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Thesis Abstract

The increasing incidence of oesophageal adenocarcinoma (OAC) parallels the rapidly rising 

incidence of obesity. OAC is an exemplar model of obesity-associated cancer, with an increasing 

focus on the role of visceral adipose tissue (VAT). OAC confers a poor prognosis with five year 

survival of 20-40% in locally advanced diseased The current standard of care involves 

neoadjuvant chemoradiotherapy (NA-CRT). Tumour response to NA-CRT is the best predictor of 

survival, but resistance to therapy remains a significant clinical problem with only 15-30% of 

patients achieving a complete pathological response (pCR). The identification of biomarkers and 

molecular mechanisms of radioresistance would be of substantial clinical benefit, and is critical for 

improving the efficacy of treatment. Obesity is associated with the pathogenesis and progression 

of OAC, but the interaction between obesity and treatment response is unknown. Genomic 

instability is a hallmark of cancer associated with obesity. We hypothesised that genomic 

instability events are implicated In the interaction between obesity and the radioresponse in OAC.

We have shown that OAC patients treated with neoadjuvant chemoradiotherapy (NA CRT) who 

were overweight or obese, are more likely to have a lower pathological T stage at surgery 

compared to normal weight patients, despite having similar clinical T  stages prior to treatment 

and these patients are more likely to achieve a good TRG response (TRG 1-3) compared to 

normal weight patients. Using radioresistant (OE33R) and radioresponsive (OE33P) oesophageal 

adenocarcinoma (OAC) cell lines, we demonstrated that adipose conditioned media (ACM) 

decreased radioresistance in vitro.

This interaction between adipose tissue and the isogenic model was characterised in terms of cell 

cycle distribution, adipokine receptor gene expression, and ACM metaboiomics profile. OE33P 

cells treated with ACM had a lower proportion of cells in the more radioresistant S phase 

compared to cells treated with control media, while OE33R cells treated with ACM had a lower 

proportion of cells in the more radioresistant S phase but a higher proportion of cells in Go/Gi 

phase. These differences were small however, suggesting that other mechanisms must play a 

greater role in affecting radioresponse in OE33P and OE33R. Given that cell cycle distribution did 

not explain the alteration in radiosensitivity induced by ACM, we examined the role of adipokines 

in the ACM. We assessed the expression of a panel of four adipokine receptors in the two cell 

lines: adiponectin receptor 1 (ARl), adiponectin receptor 2 (AR2), leptin receptor (LepR) and 

neuropilin 1 (NRPl). We demonstrated that adipokine receptor expression differs between OE33P 

and OE33R; ARl and AR2 expression was higher in OE33P compared to OE33R, while LepR and 

NRPl expression was lower in OE33P compared to OE33R, and the same trend was observed in 

OAC patient pre-treatment biopsy samples from patients who achieved a good TRG (TRG 1-3) 

compared to patients who had a poor TRG (TRG 4-5). To further investigate how ACM exerts a 

radiosensitising effect on the cell lines, comprehensive analysis of a full metabolomic screen was



performed on ACM, which revealed the metabolites responsible for the separation of non-cancer 

and OAC ACM. The most discriminating metabolites included lactate, threonine, glucose, lysine 

and valine. Concentrations of lactate, threonine, lysine and valine were significantly higher in the 

ACM of OAC patients, whereas glucose was significantly higher in the ACM of non-cancer 

patients. Obesity status influenced the metabolomic profile of OAC patients; non-obese OAC 

patients demonstrated higher levels of lactate and lower levels of alanine and pyruvate compared 

to obese OAC patients.

Having shown that adipose tissue influences radiosensitivity in OAC; next we investigated if 

telomere dysfunction was implicated in the interaction between obesity and radioresponse. Our 

study demonstrated that ACM promotes telomere shortening and dysregulation of telomerase and 

the shelterin complex, and that obesity status influences TERT gene expression in OAC patients. 

TERT, TEPl, DKCl and TINF2 expression, but not telomere length, were associated with 

radioresistance in the isogenic model. This study also revealed that adipose tissue drives the 

genomic instability events anaphase bridge formation and spindle assembly complex 

dysregulation; obese OAC patients demonstrate a significant increase in MAD2L2 expression 

compared to non-obese patients. Furthermore, anaphase bridge levels were higher in 

radioresistant compared to radioresponsive oesophageal cancer cells.

Our next goal was to screen and identify the chromosomal aberrations that distinguish OE33P 

from OE33R, and that may be correlated with clinicopathological characteristics of radioresponse 

in OAC patients using array comparative genomic hybridization (CGH). The results showed that a 

deletion located on chromosome 9 in OE33R (9p24.2-21.3) was a significant area of copy number 

variation between the two cell lines. Hence, detection of 9p deletion might be helpful in the 

prediction of clinical outcome of patients with OAC. Several targets from this chromosome were 

investigated in our isogenic model, and significance was detected for IL33, located at 9p24.1. A 

trend of increased IL33 expression in responder compared to non-responders was detected in 

patient samples; however, the differences in expression were not statistically significant. 

Increasing the number of patients analysed for more accurate prediction is necessary, in addition 

to extensive validation of predictive classifiers in prospective clinical trials.

This study highlights a potential link between visceral adiposity and the biology, in particular 

radioresistance, of OAC. This study demonstrated that adiposity influences radiosensitivity, and 

drives genomic instability events in OAC, particularly radioresistant OAC. Uncovering the 

mechanisms of interaction of visceral obesity, genomic instability and radioresistance could 

identify shared pathways as potential preventative and therapeutic targets, improving outcomes 

in patients suffering from this aggressive malignancy.
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This introduction is divided into four sections. The first section comprises an overview of 

oesophageal adenocarcinoma and a description of the role of neoadjuvant chemoradiotherapy 

in the management of this malignancy. The second section discusses radiotherapy and 

biomarkers of radioresponse in cancer. The third discusses the link between obesity status and 

cancer, and the fourth section summarises the emerging role of genomic instability in cancer, in 

particular its association with obesity and radiotherapy.

1.1 Oesophageal adenocarcinoma

1.1.1 Epidemiology

Cancer of the oesophagus represents a significant and increasing health problem. Worldwide it 

is the eighth most common cancer and the sixth most common cause of death from cancer^. 

The vast majority of oesophageal cancers may be classified into two histological subtypes, 

squamous cell carcinoma (SCC) or adenocarcinoma (OAC)^. OAC is the fastest increasing cancer 

in Western countries"’. Between 1994 and 2009 the incidence rate of OAC in Ireland increased 

by 2 .2%  annually in women and 3.0%  in men (Figure 1.1)^. The rising incidence is occurring 

across all disease stages and all age groups, but the greatest increase (> 6 0 0 % ) is documented 

in men over 65 years old''. There is a striking male to female preponderance of OAC with 

incidence in males six-fold higher than incidence in females®. Ethnicity plays a major role, and 

rates of OAC are five-fold higher in Caucasians compared to African Americans^. Age is 

associated with increased risk of OAC, and median age at diagnosis is 60 years®.
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Figure 1.1. Oesophageal cancer incidence rates between 1994 and 2009 categorised 
by histological type, (A) females, (B) males
In Ireland, the incidence rate for squamous carcinoma of the oesophagus fell by 0.9% annually 
for females and 1.4% for males between 1994 and 2009 while the incidence rate for 
adenocarcinoma increased by 2.2% annually for women and 3.0% for men (reproduced with 
permission from 2011 National report of the National Cancer Registry^).
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1.1.2 Multifactorial aetiology for OAC 

Risk Factors for OA C

OAC has a multifactorial aetiology, but the established risk factors are Barrett's oesophagus 

(BO), gastro-oesophageal reflux, and obesity®. Chronic acid reflux leads to irritation of the distal 

oesophagus, and increases the risk of developing OAC by up to 8-fold®. BO occurs when the 

normal stratified squamous epithelium of the oesophagus transforms into columnar intestinal 

epithelium characteristic of the stomach lining®'^®. Patients with BO have a 30-40-fold increased 

risk of developing OAC compared to the rest of the population^'^^. However, up to 50%  of 

individuals with OAC have no history of reflux disease while over 95%  have no previous history 

of Barrett's^”'̂ '̂̂ '*.

Barrett's Oesophagus
Approximately 10-15%  of people with GORD will go on to develop the premalignant condition 

Barrett's oesophagus^^. Patients with BO have a 30-40-fold increased risk of developing OAC 

compared to the rest of the population^'^^. BO occurs when the normal stratified squamous 

epithelium of the oesophagus transforms into columnar intestinal epithelium characteristic of 

the stomach lining^'^°. Barrett's oesophagus develops as a defence mechanism to long term  

exposure to GORD. The exact aetiology for the metaplasia of the squamous cells to intestinal 

type epithelium has yet to be fully elucidated, but it may develop as a defence mechanism to 

long term exposure to GORD. It  is hypothesized, that following insult from the components of 

the gastro-oesophageal reflux, stem cells of squamous mucosa undergo an altered 

differentiation during repair, and the cells begin to display traits atypical from mucosal gastric 

stem cells^®. Although GORD appears to be crucial in the pathogenesis of Barrett's oesophagus 

and the subsequent progression to OAC^'’, only 10-15%  of long term GORD patients will 

actually develop Barrett's oesophagus, and in those patients that do, only a subset progress to 

OAC^ .̂ Up to 50%  of individuals with OAC have no history of reflux disease while over 95%  

have no previous history of Barrett's^'^^'^'*.

Obesity

We and others have shown that obesity is strongly implicated in the pathogenesis of OAC '̂*'*'^^" 

The incidence of OAC in Ireland has increased by almost 50%  in recent years, a trend 

mirrored across western industrialized nations, which parallels the sharp increase in the 

prevalence of obesity^’ ^̂ . A recent meta-analysis indicated that a body mass index (BM I) > 30 

kg/m^ is associated with a relative risk (RR) of 3.0 for developing OAC, a higher association 

than for any other cancer^®. Our unit demonstrated a dose-dependent relationship between BMI 

and OAC risk; premorbid obesity was associated with an eleven fold increased risk of OAC in 

men^°. The International Agency for Research on Cancer working group estimates that raised
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bodyweight accounts for 39%  of OACs^^. Therefore, OAC may be considered an exemplar 

model of obesity-associated malignancy. BO is a recognized precursor to adenocarcinoma 

associated with a 30-40-fold increased risk of developing OAC“ . A study from our department 

demonstrated that 46%  of patients with BO display the metabolic syndrome, a constellation of 

conditions associated with visceral obesity, blood lipid disorders, insulin resistance and Type I I  

Diabetes Mellitus^ '̂^®. Patients with 8 0  are more likely to be obese and one possible mechanism 

for this association is that of increased acid reflux in patients with high levels of visceral 

adiposity''*'^^. Adipose tissue is principally accumulated in two compartments, subcutaneous and 

central or visceral. Visceral obesity promotes gastro-oesophageal reflux disease (GORD) and 

predisposes to BO, which may contribute to its association with OAC^°. There is an association 

with visceral obesity, independent of BMI, with GORD, BO and Obesity is a risk

factor for OAC independent of GORD, suggesting that mechanisms other than reflux disease 

may contribute to disease risk in obese patients^'*'^°.

Molecular pathogenesis o f oesophageal cancer

The progression of Barrett's oesophagus to OAC follows a distinct metaplasia-dysplasia- 

adenocarcinoma sequence, with an accumulation of molecular changes which occur along the 

pathway from normal squamous oesophagus to invasive cancer^®. Unlike colon cancer, there 

does not seem to be a 'gatekeeper' gene which defines a predominant pathway for tumour 

progression. According to the hallmarks of cancer proposed by Hanahan and Weinberg, a 

normal cell must be able to undergo uncontrolled proliferation, become immortalized, resist 

apoptosis, resist antigrowth signals, promote angiogenesis and gain the ability to invade and 

metastasize to become cancerous^^. Increased cell proliferation is an early step along the 

pathway towards development of oesophageal adenocarcinoma and is thought to be associated 

with increased EGF/EGFR expression^'’, MAPK pathway upregulation^^'^®, and increased ODC 

(ornithine decarboxylase) expression^^. Immortalization in OAC and many other cancers, is 

facilitated by telomerase expression^®'^®. Subsequently, evasion of apoptosis is mediated in part 

by COX-2 stimulation'” ''’^ p53 deactivation'’ '̂'’  ̂ and reduced Fas expression'’'’. Deregulation of 

cell cycle control is enabled by inactivation of the retinoblastoma gene (Rb), the activity of 

which is partially regulated by p l6 . Allelic loss of the p l6  is common in OAC’ '̂'’®. In addition, 

methylation of the p l6  promoter (with or without p l6  LOH) is a common mechanism of p l6  

inactivation in dysplasia and adenocarcinoma arising in Barrett's oesophagus'’ '̂'’®. Stimulation of 

angiogenesis is a key step in tumour progression. VEGF is a potent angiogenic factor. Increased 

expression of VEGF and its receptor VEGFR2 has been demonstrated in BO, and, to a greater 

degree, in OAC'’ '̂“ . Loss of cell-cell adhesion is a necessary condition for malignant invasion 

and metastasis. In OAC, this is thought to be mediated via downregulation of the cell adhesion 

molecule E-cadherin,(138) and upregulation of the matrix metalloproteinases (MMPs) -1, -2 and 

-9^^ Genomic instability appears to be associated with neoplastic progression, and OAC arising
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from BO is no exception. The literature suggests that most cases of oesophageal 

adenocarcinoma arise in patients demonstrating a gain or loss of large portions of 

chromosomes (or indeed whole chromosomes)^^. Spatial data from Barrett's biopsies have 

shown that loss of heterozygosity (LOH) at 9p is an early event in Barrett's oesophagus, 

followed by 17p LOH and the mutation of the P53 gene, along with DNA content 

aberrations'’ '̂̂ '̂̂ .̂ A large number of molecular changes have been identified in the 

pathogenesis of OAC, however, there does not appear to be an obligate order of events and 

more work is required to fully elucidate genetic pathways in OAC.
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1.1.3 Diagnosis and staging

Dysphagia is the most common symptom of oesophageal adenocarcinoma, although the 

number of asymptomatic patients In whom a diagnosis has been made by surveillance 

endoscopy has Increased^'*'^^. At late stage, the most common symptoms are dysphagia, weight 

loss, heartburn, odynophagia and shortness of breath^'*. Approximately 50%  of patients have 

locally advanced disease at first diagnosis, which contributes to the high mortality ra te l An 

OAC diagnosis is confirmed by histological assessment of endoscopic biopsy. Over the course of 

this study, new diagnostic techniques became available, which potentially may be a source of 

stage migration-i.e., newer imaging techniques may demonstrate metastases that had formerly 

been silent and unidentified, resulting in a stage migration. Current staging methods include a 

computed tomography (CT) combined with ^®FDG-PET imaging (PET-CT) of the neck, thorax 

and abdomen, endoscopic ultrasound and bronchoscopy (for mid oesophageal or upper- 

oesophageal lesions^. From 1990 to 1995, evaluation was by oesophagoscopy, barium study, 

liver ultrasound, and occasional computed tomography (CT). Since 1995, all patients have had 

CT of the neck, thorax and abdomen. 18-F-deoxyglucose PET scans did not become available in 

this unit until mid-2003. Similarly, endoscopic ultrasound (EUS) was not freely available during 

this study period. Oesophageal tumours are staged according to the criteria of the American 

Joint Committee on Cancer tumour-node-metastasis (TNM) classification, which considers 

lymph node metastasis, distant metastasis and primary tumour (extent of invasion into 

oesophageal wall) characteristics'^'^®. The database was adapted and retrospectively classified 

in 2010 to include the new 7'^ edition AJCC Cancer Staging Manual N staging classification for 

oesophageal and junctional tumours^®. However, both the radioresponder and nonresponder 

cohorts being compared in this study are equally at risk of stage migration, thus minimising the 

likelihood of misleading outcome statistics.
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Figure 1.2. Features used to stage oesophageal carcinoma according to the 2009 
TNM classification system
The TNM (tumour, node, and metastasis) staging system takes into account the depth of 
tumour invasion, the nodal status, and the presence or absence of metastatic disease. The 
stage determines whether the intent of the therapeutic approach will be curative or palliative. 
Precise clinical staging is critical for both the prognosis and management of the disease. The 
American Joint Committee on Cancer (AJCC) has designated staging by TNM classification to 
define cancer of the oesophagus and oesophagogastric junction.
Tls=Intraepithelial neoplasia HGD=High-grade dysplasia (reproduced with permission from 
Pennathur et al 2013^®).
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1.1.4 Management options: surgery, chemotherapy, radiotherapy, targeted 

therapies, survival outcomes

OAC carries a dismal prognosis, with five year survival rates of 15-25% (Figure 1.3)^^'“ . In 

patients treated with curative intent, five year survival increases to 35-50%^^'®^"^^ Locally 

advanced disease, defined by the extent of the primary tumour and involvement of locoregional 

lymph nodes (higher than stage T2, node positive without distant metastases, or both), is 

generally treated with curative intent with a multimodal approach that includes surgery^®'®^ 

l^ultimodality approaches include both neoadjuvant and adjuvant treatment, with 

chemotherapy (CT), radiation therapy (RT) or a combination of both (CRT)^^.

Early studies of neoadjuvant CRT in oesophageal cancer demonstrated pathological complete 

response (pCR) rates which were higher than been expected from preoperative CT or RT when 

given alone®^®. These observations have led to randomised trials comparing preoperative CRT 

with surgery a l o n e , w i t h  conflicting results. Three meta-analyses of these trials (1116 

patients) demonstrated that despite lower oesophageal resection rates, CRT resulted in 

improved overall survival^''” ^̂ . This survival benefit was most pronounced when the CT and RT 

were administered concurrently rather than sequentially^"’ .

In St. James's hospital, a formal multidisciplinary team, including an advanced nurse specialist 

and defined lead clinicians in surgery, medical and radiation oncology, radiology, pathology, 

and gastroenterology, discuss the management of all patients diagnosed with an upper 

gastrointestinal malignancy. A weekly conference to discuss all new cases has been in place 

since 1999, and conference proceedings have been audited since 2004. Preoperative 

chemoradiotherapy (CRT) is the preferred multimodal approach for patients with predicted 

locally advanced oesophageal and gastro-oesophageal junction (GEJ) type I and II tumours, 

while patients with GEJ type I I I  tumours have been considered for postoperative 

chemoradiation and more recently for pre and postoperative chemotherapy. Patients receiving 

neoadjuvant treatment are given CRT consisting of 40 Gy/15 fractions on days 1 to 5, 8 to 12 

and 15 to 19, and synchronous CT of 5-fluorouracil (5-FU) on days 1 to 5 and cisplatln on day 

7, with CT repeated on week 6^ .̂
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Figure 1.3. Five-year relative age-adjusted survival is shown for OAC, 1975 to 2004
Five-year survival rates have been improving since 1975, with greatest improvement in survival 
trends occurring in people diagnosed with localized disease. Dashed lines indicate imputed data 
points for those years for which values were not available (reproduced with permission from 
Hur et al, 2013^®).
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1.1.5 Tumour response to neoadjuvant CRT

Patients who do not respond to CRT are subject to toxicities without therapeutic gain and their 

prognosis may be worsened by the delay to surgery^^. The Identification of biomarl<ers capable 

of predicting those who will respond well to treatment is essential to Improve survival rates. 

The patients who receive maximum benefit from neoadjuvant CRT are those who achieve a 

pCR, characterised by no residual cancer cells in the primary tumour or lymph nodes^®"® .̂ Five- 

year survival rates are increased to 60%  for these patients, irrespective of treatment protocol, 

tumour histology or stage^®'®°. Patients achieving a pCR also appear to have a different pattern 

of relapse compared with those who do not attain a pCR, with recurrence predominantly 

systemic rather than locoregional. Higher pCR rates are achieved with CRT than with RT or CT 

alone, however, unfortunately only ~ 3 0 %  of patients achieve a pCR̂ '̂̂ ®'®'’'®̂ . A further 

subdivision of hlstopathologlcal response to neoadjuvant regimens was reported by Mandard et 

al In oesophageal cancer specimens (predominantly squamous cell carcinomas) following 

neoadjuvant CRT® .̂ Tumour regression grade (TRG) analysis, as a marker of treatment 

response was undertaken in that study and scored from complete regression (TR G l) to absent 

regression (TRG5) (Figure 1.4). Tumour size, pathological lymph node status, TRG and 

oesophageal wall Involvement correlated highly with disease-free survival but only TRG (T R G l-  

3 vs. TR G 4-5) remained a significant predictor of disease-free survival on multivariate 

analysis®^. The Mandard TRG classification has been used in this centre since 1997, and forms 

the basis for similar classification models^ '̂^^. Eight published measures of pathologic tumour 

response were validated In a large cohort of OAC tumour samples In this centre: no existing 

measure of histomorphologic regression in independently predicted outcome In the evaluation 

of this large cohort, thus supporting the lack of appropriateness of any for inclusion in current 

staging nomenclature (accepted. Annals of Surgery). A three-point variation of the Mandard 

TRG which separates complete (TRG 1), partial i.e. fibrosis predominates (TRG2/3) and minimal 

I.e. cancer outweighs fibrosis (TRG 4 /5 ), responses was independently significant alongside the 

current AJCC staging system. Precise terminology of treatment response is increasingly required 

in cancer research, and these data suggest that this three-point system should be considered 

for validation across International consortia with robust data registries.
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Figure 1.4. Tumour regression grades (TRG) proposed by i^andard et a!
TRG 1 represents a complete response and is 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. 
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 (reproduced with permission from Glllham, 2007®^).
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1.1.6 Radiation and chemotherapy interactions

The aim of neoadjuvant RT is to  facilitate increased local control by improving curative  

resection rates or reducing risl< o f recurrence or both^ '̂®®'® .̂ Three clinical rationales support the  

use o f CT delivered concurrently w ith RT®°. First, concom itant CRT m ay be used to down-size  

tum ours preoperatively^°. Second, CT m ay act as a radiosensitiser, improving the probability of 

local control and, in some cases, survival, by aiding the destruction o f radioresistant clones^°"®^. 

This interaction within the radiation field leads to  increased killing o f cells (cytotoxic activity) 

either to the same degree as (additive) or more than (supraadditive) using both modalities 

sequentially*’'®  ̂ Finally, CT given as part o f concurrent CRT m ay act systemically and 

potentially eradicate distant micro metastases®°. The term  spatial cooperation is used to  

describe the scenario w hereby radiotherapy acts locoregionally, and chem otherapy acts against 

distant micro metastases, w ithout interaction betw een the agents^'®^.

