment-naive patient biopsies.
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Table 6-2 Clinical patient characteristics of patient cohort used in hypoxia metabolism study
and hypoxia multiplex ELISA study

This table details the clinical patient characteristics of the 7 patients whose biopsies were used to
investigate real-time metabolic rate under normoxic and hypoxic conditions, only 6 of these
patients biopsies were used to evaluate the effect of Pyrazinib (P3) on real-time metabolic rate
under hypoxic conditions due to limited patient material for one patient.

n=7
Male 7
Female 0
Median Age at diagnosis 68 (54-83)
Median BMI at diagnosis 27.2(21.2-30)
Tumour Stage
3 7
Nodal Status
0 2
1
3 1
Stage of Differentiation
Poor 2
Moderate 5
Tumour Regression Grade
1 1
2 1
3 0
4 1
5 1
Not specified 3
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Figure 6-7 OAC treatment-naive patient biopsies have an altered metabolic phenotype under
hypoxic conditions (0.5% Oy).

OCR and ECAR were measured in real-time using Seahorse Technology. (A) Basal OCR and
ECAR at baseline and post 6 h incubation under hypoxia 0.5% O, (n=7). (B) OCR:ECAR ratio
of OAC pre-treatment biopsies cultured under normoxic and then hypoxic conditions, (n=7). (C)
ECAR:OCR ratio of OAC treatment-naive biopsies cultured under normoxic and then hypoxic
conditions, (n=7). Wilcoxon signed rank t-test, *p<0.05. Data expressed as +SEM.
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Figure 6-8 Pyrazinib (P3) significantly inhibits OCR and ECAR in OAC patient biopsies
cultured under hypoxia (0.5% O>).

(A) Percentage change from baseline OCR under hypoxia (0.5% O>) to OCR following treatment
with 0.1% DMSO control, 10 pM Pyrazinib (P3) or 6 uM Oligomycin under 0.5 % O, (n=6). (B)
Percentage change from baseline ECAR under hypoxia to ECAR following treatment with 0.1%
DMSO control, 10 uM Pyrazinib (P3) or 6 uM Oligomycin under 0.5 % O, (n=6). Wilcoxon
signed rank t-test,*p<0.05. Data expressed as mean +SEM.
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6.4.4. Pyrazinib (P3) treatment does not significantly alter lactate secretion from treatmeni-

naive OAC patient biopsies

As previously described, an altered metabolic phenotype is associated with treatment resistance
and a more aggressive tumour type. Given the altered metabolic phenotype observed in OAC
treatment-naive biopsies in the previous results sections, we investigated the effect of Pyrazinib
(P3) treatment on lactate secretion and if lactate secretion, a surrogate marker of aerobic
glycolysis, was associated with clinical patient parameters in OAC patients.

Treatment with 10 uM Pyrazinib (P3) did not significantly alter lactate secretion from OAC
treatment-naive biopsies compared to 0.1% DMSO control treated biopsies (Figure 6-9A).
Furthermore, secreted levels of lactate were not significantly associated with clinical patient
characteristics including tumour stage, nodal status, stage of differentiation and body mass index
(Figure 6-9B-E).
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Figure 6-9 Pyrazinib (P3) does not significantly alter the secretion of lactate from OAC patient
biopsies.

(A) Secreted lactate levels in OAC treatment-naive biopsies treated with 0.1% DMSO or 10 pM
Pyrazinib (P3), Wilcoxon signed rank t-test, (n=9). Secreted levels of lactate divided according
to (B) Tumour Stage, (C) Nodal Status, (D) Stage of Differentiation and (E) Body Mass Index,
(n=9). Mann Whitney U test. Data expressed as +SEM.

228



6.4.5. OAC treatment-naive biopsies have a heterogeneous inflammatory secretome

In addition to an altered metabolic phenotype, inflammation has also been reported to play a
significant role in the progression and treatment response of OAC tumours [234, 415]. To profile
the inflammatory secretome of OAC treatment-naive biopsies we cultured 22 patient biopsies for
24 h and evaluated the secreted levels of 54 proteins in the TCM by multiplex ELISA. The clinical
patient characteristics for the patient cohort used in this study are outlined in Table 6-3. The
secreted levels of 54 proteins were separated into five different panels including inflammatory,
angiogenesis and vascular injury, chemokine, cytokine and TH17 proteins. Secreted levels of
inflammatory proteins 1L-13, IFN-y, TNF-a, IL-6, I1L-8, IL-12p70, IL-4, IL-10, IL-2 and IL-1P
from OAC treatment-naive biopsies are shown in Figure 6-10A. Secreted levels of angiogenic
and vascular injury proteins Flt-1, VEGF-A, b-FGF, PIGF, VEGF-C, TIE-2, VEGF-D, VCAM,
SAA, CRP and ICAM from OAC treatment-naive biopsies are shown in Figure 6-10B.
Chemokine protein secretion including MIP-1a, MIP-13, MCP, TARC, MCP-4, IP-10, Eotaxin,
Eotaxin-3, MDC, and IL-8(HA) from OAC treatment-naive biopsies are illustrated in Figure
6-10C. Secreted levels of cytokine proteins IL-12/1L-23p40, IL-17D, IL-17A, IL-17C, IL-17-
A/F, IL-23,IL-3, IL-9, IL-17B, GM-CSF, IL-7, IL-15, TNFp, IL-1RA, IL-1a, IL-15, TSLP and
IL-5 from OAC treatment-naive biopsies are shown in Figure 6-10D. TH17 pathway protein
secretions of TH17/1L-17, IL-31, IL-21, 1L23, IL-22, IL-27 and MIP-3a from OAC treatment-

naive biopsies are shown in Figure 6-10E.

Notably there is a high level of variability of the secreted levels of the proteins detected in this
screen, highlighting the high level of heterogeneity between OAC treatment-naive patient
biopsies. Five proteins were notably detected at very high levels in OAC treatment-naive patient
biopsies including IL-6 (Figure 6-10A), IL-8 (Figure 6-10A), intracellular adhesion molecule-1
(ICAM-1) (Figure 6-10B), C - reactive protein (CRP) (Figure 6-10B) and interleukin-1 receptor
antagonist (IL1-RA) (Figure 6-10D). The inflammatory profile of OAC tumour biopsies
generated from these OAC samples highlights the complex nature of OAC tumours which have

an active inflammatory phenotype.

Furthermore, no significant associations were seen when secreted inflammatory factors were

divided according to clinical patient characteristics.
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Table 6-3 Clinical patient characteristics of patient cohort used in multiplex ELISA and
dendritic cell study.

This table details the clinical patient characteristics of the 22 patients whose biopsies were used
to investigate the inflammatory secretions from control and Pyrazinib (P3) treated TCM.

n=22
Male 18
Female 4
Median age at diagnosis 67 (43-84)
Median BMI at diagnosis 27.9 (23.5-38.5)
Tumour Stage
1 3
2 5
3 12
4 1
Not Specified 1
Nodal Status
0 7
1 11
2 4
Stage of Differentiation
Poor 9
Moderate 10
Well 2
Not Specified 1
Tumour Regression Grade
1 1
2 0
3 6
4 2
) 2
Not specified 11
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Figure 6-10 Secreted levels of 54 proteins from n=22 OAC treatment-naive biopsies cultured
for 24 h were evaluated by multiplex ELISA.

(A) Secreted levels of inflammatory proteins 1L-13, IFN-y, TNF-a, IL-6, IL-8, IL-12p70, IL-4,
IL-10, IL-2 and IL-1p from OAC treatment-naive biopsies. (B) Secreted levels of angiogenic and
vascular injury proteins Fltl, VEGF-A, BasicFGF, PIGF, VEGF-C, TIE-2, VEGF-D, VCAM,
SAA, CRP and ICAM from OAC treatment-naive biopsies. (C) Secreted levels of chemokine
proteins MIP-1a, MIP-1B, MCP, TARC, MCP-4, IP10, Eotaxin, Eotaxin-3, MDC, and IL-8(HA)
from OAC treatment-naive biopsies. (D) Secreted levels of cytokine proteins IL-12/IL-23p40,
IL-17D, IL-17A, IL-17C, IL-17-A/F, 1L-23,IL-3, IL-9, IL-17B, GM-CSF, IL-7, IL-15, TNF-B,
IL-1RA, IL-10, IL-15, TSLP and IL-5 from OAC treatment-naive biopsies. (E) Secreted levels
TH17 pathway proteins TH17/IL-17, IL-31, IL-21, 1L23, IL-22, IL-27 and MIP3a from OAC
treatment-naive biopsies, (n=22). Data normalised to protein content.
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6.4.6. Real-time metabolic rate is significantly correlated with inflammatory secretions in

OAC tumour biopsies

To investigate the relationship between real-time metabolic rate (OCR and ECAR) and the
inflammatory protein secretions in OAC treatment-naive biopsies we correlated basal metabolic
rate to inflammatory secretions in 10 matched patients. The patient characteristics of the patient
samples used in this study are outlined in Table 6-1.

OCR was significantly correlated with ECAR, (r=0.8505, p<0.0001). In addition, OCR was
significantly correlated with the secreted levels of 3 proteins in the TCM including VEGF-A
(r=0.7091, p=0.0268), IL-1RA (r=0.7939, p=0.0088) and Thymic stromal lymphopoietin (TSLP)
(r=.6727, p=0.0390) shown in Table 6-4A. ECAR, a measure of glycolysis, was significantly
correlated with oxygen consumption rate (r=0.8505, p<0.0001) and the secreted levels of 6
proteins in the TCM including VEGF-A (r=0.8303,p=0.0047), IL-1RA (r=0.7455,p=0.0174),
TSLP, (r=0.6727, p=0.0390), I1L-13 (IL-13) (r=0.7212, p=0.0234), Tumour necrosis factor alpha
(TNF-0) (r=0.6606, p=0.0438) and Macrophage Inflammatory Protein 3 Alpha (MIP-3a)
(r=0.6606, p=0.0438) shown in Table 6-4B. (IL-13 was below the level of detection in one patient

so correlation could only be calculated in 9 of 10 matched patients).

Inflammatory protein secretions are significantly correlated with the real-time measures of
metabolic rate; OCR and ECAR.
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Table 6-4 Correlation of Metabolic rate with protein secretions in matched OAC treatment-
naive biopsies.

The protein secretions of 54 mediators analysed by multiplex ELISA were correlated with real-
time metabolic rate readouts; OCR and ECAR of matched patient biopsies. (A) OCR was
significantly correlated with rate of ECAR and the secreted levels of 3 of 54 proteins including
VEGF-A, IL-1RA and TSLP in matched OAC treatment-naive biopsies (n=10) (B) ECAR, a
measure of glycolysis, was significantly correlated with rate of ECAR and the secreted levels of
6 of 54 proteins including VEGF-A, IL-1RA, MIP-3a, TNF-q, IL13 and TSLP in matched OAC
treatment-naive biopsies. Secretions from explant tissue and metabolic rate were normalised to
protein content. Spearman correlations; Spearman r 0.4-0.59 moderate, 0.6-0.79 strong, 0.8-1.0
very strong; *p<0.05, **p<0.01.

(A) Correlation with Oxygen Consumption Rate

Factor R Value P Value Significance n
ECAR 0.8505 <0.0001 HHx 17
VEGF-A 0.7091 0.0268 * 10
IL-1RA 0.7939 0.0088 ** 10
TSLP 0.6727 0.0390 * 10

(B) Correlation with Extracellular Acidification Rate

Factor R Value P Value Significance n
OCR 0.8505 <0.0001 falalel 17
VEGF-A 0.8303 0.0047 x* 10
IL-1RA 0.7455 0.0174 * 10
MIP-3a 0.6606 0.0438 * 10
TNF-a 0.6606 0.0438 * 10
IL-13 0.7212 0.0234 * 10
TSLP 0.7697 0.0126 ** 9
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6.4.7. Pyrazinib (P3) significanily altered the secretion of IL-18, IL-3 and IL-17E in OAC

treatment-naive biopsies

As previously mentioned, OAC is an inflammatory driven cancer and altering inflammatory
secretions may have an anti-tumour effect. To investigate if our anti-metabolic pyrazine
compound Pyrazinib (P3) also altered inflammatory secretions ex-vivo, we cultured OAC
treatment-naive biopsies with 10 uM Pyrazinib (P3) or 0.1% DMSO for 24 h and compared the

inflammatory secretions from the OAC treatment-naive biopsies of the same patient.

Of the 54 factors screened for in the multiplex ELISA, Pyrazinib (P3) treatment was found to
significantly alter the secretions of 3 proteins: IL-1p, IL-3 and IL-17B. Treatment with Pyrazinib
(P3) significantly reduced the secretions of IL-1B from OAC treatment-naive tumour biopsies
(p=0.0377) (Figure 6-11A). In contrast Pyrazinib (P3) significantly increased the secretions of
IL-3 (p=0.0020) and IL-17B (p=0.0181) ex-vivo in OAC treatment-naive biopsies (Figure
6-11B,C).
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Figure 6-11 Pyrazinib (P3) significantly reduces secretion of IL-18 and increases secretion of
IL-3 and IL-17B from OAC treatment biopsies.

The effect of 24 h treatment of OAC treatment-naive biopsies with 0.1% DMSO or 10 uM
Pyrazinib (P3) on protein secretion was assessed by multiplex ELISA. (A) Pyrazinib (P3)
significantly reduced the secretion of IL-13 from OAC treatment-naive biopsies, (n=22). (B)
Pyrazinib (P3) significantly increases the secretion of IL-3 from OAC pre-treatment biopsies,
(n=15). (C) Pyrazinib (P3) significantly increases the secretion of IL-17B from OAC pre-
treatment biopsies, (n=15). Wilcoxon signed rank t-test,*p<0.05, **p<0.01. All data normalised
to protein content. Data expressed as +SEM.
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6.4.8. Pyrazinib (P3) does not significantly alter the secretion of inflammatory proteins from

OAC treatment-naive biopsies cultured under hypoxia (0.5% 03)

Hypoxia can significantly alter the inflammatory secretome thus we investigated the
inflammatory profile of OAC treatment-naive biopsies cultured under hypoxia (0.5% Oy)
following treatment with 0.1% DMSO control or 10 pM Pyrazinib (P3).

The clinical patient characteristics for the 5 patients used in this study are outlined in Table 6-2.
The secreted levels of 54 proteins were separated into 4 different panels including inflammatory,
angiogenesis and vascular injury, chemokine, TH17 proteins and cytokine proteins. Secreted
levels of inflammatory proteins from OAC treatment-naive biopsies are shown Figure 6-12.
Secreted levels of angiogenic and vascular injury proteins from OAC treatment-naive biopsies
are shown in Figure 6-13. Chemokine and TH17 protein secretions from OAC treatment-naive
biopsies are illustrated in Figure 6-14. Secreted levels of cytokine from OAC treatment-naive

biopsies are shown in Figure 6-15.

No significant differences in protein secretions from OAC treatment-naive biopsies were
observed following treatment with Pyrazinib (P3) including inflammatory, angiogenic,
chemokine and cytokine proteins. Of note this study consisted of a small sample size and thus it

was not surprising no significant changes were observed.

236



(A) IFNy (B) IL-10 (C) IL-12p70
2= 4000 N = 250 c 200
2 2 ]
S <] o 2
2 & 3000 o & 200 . S & 150 n
- o~
Z 4 = E 150 JE e
B 2 2000 22 > 2 10
@ —_ 2 = 100 -
8 2 8 & £ 8
&4 1000 U - um g2 %
E - E . — E
g S g o » LT g o oye
&‘& i &@ CE (\@ @
[ [ [
1L-13 IL-1B IL-2

N
=1
3

1500 0.1250

150 =
1000

Secreted 1L-13
(pg/mL per pg/mL protein)
o S
.
4
o
Secreted IL-1B
(pg/ml per pg/ml protein)
3
u
-
Secreted IL-2
(pg/mL per pg/mL protein)
S 5
| : |

'y Hpn
0 . —— 0 :
N £ N £ S P
&,\o Q &0 Q 0(\6
& ey [¢)
IL-4 IL-6 IL-8
100 15000 400000
. L]
8 ® - 300000 . .
10000 .
60
200000

5000

Secreted IL-4
(pg/mL per pg/mL protein)

[
100000 %

[N
Secreted IL-6
(pg/mLper pg/mL protein)
L]

Secreted IL-8
(pg/mL per pg/mL protein)

()

TNF-a

= =
o o
3 S
S S

Secreted TNF-a
(pg/mL per pg/mL protein)

=3
4

#}.

Figure 6-12 Inflammatory protein secretions in OAC biopsies cultured under hypoxia (0.5%
0>).

Inflammatory protein secretions from OAC treatment-naive biopsies cultured under hypoxia
(0.5% O2) with 0.1% DMSO or 10 pM Pyrazinib (P3) including (A) IFN-y (B) IL-10 (C) IL-
12p70 (D) IL-13 (E) IL-1B (F) IL-2 (G) IL-4 (H) IL-6 (I) IL-8 and (J) TNF-a, (n=5). Wilcoxon
signed rank t-test. Data expressed as £SEM.
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Figure 6-13 Angiogenic and vascular injury protein secretions from OAC biopsies cultured
under hypoxia.

Angiogenic and vascular injury protein secretions from OAC treatment-naive biopsies cultured
under hypoxia (0.5% O2) with 0.1% DMSO or 10 uM Pyrazinib (P3) including (A) VEGF-A (B)
PIGF (C) flt1 (D) b-FGF (E) CRP (F) SAA (G) ICAM and (H) VCAM, (n=5). Wilcoxon signed
rank t-test. Data expressed as +SEM.
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Figure 6-14 Chemokine and Th17 protein secretions from OAC treatment-naive biopsies
cultured under hypoxia.

Chemokine and Th17 protein secretions from OAC treatment-naive biopsies cultured under
hypoxia (0.5% O-) with 0.1% DMSO or 10 pM Pyrazinib (P3) including (A) Eotaxin-3 (B) MCP-
1 (C) MCP-4 (D) IP-10 (E) TARC (F) IL-8 (G) MDC (H) IL-8HS (1) Eotaxin (J) MIP-1a and
(K) MIP-3a, (n=5). Wilcoxon signed rank t-test. Data expressed as +SEM.
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Figure 6-15 Cytokine protein secretions from OAC treatment-naive biopsies cultured under
hypoxia.

Cytokine protein secretions from OAC treatment-naive biopsies cultured under hypoxia (0.5%
0,) with 0.1% DMSO or 10 uM Pyrazinib (P3) including (A) GM-CSF, (B) 1L-12/23p40, (C)
IL-15, (D) IL-17A, (E) IL-1qa, (F) IL-5, (G) IL-16, (H) IL-7, (I) TNF-B, (J) IL-17D, (K) IL-9,
(L) TSLP, (M) IL-3 and (N) IL-1RA (n=5). Wilcoxon signed rank t-test. Data expressed as
+SEM.
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6.4.%. Circulating levels of 1L-6, IL-8, IL-1F and TN F-a are not significandy linked with TRG

In both this chapter and the previous chapter we have identified a number of inflammatory factors
which are linked with the resistant phenotype and/or are altered by Pyrazinib (P3) treatment. IL-
8 and IL-6 were previously shown to be secreted at higher levels from OE33R cells compared to
OE33P cells and their secreted levels were reduced by Pyrazinib (P3) treatment. In addition, IL-
8 secretion was significantly correlated with LIF, a cytokine which is significantly higher in serum
of patients with a poor pathological response to treatment. Furthermore, in this chapter Pyrazinib
(P3) was shown to significantly reduce the secretion of IL-1p from treatment-naive OAC patient
biopsies and TNF-a was correlated with ECAR. Thus, given the potential role of 1L-6, IL-8, IL-
1B and TNF-a in both carcinogenesis and treatment resistance of OAC, we evaluated the
circulating levels of these 4 cytokines in the serum of OAC patients who were treatment-naive.
The circulating levels of TNF-a, IL-6, IL-8 and IL-1pB were divided according to tumour stage,
nodal status, stage of differentiation, TRG, body mass index and gender (Figure 6-16 — Figure
6-19).

No significant differences were seen in the circulating levels of TNF-a, IL-6, IL-8 and IL-18 when
divided according to clinical characteristics.
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Figure 6-16 Circulating levels of TNF-a in OAC pre-treatment serum divided according to
clinical patient characteristics.

Levels of circulating TNF-a in serum of OAC treatment-naive patients divided according to (A)
tumour stage, (B) nodal status, (C) stage of differentiation, (D) TRG following MAGIC, (E) TRG
following CROSS, (F) body mass index and (G) gender, (n=26). Mann Whitney U test. Data
expressed as +SEM.
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Figure 6-17 Circulating levels of IL-8 in OAC pre-treatment serum divided according to

clinical patient characteristics.
Levels of circulating IL-8 in serum of OAC treatment-naive patients divided according to (A)

tumour stage, (B) nodal status, (C) stage of differentiation, (D) TRG following MAGIC, (E) TRG
following CROSS, (F) body mass index and (G) gender, (n=26). Mann Whitney U test. Data

expressed as +SEM.
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Figure 6-18 Circulating levels of IL-6 in OAC pre-treatment serum divided according to

clinical patient characteristics.

Levels of circulating IL-6 in serum of OAC treatment-naive patients divided according to (A)
Tumour stage, (B) nodal status, (C) stage of differentiation, (D) TRG following MAGIC, (E)
TRG following CROSS, (F) body mass index and (G) gender, (n=26). Mann Whitney U test.

Data expressed as +SEM.
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Figure 6-19 Circulating levels of IL-18 in OAC pre-treatment serum divided according to
clinical patient characteristics.

Levels of circulating IL-1B in serum of OAC treatment-naive patients divided according to (A)
tumour stage, (B) nodal status, (C) stage of differentiation, (D) TRG following MAGIC, (E) TRG
following CROSS, (F) body mass index and (G) gender, (n=26). Mann Whitney U test. Data
expressed as +SEM.
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6.4.10. Pyrazinib (P3) does not directly alter the expression of dendritic cell maturation

markers on CDIT+ cells

In the previous sections of this chapter we have demonstrated that Pyrazinib (P3) significantly
reduces OCR and IL-1p secretion and, thus, we investigated whether the effects of Pyrazinib (P3)
negatively altered the expression of dendritic cell maturation markers. Dendritic cells are
professional antigen presenting cells which play a key role in anti-tumour response. In the
development of a new compound it is crucial to determine if such treatment will affect the
function of important anti-tumour immune cells such as dendritic cells as this could hinder the
clinical potential of our compound. OAC treatment-naive biopsies were obtained from 22 OAC
cancer patients. Table 6-3 shows the clinical patient information of patient samples used in this
study. Immature dendritic cells were pre-incubated with either control TCM or TCM which had
been treated with 10 uM Pyrazinib (P3) for 24 h before LPS was added to induce dendritic cell
maturation. To assess the effect of Pyrazinib (P3) alone, control OAC TCM and OAC TCM pre-
treated with Pyrazinib the expression of dendritic cell maturation markers CD83, PD-L1, CDA40,
HLA-DR and CD54 on CD11+ cells was assessed by flow cytometry. Direct treatment of
dendritic cells with either 0.1% DMSO or 10 uM Pyrazinib (P3) following LPS stimulation did
not significantly alter the expression of CD83, PD-L1, CD40, HLA-DR and CD54 dendritic cell
maturation markers (Figure 6-20A-E). Both 0.1% DMSO treated OAC TCM (p=0.0252) and
Pyrazinib (P3) treated (p=0.0004) OAC TCM significantly reduced the expression of CD83 on
dendritic cells (Figure 6-20A). TCM pre-treated with Pyrazinib (P3) produced a 15% greater
reduction in CD83 expression on dendritic cells compared to control treated TCM (p=0.0100).
No significant differences in PD-L1, CD40, HLA-DR and CD54 expression on dendritic cells
were seen following treatment with either control or Pyrazinib (P3) TCM (Figure 6-20B-E). In
summary, Pyrazinib (P3) does not directly affect the expression of dendritic cell maturation
makers CD83, PD-L1, CD40, HLA-DR and CD54. Secreted factors from OAC tumour biopsies
can significantly reduce CD83 expression on dendritic cells but not the expression of PD-L1,
CD40, HLA-DR and CD54.
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Figure 6-20 OAC TCM and Pyrazinib (P3) treated TCM significantly reduced expression of
CD83 but did not alter the expression of PD-L1, CD40, HLA-DR or CD54 expression on
monocyte derived dendritic cells following stimulation with LPS.

The effect Pyrazinib (P3) and Pyrazinib (P3) treated TCM on the expression of dendritic cells
maturations markers was assessed by flow cytometry. (A) CD83 expression on monocyte derived
dendritic cells following incubation with LPS — and LPS + M199, 0.1% DMSO + LPS, 10 uM
Pyrazinib (P3) + LPS, 0.1% DMSO treated OAC TCM+ LPS and OAC TCM treated with
Pyrazinib (P3) + LPS. (B) PD-L1 expression on monocyte derived dendritic cells following
incubation with LPS —and LPS + M199, 0.1% DMSO + LPS, 10 uM Pyrazinib (P3) + LPS, 0.1%
DMSO treated OAC TCM + LPS and OAC TCM treated with 10 uM Pyrazinib (P3) + LPS. (C)
CDA40 expression on monocyte derived dendritic cells following incubation with LPS — and LPS
+ M199, 0.1% DMSO + LPS, 10 uM Pyrazinib (P3) + LPS, 0.1% DMSO treated OAC TCM +
LPS and OAC TCM treated with 10 uM Pyrazinib (P3) + LPS. (D) HLA-DR expression on
monocyte derived dendritic cells following incubation with LPS —and LPS + M199, 0.1% DMSO
+ LPS, 10 puM Pyrazinib (P3) + LPS, 0.1% DMSO treated OAC TCM + LPS and OAC TCM
treated with 10 uM P3 + LPS. (E) CD54 expression on monocyte derived dendritic cells following
incubation with LPS — and LPS + M199, 0.1% DMSO + LPS, 10 uM Pyrazinib (P3) + LPS, 0.1
DMSO treated OAC TCM + LPS and OAC TCM treated with 10 uM Pyrazinib (P3) + LPS. LPS
stimulation indicated by (+).Wilcoxon signed rank t-test, *p<0.05,***p<0.001. Data expressed as
+SEM.
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6.5. Summary of main findings of chapter 6

Real-time OCR, a measure of oxidative phosphorylation, is significantly higher than ECAR,

a measure of glycolysis in OAC treatment-naive biopsies.

Pyrazinib (P3) treatment significantly reduced real-time OCR in OAC treatment-naive

biopsies.

OAC treatment-naive biopsies quickly and significantly adapted their metabolic rate to

changes in oxygen concentration.

Pyrazinib (P3) significantly reduced OCR and ECAR in OAC treatment-naive biopsies
cultured under 0.5% Oo.

Pyrazinib (P3) significantly reduced the secretion of IL-1p and increased the secretion of
IL-3 and IL-17B in OAC treatment-naive biopsies.

OCR is significantly correlated with ECAR, VEGF-A, IL-1RA and TSLP.

Pyrazinib (P3) did not significantly alter the secretion of inflammatory proteins from OAC

treatment-naive biopsies cultured under hypoxia (0.5% O5).

Circulating levels of IL-6, IL-8, IL-1p and TNF-o were not significantly linked with clinical

patient characteristics.

Pyrazinib (P3) treatment did not directly alter the expression dendritic cell maturation
markers on CD11+ cells, indicating dendritic cells should maintain their function even in

the presence of this compound.
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6.0, Discussion

The overall goal of this chapter was to evaluate the effect of Pyrazinib (P3) treatment on real—
time metabolic rate and inflammatory secretions in human OAC treatment-naive biopsies.
Furthermore, we investigated whether Pyrazinib (P3) altered the expression of dendritic cell
maturation markers. Our findings highlight for the first time the real-time importance of aerobic
mitochondrial respiration in OAC patient tumours and oxidative phosphorylation is an emerging
target in cancer treatment which warrants investigation in OAC based on our findings in this study
[416].

Ex-vivo, real-time metabolic profiling demonstrated that OCR, a measure of oxidative
phosphorylation, is significantly higher in OAC treatment-naive biopsies compared to ECAR, a
measure of glycolysis. This supports previous findings by our group which have reported the
importance of oxidative phosphorylation as a metabolic pathway in OAC where oxidative
phosphorylation was previously associated with resistance to radiation treatment in-vitro [82].
The metabolic rate of OAC biopsies including OCR and ECAR were shown to be independent of
clinical patient characteristics.

Furthermore, when we assessed the basal real-time metabolic rate of 10 different treatment-naive
OAC patient biopsies and then treated them with Pyrazinib (P3) for 24 h and reassessed their
metabolic rate, we found Pyrazinib (P3) significantly inhibited OCR in these biopsies compared
to baseline with no significant feedback upregulation of ECAR. Importantly, Pyrazinib (P3)
significantly inhibited OCR independent of patient characteristics. Notably, this was a small
cohort and the activity of Pyrazinib (P3) requires further validation in a larger study. The
significant effect of Pyrazinib (P3) on OAC tumour oxidative phosphorylation rate is not only
likely to have an anti-cancer effect given the prominent utility of oxidative phosphorylation in
OAC tumours, it may also enhance the radioresponse of these tissues as seen in-vitro in an
isogenic model of OAC radio-resistance in chapters 3 and 4. Targeting oxidative phosphorylation
has been reported in a number of studies as a novel mechanism to enhance radiosensitivity [123,
229]. A study by Benej et al. demonstrated that targeting mitochondrial respiration with the ergot
alkaloid papaverine significantly inhibited mitochondrial respiration and enhanced tumour
oxygenation and subsequently enhanced radiosensitivity in pulmonary adenocarcinoma cells
[229]. Of importance to note, in an in-vivo model, only treatment with papaverine prior to
radiation enhanced radioresponse, the same effect was not seen when papaverine was
administered after irradiation highlighting the importance of treatment scheduling for the best
outcome when combining novel radiosensitising agents with X-ray radiation [229]. An interesting

study carried out by Bol et al. demonstrated reprogramming of tumour mitochondria improves

249



responses to radiation, a mitochondrial dysfunctional cell line which were exclusively glycolytic
were found to be more radiosensitive than wild type oxidative phosphorylation proficient cells
[295]. A novel in-vivo model of oncogenic ablation-resistant pancreatic cancer cells which were
responsible for tumour relapse were reported to depend on mitochondrial function for survival
[123]. Targeting oxidative phosphorylation in this subpopulation of surviving pancreatic cells was
found to significantly decrease tumour spheroid growth [123]. Furthermore, oxidative
phosphorylation is significantly upregulated in breast cancers deficient in RB1, a protein lost in
20-30% of basal-like breast cancers, [417, 418]. Tigecycline, a mitochondrial translational
inhibitor attenuated growth of RB1-deficient breast tumours in-vivo [418]. Taken together with
our studies this highlights the potential of not only targeting oxidative phosphorylation in the neo-
adjuvant setting to enhance radiosensitivity in OAC but also in the adjuvant setting to target any
remaining surviving cancer cells, especially given the predominance of the oxidative
phosphorylation pathway in OAC explants, such a therapeutic strategy strongly warrants

investigation in the future.

Hypoxia promotes the transformation of tumour cell metabolism from oxidative metabolism to
anaerobic glycolysis, which protects tumour cells and induces the development of radioresistance
and drug resistance in tumour stem cells [419]. We sought to investigate how OAC treatment-
naive biopsies can adapt their metabolic profile to conditions of hypoxia and if Pyrazinib (P3) can
inhibit mitochondrial respiration under hypoxic conditions of 0.5% O,. Metabolic rate assessment
of 7 OAC patient biopsies as shown before at baseline had a significantly higher rate of OCR than
ECAR, again highlighting the importance of mitochondrial respiration in these tumour samples.
OAC treatment-naive biopsies adapted to their altered microenvironment and the previous
dependence we had seen on oxidative phosphorylation was lost as under hypoxic conditions there
was no significant difference in OCR compared to ECAR. The OCR:ECAR ratio was
significantly higher in OAC treatment-naive biopsies under normoxia versus hypoxia and the
ECAR:OCR ratio was significantly higher in hypoxic versus normoxic biopsies highlighting a
metabolic shift under hypoxic conditions and the adaptability of these biopsies to their
environment. Pyrazinib (P3) significantly inhibited both oxidative phosphorylation and
glycolysis. The ability of Pyrazinib (P3) to inhibit both oxidative phosphorylation and glycolysis
under hypoxic conditions is a critical finding which shows OAC tumours have metabolic
flexibility and thus they are not reliant on oxidative phosphorylation alone especially under
hypoxic conditions where the ECAR:OCR ratio is significantly increased. In a study by Wang et
al. in genetically modified macrophages overexpressing HIFlo the OCR:ECAR ratio was
dramatically decreased compared to non-HIF 1o overexpressing macrophages demonstrating a
shift to glycolysis metabolism compared to mitochondrial oxidation in HIF 1o overexpressing

macrophages [420]. Oxygen is a potent radiosensitiser and solid tumours with areas of hypoxia
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are the most aggressive and difficult tumours to treat [237]. A number of strategies which have
attempted to increase oxygen delivery to the tumour have failed in the clinic largely due to the
heterogenic nature of tumour vasculature [421]. In a pancreatic xenograft, the selective HIF-1a
inhibitor PX-478 was found to potentiate the effect of fractioned chemoradiation therapy [242].
Targeting intra-tumoural oxygen consumption with compounds targeting oxidative
phosphorylation may present a novel means to overcome tumour hypoxia and enhance anti-cancer
activity in tumours in which oxidative phosphorylation is upregulated but also to improve
treatment response rates in hypoxic treatment resistant tumours [229]. Notably elevation of
oxygen by as little as 2% is sufficient to produce oxygen enhancement [416]. Targeting oxidative
phosphorylation in mammary tumours with papaverine was found to enhance hypoxic tumour
oxygenation and sensitise tumours to radiation therapy [229]. Taken together with our findings
this suggests Pyrazinib (P3) has the potential to function as a radiosensitiser in-vivo given our

previous findings in-vitro in chapter 4.

Pyrazinib (P3) did not significantly alter the secretion of lactate from treatment-naive OAC
biopsies and secreted lactate levels in the TCM were not associated with clinical patient
characteristics, although a limitation is the small sample size of only 8 patients. Lactate produced
by aerobic glycolysis is released into the tumour microenvironment, conferring advantages of
tumour survival and growth. Whilst it would have been favourable for Pyrazinib (P3) to reduce
lactate secretion this result is not surprising as Pyrazinib (P3) did not significantly alter ECAR

in OAC pre-treatment biopsies under normoxic conditions [422].

OAC is an inflammatory driven upper gastrointestinal cancer [234] and we sought to characterise
the inflammatory profile of the TCM of 22 OAC treatment-naive biopsies. A 54 multiplex ELISA
demonstrated the heterogeneity of secreted factors from OAC biopsies across 5 panels including
inflammatory, angiogenic and vascular injury, chemokine, cytokine and TH17 related proteins.
None of the secreted factors were significantly associated with clinical patient characteristics. To
investigate a potential relationship between metabolic rate and the OAC secretome profile we
correlated protein secretions in 10 patients which for whom we had matched TCM and baseline
real-time metabolic rate. OCR was significantly correlated with ECAR in all patients at baseline.
Both OCR and ECAR were significantly positively correlated with the secretion of VEGF-A, IL-
1RA and TSLP in OAC treatment-naive biopsies. In addition, ECAR was also correlated with IL-
13, MIP-3a and TNF-a. Oxidative phosphorylation and glycolysis are known to be influenced by
systemic inflammation thus it is not surprising that metabolic rate correlated with a number of
inflammatory mediators [423]. The significant correlation between VEGF-A secretion and OCR
and ECAR highlights the tight links which exist between the two biological processes of

angiogenesis and metabolism whereby there are increasing levels of the angiogenic marker
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VEGF-A in tumours with higher levels of oxidative phosphorylation [424]. TNF-o was only
significantly correlated with ECAR and not OCR in OAC treatment-naive biopsies. TNF-a was
previously shown to induce aerobic metabolism in prostate epithelial cells and glycolytic reliance
in mammary carcinoma cells [425, 426].

Treatment of OAC treatment-naive biopsies with Pyrazinib (P3) was found to significantly inhibit
IL-1p secretion and increase IL-3 and IL-17B secretion. The significant reduction of IL-1B
secretion following treatment is a critical finding which may contribute to its anti-cancer effect,
previous work by our department found elevated levels of IL-1f in tumour samples compared to
squamous epithelium from the same patients. In addition, IL-1p levels were significantly
decreased in the TCM of tumours who achieved a complete pathological response to neo-CRT
[415]. IL-1p was previously shown to be significantly correlated with clinical outcome in
oesophageal SCC, whereby patients with IL-1f positive tumours had a poor response to treatment
compared to patients with IL-1p negative tumours [142]. In addition inhibition of IL-1B was
shown to attenuate tumour growth and invasion and ameliorate treatment resistance [142].
Furthermore, in a study by Deans et al. tumoural IL-1B expression levels were significantly
correlated with systemic inflammation, which is a marker of reduced survival in oesophageal-
gastrointestinal cancer patients [427]. In an in-vivo melanoma model IL-1B inhibition was
shown to stably reduce tumour growth by limiting inflammation and inducing the maturation of
immature myeloid cells into M1 macrophages. Furthermore, in an in-vitro model of pancreatic
chemoresistance, administration of an IL-1 receptor blocking antibody as a means of targeting
IL-1P signalling reduced NF-«xB activation and the acquisition of chemoresistance in these cells
[428]. Reports from the literature suggest the significant inhibition of IL-1p produced by
Pyrazinib (P3) is a positive effect which may contribute to the anti-cancer activity of this drug
in addition to its effects on oxidative phosphorylation in-vitro and ex-vivo and radiosensitivity
in-vitro. IL-3 has been reported to exert paradoxical effects in cancer including pro-tumorigenic
as well as anti-tumorigenic cellular responses [429, 430]. Importantly, IL-3 has been reported to
play an important role in anti-tumoural immunity, IL-3 is able to enhance antigen presentation by
dendritic cells and activate macrophages to increase the expression of class 1l MHC molecules
and interleukin-1 (IL-1) [431]. Elevated gene expression of IL-3 in fibrosarcoma xenografts
(FSA-JmIL-3 tumours) was associated with enhanced response to radiation compared to parental
tumours, where FSA-JmIL-3 tumours were associated with increased lymphocyte infiltration and
elicited immune response [430], suggesting that the enhanced secretion of IL-3 following

Pyrazinib (P3) treatment may support the function of this small molecule as a radiosensitiser.

Circulating levels of TNF-a, IL-8, IL-6 and IL-1p were not significantly associated with clinical

patient characteristics including TRG, a marker of treatment response. Notably IL-1p was only
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identified in the serum of 13 of 26 patients whereas it was detected in the TCM of all 22 patients
we evaluated which may indicate intra-tumoural IL-1 is of more importance than circulating
levels in serum to tumorigenesis. In the previous chapter IL-8 was shown to be secreted at
significantly higher levels from OE33R cells. IL-8 has been reported in the literature to play a
pivotal role in supporting tumour treatment resistance through the stimulation of an
immunosuppressive microenvironment and activation of epithelial to mesenchymal transition,
despite this circulating levels of IL-8 could not segregate responders and non-responders [432].
In the previous chapter we found LIF, an IL-6 type cytokine to be significantly upregulated in
serum of patients with a poor response to neo-adjuvant treatment and IL-6 secretion was
significantly higher in OE33R radioresistant cells, however there was no significant correlation
between circulating IL-6 and TRG. In an SCC study, intra-tumoural IL-6 was expressed at
significantly higher levels in the tumour than adjacent epithelium and immunohistochemical
analysis found there was a positive correlation between IL-6 overexpression and cancers

developing loco-regional failure or distant metastasis [236].

Immune cells such as dendritic cells play a crucial role in the induction of anti-tumoural immunity
and host immune-surveillance in oesophageal cancer [433]. Dendritic cells are professional
antigen presenting cells which are responsible for induction of antigen specific T cell responses,
thus it is critical that function of dendritic cells remains intact even in the presence of our small
molecule compound Pyrazinib (P3). In this study, we sought to investigate both the effect of the
secretions from the TCM and Pyrazinib (P3) on the expression of dendritic cell maturation
markers. Increased expression of several cell surface markers including CD54, PD-L1, CD40,
CD83, and HLA-DR, on dendritic cells is associated with dendritic cell maturation and T-cell
activation [434] . We assessed the ability of control and Pyrazinib (P3) treated TCM from cultured
human OAC treatment-naive explants to alter the function of dendritic cells. Both control TCM ,
and Pyrazinib (P3) treated TCM significantly reduced the expression of CD83 on CD11c+ cells.
Direct treatment with Pyrazinib (P3) had no effect on CD83 expression suggesting that mediators
secreted from the tumour specifically had an inhibitory effect on dendritic cell maturation. This
is positive finding which demonstrates Pyrazinib (P3) treatment does not negatively affect the
expression of dendritic cell maturation markers indicating the function of these cells remains
intact even in presence of this compound, although more functional assays will need to be
conducted in the future to support this finding. In a previous study it was reported that TCM from
colorectal explants significantly inhibited the expression of dendritic cell maturation markers,

however this was only seen in the case of CD83 in OAC [414].

The immune system can inhibit tumorigenesis with acute infiltration of effector innate and

adaptive immune cells and cytokines such as IFN-y which results in a Th1 T cell phenotype [435,
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436]. In a separate study by our lab Pyrazinib (P3) did not have any toxic effect on Jurkat T cells.
This is an important finding which highlights the potential to use Pyrazinib (P3) within the clinical
setting because it does not deplete or kill CD4* T cells. The effect of Pyrazinib (P3) on Jurkat T
cell activation status was also examined using pre-activated Jurkats. Pyrazinib (P3) has been
previously shown to enhance radiosensitivity in-vitro and a study by Voos et al. demonstrated
that radiation doses of >2 Gy activate Jurkat T cells and stimulate pro-inflammatory immune
responses, through upregulation of IL-2, IFN-y and CD25 surface expression [437]. Importantly,
Pyrazinib (P3) did not affect the activation status of the naive T cell markers expressed on the
activated and inactivated Jurkats, demonstrating that Pyrazinib (P3) does not affect the activation
status of T cells. Therefore if administered in the clinical setting, Pyrazinib (P3) may not cause T
cell exhaustion within the tumour microenvironment, via continuous stimulation and upregulated
of PD-1 and CTLA-4 leading to exhaustion of tumour infiltrating T cells and radioresistance
[438]. CD8* T cells are more susceptible to becoming exhausted upon constitutive activation than
CD4* T cells [439] and one of the limitations to this study is the use of CD4* T cells in an in-vitro
setting. Further research is required in relation to this study both in patient derived PBMCs and
the in-vivo setting to gain a better understanding of the effect Pyrazinib (P3) may have on other
immune cells.

In summary we report a new method for profiling the metabolic rate of OAC tumour biopsies in
real-time, highlighting the importance of the oxidative phosphorylation pathway in these samples
and metabolic adaptability to environmental conditions of OAC tumours. In addition, we have
demonstrated the novel anti-metabolic and anti-inflammatory action of Pyrazinib (P3) ex-vivo in
OAC treatment-naive biopsies. Pyrazinib (P3) which was previously shown to function as a robust
radiosensitiser in an isogenic model of OAC radioresistance. It will be critical to further evaluate

the anti-cancer potential of Pyrazinib (P3) in a murine model of OAC.
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7. Chapter 7 — Conclusion and Future Directions
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7.1. Concluding discussion

Radiotherapy is used in the treatment of over 50% of human malignancies including OAC [440].
Chemoradiation therapy prior to surgery is increasingly becoming the standard of care for OAC
in order to debulk the tumour prior to surgery [43]. However, resistance to therapy is a major
limitation whereby only ~30% of patients achieve a complete pathological response to neo-
adjuvant therapy [43]. This is a major clinical challenge, as a good pathological response to neo-
adjuvant treatment is associated with best clinical outcomes. Thus, there is a clinical need for the
development of novel compounds which could enhance response to neo-adjuvant treatments such

as radiotherapy to improve clinical outcomes and patient survival for OAC patients.

Radioresistance is a process in which the tumour cells or tissues adapt to the radiotherapy-induced
changes and develop resistance to the X-ray irradiation. Resistance to radiotherapy is complex
and associated with multiple factors including the alteration of multiple biological processes
including alterations in mitochondrial function and energy metabolism, altered DNA repair,
pathological angiogenesis, inflammation and inflammation-associated hypoxia, altered cell cycle
and cell cycle checkpoints and resistance to apoptosis. Our previous work demonstrated that
radioresistant OAC cells have a significantly higher rate of oxygen consumption, a measure of
oxidative phosphorylation compared to matched OAC radiosensitive cells, furthermore ATP5B
was shown to be expressed at significantly higher levels in OAC pre-treatment biopsies of patients
who had a poor response to neo-adjuvant treatment compared to patients who achieved a good
response [82]. No biological process acts in isolation and metabolism and angiogenesis have a
highly interdependent relationship, whereby blood vessels which form as a result of angiogenesis
supply the required nutrients and oxygen to tumour cells to carry out metabolism and in conditions
of low oxygen, metabolic regulators can promote the expression of angiogenic mediators to
increase tumour angiogenesis. In this thesis, using a phenotype-based approach we sought to
identify a small molecule compound, using an in-vivo zebrafish model which could inhibit both
oxidative phosphorylation and angiogenesis, two processes both tightly linked with one another

and the radioresistant phenotype in order to enhance radiosensitivity in OAC.

In chapter 2, using phenotype-based screens and a zebrafish animal model we screened a panel
of 23 compounds and identified Pyrazinib (P3), P2 and P4 which could significantly inhibit both
angiogenesis and metabolism in zebrafish embryos. Pyrazinib (P3) and P4 produced significantly
greater anti-angiogenic activity than the parent compound of Pyrazinib (P3), Quininib (Q1),
highlighting the more potent anti-angiogenic nature of these compounds. This was a critical
finding given that Quininib (Q1) was previously shown to inhibit colorectal tumour growth in-

vivo highlighting the anti-tumour potential of these compounds [272]. In addition, we also found

256



Pyrazinib (P3) and two P series compounds P2 and P4 that could significantly inhibit oxygen
consumption rate, with Pyrazinib (P3) and P4 also significantly reducing extracellular
acidification rate, a measure of glycolysis. From our phenotypic screen we identified 5 potent
anti-angiogenic compounds of which 3 also had significant anti-metabolic activity. Importantly,
we also found that the compounds which had no anti-angiogenic activity also had no anti-
metabolic activity in-vivo in zebrafish. We decided to further test these 7 compounds, and
Quininib (Q1) in in-vitro screens to determine if our phenotype-based screen had identified any

small molecule compounds with radiosensitising activity.

In chapter 3 we sought to further investigate the anti-metabolic action of Pyrazinib (P3) and P
series compounds in an isogenic in-vitro model of OAC radioresistance. Pyrazinib (P3) produced
the most potent anti-metabolic activity in-vitro significantly inhibiting oxygen consumption rate
in both OE33P and OE33R cells and simultaneously reducing extracellular acidification rate in
OE33R radioresistant cells. Pyrazinib (P3) was found to significantly reduce ATP turnover in
OE33R cells only. The anti-metabolic activity was not coupled with major changes in
mitochondrial function, Pyrazinib (P3) did not significantly alter ROS levels, mitochondrial
membrane potential or mitochondrial mass in OE33R cells. A small but significant reduction in
ROS levels was seen following treatment in OE33P cells. P2 significantly inhibited oxygen
consumption rate in OE33R cells only. Quininib (Q1) which was shown to have no anti-metabolic
activity in-vivo in zebrafish significantly reduced ECAR in OE33P cells only. Clonogenic assays
were performed to determine if Quininib (Q1) or any of our P series compounds which we brought
forward from chapter 2 (P3, P2, P4, P18, P20, P8 and P23) could enhance radiosensitivity in-vitro
in our isogenic model of radioresistance. Pyrazinib (P3) and P4 could significantly reduce the
surviving fraction of OE33P and OE33R cells. P2 was shown to significantly reduce the surviving
fraction in OE33P cells only. Quininib (Q1), P18 and P20 which were previously shown to inhibit
angiogenesis in-vivo but did not alter real-time oxygen consumption rate in OE33P or OE33R
cells and could not significantly alter radiosensitivity. In addition, P8 and P23 which were shown
to have no anti-angiogenic or anti-metabolic activity did not significantly reduce the surviving
fraction of OE33P or OE33R cells. The findings of this chapter confirmed the importance of
oxidative metabolism in governing resistance in OAC whereby only compounds which could
inhibit both angiogenesis and oxidative metabolism could significantly enhance radioresponse in
OAC. From the results generated in this chapter, Pyrazinib (P3) was chosen as our lead compound
to bring forward in future experiments given its robust anti-angiogenic and anti-metabolic activity
in both model systems and due to its significant reduction in surviving fraction of both OE33P

and OE33R cells following 2 Gy irradiation. Our lead compound Pyrazinib (P3) significantly
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reduced the surviving fraction of OE33P and OE33R cells following 2, 4 and 6 Gy X-ray radiation
doses compared to vehicle control treated cells.

In chapter 4, we sought to further investigate the ability of Pyrazinib (P3) to inhibit metabolic rate
and enhance radiosensitivity under different environmental conditions. In addition, we sought to
investigate whether Pyrazinib (P3) alters chemosensitivity using an isogenic model of OAC
chemoresistance. Hypoxia is a well-known mediator of radioresistance given the important
function of oxygen as a radiosensitiser. Both OE33P and OE33R cells were significantly more
resistant to radiation therapy following culture under hypoxic conditions of 0.5% O.. Pyrazinib
(P3) significantly reduced the surviving fraction of OE33R cells cultured under hypoxia (0.5%
0,) following 4 Gy X-ray radiation. This result further highlighted the therapeutic potential of
Pyrazinib (P3) as a novel radiosensitiser as it can improve radioresponse to both increasing doses
of irradiation and can maintain its function under low oxygen conditions. To determine if the
ability of Pyrazinib (P3) to enhance response to treatment was specific to radiotherapy alone we
investigated whether Pyrazinib (P3) could augment the sensitivity of OE33 cells to cisplatin using
an isogenic model of cisplatin resistance and 5-FU in OE33P and OE33R cells. Pyrazinib (P3)
could not significantly enhance sensitivity of either OE33 Cis P or OE33 Cis R cells to cisplatin
or OE33P and OE33R cells to 5-FU. This finding highlights the robust and significant ability of
Pyrazinib (P3) to specifically enhance radiosensitivity in OAC cells. Having further demonstrated
the radiosensitising activity of Pyrazinib (P3) in this chapter, we sought to investigate the action
of Pyrazinib (P3) on another pro-tumorigenic process which has previously been linked with

radioresistance, inflammation.

OAC has been demonstrated to be an inflammatory driven cancer and increased levels of certain
inflammatory markers including C3a, C4a and IL-1p have been previously linked with treatment
resistance in OAC [234, 415]. In this chapter using our in-vitro model of OAC radioresistance we
investigated whether we could identify molecular markers of radioresistance using a proteomics-
based approach. Proteomic profiling of OE33P and OE33R cells identified a number of molecular
mediators to be significantly altered between OE33P and OE33R cells. Of the hits identified in
this study, LIF and its receptor LIFR were validated in further studies both in-vitro and ex-vivo.
LIF was found at significantly higher levels in treatment-naive serum of OAC patients who
subsequently had a poor response to treatment compared to patients who responded well to
treatment. Evaluation of protein secretions from OE33P and OE33R cells found 9 factors to be
significantly upregulated in OE33R cells compared to OE33P cells including IL-6, IL-4, IL-8,
ICAM, IL-12p70, IL-2, IL-10, IP-10 and MCP-1, two factors were secreted at significantly
lower levels from OE33R compared to OE33P cells including IL-1RA and GM-CSF. Pyrazinib
(P3) significantly reduced the secretion of IL-4, IL-6, IL-8 and IL-13 from OE33R cells. A
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number of the factors identified at higher levels in OE33R cells have been previously linked
with radioresistance in multiple cancer types, thus the inhibition of IL-4, IL-6, IL-8 and IL-13
may contribute to the radiosensitising effect of Pyrazinib (P3) or could just be an additive
effect which may contribute to anti-cancer activity of this agent. In-depth mechanism of action
studies will be required to further elucidate the relationship between the inhibition of the
secretion of these interleukins and the radiosensitising effect of Pyrazinib (P3).

Resistance to cisplatin is relatively under investigated in OAC, we sought to investigate the
inflammatory secretome of an isogenic model of OAC cisplatin resistance. 18 proteins were
secreted at significantly different levels from OE33 Cis P versus OE33 Cis R cells, IL-7 was
the only one factor that was secreted at significantly higher levels from OE33 Cis R cells.
Interestingly IL-7 was previously linked with cisplatin resistance in glioma cancer cell line
and therapeutic targeting was associated with improved response, thus this may a novel a
therapeutic targeting to overcome cisplatin resistance in OAC which requires further

investigation in the future.

To progress our studies with Pyrazinib (P3) to the next stage of pre-clinical evaluation in
chapter 6 we used an ex-vivo human model of OAC treatment-naive biopsies to determine the
effect of Pyrazinib (P3) on real-time metabolic rate, inflammatory secretions and immune cell
function. Similar to our in-vitro findings, oxidative metabolism is an important energy
pathway ex-vivo, relative oxygen consumption rate was significantly higher than relative
ECAR in OAC treatment-naive biopsies. Pyrazinib (P3) significantly reduced OCR in OAC
treatment-naive biopsies, this inhibition was independent of patient characteristics. OAC
treatment-naive biopsies were shown to adapt to changing oxygen conditions, under conditions
of low oxygen (0.5% O,) the ECAR:OCR ratio was significantly higher compared to normoxic
conditions. Pyrazinib (P3) maintained its function under hypoxic conditions significantly
inhibiting both OCR and ECAR in OAC biopsies cultured and treated under 0.5% O,. This
result was a critical finding demonstrating Pyrazinib (P3) maintains its action in an ex-vivo
setting under both normoxic and hypoxic conditions. In addition, we profiled the inflammatory
and angiogenic secretome of OAC treatment-naive biopsies which demonstrated the
inflammatory secretome of OAC treatment-naive biopsies is highly heterogeneous. Pyrazinib
(P3) treatment significantly reduced the secretion of IL-1p and promoted the secretion of IL-
3 and IL-17B from OAC tumour biopsies. IL-1p has previously been linked to poor survival
and treatment resistance in other cancer types so this inhibitory action may contribute to the
anti-cancer effect of Pyrazinib (P3) which requires further investigation in in-vivo studies in
the future. To position Pyrazinib (P3) as a potential radiosensitiser it is critical to understand

how Pyrazinib (P3) interacts with immune cell function. Direct treatment with Pyrazinib (P3)
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did not significantly alter the expression of dendritic cell maturation markers indicating that
Pyrazinib (P3) is unlikely to affect the function of these professional antigen presenting cells

however this requires further evaluation in functional assays.
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Figure 7-1 Concept diagram of main findings from thesis.

Schematic illustrating that Pyrazinib (P3) inhibits angiogenesis, oxidative phosphorylation and
inflammatory protein secretions such as IL-1B. The inhibition of these biological processes was
coupled with enhanced radiosensitivity shown by a significant reduction in cell survival of OAC
cells following either 2, 4 or 6 Gy X-ray radiation.

The findings of this thesis have identified the small molecule compound Pyrazinib (P3) with anti-
angiogenic, anti-metabolic and anti-inflammatory action which can enhance radiosensitivity both
under normoxic and hypoxic conditions in-vitro in an isogenic model of OAC radioresistance
(Figure 7-1). For the first time we have identified a novel small molecule compound which
robustly enhances radiosensitivity in a model of OAC radioresistance. There is currently an unmet
clinical need for radiosensitisers which could be administered in combination with neo-adjuvant
CRT to OAC patients to improve treatment response and further investigation of Pyrazinib (P3)

in this field is warranted.
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7.2. Future directions

The results generated from the research carried out in this Ph.D. thesis have generated a number
of future research possibilities which are described below.

1. Previous research by our collaborators has identified Quininib (Q1) as a cysteinyl
leukotriene receptor 2 antagonist. However, protein binding studies have revealed that
Pyrazinib (P3) has <30% affinity for this receptor and Pyrazinib (P3) is nota CYSTLR2
antagonist. Mass spectrometry studies are currently ongoing to identify potential
molecular targets of Pyrazinib (P3). Any hits identified from the mass spectrometry
studies should be further validated in-vitro and in-vivo and manipulated to investigate
their potential as molecular targets which play a role in the mechanism of action of
Pyrazinib (P3).

2.  We have demonstrated the anti-metabolic activity of Pyrazinib (P3) through its inhibition
specifically of oxidative phosphorylation in-vivo in zebrafish, in-vitro in our isogenic
model of OAC radioresistance and ex-vivo in OAC patient samples. It would also be of
interest in the future to investigate how Pyrazinib (P3) is inducing this effect which may
be linked to one of its major molecular targets. It would also be of interest to investigate
if Pyrazinib (P3) has any effect on the pentose phosphate pathway which has also
previously been linked with tumorigenesis. A major limitation of our studies was limited
availability of tumour regression grades for each patient, it would be of interest in the
future to determine if the metabolic rate of pre-treatment biopsies is correlated with
treatment response, especially given the previous findings by our group showing ATP5B

expression is significantly different in good responders compared to poor responders.

3. It will also be critical in the future to assess the effect of Pyrazinib (P3) on normal cell
functions to determine whether the anti-angiogenic and anti-metabolic activity of

Pyrazinib (P3) induces unwanted effects in normal cell function.

4. In our studies we have demonstrated the ability of Pyrazinib (P3) to enhance
radiosensitivity in-vitro in an isogenic model of OAC radioresistance both under
normoxic and hypoxic conditions (0.5 % O,). In the future the radiosensitising action of
Pyrazinib (P3) needs to be investigated in the in-vivo setting. OE33P and OE33R cells
don’t form large enough subcutaneous tumours for radiosensitising experiments (>100
mm?) in-vivo thus an orthotropic and/or patient derived xenografts will be required for

such studies, these studies have now begun with Xenopath (www.xenopat.com).
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Nanoparticles are becoming an increasingly popular field of research in cancer treatment.
In particular gold nanoparticles have been shown to enhance radiosensitivity in various
cancer models. It would be of interest in the future to couple Pyrazinib (P3) to gold
nanoparticles and evaluate if this has a synergistic effect in terms of enhancing
radiosensitivity in our isogenic model of radioresistance. Prof O’Sullivan’s lab has now
received HRB-MRCG funding to conduct this work.

We reported for the first time a significant association between LIF secretion and LIFR
expression and response to radiation treatment in OAC. It would be of interest in the
future to investigate whether therapeutic targeting of the LIF pathway with specific
inhibitors would alter radiosensitivity in OAC. Initially, it would be useful to investigate
whether knockdown of LIF alters the radiosensitivity of our isogenic model of

radioresistance in-vitro and in-vivo.

We have briefly investigated the effect of Pyrazinib (P3) treatment on dendritic cells by
assessing the action of the direct treatment with Pyrazinib (P3) and Pyrazinib (P3) treated
TCM on the expression of dendritic cell maturation markers, a surrogate measurement
of dendritic cell function. Dendritic cells are professional antigen presenting cells which
play a key role in anti-tumour immunity thus it will be critical in the future to also
evaluate the action of Pyrazinib (P3) directly dendritic cell function. In addition, it will
also be critical to evaluate the effect of Pyrazinib (P3) treatment on both T cell and

natural killer cell function.

Immunotherapies are increasingly becoming the standard of care in many cancers whilst
their utility in the treatment of OAC both alone and in combination with radiotherapy is
currently being investigated in clinical trials Thus it would be critical in the future to
evaluate the feasibility of Pyrazinib (P3) in combination with immunotherapies if they
are adopted as part of the standard treatment regimen in OAC. The combination of
Pyrazinib (P3) with immunotherapies if feasible, may have an additive effect in terms of
enhancing radiosensitivity, as immunotherapies have previously been linked with

enhanced radioresponse in many cancer models.
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ABSTRACT

Oesophageal cancer is an aggressive disease with a poor 5 year survival rate of
<20% of diagnosed patients, Unfortunately, only 20-30% Oesophageal Adenocarinoma
(OAC) patients show a beneficial response to neocadjuvant therapy (neoCT).
Inflammation influences OAC given the increased risk of cancer development and poor
outcome for obese patients where altered secretion of adipokines and cytokines from
adipose tissue contributes a pro-tumourigenic environment. We carried out a large
proteomics screen of 184 proteins to compare the inflammatory and oncogenic profiles
of an isogenic radioresistant in-vitro model of OAC, We found that leukaemia inhibitory
factor (LIF), an IL-6 type cytokine, was significantly elevated in radioresistant OAC
cells (p=0.007). Furthermore, significantly higher circulating levels of LIF were
present In the serum from treatment-nalve OAC patients who had a subsequent poor
pathological response to neo-adjuvant therapy, (p=0.037). Quantitative PCR analysis
revealed expression of LIF receptor (LIFR) may function as a predictive indicator of
response to neo-adjuvant chemoradiation therapy in OAC, LIF was demonstrated to be
actively secreted from human OAC treatment-naive blopsies and significantly correlated
with the secretion of bFGF, VEGF-A and IL-8 (p<0.05, R=1), (p<0.05, R=0.9429),
and (p<0,05, R=1) respectively, Importantly, LIF secretion negatively correlated with
tumour infiltrating lymphocytes in pre-treatment OAC patient blopsies, (r=-0,8783,
p=0,033), Elevated circulating LIF is a marker of poor response to neo-adjuvant
treatment in OAC and secretion of this chemokine from the tumour is tightly linked with
pro-tumourigenic mediators including bFGF, VEGF-A and IL-8. Targeting this pathway
may be a novel mechanism enhance neoadjuvant treatment responses in OAC,

INTRODUCTION of cancer related death, b g for approx ly
400,000 deaths annually [1] Oecsophageal cancer is

Ocsophageal cancer ks the Sth most common classified into two histological subty pes. sguamous cell

concer worldwide with approximately 456,000 new carcinoma (SCC) and  ocsophageal  adenocarcinoma
coses diagnosed ammually |1]. Ocsophageal cancer is (OAC) [2] Whalst SCC is the predominant subty pe
an aggressne discase and the 6° mast common cause globally in western popukitions, the incidence of OAC has
www. oncotarget.com 33634 QOncotargot
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increased by approximately 48% over the past 15 vears | 1.
2]. The best ontcomes are associated with carly discase
diagnosis [1. 2].