Cisplatin is one o f the most commonly used drugs for concurrent CRT. Cisplatin integrates into 

DNA in close proximity to radiation-induced DNA breaks, acting synergistically to  make the  

d efect more difficult to repair^®^. In  addition, cisplatin induces a G2/M  cell cycle arrest and 

program m ed cell death.®® Administration of cisplatin a fte r RT produces the m axim um  supra

additive effect®®'^™. 5-FU is a pyrimidine nucleoside analogue th a t affects nucleoside and 

nucleotide metabolism and is a potent radiosensitiser^°^"^“ . Putative mechanisms for its 

radiosensitisation effects include the inappropriate progression through the S-phase of the cell 

cycle, redistribution o f cells into radiosensitive phases o f the cell cycle, and inhibition of repair 

o f radiation-induced DNA damage^°^"^“ .

33



Spatial cooperation

G
No interaction — 
modalities work 
independently

Radiation: \ \  Chemotherapy: 
local control \ \  distal control 
(in-field) \ \  (out-of-field)

Radiation 
1 toxicities

Chemotherapy
toxicities

Independent toxicities

In-field cooperation

Molecular level
Cellular level
Tissue level

Supra-additivity
(‘synergism’)

Locoregional
control

Additivity
Infra-additivity
(antagonism)®

‘Radiosensitization’ 

Synergistic toxicities

Figure 1.5. Rationale for cooperation between chemotlierapy and radiotherapy
Spatial and in-field cooperation are the two idealized types of cooperation between radiation 
and chemotherapy. Both mechanisms can contribute synergistlcally to clinical benefit, a Usually 
not desirable as this could protect the tumour (reproduced with permission from Seiwert et al, 
2007* ) .
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1.2 Radiation

1.2.1 Radiotherapy

Radiotherapy (RT) Is one of the major modalities of cancer treatment, used to treat almost all 

types of solid malignancies^'^. RT most commonly involves the use of low linear energy transfer 

ionising radiation (IR ) such as X-rays and y-rays^°‘’. The therapeutic mechanism for radiation is 

based on the differential repair capacities of slowly proliferating normal tissue cells and rapidly 

proliferating tumour cells and the ability of the radiation oncologist to take advantage of any 

geometric separation between malignant and non-mallgnant tissues^° '̂^°^. The cytotoxicity of 

RT arises from the ability to produce DNA damage, however the exact mechanism of cell death 

is still an area of active investigation^°^. Radiation dose or exposure is measured in gray (Gy) 

which are units of absorbed radiation per unit of tissue (IG y  represents 1 J/kg tissue)^°®. The 

total radiation dose in OAC treatment is usually fractionated (spread out over tim e), the 

standard regimen consisting of 40 Gy/15 fractions on days 1 to 5, 8 to 12, and 15 to 19.

1.2.2 Radiation induced damage

Ionizing radiation (IR ) therapy works by inducing a variety of DNA lesions, including oxidized 

base damage, abasic sites, single-strand breaks (SSBs) and double-strand breaks (DSBs)^°^. A 

one Gy dose can produce more than 2000 base damage, 1000 SSB, 40 DSB and 30 DNA cross- 

links“ °. These lesions, if unrepaired, ultimately result in cell death through mitotic catastrophe 

and apoptosis^°^. Double-stranded breaks (DSBs) of nuclear DNA are thought to be the most 

important cellular effect of radiation, but radiation also affects the processes of the cell cycle 

necessary for cell growth, cell senescence, and apoptosis“ ^'“ ®. Directly ionizing effects of 

radiation account for ~ 3 5 %  of radiation damage; however, 65%  of radiation-induced DNA 

damage is indirectly ionizing via free-radical intermediaries formed from the radiolysis of cellular 

w ater“ .̂ DNA damage Is detected by sensor proteins, which activate transducer proteins. The 

damage signal is amplified by transducer proteins to downstream effector proteins which 

mediate cell cycle checkpoint activation, and induce DNA repair or apoptosis. Effector proteins 

mediate the damage signal^^®. The activity of the DNA repair processes that deal with DNA 

damage can determine response to IR °̂®.
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1.2.3 DNA repair

Various pathways are involved in the repair of IR-damaged DNA, depending on the type of DNA 

lesion. Alterations in these pathways modulate the cellular response to radiation^”®. DSB repair 

mechanisms include homologous recombination (HR) and non-homologous end joining (NHEJ) 

pathways (Figure 1.6)“ ®'̂ °̂. There is first a recognition of impaired DNA (ATM, ATR), followed 

by a cell-cycle arrest (C HK l, CHK2). NHEJ is the predominant DSB repair mechanism in 

humans. It  functions by linking the extremities of broken DNA, without resynthesis of lost DNA 

and is active in all stages of the cell cycle“ ®'̂ ^̂  Several proteins are involved in processing 

broken DNA ends, such as Ku70, DNA-PK, XRCC4 and Alterations in DNA-PK and

XRCC4 expression and Ku end binding activity is associated with increased sensitivity to 

radiation^^^"^^ .̂ The HR repair pathway restores damaged DNA using the homologous 

chromosome as a template during S and G2 phases of the cell-cycle^^®. Core proteins involved 

in HR include RPA, RAD51, RAD52, RADS and BRCA2. The attenuation of HR sensitises cells to 

ionizing radiation, and altered expression of core proteins such as RAD51 and BRCA2 is 

associated with decreased radiosensitivity^^^"^^®. NER plays a key role in repairing SSB and a 

variety of distorting lesions, notably platinum-induced DNA adducts and intrastrand cross- 

Iinksi3i>-i37 ji^g [jggg excision repair (BER) pathway allows accurate removal of damaged bases 

as well as correction of SSB. Therefore, it is important in repairing both indirect ROS-mediated 

and direct actions of IR. Alterations in the components of the BER pathway have been 

demonstrated to modulate cellular radiosensitivity^^®"*''^.
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Figure 1.6. Double strand break repair may be mediated by NHEJ or HR
DSBs are repaired by two distinct but complimentary pathways: NHB and HR. (A) DSBs are 
sensed by the ring-shape heterodimer Ku70/Ku80 which then stabilizes the two DNA ends and 
recruits DNA-PK. DNA-PK phosphorylates and activates the NHEJ effector complex (ligase 
IV/XRC44/XLF) that finally religates the broken DNA. (B) The ATM kinase is recruited to DSB 
via an interaction with the MRN (Mrell-Rad50-Nbsl) complex. Once at the break, ATM 
becomes activated, phosphorylating multiple substrates. In a reaction that depends on multiple 
endo and exonuclease activities (including M re ll, Exol and CtIP) DSBs are resected forming 
ssDNA strands. These ssDNA regions attract RadSl and other associated proteins. The RadSl- 
coated nucleoprotein filaments then invade the undamaged sister strands forming HJ 
structures. HR is completed by new DNA synthesis and still to be identified HJ "resolvase" 
enzymes (reproduced with permission from Lopez-Contreras and Fernandez-Capetillo, 2012 '̂'^).
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1.2.4 Radiosensitivity

The response of a cancer to radiation is described by its radiosensitivity. Besides being related 

to intrinsic cellular radiosensitivity, cell survival is also related to oxygen tension, the position of 

the cell in the mitotic cycle, activation of cell cycle checkpoints and dose rate^^'^'^. Cell division 

in eukaryotic cells is subdivided into four distinct phases: the mitotic phase or M, the first gap 

phase or Gi, the DNA synthesis phase or S and the second gap phase or G2, and one phase 

outside the cell cycle, Cells in different phases exhibit different radiosensitivity and

radiation can significantly affect cell cycle '̂' '̂ '̂’®. Cells in the M and G2 phase are, in general, the 

most sensitive to radiation, cells with a long cycle time demonstrate another peak of resistance 

in early Gi phase, whilst cells in S phase are most resistant^''^'^'’®. I t  has been postulated that 

changes in DNA content throughout the cell cycle coupled with variation in DNA repair 

efficiency at different stages in the cell cycle may underpin this effect^°®'“ ®.

Cell cycle checkpoint and radiosensitivity

Checkpoints were originally identified as signalling pathways that delay mitosis in response to 

DNA damage or defects in chromosome r e p l i c a t i o n C e l l s  have several checkpoints that 

function at various phases of the cell cycle. Specifically, the G i/S  and intra-S checkpoints 

prevent inappropriate DNA replication, whereas the G2/M checkpoint prevents cells with DNA 

damage from entering mitosis^^ '̂^^ .̂ When these checkpoints detect DNA damage, they induce 

cell cycle arrest and make time for repair of DNA damage^^ '̂^^^. Alternatively, if the damage is 

irreparable, the checkpoints permanently prevent proliferation of severely damaged cells^^ '̂^^ .̂ 

DNA repair and cell cycle checkpoints must cooperate closely to repair DNA damage and 

maintain genomic stability^^ '̂^^ .̂ Defects in this network produce dysfunction in the repair of 

DNA damage induced by IR , which results in enhancement of the cytotoxic activity of 

radiation^^^”^̂ ®. Thus, molecules involved in these mechanisms can be suitable targets for 

radiosensitisation. Abrogation of the G2 checkpoint induces sensitivity to IR, while increased 

magnitude and duration of the late G2 arrest is associated with increased resistance to 

radiation̂ ^̂ ”̂ ®̂.
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Figure 1.7. The cell cycle and checkpoint activation
Eukaryotic cells have four phases w ithin the cell cycle: Gap 1 (G i), synthesis (S), G2, mitosis 
(M), and one phase outside the cell cycle Gq. Cell cycle checkpoints are control mechanisms 
that ensure the fidelity o f cell division in eukaryotic cells. These checkpoints verify whether the 
processes at each phase o f the cell cycle have been accurately completed before progression 
into the next phase (reproduced with permission from www.jpkc.scu.edu.cn^^^).
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1.2.4 Biomarkers of response to radiation

Pre-treatment clinicopathological parameters and immunohistochemical studies do not reliably 

predict the response of oesophageal cancer to neoadjuvant chemoradiotherapy 

Sequential metabolic imaging using fluorodeoxyglucose (FDG) imaging may have value for 

predicting pathologic response and outcome in locally advanced oesophageal cancer. Several 

studies corroborate these findings in regard to pathologic response and survival, but others 

conflict̂ ^®’ ^̂ ^

Altered expression of over 855 genes has been shown following short exposure to radiation^^^. 

The majority of genes relating to radioresponse are involved in DNA repair, signal transduction, 

cell cycle, cell adhesion, apoptosis and proliferation^^^. An isogenic radioresistant OAC cell line 

model was generated in our unit by exposing OE33 oesophageal adenocarcinoma cells to 

clinically relevant fractionated doses of radiation^^'*. Enhanced DNA repair was implicated in the 

radioresistance of this radioresistant OAC m o d e l A  study from our group also demonstrated 

that, in OAC tumour tissue, miR-31 expression is significantly reduced in patients demonstrating 

poor histomorphologic response to neoadjuvant CRT, whilst expression of the miR-31-regulated 

DNA repair genes is significantly increased^^^. Further studies from this unit identified an 8-gene 

signature in diagnostic oesophageal tumour tissue biopsies predicting the response to 

neoadjuvant CRT,^^® while serum proteomic profiling demonstrated that pre-treatment serum 

C4a and C3a levels were significantly higher in poor responders versus good responders^^^. 

Despite these advances, no consistent gene expression patterns associated with radioresponse 

are currently in clinical use in OAC patients. In addition, little is known about the impact of 

clinical parameters such as obesity status on the efficacy of chemoradiation in OAC.
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1.3 Obesity

1.3.1 Epidemiology of obesity

The World Health Organisation defines obesity as an abnormal or excessive fat accumulation in 

adipose tissue, to the extent that health is Impaired. The classification of obesity for 

epidemiological purposes defines overweight as body mass index (BM I) greater than 25 kg/m^ 

and obesity as BMI greater than 30 kg/m^ (Table 1.1)^^®.

The obese state is increasingly more prevalent in Western society and in some countries is the 

most prevalent body composition accounting for 74%  of males and 64%  of females in the 

United States^^ '̂^®°. In Ireland, 39%  of people are in the normal weight range, 37%  are 

overweight and 24%  are classified as obese^®^ The prevalence of obesity in 18-64 year old 

adults in Ireland has increased significantly between 1990 and 2011, from 8%  to 26%  in men, 

and from 13% to 21%  in women, with the greatest increase observed in men aged 51-64  

years^®^ Cut-off points established for waist circumference identif/ 23%  of men and 27%  of 

women as being associated with increased risk of cardiovascular disease^®^ This pattern shows 

no signs of abating as obesity rates are increasing among children,^®^ and overweight children 

tend to become overweight adults^® .̂
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Table 1.1. Classification of obesity by BMI

Classification BMI (kg/m^^

Underweight < 18.5

Normal weight 18.5- 24.99

Overweight 25 .00- 29.99

Obese class I 30 .00-34.99

Ot>ese class I I 35 .00 - 39.99

Obese class I I I > 40.00

(Adapted from the WHO Technical Report series 2000^^®)

42



80

18̂ l8-35y >&-50y 5 1 -^
Men

18-35y 36-50y
Women

51-64y 65+y

NORMAL I INCREASED I HIGH

Figure 1.8. Percent of men and women with increased risl< from cardiovascular 
disease identified by waist circumference.
Obesity is associated with increased risk of a number of chronic diseases, including 
cardiovascular disease (CVD). Body fat distribution is an important indicator of disease risk. In 
particular, increased levels of fat deposition In the central area of the body, measured by 
waist circumference, is associated with increased risk of CVD (reproduced with permission 
from Irish Universities Nutrition Alliance. National Adult Nutrition Survey 2011^®^).
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1.3.2 Adipose tissue depots

Adipose tissue is principally deposited in two compartments; peripherally located subcutaneous 

fat and centrally lorated visceral fat. Centrally deposited or visceral adipose tissue is largely 

comprised of omental adipose tissue but also includes other intra-abdominal fat sources such 

as mesenteric fat^® .̂ Subcutaneous and visceral adipose tissue depots are pathologically and 

immunologically distinct, and visceral adipose tissue, compared to subcutaneous tissue, is more 

metabolically active, and is a rich source of adipokines and inflammatory cells^®^^® .̂ We and 

others have shown that, for any given amount of total body fat, the subgroup of individuals 

with excess visceral fat (as opposed to subcutaneous fat) is at higher risk of developing insulin 

resistance and the metabolic syndrome^^®'^^. Gender significantly influences fat distribution. 

Overall, men have twice as much visceral fat as women and demonstrate a high prevalence of 

the obesity-related metabolic diseases such as insulin resistance, cardiovascular disease, and 

the metabolic syndrome^® '̂^^ .̂
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Figure 1.9. Major adipose depots in humans
Subcutaneous adipose tissues include abdonninal and gluteal, as well as femoral. Visceral 
adipose tissues are associated with digestive organs. Omental is attached to the stomach and 
mesenteric and epiploic are associated with the intestine and colon respectively. Perinepheric 
fat surrounds the kidney and retroperitoneal fat is located in the retroperitoneal compartment 
(reproduced with permission from Lee et al 2013^®^).
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1.3.3 Measuring obesity

BMI cut-off values to diagnose obesity have high specificity, but low sensitivity to identify 

adiposity, as they do not distinguish lean tissue mass from adipose tissue and do not reflect 

adipose tissue distribution*^^^. The accuracy of BMI to diagnose obesity is limited, particularly 

for individuals in the intermediate BMI ranges^^^. While BMI has significant limitations, it is 

important to point out that the use of BMI is not without value. A BMI > 30 kg/m^ has an 

excellent specificity and positive predictive value for diagnosing obesity in both sexes, and the 

measurement of BMI requires no specialised equipment^®^. However, a more appropriate 

measure of central obesity is the gold standard computed tomography (CT) measurement of fat 

area, which enables accurate quantification of subcutaneous and visceral adipose tissue 

depotŝ ®®'̂ ®®. The cross sectional surface area of the visceral fat depot is measured by CT 

between lumbar vertebrae L3 and L4 to give visceral fat area (VFA) (cm^) (Figure 1.10)^^ 

Studies carried out in the 1990's determined that in both men and women, a VFA above 100 

cm^ was associated with moderate disturbances in the malignancy risk profile, whereas a VFA 

greater than 130 cm^ was associated with a further deterioration of metabolic variables 

predictive of type 2 diabetes mellitus and cardiovascular disease^°°'^°^ However neither of 

these studies took into consideration the gender difference in adipose tissue distribution and 

dysmetabolism^“ '̂ “ . A recent study from this unit generated pathologically relevant CT derived 

VFA thresholds for Caucasian male and female gastrointestinal cancer patients^'*. A cut-off VFA 

of 163.8cm^ in men and SO.lcm^ in women is used to classify obesity status in cancer 

patients^'*. When the technology and expertise required to measure visceral fat area is not 

available, waist circumference is the next best proxy“ .̂ Waist circumference (W C) is an 

accurate predictor of visceral fat, directly reflecting total abdominal fat mass^°^^^°. Gender and 

ethnic specific cut-offs can be used as reliable proxy values to predict an increased risk of the 

metabolic disease. The International Diabetes Federation waist circumference cut-offs for 

European patients may be used to determine obesity status by waist circumference, > 80  cm for 

females and >94  cm for males^“ .
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Figure 1.10. Fat measurement by computed tomography of the abdomen
The area inside the red line is the visceral fat area. The superficial fat area is calculated by 
subtracting the visceral fat area from the total fat area (yellow line) (reproduced with 
permission from Beddy et al, 2010^^).
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1.3.4 Epidemiology of obesity and cancer

Epidemiological studies have provided robust evidence for the association of obesity w/ith 

cancer development at numerous sites: oesophagus (adenocarcinoma), pancreas, colorectum, 

breast (postmenopausal), endometrial and kidney^®'^^ .̂ The largest meta-analysis to date to 

date includes 282,000 patients from prospective observational studies with over 133 million 

person-years of follow up, and demonstrates that high body mass index is associated with an 

increased risk of cancer^^. This association carries modest relative risk estimates of 1.1-1.6 per 

5kg/m^ incremental increase in BMI, and is sex and site specific but consistent across 

geographic populations^^. Emerging clinical evidence suggests that weight loss following 

bariatric surgery leads to a reduction in cancer incidence^^ .̂

1.3.5 Epidemiology of obesity and oesophageal adenocarcinoma

As discussed in detail in section 1.1.2, obesity is an independent risk factor for 

The relation between obesity and OAC persists even after accounting for It is

thus likely that the substantial effect of obesity is mediated via molecular pathways^°'^^. These 

pathways are discussed in more detail in section 1.1.2.
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Table 1.2. Cancer risk and obesity
Table 1 Obesity related cancers

Type of cancer Relative risk* with Relative risk* with PAF (%) US P A F (% )EU
BMI of 25-30 kg/m2 BMI of >30 kg/m2 population^ population§

Colorectal (men) 1.5 2,0 35.4 27.5
Colorectal (women) 1.2 1.5 20.8 14.2
Female breast 1.3 1.5 22.6 16.7
(Postmenopausal)
Endometrial 2.0 3.5 56.8 45.2
Kidney (renal cell) 1.5 2.5 42.5 31.1
Oesophageal 2.0 3.0 52.4 42.7
(adenocarcinoma)
Pancreatic 1.3 1.7 26.9 19.3
Liver ND 1.5-4.0 NDI NDI
Gallbladder 1.5 2.0 35.5 27.1
Gastric cardia 1.5 2.0 35.5 27.1
(adenocarcinoma)

Relative risks associated with overweight and obesity, and the percentage of cases attributable 
to overweight and obesit/ in the European Union (ELI) and the United States (US). (Adapted 
from Calle et al, 2004^^).

♦Relative risk estimates are summarized from the literature cited in the main text.
tD ata on prevalence of overweight and obesity are from the National Health and Nutrition
Examination Survey (1999-2000) for men and women from the United States aged from 59-69
years.
§Data on prevalence of overweight and obesity are from a range of sources for adult men and 

women residing in 15 European countries in the 1980s and 1990s.
IIPAFs were not estimated because the magnitudes of the relative risks across studies are not 
sufficiently consistent.
PAF Population attributable fraction 

ND Not determined
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1.3.6 Obesity and outcomes

Obesity and outcomes in cancer

A prospective study of 900,000 adults in the USA reported that obesity could account for 14 per 

cent of all deaths from cancer in men and 20 per cent in women^®. Survival rates may be 

influenced by differences in diagnosis, operative outcomes and treatment of cancer in the 

obese, as well as any specific biological effect of adiposity on cancer progression^^®“^̂ °. The 

treatment of cancer comprises surgery, radiotherapy, chemotherapy and hormonal treatment. 

These treatment modalities may be adversely affected by the presence of obesity. Surgery and 

anaesthesia are more hazardous in overweight patients, not least because of the increased 

incidence of cardiorespiratory comorbidity^^^ Resections in obese patients may be technically 

more challenging, with longer operative times, lower lymph node retrieval and increased 

complications^^ "̂^^ .̂

Delivery of both chemotherapy and radiotherapy may also be hampered by obesity. The narrow 

therapeutic index of many chemotherapeutic drugs prompts concern that the high doses of 

chemotherapy required by the very obese will result in excess toxicity, thus obese patients are 

frequently treated at lower chemotherapy dose intensities compared to non-obese patients. 