The current standard of care for OAC focuses
on neoadjuvant treatment with chemotherapy (neoCT)
alone or in combination with radiation, neoadjusant
chemoradiation (neoCRT) for locally advanced tumours.
prior to surgeny [3] The MAGIC chemotherapy protocol
consists of the adminiswation of Epirubicin, Cisplatin
or Oxaliplatin, and  5-Fluorouracilior  Capecitabine
chemotherapy pre- and post-operatively. the CROSS
protocel consists of the administration of carboplatin and
paclitaxel chemotherapy with fractionated madiotherapy of
414 Gy over five weeks |4, 5] A Cancer Trials Ireland-
sponsored mndomised. phase H1 clinical trial, Neo-AEGIS,
is comparing neoadjuvant and adjuvant chemotherapy
(MAGIC protecol) to neoadjuvant CRT (CROSS protocol)
in OAC [6). Surgery offers the best chance of loco-
egsonal control and ncoadjuvant treatment aims 1o reduce
tumour burden prior to surgeny Lo improve post-opemtive
outcome. neoCRT i combination with surgery has been
associted with higher rates of overall survival |3, 7, 8]
Unforunaely, only 20-30% of paticits show # complele
pathological sesponse (pCR) o neo-adjuvant therapy
with 70-80%, of patsents receiving a toxic treatment with
little to no therapeutic gnin and a subsequent delay to
surgery |91 Importanily. there are currently no clinico-
pathological markers available to siratify paticnts who will
achieve a beneficind response to radiation therapy

lonizing radsation (IR) s a crucial treatment
modality used 1o exent Jocal tumour control m over
50% of human malignancies [9]. IR primarily aims to
exert local control through the induction of cellular
DNA damage including critical double strand breaks
{DSB) [9]. Response to radiation plays a central role in
patient outcome in OAC. sensstivity of IR 1s inverscly
correlated 10 tumour burden |12] Resistance 10 mdintion
therapy 15 polymodal and associated with a number of
biotogical altcrations both within the wmour itsell and
the surmounding microenvironment including: altered cell
cycle [13] acceterated repopulation [ 14, £5), hypoxia [16].
evaston of apoptoses [17], alered DNA damiage response
and enhanced DNA repair [ 18], and altered mitochondrial
funcuon and cellular energetics [19] In OAC, aliered
mitochondrial function and DNA ropair have been
specifically linked 10 with a radio-resistant phenotype
[18, 19] Furthermore, OAC has been identified as an
inflammatory-driven upper gastrointestinal cancer and
previous studics have reported the role of inflammation
as a ncgotive regulator of response fo mdiation
treatment i OAC (20, 21]. C3a and Cda, components
of the complement system, were previously found to
be upregulated i the pre-treatment serums of OAC
paticnts having o subscquent poor pathological response
10 neoCRT. when compared to patients hoving a good
response treatment (21

A study by Liu ef o/ reported a potential role of
the inflammatory cytokime keukaemin inhibitory factor
(LIF) pathway in radioresistance of nasopharyngeal
cancer (NPC), elevated serum levels were associated with
significantly poorer recurrence-free survival [22] LIF is
an [L-6 type cytoking whach sigrals through the leokacmia
inhibitory factor recepior (LIFR) and glycoprotein {gp)-
130 [23]. Other members of this family include L6, 1L~
11, cardiotrophin-1, cardiotrophin-like cytokine, ciltry
neutrophic factor and oncostatin M 23] Activation of
the LIFR pathway is associated with the activation of a
mimber of downstream pathways including the ERK 172,
JAK/STATS pathway, MAPK pathway and PISK/AKT
pathway (22, 24, 25]. Differential expression of LIF undior
LIFR is reported in a number of cancers including breast
cancer, colorectal cancer (CRC). NPC, ostcosarcoma.
pancreatic cancer, melanoma, cholangiocarcinoma and
cervical cancer (22, 24, 26-31 |

LIF 15 a multfunctional protein and its role is ofien
comext-dependent. For example, in non-pathological
conditions LIF plays an mmporiant role in embryonic
mplantation where dyseegulsted LIF expression hinks
o implantason failuse [32] Furthermore in cancer,
the role of LIF is complex and linked to both pro- and
anti-tumongenic funcions dependent on the cancer 1y pe
[26. 27, 29]. In breast cancer. LIF can promote tumour
growth and muigration in-viro and naive [24] In
addinon, ectopic over-expression of LIF in CRC reduces
chemotherapy -induced apoplosis in a p33-dependent
manner [27] In contrast, i cervical cancer, clevated
LIF expression is associated with a reduction m cellular
proliferation mediated by the downregulation of human
papillomavirus-16 (HPV-16) cacogene expression |29,
However the role of LIF in OAC discase progression and
treatment response has not vet been explored.

This study aimed to mvestigate the assocration
of the pro-nflammatory cytokine LIF with response to
neo-adjuvant treatment in QOAC, in both sa-vitro settings
and in pre-treatment OAC patient seram and biopsies.
We profiled the expression and secretion of LIF m-vitro,
in-vivn and ex-vnn. LIF expression and secretion was
upregulated in rachioresistant cells of an sogenye model
of OAC radioresistance m-vitro. In-vivo, circulating LIF
was significantly clevated in pre-treatment serum from
OAC patieats with a subscquent poor response 1o neo-
adjuvant treatment. Eeaive, LIF secretions from treatment
naive biopsees were positively correlted with secretions
of IL-X, bFGF and VEGF-A. LIF sccrctions ex-wve
were negatively correlated with percentage lymphocyic
wfiltration into the tumour biopsics. In addition to LIF,
downregulsted LIFR expression is significintly associated
with poor response o ncoCRT in OAC pre-treatment
biopsics. Our findings both Jn-virre and in patsent samples
strongly implicate the LIF/LIFR pathway in treatment
response 1n OAC whach warrants further investigation as
o therapeulic urget
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RESULTS

LIF and LIFR expression is elevated in
radioresistant OAC cells

To mvestigate the role of milammuteny and oncogemc
medistors in radioresistance of OAC. we camied out o
compeehensive  proteomics screen using o previously
described isogenic sn-vitre model of OAC radiosesistance
| 18], The mdioresistant OE3 3R cells, whsch were previously
chromically wradiated, show sigmificant resistance to
radeation when compared (o the parental OE3P cells,
radiation sensitive cells This wsogenic cell line provides
a unique model 1o investigate cellular and molecular
mediators involved in radioresistunce in OAC [18].

Given the multifaceted role of mflammation m
cancer progression, we investigated the levels of 184
oncogenic and inflammatony proteins in the supernatants
and cell lysates of isogensc OE33P and OE33R cells using
a multiplex system. This broad screen of 184 inflammuatory
and oncogenic protems found 3 proteins sigmificantly
dow nregulated and 21 proteins significamly upregulated
intraccllularly m cell lysates in OE33R: radioresistant
cells. compared to radiation sensitive OE33P cells (Figure
1A, 1B). Protcins significantly downregulated were
linked with immune signalling, hyvdrolysis and growth
signalling (Figure 1A ), A greater number of proteins were
significantly upregulated in OE33R. radiorcsistant cells
and ure mvolved in different biological processes with the
majority of those identified in this specific study linked
with interleukin and chemokine signalling (Figure 1B)
In particular. the inflammatory profile gencrated in this

Ormrnvgdewd i GLEW «) TR S

screen found that the interleukin 6 1y pe cvtokine, LIF. was
significantly upregulated i radioresistant OE33R cells
in terms of both sceretion and miracellular expression
(p=0.007, p=0,006), respectively, when compared to
OE33P cells (Figwre 1C, 1D) In addition, the LIF
receptor, LIFR, was significantly upregulaed (p=0.022)
intracclularly in OE33R cells relative to OE33P cells
(Figure 1E), This data indicates thit the in-vitro expression
of LIF is associated with a radioresistant phenotype in
0OAC

Secreted LIF and intracellular LIF and LIFR
expression is increased in radioresistant OAC
cells

We sought to vahdote the datn generated m
the multiplex screen and 10 investigate secretion and
intracellular expression profiles of LIF and LIFR post-
uradiation. Sccreted levels of LIF protein from OE33R
cells were significantly higher when compared to OE33P
cells a0 Gy (p=0.012) and 24 hours post 2 Gy X-ray
radiation (p=0.001), (Figure 2A). This result validated
the screen data and illustrated that radiation significantly
increased the secretion of LIF specifically in the radistion
resistant OE33R cells (p~0.008) but no significant
change was seen following 2 Gy irradiation in radiation
sensitive OE33P cells. Given that baseline LIF expression
18 higher in OE33R cells and that radiation significantly
induces LIF sccretion in OE33R cells this result indicates
LIF is an important molecuine mediotor of response
to radiation in OAC Supporting the protein data, LIF
mRNA cxpression, as cvaluated by RT-PCR, was clevated
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Figure 1: Secreted LIF and intracellular levels of LIF and LIF receptor (LIFR) are significantly higher in OE33R,
radioresistant OAC cells compared to OE33P, and radiation sensitive cells, (A) Pie chart ilustmting factars signifieantly
downregalated miracellulardy m OFI3R (mdweesistant ) cells varsus OFI3P fradation senstwve) cadls (p<d 05) (B) P chart dllustratmg
factors sszmlicantly upregulated itracellubardy in OE33R vells versus OEIIE cells (pei 055 (C) Expression levels of secreted LIF 1n
supermatant from OF3 3P mdiation sensctive and OFE33R. dmtion resistant OAC cells (n=3) (D) Expression levels of LIF intracellularly n
OP33F ind OF33K coll lysates (n=3) (E) Expression hevels of the LIFR mtracellulardy m OF33P and OF33R cell lvsstes (0=3) Unpateed
e, “peii DS, “p 01 NPX: Normalised Protem Expression
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in OE33R cells compared o OE33P cells (p=01.059)
(Figure 2B) Interestingly, 24 hours afier the cells were
exposed 10 one dose of 2 Gy irmadution. the levels of LIF
mRNA expression significindly decreased in both OE33P
(p=0034) and OE33R cells (p=0.013) Similar w our
findings from the protcomics screen. LIFR expression
was higher in OE33R cells and no significant change m
expression was observed following 2 Gy rmadiation (Figure
2Cy. Our findings suggest that LIF and LIFR may be
expressed at higher levels in radiation-resistant OAC cells
when compared to mdiation sensitive cells although this is
not stgnificant, and that radistion treatment significantly
increases the secretion of LIF by OE33R cells.

Significantly increased levels of circulating

LIF and decreased levels of tumoural LIFR
expression are associated with a poor response to
neoadjuvant treatment in OAC

The levels of circulating LIF in the scrum of
treatment-naive patients was evaluated in 26 OAC paticnt
samples by ELISA. the patient cohort 18 outlined m
Supplementary Table 1. Circulating levels of LIF were
significantly clevated in patients who went on to have a
subsequent poor pathological response following nco-
adjuvant treptment (0eoCT or neoCRT), with a Mandard
wmour regression grade (TRG) of 3-5, compared
10 patients who had a subsequent good pathological
response to neo-adjuvant treatment, with a TRG of 1-2
(p=0.037) (Figurc 3A). Circulating levels of LIF were
not significantly associted with other patient clinical
charactenstics, such as tumour stage, nodal status and
stage of ddferenuation (Supplementary Figure 1) In
contrast to circulating levels of LIF in serum, there was
no significant difference in LIF mRNA expression in
prestreatment OAC wmour biopsies from good and
poor responders 1o neoadjusvant treatment (Figure 3B)
indicating that LIF in the circulation may be o more
important predictive marker of treatment response than
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expression levels of LIF within the tumour. Furthermore,
LIF expression was not significantly associnted with
other patient charactenstics such as tumour stage. nodal
status, stage of cdifferentiation or body mass index
(Supplementary Figure 2). LIFR expression (detected
in 16 of 24 patients all of whom received neoCRT) was
significantly reduced m tumour biopsics from patients
Huving a subsequent poor pathological response to neoC’RT
(p=0.001), when compared 1o good responders (Figure
3C). Patient cohort for mRNA expression of LIF and
LIFR is outlined in Supplementary Table 2. Circulating
LIF and intra-<tumoural LIFR expression was assocuited
with reoCRT treatment response bul not with other patsent
clinical characteristics (Supplementary Figures 1 and 1),
This suggests that circulating LIF and intra-tumoural
LIFR cxpression may function as valuable pre-treatment
predictive indicators of response 1o neondyuvant thesapy.

LIF secretions were significantly correlated with
the levels of secreted basic fibroblast growth
factor (bFGF), vascular endothelial growth
factor (VEGF-A) and IL-8 in OAC treatment-
naive human tumour explants ex-vive

Given the imporumce of circulsting LIF as a
predictive marker of testment response we further sought
to mvestigate seereted kevels of LIF from OAC patient
tumours using a buman exaneo model using treatment-
nalve OAC patient umour biopsies (patient colont outlined
in Supplementary Table 3). This unkque model most closcly
recapitulites Lhe Wmoar MICTOcHVironment. ¢ncompassing
mltiple cell types as seen inanvo. Evavivo treatment-raive
human explant tssue was culured for 6 OAC patients,
and the secretions of LIF and a panel of mflammatory
(n=10) and angiogenic (n=8) secretions in this Tumour
Conditioned Media (TCM) were evaluated by ELISA.
The secreted levels of these mediators were correlied
in order o ascertain what other mediators in the exane
wmour microenvironment were associted with LIE We

€7t

Figure 2: Vilidation of LIF and LIFR expression data from OLINK sereen and bnvestigation of expression and secretion
profile of LIF and LIFR at 0 Gy and 24 hours post 2 Gy irradiation. (A) Scereted LIF prosem from OF 338 and OF 331 cells
which have boen-mack smadioted snd followmy 2 Gy Xomy smadution was evaluated by FLISA, (n=d) (B) Relative expresson of LTT
mENA i OE33F and OE35R cells ot beselime msd followng 2 Gy londioton wis evaluated by gPCR. (£=5), (C) Relative expression
of LIFR mRNA at baselie m OE33R and OE33F cells and post 2 Gy imwdsation was evalnated by qPCR, (n=31 Unpaired t-test used to
compare OFI3F and OF23R cell hines, Pumed Lest esed 2 compare within same cell lines. "ped 65, “pi 01
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demonstrate for the first tme that LIF is actively scereted immune cell mfthmte and patient climcal characteristics.

from OAC tumour biopsics {mnge: 24.61 1137.36 pw/ml) 11 is critical to understand the role of LIF in the tumour
and significantly correlates with the levels of basic broblast microenvironment. its association with other secreted
growth factor (bFGF), VEGF-A and IL-R (p<008, R=1) growth factors and cytokines, and how LIF secreton
(p0.05, R=09429) (p=<0.05, R=1) respectively, (Figure 15 associated with immune cell infiltration of temours.
4A, 4B). Our studics ex-vnvo huve importantly demonstrated Tmmune cell infiltrates were determined by a pathologist
that LIF s sccreted into the tumour microcavironment 1y using masched dgnostic H&E shdes prepared from
OAC and 15 significantly positively correlated with pro- pre-treatment biopsies of 6 patients (patient cohort is
angiogenic and growth factors secretions outlined in Supplementary Table 3). We observed that
LIF secretion was significantly negatively correlated
Elevated secreted LIF negatively correlates with with lymphocytic infiltration whereby lower LIF
lymphocyte infiltration in human OAC pre- secretion was assoctated with greater lymphocyte
treatment biopsies infiltration in matched biopsies (p=0 0333, r=-0 B783)
but no sigmificant associion was seen with other types
Following our ex-vrvo studies using TCM pgenerated of mfiltmting cells, e cosinophils. ncutrophils. plasma

from 6 patient OAC pre-treatment biopsies, we sought cells (Figure 5A. 5B).

W investigate the association of secreted LIF with

4 i
N
PO 4 s

Figure 3: Circulating Jevels of LIF and tumoural fevels of LIFR are significantly altered in OAC patients with o
subsequent poor response to neo-adjuvant treatment. (A) Cucalatmyg L1V in pre-restiment serum of OAC patients was assessed
by ELISA. Patients were devaded usto good (TRG 1/2) (6= 10) and poor responders (TRG 34/5) (9= 16) basad on pathologacal response to
nea-adjuvint reatmen) (B) Relative mRNA expression of tumoural LIF in OAC pre-trestment biopsies (rom good (TRG 12) (n=11 ) and
poor (IRG 34 (m=9) resporders (n=20) (C) Relalive miINA exg of tumoursl LIFR in OAC pre-treatment Mopstes [rom good
(TRG 12) (n=6) and poor (TRG 34) (1=10) responders. Statistical annlvses was performed by Mans-Whitney U test. “pef) 08, *“p<i) (2]
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Figure 4: LIF secretions are significantly associated with the seerction hDFGF, VEGF-A and TL-8 ex-vivo. (A) Coatlol
illustrating the comelation values of secreted LIF % secreted angogens and inflammastory secretions svaluated by ELISA from OAC
treatment matye umous baopsics culturod exvavee (n=6) Blue mdacates @ positive correlution, rod negalive correlution. (B) Table showmg
Correlation of sevreted LIF seereted anglogenic ud nflammutory secretions in OAC treatment paive hopsies cultusad ex-vive (=61
Secretion of wilammatory um! angiog; datars was d S by ELISA. Sp 1 1 1o LI¥ secretsans where Spesmun
100 40,59 moderte, 0.6-0 79 strong and 0 8- very strong. "pa 05, “peat) 01
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DISCUSSION

LIF s a mult-functionnl cytokine which under
non-pathological condinons plays an essentml roke
embryonic implantation, bone formation and neuronal
development [32, 53] [n cancer. previous studies have
demonstrated the role of LIF as an oncogenic mediator
which stimulates cancer growth, proliferation and
metastasis, and have associated LIF with both resistance
1o radiation and chemotherapy 122, 24, 27)
To our knowledge this is the first study to investigate the
role of LIF in OAC OAC is an nggressive discase with
a poor prognosts, currently over 70% of patients don't
show a benefictal response to neo-adjuvint therapy [11], A
complete pathological response o treatment is asseciated
with increased survival, thus it is erineal to gain further
insight inte the molecular mediators which play s role in
treatment response in OAC

Ir-vitro, both in our screen and validation study,
LIF and LIFR expression was clevated i radioresistant
OE33R cells relative to radiation sensitive OE33P cells
Overexpression of LIF at the mRNA Ievel has been
previously shown ina number of cell lines such as breast
cancer where LIF expresston was found to be significantly
higher in breast cancer cells with greater metastatic
capability [24]). Ja-vivo, turgeting of the LIF/LIFR pathway
through imhibition of LIFR with small interfering RNA
was shown 10 inhibit metastasis in rhabdomyosarcoma
senografts, fucther highlighting both the role of LIF
tumonngenesis and therapeutic targeting potential of this
pathway [34]. Furthennore in NPC, treatmens wath soluble
LIFR. an antagonist of LIF or ropamycm, an mTOR
inhubitor of LIF, was found 1o reduce cell survival and
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tumonr growth following irradiation m-vigo and m-vive
{22]. Given these findings in the literature in addition to
our studies in OAC, the potential of tanzeting this pathway
1o entince rdiosensitivity 1n OAC must be investigated
in future studies.

LIF secretion was significantly higher in OE33R
cells than OE33P cells, complementing our findings at
the gene Jevel An important finding from this result swas
the differentinl secretion of LIF in OE33P and OE33R
cells following one dose of 2 Gy radiation, the response
to mdiation was cell line specific. with elevated levels of
sccreted LIF identified in radioresistant OE33R cells anly.
In contrast. at the gene level LIF expression was reduced
in both cell lines 24 hours following 2 Gy frmadeation, the
response to mdiation was cell line specific. with clevated
levels of secreted LIF identificd in radioresistant OE33R
cels only, it would be interesting to cvaluate the fevels
of LIF ot an carlier time point following irradistion to
sce if mitially LIF expression s elevated in response
to iradintion. Higher LIF scorction i the OE33R cells
may result in increased activation of the LIF/LIFR
pathway 1n OE33R cells and conkd be comnbuting (o the
radioresistant phenotype, Jr-vne, LIF was previously
shown 1o significamly enhiance radioresistance in a NPC
senografl model whereby the administration of soluble
LIF followmg one dosc of 7 Gy uradmation sigmficantly
enhanced resistance (0 radimbion and promoted (umour
growth [22] The enhanced umour growth follew ing LIF
admmistration is supported by other studies in both breast
and pancreatic cancer, where LIF administration und
cctopic expression was shown to promote tumour growth
and tumour progression sn-vitro |24, 28], Our findings,
along with the current literature, indicate that LIF may

8

Nt 0200 anm -
[yey an Taum Y
430 anm -
. Nt > -
Ve
N ipranocrter o DT ¢
wovae
AR ON  aDM s
Ve
Rtage OF ] amm “
mture
(- aswe e -

Figure 5: Elevated levely of secreted LIF pegatively correlates with lymphocyte infiltration in human OAC pre-

treatment biopsies. (A) CorrPlot illustrating the correlation values of secreted TIT from OAC treatment nutve by beopsics cult
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play a role in treatment resistance in OAC. Enhanced cell
growth and tumour progression as a result of LIF pathway
activation has been linked 1o downstream activation of the
JAK/STATS and AKUmTOR pathways. In these studies,
mTOR expression has been idennified in both OE3IP and
OE33R cells previously (dat not shown) but the actual
pathwoy throagh which LIF signals in OAC requires
further investigation, especially since inlibition of mTOR
s previonsly been shown to enhance radiosensiivity in
ocsophugeal SCC, lung and pancreatic cancer [24, 33, 30].
In OAC puticnt pre-treatment serum. circulating LIF
was found at sigmifacantly higher levels in OAC treatment-
naive patients who went on to have a subsequent poor
pathological response o neoadjuvant treatment with a
TRG of 3-3, This result complements our findings i-vion
whereby clevated LIF protein scoretion was associated
with radintion resistance. This result was similar to
that seen by Lin ¢ ol i NPC where elevated levels
of circulating LIF in scrum were posstively assocised
with a poor response o treatment and subscquent local
tumour recurrence (22| Our study demonstrates that
clevated cireulating levels of LIF is associstod with poor
response 1o neosdjuvant treatment (MAGIC or CROSS)
and may contribute to subsequent discasc progression
in OAC. Circulating LIF may therefore have imporiant
value as predictive marker of treatment respanse and as a
therapeuts targel 1o hall tumour progression. in the fiture
sereening wilh a larger number of patients in each arm of
the trial is warranted for validation of these preliminary
obscrvations. Our findings are supporied by a study which
showed that clevated 1L-6 in scrum. o key oncogenic
cytokine from the same family was shown o predict a
wo-fold increased sk of progression 1o malignancy
from Barrett’s ocsophagus (BO), a chronie inflammatory
condition und pre-disposing nisk factor of OAC [37].
LIFR mRNA expression was sigmificantly reduced
in treatment naive OAC tumounr bropsies from pateents
having a subsequent poor pathological response o
treatment. suggesting that a Joss in receptor expression
1s associated with poor treatment response. This result
may seem surprising grven that elevated circulating LIF
was demonstrited 1o be assocued with a poor response
However, several other studics support this data. LIFR
expression has previously been identified in breast cancer.
CRC, gastric cancer, liver cancer and pancreatic cancer
[28. 30, 38, 39). In hepatocellular carcinoma (HCC), LIFR
was found to negatively regulate metastasis via the PISK/
Akt pathway and downregulated expression of LIFR was
an indicator of poor prognosis [40] A previous study ina
large cobort of metastatic breast cancer patients also foand
loss of LIFR 10 be associated with poor chinical outcome
|30). LIFR was found to promote membrane localisation
factor Scribble which in turmn led to the activation of Hippo
signalling and phosphorylation und functional mactivation
of the transcriptiomal co-actividor Yes-associated protein |
(YAP1) snd subscquent sppression of umour metasiasis

[30]. It has been suggested that LIFR may be reduced
n tumour tissucs as a result of the promoter undergoing
hypermethy utton [25]. Farthermore. in pancreatic cancer
tissue microarmay s, downeegulited LIFR wis significantly
associated with Tumour Node Metastasis (TNM) stage
and lvmph node metastasis, and silencing of LIFR -
vitro reduced colony formation and metastatic potential of
pancreatic cancer cells [38),

The significantly lower levels of LIFR expression
in OAC patients with a poor response o neoCRT
highlights the loss of LIFR as a predictive indicator
of poor outcome. similar to findings in other cancers.
This result did not reflect our findings in-vitro
however wmour biopsies reflect the ex-vive tumour
microcnvironment to a greater extont consisting of
multiple cell types and thus more cfficiently refloct what
1s going on in @ tumour m-wve. LIFR may act as an
additve predictive indicator for treatment response in
OAC, however this result would need to be validated in
a larger patient cohort.

Therapeutic targeting of this receptor in OAC
warrants further investigation. particularly given that
IVivo i pancreatic cancer Xenogralls, primary tumour
volume and lung metastasis were increased by LIFR
stlencing and tumour volume and metastasis were reduced
wind inhibited respectively when LIFR was overexpressed
mn primary implanted poncreatic cancer cells [38)
These studies support our data, which suggests thal
decreased LIFR in pre-trestment OAC wmour biopsies
15 a predictive marker of poor response o neoadjuvant
treatment, However, this requires further validation in a
Inrger independent patient colion

Given the predictive importance of LIF as a
circulpting mediator, we then sought to mvestigate the
role of scereted LIF in the tumour microenvironment
from human pre-treatment OAC tumour biopsies which
we cultured exaivo, We demonstrated for the first time
that LIF i5 secreted from OAC umours. The angiogeaic
and inflammatory factors produced by OAC tumours play
an important role in disease progression and response
to treatment. Sccreted LIF was significantly correlated
with the secreted levels of bFGE VEGF-A and IL-8
in the maiched TCM of treatment naive OAC tumour
explants. bFGF, similar to LIF. is a pleiotropic factor
which was shown to promote cell growth, angrogenesis
and differentintion and (o prevent apoplosis in cancer
[41]. LIF and bFGF are potent growth factors which have
been previously shown to stimulate cancer growth in
ostcosarcoma [24. 42). In osteosarcoma cells, bFGF was
found fo enhance cancer growth through hyper activation
of ERK 172 [42]. Both alone and w combimation, LIF and
bFGF were found 10 significantly enbance cell growth
of osteosarcoma cells. Importantly, when they were
adminstered together. this produced an additive effect
on umour growth, highlighting o synergistic interplay
between both factors [42] Anti-bFGF antibodses were
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shown to enhance radiosensitivity 1n ogsophageal SCC
through a reduction in colony formation i-vitro [36]. In
addition, targeting of bFGF by a peptide has been shown 1o
improve chemo-sensitivity in CRC [43] These findings in
the literaure and within our stdy show that LIF and bFGF
together both play important roles in cancer progression
and treatment response in many cancers and may influence
both OAC cells and host immunity by functioning as parn
of the active cvtokine network, Given the ability of both
bFGF and LIF 1o enhance radiosensitivity in previous
studics and the strong correlation between both factors
m OAC, the potential of the combined targeting to
enhance rchosensitvity in OAC strongly warrands further
investigation

Furthermove. sccrcted VEGF-A was significantly
corrcluted with LIF m the OAC tumour microcay ironment.
VEGF-A 15 a well-known tumourigenic mediator which
plavs u key role in anglogenesis, a process Ughtly linked
with treatment resistance. Targeting of VEGF-A mvhvo
was shown to cnhance radiation response m a head and
neck xenogrnfl model [44]. 1t is unsurpeising that LIF. a
potent tumoungenic growth factor s strongly associsted
with VEGF-A, given the necessty of timour vaseuliure
0 promote twmour growth and survival Given the
significant rclationship we have shown between LIF
and treatment resistance in OAC. and the known role of
VEGF-A in tumourigenesis and treatment response, the
potential of targeting both mediators o enhance response
should be explored in fulure

Inaddition. LIF was found to significantly corrclate
with [L-%, a pro-mflammatory cytokine which signals
through the CXCRI1/2 recoplors. This signalling results
in PI3K. MAPK and JAK2 pathway activation, and has
been found to promote cell proliferation, angiogencsis
and metastasis in xenograft models where administration
of an anti-1L-8 monoclonal antibody attenuated tumour
growth and metastatic potengial [45], IL-8 expression has
previously been correlated with LIF expression in other
inflummatory diseases such as psonasis [46]. Furthermore.
both 1L-8 and VEGF-A have been shown to play an
important role i tumour angiogenesis, a key process
involved 0 treatment resistance which, when inhibied
with targeted therapy. can enhance radiation responsc in-
vive [44, 45]

Gaven the pevotal role of LIF, bFGF, VEGF-A and
IL-8 in tumourigenesis and therr correlated secretion in
OAC, the potential of tirgeting these growth factors and
cyvtokines 1o mprove patient respense 10 neoadjuvant
treatment und to inhubit tumour progression in QAC must
be investigated in future studics. Whilst targeting all 4
mediators simultancously may not be clinically feasible.
this study offers insight into potential mediators which
could be tarpeted to enhance radioscnsitivity and possible
compensatory medmtors which may be upregulated
response 1o such targeting, possibly providing novel
mechanistic insight 0 resistance © mechamsms that

may arise following targeting of one of the mediators
n isolation. This study also highlights the potential of
sequential targeting of these factors 10 overcome resistance
and 10 improve reatmenst response.

OAC wmows do not functien in isolation and
interaction of the tumour with the host plays i significam
role i tumour progression, The recent successes of
immunotherapies i the climc highhight the key role
of the host immune system in twmoar control, thus we
sought 1o investigate the relationship between LIF and
immune cell tumour infiltration. LIF secrction from the
tumour microcnyironment was negatively correlated to
percentage of lymphocyie ifiltrate in matched OAC pre-
treatment biopsies. The negative corredation between LIF
and lvmphooyte infiltration. where LIF secretion from the
tumour microenvironment is increased in patients with
Tow tumour infiltmting lymphocy tes (TILs) 15 » sigrificant
finding. given that high lvmphocyte ifiltraion has
previously been assoclated with improved paticnt outcome
in SCC and muny other cancer types TILs nre thougls to
play a prvotal role in tumour control through activation of
the host antistumour immune response [47].In addition,
igher TILS luve been associated with improved progiosis
in breast, colon, ovarian and lung cancer [48-50], The
relationship between LIF scorction and immine activaton
15 reltively underexpiored in cancer, and it is unknown
whether elevated LIF secretion m biopsies with reduced
Iymphocyte infiltrate is a cousal relationship or il this
18 just an association which could have the potential to
determine response of patients to treatment [47, 51 Ttis
however important to note that immune cell infiltration
aralysis was carried oul on pre-treatment diagnostic OAC
biopsies which only represent a very small portion of
tumour and the invasive edge was not represented in these
biopsies and thus inflammatory infiltrate of the myvasive
edpze could not be analvsed. It will be crivcal o evalunte
the effect of targeting the LIF pathway, nol only in tenns
of treatment response but also on immune cell activation
and infiltration in OAC.

In this stedy we have shown an association
between expression of the [L-6 family member LIF and
treatment response in OAC, both in v cell line
models, and in pre-treatment OAC patient serum and
bropsics. LIF sccretion and expressson 5 clevated m
radsoresistant cells sn-vitro. Importantly. circulating LIF
15 elevaded in patients with o subsequent poor response
o neo-adjuvant treptment. implicating this pathway in
treatment resistnce in OAC. LIF secreted ex-vio, from
tmman OAC treatment-maive biopsics. comelates with the
secretion of key tumoungenic growth factors. including
bFGF, VEGF-A and [L-8. indicating that these factoss
are tghtly associated with one another in the tumour
microcnvronment of OAC. A significant finding of this
study is the nogative correlation of LIF. which we have
sdkntificd as 0 poor prognostic in QAC. with percentags of
tmour infilimting hvmphocyics which have been reported
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10 play a key role m the host response to tumour and
serve as o marker of prognosis m multiple cancer types
|51]. The use of LIF as a circulisting marker of treatoment
response in OAC needs 1o be validsted in i larger patient
cobort following this pilol study . Furthermore, given the
ncreased secretion of LIF from our radioresistant cells
following irmadistion, and the tight associmion of secreted
LIF with other pro-tumourigenic factors from our OAC
patient tumours, targeting of the LIF pathway to boost
treatment 1esponse warrints investigation in future studies
in OAC.

MATERIALS AND METHODS

Generation of the OE33P and OE33R cell lines

The human OE33 oesophageal adenocarcinoma
cell Tine wos obtained from the European Collection of
Authenticated Cell Cultures. The isogenic model of
mdioresistant OAC: OE33P (radiosensitive) and OE33R
(radioresistant) cells was generated, charcterised and
culred m our department as previoushy described [ 18]

Preparation of OE33P and OE33R cell lysates
for OLINK proseek proteomics analysis

OE33P and OE33R cells were seeded of a density of
25 X107 in 6 well plates in 1.5 ml. complete Roswell Park
Memorial Institute medium (RPMI) (supplemented with
1074 FBS und 1% penstrep) a1 37°C in 5% CO, At48 h
supermatant was removed and stored at <20°C. Cells were
washed twace with 300 pb, of ice cold PBS, NP4O cell lysis
buller (loyitrogen) was supplemented on day of use with
100 uL Pheny ImethyIsulfony] fluonde (PMSF) (Sigma-
Aldrich) per 10 mL cell Ivsis buffer and 1000 pL protease
nhibstor (Sigma-Aldrich) per 10 mL cell lysis buifer
Supplemented ice cold NP0 cell 1y sis buffer (200 ul.) was
added to cach well and left on sce for 20 min: Cell Iysate
solutions were pipetted up and down following incubation
10 oid lysis process. Lysis buffer solnte was centrifuged for
20 mam it 13,300 x g o 4°C. Lvsates was aspirated off and
stored it -RO°C. 20 pl. of each supernatant and cell lysate
of equal protein concentration was determined using the
Pierce Bicinchonmic acid (BCA) assay and was placed
in a MicroAmp plate (Apphied Biosystems) and scaled
and shipped on dry e to OLINK proteomics (U ppsala,
Sweden),

Proseek proteomics assay

OLINK protcomics conducted a proseck protcomics
screen of our samples, meluding supernatants and cell
lysates from 3 independent experiments obtaned from
OE33P and OE3IR cells. Samples were run on both their
Inflammatory | and oncology |1 platform, with samples
screened for expression of a total 184 protems (92 per

pancl). All samples were of equal protein concentration
prior to shipping to OLINK. The readout of normabised
protemn expressions values (NPX) was obtamed from
OLINK following the assay for statistical analysis. The
NPX value mdicates the relative quantification for thal
protein and thus can only be used for compurison between
samples for each protein and cannot be used for companng
one protein to another A lat was determined as significant
when p<0.05, p values were adjusted for muliiple testing
using the false discovery mte method

Irradiation

Irradiation was pedformed using i Guimay Medical
Neray genertor, (RS225) (Gulmey Medical), af a dose rste
of 3.25 Gruy (Gy ) per min,

Patient samples

Followmg cthical approval (Jommt St James's
Hospital AMNCH  cthical review board) and writien
mformed consent, diagnostic biopsy specimens were
tnken from patients with a disgnosis of operable OAC,
by a qualificd endoscopist prior to neoadjuvant therapy.
Histologic conflirmation of tumour 1ssue in biopsics wis
performed by o pthologist uging routine hematoxy lin
and cosin staining. Paticnts with a subsequent TRG score
received i complete course of neo-adjuvant therapy. All
patient samples in the gPCR study received neoCRT
according 1o the CROSS regimen [6), In the serum
study, 16 patients received neoCRT necording to the
CROSS regimen and 10 patients received neoadjuvant
chemotherapy only according to the MAGIC regimen |6].
All patient tumour and serum samples used i this study
were faken prior 1o tnigaton pre-ireatment,

RNA isolation from OE33P and OE33R cells

RNA was isolated from cell lines using the TRI
Reagent®, as per the manufacturer's mstirucuons. Cells
were seeded it o density of 2.5 x 107 cells/well in G-well
plates and allowed 1o adhere overnight. 24 h Ler OE35P
and OE33R were cither mock wradiated of wradinted
with 2 Gy irradiation. RNA was isolated from cells at
24 h post irmdiotion using TRI Reagent” (Molecular
Research Centre. Montgomery Road. OH, USA), as per
the manufacturers instructions, The RNA pellet was re-
suspended m 30 pl. RNAase free molecular grade H 0 and
stored at -80°C.

RNA isolation from OAC pre-treatment biopsies

RNA from paticnt tumour tissuc samples was
isolated using a miRNeasy RNA isolation kit (Qiagen),
as per the manufacturer’s nstructions. Total RNA was
quantified spectrophotometrically using a Nanodrop
1000 spectrophotometer v3.3 (Thermo Fisher Scientific).
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Total RNA (1.3 pg) was reverse transcribed to cDNA
using a High Capacity ¢cDNA RT Kit (Thermo Fisher
Scientific).

RNA quantification of cell lines and OAC patient
mRNA

RNA quantification was determined
spectrophotometrically, using a  Nanodrop 1000
spectrophotometer (version 3.1.0. Nanodrop technologies,
DE, USA) | pl. RNase-free water was used 10 blank
the mstrument prior 1o RNA analysis. | pl of each
sample of isolated RNA was Joaded onto the instrument
and concentration was measured in ng/ul. 260:280 and
2600230 mtios were also recorded to evaluite RNA quality

¢DNA synthesis from cell lines and OAC patient
mRNA

For cell fine snmples. total RNA (1 pg total RNA)
was reverse transenbed 1o ¢cDNA usmg the following
method To anncal the primers o the RNA, the sample
was heated for 10 min at 70°C, and immediatcly chilled
for at least | min al 4°C. A masicr mix containing
RNaseOUT (Imvitrogen, Carlsbad, CA, USA) recombinant
nbonuckase mhibstor (lumt/pd), dNTPs (Invitrogen,
Carlsbad, CA, USA) (10 mM, prepared as o 1111
ratio of dATP, dGTP, dTTP and dCTP), Broscnpt reverse
transcriptase (200units/pl) (Bioline. Kilkenny. Treland) and
5X Bioscaipt Reaction Buffer (Bioline. Kilkenny, Ircland)
in RNase-free wier was added to each sample. Samples
were incubated for | hat 37°C then 10 min a1 70°C and
held at 4°C. The resulting ¢cDNA was stored at -20°C
For paticnt - samples. total RNA (1.5 ug) was reverse
transcnibed to cDNA using a High Capacity cDNA RT Kit
{Thermo Fisher Scientific)

Quantitative real time PCR of cell lines and
OAC patient samples

qPCR was performed using TaqMan primer probes
and a Quant Studio 5 real-time thermal cycler (Thermo
Fisher Scientific). 18S was used as an endogenous control
for data normalization. PCR data were analyzed by the
2% Livak method [32),

Generation of OE33P and OE33R cell
supernatants for ELISA

Cells were seeded ot a density of 2.5 x 10" celis/well
in G-well plates and allowed 1o adhere overnight at 37°C
in 5% CO.. After 24 hoars. OE33P and OE33R were cither
mock irradhated or imadiated with 2 Gy rradition. 24 b
Inter supermant was removed and stored at -20°C Cells
were washed twice with 300 gl of ice cold PBS. RIPA cell
lvsis buffer was supplemented on diy of use with 100 yL

pheny Imethylsulfony] fluonde (PMSF) (Sigma-Aldrich)
per 10 mL cell tysis bufler and onc protease mhibitor
cocklail tablet (Roche) per 10 mL cell lysis buffer. 200 ub
of supplemented ice cold RIPA cell lvsss buffer was added
to cach well and left on ice for 20 min, Cell solutions
were pipetted up and down following incubaton to aid
cell lysis. Lysis buffer solute was incubated for 20 min
at 13,400 x g at 4°C. Ly sates were aspirated and stored
at -80°C Protein concentration was determined by BCA
assav (Pierce).

Serum sampling

Following informed, written consent, OAC paticnl
treaiiment nadve senam was collected using Z-clot activator
scrum tubes (Greiner Bio-One, Glowstershire, United
Kingdom). Samples were centrifuged wt 1150 « g for 10
min, the scrum decanted. nliquoted. and subscquently
stored al <80°C 1n a designated biobank.

Generation of tumour conditioned media

Following informed consent. biopsics were collected
il endoscopy. immedutely placed on salinc-soaked gauze
and were tamsported within 10 minutes 1o the laboratory
Biopsies were placed m culture as follows: biopsics
were placed into a well of a 12 well plate containing |
mL MI99 medinm (Gibeo) supplemented with 10% FBS
(Gibeo), 1 pg/mL insulinand 1% pencillin/streplonmy ¢in
Following 24 hour culture, Tumour conditioned media
(TCM) was collected stored at -80°C. The remaining
tissue was snap-frozen m liquid nitrogen and stored at
-80°C.

Enzyme linked immunosorbent assay (ELISA)

Supermatant from OE33R and OE33P cells, OAC
paticnt treatment naive TCM and OAC treatment naive
serums were defrosted on ice. The secretion of cytokines
and angsogenic growth fuctors was anilysed by ELISA as
per the mannfactures's instructions, To assess the secretion
of LIF from OE33P and OE33R cell supematanis, patient
scrum and TCM, an individual LIF ELISA kit was
uscd (LifeSpan Biosciences), To asscss angrogenic and
wflmmatory eytokine release, 2 mmltiplex kits were nsed
(Meso Scale Diagnostics, USA). For angrogenic markers,
a 7-plex ELISA was wsed to quantify levels of bFGF
(basic), Fit-1/'VEGFR-1. PIGF. Tic-2, VEGF-A, VEGF-C.
VEGF-D. For inflammatory cytokines, a 10-plex assay
was used 1o quanufy IFN=y, 1L-10, [L-12p70, IL-13, [L~
1 1L-2, IL-4, IL-6, IL-8 and TNF-a. ICAM secretions
were detected by o scparate ELISA (R&D Systems).
Scorction data for all factors was normalised appropriately
to cell lysate protein content and explant profein content
using the BCA assay (Pierce) for cell supernatant and
TCM secretions, respectively
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Evaluation of inflammatory infiltrate in OAC
pre-treatment biopsies

Routine hoematoxylin and cosin stined sections
from diagnostic biopsy material were reviewed by
a pathologist who was blinded to clinical outcomes
Inflammatory cell densuty and tumour Sromi perceitinge
were assessed in tissue fragments containing invasive
carcinoma. The inflammatory cell density was classified
as cither absent. low-grade (mild/pochy increase
in inflammatory cells) or high-grade  (prominent
inflagumstory mlilirate and'or imvolvement and destruction
of cancer cell wslands) The presence of cosinophils.
neutrophuls, lymphocytes and plasma cells was also
asscssed and similarly classified as cither absent. low-
prade or high-grade. The tumour stroma percentage (TSP)
wats assessed by estimiting the proportion of stroma as a
percentage of the visible ficld from an area of carcinoma,
excluding arcas of mucin deposition or necrosis. Tumours
were classified as low-TSP if stroma accounted for 50%% of
the visible lickd or high=TSP il stroma accounted for 50
of the visible field

Statistical analysis

Statistical unalysis was performed using GraphPad
Prism version § software (GraphPad Software, CA, USA)
Scientific data were expressed as mean = standard ervor
of the mean (SEM). SEM was calculated as the standard
devintion of the original samples divided by the squarce
oot of the sample size. Specific statistical tests used are
indicated 1 figure legends. Correlstions were carmed oul
using R software version 3.4.1. Graphical representations
of correlations were generated with the R package
‘corrplot’. For all stabistical analysis, differences were
considered 10 be statistically significant at p<i) 05,
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Cell Carcimoma; TRG: Tumour Regression Grade, TCM
Tumour Conditioned Media: VEGF: Vascular Endothelial
Growth Factor.

Author contributions

Expeniments Designed by: AB JOS. Performed the

analysis tools: DOT NR JVR. Fresh sample ncquisition:
NC, EF. Wrote the paper: AB. BK, JOS.

ACKNOWLEDGMENTS

The authors would like 10 thank all patemts who
conscuted for their specimens and data to be used for this
study,

CONFLICTS OF INTEREST
The authors declare o configts of inferest,
FUNDING

Funding for this work was provided by the Insh
Cancer  Socicty (Grant: CRSISBUC) and  Science
Foundation Ireland. (Grant 16/TIDA/MDGT).

REFERENCES

1. Verlay ), Soerpomataram |, Dikshat R, Eser S, Mathers
C. Rebelo M. Parkin DM, Forman D, Hrav ¥ Concer
imcidence and morality worldwide: sources, methods and
major patterns i GLOBOCAN 2012 Int J Cancer 20115;
136:E350-86 Iuttge /Adon /10 100224 29210
Amold M, Seerjoratsram |, Fedlay J, Forman 1. Global
Adence of phingeal cancer by istologal subtype
in 2012, Gut 2015, 64 381-87 hupsddoiong/ 101136/
putinl-2014-308124
Cools-Lirtigue J, Spicer 1, Fern LE Current status ol
msanagentent of mabignant discase. current munserent of
esophagend cancer J Gostroitest Surg. 2013, 19:9%4-72
Tetps: £idoy org/ 10, 1067/51 1603-014-2701-3
Cunmnghem 1, Allum Wi, Stenning SP, Thompwon JN.
Vin de Velde CJ, Nicolson M, Scarffe JH, Lofts FJ, Falk
I, Tveson T1, Smath DB, Lungley RE, Verma M. ¢t al. and
MAGIC Tral Pamicipants Perioperative chcmuhmm
versus surgery alone for lahle wpenl cancer.
N lngl J Med. 2006, 355.11-20 hllps 1Ko, are! 10,1056/
NEIMeab3$3531
van Hagen P, Hulshof MC, van Lanschot J), Steyerberg
EW, van Berge Henegouwen MI, Wignboven HP. Richel
), Nicawenhuizzen GA. Hospers GA, Borenkamp 1J,
Cuesta MA, Blaisse RJ, Buxch OR, el o, und CROSS
Group. Preoparstive chemomsdiotherupy for esopbascal
or puctional cuncer N Engl J Med. 2012, 366 2074-84
https:/idor ong/ 10 1OS6/NEMoa | 112088
Reynolds JV, Preston SR, O'Neill B, Boeksgaad 1., Grithin
SM. Manetre C. Cufte 8. Cunningham M, Croaby | Parker
1, Hoflwsd K. Hanna G, Svendsen LB, et al ICORG 10-14:
NEOudjuvant trual Adcmmlnnmn of the oEsophagns

-

experiments: AB, NLL. SK. JA. Analysed the datn: AB, and hagoastne | 1 Study
NLL, SK. JA, MD, JOS. Contributed rcagents/materinls/
www.oncotarget.com 33644 Oncotarget

274



1[0

18

(Nea-AEGIS) BMC Cancer 2007, 17401 htips.//dos
oee/10 1RGN 12883.017-3386-2

Walsh TN, Noosan N Hollywood 1D, Kelly A, Keeling
N, Hennessy TP A comparson of mulumodo! therapy
undd surgery for esophageal ademocarcinomn. N Engl
D Med 199 335:462-67  hatps Mdor arg/10 1036/
NEJMIONAR 153350702

S HL, Ziw H, Ling TS, Zheng HJ, Sty RH- Neoadjuvant
chemorxhatherapy for resectable esophageal carcimomn: 4
meta-analysis. World J Gastroenternl. 2009, 15.5983-91
Jaitps b ore /10 3748w g 15,5983

Lord CJ, Ashworth AL The DINA damage response und
cancer (herapy  Nature  2012: 481 287-94 hetps /dor
org/1 0 1038 inatrc 10760

Pasimi I, de Manzom G, Zanom A, Grandinett A, Capircs
(O & M. T It A, Rubello 1), Cord C
Noondjuyant therapy with weekly docetasel and cesplatin,
Sfloorourocal  continuous  infusion,  and  concurrent
mdiotherapy (n patients with locally advanced esophageal
cancer produced o ligh tage of long-lasting
patbobogical complete response: o phase 2 study. Cancer
2013 11993045 hitps /Adocorg/10 1002/ encr 27822
Donoboe CL, Revoolds JV Neoadpuvant treatment of'
locally advanced esophagen) and junctional cancer the
evidence-hase, current Koy questions and chimcal tnals
J Thore Dis 2017 (Suppl 8) 9 SE97-ST04. lttps //dot
oeg/10.21037/8 217 03,159

Westerterp M, van Westreenen HIL. Restsma JT, Hockstra
08, Stoker ). Fockens P, Jager P1, Van Fok.Smun B
Plukker JT. van Lanschot 1), Sloof GW. Fsophageul
cuncer C'T, endoscopie US, and FDG PET for assessment
of response 10 necodjuvant thempy—svsiemalic review
Rodiology 2005, 236:841-31. hitps:tidarong/ 10 1148/
ool 236304 1042,

Masty A, McKennn WG, Muschel R The molecular
hasas for cell cycke delvs following wonlzing mdiation
0 review  Radiother Owcol 1994, 51 1-13 haps//dor
ong/ 10, 10160 67-8 140004 081

Macigewski HA, Skates 8, Zajusz A, Large D. lniportance
ol mmor size od repopulution for tdiocumbibity of skin
cancer. Neoplasing, 1993, 40:5)-34

Shumara T Acquired rdhoreastance of comeer and the AKT/
GSK3[Moveln DT overexpression cyeke J Rudiat Res 20112
5253044 hitps Ao org/10 1260 11098

Wilson WR, TTay MP Targeting hyvpoxin in cancer therapy
Nut Rev Camoer 2011 11393410 hitps/Ador ong/10. 1038/
me¥i6d

. Igney TH. Kramumer PH. Desth and anti-desth tamolur

resistnsee W apoplosty. Nut Rev Cancet 2002, 2:277-88
Itps Adod ong/ 10 10384776

Lymum-Lenmon N, Reynolds JV, Pudgeon G, Lysaght
J, Mangnol L, Maber SG. Allerutions m DNA repanr
efficsency arc mvolved i the mdioresistinee of esophageal

21

23

25

2

adenccarcmomn, Radsal Res 2000, 17470311, hitps:/idon
o/ [0 166T/RR2295 1
Lynmnlennon N, Maher SG. Maguire A, Phelun
1. Muldoon €. Reynelds IV, O'Sullivan ) Altered
mitochondnal  fimction  and  eocrgy  metsbolism s
assocaated with a mdworesistant phenotype in oesophageal
adenocarcmoma. PLoS One 2014, 9:e100738 It /klor
o/ 10,137 Ljoumnal pore 0100738,
Maher SG, McDowell DT, Collis BC, Mukloon C,
Gallagher WM, Reynolds JV. Serum proteomic profiling
reveals that pretreativent complement profem  levels
are predictive of esophageal cancer patient response 1o
neoadjovant chernoradiation. Ann Sung. 2011, 254 809-16
hetpec/fdon omg/ 10 1057/SLA OB 3c3 182304962
Picardo SL, Maber SG. O'Snllivan N, Reynolds
IV Barrelt's W oesophageal concer  sequenke. a
model of mlammatory-<dnven upper  sasttomtestingl
caneer Dig Surg 2012, 2923160, hutps:/idoi
ong/10. 1159000341498,
Lsu SC, Tsamp NM., Chusng WC, Chang KP, Hsuch C, Liang
Y. Juang J1., Chow KI', Chang Y8 Leukema inhibitory
Lsctor protntes masoplury ngeal Corcinoma peogression and
mdsoresistunce. J Clin Invest. 2013, 123526983 https
doiomg/ 10 1172/5C163428,
Kadumoto T, Akirs 8. Naczaka M, Tego T Interleslins
fanmly of eytokmes and gp130. Blood. 1995, 86:1243-34.
L3 X, Yong Q. Yu I, Wo 1. Zhoo Y. Zhang €, Yoo X,
Tau 7, Wa H, HaMy BG, Feng 7, Ha W LIF promdes
20 and of breast cancer through the
AKT-mTOR puthway. Oncoturger. 2014, 5 788801 hipac /!
dorong/ 10 1863 2oncotanzet 1772
Blanchord ¥, Traey . Smith ), Chattopadhyay 8, Wang
Y, Tield WA, Daumann 11 DNA methylation controls the
poasivencss of hey cells o Jevkemma mbilory
faclor  Hepatology 2003, 38:1516-28.  hutps/ido).
o/ 1010165 hep 2003.09 029,
Lw B, Lu ¥, Li J, Liv Y, Lin J, Wang W. Levkemia
inhabtory factor promotes tumor growth and metastass in
humnssn osteosarcoma via activatmg STATI. APMIS. 2015,
123:837—46. ey {dor org/ 10 111 apen. 12427
Yu H. Yue X, Zhao ¥, 10 X, Wu L, Zhang C, Lis 7, Lin
K, Xu-Maonetie 7Y, Young K11, Lw 1, Shen 7, Feag 7. Tlu
W.LIF negstively regulates tumour-supp P53 thivagh
St IMDM2 e colorectal concers. Nat Commun
2014; 3:3218. hitps/dorong?10. 1038 mcomms62 18,
Kamobara 11, Ogawa M, Tshiko T. Sakamoto K, Tiatm 11
|.eukemia mnhibitory faclor fanctions e o growth factor
m puscreas carcamama cells involvement of rezulation
of LIF and ity receptor expression Int J Oncol. 2007;
30:977-83
Bay JM, Patterson BK, Teng NN, Leukemin inhibatory
foctor downgegulates human papillomavizus-16 cocogene
expression and miubits the peoliferation of cervical

www.oncotarget.com

33645

275

Oncotarget



3l

3

35

36

3R

carcinoma  cells  Infect Dis Obstet Gynecol 20110
20011 463081 httprs /Aot e/ 101155201 1M46308) .

Cleen 1, Sun Y, Wer Y, Zhang ¥, Rezacian All, Teruya-
Feldstemn J. Gupea S, Lione 13, L HK, Hung MC, Ma L
LIFR is o breast cunoer metastasts suppeessor upstream of
the Hippo-YAP pathway and o prognostic marker Nut Med
2012, 18151117 hitps /dos org/1 0. 103%/nen 2940
Morton 8D, Cadamuro M. Bnvio S, Vismars M. Steca
T, Massams M, Basst N, Furlinetto A, Joplin RE, Florean
A, )lhml. vmmmlbr.\ww M. Lewkemun mdnbitory factor
cells from  drog-mduced
upoptom via & l’lBMAKl-dmxukn( Mcl-1 nctivation
Oncotarget. 2015, 6:26052-64 hitpe /dos one/ 10 18632/
oncotanget 4482

Salleh N, Grribabe N | eukemss inlubilary factor roles m
embrvo implastation snd m sonhonmonal contruception
Screntific WorldJowmal 2004, 2004 201514 hups Vdor
on/10.11552014201514.

Metcalf 1) The wnsalved enigmas of lenkemia mhihitory
fisctor Stem Cells. 2003, 21:5- 14 hatps /idor org/ 10 1634/
slemcelle2]-1-8

Wysoczvoski M, Micks K, Joskowsks K. Wanzeck
J, Herwlome S, Janowska-Wieczorek A, Ratayezok J,
Rotgjezak MZ  Levkemia inltbdory foctor a newly
sdentifsed metastatic factor m dsabdomyesarcomas. Cancer
Res 2007, 67 213140, atps: /dor oeg/10.1 1 380008-3472.
CAN-LO6-1021.

Wei F. 1w Y, Guo Y, Xuang A, Wing G, Xue X, Lu 7. miR-
Pibetargeted mTOR mduction contnbutes to rradsaton
resistance in pancreatic cancer. Mol Cancer: 2013 12°8]-
K1 htps /o org/ 10 1186/1476-4398-12-81

Hrieger J, Schroeder P, Gosepath J. Mann W) Vascular
ersdothelial growth facior and bassc fibrobla growth
fnctor are relensed by sy cell cells afler
srmadinlaon sl morease ressstance W subseguent irdistion
Tt ) Mol M, 2005, 1615964

Hardikar 8, Onstad L, Seng X, Wilson AM. Montine TJ,
Kmalz M, Anderson GL, Tlount PL, Resd B), Whate E,
Viughan 1L Inflammation and oxidative stress markers
uml csophagenl sdenocurciomn muxlence su Banett'y
esaphagus cohort Cancer Epidemiol Bxowmnrkers Prev
2004, 232393403 hatps Mdororg/10 1158/1055-99%63
EPL- 140384

Ma 1), Jmg X. Shen B, Lin X, Cheng X, Wang B, Fu 2,
Peng C. Qiu W Leukermun mnbibitory factor receptor
negatively regul the sasis of pan cancer
cells m vitro and 1o viva Oncol Rep 2014, 36:827-36
Mips ot ong/ 10389201 2016 486S

Zhuo JH., Sun X, Song YX, Chen XW, Yang YC, Ma H,
Wang J, Goo F, Wang 7N A novel long noncoding RNA-
LOWEG is tow expressed in pastine cancer and acts as 2
tumor suppeessor by miubiting cell mvason J Cancer Res
Clin Oncol. 2016; 142 801-00. hatps fdoi org/10.1007/
#432.015-2071-6

40

41

42

45

47

49

Lo Q, Wang C, Jin G, Gu I, Wang N, Song J, Jin 11, Hu F.
Zhang Y, Ge T, Huo X, Chu W, Sha 1, et o], LIFR functions
as o metastases sappressor in bepatocelluluy carcimama by
negatively  regulating  phosphoinesitide  3-kumnse/ART
pathway Carcinogenesis 2015, 36 1201-12, hitps /Aot
org/ 10,1093 carcinbgy 108

Koee M. Friesel RE. The role of fibroblust growth acloes in
tumar growih Cuey Cancer Drug Tasgets. 2009, 639-5)
it /fdos one/10 2174/ 1 S6800009TRIOS TG,

Shamyzu T, Isknkawa T, Twam S, Ucka A, Sogitam E. Omshi
N, Kuntnoaka S, Meyamoto T, Tovama Y, in 1, Mo 11
Matswzake Y, Yoguehd 1, et al. Fibeoblast growth factor-2 15
an impartant factor that maintoans cellulor mmatunty and
contributes to aggressiveness of osteosarcoma. Mol Cancer
Res 2012, 10 45468 itps:£/dos org/ 10 1158715417786
MCR-114347,

Lo W Ya Y, Wung R, He D, Wimy €. Zeng X, Chen X, Tan
X, Huang T, Wu X. 7 pepticles targeting BGF sensitize
colorectal cancer cells to CPT-11 Tnt J Mol Med 2014,
33:194-200. hups /fdor ore/ 10 382 fgmm 2013 1547
Hoang T, Huung S, Armstrong E. Frekbodl JC, Harart "M,
Polancement of mdiation response with bevacizamab
J Exp Clin Cancer Rex 2012, 31:37-37  hups /Mot
ong/ 10,1 1861 756-9%6-31-37

Wangh ), Wikon C. The mterleukm-® pathway m
cancer, Clm Cancer Res 2008, 14673541, hittpy fidor
org/ 10 113810780432 CCRAOT4843

Srepsctowsks J, Walker C, Tunter JA, McKenze RC
B i Jeukueme mhihetory factor (LIF) expression in
lestonad portatic ki correlation with intesdeukin (11)-8
expresston. 1 Demmatol 2001, 2811322 hitps ot
ong/ 10 THLLA 1346-8138 2001 (00104 x

Jaang T, Lin Y, Wiy 1T, Wany 11, Song Q. Sugic A Fluang
1, XuY. Zeng 11, Tan L, Hou Y, Xu C. Tamour miiltrsting
Ivmphocyies correlate with improved snvival in pabents
with esophageal squamons cell carcinonss. S¢i Rep 2017,
T 44823 btipsJ&doi org/10 1038/step4823

Pages F, Kmloviky A, Mlecnik B, Asshiber M, Tosolm
M. Bimdes G, Lagoree C, Wind P, Martiot ¥, Brurseval .
Zatloakal K. Traganoski 2. Berger A, ctal I situ eytotoxic
and memory T cells pradict outcome in patients with early-
stage colorectal cancer ) Clin Oncol 2009, 27 594451
hetps: /idos-oep/ L0 12000200 200819 6147,

Hwang WT, Adams SF, Talurovse F, Hagemann (8,
Coukos G Prognostic significance of tumor-mfiltrating
T cells n ovarion cancer a meta-analysis. Gynecol
Oncol 2012, 124192-98.  hitps /do org/10. 1016/
yivoo 201109 D34

Ineu-Nosjean MC, Antoine M, Damel C, Heudes D,
Wislez M, Foubot V, Rahbe N, Lavruns L, Tarmour E, deo
Chaiscmartin [, Lebecque S, Frdman Wil Codrancl
1 Long-term survival for patieats with non-small-cell
lung camcer with  stratumorsl  lymphoid  straclures.

www.oncotarget.com

33646

276

Oncotarget



s1

J Clin Oncol 2008, 26:4410-17 hatps Adororg/10-3 200/
JCO2007 150284

Gentles AJ, Newman AM. Lin CL, Hratman SV, Feng
W, Kim D). Now VS, Xu Y, Khuong A, Houng CD, Dechn
M. West RB, Plevratis SK, Alizodeh AA. The prognostic
landscope of genes and nfiltmting smmune cells across

52

heman cancers Nat Med. 2015, 2193845 hups /idot
or/ 10103k 3904

Livak KJ, Schmttgen TD. Anolysis ol relstive geme
expression datn using real-ume quantitative FCR and the
2(-Delta Delta C(Th) Method Methody 2001, 25 40208
hbtpas Ao oeg/10,1006/meth 2001 1262,

www.orncotarget.com 33647 Oncotarget

277



Cunewr Latters 447 (2019) 115129

Contents lists available at Scivnoshines

Cancer Letters

ELSEVIER

journal homepage: www nisevier,com/ocate/canint
Original Articles
Pyrazinib (P3), [(E)-2-(2-Pyrazin-2-yl-vinyl)-phenol], a small molecule L)}
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ARTICLE INFO ABSTRACT