Administering an adequate radiation dosage to obese patients receiving external beam 

radiotherapy may also be challenging. Organ motion and set-up error in obese patients exceeds 

that of normal weight patients, potentially resulting in a less-than-optimal radiation dose^^ '̂^^ .̂

Obesity has been associated with increased risk for cancer recurrence and death following 

t r e a t m e n t . H o w e v e r ,  a number of studies have reported no association between obesity 

and o u t c o m e s , a n d  of those with significant findings, there are inconsistencies about the 

measurement and level of obesity, treatment modality, and the role of gender^^®'̂ ^®'̂ ^̂ '̂ '’ .̂
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Figure 1.11. Summary of mortality from cancer according to BMI for (A) U.S. men 
and (B) U.S. women in the Cancer Prevention study I I ,  1982 through 1998
For each relative risk, the comparison was between men/women in the highest BMI category 
(indicated in parentheses), and men/women in the reference category (BMI 18.5-24.9). Results 
of the linear test for trend were significant (p<0.05) for all cancer sites. 
*Men/Women who never smoked (reproduced with permission from Calle et al, 2003^®).
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Obesity and treatment outcomes in OAC

Studies show that obese patients undergoing oesophagectomy for localized adenocarcinoma of 

the oesophagus or oesophagogastric junction have a longer hospital stay, an increased 

incidence of respiratory complications and radiologic anastomotic leaks, and greater 

requirements for blood products compared with non-obese patients, but no increase in in- 

hospital mortality^'*^. As regards oncological outcomes following oesophagectomy, Healy et al. 

demonstrated a marked decrease in lymph node retrieval in obese patients^'*®, while other 

groups reported no statistically significant difference in number of lymph nodes between obese 

and non-obese patients '̂* '̂ '̂'®. Data on long term outcomes and obesity is Inconsistent^'’ '̂̂ '’ '̂ '̂*  ̂

Four studies have investigated outcomes in OAC patients who have undergone neoadjuvant 

radiotherapy. No difference in survival was noted between obese and non-obese patients after 

oesophagectomy in 215 patients described by Morgan et al, of whom 49 received neoadjuvant 

Obesity status did not affect survival in 150 patients who underwent resection for 

adenocarcinomas of the oesophagus or gastroesophageal junction, 81 of who also underwent 

neoadjuvant CRT '̂* .̂ Two recent studies focused on patients primarily treated with CRT with or 

without surgery, and found no correlation between BMI and oncologic outcome or 

survival^^ '̂^^ .̂ As obesity rates rise, there will be more oesophagectomies performed for cancer 

in obese patients. The impact of obesity on survival of oesophageal cancer, in particular the 

response to neoadjuvant therapy, has not been adequately addressed to date.

1.3.7 Candidate molecular mechanisms linking obesity and cancer

The mechanisms by which visceral adiposity is thought to promote tumourigenesis are 

manifold. Until the 1990s, adipose tissue was generally regarded as metabolically Inert, but it is 

now known that adipose tissue is a complex endocrine, metabolic and immune organ with a 

wide variety of functions^® '̂^^ .̂ Potentially relevant pathways include adipokine production, 

immunomodulation, alterations in insulin and the insulin-like growth factor (IGF) axis and sex 

steroids^^^
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Figure 1.12. Hallmarlcs of cancer and potentiai role of visceral obesity in 
tumourigenesis
Increased visceral adiposity creates a pro-tumourigenic environment which can act to facilitate 
tumour development by promotion of the acquisition of some of the hallmarks properties that 
characterise cancerous lesions. As visceral adipose tissue expands it becomes infiltrated with 
macrophages, T-cells and fibroblasts. These immune cells and the adipocytes induce alterations 
in adipokine production, insulin and insulin-like growth factor (IGF) pathways, cancer cell 
signalling and inflammatory pathways and angiogenesis (reproduced with permission from 
Donohoe et al, 2011^^^).
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1.3.7.1 Adipokine production

Adipocyte-conditioned media promotes tumourigenesis in cancer cells, by increasing cell 

proliferation, invasive potential, angiogenesis and induction of cross-talk between cancer cells 

and the surrounding extracellular matrix^ '̂'. These actions are thought to be mediated by 

production of biologically active proteins such as adiponectin, leptin and inflammatory cytokines 

including TNF-c, IL-2, IL-8, IL-10 and IL-1 receptor agonist, collectively termed 

adipocytokines^^^ Adipose tissue products activate the key inflammatory pathways of NF-kB 

(nuclear factor-KB) and STAT3 (signal transducer and activation of transcription 3), leading to 

transcription of genes mediating proliferation, invasion, angiogenesis, survival and 

metastasis^^®.

Adiponectin is the most abundant adipokine and is secreted mostly from visceral adipocytes: 

however its level is inversely associated with BMI^^ .̂ It is highly anti-angiogenic, anti

proliferative, anti-inflammatory and insulin sensitising, may prevent the interaction of growth 

factors with their receptors^^ ‘̂ “̂ . Hypoadiponectinaemia is associated with induction of 

genomic instability, including telomere shortening^®^ Adiponectin effects are mediated via two 

receptors, adiponectin receptor 1 (ARl) and adiponectin receptor 2 (AR2), and expression of 

ARl has been associated with prolonged survival in vitro in lung cancer̂ ®̂ '̂ ®̂ .

Leptin, primarily produced by adipose tissue, is the most studied adipokine. Leptin is an 

adipocyte-specific hormone that acts centrally to regulate appetite and bodyweight^®'*. Levels of 

leptin are positively associated with adiposity, cancer risk and poor prognosis^®^^® .̂ We and 

others have shown that leptin and its receptor (LepR/ObR) are overexpressed in a number of 

cancers including OAC; in addition, expression of leptin and its receptor are associated with 

higher pathological stagê ®®"̂ ^̂ . In vitro studies from our unit and others have confirmed that 

leptin promotes cell proliferation, angiogenesis and metalloproteinase expression in 

oesophageal and colonic cancer cell lineŝ ^̂ '̂ ^̂ "̂ ®̂.

Vascular endothelial growth factor (VEGF) is a pro-angiogenic and survival factor for a variety 

of solid malignancies, and has been shown to suppress radiation induced cell death in cancer 

cell lineŝ ^̂ "̂ ®̂  A study from our unit demonstrated that levels of VEGF are significantly higher 

in conditioned media from visceral adipose tissue of centrally obese compared to non-obese 

patients^®  ̂ The VEGF/VEGF-receptor axis is composed of multiple ligands and receptors^^®. 

There are three main subtypes of VEGFR 1, 2 and 3, as well as co-receptors including the 

neuropilins^® .̂ The VEGF family is comprised of six proteins, three of which bind neuropilins: 

VEGF-A (VEGF), VEGF-B, and VEGF-C. Contrary to endothelial cells, VEGFR-1/2 expression is 

not always detectable in certain tumour cellŝ ®̂ "̂ ®̂ . In contrast, NRP-1 is the most frequently 

expressed VEGF receptor in tumour cells. Neuropilin-1 is a co-receptor for VEGF on both
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endothelial and tumour cells, which is involved in tumour initiation, growth, metastasis and 

immunity^®®. NRP-1 expression correlates with more aggressive clinical tumour behaviour and is 

associated with poor patient prognosis in a number of tumour types, including

Neutralisation of adipokines such as IL8 has been associated with inhibition of angiogenesis and 

metastasis, two well-defined hallmarks of cancer, in melanoma cells^^ .̂ We have previously 

shown that VEGF neutralisation of ACM leads to significant decreases in cancer cell 

proliferation^®^, demonstrating the pro-tumourigenic capacity of VEGF in ACM. We have also 

shown that neutralising both VEGF and IL8 in the ACM significantly decreased anaphase 

bridging in oesophageal cell lines, suggesting that these factors may be critical components of 

the visceral adipose tissue secretome in driving genomic and chromosomal instability^^®. 

Neutralisation and overexpression of VEGF and other adipokines such as adiponectin and leptin 

in radioresistant and radiosensitive OAC cell lines may reveal a role for these factors in the 

induction of chromosomal instability in radioresistant OAC.

1.3.7.2 Immunomodulation

Cancer related inflammation Is a key component of the tumourigenic process and is increasingly 

referred to as the seventh hallmark of cancer^^^. Excess adiposity, in particular visceral obesity, 

results in elevated levels of pro-inflammator/ adipokines, resulting in an imbalance between 

increased inflammatory stimuli and decreased anti-inflammatory mechanisms leading to a 

chronic state of systemic low-grade inflammation^^ '̂^®®'^®®. The level of adipokine production 

from adipose tissue is strongly influenced by immune cell populations present in adipose 

tissue^®®' °̂°" °̂ .̂ Dense lymphoreticular structures within the human omentum, termed milky 

spots contain a range of innate and adaptive immune cells, including macrophages, mast cells, 

T- and B-cells, natural killer and invariant natural killer T-cell populations^” '̂ '’"*.
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Figure 1.13. Systemic alterations In visceral adiposity which may contribute to a 
pro-tumourigenic microenvironment
Systemic alterations in obesity include chronic systemic inflammation, increased adipokine 
production, an altered immunological status and associated changes in the sex hormone profile. 
Insulin resistance develops as a consequence of visceral adiposity and there is a rise in insulin 
production, which may be associated with activation of the insulin-like growth factor (IGF) 
system. Adipose tissue becomes inflamed in obese patients. Adipocytes hypertrophy and the 
tissue becomes infiltrated with macrophages and T cells. These immune cells and the 
adipocytes produce adipokines including leptin, IL-6 and TNF-a. All of these changes which 
occur in tandem with the development of obesity have the ability to interact with each other. It 
is this altered systemic milieu which is thought to fuel cancer development and progression 
(reproduced with permission from Donohoe 2011^“ ).



1.4 Genomic instability and cancer

1.4.1 Genomic instability as an enabling characteristic of cancer

A consensus is emerging that a crucial early event in carcinogenesis is the induction of the 

genomic instability phenotype, which enables an initiated cell to evolve into a cancer cell by 

achieving a greater proliferative capacity and the genetic plasticity to overcome host 

immunological resistance, localized toxic environments and suboptimal micronutrient 

supply^“ '̂ “ . Genomic instability is recognised as an emerging enabling characteristic of the 

hallmarks of cancer originally proposed by Hanahan and Weinberg in their landmark paper in 

2000^ '̂^® .̂ Most solid tumours undergo alterations in chromosomal structure and number, which 

is defined as chromosomal instability (C IN) and is found in 85%  of non-hereditary 

carcinomas^°^‘ °̂®. Numerous events may lead to CIN, including (a) abnormal centriole number 

leading to multipolar mitoses, (b) chromosome loss at anaphase as a result of kinetochore 

defects, (c) misalignment of chromosomes at anaphase as a result of defects in the separation 

of chromatids, (d) mitotic slippage caused by inhibition of mitosis leading to the formation of 

tetraploid cells, and (e) failure of cytokinesis following nuclear replication as a result of defects 

in microfilament assembly^^°. These defects can lead to CIN and drive the multistep 

tumourigenesis process^“ “^̂ '’.
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Figure 1.14. Genomic instability is an emerging enabling hallmark of cancer
In 2011 tlie autliors of the original 'Hallmarl<s of Cancer' proposed an update to the six 
established hallmarks. Tumour promoting inflammation and genomic instability were proposed 
as enabling characteristics of cancer cells (Adapted from Hanahan and Weinberg, 2011^®̂ ).
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1.4.2 Telomeres and genomic instability 

1.4.2.1 Telomere function

Telomeres, the natural ends of linear chromosomes, consist of a double stranded region 

comprised of tandem arrays of short repetitive G-rich sequences [TTAGGG], oriented 5'-to-3' 

towards the end of the chromosome, ending in a short overhang of single-stranded sequence 

at the 3' end^^^^^^. Electron microscopy studies suggest that, in humans, this overhang can 

loop back and integrate into the duplex repeat tract, forming a 't-loop^^®. Telomeres have two 

principal functions: they must be recognized as functional domains, thus distinguishing them 

from random chromosomal breaks that will induce DNA damage checkpoint signalling, and they 

must prevent these DNA ends from fusing with other DNA ends^^®.

1.4.2.2 Telomere shortening

In most normal somatic cells, telomeres shorten with every cell division, and telomere length is 

inversely correlated with age in humans^^°"^^^. Telomere shortening in human cells eventually 

results in either the initiation of apoptosis or an irreversible cell cycle arrest, termed replicative 

senescence, responses proposed to have evolved as tumour-suppressive mechanisms in large, 

long-lived organisms^^®'^^ '̂^^^. Once the shortening process starts, the t-loop can no longer 

form and the protective proteins detach from the telomeres. DNA in humans and all eukaryotes 

is linear,^^® and it was recognized in the early 1970s that the known DNA polymerases would be 

unable to replicate the very end of linear DNA molecules — a phenomenon known as the 'end 

replication problem'^^®'^^^. In this case, the chromosome ends can act as free DNA breaks and 

may be fused to other ends with short telomeres. Cells that are unable to senesce continue to 

divide and undergo severe telomere shortening, eventually resulting in "crisis," involving 

massive chromosome fusion and cell death^^°. Some cells can survive this crisis by regaining 

the ability to maintain telomere length, either through expression of telomerase or through an 

alternative pathway involving recombination and the activation of the ALT pathway^^^'^^^. 

Cancer cells typically demonstrate this ability to maintain telomeres, which is thought to be 

necessary for the extensive cell division required for the development of malignant cancer^^^
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Figure 1.15. Telomere structure
Telom eres consist of a double stranded region comprised of telomeric repeats followed by a 
much shorter single stranded overhang on the 3' G-rich strand. In hum ans this G-rich strand 
folds back in a loop into the duplex region of the  telomere tract to  form the t-loop found a t the  
end of the  telom ere (reproduced with permission from Zhu e t al, 2011^^^).
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Figure 1.16. Telomere shortening leads to chromosomal fusion and genomic 
instability.
During cell replication, telomere DNA cannot be completely replicated, leading to telomere 
shortening with each cell division. Eventually telomere shortening leads to uncapping of the 
chromosomes, end to end fusions and genomic instability (reproduced with permission from 
Gilley et al, 2005^^^).
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1.4.2.3 Telomerase

Telomerase is a ribonuclear protein complex consisting of protein reverse transcriptase (TERT) 

that uses an RNA component (TERC) as a template for telomere elongation, along with the 

subunits dyskerin (D K C l) and telomerase associated protein 1 The telomerase

complex synthesises one strand of telomere DNA, the 5' to 3' strand, by copying the TERC 

template sequence^^^. Somatic adult cells display very little telomerase expression and activity, 

and telomere shortening elicits a DNA damage response, ultimately leading to permanent 

growth arrest and cellular senescence^^®'^^®. In contrast, cells that constltutlvely express 

telomerase can continue to divide almost indeflnitely^^^'^'” . Telomerase activity has been 

reported in virtually all human tumours, but not in adjacent normal celis '̂* '̂^ .̂ It  Is 

hypothesised that maintenance of telomere length is essential for the long term proliferation 

and immortality of tumour cells^''^

1.4.2.4 Shelterin complex

Telomeres are protected from degradation by associating with the shelterin complex. This 

complex consists of three proteins which bind telomeres directly; TR F l (telomeric-repeat 

binding factor 1), TERF2 (telomeric-repeat binding factor 2) and POTl (protection of telomeres 

1), and these three are interconnected by additional proteins; TINF2 (TR Fl Interacting nuclear 

factor 2) and TPP l (tripeptidyl peptidase 1)̂ ^®. Telomere end protection is compromised when 

components of the shelterin complex are perturbed, resulting in inappropriate processing of the 

telomere ends by the cell's DNA damage machinery, resulting in chromosomal fusions through 

the non-homologous end joining (NHEJ) or homologous recombination (HR) pathways^'’ .̂ In  

contrast to the telomerase complex, shelterin complex proteins are negative regulators of 

telomere elongation®^. Three separate effects of shelterin on telomeres have been documented 

to date '̂* .̂ Shelterin controls the structure of the telomeric terminus. It is responsible for the 

generation of T-loops, and it mediates the recruitment and synthesis of telomeric repeats by 

telomerase^'” .
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Figure 1.17. Telomerase structure
The telomerase complex consists of the telomerase reverse transcriptase (TERT) and the 
telomerase RNA template component (TERC), and a number of subunits including DKCl and 
TEPl (reproduced with permission from Wong et al, 2003^“’ )̂.
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Figure 1.18. Shelterin complex structure
A protein complex termed the shelterin complex consisting of three proteins which bind 
telomeres directly (TERFl, TERF2 and POTl) interconnected by additional proteins (TINF2 and 
TPPl) (reproduced with permission from Moon and Jarstfer, 2007^“'®).
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1.4.3 Anaphase bridge formation and genomic instability

Anaphase bridges are a common cause and indicator of genomic instability, first described by 

Barbara McClintock in maize^''^. Anaphase bridges may be described as a chromatin fibre 

connecting the nuclei of daughter cells which fail to resolve following anaphase in cell 

division '̂*®. The majority of anaphase bridges formed will break, usually unevenly, giving rise to 

structural chromosomal rearrangement, with a net gain of chromosomal material in one 

daughter cell, and a corresponding net loss in the other daughter cell, contributing to CIN in 

both cell culture and tissues '̂*®’ ^̂ .̂ A bridge is thought to form from the fusion of two broken 

DNA ends, or as a result of telomere dysfunction; anaphase bridges have been shown to arise 

from telomere shortening, loss of telomeres or defects in telomerase^^^"^^®. Moreover, we and 

others have shown a significant correlation between telomere length and the frequency of 

endogenous bridges in cancer ceiis^'’®'̂ ^̂ '̂ ®̂.

1.4.4 Breakage-fusion-bridge cycle

Breakage-fusion-bridge (BFB) cycles are now generally accepted as a mechanism explaining 

genetic plasticity in CIN tumours^^®. The BFB cycle begins when chromosome breakage results 

in two "reactive" chromosome arms. Dicentric chromosomes form when these two broken 

chromosomes fuse at their ends. During anaphase, the two centromeres of a dicentric 

chromosome are pulled to opposite poles of the mitotic spindle, forming an anaphase bridge. 

The two sister chromatids break apart from each other, but not necessanly at the site that they 

fused, resulting in one daughter cell acquiring a chromosome with a duplication on its end in 

the form of an inverted repeated, while the chromosome sequestered to the other daughter cell 

contains a terminal deletion^®®. Once started, the BFB cycle continues and chromosome 

fragments fuse with one another. The formation of a dicentric chromosome in some of these 

fusions can lead to mitotic segregation of the two centromeres to different poles and renewed 

breakage events^^®.

BFB events resulting from telomere loss can produce chromosome rearrangements by terminal 

deletions, amplifications, inverted repeats and translocations^^^ Rearrangement events 

consistent with BFB cycles have been observed in human cancerŝ ®̂ "̂ ®®. Telomere instability is 

almost universal in epithelial tumours^®^, and tumour samples show a correlation between 

anaphase bridges and abnormal karyotypes in sarcomas, pancreatic carcinomas, and colon 

carcinomas^^°. Many complex tumours exhibit dynamic BBF cycles, such as osteosarcoma, 

prostate, breast and colon cancer̂ ^̂ '̂ '*̂ '̂ ®̂ '̂ ®®"̂ ^̂ .
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Figure 1.19. Repeated breakage-fusion-bridge cycles results in rampant genomic 
instability
In the setting of uncapped chromosome ends, telomeric fusions may occur between identical 
sister chromatids or between different chromosome. As sister chromatids are pulled to opposite 
poles, the fused chromosome ends are placed under tension and form anaphase bridges. These 
pulling forces result in chromosome breaks that contribute to deletions, amplifications, and 
translocations. Because of the further generation of unprotected chromosome ends, the cycle 
may be repeated (reproduced with permission from DeVita et al, 2010^^^).
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1.4.5 Spindle assembly checkpoint

Spindle assembly checkpoint function in anaphase

The spindle assembly checkpoint (SAC) is a surveillance mechanism that ensures the fidelity of 

chromosome replication during mitosis^^^. This signalling pathway ensures the proper alignment 

of the chromosomes at the metaphase plate prior to chromosome segregation^^^. The SAC is 

activated in every cell cycle immediately upon entry into mitosis and functions to delay 

anaphase until all chromosomes are properly attached at the metaphase plate. When the 

kinetochores of chromosomes are not fully aligned at the metaphase plate, a signal comes from 

the unattached kinetochores, inactivating the cell division cycle 20 protein (CDC20)^^^^^^. 

APC/C is regulated by the mitotic checkpoint complex (MCC), which includes SAC proteins, 

MAD2L2 (mitotic arrest deficient-like 2), BUBlb (budding uninhibited by benzimidazole 1, beta), 

and CDC20^^®"^® .̂ MAD2L2 and BUBlb prevent APC/C activation by binding the CDC20-APC/C 

complex^®^^®^. At the same time that the MCC is being activated, CENPE (centromere 

associated protein E), activates BUBlb, which also blocks anaphase^®®. Once all kinetochores 

become stably attached to the spindle, the activity of the sensor proteins declines, CDC20 is 

released from MAD2L2 and can then activate the APC/CDC20 complex^®®. This leads to 

activation of a protease known as separase (encoded by the ESPLl gene in humans), which is 

required to cleave the cohesin complex that holds chromatids together^® '̂^®^”^̂ *. Cleavage of 

this cohesion complex is necessary to initiate anaphase^^^"^^.
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Figure 1.20. The spindle assembly checkpoint (SAC) ensures correct 
chromosomal alignment prior to anaphase
During metaphase, paired sister chromatids attach to the bipolar mitotic spindle apparatus at 
kinetochores. Kinetochores that are unattached to the spindle catalyse the formation of an 
active MCC complex (wait anaphase signal) that binds and inhibits CDC20. Once the final 
kinetochore is occupied by the spindle, the wait anaphase signal is lost, and CDC20 activates 
APC to ubiquitinate substrates such as cyclin B and securin. The resultant degradation of 
securin releases the enzyme separase to cleave cohesin and allow for sister chromatid 
separation under the tension of the mitotic spindle (reproduced with permission from Jr et al, 
2010^^^).
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Spindle assembly checkpoint and genomic instability

Failure of the spindle checkpoint may create conditions conducive to Mouse models

demonstrate that a compromised spindle checkpoint can promote tumourigenesis but also 

illustrate that there is no simple correlation between chromosome missegregation rates and the 

probability of developing cancer^® '̂^®  ̂ Dysregulations in the spindle assembly checkpoint have 

been documented in a number of human cancers'^^^^^. Current evidence indicate that 

weakened mitotic spindle checkpoint signalling provides a favourable environment for 

tumourigenesis, but in itself may or may not drive the process"’^̂ '"’ '̂’ .

1.4.6 Obesity and genomic instability

Significant negative relationships between adiposity measures (BMI, waist circumference, hip 

circumference, total body fat, and visceral adipose tissue) and leukocyte telomere length have 

been reported in some studies''^^^^ while others have not confirmed this finding'’^®̂ '̂*. It  is 

not apparent whether the reason for these inconsistencies is due to a difference in methods of 

measurements of telomere length, sample characteristics in the study, or simply there is no 

relationship between adiposity and telomere length. The studies reporting no association 

between obesity and telomere shortening relied almost exclusively on BMI measures, and many 

were not powered to show an association between anthropometric indices and telomere length. 

Adipocytes from obese adults have telomeres approximately 17% shorter than those in 

adipocytes from non-obese adults"*^ .̂ In  addition to its relationship with telomere length, 

studies have found a significant inverse association between adiposity and telomerase 

a c t i v i t y I t  has been suggested that lifestyle changes, including a healthier diet, moderate 

aerobic exercise, and stress management can increase leukocyte telomerase enzyme activity 

There is very limited evidence linking shelterin complex dysfunction with adiposity. The gene 

that has the strongest association with human obesity is the fat mass and obesity associated 

(FTO) gene, which is thought to mediate its effect through epigenetic changes. A genome wide 

methylation profile of obese and non-obese carriers of the FTO risk allele revealed that 

TERF2IP, a component of the shelterin complex, was one of four sites with significantly 

increased methylation status'’^  ̂ Obesity has not been linked with deregulation of the SAC 

complex in humans. BUBlb and CDC20 expression is upregulated in tumour-bearing mice fed a 

high fat compared to normal diet"*^ .̂ Studies identifying causal mechanisms for SAC 

deregulation are limited, but oxidative stress has been linked to malfunction of the SAC in 

yeast, and oxidative stress is a known consequence of obesity''^^'''^'’.
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1.4.7 Radiosensitivity and BFB events

The association between telomere length and radiosensitivity was initially based on the fact 

that accelerated telomere shortening is commonly observed in radiosensitive cells derived from 

patients with IR sensitive syndromes such as ataxia-telangiectasia, Nijmegen breakage and 

Fanconi anaemia syndrome'*^^^®. Many studies demonstrated that fibroblasts with short 

telomeres are more radiosensitive than their counterparts with long telomeres, and 

radiosensitive human cells have shorter telomeres than normal cells"’^ ^ ^ . The rate of 

anaphase bridging is higher in these radiosensitive cells than in wild type cells. Similarly in a 

range of cancer cell lines, short telomeres enhance r a d i o s e n s i t i v i t y T h e s e  results mirror 

those observed in TERC knock-out mice lacking the telomerase RNA component. This animal 

model suffers progressive telomere attrition both with age and with successive generations.'’̂  ̂

Progressive telomere shortening was associated with enhanced cellular and organismal 

sensitivity to ionizing radiation"’ ®̂'"’̂ .̂ A significant inverse correlation between telomere length 

and chromosomal radiosensitivity was observed in lymphocytes from breast cancer patients as 

well as in healthy individuals'’̂ ®''’̂ ®. Although some studies have suggested that telomerase 

expression per se influences r ad i ose ns i t i v i t y , o t her s  suggest that telomere length is the 

primary determinant of radiosensitivity'’̂ ®''’'’ '̂'’^̂ ''’^̂ . In these studies, ectopic telomerase 

expression or telomerase inhibition had no effect on sensitivity to IR until a measurable change 

in telomere length was observed. Although the end-result of telomerase suppression (enhanced 

radiosensitivity and delayed DNA repair kinetics) is similar to the effect observed with telomere 

shortening, telomerase suppression increased euchromatin content whereas telomere 

shortening increased heterochromatin content. This indicates that although telomerase 

repression and telomere shortening are closely intertwined, the two processes do not have 

identical consequences for the cell'*'’ .̂ Most of the evidence linking telomere dysfunction to 

radiosensitivity relates to telomere length and telomerase inactivation, however studies have 

demonstrated that a set of genes related to the shelterin complex are altered in human 

laryngeal cancer cell lines with different radiosensitivities'’^̂ . Furthermore, Tang et al observed 

that the expressions of POTl and TPPl, components of the shelterin complex, were increased 

in radioresistant laryngeal cancer cell lines compared to more sensitive cell lines, at both gene 

and protein levels'* '̂’. Dysregulation of the SAC has not been identified as a mediator of 

radiosensitivity, but inactivation of MAD2L2 and CDC20 has been observed to enhance the 

radiosensitivity of cells in vitro'’̂ .̂
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1.5 Overall Hypothesis

To date, no studies liave investigated the interplay between obesity, radiation response and 

genomic instability, and there is a lack of clinicopathologicai parameters predicting the tumour 

response to CRT in oesophageal adenocarcinoma (OAC). The overall hypothesis of this thesis is 

that adiposity drives genomic instability events in OAC, resulting in a radioresistant phenotype. 

Consequently, we investigated the molecular mechanisms of radioresistance in oesophageal 

cancer using a novel, isogenic cell-line model of radioresistant oesophageal adenocarcinoma

Specific aims:

•  Study the interaction between visceral adiposity and radioresponse in oesophageal 

cancer in vitro and in vivo

• Investigate the effect of visceral adipose tissue on telomere biology in OAC

• Elucidate the interaction between adipose tissue, anaphase bridge formation and SAC 

expression

•  Identify potential gene markers of radioresistance by characterising novel genomic 

instability events in a radioresistant model
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Chapter 2 The interaction between obesity and the radioresponse in 

oesophageal adenocarcinoma

In preparation for submission to Br 3 Cancer: AM Monqan. N Lynam-Lennon, S Maher, JV 

Reynolds, G Pidgeon, J O'Sullivan. Obesity influences the response to radiotherapy in 

oesophageal adenocarcinoma
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2.1 Introduction

Incidence rates for OAC have been increasing in Western countries for several decades due in 

part to increases In the prevalence of known risk factors such as being overweight and 

obesity^^”^̂ . In  fact, OAC may be considered the exemplar model of an obesity-related cancer. 

Obesity is associated with increased mortality in a number of cancers, including OAC^®'̂ ^ ,̂ and 

is associated with increased risk of cancer recurrence and death following treatment^^®" 

235,237,239,456,457 Hgwever, a number of studies have reported no association between obesity 

and outcomes '̂'®" '̂'^, and of those with significant findings, there are inconsistencies about the 

measurement and level of obesity, treatment modality, and the role of gender^^®'̂ ^®'̂ ^̂ '̂ ''̂ . The 

impact of obesity on outcomes in oesophageal cancer, in particular the response to 

neoadjuvant chemoradiotherapy (NA CRT), is not clear. Although several studies have reported 

no difference in survival between obese and non-obese patients^'’*'̂ '’ '̂̂ ^̂ , others have reported 

better survival outcomes in patients with high BMIŝ ''®''*̂ ®. One recent study focused on patients 

treated with NA CRT followed by surgery, and found no correlation between BMI and oncologic 

outcome or survival^^^

In addition to the lack of clarity regarding clinical studies on this topic, the relationship between 

adipose tissue and radioresponse has not been investigated at a molecular level. Mechanisms of 

radioresistance are still poorly understood. We and others have shown that a radioresistant 

phenotype is correlated with features such as altered DNA repair, cell cycle checkpoint 

operation, telomere biology, reactive oxygen species (ROS) biology, and induction of 

apoptosis“ '̂‘” °''^^^^. Many of these processes are hypothesised to be affected by adiposity. 

We have shown that visceral adipose tissue is a major immune organ and a rich source of 

activated pro-inflammatory T  cells'*® .̂ Obesity is associated with a state of chronic inflammation 

and the production of active mediators, chemotactic molecules, cytokines, and adipokines, 

results in the excessive production of ROS causing systemic oxidative s t r e s s T h e  induction 

of oxidative stress is one of the mechanisms by which ionizing radiation damages cells. The 

radioresistant phenotype has been associated with lower levels of ROS, which is likely to be 

due, at least in part, to enhanced ROS scavenging by antioxidant enzymes, particularly those 

involved in GSH processing such as GCLM (glutamate-cysteine ligase modifier subunit), GSS 

(glutathione synthetase) and GPX (glutathione peroxidase)‘*̂ ®'‘̂ °. Oxidative stress in adipose 

tissue over time is associated with inhibition of G rS  phase transition, which is mediated via 

transcriptional repression of E2F target genes''®^ We have shown that ACM co-culture with 

oesophageal cancer cells alters expression of genes involved In cell cycle control'’®̂ . However, 

the effect of adipose tissue on cell cycle kinetics has not been explored.
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Obesity is associated with alterations in DNA repair mechanisms. Our group has demonstrated 

that the radioresistance of OE33R cells is due at least in part to alterations in DNA damage 

repair efficiency^^"'.

Murine models of obesity demonstrate increased levels of nuclear and mitochondrial DNA 

and childhood obesity is associated with high levels of incompletely repaired 

DSBs"*®®. Our unit has demonstrated that co-culture with adipose conditioned media (ACM) 

induces significant alterations in DNA repair pathway gene expression in healthy and malignant 

oesophageal cellŝ ®®''̂ ®.

Other putative pathophysiological mechanisms linking obesity and aggressive tumour behaviour 

include adipokine production, the insulin-like growth factor axis and sex steroids^^ .̂ We have 

previously shown that co-culture with adipocytes has minimal transcriptomic effects on 

oesophageal cancer cells in comparison with whole adipose tissue and ACM co-culture, 

suggesting that the alterations in tumour biology are mediated not by adipocytes, but 

predominantly by secreted factors from the adipose tissue stromal vascular fraction'’ ”̂. We have 

shown that visceral ACM in OAC patients is a rich source of adiponectin, leptin and VEGF̂ ®̂ . 

Adiponectin is the most abundant adipokine, inversely associated with BMI and visceral adipose 

tissue^^ '̂'’^  ̂ It  is anti-angiogenic, anti-proliferative and anti-inflammatory, and circulating levels 

are lower in cancer patients^^^”^™. Expression of the adiponectin receptor ARl has been 

associated with prolonged survival in vitro and in vivo^“ '''̂ '̂̂ ‘̂*. Leptin, which is positively 

associated with adiposity, promotes cell proliferation, angiogenesis and metalloproteinase 

expression in oesophageal cancer cell lines, and is a prognostic factor for poor outcome in 

gastric cancer^ '̂^^ '̂''^ .̂ VEGF is known to be pro-angiogenic and may have a role In modulating 

radioresponse"’ ®̂. Our unit has demonstrated that oesophageal cancer cells treated with 

recombinant VEGF demonstrate increased proliferation which is abrogated following treatment 

with VEGF-neutralizing antibody^® .̂ Its co-receptor NRPl is upregulated in OAC and is 

associated with risk of invasive behaviour in Barrett's oesophagus^®^ Lysaght et al assessed 

expression of a panel of six proteins in ACM (IL-6, IL-8, TNF-a, VEGF, leptin and adiponectin) 

but a detailed metabolomic screen of the constituents of conditioned media from adipose tissue 

has yet to be performed

This study uses the first isogenic model of radioresistance in oesophageal adenocarcinoma to 

assess the interaction between obesity and radioresponse in OAĈ '̂*. Isogenic models of 

radioresistance, which use cells of the same origin that differ only in terms of radiosensitivity, 

are increasingly being used to study the biological mechanisms controlling radioresponse"’^̂ '̂ ^̂ . 

These model systems reduce the genetic variation that is present in patient samples and cell 

lines of different origin. Ionizing radiation induces multiple signalling pathways, so it is likely
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that the mechanisms of radioresistance involve multigene interactions. The isogenic 

radioresistant oesophageal adenocarcinoma cell line model used in this study was generated by 

exposing OE33 oesophageal adenocarcinoma cells to clinically relevant fractionated doses of 2 

Gy X-ray radiations (cumulative dose 50 Gy). Characterization of this model in terms of the 

standard parameters pertaining to radiosensitivity such as cell cycle, apoptosis and ROS 

biology, revealed no apparent alterations that could explain the enhanced radioresistance of 

OE33R cells^ '̂*. Interestingly, radioresistant OE33R cells demonstrate greater efficiency in the 

repair of radiation-induced DNA damage compared to OE33P cells, which is likely contributing 

to radioresistance in this model^^"*. However, given the complexity of the cellular response to 

IR, it is likely that multiple interacting processes can regulate sensitivity to radiation in OAC. 

The basis for the tumour response to radiotherapy lies in the interaction between the tumour 

microenvironment and the tumour cells themselves. The role of obesity in determining 

radiosensitivity is unknown, and warrants investigation.
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2.2 Overall aim and specific objectives

The aim of this chapter was to study the interaction between visceral adiposity and the 

radioresponse in oesophageal adenocarcinoma, and to identify potential mechanisms by which 

adiposity may influence radioresistance.

Specific objectives:

• Determine if obesity status affects patient outcomes and radiation sensitivity in 

oesophageal adenocarcinoma (OAC) patients

• Investigate the effect of adipose conditioned media (ACM) on clonogenic survival 

following irradiation in the isogenic radioresistant OAC model

• Determine the effect of ACM on cell cycle kinetics in the isogenic radioresistant OAC 

model

• Investigate adipose receptor expression in the isogenic radioresistant OAC model

• Identify the most abundantly expressed metabolites in ACM from non-cancer patients, 

treatment naive OAC patients, and OAC patients who had undergone neoadjuvant 

chemoradiotherapy (NA CRT)
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2.3 Materials and methods

2.3.1 Retrospective analysis

A retrospective analysis of patients with resectable adenocarcinoma of the oesophagus or 

oesophagogastric junction treated with neoadjuvant chemoradiotherapy (NA CRT) at St. 

James's Hospital was performed. Clinical, pathological and survival data were retrieved from a 

prospectively maintained upper gastrointestinal cancer database in the Department of Surgery. 

A formal multidisciplinary team (M DT) discussed the management of each patient. Patients at 

St. James's Hospital were considered for a multimodal regimen if they fulfilled the following 

criteria: age under 77 years; satisfactor/ performance status and medical fitness for surgery; a 

biopsy proven invasive tumour of the oesophagus or oesophagogastric junction; and a staged 

tumour deemed resectable by the primary surgeon. All patients had a leukocyte count greater 

than 3500 per m^, a platelet count above 100,000 per m^, serum creatinine less than 1.4 mg/dL 

(124 mol/L), no previous chemotherapy or radiation therapy, and no previous cancer.

Multimodal regimen

Patients were given a standard protocol of CRT consisting of 40 Gy/15 fractions on days 1 to 5, 

8 to 12, and 15 to 19, and concurrent chemotherapy of 5-fluorouracil (15 mg/kg) on days 1 to 

5 and cisplatin (75 mg/m^) on day seven. Chemotherapy was repeated on week six. Severity of 

chemotherapy adverse effects was defined according to the National Cancer Institute Common 

Toxicity Criteria version 2.0''®°.

Surgical resection

Patients were restaged by CT and OGD at week eight and scheduled for surgery on week nine. 

Surgery occurred if the neutrophil count was >2xl0®/mL, if performance status had not 

significantly deteriorated, and if there was no evidence of local or systemic progression of 

disease on imaging. All patients had a thoracotomy as a component of their surgical 

management, either combined with an abdominal and neck exploration (three-stage) for mid- 

and upper-oesophageal cancers, or cancer arising in long- segment Barrett oesophagus, or with 

an abdominal exploration (two-stage) for most lower third and junctional tumours, or combined 

with a total gastrectomy for junctional tumours with significant gastric extension. A two-field 

lymphadenectomy (abdominal and thoracic) was performed in all cases. In the abdomen, nodal 

dissection routinely involved resection of N1 nodes as well as nodes along the left gastric 

artery, common hepatic artery, and splenic artery. In the thorax, clearance was obtained of 

nodes up to and including subcarinal nodes in all cases, and in selected cases paratracheal 

nodes were resected. Dissection of cervical lymph nodes was not performed. Pathologic 

assessment was performed as per standard guidelines'*®^ The extent of residual carcinoma in 

the surgical specimen was assigned as per Mandard and colleagues as described in section
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1 .1 .6 . TRG 1-3 was considered to represent a good response to therapy, TRG 4 -5  a poor 

response to therapy. Data w ere also analysed according to the three-po int variation of the  

M andard TRG described in section 1.1 .6 , which separates complete (TRG 1), partial (T R G 2/3) 

and minimal (TRG 4 /5 ),  responses. Surgical complications w ere graded according to  the  

Clavien-Dindo classification'*®^. Patients w ere followed at three monthly intervals for the first 

year and a t four to  six monthly intervals for the subsequent four years. All patients had CT 

scans in the first and second post-treatm ent years or as clinically indicated.

2.3.2 Reagents

All laboratory chemicals and reagents w ere purchased from Sigma Chemical Company (M O , 

USA) unless otherwise stated, and prepared and stored according to m anufacturer's  

specifications. Solid reagents w ere weighed using a Scout Pro electronic balance (Ohaus  

Corporation, NJ, USA) or an Explorer Pro fine electronic balance (Ohaus Corporation, NJ, USA), 

and m ade up using double distilled H2O, unless otherwise stated. Solutions w ere autoclaved  

prior to use and stored a t room tem perature unless otherwise stated. Gilson pipettes (Gilson 

S.A., France), w ere used to transfer liquid volum es up to  1 mL, electronic pipette aids 

(D rum m ond, PA, USA) and disposable Pasteur pipettes (Sarstedt Ltd., W exford, Ire land) w ere  

used for volumes greater than 1 mL and graduated cylinders w ere used for volumes in excess 

of 10 mL.

2.3.3 Cell culture

All cell culture media was purchased from Lonza (Basel, Switzerland) and all cell culture plastics 

w ere purchased from Sarstedt Ltd. (W exford, Ire land ) unless otherwise stated. Cell culture was 

carried out in a dedicated cell culture room which was cleaned and sterilised monthly. Cell 

culture was carried out in a Grade I I  laminar hood using aseptic technique while wearing a 

clean lab coat with elasticated cuffs and disposable latex gloves. The cabinet was cleaned with  

7 0 %  (v /v ) ethanol before and after each use and all reagents, m edia, and plastics w ere taken  

into the cabinet and cleaned in this manner.

Generation o f the OE33R cell line

The human oesophageal adenocarcinoma OE33 cell line was purchased from the American 

Collection o f Cell Cultures (ATCC, Virginia, USA). The radioresistant cell line OE33R was 

established as previously described^^''. Briefly, the OE33 cell line was exposed to clinically 

relevant fractionated doses of 2 Gray (G y) X-ray radiation (cum ulative dose 50 Gy) to  create an 

isogenic radioresistant subline called OE33R. Both OE33R and its age and passage matched  

parental counterpart, OE33P, w ere cultured as monolayers in Roswell Park Memorial Institute  

(R P M I-1640 ) medium supplemented with 10%  fetal calf serum and 1%  penicillin-streptomycin
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(hereafter known as complete medium), and maintained at 37°C in 95% humidified air 

containing 5% CO2 . Ceils were grown to approximately 50% confluence In vented 75 cm  ̂

culture flasks and exposed to 2 Gy X rays (250 keV, 15 mA, 38 s) using an X-ray generator 

(RS225) (Gulmay Medical, Surrey, UK). Cells were trypslnized (Lonza) and subcultured when 

they had reached 90% confluence. This procedure was repeated until cells had received a 

cumulative dose of 50 Gray. Parental cells (OE33P) were mock-irradiated. The OE33P and 

OE33R cell lines are age and passage-matched.

The enhanced survival of OE33R cells is specific to radiation, rather than a general phenotype 

to cytotoxic insult. This was demonstrated by treating OE33P and OE33R cells with the 

chemotherapy agents cisplatin and 5FU and measuring survival by clonogenic assay^ '̂’. 

Treatment with IC50 doses of cisplatin or 5FU for 24 hours significantly decreased survival 

similarly in both cells lineŝ '̂*. While radiation, cisplatin and 5FU have DNA as a common 

primary target, the mode of action of each cytotoxic agent is different, with mechanisms of 

resistance that are generally distinct from one another.

Cell subculture

OE33P and OE33R were examined daily using an inverted phase contrast Nikon microscope 

(Nikon Corporation, Tokyo, Japan) and subcultured upon reaching 80-90% confluency. A 1 mL 

volume of trypsin Ethylene Diamine Tetra Acetic Acid (0.05%  (w/v) trypsin, 0.02% (w/v) EDTA) 

was added to the flask and incubated at 37°C for three to five minutes or until the cells had 

detached from the surface of the flask. Complete media (2 mL) was added to inactivate the 

trypsin and cells were seeded at specific densities in vented T75 flasks.

2.3.4 Oesophageal tumour and adipose tissue biobank

All research was carried out in accordance with the Declaration of Helsinki, and ethical approval 

for this study was granted by the Joint St. James's Hospital/AMNCH Ethics Committee to carry 

out all aspects of this work. All patients provided fully informed consent. Patients were excluded 

from the study if they were pregnant, HIV or Hepatitis C positive or had diagnosed metastatic 

disease or a history of cancer in the previous 3 years.

Oesophageal tumour biobank

Histologically proven OAC patients undergoing elective surgical resections were invited to 

participate in the oesophageal tumour biobank, established in the Department of Surgery since 

2004. Standard operating procedures for the collection, storage and analysis of specimens were 

optimised''® .̂ Tumour tissue was placed in in RHMater® (Qiagen, Sussex, UK) for the purpose 

of RNA extraction.
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Adipose tissue biobanif

An adipose biobank was established in tine department of surgery in July 2007 and standard 

operating procedures were optimised from a previously published study''®^. Patients undergoing 

oesophagectomy for oesophageal cancer and elective non oncological gastrointestinal surgeries 

were recruited to the study with consent.

Patient anthropometry

Body weight, height, visceral fat area and central waist circumference were measured and body 

mass index (B M I) calculated for all patients. All anthropometric measurements were recorded 

on the morning of surgery. Height and weight were measured to the nearest 0.1 cm and 0.1 kg 

using SECA Alpha 770 digital scale (CMS Weighing Equipment Ltd, London, UK) and portable 

stadiometer (SECA, Vogel and Halke, Germany). Body mass index (BM I) was calculated as 

weight (kg) /  height^ (m^). Waist circumference was measured to the nearest 0.1 cm using a 

tape measure midway between the uppermost border of the iliac crest and the lower border of 

the costal margin in the midaxillary line after respiratory exhalation while the patient was in a 

standing position^®'*.

All patients had a pre-operative diagnostic computed tomography (CT) scan and visceral fat 

area (VFA) was calculated by an experienced radiologist, using a previously described and 

validated technique'^^'"'®®. The cross-sectional surface areas of the different abdominal fat 

compartments were calculated at the disc space between the L3 and L4 intervertebral space. 

All patients were scanned on a Siemens Emotion single slice or a multislice Somatom Sensation 

scanner (Siemens, Erlangen, Germany). Individual scans were analysed on a Siemens Leonardo 

workstation (Siemens) to calculate total (TFA), visceral (VFA) and subcutaneous fat area 

(SFA)^ '̂^°"*. All areas were measured in square centimetres. To quantify TFA, a line was drawn 

around the skin surface with a cursor. Then an automatic algorithm and a Hounsfield threshold 

value of -  50 to -  150 was used to determine the cross-sectional fat content within that area. 