Keyaords Mﬂdmmlomhmwmumhbmmvﬂmﬂ<m mnym:m.
Oesophagesl cancer i show a beoeficial resp s therapy, Altored mitochondrial function is linked with
Radaticn Mmumomm fied (P3), a py phenct small malecule drug with asti-angio-
Asgoperesin genle and anti-mesabatic ncrivity inwwo in zebrafish and dsvitro isogenic models of OAC mdioresistance.
"""“I""'h Pyrazimib (83) significantly inhibited blood vessel develogment in sebeafish (p < 0.001). In-virn in eebeafivh
and oo I an isogesic moded of OAC rads " (P3) sig: el of
omdative phospharyfation and glycolysis, Py b (P3) significantly reduced the mrvmng fraction in OEIW;
radiation-semsitive and OEIIN: mdiation rosistant celle following i Under hyp Sitions pyre-
axinib (P2) sigaificandy roduced DEIZR cell survival tollowing le Irrndiation (p = (I 0216). Multiplex E11SA
mwmwnmkdodn d 73 factors in OEIIH
J 1o OR3P celly; LS, L4, 116, 112 llzl?;l?u 10, MCP-1, 110, ICAM
{p < D0S5) hmm)-lwnmnymmmmmmwm 0.0006), IL-8 (p = 0.04585), and IL4
(p=00111) in OEXIR cells. Collectively, these findings support further development of pyvuzimib (P3) as 2
novel therapeutic sulinssedtiser in OAC

1. Introduction 10 improve post-operative outcome. NeoCRT in combination with sur-

wory has been ussoctuted with bigher rates of ovorall survival [4-6),

Oesophageal cancer s an agpressive disease and the 6™ maost
common cause of cancer-related death, accounting for approximatety
400,000 deaths annualfy [1]. Oesophageal cancer is classified Into two
histologleal subtypes, sq cell corcimoma (SCC) and oesophageal
adenocarcinoma (OAC) [2]. A dramatic epidemiclogical shift In the

Unfortunately, only 20-30% of patients shuw a complete pathalogical
response (PCR) 10 neondjuvant treatment, meaning 70-80% of patients
receive a toxic treatment with listle to no therapeutic gain and a sub.
sequent delay 1o surgery (7-9), Importantly, there are currently no
clinico-pathological markers n\llhbk to stratify patients who will

i of OAC ped in recent years in western populations, no- achieve o beneficial resp o jon therapy or approved radio-
tably OAC Is now the predominant hissological subtype of phageal el o enh. P prior 1o surgery. lonizing
cancer in both Europe and the US [2.7]. Current dard diation is used to exert local tumour control in over S0% of solid
regimens for OAC focus an peoadjuvan t with ch h cancers throaugh the induction of doﬂlt strand breaks (DSB) and el

alone (neoCT) vr in combination with radiation; md)uvmdum
wdistion (neoCRT) for locully advanced lumoun. wlor w0 surgcry [4).
Surgery is fated with & d loco. | and
necadjuvant treatment aims to reduce lumuln burden prior to surgery

* Corresponding authar.
E-madl address OSULLLIS @ e L), OSullivin)

furpee AdoL o 10 1016/), canker 201901009

lular DNA damage (7], , OAC sensitivity to irradiation is
Inversely coerelated to n-nour butdoa [10). Resistance to radistion
therapy is multifactorial and iated with a ber of biological

processes both within the tumour itself snd the surrounding

Recenved | October 2018; Recelved in revised foem 13 November 2018; Accepted 7 January 2019

0304-3835/ © 2019 Elsevier B.V. All rights reserved.
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microenvironment, including dysregulated cellular energetics, angio-
genesis and Inflammagion [171-13),

Altered encrgy metabolism Is an emerging hallmark of cancer which
plays o critical role In mdioresponse (17,74, and & feature of cancer
cells which was originally alluded to in 1956 by Otto Warbarg (15],
Cells produce energy primarily theough two interconnected pathways;

Cancar Lettors 447 (219) 115139

neutralising antibodies sensitised the tumours to irradiation [27). In
fNammation is tightly linked to anglogenesis, with anglog:

responsible for sastaining inllnmmﬁm through the supply of oxygen
wed nutrlests to the Inflammatory cells (25). Inflammation is also
tightly lnked to metabolism as inflammatory cells rely on metabolites
gmmud n'um the metabolic cycle to maintain theis function. Thas,

glycolysis and oxidative phasphorylation which Ive the catabald

rh anglogenesis and metabalism foem an inter-

& 3

of gl to py and the p of energy from gl via
the mitochondrial tricarboxylic acid cycle, respectively (14). Warbury
reported that cancer cells preferentially use the less efficient glycolytic
pathway to metabolise ghicose even in the presence of oxygen, termed
“aerobic glycolysis™ in order to facilitate survival and rapid eellular
proliferation [15). Warburg's observations, known as the "Warburg
cﬁeﬂ have been repeatedly confirmed but in recent years it has also

vk which plays a crocial role in radintion resistance.
Glmwmﬂammmymmmmof(w: we sought (o Investigate
the effect of pyrazinid (P3) on the inflammatary secretame in addition
to lts effects oo two primary hallmarks of cancer, anglogenesis and
dysregulated membolism. This nudy umod to phenocypiuﬂy idensify

ds with antiangs and an y specifi-
ully wsctlnx oxidative nhasphotylalon del in wm may enluu:u

apparent that the oxidative phospharylation p y in the itivity in both mdi itive and radioresistant OAC cells from
mitochondrein is still largely utilised by cancer cells and is mﬂnl w the o serles of mll focul pounds consisting of pyrazindd (P3), a
provisson af i diates far cellular blasynthests [14], Lynam:Lennon ~ pyraxine compound, and 22 compounds of the P series. Pyrazinib (B3)
o al, & d that rods OAC cancer celis have an al- was synthesised as an analogoe of quinialb (Q1) and in this study we
tered bolic ph d to isogenic radi itive cells  sought to determine if pyrazinib or the 22 Is of the P seties

TR St

[ Rndhml;um cells have a sgnificantly higher rate of oxidative
phosphorylation whereas no significant differences are abserved in
slycolytic rate between the isogenic OAC cell lines [11]. Radioresistant
cells also show altered mitochondrial function [11]. The excess energy

could produce more potent anti-cancer activity than its parenst com-
pound quininib in OAC. Quininib is an antiargiogenic quinoline
compound which was previously discovered to produce significant anti-
nngiogenic activity and inhibit tumour growth both fs-virre and n-wio

Wmm!hmﬁm@shmmme ilability of

Y&

In the 1o act as & radiosensitiser in the
rdhmmOESm:dk" by ., EXVIVE ination of meta
bolic markers in nuive pati les found ATPSE, & sur-

L8

mplennrtao(oddmtvnplmphuyluﬁmlnbecqnuudn:ly
nificantly higher levels in patients with a poor respanse to neoCRT,
further highlighting elevated metabolism as a driver of the radio-
resistant phenotype in QAC [ 1]. Targeting tumour metabolism may be
A nwd stm:gy lo mgmzm radioresponse n OAC,

. ly [29,30), Pyrazinib (P3) produced significantly greater anti-
angiogenic activity than quininib in-vivo in zebrafish, In-vivo, in 2eb-
rafish embryos, pvrnildb(P:l) and two P series compounds, P2 and P4,
significantly g rate¢ (OCR), a measure of
oxidative phosplwrylaﬂon. with both P2 and pyrazinib (P3) producing
a simultaneoas significant reduction in extracellular acidification rate
(ECAR), & measure of glycolysés, fs-woe, in an isogenic model of OAC
radioresistance, pyrazinib (P3) significantly reduced OCR and ECAR.
Pynulnlb (P3) significantly reduced surviving fraction in OE33P; m-

itive and OE33R: radlati i oells following 2, 4 and

hallmark of cancer which plays a critical
mlzln mdlaooo lenslumy. a process tightly liaked with cellular me-
tabolism [12,16,17). Anglogenests supplies the oxygen -nd ;lumu
required to fuel the bolic cycle. A ber of ch
sgents and raciaton therapy alike rely on the formation of oxyun
radical species to exert their cytotoxic effects; oxygen is a patent
radiasensitiser, with oxygensted cells killed more readily than hypaxie
cells [17]. As oxygen is required for 1 response to radintion it is

6 Gy irradiation fractions. Purthermore, under hypoxic modmom pyr-
azinib {P3) significantly reduced the surviving fraction of OE33R cells
following 4 Gy irradiation. Nine of thirty detected inflammatory and
anglogenic factors were secreted at significantly higher levels In OE33R8

dioresi: cells when d to OE33P cells; IL-8, 114, 1.6, IL.2,
IL-12p70, I-10, MCP-1, IP-10 and ICAM. Pyrazinih (P3) significantly

duced the ions of 1L-6, ILS, 114 and [1-13 inwtro in OE33R

of mcemumuununhu anti-anglogenic agents with radiation may
I and result in a more hypoxic en-

vlmnmeu with reduced sensitivity 1o radistion [17]. Despite this
concarn, anti-anglogenic agents onh Tesp whan com-
hined with single dose radiothernpy [14-20]. Anthangiogenic agents
may enhance radio-sensitivity through normalisation of the tumour
& and aug; ol dathelial cell resp to injury,

ing n more f ble envi for resp to racinti
lbcnpy[l?:ll It is also critical to understand the effect of rad

vells, Taken together, these findings suppart further development of our
compound pyrazinib (P3) as a novel therapeutic radiasensitiser in OAC

2. Maothods

2.1, Erhical approval
ﬁ:hlumnhlv-elmymmlmvwdbyMMD

on endothelial cell function for maximising the effect of radiotherapy.
Importantly, radiation-induced changes of tumour vasculature Is de-
pendent on numerous factors, such as dose, fi tumour locati

IR h Ethics Committes under pratocol number AREC-P-14.
69 prioc to commencement of this study. The zebrafish metabolic
profiling assay was approved by Trinlty College Dublin Anlmal
R iy Fxhics Committes prior to commencement of the study,

and tumour size [22), In this study we hypo«hulse that phmotype-
based y of small molecd pounds with anti-angiogenic and
anti-metabolic activity, qxuﬂmﬂymmmm&mmhum
may also almmnundhsmunmlnmc

2.2, Small molecule compounds

Quininib (Q1), pyrazinib (P3) and 22 P series compounds were

Furthermore, OAC is an infl upper gastrointestinal
canocer [23,24], lnﬂnmmmnphyuaudalmuhmammmpome
in OAC [24]. Components of the complement system C22 and Cda, were
shown 1o be higher in the pre-treatment serum of OAC patients who had
lnﬂnequantpmrpmbnlopuhqmsctoneﬂl‘ when compared to
patients having o f; [24). In addition, cy-
lnklnululmruﬁnstyupondmﬂlyumlelnmﬂmuktm ey
LIF and IL-6 type cytokines are linked with radioresistance in naso-
pharyegeal corcinoma and OAC [25,26]. Additionally, In & rodio-
resistant aral SCC xenografl, the administration of L8 and IL6
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hesised by Celtic Catalysts (Ireland) and Omyx Scientific (UK).

ds were dissolved in 100% DMSO,

sy
P

Ls

2.9, Zebrofish tubandry

T EGFP) zebeafish were muintained on a 14 h light/10 h dark
cycle at 28°C, In o recirculating aquaculture system, according 1o
nnndmi procedures (11, Emhryus were obtained through natural
) vy and doved | stages were determined using time and
molpbnln;lcnl eriteria [32). Fertilised eggs were obtained from mating
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adult Tg(fil-FGFP) zebrafish and stored in an incubator at 28 °C. Em-
hryot were mn!ysod under an Olympus-SZX16 at time of collection;

bryos were d to pi a delay to development
n(oﬂm«nbrym

2.4. Intersegmental vessel assay

At 6 houry post fertilisstion (hpf) Tg(RiI-EGFF) zebrafish embryos
were plated, 5 per well in a 48-well plate, using an Olympus-SZX16
micrascope in 400 pl embryo medium (EM) (5mM NaCl, 0.17 mM KC,
0.4mM CeCl; and 0.16mM MgSO,). EM was removed and 400
containing EM and control or test compound was added to each well.
100 pM solutions, dissolved in dH;0/1% DMSO of Q1, pyrazinib (P3)
and 22 P series compounds were stored at — 20°C, Compourdds were
defrosted o room temperature (RT) and vortexed before wse. Drug
treatments were carrded out In duplicate and repeated three times at
10 pM. Treated larvae were incubated until 48 hpf at 28°C an a 14h
light/10 h dark cyche,

Adter incubation, farvae were placed in 400 pl of phasphate-buf-
fered-saline (PBS) and dechorionated under an Olympus-SZX16 mi-
croscope. Larvae were euthanized and fixed in 400 ul of 4% para-for-
maldehyde (PFA) in a paraffilm-covered plate at RT for 2h. 400 pl of
PFA wis removed and larvae were washed theee times st 10 min In-
tervals with 400l PBS. Larvae were stored in 400 ul of PBS in a par-
affin-covered 48-well plate st 4 °C until analysis.

25, Quantification of intersegrmental vessels

Prior to analysis of intersegmental vasculature, larvae were
screened using an Olympus-SZX16 pe for morphological de-
fects. Larvae were placed on a depression slide on their side with their
head in o left pointing orlentation. Msiﬂmk‘ actlvity was de-
termined an the basls of (a) the toral | i gr 1 vessed
(SV) growth and (b) incomplete sprouting of u-: intersegmental vessel
(5V) from the dorsal norta (DA) to the dorsal longinxdinal anastomatic
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covered plate ot RT for 2h,

2.7, Generation of the OF33P and OF33R cell lines

Iy 1 ad

The human OE33 cell line was ob-
tained from the European &d!emoa of Authenticated Cell Cultures.
The Isogenic mode! of radioreststant OAC; OE33P (radiasensitive) and
OE33R (radioresistant) cells was generated ns previously described
133}

2.8 OCR and ECAR measurements in OE3SP and OE33R cells

OE33P and OEI3R cells were | at & density of
11,000 and 13,000 cells/well, respectively in 24-well cell cultre xma
microplstes (Agilent Technologies, Snnta Clara, CA, USA) at a volume
of 100yl and allowed 1o adbere at 37 'C In 5% CO5/95% alr. 5 b later,
an additional 150 pl/well g cell cul R 11 Park M il
Institute medium (RPMI) 1640 medium was addod, 24 h lator, OE33P
and OE33R cells were treated with 10 uM of Q1, pyrazinib (P3), 12, B4,
P18, P20, P8 and P23 or 0.1% DMSO control. Follawing 24 h treatment,
media was removed and cells were washed with unbuffered Dulbecco's
Modified Eagle's medium (DMEM) supplemented with 10mM glucuse
(Stgma-Aldrich) and 10 mM sodium pyravite (Sigma Aldrich), (pH 7.4)
and incubated for I h at 37 'C in a QO free incubator. OCR and ECAR
were vd using a Sesh Biosci XFe24 Extracellular Flux
Analyser (Agilent Technologies, Santa Clara, CA, USA) Three basal
measurenyents of OCR and ECAR were taken over 24 min consisting of
three repeats of mix (3 min)/wait (2 min)/measurement (3 min) to es-
taliish basal respiration, Three additional measurements were obtained
over 24 min each following the injection of 3 mitsehondrinl inhibitors
including oligomycin (2 pgml.— 1 Sigma Aldrich), an uncoupling agent
Curboayl cyanide 4-(rifluseomethoxy) phenylhydeazone (FCCP) (S uM,
Sigma Aldrich) and antimycin-A (2 yM, Sigma Adrich). ATP turnaver
was caleulated by subtracting the OCR post oligomyein injection from
baseline OCR prior to oligomycin addition. Maximal respiration was

vessel (DLAV). 1 | vascul was viewed by epi-fl

leulated by sub % OCR post antimycin A additivn from OCR post

cence under an Olympus SZX16 mmcope using a green l'luomml
protein (GFP) filter, The ber of nter 1 vessels
was quantified for cach sample and hmc were lmmd using cell'F
software (Olympus, Eurape).

2.6, Zebrafish meabolic profiing assay

26 hpf Tg(NI:EGFP) zcbrafish embryos were plated, 3 per well In &
24.well islet cell microplate (Agilent Technologies, Santa Clara, CA,
USA), using an Olympus-SZX16 microscope n 700l EM 0
final concentration of 10 uM of test compounds; Q1, pyrazinib (P3), P2,
P4, P18, P20, P8 and P2 or 0.1% DMSO as control, with 5 wells per

FOCP addivion, Spare tuplmwy cmclty was caleulated by subtracting
Isasal OCR from i T were |

Ised to cell number using the erystal vinl« assay, transferring the efuted
stain 10 a 96-well plate before reading.

2.9, Crysal violet

Colls were fixed with 1% glutaraldehyde (Sigma-Aldrich) for 15
minat RT. The fixative was removed and cells were washed with PBS
nod stained with 0.1% crystal violet in PBS for 30 min at RT, Plates
were keft to air dry and incubated with 50 pl 1% Tritoo X-100 in PES on
u plmc shaker foc 30 min #t RT. Absorbance was read ut 5950m on a

trearment group. Four wells contained EM only to identify temp
fluctuations across the plate. Drug treated larvae were incubated for 24
hat 28 °Cona 14 h light/10 h dark cyde until 50 hpf. At 50 hpf, an (slet
screen (Agilent Technologies, Santa Clara, CA, USA) was inserted above
the embeyos in each well 1o prevent the embryos contacting the sensar
probe during the course of the assay, The Seah XFe2d ly

plate reader (Malecular Devices, Sunnyvale, CA, USA).

2.10. ROS Tevels

Reactive oxygen specles levels were d wsing 2,7-dich)

(AgHent Technologies, Santa Clara, CA, USA) couples a sensor cartridge
with a custom cell plate. Sensor probes which are close 10 the islet
screen sense changes and measure the levels of dissolved oxygen and
free p in this micrachamber at indicated intervals, giving a read-
out of Oxygen Consumption Rate {OCR) and Extracellufar Acidification
rate (ECAR), a measure of oxidative phosphorylstion and glycolysis,
respectively, Prior to the assay the XFe24 cartridge plate (Agilent
Technologies, Santa Clara, CA, USA) was hydseted overnight in a 37 °C
no0-CO0y Incubatoe. At 50 hpf three measurements were taken over 24
min consisting of three repeats of mix (3 min)/wait {2 min)/measure-
ment (3min) to establish basal respiration. Upon completion of assay,
larvae were euthanized and fixed in 400 pl of 4% PFA in a paraffilm-

280

"y

in (DCF) which emits a fluorescent signal linearly linked to the
intracellular H2Oz. OEI3P and OE33R cells were seeded at a density of
8,000 celis/well in triplicate and allowed to adhere overnight. 24 h
ofter seeding, OE33P and OE33R cells were treated for 24 h with
11 110,1% DMSO cantrol or 10 M Q1, pyrazinib (P3), P2, P4, P18, P20,
P8 and P23 in RPML 24 h later media was removed from wells. 50 gl of
5 uM 2.7-DCF (Invitrogen, Carlshad, CA, USA) In PBS Mg* * (Sigma-
Aldrich) was added to each well and incubated for 30 min at 37 'C in
5% CO,/95% air, The probe was removed and 100yl PBS was added to
each well, i was d FLXSDO Fl Micrapl
Reader (Mason Technology Dublin, [reland), Fi wiss nor-
malised o coll number using the crystal vielet assay, as previously
described.
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2.11. Mitochandrial membrmne potential

To assess mitochondrial membrane potential, the fluorescent probe
rhodamine 123 (5 pM), which & selectively taken uo by nllod-nadm
and its uptake d dent on mitochondrial i was
mozssvnao:aanmnsmmm-umuo(smocdw
well in triplicate and allowed to adhere avernight, 24 b later, OE338
and OE33R cells were treated with 0.1% DMSO or 10 pM of Q1, pyr-
wzinib (P3), P2, P4, P18, P20, PS and P23 for 24 h. 24 h later, the modia
was remaved from wells and cells were washed with 100 pl of PES.
50 ul of 5 uM rhodamine 123 in PBS Mg * * solutlon was added to each
well and incubated for 30 min at 37 “C in 5% CO4/95% air, The probe
was removed and 100 pl of PBS added to each well. Fluorescence was
measured on  FLa800  Fluorescence Microplate  Reader  (Mason
Technology Dublin, Irefand). Fl was lised to cell
number using the crystal violet assay, as previously described.

212, Mitochondrial mass

MitoTracker Green (0.3 pM, Invitrogen, Carlsbad, CA, USA), a mi-
tochondsial selective dye was used to evaluate mitochoodrial mass in
OE33P and OEI3R cells treated with 10 uM of our compounds, OE339
and OE33R cells were seeded at u density of 8,000 cells/well (n tripli-
cate in 100 pl complete RPMI and allowed to adbere overnight. 24 b
Ister after seeding, OE33P and OE3S3R cells were treated with 0.1%
DMSO0 or 10 uM Q1 pyrazinib (P3), P2, P4, P18, P20, P8 and P23. 24 h
later meclia was removed and 50 pl of 0,3 uM MitoTracker Green in PES
Mz * and incobated for 30 minat 37 °C in 5% CO,/95% air, The probe
was removed and 100 gl PBS was added 10 each well and fluorescence
wis measured on FLXB0D Floormesconce Microplate Resder (Mason
Technology Dublin, Iredand), Fluorescence was normalised to ceil
number using the crystal violet assay, as previously described,

213, Clanogenic assay

OE33P and OE33R cells were counted and seeded at the
optimised densities of 1-11 x 10 in 1.5 ml complete RPMI (n triplicate
in & well plates and all d to adh ight. 24 h later OE33P and
OF3I3R cells were treated with 0,1% DMS0O ot 104M of Q1, pyrazinib
(P2), P2 and P4, 24 b later OE33P and OE33R cells were either frma
disted ot 2, 4 or 6 Gy or mock irradiated. OE33P und OE33R cells were
additionally treated with elther 0.1% DMSO ar pyrazinib at 1, 5 or
10pM for 24h or 10uM for 72h prior to irradistion, Colonies were
sllowed to grow for 7-14 days at which point they were fixed and
stained with 0.05% crystal violet {25% methanol in dH 0) and allowed
10 uir dry. Clonogenics carrted out under hypoxic cooditicns were
seeded and allawed to adhere at 37 °C in 5% CO,/95% air for 6 h before
being transferred to the Whitley H35 hypoxy-station at 37 °C in
S%C0/0.5%0,. Following 24 h incubation under hypoxic conditions
(0.5% 03) OE33P and OE33R cells were maintained at 0.5% O3 and
treated with 0.1% DMSO or 10uM of pyrazinib (F3), and lrvadiated
24 b later at 5%00./0.5%0,. 24 h following irradiation, plates were
returnad to 37 °C in 5%C0,/95% alr, Colonies were allawed 1o grow far
7-14 days, at which point they were fixed and stained with 0.05%
crysial violet and allowed 1o air dry. Colonies consisting of 50 cells or
more were counted using a colony counter (ColCoantT™, Oxford
Optronix, Oxford, UK), Plating efficiency (PE). fraction of colonies
formed by unteeated cells, wis calculated using the formula PE = No,
coloaies/No. cells seeded. The surviving fraction (SF), the ber of
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2.15. Muitiplex enzyme linked

Supernatants from OE33R and OR3P cells were defrosted on ice.
The secretion of cytokines and unglogenic and Inflammatory growth
factors was analysed by ELISA as per the manufacturer’s instructions. To
nsvess anglogenic, vascudar injury, inflammastory cytokine and chemo-
kine secretions, # 54 multiplex kit spread acrass 7 plates was used
(Meso Seade Diagnostics, USA). The 54 multiplex kit was used to
quantify the secretions of CRP, Ectaxin, Eotaxin-3, FGF (basic), GM-
CS¥F, ICAM.1, IFN-y, IL10, IL-12/1L-23p40, 1L-12p70, 1L-13, IL15, (L
16, IL-17A, IL-17AUF, IL-17B, 1L-17C, IL-17D, IL-1RA, IL-1a, IL-15, IL-2,
21, 122 1023, 1L.27, 113, 131, L4, IL5, L6, IL7, IL8, IL8
(HA), IL-9, [P-10, MCP-1, MCP-4, MDC, MIP-1c. MIP- 1§, MIP-3a, PIGF,
SAA, TARC, Tie-2, TNFa, TNF§, TSLP, VCAM-1, VEGF-A, VEGF-C,
VEGF-D ancl VEGFR-1/FIt-) from OE33P and OE33R cell supernatants
previously treated with 10 pM pyrazinib (P3) or vehicle comtrol (0,1%
DMSO0) for 24 h. Secretion data for all factors was normalised appeo:
priatoly 10 cell lysate proteln content using the BCA assay (Plerce) as
per manufacteurs instructions. Data was analysed using MSD Discovery
Warkbench software version 4.0,

orbent assay (ELISA)

2.16. BrdU ELISA

Proliferation was assessed using the BrdU cell proliferation ELISA
(Roche Disgnostics, Sussex, UK) as per manulsctures insteuctions, Cells
were seeded in triplicate at a density of 5,000 cells/ well in 96well
plates and allowed to adhere ig] d with
0.1% DMSO control or 10 pM Q1, pyrazinib (P3), P2, P4, P18, P20, P8
and P23 for 24 or 72 s, 10 yM BrdU Labelling Solution was added to
each well {except for background controd wells) and coils were in-
cubated for 1 b at 37°C in 5% CO,/95% air. ELISA was carried out as
per manafactures nstroctions and sbsorbance wis measured at 450nm
on a VersaMax microplate reader (Molecular Devices, Sunnyvale, CA,
USA).

b fnll

2.17. RNA polation

Cells were seeded at a density of 2.5 x 10° cells/well in 6owell
plates and allowed to adhere overnight. Following drug treatment with
10uM of pyrazinib (P3) or 0.1% DMSO control for 24h, RNA was
isolated froem cell lives using the TRI Reagent” method. The RNA pellet
was re-suspended in 30! RNAase free molecular grade Hy0 and stored
at —80°C,

218 RNA quantification

RN.A quantification was d rically, uhgn
N p 1000 h ( 3,10, Nanodrop
osles.DE USA). lulkNue-fncwnmmuscdelholmm
prive to RNA analysis. 1l of exch sample of isolased RNA was loaded
oate the Instrument and concentration was measured in ng/pl,

3 .

219 cDNA synihesis

For cell line samples, total RNA (1 pg to1al RNA) was revesse tran-
scribed to chNA using the following method, To anneal the primers 1o
the RNA, the sample was beated for 10min at 70°C, and immediately
chilled for at least 1 minat 4 °C, A master mix consaining RNaseOUT

colomles formed was expressed in terms of PE, was calculated using the
fi la: SF = No. col ANo. cells seeded x PE),

214, Irudiaion

Irradlation was performed using a Gul | X-ray &
(RS225) (Gulmay Medical), ludmnud:iﬁcmmy)pemln

eodi
¥
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(Invi Carlsbad, CA, USA) recombinant ribonuclease inhibitor
(lunlx/ul). ONTPs (Invitrogen, Carlsbiad, CA, USA) (10 mM, prepared as
a 1:1:1:1 ratio of dATP, AG1P, dTTP and dCTP), Hioscript reverse
transcriptase (200units/ul) (Bioline, Kilkenny, Ireland) and 5X Bioscript
Reaction Buffer (Bloline, Kilkenny, Irefand) In RNase-free water was
ndded tw each sample. Samples were incubated for 1 hat 37 °C then
10minat 70°C and held at 2°C. The resulting ¢DNA was stored at
-20°C.
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2.20. Quantitutive renl time PCR and analysés

GPCR was performed using TaqMan primer probes (ML, SMUG),
PARP], MMS19 (Roche)) and a Quant Studio 5 resl-time theemal cveler
(Thermo Fisher Scientific), 185 (Applied Biosystems} was used as an
endogenous control for data normalization. Data analysis was per-
formed using Thermafisher Scientific Connect gPCR application salt-
ware,

221, Statistical analysis

Statistical analysis was performed using GraphPad Prism version 5
software (GraphPad Software, CA, USA). Scientific data were expressed
as mean + standard ervor of the meum (SEM). SEM was caloulated as
the standard deviation of the original samples divided by the square
root of the sample stoe, Specific statistical tests used are Indicated In
figure Jegends. For all statistical amalysis, differences were considered
statistically significant ut p < 0.05

3. Results

I inhibi¢ devels [

¥

A1, Pyrazinib (P3) and P teries comy
anglogenests in Tg{il:EGFP) sebrafish

Using TR EGFP) embryos, pyruzinid (P3) & P series compounds
were screened for anti-angiogenic activity in o phenotype-based ap
proach using the intersegmental vessel sssay illustrated in Vig 1A,
Compounds were tested at 10pM and their anti.angiogenic activity
mssessed by quantification of intersegmental vessel number at 48 hpf
(Vg 1B). This screen was carrled ot 1o identify if pymazinib (P3) and
22 P series compounds (Table 1) produced greater anti-anghogenic
activity compared to quinoline series compound quininlb {Q1) from
which pyruzinib (P3) was derived. Quininid (Q1) has previously been
shown to inhibit both ocolar ad tumonr anglogenesis in-vivo and (v
wo [29,30]. A dose respanse profile was conducted at 1, 5 and 10 pM,

)
Vot
-
T 1o,
nhealeh natng
s ant hiwnas
g s 0 g
(3] —————— Vwant! A rty Bornms 18 W
: (/ L
o‘- —— -
Fig. 1. Pyrazinib (P3) and P senies compounds inhibit develop I
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with the most potent anti-angiogenic effect seen af 10pM (dats for 1 &
5 1M not shown), Pyrazinib (P3) and P sories compounds P2, P4, P18
and P20 produced the most potent antiangiogenic activity
(p < 0.0007) eompared to vehicle control. The most potent anti-an-
glogenic compound p b (P3), reduced ISV number by —67% at
10uM, whereas the guinoline compound guininid (Q1) produced a
reduction tn ISV number of ~35% in this screen, Furthermaore, the P
series compaunds, pyraxinib (P3) and P4 produced significantly greater
anti-angiogenic activity when compared dicectly to the quinoline
compound quininib (Q1) when tested at 10 pM (Fiyg. 18). Fluorescent
Images (¥1g. 1C) (llustrate the potent reduction in ISV number and loss
of vessel integrity following treatment with pyraxinib (P3) (white ar
rows indicate incomplete sprouting and absence of vessel growth) and P
series compounds (P2, P4, P18, P20), compared to controd and quino
line series compound gquininid (Q1). No gross moephological defects or
toxicities were abserved followlng treatment with pyrazinlb (P3) or any
other P series compounds tested in this assay, whilst there were some
nherations to skin pigmentation following treatment (Fiy 1C),

Based on this ranking of pyrazinib (P3) and 22 P series compounds,
it was decided to further test P serles compounds which produced sig-
nificant (P2, P4, pyrazinib (P3), P18 and P20) or no (P8 and P23) anti
anglogenic activity ino to determine if these compounds could also
Inhibir metabodism, in partewdar oxidative phosphorylation membo-
lism, which is strongly associated with mdioresistance in OAC.