VFA was calculated by repeating the technique with an area delineated by a line drawn around 

the inner layer of the abdominal wall musculature. SFA was calculated by subtracting VFA from 

TFA^^ The accuracy of BMI to diagnose obesity is limited, particularly for individuals in the 

intermediate BMI ranges^^^. Waist circumference is a more accurate predictor of visceral fat but 

reflects total abdominal fat, failing to distinguish between subcutaneous and visceral 

compartments, and there are no clearly defined cut-off values which correlate with increased 

cancer risk. Computed tomography (CT) measurement of visceral fat area (VFA) is the gold 

standard marker of obesity and was used as the primary Indicator of obesity status in this 

studŷ ®®'̂ ^®. A visceral fat area in excess of 163.8 m ^(m en) and 80.1 m^ (wom en) is classified 

as obese for gastrointestinal cancer patients^®''.

79



Adipose tissue processing

O m ental adipose tissue specimens w ere excised a t the beginning o f the surgical resection and 

im m ediately transported in sterile transport buffer (glucose (0 .1 5 % ), gentam ycin (0 .0 5  m g/m L) 

in PBS) for processing in a Grade I I  laminar air flow cabinet. The adipose tissue was minced 

with a pair o f scissors and washed with sterile PBS. In  a tissue culture dish, 5 g samples of 

minced and washed adipose tissue w ere incubated in 10 mL of serum free M 199 media for 72 

hours a t 37°C  and 5 %  CO2 . The adipose conditioned media (ACM) was filtered to remove  

adipose tissue fragm ents and the supernatant stored a t -80°C .

Co-cuiture with adipose conditioned media

Cells w ere seeded in 12-well plates a t a concentration of 1.2 x 10^ cells/well (flow  cytom etry, 

karyotyping and array CGH), 2 x 10“’ cells/well (anaphase bridge enum eration), 6 x lO'' 

cells/well (gene expression studies and telom ere length analysis): in 6-w ell plates a t a 

concentration o f 1-6 x 10“* cells/well (clonogenic assay): in 96-w ell plates a t a concentration of 

5 X 10^ (crystal violet assay). Cells w ere allowed to adhere overnight. At 16 hours post seeding, 

cells w ere incubated w ith ACM or M 199 (1 mL to 6-well plate, 0 .5  mL to 12-well plate, 0 .05  mL 

to  96-w ell p late) and plates w ere incubated a t 37°C  in 9 5 %  humidified air and 5 %  CO2 for 24  

or 72 hours.

Adipoicine levels in adipose conditioned media

Previous investigations in this laboratory dem onstrated that adipokine levels in adipose 

conditioned media from OAC patients is influenced by location o f fa t depot, obesity status and 

treatm en t modality. Comparing subcutaneous (sACM) and visceral adipose conditioned media 

(vACM ), significantly higher levels of VEGF and IL6 w ere observed a t mRNA and protein levels, 

along with higher proportions o f CD-i-8 T  cells and NKT cells (Table 2.1)^®^'“*®̂ . Similar gene 

expression levels w ere observed for IL8, TNF-alpha and adiponectin betw een subcutaneous and 

visceral adipose tissue d e p o t s N o  significant differences in the proportions o f myeloid DC, 

plasmacytoid B lymphocytes, CD4-I- T  cells, CD14-I- monocytes or NK cells w ere observed in 

visceral compared with subcutaneous adipose tissue^® '̂''® .̂ Following culture w ith oesophageal 

tum our cells, vACM induced a g reater increase in proliferation compared to  tum our cells co

cultured w ith sACM̂ ®̂ '"*®̂ .

A selection o f cytokines, chem oklne and adlpokines w ere measured in a cohort o f obese and 

non-obese patients. Significantly higher levels o f VEGF and lower levels o f adiponectin w ere  

observed in the vACM of centrally obese compared to non-obese patients (Tab le 2.2)'’ ®̂. There  

w as no significant difference in levels of leptin or IL6''®®. vACM from viscerally obese OAC
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patients induces significantly more tumour cell proliferation than that of non-obese 

patientŝ ®̂ ''̂ ®.

Levels of VEGF, adiponectin, leptin IL8, IL6, MCPl and IFNy were assessed at a gene and 

protein level in OAC patients treated with surgery and those treated with surgery and NA CRT. 

Patients who underwent surgery only had significantly higher levels of leptin and IL6 compared 

to patients who received NA CRT prior to surgery (Table 2 .3 )“’®̂ .
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Table 2.1 Constituents of visceral compared to subcutaneous adipose conditioned 
media

Adipokines Immune cells Cell function

t IL6 expression t  NKT cells t Proliferation in OE33

t  VEGF expression tCD8^ T cells

Adiponectin Myeloid DC

Leptin • Plasmacytoid B cells

^  TNFo ' 'C D 4^T cells 

CD14'  ̂monocytes 

NK cells

Table 2.2 Constituents of obese compared to non-obese adipose conditioned media

Adipokines Cell function

I  VEGF expression I Proliferation

1 Adiponectin

Leptin

^  IL6

Table 2.3 Constituents of adipose conditioned media from OAC patients treated with 
surgery only compared to OAC patients treated with NA CRT

Adipokines

j  Leptin expression

i  IL6

Adiponectin

<^IL8
^ M C P l
<e^VEGF

^IFNy
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2.3.5 Investigation of gene expression 

RNA isolation from cell lines using TriReagent method

RNA to be used for quantitative real tim e polymerase chain reaction (qPCR) was isolated from  

cell lines using the TriReagent method. Following co-culture w ith ACM, RNA was harvested from  

OE33P and OE33R cell lines using 1 mL of TriReagent (M olecular Research Centre, Montgom ery  

Road, OH, USA), containing a m ixture of guanidine thiocyanate and phenol in monophasic 

solution. Samples lysed in TriReagent w ere stored a t -80 °C  until RNA extraction. Total RNA was 

isolated as follows: samples w ere  thaw ed and stored a t room tem perature for 5 min following 

which 100 mL Brom o-3-chloro-propane (BCP) was added. Samples w ere vortexed for 15 s and 

allowed to stand a t room tem perature for 15 min. Following centrifugation a t 12000 x g a t 4°C  

for 15 min, the upper aqueous phase was carefully removed to a new tube and subsequent 

steps w ere carried out a t room tem perature. Isopropanol (5 0 0  pL) was added to the tube and 

incubated for 10 min followed by centrifugation a t 12000 x g for 8 min. The supernatant was 

decanted and the pellet washed in 1 mL ethanol (7 5 %  v /v ) by brief vortexing followed by 

centrifugation a t 12000 x g for 5 minutes. The ethanol was decanted and the pellet allowed to  

air dry for 3 -5  min. The pellet was resuspended in 40 pL RNase-free H2O.

Pre amplification o f RNA

RNA from patient pre-treatm ent biopsy samples was am plified using a MessageAmp I I  aRNA  

amplification kit (Am bion). The procedure involves single-strand reverse transcription o f RNA to 

cDNA. The cDNA undergoes a second-strand synthesis, and purification to provide a tem plate  

for in vitro transcription, which generates antisense RNA (aRNA) copies o f each mRNA in a 

sample. RNA (250n g ) was m ade up to a final volum e of 10 pL in nuclease-free H 2O. A reverse 

transcription m aster mix was m ade up to contain (per reaction): 1 pL nuclease-free H 2O, 1 pL 

T 7 Oligo (d T ) prim er, 2 pL first strand buffer ( lO X ), 4  pL dNTP mix, 1 pL RNase inhibitor and 1 

pL array script reverse transcriptase enzym e. A 10 pL volum e o f m aster mix was added to each 

RNA sample and mixed by pipetting. Samples w ere incubated a t 40°C , with the lid a t 50“C in a 

G-Storm therm al cycle (Gene technologies Ltd) for 2 hours. Samples w ere centrifuged briefly to 

pool, and placed on ice until required.

A second strand cDNA synthesis m aster mix was m ade up to  contain (per sam ple): 63 pL 

nuclease-free H 2O, 10 pL second strand buffer (lO X ), 4  pL dNTP mix, 2 pL DNA polymerase  

enzym e and 1 pL RNase H. An 80 pL volume o f m aster mix was added to each sample, and 

mixed by pipetting. Samples w ere pooled by brief centrifugation, and incubated a t 16°C in a 

pre-cooled G-Storm therm al cycler (G ene technologies Ltd) for 2 hours. I t  was ensured that the  

lid of the therm al cycler was inactivated, as tem peratures above 16°C m ay inhibit the second- 

strand cDNA synthesis reaction. A 250 pL volum e o f cDNA binding buffer was added to each
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sample, and mixed by pipetting. The samples w ere centrifuged briefly to pool, and each sample 

w as pipetted onto the centre o f a cDNA filter cartridge placed in a plastic wash tube. Samples 

w ere centrifuged a t 10 ,000  x  g for 1 min or until the entire volum e had passed through the  

filter and the flow -through w ere discarded. A 500 pL volum e of wash buffer was added to the  

cDNA filter cartridge and centrifuged a t 10,000 x  g for 1 m inute or until the entire volume had 

passed through the filter. The eluted cDNA was transferred to a 0 .2  mL PCR tube.

A transcription m aster mix was m ade up to contain (p er cDNA sam ple): 4  pL T 7  ATP, 4 pL T7  

CTP, 4 pL T 7  GTP, 4 pL T 7  UTP, 4  pL T7 (lO X ) reaction buffer and 4  pL T 7  polymerase enzym e  

mix. A 24 pL volum e o f transcription m aster mix was added to each cDNA sample, mixed by 

pipetting and centrifuged briefly to pool. Samples w ere incubated a t 37°C  with the lid a t 100- 

105°C in a G-Storm therm al cycler (Gene technologies Ltd) for 14 hours. The reaction was 

stopped by addition o f 60 pL nuclease-free H 2O to each sample.

A clean-up o f each sample was performed to ensure removal o f enzymes and any  

unincorporated nucleotides from the amplified RNA. A 350 pL volum e o f aRNA binding buffer, 

followed by 250 pL ethanol was added to each sample, and mixed 3 times by pipetting. Each 

sample was then im m ediately transferred onto the centre o f an aRNA filter cartridge placed in a 

plastic elution tube. Samples w ere centrifuged a t 10 ,000  x  g for 1 min or until the entire  

volum e had passed through the filter and the flow-through w ere discarded. A 650 pL volum e of 

wash buffer was pipetted onto the filter cartridge and centrifuged a t 10,000 x g for 1 min or 

until the entire volum e had passed through the filter. The flow -through was discarded, and the  

centrifugation was repeated to  remove any trace amounts o f wash buffer. The aRNA filter 

cartridge was transferred to  a new collection tube, and 200 pL nuclease-free H 2O heated to  

55°C was pipetted onto the filter cartridge. Samples w ere incubated a t 5 5 “C for 10 min, and 

centrifuged a t 10,000 x g fo r 1.5 min or until the entire volume had passed through the filter.

RNA quantification and purity analysis

RNA quantification was determ ined spectrophotometrically, using a Nanodrop 1000  

spectrophotom eter (version 3 .1 .0 , Nanodrop technologies, DE, USA). RNase-free H 2 O (1 pL) 

was used to blank the instrum ent prior to RNA analysis. A 1 pL volum e of each sample of 

isolated RNA was loaded onto the instrum ent and concentration was measured in ng/pL. 

26 0 :2 80  and 260 :230  purity ratios w ere also recorded. A 260 :280  ratio greater than 2 .0  was 

indicative o f a pure RNA yield, while a 260 :230  ratio g reater than 1.7 indicated the sample was 

free of phenol contamination.
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cDNA synthesis cell lines and tumour samples

The reverse transcriptase enzym e and buffer w ere  purchased from  Bioline (Bioline, Kilkenny, 

Ire land ); all other reagents w ere purchased from  Invitrogen (Invitrogen Corp., CA, USA). cDNA 

w as synthesised by adding random primers (1 ijL) to 1 |jg total RNA, adjusting the volume to 

11 pL w ith RNase-free H 2 O, and heating the sample to  70°C  for 10 min, and im m ediately  

chilling on ice for a t least 1 min. A m aster mix containing: RNaseOUT recom binant ribonuclease 

inhibitor (1 U n lt/p l), dNTPs (lO m M , prepared as a 1:1 :1 :1  ratio o f dATP, dGTP, dTTP and 

dCTP), and Bioscript reverse transcriptase (20 0  units/pL) in 5X Bioscript reaction buffer was 

added to each sample. This m ixture was incubated a t 37°C  for 3 hours and 70°C  for 10 

minutes. The resulting cDNA was stored a t -20°C .

Table 2.4. Reagents and volumes used in cDNA synthesis

Reagent Volume per sample 
(ML)

Random Primers 1.0
250ng o f RNA +  RNase free H 2 O 11.0

Heated for 10 min at 70°C and cooled on ice for 1 min then following mix added:

5X Bioscript reaction buffer 4 .0

H 2 O 2.0
DNTPs 1.0
RNase out 0.5
Bioscript Reverse Transcriptase 0.5
Total Volume 20
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Quantitative real time PCR

T a q M a n ®  assay kit (Applied Biosystems, CA, USA) w ere used for all gene expression 

experim ents. The following PCR m aster mix was prepared for each sample to  be amplified: 10 

pL T a q m a n ®  Universal M aster Mix (2X ), 8 .0  pL nuclease-free H 2 O, 10 pL T a q m a n ®  gene  

expression assay. cDNA (1  pL) from each sample was added in triplicate to a 96-well 

MicroAmp™ Optical reaction plate (Applied Biosystems, CA, USA). A no-tem plate control using 1 

pL H 2 O instead o f DNA tem plate was also included. The PCR m aster mix was added to each 

w ell, to give a final reaction volum e of 20 pL. T he reaction plate was sealed using an optical 

adhesive cover (Applied Biosystems), and the plate was centrifuged briefly to  pool reagents and 

elim inate any bubbles. Real-tim e PCR detection was perform ed using an ABI Prism 7900H T  

real-tim e therm al cycler (Applied Biosystems). The plate was heated to  50°C for 2 min, 95°C for 

10 min, followed by 40 cycles o f 95°C for 15 s and 60°C for 1 min. Taqm an fluorogenic gene  

expression probe sets (Applied Biosystems) w ere used for all gene expression experiments. All 

probe sets used w ere FAM (6-carboxyfluroscein) labelled.

Quantitative real time PCR data analysis

Data analysis was perform ed using SDS 2 .3  and SDS RQ M anager 1.2 relative quantification  

software. A visual inspection o f triplicate expression values was initially perform ed to exclude 

outliers. The threshold cycle (C t) for each well was calculated and the expression levels of 

targe t genes w ere normalised to expression levels of an endogenous control gene (1 8 5  

ribosomal RNA). For all p re-treatm ent biopsy tum our samples, target gene expression was 

normalised to proportion o f tum our cells as determ ined by B actin expression. CT values for B 

actin w ere determ ined for each sample and stratified into low, m oderate and high. CT values 

for each sample w ere divided by 1 (h igh), 2 (m oderate) or 3 (low ). Analysis o f gene expression 

data was perform ed using the 2 -“ “  relative quantification m ethod, which describes the change  

in expression o f a target gene relative to the expression o f a reference group, such as an 

untreated control. One sample was set as the calibrator for the analysis. Gene changes w ere  

only reported if the transcript w as amplified before 30 cycles.

2.3.6 X-Ray irradiation

Cells w ere seeded in 6-w ell plates and treated with control media or co-cultured with ACM as 

previously described (section 2 .3 .3 ). All irradiations w ere perform ed using a Gulm ay Medical X- 

Ray generator, model (R s225) (Gulm ay Medical, Surrey, UK), a t a dose rate of 3 .25  Gy/m in (2  

G y/38  s). The uniform delivery o f ionising radiation to  cells plated on culture dishes was  

ensured with the generation o f a broad radiation beam (1 2 .5  cm x 12.5 cm ). Cells w ere  

irradiated a t the centre o f the beam , a t a distance of 40  cm with a beam produced by 200 kV
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and 15 mA, The dosimetry was performed by a qualified medical physicist, using ionisation 

chambers and thermoluminescent dosimeters.

Clonogenic assay

The sensitivity of cells to radiation was measured using the clonogenic assay, which is the gold 

standard method for measuring cytotoxicity''®®. This assay tests the ability of each cell in a 

population to retain its reproductive integrity following exposure to cytotoxic insults. Cells in the 

exponential growth phase were harvested by trypsinization as described previously (section 

2.2.3) and a single cell suspension was obtained. The cell suspension was adjusted to the 

required density using complete medium, and the required numbers of cells (see Table 2.5) 

were seeded into 6-well plates (Sardstedt). Cells were allowed to adhere to plates overnight at 

37°C in 5% C02/95% air. Cells were irradiated at 0 or 2 Gy bolus dose, and incubated at 37°C 

in 5% C02/95% air for 7-14 days to allow surviving colonies to reach maximum density without 

merging of colonies occurring.

Table 2.5. Optimum clonogenic cell seeding densities

Treatment Cell seeding density 

(cells/well) (6-well plate)

M199 control media 4.0 X 10^

M199 control media + 2 Gy IR 8.0 X 10^

ACM 3.5 X 10^

ACM + 2 Gy IR 6.0 X 10^

Staining o f colonies

Media were removed from wells and 0.5 mL staining/fixing solution (0.05% w/v crystal violet, 

25% v/v Methanol) was added to each well. Plates were incubated for 30 minutes at room 

temperature, and the staining/fixing solution was removed from wells to a waste flask. Residual 

crystal violet was removed by gently submerging plates in a water bath. Plates were left to air 

dry. Crystal violet waste was inactivated using NaOH before disposal.

Colony counting

Colonies consisting of 50 cells or more were counted using a PC-software operated colony 

counter (ColCount™, Oxford Optronix Ltd, Oxford, UK). Colonies are imaged using wide-angled 

optics, and electro-luminescent trans-illumination is used to create maximal contrast with the 

crystal violet stain. The application of constant counting parameters eliminates bias and 

ensures objective results. Plating efficiencies (PE), which are the fraction of colonies from
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untreated cells, were calculated using the formula; PE= No. colonies/No. cells seeded. The 

surviving fraction (SF), which is the number of colonies produced after treatment, expressed in 

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

2.3.7 Propidium iodide ceil cycie analysis

Cell cycle analysis was performed by Propidium Iodide (P I) staining and flow cytom etr/'’®̂ . Cells 

were seeded in 6-well plates, and allowed to adhere overnight at 37°C in 5%  C02/95%  

humidified air. Cells were treated with 1 mL RPMI control media, M199 control media or ACM. 

Following treatment, cells were collected by trypsinization as descnbed previously (section 

2.3.3) and transferred to 5 mL falcon tubes (BD Biosciences). Cells were centrifuged at 180 x g 

for 3 min, and the supernatant decanted. Cell pellets were washed with 1 mL PBS and 

centrifuged as before. Cell pellets were fixed and permeabilised by drop-wise addition of 4.5 mL 

ice-cold ethanol (70%  v/v in PBS) (Merck, Darmstadt, Germany), and incubated at 4 “C for a 

minimum of 2 hours. The fixative was decanted following centrifugation at 180g for 3 min. 

Fixed cells were washed with 1 mL PBS and centrifuged as before. Each sample was 

resuspended in 0.5 mL PI staining solution [PI (0 .02 mg/mL)/Triton X- 100 (0.1% )/RNase A 

(0.2 m g/m L)], except for appropriate controls. Samples were incubated at 37°C for 30 min and 

then at room temperature for 1.5 hours in PI staining solution. Unstained control samples used 

for instrumental setup were incubated in 1 mL PBS. Flow cytometry was performed using a 

FACSCalibur^” flow cytometer (Becton- Dickson, San Jose, CA), data acquired using Summit 

v4.3 software (Dako, Glostrup, Denmark) and data analysed by histogram plot using 

CELLQuest^” software. A minimum of 10,000 events were collected, and doublets were 

excluded from analysis using doublet discrimination. The X-axis of the histogram plot 

represents PI fluorescence or DNA content, whilst the Y-axis represents cell number.

2.3.8 Metaboiomic screen of ACM

A volume of 250 pL deuterium and 10 pL sodium trimethyl [2,2,3,3-^H4] propionate (TSP) 

(0 .005 g/mL) were added to each 330 pL sample of adipose conditioned media. Spectra were 

acquired on a 600-MHz Varian NMR spectrometer (Varian Limited, Oxford, United Kingdom) by 

using the first increment of a NOESY (Nuclear overhauser effect spectroscopy) pulse (sequence 

at 251C). NMR ACM spectra were processed manually with Chenomx software (version 6; 

Chenomx Edmonton, Canada) and were phase and baseline corrected. Spectra were integrated 

into bins consisting of spectral regions of 0.001 ppm. The water region was excluded, and data 

were normalized to the total area of the spectral integral. Discriminating metabolites were 

identified by using libraries of pure metabolites enveloped in house and the Chenomx database 

library. Acquisition of samples resulted in spectra containing a number of peaks, representing 

proton resonance in NMR.
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2.3.9 Statistical analysis

Statistical analysis was performed using Graphpad Prism 5 software (GraphPad Software, Inc., 

CA, USA) and SPSS version 18 for Windows (IBM, Armonk, New York, USA) software. Unless 

otherwise stated, scientific data were expressed as mean ±  standard error of the mean (SEM). 

SEM was calculated as the standard deviation of the original sample divided by the square root 

of the sample size. Clinical data was expressed as the median. Unpaired f-tests and the Mann- 

Whitney U test were used to examine statistical significance between unpaired groups of 

parametric and non-parametric data respectively. Categorical variables were analysed by Chi- 

square and Fisher's exact tests. Data analysis was performed by one way analysis of variance 

(ANOVA), where the number of groups in the experiment was three or more. A Tukey multiple 

comparisons post hoc test was necessary following ANOVA In order to determine which groups 

were significantly different to each other. RR refers to relative risk, 95% Cl to 95% confidence 

interval. Survival analysis was performed using Kaplan-Meier curves and log-rank test. Survival 

was calculated from date of diagnosis to the first event (i.e. recurrence, progression, death or 

end of the follow-up period). For all analysis, p  <0.05 was considered to be statistically 

significant.