3.2. Pyrazinid (P3) inhibas metabolism in 23(fif1:LGFP) zebrafish

Using Tg(fli):EGFP) embryos, pyrazinib (P3), 6 P series compounds
nnd quininib (Q1) of the quinoline series were screened for anti-mets
bolic activity as illustrated in Vig 2A, 26 hpf embryos were treated with
10 uM of test compound and anti-metabolic activity assessed at 50 hpl
using the XFe24 Seaharse analyser, Pymazinlh (P3), P2 and P4 sig-
nificantly reduced oxygen consumption mte (OCR) (p = 0.0076,
p= 00088 and p = 0.0194 respectively), a measure of oxidative
phospborylation, producing a reduction of between — 16% and 18%

in TR EGEP) xebrafish, (A) Imersegmeneal vessel assay schematic

6 hours post feerilisation (hed) TEONLEGET) embryos wore treated with compounds and fived and analysed ot 2 days post fertilisation (dpf) (B} Inhibizion of
Intersegmental vasculature growth in (W2 EGFP) zebrafish. 6 hpt embryos were treated with 0.1% DMSO Control, sunitinib 10 M, quininid (Q1), pyvzindd (P3)
und 22 P serdes compounds of 10 pM s indicated on graph. Number of intersegmental vessels was quantified at 2 dpf. Oneway ANOVA with Tukey post-tests
(n = 30 Dats expressed s mean & SEM; ‘p < 005, **p < 0.0) and ***p < 0001, (€) Representative Muorescent images [lsstrating GFP-positive intersegmeental
vessels ot low asd high magnification and beighaficld images of whole larvae at 2 dpt in TR(MI:EGEP) acbeafish treated with 0.1% DMSO Control, susiting, guininib

(Q1) pyraxinib (P3}, P2, P4, Pi% 20d P2D.
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Table 1

of P Series G
6, RI-RZ, A, X and ¥ to yleld P seefes of compounds.
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ds Table listing differonces in chemical strectures of P series compounds indicating where modifications were made to gromgs CL-

Componnd  Compound Cherniond Name A Q@ O U G e X Y ®n H2 Salt Chemibeal Stuowre Skekeon
" (63242 Dyradin- 2oyl vinyd )-phenct = Wi = = alkeme o

” (E3-2-(2-Pyradin 2.y vinyd) phened HC st = W = = Alkene ol HO

" (FY 242 Pyrazin 2.y) vinyl) pheool - N - - N atkene on Lt}
M (ER2-02 Pyrazin 2yt wingd spbennl HCI salt - N - - N alkene o o1 x

»s (B3 202 pryviin 4yl wind) plienad - - - N alkene oM A

e (E» 242 pyridin 4y vimyt) phened 3601 salt - - N alkene oM HO

” (BF2-( 246 Methyd gyrictn2-y1 ) wimyl } plrend M N - - alkene oM '

" (F}2(266 Methylpyridin 2y D alnyl fphhened I salt Me X - - Alkene oM HO "
™~ (E¥2-(2-(pyeidin-3 shiving | pbenol - - N - Alkene on

o (202 (pyeiddie- Byt ivimyphensl hydrchionde - - N - alkene on "o

[y (£ 242 Pyrain 271 propenyt) phenct -« W o o W alkese  Me O

a2 (202 Pyranin 241 propenyt ) phencl 1 salr - N - - N alkene Mo O [{[=]

ra (634 Mathyd- 242 pryracess-2 i3 vimyl) phesn] - K - - N Alkene oN M

" (ED A Nethy 1 242 pryvocie 240 3 ving 1) pherol HOL salt N - - N alkene oH Me  HO

s (MF-2-(2-Pyrimibstine 2-yt-viny [ phesol WY salt - N - - N alkme on L}

e (F)-2-02-Pyridin-2-y |- vemyd)-pynccne 1603 sadt - N - - N albime C=N HO

nr (632402 Pyraein 244 atoryl) Sevisarmble 1O salt - N - - N ulkene coN2 HO

i 22-{Pyvasin- wwnm = = = @ alkyro ol

rne 2-{2-(2-Math - N - - N Alkyse Ome

0 22 (Fyeasin 241 droch - N - - KN alkyee o Ao

Lca] (2F-2-(3-APyrazin-2- yl)mlﬂw-l - N - - N aalkime on

2 (3 2-(2- (b imidesed 2yl jphecul - N - - %X - ulme o

2 B22048 240 1 1 Dryddsoedehund - N - - N« alkeae OoH HO

(Fig. 28}, with both pyrazinib (#3) and P2 producing a simultancous
and significant reduction in extracellular acidificution rate (ECAR), a
measure of glycolysis, pyrazinib (P2) (p = 0.0059) and P2 (p = 0.0352)
(Fig. 2C). This significant reduction of both OCR and ECAR following
treacment with 10 M of pyrazinib (P3) and P2 illustrates the abllhy of
these P series compounds to target the two major boli

ulllody l'mnsmpomtk:l’amdl’nwhithpmdumdmeﬁnton
o in-vvo in zebrafish embryos also produced
mudmabdnmwhywbmlmmmmthemuom
model (Fig. 18 and CEF). Purth ATP was significantly
higher in OE33R cells compared 10 OE33P cells (p < 0.0260) and
with pyrzinib (P3) significantly reduced ATP turnover in

oxidative phosphorylation and glycolysis, In summary, bﬂfw in zeb
rafish we identified three compounds of the P series; pyrazinib (P3), P2
and P4 which inhibit both angiogenesis and metabolism & significant
finding given the well reported rode of anglogenesis and metaballsm,
particularty axidative phasphorylation in radioresponse in OAC.

3.3 Pyraxinih (P3) significantly afrers matabolic rates in OEI3P
(radiation-sensittve) and OE338 (rediation-resistant) lsogemic QAC cells

To lavestigate if pyrazinib (P3) and P serles compaunds could also
inluce a reduction in oxidative phospharylation and glycolysis when
tosted In an t-vimo moded, we used an Sogenic OAC cell line model of
radioresistance, OE33P; radiationsensitive and OE33R; radioresistant
cells, which was previously geoerated bn our lnboratory (:Ul TIn effect

OE33R cells (p = 0.0168) (Fiy * G). No dlﬂ!mm were seen in
maximal respiration and spare resg b the two
mnumutmmmmmmpmm(n)m; 3H, . In
summary, pyrazinib (P3) o small moleculo compound significantly In-
hibited axidative phosphorylation in radiation-sensitive (OE33P) and
radiation-resistant (OE33R) OAC cells and produced a simultaneous
reducticn in glycolysis in radiativa-resistant OE33R cells.

34, Pyrazinib (P3) reduced ROS levels in radvation-sensitive OE33P cells
with no effect on mitachandrial mass and mitochondrial membrane ur

Treatment with pyrazinib (P3) and P2 was previously shown to
reduce metabolic rate in the isogenic model of DAC, thus, we wanted to
investigate if this reduction ln m«nbolc rote was accompanied by
h in mitochondrial fi with our com-

of our compounds on two major bali h pbas
phorylation and glycolysis was assessed udng lh: Seahorse XFe24
analyser, Following 24 b treatment of OE33P and OE33R cells with our
compounds, simultaneous measurements of OCR and ECAR were re-
corded In live cells. Radioresistant OE33R cells produced o significantly
higher OCR at haseline when compared to OE33P cells (p = 0.05)
(Fig 2A) but no significant difference in ECAR was observed (Fiy. D),
24 h treatment with pyrazinib (P3) significantly reduced OCR in QB339
and OE33R cells (p = 0.0262, p = 0.0044) (Fig 18 and C), with a si-
multansous reduction in ECAR in OE33R cells (p = 0.0162) (¥ig. 2¥),
Tr with P2 produced a red in OCR alone in OE33R cells
(p = 0.0169), b ingly, the non glogeni logue P23 in-
creased OCR in OE33P cells (Fig. J8) and quinun'b (Q1) significantly
reduced FCAR In OE3IP cells only (g TE), No significant effect wis
seen following treatment with P4, the HCI salt of pyrazinib (P3), which
was previously shown to buve anti-sngiogenic and anti-metabolic ac-
tvity in zebeafish embryos in Figs. 18 and 2B. This screen demonstrated
the novel anti-cancer action of pyrazinib (P3) in its ability to produce
anti-metabolic activity in-wiero through the production of a stgnificant
reduction in OCR in both OE33P and OE33R cells and ECAR in OE33R

ol
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Ta lnvﬁ\tgum if uurmall Mﬂl our ¥ ames conpom induced
h I fi we jons in reactive
uuygcn speclel (ROS) levels, mitochondrlal membrane pulmdul uul
mitochondrial mass, three surrogate markers of mitochondri
OF33R cells were lazed with significantly higher basal levels of
ROS (p = 0.0151) when compared to age and passage matched OE33P
cells (Fig. 4A), Treatment with our P series compounds had o notahle
effect oo ROS production In OE33P cells (Flz. 4B) bat no changes in
ROS were observed following trestment in OEI3R cells (Fig. 1CL. 24 h
treatment with pyraxinib (P3), P2 and P18, P20 significantly roduced
ROS levels in OE32P cells (p < 0,01) with P4, P8 and P23 also indu-
clig & modest but significant reducsion n ROS Jevels (p < D.05) In
radiation-semsitive OE33P cells (Fig 48). There were no significant
differences in the other two suirrogal kers of mitochoodrial func-
tlon; mitochandrial membeane potential and mitochondrial mass either
between the two cell lines m baseline oc following treatment with
104M of P series compounds (Fiy. 4D-1). In summary, the potent anti-
metabolic activity of pyrazinib (P3) in OEZIR cells is independent of

o
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Run assay at 50 hpf Drug treat at 26 hpl
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Compound {10 uM) Compund (10 3M)

Fig. 2. Pyrazinib (P3) and P series analogues inhibit bolism In Tg(flil:EGFP) zcbrafish.(A) Schematic of zebrafish real time bolic peofiling assay;
26 hours post fertilisation (hpf) embryos were treated with P series compounds and metabolic peofile was asalywed at 50 hpf wsing the XPel4 Seabona Blosciences
analyser, (B) 26 hpf embeyos were trested with 0,1% DMSO as control or 10 M of P series compounds; quiniadd (Q1), pyrazinid (P3), P2, P4, P18, P20, P8 ar P23, a1
50 hpf basal OCH messurements were talken using Seahs XFe24 Amalyser, (0 = 5), (C) 26 hpf zebrafish embryos were treaced with (1.1% DMSO o
10 pM of quiminib (Q1), pyraxinib (P3), P2, P4, PI& P20, PS and P23, 31 50 hpf basal ECAR mesmurements using Seahore Diosciences XPe24 Analyser, (n = §1. Data
expressed &5 mean » SEM; Uapaived -1est. *p < 006, **p «< 001,

changes to mitochondrial function Including ROS production, mi- effect on the surviving fraction In either cefl Hine {Fig. 5 B, F) Indicating
tochondrial membrane poteatinl and mitochondrial mass. that targeting OCR as opposed to ECAR may be more impostant o
overcome radioreskstance in OAC cells. Notably, pyrazinid (P3), which

. X o produced the most potent anti-angiogenic activity fn-vive In zebeafish

3.5. Pyrasinib (P3) significantly enhanced rdiosenitivity in-vitro tn an embryos and significant anti-metabolic activity both invivo and in-vitro,
ksogenic model of ocsophageal adenocarcinoma could signlficantly reduce the surviving fraction In both radiation-sen-
sitive (p = 0,0295) and radiation-resistant cells (p = 0.0342) (Fig, 5C,

A Is and metabol are interconnected processes, tightly 0
G). In nddition, P4, the HCI salt of pyrazinib (P3), which was previous)
llnk:d 10 thc radioresistam phenotypc (41,341 \‘\c lm-lsﬂgiu.-d the £ s h:ve potent anti m'.. md(rnz oo npcd\'kv ‘-ny
ability of our small molecule compounds with anti ie and anti- vivo produced n si ol Qi 3
s gaificont reduction In surviving fraction in both
axidative phosphorylation activity, pyrazinib (P3) and other P series (et (p = 0.0373) and OEE3R cells (p = 0.0220) (g, 5 E, J). P2, a

compounds (P2, P4), to sensitise OAC cells to radiation. We carried out - ey gy \which bas 2 similar but distinctly different IUPAC structure
R tiom.genlc assay, the gold .mndard for nmsln_ 't mﬂlasensnﬂ'“fy [35), from pyrazinib (P3) and P4, significanty redwoed surviving fraction in
Following 24 b treatment with 10 M of quininib (Q1). pyraxiaid (P3),  (\paap colle (p = 0,0246) (Fls. 5D) and showed a trend, although not
P2 and P4 OE33P and OEI3R cells were elther lrvadiated (2Gy) or significant, towards & reduction In surviving fraction In the radio-
mock irradiated (0 Gy). We also tested ocher P series compaunds which o e (Fig. %H). This result indicated that small molecule com

had previously been shown to be anti-angiogenic and have no anti- ds which rously. shown to lishitdr {ogenesls br-vhvo
metabalic activity; P18 and P20 and two compounds which were nel- and inhibit oxmzhv’::qﬂmryhﬂon cither m,m:n;of;m or both
ther anti-angiog £ it balic, P8 and P23 (data not shown). could radiosensitise OAC oells to radiation, whereas compounds which

Quininib (Q1), which produced significant anti-angiogenic activity were antl-anglogenic bat do not inhiblt OCR, a measure of axidative
and a modest but significant reduction in ECAR in OE33P cells had no

2

284



AM Mackey et ol Cancer Lettors 447 (A19) 115139

(A) Oocr (B) OCR OE33P (C) P
.. —— § o g S
wm z = ; =
‘m ] il i
’ o o” :,acaoeapap o\,&oe.’w'&
(0) scan - S — {5 B
- = -
% ; R ; n-] s
é - i
&; &.;; :/sooe.e(ro,e /o‘&ééﬁ@(ﬁ

Compound (10 M) Compaund 110 oM

(G) (H) )
ATP Tumaover - Maximal Respration '-m. Respitory Capacity

- — - 3 -

. £ &

8 : 8

R R . 4 : - ’ L
- & K K & » & & _w‘.

& & & é" & o

4 A axld

Fig. 3. Py ih (P3) phosphorylation and glycolysis in OE33R: radloresistant QAC cells. (A) Oxygen consumgelon re (OCR),
2 mensure of oxidmive phosphorylativn was evaiuated in OEI3P and OEXIR cells using the Seahorse Biosciences XFe24 annlyser. OE33R cells have a significantly
higher OCIU when compared 10 OEFI8, rdi celly, two-tailed ungadred t2ed, *p < 005 (n = 13), (B) Reldative persostuge OCR 0 OE33P colle
following treatment with 0.1% DMSO costrol or P series compounds, (a « 7, except P3n « 12). (C) Percestage relative OCR In DE3IR cells following treatment with
0.1% DMSO cantrol ar novel compounds at 1OpM, (n = 7, except P3 n = 12), (D) Extracellular acidificntion rate (ECAR), a measure glycolysis was evalusted (o
OF3IP asd OF33R cells msing the Seah XFe24 extracellular Dux asalysor, (a = 7, except P3 a = 12). (E) Relative percentage FCAR in OF33P cells
following treatmest with control or 10 pM of quiniaib (Q1), Pyrazinib (P3), I'2, P4, P18, P20, P8 and P23 (n = 7, éxcept P23 n = 121 (F) Pyrazmlb {P3) produced
significant roduction in relative percentage BCAR (n OE33R cells (5 = 7 except 73 n = 12). (G) ATP tamover in OEIN and OEX3R cclls following treotment with
Q1% DSM0 or pyraxinib (P3), (n = 6], (H) Spare Respirntory copacity in OESIP cofix and OEIIR cells fallowing treatmont with 0.1 DMSO ce pyrazinib (P3),
in = 6], (1) Maximal respiration in DEI3P cells and OEIIR cells following treatment with 0.1% DMSO or pyrazinib (P3), (8 « 6). Data are expressed as mean + SEM.
Statistical smalysis was carried out uring am unpaired t-test (0 compare different cell lines and paired t-test to compare within the ssme cell lime. Data was normalised
1o cofl mumber, oy sssesond by eryvstal viedet assay. *p < 0.05,°p < 0,01, (For imtorpeetation of the references to cobor i this figure kegond, the reader is refernad o
the Web verslon of this anicle.)

Bineed

phasphoryiation (Q1, P18 and P20) could not Induce this effect nor
could compounds P8 and P23, which had neither anti-angiogenic ar
anti-metabolic activity (data mot shown), Notably, treatment with
10 M of pyrazinib for 24 h prior 1o radiation was found to be the op-
timal dose and treatment schedube to enhance mdiosensitivity in OE339
and OE33R cells (Fiy. 5C,G), (Supplemental Figure 2 A D),

285

3.6, Pyrazinid ($3) enhanced radiosensioiwity in-viro i an isopenic moded
of cesophageal ademocarcinoma at 2, 4 and 6 Gy X.ray radiarion

Ta further investigate the ability of pyrazinib (P3) to enhance
radiosensitivity in OAC we evaluated the shility of pyrazinib (P3) to
ridiosensinse OEJ3F and OE33R cells to radiation therapy at in
g doses of rad genic assay. As previously shown
pyrazinib (P3) enhanced radiosensitivity in OE33P and OE33R cells
(p = 0.0043, p = 0,0051 respectively) following 2 Gy irradiation

o
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Rg 4. Pyrnlnlb (P3) and P serdes compounds reduced ROS levels In the mdiation sensitve OE33P cells wlth no effect on mitochondrial mass and

drial L ial, (A) ROS leveds are significantly higher in radiation resistant OFI3R cells compared to OF33F; radi sensitive cells, twn-

1y

tailod ungsired Blest, (n = 4] *p < 005 (B) 24 h treatment with pyraxinib (P3) and | P series comp ds significantly roducsd ROS in OEXSP cells,
(n = 4). (C) Pyrazindd (P3) and other P series compounds tested had no effect on HOS feveds in ORISR cells following tresement at 10 M, {1 « 4). (D) Miwchoodeial
mass does not differ significantly between QEIIP and OEIIR cells, two talled unpalred t-test, (= 4) (E) 24 h reatment with 10 uM of P series compounds bad no
effect on mitochondrinl mms in OR3P cells, (n = 4) (V) 24 h trestment with 10 pM of P series compounds did not alter mitachondrial mass in ORI3N cells, (n = €)
(G) Mitochandeial b ind does ot differ significantly between GE3I3P and OFI3R cells, unpaired r1est, (n = 4) (H) 24 h reatsens with F0uM of F
series compounds hod no e«en on mitochondrial membrame potentinl in GEX3P cells, (n = 4) (1) 24 h treatment with 10 pM of P series compounds had no effect oo
mitochondrisl membeune potential in OEIIR colly, (0 = 43 Statistical wnatysis was corrind out asing an anpaiond c-te | o Sl coll Bines and palend &-test
10 compare within came cell Boe. Data wiss normalised w0 cell namber, determined by crystal vicdet assay. Data are expressed as mean + SEM; “p < 0.05,
*p < 001, *"'p < D.0OL (For interpretation of the references to color in this figure kegend, the reader is eeferred to the Web version of this amicle.)

g, 0 A, B In addition, pyrazinib (P2) enhanced radiosensitivity cultured under hypoxtc conditions (0.5% Oy) when compared to mat-

following irradiation at 4 Gy in OE33P (p = 0.0081) und OE33R cells
(p = 0.0139) and 6 Gy In OEI3P and OE33R cells (p < 0.0003,
p = 0.014] respectively).

3.7. Pyrasinih (P3) erhanced radiosensdtivity in-witro (n an (sogersk model
of oesophageal adenocarcimoma under hypaxic conditions

Hypoxic tamours are inheremtly radioresistant, thus we Investigated
the ability of pyrazinib (P3) to enhance rdiosensitivity in an en-
vironment of low oxygen (0.5% 0,). Both OE33P and OF33R calls were
significantly more radioresistant to both 2 and 4 Gy radiation when

286

ched cells cultured unler pormoxic conditions (. 7 A, B). Pyrazinib
(P3) significantly enhanced radiosensitivity of OE33R cells cultored
under hypoxic conditions following 4 Gy iradiation (Vig 7 D)
(p = 0.0216). Pyrazinib (P3) did not alter the radiosensitivity of OE33P
cells cultured under bypaxic conditians af 0.5% O but could ephance
radiosensitivity under normoxic conditions following 2 and 4 Gy frra-
diation stmilar to results previcusty shown (Vg 7C),
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Fig. S.Pyndnh('&). P!-dN-h.athnnﬂﬂvﬁyh—ﬁmhmlmm-«hlol phiageal Ad The effect of 24 h treatment with
P series pounds cn itivity (n.wiro was assessed by clonogesic assay. (A) Surviving finction of OF_'HP and OE3IR cells fdlowing 2 Gy radsation, OE3I3R
midioresistant cells have o significantly higher surviving fraction when compared to OE33P radi s ive ¢dly, (n = 3), unpaired ttest, *p < 005, (B)

Surviving fraction of OEIEP colls following treatment with guaninits Q1 + 2 Gy, (o « 3} (C) Surviving froction of O3 colls following tremtment with pyracini
(P3) + 2Gy, (n = 3), (D) Surviving fractian of OE33P cells followtng treatment with P2 + 2 Gy, (0 = 3) (E) Sunviving fraction of OE33P cells following reatment
with P4 + 2 Gy, (n = 1), (F) Surviving fraction of OEI3R celle folk with ib; Q1 + 2 Gy, [n = 3). (G) Surviving fraction of OEIIR cells
following tresitement with pyrazinib (P3) + 2 Gy, (n = 3) (H) Surviving fuﬂhm of OE33R nlb following trestment with P2 + 2 Gy, (n = 4), (I Surviving fraction of
OEI3R cells followlng treatment with F4 + 2 Gy, (0 = 4), Satisticul amsalysis by two tailed unpaired s-1est 10 comgpuare differons cell lnes and paired t1est 10 compare
within same cell lime. *p < 0.06 Data expressed as meon + SEM.

3B Pyrazinib (P3) significandly alters the secretion of IL-6, 114, IL-8 and mvitro in OF3IR cells,
11.-13 in OE3I3R radioresistart cells

Inflammation has previously been shown to be a negati 1 4. Di

of respanse to radiation treatment in OAC [23,24]. We munhl ta in-
vestigate the difference in inflammatory protein secretions from our To date, through phenotype-hased screens we have identified 3
OE33P and OE33R cells and evaluate the effect of treatment with out navel small malecule compaunds (pyrazinib (P3), P2 and P4) with

di it inib (P3) an indl ions in our significant anti-angi and anti boti uxlmy nvitro and in-
isogenic mudel We messured the effects olpym}mh {P3) on the pro-  vivo, which enhanced radi itivity in our isogenic model of OAC
win secretions of 54 anglogenie factors, growth factors and - radioresisnce. Pyﬂlﬂllm (F:l’) was selected as our lead compound
flammatory cytokines in OE33P and OE3IR cells following treatment which significantly rasedd itivity in our isogenic model of
with 10pM pyrazinib (P3) or vehicke control. Of the 54 factors ana-  OAC radioresi and was lated with significant angi-anglo-
lysed, 30 were detected within the range of detectivn in our isogenic genic, anti bolic and anti-i jors imvivo in zebrafish

radlaressstant OAC model. Of the 30 factors detected, 9 factors were  and bvitre bn our isogenic model of OAC mdmcmun« Tnmportantly
secreted at significantly higher levels in OE33R radioresistant cells pyrazinib (P3) produced significantly greater anti-angiogenic and anti
when compared to OE33P cells; IL-6, IL-4, IL-8, ICAM, IL-12p70, IL-2, metabolic activity, specifically in terms of turgeting oxidative phos-
1110, 1P-10 and MCP-1 (Flg #A-J), Pyrazinib (P3) significantly re- phorylation than its parent caompourdd quininib, and was assoclated
duced the secretions of 1L-6 (p = 0.0006) (Fig. 5A), L4 (p = 0.0111) with povel radiosensitising activity in an isogenic model of OAC
(Flg SBYL -8 (p = 0.0488) (Fig. 5C) and 1L-13 (p = 0.0204) (Fiy. 4 D) radioresistance.

Two of twenty-three of our P series compounds tested; pyrazinib

24
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o hyponin Mllowing witls 0.3% DMSO control oe 10 pM pyeseinid (73) and 0, 2, and 4 Gy imadiution, (s = 3), (D) Sarviviag fraction of OE33R
ceils cultured wader normoxia or hypavia following reatment with 0.1% DMSO control o 10 UM pyrazinib (P3) and 0, 2, and 4 Gy |rvaddation, (n = 3). Unpaiesd ¢
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H anet

(P3) and P4, & ated ic activity tham the
quinaline series compound qulnlnlh Qn ln the ISV assay. Pyrazinib
(P3) produced the most potent anti-angiogenic activity with a —67%
Mmhnhmlnumbumuredmcomwl The enhunced wati-

ivity produced by py ib (P3) and P4 of the I series
was an important mmm given that quininib, (Q1) a quinoline com-
pound from which pyrazinib (P3) was derived has been previously
shown to inhibit ocular and tumoural angiogenesis using intro and in-
v models and produces o potent anth-tumoural response (n a color-
ectal murine xenograft model [19,90]. Thes, our initial findings in
dicatod our novel small molecule compounds have more potent antl-
angiogenic activity than guinoline series d, quininib (Q1}, and
warran! further investigation in other model systems. The potent anti-
angtogenic activity of our novel compounds is an important finding

Tnctudi hall

to affect more than one biological process
counteract the complex polymod.l OAC udmuhum phnmtypt
[11,33). Thus, in addition to the anti-angiogenic activity produced by
pytazinib (P3) und other P serdes compounds, we lnvestigated whether
these campounds could also inhibit two major metabolic pathways,
oxddative phosphorylagion md glycolym bolh m-vlm and n-vitro given
the Impartant clati haryk and

b4

ported in OAC.
Lebrofish m hecomlng an increasingly popular model for cancer
research and the use of this model for metabolic screening and profiling
Is continuing to emerge [37], Pyrulnlb (P3), P2 and P4 significantly
duced OCR, a of phosphorylation in zebrafish
embryos, where pyrazinib (P3) and P2 produced a simultaneous re-
duction in ECAR, a measure of glycolysis. These findings suggess pyr-

e

y, Pyrazinib (P3) and P4,
ds in both zeb assays

ib (P3), P4 is a HC salt, thus,

given that vascul, has been ised a5 a critical com- uﬂnle)andPZmayhemngﬂdrcﬁeﬂaanutﬁupalnl
pooent of radias P [22], Ab and common to both b
dy-qulnedhloodﬂw' gh ! cun | the whmhwuemuf!h:mnuuve P
P of hypoxic regi which are associated with radio- have the same structural features. inchuding & (E)-2-(2-Pyridin-2.y1-
i 2 )Ccns liated In the p of oxygen are though vinyl)-phenol backbene but unlike pyrazi
10 be ~ 3 times more sensitive to irradintion thun those ) d in re- the highly potent activity produced by P3 and P4 is likely 1o be attri-
glons of severe hypoxia [12]. Im an phageal SCC ft model batable to these common structural features.

the administration of anti- nwmmmbhmadmhun(rh Endo)
in combipation with one dase of 8 Gy rradiation significantly delayed
tumour growth which was associated with remodelling of the tumoer
vasculsture and a reduction in hypoxia in wralts [16]. Ina
colon cancer xenograft model, an anti-VEGF moooclonal antibody In
combination with radistion had an additive effect. The anti-VEGF an-
tibody induced a i growth defay which was assockated
with a reduction ln tumour microvessel density and interstitiad fluid
pressure [34]), Tbm uudlea strongly support the development of 4
novel antiangi to b itivity. It is important to
conséder (hat lht TRULEGFP) zebeafish model used In this assay 1o

Additionally, in-vitro, pyrazinib (P3) and P2 produced a significant
duction in OCR a ¢ of oxidative phosphoeylation of ~ 32% and
~ 18% respectively in OE33R (radioresistant) cells with pyrazinib (P3)
producing o simultaneous reduction in ECAR, & meusure of glycolysis.
Notably, only pyrazinih (P3) produced significant anti-metabolic ac-
tivity in both the OE33P and radioresistant OE33R cells. We have
previously shown that OAC radio-resistant cells have an Increased rate
of oxidative phospborylation when compared to radiosensitive OAC
cells, thus, the potent inhibition of oxidative phospharylation produced
by our compounds is a significant finding in this model [11]). The higher
rate of oxidatlve phosphoeylation (n OE33R eadioresistant cells may

identify our patent anti-anglogenic compounds is a model of develop
mental angiogenesis, and not patholegical angiogenesis. Despite this, o
large number of agents currently used In the clinie including sorafenih
and regocafenib were previously shown to inhibit angiogenic acmily in
this zebeafish madel (6], Tn order to Identify povel radi

Indi these cells more than rads cells and
is thought to be a contributing bctot promoting the radio-resistont
phenotype given the importance of oxygen in the radioresponse, espe-
cinfly given that ATPSB, » marker of oxidative phosphorylation, is ex-

with potential therapeutic benefit, it is likely that such agents will need
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d at significantly higher levels ln OAC patients with a subseguent

pnnr response 10 neaCRY [11) Invbo, In HCT-116  xenografts,
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administration of metformin was found to prod
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& duced by irradintion, but on the contrary can pro-

& 7% redoction in

Xy ptlon rase and to bmp Tumour e ion [38].
In in these grafis, pee- with in befare
one dose of 15Gy Ireadiation produced o significant mmour growth
delay [38]. Targeting oxidative phosphorylation im-vivo with papa-
verine was found 1o enhance tumour oxygenation dn sensitise tumours
1o radiation thernpy [19), These studies Nghll;hl the potential of our
novel anti bolic agents to enh wtivity, especially as
wrumm 0’3) can pvoducc & much higher reduction In oxidative
than formin did in this study. ATP tumover was

dxnlﬂcnm!y mmr In OES3R cells when compared 1o OE33P cells,
g5 by our group [11). Pyraxinib (P3) could
sigmﬁ:nnﬂy inhibit ATP turnover in OE33R cells. This is an important
finding vvcnmunpmriwuwdydm d that the main e
of intracellular ATP levels following & was inted with a
radioresistant phenotype in head u\d oock cancer [40), The ability of
pyrazinib (P3) to reduce ATP tumover provides insight into bow pyr-
azinib (P3) 15 significantly inhibitieg oxidative phosphorylation In
OEJIR cells, The more potent anti-angiogenic and anti bolic ac-

&

o
A £

mote cellulu slgmlllu and proliferation, thus a reduction of the higher
levels of ROS in the OEXIR cells following treatment may confer a fa-
vourable advantage [45]. Tn addition, this result Indicates, the radio-
sensitising octivity produced by pyrazindb (P3) is Independent of
changes 1o ROS in OE33R cells. Our results suggest that our P series
compounds may be acting direct] nnlhm bolic pathways, in-
dependent of signifi h itoch I function.
Pym.!mb (P:!) md Pe, mmumty enhanced radiosensitivity In
both and radiati i OAC cells. #2 could
only enbance radiosensicivity In the rmuoomﬂnw OAC cells.
Impormantly, the quinoli d b, (Q1) and the P series
mpmmtwludnw Wlmmanbmmtomnmd
oxidative phosphorylation  could not  enhance radioresponse.
the enh g raxli ising effect was ind dent of
changes to cellular profiferation or cellular cy deity (Supplemental
Fig 1). These were dplﬁ:an findings which demonstrated that our
ltod nnoll lecuk Py Ib (P3), coukd enhance radio-

Fuarth,

tivity produced by pyrazinib (P3) than i par:nl cnmpnuml qulnlnlb
may be attributable to thesr different I

ity man i Mdufommwtmeu&mhqmu
currently do not exist In this space. In addition, our Jead compound,
pyrazinib (I73), could also significantly enhance radiascnsitivity when

targets. Quininib, a yuinofine compound, n-kmwncyndnyl leuko-
whene receptos 1 oand recepior 2 antaganist whereas hinding studies
have shown that pyrazinib (P3), a pyrazine phenol does not target this
molecular pothway [29). Furthermore, previous studies have indicated
that cancer cells can switch from a predomi glycolytic phenotype ta
an oxiclative phenotype following rodistion to promote cancer cell
survival under genotoxic stress via mTOR-medinted hexokinase 11 ine
hidition [417 and pS3-indey drial esis, which is
counter-rogulated by HIF1a [42). Thus, dusl inhibition of bath oxsda-

A PPN

tive phosphorylation and glycolysis by py ib (P3) in bi
with anti-anglogenic activity 1 [ bie. The lack of feedbuck upre-
gulation of ECAR following OCR inhibi suggests pyrazinib (P3) &s

xtlng um early point common o both pathways or there is a dys-
st In this isogenic model, In u pan-
creatic study inhibition ol OCR with oligomycin was not found to cause
an upregulation In ECAR [43), Furtheemore, mesabolism is tightly
linked to angiogenesis, as tumour vasculature supplies glucase to the
tamour which is used to fuel the tricarboxylic acid cydr l“l ‘l’lmc 'hu

given before 4 and 6 Gy irmadistion doses in both our OE33P and OE33R
cells. trradiation s & eritical treatment modality which is used in the
treatment of aver 50% of human malignancies with respoase to .
diatlon often inversely correlated 1o o reduction in tusour size (7], This
further highlights the importance of our identification of novel small
m&uﬂemmdswhdtanmhamwmuyinmxmm
model of OAC radiarest ly, dies have
been pr used to id gi itising ¢ ds in-vitro
which have bmm Inger translated to radiosensitising qgom in the clinie,
an example of which is gemcitabine [46]. Thus, the clonogenic assay is
i useful tool for the identification of potential novel radiosensitising
ug:nls butllulmmmmmumxhumyshdlbemnplultydlbe

i Tumonr Forth pyrazinib (P3)
mﬂcmly enhanced radiosensitivity in OE339 and OE33R cells in-
dent of baseline ch to the expression of DNA repair genes

MLH1, SMUG1, MMSI9 and PARP] which have boen peeviousty linked
to radiation resistance in OAC (Supplemental Fig. ) (33).
Pre-treatment with pyrazinib (P3) could significantly enhance

use agents targeting both anglogenesis and oxidati
myhamﬂ.pwuuhmnmubeuulhedmmmﬁon
resistance.

fn-vitro, OE33R cells were found o bave significantly higher levels
of ROS when d 10 their hed OE33P colls which may be
linked to the | 4 levels of mitoch: ial mutagenesis in these
ceils [11], The higher levels of ROS in the OE33R line may be a product
of the i diat these cells underwent to become
m«mmmwmmmm&mm
radiation-resistunt cells when d o itive cells,

di itivity of OE33R radioresi cells following 4 Gy irrad
cultured under hypondc conditions, Oxygen is o potent radiosensitiver
and solid temours with aseas of hypoxia are the mest aggressive and
difficule tumours to trear (471, Hypoxia is heterogeneous across tu-
mours and can ch following di (48], Hypoxk
cancer cells are y mare to both ch herapy
radiotheropy lh-n thelr normoxic counterparts and contribute largely
to the devek and thus may serve as a

navel target to itivity. A number of have e-

st
1

3 A &

Treatment with our novel campounds pyrazinib (P3), P2, P4, P18, P20,
P8 und P23 significantly reduced ROS Jevels in the OE33P cells but no
effect was seen in the treated OE33R cells. This inhibition of ROS
specifically In our OE33P but not OE33R Hne was Ineresting and may
Indiciate pyrazinib (P3) and other P series compounds (P2, P4, P18, P20,
P8) can only alter inherently lower levels of ROS, as seen in OE33P

I dly developed hypoxia-targeting agents as a mechanism o en.
hance radioresponse, thus the ability of pyrazinib (P3) to maintain its
mdiosensitising effect under these conditions Is a critical finding. In
gastric cancer, the RNA polymerase inhibitor TAS106 was demon.
strated to radiosensitise gastric cancer cells and xenografis to leradin-
tion through its action on HIFla [49], The ability of pyrazinib (F3) 10
radi itise OAC radioresi cells undler nocmoxic and hypoxic

cells, with no activity on the higher ROS levels in OEQIR cells bl

mmm(nxmmmd.rmmnmmdsm
OE33P cells, could also reduce oxidative phospharylation in OE33P
cells, potentially indicating that these compourds are targeting ROS
generated from other processes outside the metabolic cyele, dm na
simultaneous reduction in holism is seen despite robust

in ROS produced by the other compounds. This result indicated that the
previows reduction in metabolic te by pyrazinib (P3) in OE33R cells i
independent of changes to mitochandrial function and the reduction of
either OCR or ECAR ar bmh by pyrazinib {P3) and P2 is possibly oc-
curring through an alt hanism. ROS is critical to the DNA
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ditions further highlights the p ial of this P d to functi
s a novel radiosensitiser in OAC

OAC & an inflammatory driven cancer and we aooghl w lnvumult
dife in indl v protein ions in our i model af
OAC rabioresistance, Nine of 30 detected Infl y and anglogend
factors were secreted at significantly higher levels in OEI3H radio-

cells when compared to OE33P cells; IL-8, [L-4, IL-6, IL-2, IL-

12p70, 1L-10, MCP-1, IP-10 and ICAM highlighting the potential im-
mmd&azhﬂamamandmgiogmicmdhmuinmdlo—
[ In OAC. Pyrazinib (P3) sig ly reduced the ons af
L6, IL-8, IL4 and IL-13 (revitro in oam edl;. Inflammation plays a
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critical role in disease outcome in OAC, given the increased risk of
cancer development and poor outcome for obese patients where altered
secretion of adipokines and cytokines from adipase tissue contributes o
pro-tumonrigenic envicanment 50,51, A previous study by our group
showed a significant increase in cesophageal and colorectal tumour cell
profiferation following culture with conditioned media from visceral
adipose tissue of centrally obese patients which may be loked to the
higher levels of IL6 and VEGF found in this tissue [52]. [L-6 and its
family members have bevn repeatedly linked with radioresissance of
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multiple tumour types including nasopharyngeal, liver, p oral,
and oesophageal cancer [25,53-57]. In a prostate cancer model, [1-6
inhibition enhanced mdipsensitivity an effect which was associated
with increased irradintion-induced ROS and oxidative DNA damage in
m amd inhibition nl M wldn expnalnn tn combination with ir-

is and d h i
ww [55). In addition, s almlwu was reparted 1o pwmou mdio-
resistance through enhanced DNA repair and prevention of apoptasis in
D133+ stem-like cells of lung cancer aftor radiation (53], Further-
more, L8 has also previously been linked with tumour radioresistance
[58]. Let-7e, a tumour suppressor microRNA, was shown to restore
radiosensitivity and Impair stemness of oral cancer cells through in
hibition IL-8 secretion [54). In another study, in n radioresistant oral
SCC xenogeaft, the administration of 1L-8 and [L-6 neutralising antl-
bodies sensitised the to irradintion which supports our findings
that inkibition of both 1-6 and TL-8 could contribute to enhanced
radiasensitivity [27). Similar to our findings, IL6 and IL-8 were present
a1 higher levels in mdioresistant tumowurs when compared to the par-
ental radiasensitive aral SCC {27}, Purth e, IL4 und IL-13
are closely related cytokines which have also been previously linked
with madioresistance, where the blockade of 1L-4/T1-13 mediated
phasphorylation of STAT6 produced a d in M2 polarization of
macrophages and was protective against macrophage-mediated radio-
resistance of inflammatory breast cancer [59]. Given the assaclation of
1L-6, [1-8, 114 and IL-13 with tumour growth and treatment resistance
in the Hteruture, the mhibitlon of secretion of these cytokines by pyr-
azinib (P3) may further sugment its anti-cancer effect. In summary,
pyrazinid (P3), a novel anti-anglogenic and anti-metabolic compound,
can significantly enhance radiosensitivity in an isogenic model of OAC
radioresistance and s tated with anti-inl sory activity
thmush its inhibition of 1L-6, 118, I1-4 and 1L-13 secretion from OE33R

Thmthlmmhwddmgdlxoverymmhmldmﬂ-
fied pyrazinib (P3) as & novel radiosensitiser in OAC which produced
rabust anti-anglogenic and anc-metabolic activity in-viw and in-wero
and significantly enhanced radiosensitivity in our isogenic model of
OAC mdioresistance under normoxic and hypoxic conditions. In addi-
tion, pyrazinib (P3) was shown to have significant anti-inflammatory
activity through its inhibition of IL-6, (L8, IL-4 and [L-13 inflammatoey

p tly, mviro studies utilise tumonr cells
mmnmm!quwﬁbwuhemmﬂngsmﬂmﬂxmduhﬂlﬂ
cells anel immune cells and it 15 possible the action of our compounds
may be altered in the plex invvo microenviroament. To
further progress our studies, It will be enitical to evaluate the effect of
our lead radiosensitising compound, pyrazinib (P3), ex-vw in human
pre-trestment OAC biopsies and imvivo in a murine model of OAC
radioresistance to further elucidate its thernpeuti il in the fu
ture.
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Abbreviations
bFGF  Basic Fibroblast Growth Factor
DMSO  Dimethyl sulfoxide
opf Days post fertilisation
ECAR Txtracellular Acidification Rate
EM Fmbryo Medlum
Hpi Houss post fertilisation
6 Interleukin 6
14 Interleukin 4
LI} Interlevkin 8
1-13  Imerleukin 13
sV Intersegmental Vessel
ICAM  Intracellular Adbesion Molecule 1
mTOR M. lian Target of Rapansyci
0AC Oesoph Ad A
OCR Oxidative Phosphorylation
NeoCRT Neoadjuvant Chemoradiation Therapy
scC Squamous Cell Carcinoma
TRG Tumour Regression Grade
RT Room Temperature

VEGF-A  Vascular Endothelinl Growth Factar A

Appendix A. Supplementary data

Supplementary data to this article can be found onlipe at hige
dalorg/ 101016/ ), canler. 2019,01.009,
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Abstract: Cisplatin (cis-dismminedichloroplatinum) is widely used for the treatment of solid
malignancies; however, the development of chemoresistance hinders the success of this
chemotherapeutic in the clinic.  This study provides novel insights into the molecular and
phenotypie changes in an isogenic oesophageal adenocarcinoma {OAC) model of acquired cisplatin
resistance. Key differences that could be targeted to overcome cisplatin resistance are highlighted,
We characterise the differences in treatment sensitivity, gene expression, inflimmatory protein
secretions, and metabolic rate in an isogenic cell culture model of acquired cisplatin resistance in
OAC, Cisplatin-resistant cells (OE33 Cis R) were significantly more sensitive to other cytotoxic
modalities, such as 2 Gy radiation {p = 0.0055) and 5-fluorouracil (5-FU) {p = 0.0032) treatment than
parental cisplatin-sensitive cells (OE33 Cls P). Gene expression profiling identified differences at the
gene level between cisplatin-sensitive and cisplatin-resistant cells, uncovering 692 genes that were
significantly altered between OE3 Cis R cells and OE33 Cis I' cells. OAC is an inflammatory-driven
cancer, and inflammatory secretome profiling identified 18 proteins secreted at significantly altered
levels in OFE33 Cis R cells compared to OE33 Cis P cells. IL-7 was the only cytokine to be secreted
at a significantly higher levels from OE33 Cis R cells compared to OE33 Cis P cells. Additionally,
we profiled the metabolic phenotype of OE33 Cis P and OE33 Cis R cells under normoxie and hypoxic
conditions. The oxygen consumption rate, as a measure of oxidative phosphorylation, is significantly
higher in OE33 Cis R cells under normoxic conditions. In contrast, under hypoxic conditions of
(1.5% Oy, the oxygen consumption rate is significantly lower in OE33 Cis R cells than OE33 Cis P
cells. This study provides novel insights into the molecular and phenotypic changes in an isogenic
OAC madel of acquired cisplatin resistance, and highlights therapeutic targets to overcome cisplatin
resistance in OAC.
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1. Introduction

Oesophageal cancer is the sixth most common cause of cancer-related mortality globally, and
unfortunately, the five-year survival rates remain low at <20% [1,2]. Oesophageal cancer consists of
two different histological subtypes: oesophageal squamous cell carcinoma (OSCC) and cesophageal
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adenccarcinoma (OAC) [1]. In recent years, the epidemiology of oesophageal cancer dramatically
shifted, wherein OAC is now the most prevalent subtype in the Western world [3]. The increasing
OAC incidence in Western countries has paralleled the increasing rates of obesity, which is a known
risk factor for OAC [4].

The current standard treatment of care for oesophageal cancer focusses on neoadjuvant treatment
with chemotherapy alone (neoCT) or in combination with radiation, and necadjuvant chemoradiation
(neoCRT) for locally advanced tumours prior to surgery [5]. Despite the improvements demonstrated
with neoadjuvant treatment versus surgery alone, only ~30% of patients achieve a complete
pathological response to neoadjuvant treatment, which is a proxy for improved overall survival [6].
Surgery offers the best chance of locoregional control, and necadjuvant treatment aims to reduce
tumour burden prior to surgery to improve post-operative outcome. Thus, it is critical to improve
response rates to neoadjuvant therapy to increase patient survival [5,7,8]. Treatment resistance is a
major cause of trestment failure, and it is crucial to understand the molecular mechanisms and markers
governing the treatment resistance phenotype.

Cisplatin is a platinum-based chemotherapy that is wsed to treat a wide number of solid cancers [V].
Cisplatin is administered as part of a neoadjuvant chemotherapy regimen, and is referred to as MAGIC
for the treatment of OAC [10], The MAGIC chemotherapy protocol consists of the administration of
epirubicin, cisplatin, and 5-fluorouracil pre-operatively and post-operatively [11,12]. One mechanism
by which cisplatin exerts its anti-cancer effect is through the generation of DNA lesions, resulting in
the activation of the DNA damage response and the subsequent induction of mitochondrial-mediated
apoptosis [Y], Initial responses to cisplatin are often quite promising; however, chemaoresistance
to cisplatin frequently develops, leading to treatment failure, and a poor response to neoadjuvant
treatment is associated with poor outcome. Thus, it is critical to understand the molecular mechanisms
goveming resistance to cisplatin in OAC. Our first findings investigate cross-resistance and sensitivity
to other cytotoxic treatments, including radiation and 5-fluorouradl (5-FU),

OAC is an inflammatory-driven upper gastrointestinal malignancy, and previous studies have
reported on the role of inflammation as a negative regulator of response to radiation treatment in
OAC [4,13]. Inflammation is linked with cisplatin resistance, and Cui et al. demonstrated that
interleukin-7 {TL-7) upregulation was associated with csplatin ressstance in glioma cells [ 14]. Targeting
IL-7 improved cisplatin sensitivity [14]. In the present study, we identify changes in the inflammatory
secretome in an isogenic OAC model of cisplatin resistance to increase our understanding of
inflammation in cisplatin resistance. Inflammation is also tightly linked to metabolism, as inflammatory
cells rely on metabolites generated from the metabolic cycde to maintain their function [15]. Tumours
rely on metabolism to fuel their growth, and altered energy metabolism is an emerging hallmark of
cancer [16]. Metabolic alterations correlate with treatment resistance in OAC, wherein increased
oxygen consumption is linked with a radioresistant phenotype in an sogenic model of OAC
radioresistance |17,15]. Furthermore, in a lung cancer model, cisplatin-resistant cells have significantly
clevated oxygen consumption rates compared to parental dsplatin-sensitive cells [19]. This paradigm
has not yet been explored in a cisplatin-resistant model of OAC

In this study, we examined the key differences in chemosensitivity, radiosensitivity, gene
expression, inflammatory secretions, and metabolism between matched OAC cisplatin-sensitive (OE33
Cis P) cells and OAC asplatin-resistant (OE33 Cis R) cells, Cisplatin-resistant cells are more sensitive
to radiation and 5-FU treatment than cisplatin-sensitive cells. Cisplatin resistance was associated with
a number of significant changes in gene expression, where KEGG pathway analysis identified four
pathways upregulated in chemoresistant OE33 Cis R cells, including pathways in cancer, tumour
growth factor (TGF)-beta signalling, Wnt signalling, and steroid biosynthesis. Eighteen proteins
were secreted at significantly altered levels in OE33 Cis R cells compared to OF33 Cis I, with 117
secretion at a significantly higher level from chemoresistant OE33 Cis R cells compared with OE33
Cis P cells. Metabolic profiling revealed that the oxygen consumption rate, as a measure of oxidative
phosphorylation, was significantly higher in OE33 Cis R cells under normoxic conditions (p = 0.0040).
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In contrast, under hypoxic conditions, the oxygen consumption rate was significantly lower in OE33
Cis R cells than in OE33 Cis P cells (p = 0.0078). This study highlights molecular and phenotypical
changes in an isogenic OAC model of acquired cisplatin resistance, and highlights key differences that
could be therapeutically targeted to overcome cisplatin resistance in OAC.

2. Results

2.1. OE33 Cis R Cells Are More Sensitive to Radiation and 5-Fluorouracil (5-FU) Treatment

The refative cisplatin sensitivity of the parental cell line, OE33 Cis P, and the age and
passage-matched cisplatin resistant subclone, OE33 Cis R, was evaluated by clonogenic assay.
The treatment of cisplatin-sensitive OAC cells with the [Csy of cisplatin was previowsly determined in
CCKS assay (Figure 1); 1.3 uM of cisplatin significantly reduced the surviving fraction of OE33 Cis
P cells to 0.303 compared to untreated OE33 Cis I cells, p = 0.0108 (Figure 2A). However, 1.3 uM of
cisplatin did not significantly alter the surviving fraction of OE33 Cis R cells {0.944 + 0.042 compared
to untreated OE33 Cis R cells), which in itself was significantly higher than the surviving fraction
of the OE33 Cis P cells treated with 1.3 uM of cisplatin, p = 0.0011 {(Figure 2A). A ~two-fold higher
cancentration, 2.8 uM of cisplatin, significantly reduced the surviving fraction of OE33 Cis R cells to
0,604 £ 0,045, which was a reduction of ~39%, p = 0,0043 (Figure 2A). Notably, OE33 Cis P cells were not
clonogenically viable with 2.8 uM of cisplatin. To investigate whether OE33 cells with acquired cisplatin
resistance had altered sensitivity to other treatments, we investigated the response to both clinically
relevant doses of radiation and 5-FU. The basal cell survival and radiosensitivity of cisplatin-sensitive
OE33 Cis I” cells and cisplatin-resistant OE33 Cis R OAC cells were assessed by clonogenic assay.
Basal cell survival was assessed in OE33 Cis I’ and OE33 Cis R to determine if in the absence of
any irradiation, there was a difference in surviving fraction, No significant difference was observed
between the two cell lines under basal conditions, indicating that there s no longer-term proliferation
differences between these cell lines, which might correlate with the altered radiosensitivity phenotypes
(Figure 2B). To assess whether acquired cisplatin resistance conferred altered radiosensitivity, OE33
Cis P and OE33 Cis R cells were either mock-irradiated or treated with a single dose of 2 Gy X-ray
radiation. Interestingly, OE33 Cis R cells were significantly more radiosensitive than OE33 Gis P cells,
p = 0.0055 (Figure 2C). Similarly, OE33 Cis R cells were significantly more sensitive to 5-FU compared
to the OE33 Cis P cells following 72 h of 5-FU treatment, p = 0.0032 (Figure 20), In summary, OE33 Cis
R cells were more radiosensitive and 5-FU cb itive when compared to the ¢ tal OE33 Cis
P cells.
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Figure 1. Oesophageal ad: rcinoma (OAC) cisplati itive (OEX3 Cis P) cells were significantly
mon: itive to cisplatiniinduced cell death than OAC cisplatin-resastant (OFE33 Cis R) cells.
The toxicity to a range of inc W conc ions of cisplatin in (A) OE33 Cis P and (B) OE33

Cis R cells following 48 h of ireatment was determined using a CCK-8 assay. The 48-h IC5, for (C€)
OE33 Cis P cells and (D) OE33 Cis R cells was 1.3 uM and 28 uM. respectively (n=3). ** p < 001,
*** p < 0.001 by an unpaired two-tailed #-test.
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Figure 2. Cisplatin-resistant (OF33 Cis R) oesophageal adenocarcinama cells are more radiosensitive
than cisplatin-sensitive (OE33 Cis P) oesophageal adenocarcinoma (OAC) cells, (A) The sensitivity
of cisplatin-sensitive (OE33 Cis P) and cisplatin-resistant (OE33 Cis R} OAC cells to cisplatin was
assessed by donogenic assay (n = 3). (B) There is no difference in the basal cell surviving fraction of
cisplatinsensitive and cisplatin-resistant OAC cells cultured in RPMI media, (n » 3), (C) Surviving
fraction of Cis P and Cis R OAC cells following treatment of one 2 Gy fraction of irradiation, (n = 3)
(D) The viability of the OE33 Cis R cells was significamly decreased compared to the OE33 Cis P when
treated with 12 uM of S-fluorouracil (5-FU) (n = 4). An unpaired (-test was used 1o compare between
different cell lines, and a paired f-test was used to comparne between the same cell line. Data presented
as +SEM * p < 005, ** P <001, *** p < D000

2.2. Gene Expression s Significantly Altered in OE33 Cis R Cells

OE33 Cis R cells have increased ALDH|1 activity, which is a marker of stemness, compared to
OE33 Cis P cells [20]. Thus, we investigated whether acquired cigplatin resistance was associated
with significant changes in gene expression by whole genome digital gene expression analysis, Of
the ~25,000 genes detected, 692 genes were significantly altered, 278 were upregulated, and 414 were
downregulated between OE33 Cis P and OE33 Gis R cell lines. Applying a threshold of 4 twofold
change expression, 42 genes were upregulated (Figure 3A), and 104 genes were downregulated
(Figure 3B) in the OE33 Cis R cell line compared to the OE33 Cis P cell line, Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway analysis identified four pathways that were significantly
upregulated in OE33 Cis R cells based on the gene expression findings, including: pathways in
cancer, TGF-beta signalling, Wnt signalling, and steroid biosynthesis (Table | A). Furthermore, cight
KEGG pathways were downregulated in OE33 Gis R cells, including the MAPK signalling pathway,
complement and coagulation cascades, RIG-I-like receptor signalling, sulfur metabolism, NOD-like
receptor signalling, cell adhesion molecules, B cell receptor signalling, and Notch signalling (Table 1B).
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In summary, OE33 Cis R cells with acquired asplatin resistance have a significantly altered gene
expression profile compared to matched cisplatin sensitive OE33 Cis P cells.

(A) (B)

Foldchange >2

Folchange -2

N

E :

% %
B | | |
LOW Gene Expression HIGH

b

Figure 3. OE33 Cis R cells have a significantly altered gene expression profile compared to OE33 Gis P
cclls. Heatmaps were generated from gene expression data after applying a fold change filter « two,
(A) Heatmap showing 42 genes that were significantly upregulated in OFE33 Cis R cells with a fold
change of greater than two, (B) Heatmap showing 104 genes which were significantly downregulated
In OE33 Cis R cells with a fold change of less than minus two, Gene expression values shown as

Fragments Per Kilobase of transcript per Million mapped reads (FKPM).
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Table 1. Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway analysis identifies significant
pathway differences in OE33 Cis P versas OE33 Cis R cells. (A) KEGG pathway analysls of gene
expression data identified four pathways that were significantly upregulated in OE33 Cls R celts

compared t0 OE33 Cis P celis. (B) KEGG pathway analysis of gene expression data identified eight
pathways that were significantly downregulated in OE33 Cis R cells compared to OE33 Cis P cells.
(A)
Number of Identified
KEGG Vathway Term Goints lnvoived P Value Gene Names
BMPY, PPARD, BMI2, BCR, I'TGS2,
Fsal 52K Pathways in cancer 13 529 x 107 EPASI, PIK3CB, FOXOI, KITLG,
MLH1, MMP'1, RACZ, WNTYA
b TG beta signaliing 6 120107 VPG INHEA, BMPY, 102, 1D1, $5T
pathway
hsa00100 5 terodd blosynthesis 3 2@ .107 CYP2701, LIPA, DECR24
hsalM310:Wnt signalling 6 919 x 30-2 SENFPZ, PPARD, RAC2, PRICKLE2,
pathway ' FRATZ, WNTYA
{B)
Number of Identified
KEGG Pathway Tenm G Tnvolved p Value Gene Names
FGFR3, PDGFA, RELE, CACNGS,
. CAUNGE NRIAL STKS,
e e ol 7 160w 14 IMIDP-FLAZGAB, RASGRP3, DUSPLA,
a4 JMID7, DUSP16, RRAS, HSPBI, TRAFS,
GADDYSE, PLA2GAE, TLTA, DUSPS
heallé 10 Complement and ’ 423103 PLATLCY.CFB, SERPINAL CFD, 2R,
_cougulation cascacles . PLAUR ,
hsalee22: RIG-T-ike neceptor P
6 200 « 1= TFIHD, ISGIS, ILS, IRF7, TRAFS, DHX58
sanal thway I 5, ILS, D
a2 Sulfur metabolism a 283 « 107 CHSTH, CHST13, SULT2H
healH62ENOD-Hke reeptor 5 98 » 2 8 4
signaling pathway 495 » 10 CXCLL, LS, IL1S, TRAFS, BIRC
Ias4514 Coll adhesion malecules - 250 « 102 ICAMI, CLDN9, CLIONS, ITGES, PVRL2,
(CAMS) y CD22, LICAM
nsar4662: 8 cell poceploe signaking 5 dih -2 RASGRP), C22, PIKSAPL MALTT,
¥ s VAVI
P33 Noech signaling 3 =
pailovay 4 8IS = 1 HES5, DTX2, DLL4, RBP)

2.3, Aciquisition of Cispiatin Resistance Results in an Alerted Inflannmatory Secretome

QAC is an Inflammatory-driven upper gastrointestinal cancer, and previous studies have reported
inflammation as a negative regulator of response to radiation treatment in OAC [13,21]. However, a link
between inflammation and clsplatin resistance in OAC has not yet been investigated. To determine if
cisplatin-resistant OE33 Cis R cells have an altered inflammatory secretome to cisplatin-sensitive OE33
Cis P OAC cells, a 47-analyte multiplex enzyme linked immunosorbent assay (ELISA) was conducted,
Twenty-three proteins of 47 analytes were detected in either one or both cell lines. IL-7 was secreted
at significantly higher levels from OE33 Cis R cells, p = 00191 (Figure 1A). Seventeen proteins were
secreted at significantly lower levels from OE33 Cis R cells compared OE33 Cis P cells, including
C-reactive protein (CRP), IL-12p70, IL-10, TNFx, macrophage-derived chemokine (MDC), intracellular
adhesion molecule 1 (ICAM-1), IL-6, IL-18, [L-13, serum amyloid A (SAA), TARC, IL4, IL-3, IL-1RA,
IL-Tex, IL-2, and IP-10, as shown in Figure 4 (p < 0,05). There was no significant difference in the secreted
Jevels of five of the 23 proteins detected; MCP-1, VEGF-A, VCAM, GM-CSF, and 1L-15 between the cell
lines (Supplemental Figure 1), OE33 Cis R cells have an altered inflaimmatory secretome compared
to cisplatin-sensitive OE33 Cis PP cells, where OE33 Cis R cells have reduced levels of a number of
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inflaimmatory chemokines and cytokines and vascular injury proteins except for [L-7, which is secreted
at significantly higher levels from OE33 Cis R QAC cells.

j Tﬁ

Figure 4, Inflammatory protein secretions are significantly different in cisplatin-sensitive (OE33 Cis
") versus cisplatineresistant (OE33 Cis R) OAC cells. The secreted levels of 47 proteins in Cis P and
Cis R cells was evaluated by multiplex ELISA; 23 proteins were detected in supematant of Cis P and
Cis R cells; 18 proteins were significantly different between the two cell lines, and interleukin-7 was
significantly higher in Cis R cells compared to Cis P cells. Secreted levels of (A) Interleukin-7 (1L-7) (B)
Conactive protein (CRP) (C) Interleukin 12p70 (1L-12p70) {D) Interleukin 10 (IL-10) {E) Tumour necrosis
factor o (TNF-x) (F) Macrophage-derived chemakine (MDC) (G) Intracellular adhesson molecule
1 {ICAM-1) (H) Interleukin 6 (1L-4) (1) Interdeukin 1# (TL-18) () Interdeukin 13 (11-13) (K) Serum
amyloid A (SAA) (L) Thymus and activation regulated chemokine (TARC) (M) Intereukin 4 (1L-4)
(N} Intesleukin 8 (IL-8) (O] Interleukin 1 receptor antagonist (TL-TRA) (F) Interlenkin 1o (1L-1x) {Q)
Interteukin 2 (1L-2) (R} Interferon gamma-induced protein 10 (IP-10) in OF33 Cis P and OE33 Cis R cells,
all secretions normalised to protein content. (n = 4). Unpaired Stest. * p <005, * p < 0.01, *** p < 0,001,
Date expressed as =SEM,

/ t v

W also compared our findings from our gene expression study (Figure 3) to our inflammatory
secretome data described in this section to determine if there was any overlap between the two datasets.
In both our gene expression data (Figure 38) and inflammatory secretome dataset (Figure 4G, 4N, 4F)
ICAM-1, [L-8, and IL-1ox were both expressed and secreted at significantly lower levels from OE33 Cis
R cells compared to OF33 Cis P cells (Table 2).

Table 2. Differences in gene expression and protein secretion values of ICAM-1, IL-8, and 1L-1x in
OF33 Cis P and OFE33 Cis R cells. This table shivws the mean values of data that wene used to calculate
the significant differences in gene expression and protein secretions previowsy ilhustrated in Figures 38
and 4G, 4N, 4P. Fragments Per Kilobase of transeript per Million mapped reads (FKPM).