Statistical methods for the analysis of metabolomic data may be grouped into supervised and 

unsupervised approaches. Multivariate metabolite data analyses were performed with Simca-P+ 

software (version 11.0; Umetrics, Umea°, Sweden). The NMR spectra were analysed using 

two pattern recognition methods, principal component analysis (PCA) (unsupervised) and 

partial least square discriminant analysis (PLS-DA) (supervised). In PCA, the maximum variation 

in the dataset itself is described without providing information to the model about the class 

groupings. The output is a series of orthogonal principal components, describing the maximum 

to minimum variation in the data in turn through weighted peaks. In biological materials such 

as ACM, confounding or random data may mask the true differences in the samples, indicating 

that supervised analysis techniques may be more useful. PLS-DA uses multivariate metabolomic 

peak data to describe the assignment of samples to binary groups. Principal components 

analysis (PCA) was applied to data sets to explore any trends or outliers in the data. The 

difference between metabolite patterns was further explored by using partial least-squares 

discriminant analysis (PLS-DA). A scores plot was created to visualize the PLS-DA model, and 

the corresponding loadings provided information on the contribution of IH  NMR spectral 

regions to the separation of metabolite clusters. The variable Importance in the projection (VIP) 

value of each variable in the model was calculated to indicate its contribution to the 

classification of samples. Variables with a VIP value >1.5 were considered important in 

discriminating between groups. The quality of all models was judged by the goodness-of-fit 

parameter (R^) and the predictive abilit/ parameter (Q^), which is calculated by an internal
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cross-validation of the data and the predictability calculated on a leave-out basis. For all 

analysis, p <0.05 was considered to be statistically significant.
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2.4 Results

2.4.1 Impact of obesity on radioresponse in OAC patients treated with 
neoadjuvant chemoradiotherapy.
Between 1990 and 2012, a total of 254 consecutive OAC patients were treated with 

neoadjuvant chemoradiotherapy (NA CRT) as part of their curative therapy, of whom 209 

completed NA therapy and went on to have a surgical resection. According to BMI classification, 

eight patients were underweight (4%), 53 were normal weight (25%), 94 were overweight 

(45%) and 54 were obese (26%). Visceral fat area (VFA) is the gold standard marker of 

visceral obesity‘*̂ °. Visceral obesity status as measured by VFA was available on just 75 of the 

209 patients (38 non-obese and 37 obese). The small sample size precluded analysis of 

outcomes in this subset, therefore BMI had to be used as the surrogate marker of obesity. 

Patients who were underweight were excluded from analysis. The remaining cohort of 201 

patients comprised 33 women and 168 men, with a median age of 61 years (range 30-77 

years). The normal (n=53) and overweight/obese (n=148) cohorts were not significantly 

different in terms of age, gender, ASA grade, smoking status, tumour site or clinical stage 

(Table 2.6). Overall, 188 patients were characterised as ASA 1 or 2 (94%), most patients were 

current or ex-smokers (n=190, 95%), most tumours were located in the oesophago-gastric 

junction (n=194, 97%) and deemed clinically to be stage T3 (n=166, 83%).
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Table 2.6. Clinical details of normal and overweight/obese cohorts.
NORMAL OVERWEIGHT & OBESE ALL P value

n= 53 n=148 n1=201

Age median (years) 61 62 61 0.19"
Age range (years) 30-75 37-77 30-77

16 0.39‘=
Male gender 42 79% 126 85% 8 86%

ASA GRADE n % n % n o/o

ASA Grade 1 26 49% 70 47% 96 48% 1.00'=
ASA Grade 2 22 42% 70 47% 92 46%
ASA Grade 3 5 9% 8 6% 13 6%

SMOKING STATUS n % n o/o n »/o

13 0.37‘*
Current smoker 29 55% 101 68% 0 65%
Ex smoker 13 24% 47 32% 60 30%
Never smoked 11 21% 0 11 5%

TUMOUR SITE n »/o n % n %

Middle oesophagus 1 2% 2 1% 3 1% 0.44®
Lower oesophagus 1 2% 3 2% 4 2%

19
Oesophago-gastric junction 51 96% 143 97% 4 97%

OGJ I 22 83 48
OGJ II 23 53 20
OGJ III 6 7 3

Clinical T stage n o/o n 0/0 n »/o

Clinical stage TIs 1 2% 1 1% 2 1% 0 .4 /
Clinical stage T1 1 2% 3 2% 4 2%
Clinical stage 72 6 11% 13 9% 19 10%

16
Clinical stage T3 42 79% 124 84% 6 83%
Clinical stage T4 1 2% 2 1% 3 1%
Clinical stage Tx 2 4% 5 3% 7 3%

ASA=American society of anaestinesiologists' classification of physical health; OGJ =Oesophago- 
gastric junction; Tis^In situ; Tx=N ot assessed; a=Analysed by Mann Whitney U test; b=male 

vs. female analysed by test; c=ASA 1 vs. ASA 2-3, analysed by test; d=Current or ex
smoker vs. never smoked analysed by x  ̂ test; e=AEG vs. other site analysed by x  ̂ test; 
f=Clinlcal stage Tis-T0-T2 vs. T3-4 analysed by x  ̂ test.
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2.4.1.1 Pathological outcomes

Of the 201 resected tumours, 50%  were ypT3 (/?=101). A median of 15 nodes were analysed 

(range 1-37) and 100 patients (49% ) had node positive disease (Table 2.7). An RO resection 

was achieved in 163 (81% ) of patients. A good TRG response (TRG 1-3) was seen in 148 

patients (74% ) and 32 (1 6 % ) had a TRG of 1. While clinical T  stage prior to NA CRT did not 

differ between normal and overweight/obese patients, overweight and obese patients were 

more likely to have a lower pathological T  stage at surgery (Relative Risk (RR) 1.495, 95%  

Confidence Interval (C l) 1.094-1.938, p =0 .02) (Figure 2.1). The number of lymph nodes 

analysed and lymph node positivity did not differ between normal and overweight/obese 

cohorts. Overweight or obese patients were more likely to achieve a good TRG response 

compared to normal weight patients (RR=2.141, 95%  C I= 1 .374-3.336, p=0 .002) (Figure 2.2 

A). When patients with TRG 3 were excluded from the analysis, overweight/obese patients 

were three times as likely to achieve a good (TRG 1-2) response following NA CRT (R R=3.259, 

95%  C l=1.269-8.368, p=0 .004) (Figure 2.2 B). Direct logistic regression was performed to 

assess the impact of a number of factors on the likelihood of a good TRG response. The model 

contained six variables (age, gender, smoking histor/, ASA grade, clinical T  stage, BMI 

classification). Only BMI classification independently predicted TRG response. Overweight and 

obese patients were three times more likely to achieve a good TRG response after controlling 

for all other factors in the model (O R=3.376, 95%  C I= 1 .68-6.784, p=0 .002). I f  data are 

analysed according to the three-point variation of the Mandard TRG which separates complete 

(TRG 1), partial i.e. fibrosis predominates (TRG2/3) and minimal i.e. cancer outweighs fibrosis 

(TRG 4 /5 ), overweight and obese patients were still more likely to achieve a good TRG 

response compared to normal weight patients (p=0 .003).
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Table 2.7. Pathological details for normal and overweight/obese patient cohorts
TUMOUR PATHOLOGY Normal Overweight & obese Overall P value

n==53 n=148 n= 201

n “/o n »/o n »/o
Pathological T Stage

US 0 - 3 2% 3 1% 0.02^
TO 3 6% 26 18% 29 15%
T1 6 11% 25 17% 31 16%
T2 5 9% 26 18% 31 16%
T3 38 72% 63 43% 101 50%
14 1 2% 2 - 3 1%
Tx 0 - 3 2% 3 %

Pathological N Stage
NO 22 42% 77 52% 99 49% 0.20*’
N1 25 47% 62 42% 87 43%
N2 4 8% 5 3% 9 4%
N3 2 4% 2 1% 4 2%
Nx 0 “ 2 1% 2 1%

Analysed nodes
Median 15 17 15 0.25"
Range 0-41 0-37 0-41

Residual Tumour
RO 43 81% 121 82% 164 81% 0.84'^
R1 10 19% 26 17% 36 18%
R2 0 - 1 1% 1 1%

Tumour Regression
Grade
TRG 1 4 8% 28 19% 32 16% 0.002®
TRG 2 12 23% 38 26% 50 25%
TRG 3 14 26% 52 35% 66 33%
TRG 4 19 36% 28 19% 47 23%
TRG 5 4 8% 2 1% 6 3%

a=Tis/T0-T2 vs. T3-4, analysed by test; b=NO vs. Nl-3, analysed by test; c=analysed by 
unpaired two tailed t test; d=RO vs. Rl-2, analysed by x  ̂test; e=TRGl-3 vs. TRG 4-5 analysed 
by x  ̂test.
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Figure 2.1. Comparison of clinical and patliological T stage in normal and 
overweight/obese patient coliorts
Comparison of patient cohorts was performed using test. A p value of <0.05 was considered 
to be statistically significant. *p<0.05; RR=relative risk; 95% CI=95% confidence interval. (A) 
Normal and overweight/obese patients did not differ in terms of clinical T stage. (B) However, 
normal weight patients were more likely to have higher pathological T stage (T stage 3-4) at 
resection (RR=1.456, 95% CI=1.094-1.938, p=0.02).
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Figure 2.2. Comparison of tumour regression grade following NA CRT in normal 
and overweight/obese patient cohorts
Comparison of patient cohorts was performed using x^test. A p value of <0.05 was considered 
to be statistically significant. (A) Overweight/obese patients were twice as likely to achieve a 
good (TRG 1-3) response following NA CRT (RR=2.141, 95% CI= 1.374-3.336, p=0.002). (B) 
When patients with TRG 3 were excluded from the analysis, overweight/obese patients were 
three times as likely to achieve a good (TRG 1-2) response following NA CRT (RR=3.259, 95% 
CI=1.269-8.368, p=0.004). **p<0.001; RR=relative risk; 95% CI==95% confidence interval.
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2.4.1.2 Surgical complications

Median time to surgery after diagnosis was 129 days (range 17-250 days) (Table 2.5). 

Overweight/obese patients had significantly longer time to surgery compared to normal weight 

patients (Figure 2.3 A). Most patients underwent a stage I I  oesophagectomy (n=167, 83% ). 

Major postoperative complications (Clavien-Dindo grade I I I - IV )  were detected in 57 patients 

(28% ). Pneumonia represented the most common postoperative complication (n=12 , 16% ). 

Seventeen patients (8 % ) required an exploratory laparotomy postoperatively, and the in- 

hospital mortality was 7%  (n=15). The frequency of postoperative complications did not differ 

between normal weight and overweight/obese patients, and both cohorts were equally likely to 

develop major complications (Grade I I I ,  IV, V) (Figure 2.3).

2.4.1.3 Recurrence and survival

At a median follow-up of 19 months, recurrence was noted in 118 patients (5 9% ), with median 

time to recurrence of 9.2 months. Obesity status was not associated with risk of recurrence and 

did not affect survival (Figure 2.4). Five-year survival was 21%  (Table 2 .9), with overall median 

disease-specific survival of 27 months (median survival for normal weight patients was 23 

months, overweight/obese median sun/ival was 30 months).
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Table 2.8. Surgical resection in normal and overweight/obese patient cohorts
SURGICAL RESECTION Normal Overweight 

& Obese
Overall P Value

n==53 n= 148 n= 201

Time to surgery from diagnosis
Range (days) 17-209 63-250 17-250 0.03®
Median (days) 122 131 129

OPERATION PERFORMED

Stage II oesophagectomy 47 87% 120 81% 167 83% 0.26*’
Stage III oesophagectomy 5 13% 25 17% 30 14%
Transhiatal oesophagectomy 0 1 1% 1 1%
Gastrectomy 0 2 1% 3 2%

POST-OPERATIVE COMPLICATIONS*

Any complication 35 66% 93 63% 128 64% 0.74"
Grade III-IV complications 20 38% 56 38% 57 28% 0.84"

Reoperation 5 9% 12 8% 17 8%

MORTALITY

In-hospital mortality 3 6% 12 8% 15 7% 0.76"
Median OSS (months) 23 30 27 0.88*̂

"As per the Clavien-Dindo (CD) classification of surgical complications 
DSS=Disease specific survival

Overweight/obese patients had significantly longer time to surgery compared to normal weight 
patients. Normal weight patients compared to overweight/obese patient cohort did not differ in 
type of operation performed, postoperative complications or mortality rates, 
a.Analysed using unpaired two tailed t test 

^Stage II vs. stage III oesophagectomy, analysed by x^test 

■ Analysed by test
j

Analysed by log-rank test
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Figure 2.3. Operative outcomes in normal weight and overweight/obese patient 
cohorts
Comparison of patient cohorts was performed using Mann Whitney U for continuous data and 
X^test for categorical variables. A p value of <0.05 was considered to be statistically significant; 
*p<0.05. (A) Normal weight patients had statistically shorter time to surgery following NA CRT 
(median time to surgery 120 days compared to 132 days delay for overweight/obese patients) 
(p=0.03). (B) Post-operative complication rates were similar in normal weight and 
overweight/obese patient cohorts.
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Figure 2.4. Disease specific survival of normal and overweight/obese patient 
cohorts

Survival was calculated from date of diagnosis to the first event (i.e. death or end of the follow- 
up period). Survival analysis was performed using Kaplan-Meier curves and log-rank test. There 
was no statistically significant difference in survival in normal weight compared to 
overweight/obese patients. Median survival was 23 and 30 months respectively.

Table 2.9. Actuarial life table analysis

OVERALL SURVIVAL (n=201)

Survival Time No. At Risk Deaths Cumulative Survival
1 year 201 52 72%
2 year 125 28 55%
3 year 83 19 42%
4 year 55 2 41%
5 year 48 16 21%
Median survival 26.8 months

Overall survival in all patients treated with NA CRT from 1990 to 2013 (n=201). Overall five- 
year survival was 21%.
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2.4.1.4 Recurrence and survival

Therefore, clinically we Inave shown that while there was no difference in preoperative clinical T 

stage between normal weight patients and overweight and obese patients, overweight and 

obese patients were more likely to have a lower pathological T stage at surgery and to achieve 

a good TRG response (TRG 1-3) at surgery. Obesity status did not influence rates of 

postoperative morbidity, recurrence or survival. To investigate if obesity did or did not increase 

radiosensitivity in vitro, survival of oesophageal cancer cells following co-culture with adipose 

conditioned media and irradiation was assessed using clonogenic assay.

2.4.2 Radiosensitivities of oesophageal cancer cell lines and optimisation of 
radiation seeding densities
Sensitivity to radiation was measured by clonogenic assay using methods described in section 

2.3.6. M199 media was used as the control treatment for all clonogenic assays. A critical 

parameter of the clonogenic assay that can affect colony formation is the density at which cells 

are initially seeded. At least 100 viable colonies at the end of the clonogenic incubation period 

are required to ensure statistical accuracy. These colonies should be discrete and not 

overlapping or they do not provide a reliable result. The optimal cell seeding densities were 

previously determined for OE33P and OE33R cell lines irradiated with a 2 Gy dose"'®  ̂

Clonogenic survival cell seeding densities were optimised for OE33P and OE33R cell lines 

following treatment with ACM (ensuring that at least 100 viable colonies were present at the 

end of the clonogenic incubation period). Figure 2.5 shows representative images of clonogenic 

assays performed on OE33P cells treated with control media and 2 Gy irradiation (IR) (Figure 

2.5 A), OE33P cells co-cultured with ACM and irradiated at 2 Gy, (Figure 2.5 B), OE33R cells 

treated with control media and 2 Gy IR (Figure 2.5 C), and OE33R cells co-cultured with ACM 

and irradiated at 2 Gy (Figure 2.5 D). OE33P demonstrated decreased survival compared to 

OE33R cells at baseline (p=0.008) (Figure 2.6).
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Figure 2.5. Clonogenic assay of OE33P and 033R cells
Representative images of (A) OE33P cells treated witti 2 Gy irradiation (IR); (B) OE33P cells
treated with ACM and 2 Gy IR; (C) OE33R cells treated with 2 Gy IR and (D) OE33R cells
treated with ACM and 2 Gy IR.
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OE33P OE33R

Figure 2.6. OE33P cells are more radioresponsive than OE33R cells
OE33P demonstrated decreased survival compared to OE33R cells at baseline (p =0 .008 ). Data 

are expressed as mean ±  SEM. Statistical analysis was performed using unpaired t test 
comparing ACM treated cells versus control; **p < 0 .0 0 1 .
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2.4.3 Treatment with ACM decreases radioresistance in OE33P and OE33R

OE33P and OE33R cell lines were exposed to 2 Gy IR following treatment with control media or 

ACM from non-cancer patients (non-cancer cohort, n=5) (Figure 2.7 A, B), ACM from OAC 

patients who had not undergone NA CRT prior to surgery (surgery only OAC cohort, n=14) 

(Figure 2.7 C, D), and ACM from OAC patients who received NA CRT therapy prior to surgery 

(NA CRT OAC cohort, n=10) (Figure 2.7 E, F). Patient characteristics are shown in Table 2.10. 

Decreased radioresistance was seen in OE33P cells treated with ACM from the non-cancer and 

surgery only OAC cohort; however this did not reach statistical significance (Figure 2.7 A and 

C). OE33P cells treated with ACM from the NA CRT OAC cohort demonstrated a statistically 

significant decrease in radioresistance compared to cells treated with control media (p=0.009. 

Figure 2.7 E).

Decreased radioresistance was detected in OE33R cells following co-culture with ACM from the 

non-cancer cohort (p=0.03, Figure 2.7 B), ACM from the surgery only OAC cohort (p=0.002. 

Figure 2.7 D) and ACM from the NA CRT OAC cohort (p<0.0001, Figure 2.6 F). The ACM used 

in this study was generated from obese and non-obese OAC patients. No difference in survival 

fraction in OE33P and OE33R cells was seen when ACM from non-obese compared to obese 

patients was used.

Radiosensitivity was compared in OE33P and OE33R cells treated with ACM from three patient 

cohorts. There was no difference in survival fraction in OE33P cells treated with ACM from three 

patient cohorts (Figure 2.8 A). Radioresistance was significantly lower in OE33R cells treated 

with ACM from NA CRT OAC patients compared to cells treated with ACM from the radiation 

naive OAC patient cohort (p=0.003) (Figure 2.8 B).
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Table 2.10. A-C Anthropometric data for patient ACM used in clonogenic assays

A Non-cancer cohort (n=5)
Patient Age Gender BMI

(kg/m^)
WC

(cm)
VFA

(cm^)

1 60 Female 23.0 79 94.5
2 61 Female 29.4 89 212.4
3 44 Female 29.1 105 264.4
4 47 Female 37.3 121 236.9
5 64 Female 37.9 112

B Surgery only OAC cohort (n = 14)
Patient Age Gender BMI WC VFA

(kg/m") (cm) (cm")
1 60 Female 25.4 86 73.7
2 44 Male 22.4 79 34.1
3 52 Male 23.5 90 109
4 69 Female 21.5 76 25.2
5 61 Female 29.8 91 124.2
6 47 Male 33.4 118 345.2
7 64 Male 26.8 95 235.1
8 67 Male 27.2 102 216.8
9 62 Male 33.8 126 383.8
10 71 Male 22.9 88 227.0
11 68 Female 42.6 129 299.3
12 59 Male 26.3 94 217.1
13 60 Male 32.9 NS 221.7
14 69 Male 27.6 97 165.5

C NA CRT OAC cohort (n=10)
Patient Age Gender BMI WC VFA

(kg/m") (cm) (cm")
1 58 Male 20.6 80 30.8
2 63 Male 83 34.7
3 58 Male 28.0 74 91.0
4 55 Male 24.4 81 120.2
5 76 Male 30.7 114 354.6
6 51 Male 30.6 112 210.6
7 72 Male 27.9 97 228.8
8 62 Male 30.9 94 237.4
9 69 Male 30.2 101 280.8
10 63 Male 32.7 106 247.45
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Figure 2.7. ACM treatment decreases radioresistance in OE33P and OE33R
OE33P and OE33R cells were treated ACM from three patient cohorts (non-cancer cohort n=5, 
surgery only OAC cohort n=18, and NA CRT OAC cohort n=14). Data are expressed as mean ± 
SEM. Statistical analysis was performed using unpaired two tailed t test; *p<0.05, **p<0.001, 
***p<0.0001, /VS=not significant. (A) Co-culture of OE33P cells with ACM from non-cancer 
patients did not significantly alter radioresistance. (B) Co-culture of OE33R cells with ACM from 
non-cancer patients resulted in decreased radioresistance (p=0.03) (C) OE33P cells co-cultured 
with ACM from surgery only OAC patients did not demonstrate significantly altered 
radioresistance. (D) OE33R cells co-cultured with ACM from surgery only OAC patients 
demonstrated decreased radioresistance (p=0.002). (E) Treatment with ACM from irradiated 
OAC patients resulted in decreased radioresistance (p=0.009). (F) OE33R cells treated with 
ACM from non-cancer patients demonstrated decreased radioresistance (p<0.0001).
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Figure 2.8. Comparison of the effect of ACM from three patient cohorts on 
radiosensitivity of OE33P and OE33R
Data are expressed as mean ± SEM. Statistical analysis was performed using one-way ANOVA 
with Tukey post-hoc correct\on} *p<0.05, **p<0.001. (A) There was no difference in survival 
fraction in OE33P cells treated with ACM from three patient cohorts. (B) OE33R cells treated 
with ACM from NA CRT OAC patients showed decreased radioresistance compared to cells 
treated with ACM from surgery only OAC patients (p=0.003). (C) Following treatment with ACM 
from non-cancer and surgery only OAC patients, there was no difference in survival fraction in 
OE33P compared to OE33R cells. Following co-culture with ACM from NA CRT OAC patients, 
OE33P cells demonstrated higher radioresistance compared to OE33R cells.
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2.4.4 ACM treatment alters cell cycle kinetics in OE33P and OE33R cells

Cell cycle position affects radiosensitivity, however the effect of ACM on cell cycle progression is 

unknown. Cells in the G2/M  phase are most sensitive to radiation, while cells in S phase are 

most resistant '̂'®. Cell cycle distribution was analysed in OE33P and OE33R cells following co

culture with control media or ACM from three obese OAC patients (patient data shown in Table 

2.11). OE33P cells treated with ACM had a lower proportion of cells in the more radioresistant S 

phase compared to cells treated with control media (p=0.05) (Figure 2.9). OE33R cells treated 

with ACM had a lower proportion of cells in the more radioresistant S phase (p=0.05), but a 

higher proportion of cells in Go/Gi phase (p=0.05) (Figure 2.10). While statistically significant, 

the magnitude of the difference in cell cycle distribution between control and ACM-treated cells 

is small, and unlikely to account for the difference in radiosensitivity between treated and 

untreated cells.

OE33P cells treated with ACM had a higher proportion of cells in S phase compared to ACM- 

treated OE33R cells (p=0.004), and a lower proportion of cells in Gq/Gi phase (p=0.002). There 

was no difference in the proportion of cells in G2/M phase in OE33P compared to OE33R cells 

following ACM treatment.