OF353 Cis PMean  OFE33 Cis R Mean

OE33 Cis PMean  OE33 Cis R Mean Protein S ion Protein S tion

Protein Gene Expression Gene Expression

(pg/mL per pgiml.  (pg/mL per pg/mlL
b okerand e Protein) Protein)
ICAM-1 2526 608 365,64 254.39
IL-8 768 073 7I822.10 46]11.60
-1 149 27 2310 4.56

2.4, OE33 Cis R Cells Have an Altered Metabaiic Phenotype Compared to the Parental OE33 Cis P Cells

Altered mitochondrial function is linked with treatment resistance in OAC; thus, we wanted to
investigate the association between cisplatin resistance and metabolism in our moded of OAC-acquired
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cisplatin resistance [17]. To investigate whether cisplatin-resistant OE33 Cis R cells have altered
energy metabolism, we measured the two major energy pathway—oxidative phosphorylation and
glycolysis—using the Seahorse XFe24 analyser under normoxic and hypoxic conditions. OE33 Cis
R cells have a significantly higher (p = 0.0040) oxygen consumption rate (OCR), which is a measure
of oxidative phosphorylation compared to OE33 Cis P cells, under normoxia. However, the oxygen
consumption rate of OE33 Cis R cells was significantly lower than OE33 Cis P cells under low oxygen
conditions (0.5% O}, p = 00078, (Figure SA). There was no significant difference in the extracellular
acidification rate (ECAR), which is a measure of glycolysis, between the two cell lines under noemoxic
or hypoxic conditions (Figure 5B), To further investigate changes in cellular energetics both OE33 Cis P
and OE33 Cis R cells were treated with oligomycin {2 mitochondrial complex V inhibitor and antimycin
A (a mitochondrial complex [I inhibitor), which inhibit specific processes in the electron transport
chain. Oligomycin and antimycin produced a similar level of OCR inhibition in both OE33 Cis P
and OE33 Cis R cells, and there was no significant difference in the rate of ATP production or proton
leak between cisplatin-sensitive and cisplatin-resistant cells under normoxic or hypoxic conditions
(Figure 5C,D). Furthermory, treatment of OE33 Cis P and OE33 Cis R cells with the uncoupling agent
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) showed no significant difference in
maximal respiration rate between the cell lines (Figure SE). In addition, the rate of non-mitochondrial
respiration was not significantly altered between the two cell lines (Figure 5F). In summary, OE33 Cis R
cells have an alerted metabolic phenotype whercby they have a significantly elevated OCR compared
to parental OE33 Cis P cells under normaxic conditions, and OE33 Cis R cells have significantly lower
OCR under hypoxic conditions.
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ﬂgun 5. Cisplatin-resistant (OE33 Cis R) oesophageal adenocarcinoma cells have an altered metabole

p ype compared to cisplati ive (OE33 Cis P) cells under noemoxic and hypoxic conditions

(0.5%O4). (A) The oxygen consumption rate (OCR), which is a measurne of oxidative phosphorylation,

wars evaluated in OE33 Cis ' and OE33 Cis R OAC cells using the Seahorse Biosciences XFe2d

extracellular flux analyser cultured under normoxic and hypoxic conditions (0.5% Oy). OEX3 Cis

R cells have a significantly higher OCR when compared to OESS Cis P; dsplatin-sensitive cells, under

normexic conditions (n = 5), unpained -test, ** p < 0,01 (B) The extracellular acidification rate (ECAR),

which is a messure glycolysis, was evaluated in OE33 Cis P and OE33 Cis R cells using the Seahorse

Biosciences XFe24 extracellular flux analyser cultured under normaoxic and hypoxic conditions {(0.5%

Oy, (n = 5), unpairesd t-test. (C) Ditference in the rate of AT production in OE33 Cis I and OF33 Cis R

culls cultured under normoxic and hypoxic conditions (0L5% O4), (n = 5), unpained test, (D) Difference

in the rate of proton leak in OE33 Cis P and OE33 Cis R cells cultured under normoxse and hypoxic

conditions (0.5% Oy), (n = 5), unpaired #-test. (E) Difference in maximal respiration rate in OE33 Cis P

and OFE33 Cis R cells cultured under normoxic and hy poxic conditions {0.5% O3], (n = 5), unpaired

t-test. (F) Difference in non-mitochondrial respiration in OE33 Cis P and OF33 Cis R cells cultured

under normoxic and hypoxic conditions (0.5% Os), (n = 5), unpaired -test. Data presentod as +SEM.
3. Discussion

Cisplatin is a widely use chemotherapeutic drug for the treatment of solid cancers, including
OAC; however, the development of chemoresistance to cisplatin hinders the success of this agent [V].
Previous studies in cisplatin-resistant cancer cell lines of various tissue origin report mulliple
mechanisms responsible for enhanced resistance, and that the cisplatin-resistant phenotype is the
result of multiple microRNA, gene, and protein expression changes [22-24]. Molecular mechanisms
commonly associated with cisplatin resistance include alterations in DNA repair, drug mflux/efflux,
drug detoxification, cell cycle dysregulation, and evasion of apoptosis [25]. In this study, we sought to
characterise the key differences linked to nesistance in an isogenic model of OAC cisplatin nesistance,
including relative chemosensitivity and radicsensitivity, whole gene expression, Inflammatory protein
secretions, and metabolic phenotype.

Chemoresistant OE33 Cis R cells have a significant acquired resistance to cisplatin compared
1o cisplatin-sensitive OE33 Cis P cells. Interestingly, cisplatin-resistant OE33 Cis R cells are more

302



Pharmoceuticals 2019, 12, %) Mol 20

radiosensitive than matched OE33 Cis P cells. Cisplatin is often administered in combination with
radiation for the treatment of numerous solid cancers, including vesophageal, head, neck, and cervical
cancer [26-29]. Cisplatin has been widely shown to enhance radiosensitivity, which is potentially
through the non-homologous end joining (NHEJ) DNA repair pathway [30,31). As cisplatin is often
given in combination with radiation to improve response, it was surprising that OE33 Cis R cells are
more radiosensitive than OFE33 Cis P cells. OE33 Cis R cells can overcome cytotoxic insult from cisplatin
to & greater degree than OE33 Cis P cells, but cannot overcome radiation-induced DNA damage as
efficiently as they could before the acquisition of cisplatin resistance. Whilst it was unexpected that
OE33 Cis R cells are more radiosensitive, as DNA is the common target of both cisplatin and radiation,
the mechanisms of action in yielding lethal events, delivery methods, and repair systems as a result
of both treatments are very different, Cisplatin has to cross the plasma membrane and traffic to the
nucleus; this is a process during which it can be affected in several ways, such as influx via CTR], effiux
via ABC transporters, detoxification by glutathione, trapping in lvsosomes, altered trafficking between
the plasma membrane and the nucleus, as well as DNA repair proficsency [32,31). Radiation, on the
other hand, largely influences DNA damage through water radiolysis (70%), and has direct effects
on DNA bases (30%), but is also subject to energy transfer, glutathione scavenging, oxygen fixation,
and DNA repair proficiency [34]. Radiation is responsible for the induction of double-strand breaks
in DNA, whereas cisplatin treatment results in the formation of DNA adducts as a result of covalent
bonds |31]. Additionally, cisplatin largely employs homologous recombination and nucleotide excision
repair as its major pathways of repair, while radiation employs non-homaologous end joining, base
excision repair, single-strand break repair and, to a much lesser extent, homologous recombination,
Thus, the DNA repair mechanics that were employed by cancer cells following either radiation or
cisplatin treatment are quite different, and the significance of DNA repair in potentially driving this
phenotype requires further mechanistic investigation in the future. Furthermore, OE33 Cis R cells
were found to be more sensitive to 5-FU treatment compared to OE33 Cis P cells. A previous study
established cisplatin-resistant and 5-FU-resistant OAC OE1% cell fines [35], Interestingly, miRNA
expression profiling in the OE1Y cisplatin-resistant cell line and the OE1Y 5-FU-resistant cell line
identified a large number of miRNA that were significantly differentially expressed in comparison
to the relatively chemosensitive controls [2131]. In the OE19 cisplatin-resistant cells 18 miRNAs
were significantly dysregulated compared to controls (13 downregulated, five upregulated), of
which 11 were validated including: miR-455-3p, miR-200b-3p, let-7e-5p, miR-181b-5p, miR-125a-5p,
miR-181a-5p, miR-200b-5p, miR-31-5p, miR-200a-3p, miR-638, and miR-191-5p. Interestingly, the
miRNA expression profile of the cisplatin-resistant cell line differed from the miRNA expression
profile of the 5-FU-resistant cell line [23,31), The differential miRNA expression profiles may be
associated with the different mechanisms by which cisplatin and 5-FU induce eytotoxic damage.

The gene expression data that were presented in this study provide indications as to the potential
mechanisms associated with enhanced resistance to cisplatin in the OE33 Cis R cells compared to the
OE33 Cis I cells. Cell membrane transporter genes ATPIA3, ABCAIZ, TMEM199, and TMEM22 were
upregulated in the OE33 Cis R, and TMEMI56 and TMEM42 were downregulated, The existing
literature is limited with regards to these genes; however, they are members of cell membrane
transporter families, some of which are associated with transport and the cellular accumulation
of cisplatin, such as ATP7A /B and TMEM205 [25]. Upregulated Wnt signalling and the EMT pathway
are also associated with cisplatin resistance [36,37]. The upregulation of the PRICKLE2 gene may
contribute to an increase in Wnt signalling in the OE33 Cis R cell line [38]. The CDKNIC gene produces
the cyclin-dependent kinase inhibitor p57, which functions as a tumour suppressor in multiple cancer
types [39), Furthermore, the overexpression of p57 has been shown ta enhance cisplatin sensitivity
in-vitro via intrinsic mitochondrial apoptosis [40]. The downregulation of the COKNIC gene in the
OE33 Cis R cell line may contribute to the evasion of apoptosis and cellular resistance to cisplatin,
Interestingly, TGF-§ signalling, which was identificd by KEGG pathway analysis to be upregulated in
OE33 Cis R cells, has previously been linked 1o cisplatin resistance in nasopharyngeal and head and
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neck cancer; it would be of interest in the future to further understand the role Of TGF-¢2 signalling in
clsplatin resistance in OAC [41,42].

KEGG pathway analysis also revealed that the complement pathway was downregulated in
clsplatin-resistant cells; this was an interesting finding, as levels of complement C3a and Cda
of the dassically activated pathway have previously been shown to be predictive of response to
neoadjuyant chemoradiation therapy in OAC [13]. Considering this, we sought to investigate
the larger inflammatory secretome of OAC cisplatin-resistant OE33 Cls R cells compared to that
of cisplatin-sensitive OE33 Cis P cells. OAC is an inflammatory-driven cancer; thus, it is vital to
understand the potential contributions of inflammatory secretions to cisplatin resistance. OE33 Cis R
cells have a significantly altered inflammatory profile; only one protein, IL-7, was secreted at higher
levels from OE33 Cis R cells. Whereas, 17 proteins (CRP, 1L-12p70, IL-10, TNFa, MDC, ICAM-1, [L-6,
IL-13, TL-13, SAA, TARC, IL4, IL-8, IL-1RA, IL-1&, IL-2, and IP-10) were secreted at significantly lower
levels from in OE33 Cis R cells compared OE33 Cis I' cells. Three of the proteins detected—ICAM-1,
IL-1a and 1L-8—were also found to be altered at the gene level, where they were both expressed and
secreted at significantly lower levelsy from OE33 Cis R cells compared with OE33 Cis P cells. Ina
human glioma cancer model, the expression of [L-7 was positively correlated with the ICs; of cisplatin
in both cell lines and glioma patient samples, and the overexpression of IL-7 further increased cisplatin
resistance in glioma cancer cells {14]. This study supports our findings and further highlights IL-7 as a
potential mediator of cisplatin resistance in OAC. 1L-7 may be a useful therapeutic target for enhancing
cisplatin sensitivity in OAC, and this warrants further investigation in the future.

Interleukin-1 alpha (IL-1) is a potent inflammatory cytokine that plays a pivotal mle in the
inflammatory response [43]. 11L-1a was both expressed and secreted at significantly lower levels from
OE33 Cis R cells when compared to OE33 Cis P cells. Interestingly, IL-1e has previously been shown
to play a key role in cisplatin sensitivity in human ovarian cancer cells, whereby IL-1x was shown to
enhance sensitivity to cisplatin [44]. IL-1a given in combination with cisplatin was shown to enhance
the anti-proliferative effect of cisplatin, increase cisplatin uptake, and increase DNA-platination in
human ovarian OVCAR-3 cells [44]. Given that we have shown 1L-1a to be expressed and secreted at &
lower level in cisplatin resistant cells, it would be of interest to evaluate the potential chemosensitising
effect of combining TL-1ocwith asplatin in OE33 Cis R cells.

Similarly, intracellular adhesion molecule-1 (ICAM-1) was found to be both expressed and secreted
at significantly lower levels from OE33 Cis R cells compared to cisplatin-sensitive OE33 Cis P cells.
The role of ICAM-1 in carcinogenesis and drug resistance is often dependent on the cancer and cell
type. [ICAM-1 has previously been shown o have anti-cancer activity in numerous studies through
its recruitment of immune cells to the tumour [45-47], Furthermore, cisplatin treatment has been
shown to induce JICAM-1 expression in cancer cells; thus, it &s not surprising that [CAM-1 is found at
lower levels in the cisplatin-resistant cells compared to the OAC dsplatin-sensitive cells [45]. On the
other hand, in an cesophageal SCC cancer study, ICAM-1 was reported 1o enhance cisplatin resistance
and tumourigenicity in-vivo, However, it is important to note that this study was carried out in
immunodeficient mice [49], Thus, the potential of targeting ICAM-1 to alter cisplatin sensitivity in
OAC needs further exploration, as it has direct effocts on numerous cell types, including both cancer
and endothelial cells, and is reliant on interactions with the tumour microenvironment,

Infls tion and metabolism are tightly interlinked biological processes whereby inflammatory
cells rely on metabolites generated from the metabolic eycle to maintain thelr function. Given the
significant differences in inflammatory protein secretions from OE33 Cis R cells compared to OE33 Cis
' cells, we sought to investigate the metabolic profile of our model of acquired cisplatin resistance,
Cisplatin-resistant OE33 Cis R cells have an altered metabolic phenotype compared to matched OE33
Cis P asplatin-sensitive cells. OE33 Gis R cells have an —40% higher rate of oxygen consumption
rate than OAC cisplatin-sensitive cells, Interestingly, a previous study by Lynam-Lennon et al,
demonstrated that increased oxygen consumption rate was linked with a radioresistant phenotype
in OAC [17]. However, to date, the role of oxidative phosphorylation in cisplatin resistance in OAC
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has been underexplored. In a human ovarian cancer model of cisplatin resistance, SKOV3/DPP
cisplatin-resistant cells had a significantly higher oxygen consumption rate when compared to SKOV3
cisplatin-sensitive cells [S0]. The treatment of ovarian cisplatin-resistant celis with a Bol-2 inhibitor
was found to reduce the oxygen consumption rate and enhance cisplatin sensitivity [50]. Additionally,
astudy by Catanzaro et al. demonstrated that the inhibition of glucose-6-phosphate dehydrogenase
could sensitise cisplatin-resistant ovarian cancer cells to cytotoxic death, further highlighting the role of
the oxidative phosphorylation pathway in cisplatin resistance [51]. An elevated oxygen consumption
rate has also been linked to chemoresistance with other chemotherapies, such as 5-FUL A study by
Denise et al. demonstrated that 5-FU-resistant colorectal cancer cells have a significantly higher
oxygen consumption rate compared to parental 5-FU sensitive cells. Furthermore, an increased
oxygen consumption rate has also been linked to chemoresistance in docetaxel-resistant prostate
cancer cells, where treatment with metformin to inhibit oxygen consumption was found to increase
chemosensitivity [52]. Thus, it would be of interest to target oxidative phosphorylation in OAC
OE33 Cis R cells as a potential mechanism to enhance cisplatin sensitivity. Metabolism is also tightly
influenced by environmental conditions, whereby low oxygen conditions can result in the upregulation
of hypoxia-inducible glucose transporters [53]. Thus, we investigated the metabolic rate of OE33 Cis P
and Cis R cells under hypoxic conditions, The metabolic profile of OE33 Cis R cells is significantly
altered under moderate hypoxic conditions (0.5% O;), where OE33 Cis R cells have a significantly
lower oxygen consumption rate than parental OE33 Cis P cells. This result highlights the flexible
nature of OE33 Cis R cells, whereby they are able to adapt to environmental conditions and reduce
oxygen consumption rate in low oxygen conditions. Hypoxia plays a critical role i cisplatin resistance,
and hypoxic tumours often display a high level of resistance to clsplatin [54,55], Studies in lung cancer
have reported that hypoxia can promote the activation of autophagy, resulting in chemoresistance [55].
In addition, cisplatin-resistant lung cancer cells display a hypoxia-induced upregulation of p53,
resulting in the activation of p21 transcription, which results in the arrest of the cell cycle at the G0-G1
phase, ultimately reducing the effect of cisplatin [54). As dynamic regions of hypoxia are found in most
solid tumours, including OAC, it Is critical to understand how OE33 Cis R cells adapt to their tumour
microenvironment to determine the best method to target this cell population. The reduced OCR that
is seen in OE33 Cis R under hypoxic conditions is something that needs to be further evaluated in
future studies.

This study has investigated a number of key differences in an isogenic model of OAC cisplatin
resistance. Importantly, OE33 Cis R cells have a significantly altered gene expression and inflammatory
secretome profile compared to cisplatin-sensitive cells. In addition, cisplatin-resistant cells have
an altered metabolic profile under normal and low oxygen conditions. The molecular differences
identified in this study, including the increased sensitivity to radiation and 5-FU of asplatin-resistant
cells, provides novel insight into csplatin resistance in OAC, and has identified molecular processes
that could be targeted in the future as a means Lo overcome cisplatin resistance and improve therapeutic
outcomes for OAC,

4. Materials and Methods

4.1. Generation of the OE33 Cis P and OF33 Cis R Cell Lines

The human OE33 oesophageal adenocarcinoma cell line was obtained from the European
collection of cell cultures. The isogenic model of cisplatin-resistant OAC; Cis P (cisplatin-sensitive)
and Cis R (cisplatin-resistant) cells was generated as previously described [20). Briefly, the original
OE33 cells were split to generate two passage-matched flasks of OE33 cells. One flask was mock
treated, and the other was treated with a metronomic dosing of cisplatin. Both lines were developed
side-by-side and treated identically, differing only in being treated with vehicle or cisplatin until
cisplatin-resistant cells were developed.
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4.2. Prepmration of Chemotherapeutic Drugs

Stock solutions of cis-diamminedichloroplatinum (cisplatin) and 5-flurowracil (5-FU) were
prepared in phosphate-buffered saline {PBS) and dimethy! sulfoxide {DMSO), respectively. Solutions
were sterile filtered and then aliquoted and stored at —20 "C. Prior fo use, the solution was incubated
at 37 “C and mixed thoroughly.

4.3, Determiming 1C of Cisplatin for OE33 Cis P amd OE33 Cis R Ceils b Using Cell Counting kit-§ {CCKS)
Assay

OE33 Cis P and OE33 Cis R cells were seeded at 5 % 10° cells /200 L in complete Roswell Park
Memorial Institute (RPMI) 1640 medium supplemented with 10% fetal calf serum (Lonza, Basal,
Switzerland) and 1% penicillin-streptomycin (Lonza, Basal, Switzerland) in a Y6-well flat-bottamed
plate and incubated at 37 °C, 5% CO; overnight. Media was replaced with 180 uL of fresh complete
RPMI and cells were treated with 20 ul. of cisplatin at a range of increasing concentrations (U, 0.01, 1,
10, 50, 100, 200 uM), Cells were incubated for 48 h at 37 °C, 5% CO, /95% air. 10 pL of cell counting
kit-8 (CCKS) assay solution (Sigma-Aldrich, Missouri, USA) was added to each well after 48 h. Cells
were incubated at 37 “C, 5% CO; for 1.5 to 2 h until appropriate colour development was observed.
The absorbance was measured at 450 nm using a VersaMax microplate reader (Molecular Devices,
Sunnyvale, CA, USA),

4.4, Clonogenic Assay

QE33 Cis P and OE33 Cis R cells were trypsinised, counted, and seeded at the optimised densities
of 1-25 » 107 in 15 mL of complete RPMI, in triplicate in six-well plates and allowed to adhere
overnight, For chemosensitivity assays, cells were allowed to adhere for 24 h following which time
they were treated with vehicle control or cisplatin. OE33 Cis I cells were treated with 1.3 pM of cisplatin,
and OE33 Cis R cells were treated with edther 1.3 pM or 2.8 uM of cisplatin. For radiosensitivity assays,
cell were seeded and allowed to adhere for 48 h following which time OE33 Cis PP and OE33 Cis R
cells were either irradiated with 2 Gy (dose rate 173 Gy /min 195 KV 15 mA) or mock irradiated,
Colonies were allowed to grow for 7 to 14 days, at which point they were fixed and stained with crystal
violet (0,5%/ 25% /v methanol) and allowed to air dry. Colonies consisting of 50 cells or more were
counted using a colony counter (GelCount, Oxford Optronix, Oxford, UK). Plating efficiency (P'E),
which is the fraction of colonies formed by untreated cells, was calculated using the formula: PE «
No. colonies/No. cells seeded. The surviving fraction (SF), which was the number of colonies formed
following treatment, and was expressed in terms of PE, was calculated using the formula: SF = No.
colontes /(No. cells seeded x PE),

4.5. Irradiation

Irradiation was performed using a XStrahl X-ray generator, (R5225), at a dose rate of 1.75 Gray
per min,

4.6. RNA Extraction from Cell Lines

For total RNA extraction and purification, including miRNA, the RNeasy Mini Kit was used
as per the manufacturer’s instructions (Qiagen, UK). Sterile RNase and DNase-free filter tips were
used throughout all of the RNA experiments (TipOne Starlab, UK). Cell pellets (<5 x 104 cells) were
resuspended in 350 ul of RLT lysis buffer and pellets >five » 104 cells were resuspended in 600 ul of
RLT lysis buffer. One volume of 70% ethanol was added to the lysate and mixed well by pipetting,
RNeasy mini columns were inserted into the top of two-mL collection tubes. Up to 700 ul of the
lysate was added to the columns, which were then contrifuged at 8000 ¢ for 15 seconds at room
temperature (RT). A 700-ul volume of RW1 buffer was added to the column, and centrifuged 8000x g
for 15 seconds at RT. The flow through was discarded, and 500 uL. of RPE buffer was added to the
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column and centrifuged at 8000 g for 15 s at R, The flow through was discarded, and 500 pl. of
buffer RPE was added to the column and centrifuged at 8000 x g for 2 min at RT. The flow through
was subsequently discarded, and the column was transferred to a new 1.5-mL collection tube. A 20 to
50-uL volume of RNase-free water was pipetted directly onto the column membrane and centrifuged
for 1 min at 8000 % g to elute the RNA from the silica membrane of the column. The concentration
and purity of the eluted RNA was measured on the NanoDrop ND-1000 (Thermo Scientific, Delaware,
USA). Then, RNA extracts were stored at —20 °C in the shaort term (<ooe month) ar —80 °C in the long
ferm (>one month).

4.7, Digital Gene Expression Sequencing

The gene expression sequencing was outsourced to LC Sciences (Texas, USA). Briefly, six pg total
RNA from three biological replicates was prepared in 50-uL of DEPC (diethylpyrocarbonate) water, five
1l of 3M of NaOAc, pH 5.2 and 15 ul. of absolute ethanol to give a final volume of 205 pl.. Samples
were stored at — Bl “C prior to shipping on dry ice. High-throughput sequencing was performed using
Mumina sequencing by synthesis technology. LC Sciences provided analysed gene expression data
and KEGG (Kvoto Encycdopaedia of Genes and Genomes) analysis. Gene expression abundance was
normalised and evaluated in FPKM (Fragments Per Kilobase of transcript per Million reads) using
the Cuffdiff module of Cufflinks_v22.1. The g-value was representative of a false discovery rate
(FDR) adjusted p-value < 0.05. The fold change in gene expression was calculated from the equation:
Jog2 (OE33 Cis R FPKM /OES33 Cis P PMK). Pathway analysis was performed with EASE (Expression
Analysis Systematic Explorer). The KEGG pathway p-value is based on the EASE score: a modified
Fisher exact p-value that measures if the probability of the (count/list total) is more than random
chance compared to the background list (pop hits/pop total), where ‘count’ is the number of significant
genes in a pathway, ‘list total” is the number of genes in the submitted list associated with the category
(e.g., KEGG pathway), ‘pop hits’ is the number of genes in the background list associated with the
term, and ‘pop total’ is the number of genes in the background list associated with the category. Fold
enrichment was calculated as (count/list total)/{pop hits/pop total). The lower the p-value, the more
enrichment of the term. Gene expression changes were considered significant if the p value was <005,
Heatmaps were generated using the ‘pheatmap” package for the R project for statistical computing
(version 35.1) [56,57).

4.8. Multiplex Enzyme Linked Inonunpsorbent Assay (ELISA)

Supernatant from OE33 Cis P and OE33 Cis R cells were defrosted on ice. The secretion of
cytokines and angiogenic growth factors was analysed by ELISA as per the manufacturer's instructions.
To assess angiogenic, vascular injury, inflammatory cytokine and chemokine secretions, a 47 multiplex
kit spread scross seven plates was used (Meso Scale Diagnostics, USA). The multiplex kit was used to
quantify the secretions of CRF, Eotaxin, Eotaxin-3, GM-CSF, ICAM-1, IFN-y, IL-10, IL-12 /IL-23p40,
IL-12p70, 1L-13, IL-15, IL-16, IL-17A, IL-17A/F, IL-17B, 1L-17C, 1L-17D, IL-1RA, IL-1e, IL-1B, IL-2,
1L-21, IL-22, IL-23, IL-27, IL-5, IL-3], IL-4, IL-5, IL-6, IL-7, [L-8, IL-8 (HA), 1L-9, IP-10, MCP-1, MCP-4,
MDC, MIP-Tex, MIP-1§, MIP-3c, SAA, TARC, TNF-a, TNF-f, TSLP, VCAM-1, VEGF-A from OE33 Cis
I and OE33 Cis R cell supernatants from cells that had been seeded at 250,000 cells per well for 48 h,
Secretion data for all of the factors was normalised appropriately to cell lysate protein content using
the BCA assay (Pierce),

4.9. OCR and ECAR Measurentents in Cis P and Cis R Cells

OE33 Cis P and OE33 Cis R cells were seeded in five wells per treatment group at a density
of 18,000 and 20,000 cells/well, respectively, in 24-well cell culture XFe24 microplates (Agilent
Technologies, Santa Clara, CA, USA) at a volume of 100 ul. and allowed to adhere at 37 “C in
5% CO%/95% air. Five hours later, an additional 150 pL/well complete cell culture RPMI medium was
added. Following 48 h of incubation, media was removed and cells were washed with unbuffered
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Dulbecco’s Modified Eagle’s medium (DMEM) supplemented with 10 mM of glucose and 10 mM of
sodium pyruvate, (pH 7.4) and incubated for one hour at 37 °C in a CO,-free incubatoe. The oxygen
consumption rate {OCR) and extracellular acidification rate (ECAR) were measured using a Seahorse
Biosciences XFe24 Extracellular Flux Analyser (Agilent Technologies, Santa Clara, CA, USA}). Three
basal measurements of OCR and ECAR were taken over 24 min consisting of three repeats of mix (three
min}/wait (2 min)/measurement (3 min) to establish basal respiration, Three additional measurements
were obtained following the Infection of three mitochondial inhibitors Induding oligomycin (Sigma
Aldrich, Missouri, USA), antimycin-A {Sigma Aldrich, Missouri, USA) and an uncoupling agent
Carbenyl cvanide 4-{tnfluoromethaxy)phenylhydrazone (FCCT) (Sigma Aldrich, Missouri, USA). ATP
turnover was calculated by subtracting the OCR post oligomycin injection from baseline OCR prior to
oligomycin addition. Proton leak was calculated by subtracting OCR post antimycin-A addition from
OCR post oligomycin addition. Maximal respiration was calculated by subtracting OCR post antimycin
addition from OCR post FCCP addition. Non-mitochondrial respiration was determined as the OCR
value post antimycin-A addition. All of the measurements were normalised to cell number using
the crystal violet assay, transferring the eluted stain to a 96-well plate before reading. For seahorse
experiments carried out under (0.5% O;) hypoxia, cells were seeded under normoxic conditions and
allowed to adhere for 6 h at 37 "C 5% CO, /95% air, following which time they were placed at 37 °C
0.5% O3 5% CO; in the H35 Don whitley hypoxstation for 48 b, and seahorse measurements were
carried out under hypoxia (0,5% Og) in the i2 Whitley station using the same protocol for measuring
rate as described for normoxic conditions.

410, Crystal Violet

Cells were fixed with 1% glutaraldehyde (Sigma-Aldrich, Missourd, USA) for 15 min at RT.
The fixative was removed, and cells were washed with PBS and stained with 0.1% crystal violet for 30
min at RT. Plates were left to air dry and incubated with 50 ul of 1% Triton X-100 in PBS on a plate
shaker for 30 min at RT. Absorbance was read at 595 nm on a VersaMax microplate reader (Molecular
Devices, Sunnyvale, CA, USA),

4.11. Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 5 software (GraphPad Software,
CA, USA). Scientific data were expressed as mean + standard error of the mean (SEM). SEM was
calculated as the standard deviation of the original samples divided by the square root of the sample
size, Specific statistical tests used are indicated in figure legends. For all of the statistical analysis,
differences were considered statistically significant at p < 0,05,

Supplementary Materials: The folkowing are available online at herp / /wwwomdpl.com / 1424-8247 /13 /1 /33 /61,

S1: Inflammatory protein in cisplatin sensitive (OE33 Cis 1) versus cisplatin resistant (OF33 Cis R) OAC
cells, The secreted bevels of 47 proteins in Cis P and Cis R cells was evaluated by multiplex ELISA, 23 proteins
were detected in supernatant of Cis P and Cis R cells, there was no significant difference in secreted levels of
(A} Monocyte chemoattractant protein-1 (MCP-1) (B) Vascular u\dodu-lml gmwth factor (VEGEF-A) {C) Vascular
adhesion molecul 1 (VCAM-1) (D) Granulocyte- phage colony-ati g factor (GM-CSF) (E) Interdeukin
15 (IL-15) i OFE33 Cis P and OE33 Cis R cells, all secretions normalised to PIDMH contunt. {n = 4). Unpaired !-test.
Date expressed as & SEM.
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Abbreviations

5FU Fluorauracil

Cis Cisplatin

ECAR Extracellular Acidification Rate

ELISA Enzyme Linked lmmunosarbent assay
DMEM Dulbecco’s Modified Eagle’s medsum
-1 Interdoukin 1 alpha

7 Interbenkin 7

L8 Interdenkin 8

JCAM-1 Intracellular Adhesion Motecude |
KEGG Kyoto Encyclopedia of Genes and Genomes
MIRNA Micro dbonuclesc acid

NeoCRT Neoadpuvant Chemaradiation Therapy
NHE] Non Homologous end joining

OAC Oesophageal Adenocarcinoma

OCR Oradative Phosphorylation

PE Plating Efficiency

RMIM Roswell Park Memorial Institute medium
SCC Squamous Cell Carcinoma

SE Surviving Fraction

TCE-p Transforming Growth Factor Beta
VEGF Vascular Endothelial Growth Factor
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