Patient Age Gender BMI
(kg/m^)

WC
(cm)

> 
u Neoadjuvant

CRT

1 42 Male 31.2 106.0 172.0 No
2 69 Male 27.6 97.0 165.5 No
3 67 Male 30.5 98.0 185.4 No
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Figure 2.9. Cell cycle kinetics in OE33P following ACM treatment
Cell cycle analysis was petformed by PI staining and flow cytometry. (A) Cell cycle analysis of 
OE33P cells treated with control media. (B ) Cell cycle analysis of OE33P cells treated with ACM. 
(C) A greater percentage of OE33P cells was observed in S phase following treatment with 
M199 control media when compared to OE33P cells treated with ACM (p=0.05). Data are 
expressed as mean ±  SEM. Statistical analysis was performed using unpaired student t test; 
*p<0.05.
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Figure 2.10. Cell cycle kinetics in OE33R following ACM treatment
Flow cytometry cell cycle analysis demonstrating cell cycle distribution of OE33R cells treated 
with (A) M199 control media and (B) ACM. (C) OE33R cells treated with ACM demonstrated a 
lower proportion of cells in the more radioresistant S phase (p=0.04), but a higher proportion 
of cells in the Go/Gi phase (p=0.05). Data are expressed as mean ± SEM. Statistical analysis 
was performed using unpaired student t test; *p<0.05.
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2.4.5 ACM treatment alters ARl and NRPl expression

Cell cycle distribution did not explain the alteration in radiosensitivity induced by ACM. 

Therefore, we examined the role of adlpokines in the ACM. ACM treatment of OE33P and 

OE33R reduced radioresistance to a greater degree In OE33R compared to OE33P cells. OE33P 

and OE33R cells were treated with ACM generated from the same patients, therefore 

heterogeneity in ACM composition did not explain the difference detected. We speculated that 

the different response seen in OE33P compared to OE33R cells might be attributable to 

alterations in adipoklne receptor expression between OE33P and OE33R. Expression of a panel 

of four adipoklne receptors representing abundant adlpokines in non-obese and obese visceral 

ACM was assessed In OE33P and OE33R cell lines at baseline and following co-culture with ACM 

for 24 hours. We investigated the expression of adiponectln receptor 1 (A R l); adlponectin 

receptor 2 (AR2); leptin receptor (LepR); and the VEGF receptor neuropilin-1 (N R Pl). ACM was 

generated from obese and non-obese OAC patients, and anthropometric characteristics of 

patients are summarised in Table 2.12.

There was a significant 2-fold downregulatlon in A R l expression in OE33P cells following 24 

hours of ACM treatment compared to cells treated with control media (p =0 .02 ). ACM treatment 

did not alter A R l expression in OE33R (Figure 2.11 A). AR2 expression following ACM treatment 

was not altered in OE33P or OE33R (Figure 2.11 B). Expression of A R l and AR2 in OE33P and 

OE33R did not differ following treatment with ACM generated from non-obese compared to 

obese patients or following treatment with ACM from patients treated with surgery only 

compared to patients who underwent NA CRT. LepR expression following ACM treatment was 

not altered in OE33P or OE33R (Figure 2.11 C). However, LepR expression in OE33P cells 

following treatm ent with ACM from patients who underwent NA CRT was increased two-fold 

compared to controls (p =0 .05), and was significantly higher compared with OE33P cells treated 

with ACM from surgery only patients (p=0 .02). LepR expression in ACM-treated OE33R cells 

was not influenced by obesity status or treatment status of the patient ACM. ACM Induced a 13- 

fold upregulation in NRPl expression in OE33P cells (p =0 .05 ), but did not alter NRPl 

expression in OE33R cells (Figure 2.11 D). Expression of NRPl in OE33P and OE33R did not 

differ following treatm ent with ACM generated from non-obese compared to obese patients or 

following treatm ent with ACM from patients treated with surgery only compared to patients 

who underwent NA CRT.
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Table 2.12. Patient cohort details (ACM used in adipokine receptor gene expression
and genomic instability in vitro experiments).
Patient Age Gender Body Mass 

Index 
(kg/m^)

Waist
Circumference

(cm)

Visceral Fat 
Area 
(cm^)

1 68 Male 25 95 127.5

2 58 Male - - 83.0

3 50 Male 23.2 94 87.6

4 46 Male - 100.3 17.0

5 58 Male 20.6 80 30.8

6 68 Male 28.8 104 284.8

7 72 Male 30.1 106.7 240.6

8 67 Male 27.2 102 216.8

9 62 Male 33.8 126 383.8

10 71 Male 22.9 88 227.0

Anthropometric data for patient ACM used in adipokine receptor gene expression studies, 
telomere length measurement, telomerase and shelterin gene expression studies, anaphase 
bridge enumeration and SAC gene expression studies.
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Figure 2.11. The effect of ACM on adipokine receptor expression
OE33P and OE33R cells were co-cultured with ACM from ten OAC patients. Data are expressed 
as mean ± SEM. Statistical analysis was performed using paired two-tailed student's Mest to 
compare ACM treated cells versus control; *p<0.05. (A) ACM induced a two-fold 
downregulation in ARl expression in OE33P cells (p=0.008), but did not alter ARl expression in 
OE33R. (B) No significant difference in AR2 expression was seen in OE33P or OE33R cells 
treated with ACM for 24 hours. (C) ACM treatment did not alter LepR expression in OE33P or 
OE33R. (D) ACM upregulated NRPl expression in OE33P cells 13-fold (p=0.05), however NRPl 
expression in OE33R cells was not altered following ACM treatment.
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2.4.6 Adipokine receptor expression is influenced by radiosensitivity status

Adipokine receptor expression in OE33P cells at baseline and following ACi^ treatment was 

compared to adipokine receptor expression in OE33R cells (Table 2.10). Expression of ARl and 

AR2 was significantly higher in OE33P cells compared to OE33R cells at baseline (p=0.0008 and 

p=0.02 respectively) (Figure 2.12 A, B). Expression of ARl and AR2 following ACM treatment 

was not different between OE33P and OE33R. In contrast, levels of LepR and NRPl were 

significantly lower in OE33P cells compared to OE33R cells (p=0.002, and p=0.04 respectively) 

(Figure 2.12 C, D). Expression of NRPl following ACM treatment was not different between 

OE33P and OE33R, however, expression of LepR was higher in OE33R cells compared to OE33P 

cells following ACM treatment (p=0.0004) (Figure 2.13).

2.4.7 Adipokine receptor expression changed during the generation of the 
radioresistant OE33R line
Expression of four adipokine receptors (ARl, AR2, LepR, NRPl) was assessed across a 

sequence of increasing passage OE33R sublines (OE33R-4, OE33R-8, OE33R-19) representing 

sequential stages in the generation of the resistant cell line (Figure 2.14). OE33P and OE33R 

are plotted for reference. Increasing expression of ARl, AR2 and LepR is seen across the 

sequence, while decreasing expression of NRPl is seen across the sequence.
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Table 2.13. Adipokine receptor expression in OE33P compared to OE33R cells
ARl AR2 LepR NRPl

OE33P vs. OE33R 
Baseline 0.9 vs. 0.5 0.9 vs. 0.5 1.3 vs. 7 1.3 vs. 2.8

(Relative RQ) 
p value 0.008 0.02 0.002 0.04

OE33P vs. OE33R 
24hr ACM -1.8 vs. 1.2 -1.6 vs. 1.2 1.5. vs. -1.1 13 vs. 4.5

(Fold change) 
p value 0.10 0.30 024 018

ARl and AR2 gene expression was signifirantly higher in OE33P compared to OE33R cells, 
while LepR and NRPl gene expression was significantly lower in OE33P compared to OE33R 
cells at baseline. Expression of the four adipose receptor genes ARl, AR2, LepR and NRPl did 
not differ in ACM treated OE33P cells compared to ACM treated OE33R cells. Data are 
expressed as mean fold change in expression. Values highlighted in bold represent statistically 
significant alterations in gene expression. Statistical analysis was performed using unpaired 
two-tailed student's t test.
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Figure 2.12. Adipokine receptor expression in OE33P compared to OE33R
Expression of a panel of adipokine receptors was assessed in OE33P and OE33R cell lines using 
qPCR. Data are expressed as mean ± SEM. Statistical analysis was performed using unpaired 
two tailed student's t test; *p<0.05, **p<0.001. (A) Expression of ARl was significantly higher 
in OE33P compared to OE33R (p=0.008). (B) Similarly, AR2 expression was higher in OE33P 
compared to OE33R (p=0.02). (C) LepR expression was lower in OE33P compared to OE33R 
(p=0.002). (D) NRPl expression was significantly lower in OE33P compared to OE33R 
(p=0.04).

116



Leptin Receptor
10n

□  OE33P

0

OE33R

ACM treated ACM treated

Figure 2.13. LepR expression is greater in ACM treated OE33R compared to ACM 
treated OE33P cells
Data are expressed as mean fold change In expression ± SEM. Statistical analysis was 
performed using unpaired two-tailed student's f-test; ***p<0.0001. Expression of LepR was 
higher in OE33R cells compared to OE33P cells following ACM treatment (p=0.0004).

117



Adiponectin Receptor 1
OE33P

1.0n

0 .8 -

UJ "o 0.4-

tr o 
<  0 .2 -

0.0
8 11 19 244

B Adiponectin Receptor 2
1.5n

X  SUJ ^
CM 2  0.5- 
QC o

0.0
8 11 244 19

Increasing Passage Increasing Passage

Leptin Receptor

o oT 6-•TS t i

UJ V  
OC 2
a  o/II ^

248 11 194
Increasing Passage

Neuropilin-1

.2

Q. ^
X  £liJ ^

8 11 19 244
Increasing Passage

Figure 2.14. Expression of adipol(ine receptors across a sequence of increasing 
passage OE33 cell lines during generation of the radioresistant OE33R cell line
Expression of a panel of four adipokine receptors was assessed across a sequence of increasing 
passage OE33 cells (OE33P, OE33R-4, OE33R-8, OE33R-19, OE33R) representing sequential 
stages in the generation of the resistant cell line. OE33P and OE33R are plotted for reference.
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2.4.8 Adipokine receptor expression in responder and non-responder patient 

cohort

Expression of ARl, AR2, LepR and NRP was determined in oesophageal adenocarcinoma pre- 

treatment biopsy samples from patients who had a good TRG response (TRG 1-3, responder) 

and poor TRG response (TRG 4-5, non-responder) at resection (patient details are outlined in 

table 2.14). There was increased expression of ARl and AR2 in responder compared to non

responder patients but this did not reach statistical significance (p=0.40 and p=0.70 

respectively) (Figure 2.15 A, B). There was lower expression of LepR and NRPl in responder 

compared to non-responder patients, but this did not reach statistical significance (p=0.43 and 

p=0.12 respectively) (Figure 2.15 C, D).
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Table 2.14. Characteristics of responder and non-responder OAC patients.
Responder Non-responder p Value
TRG 1-3 TRG 4-5

n = l l  n=19
Age at surgery (years)* 64 (53-67) 61 (44-70) NS"

Gender
Male 9 15

NS''

Female 2 5
Obesity Status
Body mass index (kg/m^)* 29.1 (19.8-31.1) 27.3 (19.5-40.5) NS"
Waist circumference (cm)* 97.5 (90-121) 92 (77-114) NŜ
Visceral fat area (cm)* 183.5 (84-338.5) 141 (42.8-283.7) NS"
Pathological T Stage
Tis 0 0

0.001"

TO 5 0
T1 2 0
T2 1 3
T3 2 15
T4 0 1
Tx 1 0
Nodal status
Node negative 9 5

o.oor*

Node positive 2 14
♦Values given are median (range); NS=Not significant; a=Analysis performed using Mann 
Whitney U test; b=Analysis performed using Fisher's exact test; c=Pathological T stage 0-2 
compared to pathological T stage 3-4, RR=4.2, 95% CI=1.2-14.8; d^Analysis performed using 
Fisher's exact test, RR=4.1, 95% 0=1.1-14.6.
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Figure 2.15. Adipokine receptor expression in responder and non-responder OAC 
patients
Adipokine receptor expression was determined in pre-treatment OAC tumour biopsy samples 
from responder (n = l l)  and non-responder (n=19) patients using quantitative real-time PCR. 
Data are expressed as mean ± SEM. Statistical analysis was performed using Mann-Whitney U 
test. There was no statistically significant difference in expression of (A) Adiponectin receptor 1 
(B) Adiponectin receptor 2, (C) Leptin receptor and (D) Neuropilin-1 in pre-treatment biopsy 
tumour samples from responder patients compared to biopsy samples from non-responder 
patients.
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2.4.9 Metabolomic profile of ACM from non-cancer compared to OAC patients

We hypothesised that adipol<ines in ACM may influence the radioresponse, and showed that 

adipokine receptor expression differed in OE33P compared to OE33R cells. In  this section, we 

investigate the metabolomic profile of ACM from non-cancer patients and OAC patients using 

nuclear magnetic resonance spectroscopy (NMR). Anthropometric details are outlined in Tables 

2.15, 2.16 and 2.17.

The initial principal components analysis (PCA) of NMR ACM data showed one outlying 

sample: the NMR spectra were inspected, and it was noted that the spectrum was of poor 

quality and as a result, this sample was removed from further analysis. A representative PCA 

plot that showed separation on the basis of the three patient cohorts (non-cancer, surgery only 

OAC, NA CRT OAC) is depicted in Figure 2.18A. To investigate this further, a partial least- 

squares discriminant analysis (PLS-DA) model was constructed (Figure 2.18 B). Separation of 

the three patient cohorts was seen, but the value indicated that the model was weak. 

Therefore pairwise PCA plots were constructed comparing non cancer ACM with surgery only 

OAC ACM (Figure 2.19), and non-cancer ACM with NA CRT OAC ACM (Figure 2.20).

Two robust models were built when comparing ACM profiles of different patient cohorts. 

Representative PCA plots showing separation on the basis of two patient cohorts (non-cancer 

versus surgery only OAC patients, and non-cancer versus NA CRT OAC patients) are depicted in 

Figure 2.19A and 2.20A. To investigate this further, pairwise PLS-DA models were constructed 

(Figure 2.19B, 2.20B). Analysis of the VIP values revealed the metabolites responsible for the 

separation of non-cancer and surgery only OAC cohorts (Table 2.18). The most discriminating 

metabolites included lactate, threonine, glucose, lysine and valine. Concentrations of lactate, 

threonine, lysine and valine were significantly higher in the ACM of surgery only OAC patients, 

whereas glucose was significantly higher in the ACM of non-cancer patients (Table 2.18). The 

metabolites responsible for the separation of non-cancer and NA CRT OAC cohorts are listed in 

Table 2.19 and included threonine, glucose, lysine, valine and isoleucine. Concentrations of 

threonine, lysine, valine and isoleucine were significantly higher in the ACM of NA CRT OAC 

patients, whereas glucose was significantly higher in the ACM of non-cancer patients.

A representative PCA plot showing separation of the surgery only OAC and NA CRT OAC 

cohorts is depicted in Figure 2.19 A. To investigate this further, a PLS-DA model was 

constructed (Figure 2.19 B). Separation of the two patient cohorts was seen, but the value 

indicated that the model was weak.
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Table 2.15. Anthropometric details of non-cancer patients
Patient Age Gender BMI

(kg/m^)
WC

(cm)
VFA

(cm^)
1 58 Male 20.6 80 30.8
2 51 Male 30.6 112 210.6
3 72 Male 27.9 97 228.8
4 62 Male 30.9 94 237.4
5 69 Male 30.2 101 280.8
6 63 Male 32.7 106 247.45

Patient Age Gender BMI
(kg/m^)

WC
(cm)

VFA
(cm^)

1 58 Male 20.6 80 30.8
2 51 Male 30.6 112 210.6
3 72 Male 27.9 97 228.8
4 62 Male 30.9 94 237.4
5 69 Male 30.2 101 280.8
6 63 Male 32.7 106 247.45

Table 2.17. Anthropometric details of NA CRT OAC patients
Patient Age Gender BMI

(kg/m^)
WC

(cm)
VFA

(cm^)
1 58 Male 20.6 80 30.8
2 51 Male 30.6 112 210.6
3 72 Male 27.9 97 228.8
4 62 Male 30.9 94 237.4
5 69 Male 30.2 101 280.8
6 63 Male 32.7 106 247.45
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Figure 2.16. Separation of patient cohorts on tlie basis of metaiwlomic profile
(A) Principal component analysis (PCA) of nuclear magnetic resonance ACM data for three 
patient cohorts (non-cancer cohort, surger/ only OAC cohort, NA CRT OAC cohort, n=6 for all, 
R^=0.736). t [ l ] =  PCA component 1, t[2 ]=  PCA component 2. (B) Partial least-squares 
discriminant analysis (PLS-DA) of NMR plasma data for three patients cohorts (non-cancer 
cohort, surgery only OAC cohort, NA CRT OAC cohort), (R^=0.453, Q^=0.0012). Red triangles 
represent non cancer patients, blue triangles surgery only OAC patients, and black triangles 
represent NA CRT OAC patients.
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Figure 2.17. Non-cancer and surgery only OAC patients are associated with 
different metabolomes
(A) Principal component analysis (PCA) of nuclear magnetic resonance ACM data for two 
patient cohorts (non-cancer versus surgery only OAC patients, R^=0.699). t[l]=PCA component 
1, t[2]=PCA component 2. (B) Partial least-squares discriminant analysis (PLS-DA) of NMR 
plasma data for two patient cohorts (non-cancer cohort versus surgery only OAC cohort), 
(R^=0.479, Q^=0.273). (C) Validation model. Red triangles represent non cancer patients, 
black triangles represent NA CRT OAC patients, n=6 for each cohort
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Table 2.18. Relative intensities and VIP values of the most discriminating 
metabolites generated from the PLS-DA for comparison of ACM from non-cancer 
i^e/yf/5 surgery only OAC patients_________________________________________
VIPS
(ppm)

M5.VIP Metabolite p-value

Non cancer Surgery only OAC
cohort cohort

Mean SD Mean SD
1.315 7.33073 0.0492 0.0402 0.0827 0.0277 Lactate NS
1.325 5.31929 0.0582 0.0484 0.0834 0.0284 Lactate NS
1.305 6.58509 0.0128 0.0106 0.0304 0.0080 Threonine 0.014
1.295 4.15207 0.0005 0.0061 0.0082 0.0029 Threonine 0.031
3.825 2.35536 0.0032 0.0022 0.0007 0.0002 Glucose 0.039
3.835 2.09140 0.0023 0.0014 0.0004 0.0001 Glucose 0.022
3.845 2.02298 0.0022 0.0012 0.0005 0.0002 Glucose 0.019
1.865 2.22582 0.0019 0.0014 0.0039 0.0008 Lysine 0.017
1.875 2.13270 0.0016 0.0010 0.0035 0.0015 Lysine 0.025
1.035 1.95987 0.0011 0.0010 0.0027 0.0011 Valine 0.029
3.515 3.03494 0.0008 0.0003 0.0019 0.0013 Glycerol NS
VIP values Indicate the contribution of metabolites to the classification of samples. VIP values 
were calculated for the partial least-squares discriminant analysis model that compared non
cancer and surgery only OAC cohorts. P values are based on two-tailed, unpaired t-test. 
VIP=Variable importance in the projection, ppm=parts per million
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Figure 2.18. Non cancer and NA CRT OAC patients express different metabolomic 
profiles
(A) Principal component analysis (PGA) of nuclear magnetic resonance ACM data for two 
patient cohorts (non-cancer versus NA CRT OAC patients, R^=0.819). t [ l ]=  PCA component 1. 
t[2 ]=  PCA component 2. (B) Partial least-squares discriminant analysis (PLS-DA) of NMR 
plasma data for two patient cohorts (non-cancer cohort versus NA CRT OAC cohort), 
(R^=0.489, Q^=0.079). (C) Validation model. Red triangles represent non cancer patients, 
black triangle represents NA CRT OAC patients, n=6 for each cohort
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Table 2.19. Relative intensities and VIP values of the most discriminating 
metabolites generated from the PLS-DA for comparison of ACM from non-cancer 
versus NA CRT OAC patients_____________________________________________
VIPS
(ppm)

M7.VIP Metabolite p-vaiue

Non cancer NA CRT OAC
cohort cohort

Mean SD Mean SD
1.295 5.67466 0.0005 0.0061 0.0114 0.0042 Threonine 0.005
3.825 2.35468 0.0032 0.0022 0.0009 0.0005 Glucose 0.034
3.735 2.22689 0.0028 0.0014 0.0010 0.0004 Glucose 0.024
3.745 2.09995 0.0025 0.0010 0.0011 0.0002 Glucose 0.012
1.865 2.74278 0.0019 0.0014 0.0045 0.0013 Lysine 0.007
1.875 2.56597 0.0016 0.0010 0.0038 0.0013 Lysine 0.006
1.855 2.09317 0.0023 0.0014 0.0042 0.0014 Lysine 0.042
1.885 2.18606 0.0013 0.0005 0.0029 0.0010 Lysine 0.004
1.035 2.26945 0.0011 0.0010 0.0029 0.0008 Valine 0.007
3.535 5.24455 0.0083 0.0076 0.0205 0.0111 Glycine 0.05
1.245 2.19622 0.0022 0.0024 0.0045 0.0014 Isoleudne NS
1.225 2.15509 0.0011 0.0017 0.0030 0.0011 Isoleucine 0.039
1.225 2.10611 0.0025 0.0025 0.0047 0.0015 Isoleudne NS
1.275 2.10165 0.0034 0.0022 0.0056 0.0022 Isoleudne NS
1.445 3.68593 0.0085 0.0072 0.0023 0.0006 Alanine NS
1.285 3.45395 0.0030 0.0038 0.0082 0.0042 0.049

VIP values indicate the contribution of metabolites to the classification of samples. VIP values 
were calculated for the partial least-squares discriminant analysis model that compared non
cancer and surgery only OAC cohorts. P values are based on two-tailed, unpaired t test. 
VIP=Variable importance in the projection, ppm=parts per million
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Figure 2.19. Metabolomic profile of surgery only OAC and NA CRT OAC patient 
cohorts
(A) Principal component analysis (PGA) of nuclear magnetic resonance ACM data for two 
patient cohorts (surgery versus NA CRT OAC patients, R^=0,672). t [ l ]=  PCA component 1. 
t[2]= PCA component 2. (B) Partial least-squares discriminant analysis (PLS-DA) of NMR 
plasma data for two patient cohorts (non-cancer cohort versus NA CRT OAC cohort), 
(R^=0.423, Q^=-ve 0.08). (C) Validation model. Black triangles represent surgery only OAC 
patients, blue triangle represents NA CRT OAC patients, n=6 for each cohort
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2.4.10 Metabolomic profile of ACM from obese compared to non-obese OAC patients

The NMR ACM profiles from OAC patients showed separation on the basis of obesity status 

(anthropometric details are summarised in table 2.20) (Figure 2.20 A). To investigate this 

further, a pairwise PLS-DA plot was constructed comparing non-obese OAC ACM with obese 

OAC ACM (Figure 2.20 B). Analysis of the VIP values revealed the metabolites responsible for 

the separation of non-obese and obese OAC cohorts (Table 2.21). The most discriminating 

metabolites included lactate, glycerol, alanine and pyruvate. The concentration of lactate was 

significantly higher in the ACM of non-obese OAC patients, whereas glycerol, alanine and 

pyruvate were significantly higher in the ACM of obese OAC patients (Table 2.21).
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Table 2.20 Anthropometric details of non-obese and obese OAC patients
Non-obese

n=20
Obese
n=20

p Value

Age at surgery (years)* 62 (43-86) 64 (45-76) NŜ
Gender
Male/Female 17/3 20/0 NS'’
Obesity Status
Body mass index (kg/m^)* 23.4 (10.1-33.6) 29.3 (18.3-39) <0.0001^
Waist circumference (cm)* 88 (61-109) 101 (85-130) <0.0001®
Visceral fat area (cm)* 73.9 (4.3-158) 211.4(110.6-381.1) <0.0001"
Neoadjuvant therapy
Yes/No 10/10 10/10 NS'"

♦Values given are median (range); NS=Not significant; a=Analysis performed using Mann 
Whitney U test; b=Analysis performed using Fisher's exact test.
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Figure 2.20. Metabolomic profile of non-obese OAC and obese OAC patient cohorts
(A) Principal component analysis (PCA) of nuclear magnetic resonance ACM data for two 
patient cohorts (non-obese OAC versus obese OAC patients, R^=0.672). t[l]=PCA component 
1, t[2]=PCA component 2. (B) Partial least-squares discriminant analysis (PLS-DA) of NMR 
ACM data for two patient cohorts (non-obese OAC cohort versus obese OAC cohort), 
(R^=0.461, Q^=0.361). (C) Validation model. Black triangles represent non-obese OAC 
patients, red triangles represent obese OAC patients, n=20 for each cohort
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Table 2.21 Relative intensities and VIP values of the most discriminating 
metabolites generated from the PLS-DA for comparison of ACM from non-obese 
versus obese OAC patients

VIPS
(ppm)

M7.VIP Metabolite p-value

Non-obese Obese OAC
OAC cohort cohort

Mean SD Mean SD
1.317 11.65333 0.0022 0.0009 0.0068 0.0039 Lactate 0.004
3.547 3.19 0.0005 0.0003 0.0009 0.0005 Glycerol 0.041
1.446 2.92 0.0005 0.0003 0.0010 0.0004 Alanine 0.029
2.360 2.74 0.0001 0.0001 0.0011 0.0002 Pyruvate 0.042
0.948 2.85 0.0004 0.0002 0.0008 0.0006 Leucine NS

VIP values indicate the contribution of metabolites to the classification of samples. VIP values 
were calculated for the partial least-squares discriminant analysis model that compared non- 
obese and obese OAC cohorts. P values are based on two-tailed, unpaired t  test. VIP=Variable 
importance in the projection, ppm=parts per million
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2.5 Discussion

The relationship between obesity and the radioresponse in OAC has not previously been 

addressed and mechanisms of radioresistance are poorly understood. OAC is an aggressive 

disease with low treatment response rates and extremely poor five-year sun/ival indicating that 

mechanisms of treatment resistance are of great significance^ '̂®®. Analysis of standard 

clinicopathologic parameters does not predict the response of oesophageal cancer to 

neoadjuvant CRT̂ ^̂ . There is a distinct lack of studies evaluating obesity status and 

radioresponse in OAC. This is the first study to suggest that BMI status influences TRG 

response in OAC. We have shown that patients who were overweight or obese were more likely 

to have a lower pathological T  stage than normal weight patients, despite having similar clinical 

T stages prior to treatment and were more likely to achieve a good TRG response (TRG 1-3) 

than normal weight patients. One study, performed by Shridhar et al., specifically examined 

oncological and survival outcomes in a cohort of OAC patients who received NA CRT; BMI was 

not associated with tumour response^^^ That study stratified tumour responses into complete, 

partial and no response; whether this was based on the TRG classification used in our study is 

not clear, and may potentially explain the disparity in our findings^^^ In our study, obesity 

status was not associated with recurrence or survival. Four studies investigating outcomes in 

OAC patients in relation to BMI have included a cohort of patients who received NA RT, none of 

which demonstrated a difference in survival between obese and non-obese patients^'’®'̂ '*̂ '̂ ^̂ '̂ ^̂ .

A significant limitation of this retrospective study is the use of BMI as a marker of obesity 

status. VFA is the gold standard marker of visceral obesity, and visceral obesity contributes to 

obesity related disease risk more than overall adiposity^®®'^ '̂‘'̂ °. In addition, conditioned media 

derived from visceral adipose tissue is used to examine the effect of adiposity in vitro, thus 

specific measurement of visceral adiposity would be a more appropriate measure. Prospective 

studies assessing the link between obesity and radioresponse in OAC using VFA as a marker of 

obesity should be performed to confirm the findings from this retrospective analysis.

Clinical data indicating a potential association between increased adiposity and improved 

radioresponse was supported by our results from the clonogenic assay showing that ACM 

influences radiosensitivity in both OE33P and OE33R. The effect of adipose tissue or adipose 

conditioned media on the clonogenic survival of cancer cells has not previously been studied. 

OE33P and OE33R cells treated with ACM demonstrated decreased radioresistance. This effect 

was seen with ACM from three patient cohorts, including radiation naive OAC patients as well 

as previously irradiated patients, suggesting that this outcome is not merely a bystander effect 

caused by previous exposure to radiation, nor is it a secondary effect of malignancy. 

Radioresistance was significantly lower in cells treated with ACM from NA CRT patients, 

compared to the radiation naive OAC cohort, suggesting that previous exposure to irradiation
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may have induced a bystander effect on the visceral fat, thus releasing an altered panel of 

adipokines which stimulated a more radioresponsive phenotype. Previous work from this unit 

demonstrated that ACM generated from NA CRT OAC patients contains higher levels of Leptin 

and IL-6 (Interleukin 6) compared to surgery only OAC patients, and higher levels of IL6, IL8 

(Interleukin 8), MCPl (Monocyte chemoattractant protein 1), and IFNy (Interferon-gamma), 

compared to ACM from non-cancer patients. IL6 levels are increased in the adipocytes of obese 

subjects and may be important either as a circulating hormone or as a local regulator of insulin 

action"*̂ .̂ Secretion of IL6 Is increased in healthy and malignant cell lines following exposure to 

ionizing radiation IL6 expression positively correlates with radioresistance in cancer

cell lines'*®^®®, while IL6 inhibition attenuates radioresistance"*®^®^. Similarly, IL8 levels are 

elevated in obese subjects^®, induction of IL8 is stimulated by irradiation™^'^^, and it is 

associated with radioresistance and poor outcomes in cancer patients'*®®'"’®̂ '̂ '’̂ . Neither IL6 nor 

IL8 have been linked with radiosensitivity in vitro or in vivo, making them unlikely mediators of 

radiosensitivity in this model. Circulating levels of MCPl are raised in obese patients^°°, and 

MCPl expression in cancer cells is induced by irradiation^°‘''̂ °̂ . However, MCPl expression has 

not been investigated in relation to radioresponse. Elevated IFNy is observed in obese 

subjects^“ , and is associated with radiosensitivity in murine immune cells“ .̂ The

radiosensitising effect of IFNy is thought to be mediated via downregulation of the cell cycle

regulatory gene Chkl (Checkpoint kinase 1). However, the mechanisms of action of IFNy are 

complex and not well understood. IFNy induces attenuation of telomerase activity, and lower 

hTERT expression^®®; low levels of telomerase activity are associated with radiosensitivity in 

cancer cell lines'” ^''^. In addition, IFNy inhibits proliferation and promotes accumulation of 

cancer cells in the radiosensitive Gj/M phase™^; G2 /M accumulation was not seen in the 

isogenic model following ACM treatment in this study.

Cells in the M and G2  phase are, in general, the most sensitive to radiation, cells with a long 

cycle time demonstrate another peak of resistance in early Gi phase, whilst cells in S phase are

most resistant '̂' '̂̂ '*®. Chronic irradiation of OE33R during its generation altered its basal cell

cycle distribution, with OE33R cells demonstrating a lower proportion of cells in Go/Gi phase 

and a concomitant higher proportion of cells in the G2 /M phase, compared to OE33P cells, 

which is surprising given that the G2/M  phase is most sensitive to radiation^^‘''̂ °̂. However, 

these differences were extremely small (4%  difference in G2 /M  phase distribution) and highly 

unlikely to be a major factor contributing to the enhanced radioresistance of OE33R^^‘'. The 

synchronization of cells into radiosensitive phases has been recognized as a method by which 

to improve the efficacy of radiation therapy^“ '̂ ^̂ . IR-induced DNA damage stimulates 

temporary cell cycle arrest in G l, S and G2 phases allowing time for repair of DNA damage, and 

can also permanently prevent proliferation of severely damaged cells^ °̂. ACM induced a small 

but statistically significant decrease in the proportion of cells in the radioresistant S phase in
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both OE33P and OE33R. An increase of ceils in the relatively radiosensitive Gq/G i phase was 

seen in OE33R cells following ACM treatment. The Gi checkpoint pathway Involves the 

phosphorylation of the IFNy-induced Chkl^^ .̂ Abrogation of this checkpoint has been shown to 

alter cellular sensitivity to radiation^ '̂''^^ .̂ The changes in cell cycle distribution induced by ACM 

parallel the changes in radioresponse. These differences were small however, (3%  change In S 

phase distribution in OE33P, 4% change in S phase and Go/Gi phase distribution in OE33R) 

suggesting that other mechanisms must play a greater role in affecting radioresponse in OE33P 

and OE33R.

ACM induced a greater change in radioresponse in OE33R compared to OE33P cells. Both cell 

lines were treated with identical patient ACM, suggesting that differences in cell line receptor 

expression may account for the difference in response. With this in mind, we assessed the 

expression of a panel of four adipokine receptors in the two cell lines and demonstrated that 

adipokine receptor expression differs between OE33P and OE33R; ARl and AR2 expression was 

higher in OE33P compared to OE33R, while LepR and NRPl expression was lower in OE33P 

compared to OE33R. These adipokines are known to be highly expressed in visceral fat and are 

associated with prognosis in Adiponectin is the most abundant

adipokine^^®, and over 90% of oesophageal and junctional adenocarcinomas express the 

adiponectin receptors ARl and AR2^^  ̂ Overexpression of ARl and AR2 has been implicated in 

poor prognostic indicators such as high grade, advanced stage and lymph node 

involvement^^ '̂̂ ^®'̂ ^ .̂ Conversely, high expression of ARl and AR2 is associated with prolonged 

survival in lung, thyroid and gastric cancer̂ ® '̂''̂ ^̂ '̂*. These findings are consistent with our in 

vitro data demonstrating that ARl and AR2 levels are higher in radioresponsive compared to 

radioresistant cancer. Adiponectin exerts protective effects against oxidative damage in vivo 

and in vitrd’^̂ . Oxidative stress is one of the main mechanisms through which irradiation causes 

damage to DNA and other cellular components^^®'^ °̂, and a relationship between increased 

oxidative stress and decreased circulating levels of adiponectin in normal weight and 

metabolically obese humans has been observed^^ '̂^^ ,̂ suggesting a radioprotective role for 

adiponectin. However, adiponectin has been shown to inhibit tumour growth in animals^^®, and 

recombinant adiponectin has antiproliferative and proapoptotic effects on oesophageal 

adenocarcinoma cell lines that express both ARl and AR2̂ ^̂ '̂ '̂'. Adiponectin-induced inhibition 

of cellular proliferation may potentially contribute to delaying recovery from DNA damage 

following irradiation, enhancing radiosensitivity.

In contrast, expression of LepR and NRPl correlates with aggressive tumour behaviour in OAC, 

and poor prognosis in a range of cancerŝ ^̂ '̂ ®̂ "̂ ®''. The association of these receptors with 

radiosensitivity status has not previously been investigated. Our study has shown that LepR and 

NRPl are upregulated in radioresistant OAC. Studies from this unit and others confirm that
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leptin promotes cell proliferation, angiogenesis and metalloproteinase expression in 

oesophageal and colonic cancer cell lines^^ '̂^^^^^ .̂ A close relationship has been observed 

between leptin expression and decreased efficacy of anti-oestrogen therapies in breast 

cancer“ ^^^ .̂ In addition, leptin interferes with non-hormonal therapies, and can reduce the 

antiproliferative effect of 5FU, taxol and vinblastine in breast cancer cells^^ .̂ This effect may be 

cancer-type specific; leptin enhances the cytotoxic effect of chemotherapy in colon cancer 

cells^^®. The interaction of leptin and the radioresponse has not been studied in cancer; 

however the obese db/db mouse which lacks the LepR, demonstrates increased susceptibility to 

and leptin upregulation is known to suppress therapy-induced apoptosis by inhibiting 

caspase activation^^°. VEGF is critical for development, angiogenesis, growth and metastasis of 

tumours, and its expression levels have been demonstrated to be predictive of resistance to 

treatment^^^'^^^ Low VEGF levels are a predictor of good oncological outcomes following NA CRT 

in colorectal cancer^^^. Antitumour effects were noted in a variety of tumour model systems 

following treatm ent with anti-VEGF therapies prior to radiotherapy^^®'^^'’"̂ ®̂. IR activates the 

MARK pathway via ROS stimulation, resulting in upregulation of VEGF expression and reduced 

response to radiotherapy in head and neck squamous cancer^^ '̂^^®. VEGF is currently under 

investigation as a therapeutic target for radiosensitization in rectal cancer^^®. The 

radiosensitising effect of VEGF blockade was thought to be mediated via an anti-angiogenic 

effect''^®; emerging data now suggest that multiple mechanisms account for the efficacy of 

VEGF-targeted therapies in patients with cancer^‘*°. These include modulating vascular function, 

directly mediating migration and invasion of cancer cells, and establishing immune privilege of 

tumour cells^'”’. The clinical benefit and enhancement of radiation therapy response have been 

confirmed in a neoadjuvant phase I / I I  trial with bevacizumab in combination with 5-FU and 

radiation therapy in patients with rectal cancer''^^. NRPl is also undergoing investigation as a 

target for cancer therapy, and it is interesting to note that combined anti-VEGF and anti-NRPl 

therapy with monoclonal antibodies is synergistic in mouse models of cancer^'’^

Higher levels of A Rl and AR2 were noted in the OE33P cell line while OE33R cells expressed 

higher levels of the leptin receptor and the VEGF co-receptor NRPl. While the same trend was 

seen in the responder and non-responder patient samples, the differences in expression did not 

reach statistical significance. This may be due to the small sample size ( n = l l  responders, n=19  

non-responders) or to a genuine lack of effect in vivo. The patient cohort used for this study 

was the maximum number available in the departmental bioresource that met the inclusion 

criteria. Given the small sample size, the results warrant further investigation of adipokine 

receptor expression as a potential in vivo biomarker to predict response in OAC through 

multicentre studies. These mRNA expression study results indicate a potentially useful 

association between adipokine receptor gene expression and radiosensitivity. A drawback of
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this approach Is tha t alterations in mRNA expression were not validated a t the  protein and 

functional level, and this may be an important area for future Investigation.

High levels of lactate correlate with malignancy, m etastasis, and reduced overall survival in 

several types of cancers^^'^” '̂'®. Mass spectrom etry-based metabolomics has dem onstrated utility 

for identifying biomarkers of ionizing radiation exposure in cellular, m ouse and rat in vivo 

radiation models^'^^. Metabolomic profiling of ACM did not reveal markers of radioresponse in 

OAC patients in this study. The m ost widely used clinical diagnostic fluids in metabolomic 

studies are plasma and urine^®. Metabolomic mapping of ovarian, endom etrial, lung, renal and 

colorectal cancer have dem onstrated alterations in serum or urine profiles^"*®. This is the  first 

study however, to identify an altered metabolome in the ACM of OAC com pared to non-cancer 

patients. Higher levels of threonine, lysine and valine, and lower levels of glucose were seen in 

the  m etabolome of OAC patients com pared to non-cancer patients. In addition, obesity sta tu s 

influenced the metabolomic profile of OAC patients. The m etabolom e of obese OAC patients 

dem onstrated an increase in lactate and a reduction in alanine levels, perhaps indicating a 

diversion of pyruvate to  alanine. An emerging area for metabolic profiling is the characterization 

of the  role of the  m etabolites produced by gut microbiota in cancer and obesity, however, 

metabolomic profiling of the  ACM of non-obese and obese cancer patients has not previously 

been performed. The role of adipose tissue metabolites in modulating cancer risk in obese 

individuals requires further investigation. Small-molecule ligands of nuclear receptors govern 

the transcriptional regulation of metabolism, however these ligands remain poorly 

characterized, primarily due to lack of robust analytical techniques. While the role of the 

adipokine receptors in OAC biology is under investigation, the  signalling pathways through 

which these  receptors and their ligands influence tum our behaviour are very poorly understood. 

Future analysis may allow the metabolic pathways associated with adipokine receptors to  be 

identified based on the results of metabolomics analysis.

In conclusion, this large single-institution study of OAC patients trea ted  with NA CRT 

dem onstrates tha t higher BMI is associated with improved response to  therapy. Currently, 47%  

of the population is overweight or obese and it is estim ated tha t obesity rates will continue to 

rise by a t least 1% per annum ^^^^ \ Ireland has the fourth highest prevalence of overweight 

and obesity in men in the  EU and the  seventh highest prevalence among women^^^. Parallel to  

this increase in obesity, there has been a dram atic rise in the incidence of several cancers, 

particularly OAC^ .̂ The diagnosis of oesophageal cancer confers a poor prognosis with an  

overall cure rate of 15%-25%^^'“ . A subset of patients achieving a com plete pathologic 

response to  NA therapy, have improved outcomes^^'®^"®^ This occurs in only 35% to 50%  of 

cases receiving NA CRT and it is not understood why tum ours of identical pre-treatm ent stage, 

undergoing identical neo-adjuvant regimens, respond differently to NA CRT̂ '̂®̂ “®̂. CRT is
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expensive and time-consuming, carries the  risk of trea tm en t associated toxicity and increased 

peri-operative morbidity as well as the risk of developing secondary tum ours. The ability to 

identify and select only patients sensitive to  or resistant to  CRT, ideally before or in the  eariy 

stages of treatm ent, would confer a major clinical advance, both in term s of the  optimization of 

current treatm ent regimens, and the developm ent of clinical trials. BMI, and potentially VFA, 

m easured before starting therapy is likely to be a useful predictive biomarker in operable OAC, 

and may have relevance to  other cancer types. Clinicians should be aw are of higher BMI status 

as a host factor influencing tum our response to  NA CRT. This is particularly im portant given 

tha t patients with severe obesity-associated medical co-morbidities (including diabetes, 

hypertension, and coronary artery disease) are more likely to  be excluded from radical curative 

therapies. Patients with low BMI might either not benefit from NA CRT or require a higher 

dosage. If further validation studies corroborate our results, the  m easurem ent of BMI/VFA will 

have to  be included in clinical trials for NA CRT in OAC, thereby taking into account tum our 

param eters and also host param eters. This isogenic model of radioresistance largely avoids the 

influence of confounding factors, facilitating the identification of specific m arkers or 

radioresponse/radioresistance. The association of adipose tissue with radiosensitivity identifies 

a novel area  of research for biomarkers of radioresponse, and therapeutic ta rgets  in 

radioresistant cancer. In this study adipose tissue influenced radioresponse in OAC cell lines 

and adipose receptor expression differed in the radioresponsive and radioresistant cell lines, 

suggesting th a t obesity has a key role in regulating radioresponse in OAC. These data call for 

further studies to  determ ine w hether the predictive effect of high BMI is related to adipokine 

production or o ther novel mechanisms. Taken together, this data dem onstrates for the  first 

time a role for adipose tissue in modulating the cellular response to  radiation in oesophageal 

cancer, potentially by adipokine production.
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Chapter 3 Obesity drives telomere dysfunction in oesophageal 
adenocarcinoma
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3.1 Introduction

Oesophageal cancer represents a significant and increasing health problem. Worldwide, it is the 

sixth most common cause of cancer death^. The vast majority of oesophageal cancers may be 

classified into two histological subtypes, squamous cell carcinoma or adenocarcinoma (OAC)^. 

There has been a dramatic epidemiological shift toward adenocarcinoma in recent decades and 

OAC is now the most prevalent form of oesophageal cancer in the Western world'''^^ .̂ The 

incidence of OAC is increasing more than any other cancer in the western world, paralleling the 

current epidemic of o b e s i t y R o b u s t  epidemiological studies have identified obesity as a risk 

factor for a number of different cancers including gastrointestinal malignancies such as OAC 

and colorectal cancer̂ '̂̂ ^̂ '̂ ®̂. In fact, OAC is the strongest model of a cancer associated with 

obesity, making it the ideal model for studying the molecular effects of obesity^®'^®'^ .̂ As the 

prevalence of obesity continues to rise globally, an increasing number of obese patients will 

undergo treatment.

Emerging concepts position centrally located, visceral adipose tissue as key to the pathogenesis 

of the co-morbidities associated with obesity. Adipose tissue, particularly visceral fat, is an 

important metabolic organ which secretes factors in a paracrine and systemic manner, altering 

the immunological, metabolic and endocrine milieu, creating a pro-neoplastic environment 

which facilitates tumour development by promotion of the acquisition of some of the hallmarks 

of cancer^^ .̂ One of these emerging hallmarks of cancer is genomic instability, which is an 

established feature of most forms of cancer as well as pre-malignant conditions such as 

Barrett's Oesophagus^® '̂ °̂ '̂ °̂®''’^̂ . Genomic instability refers to the increased tendency of the 

genome to acquire mutations when the various processes involved in maintaining and 

replicating the genome are dysfunctional. Telomeres are composed of tandem repeats of 

TTAGGG and are associated with a wide variety of telomere binding proteins which mediate 

their function̂ ^̂ '̂ ^̂ '̂ ^®. DNA polymerase are unable to replicate the ends of linear DNA, a 

phenomenon termed the 'end replication problem'̂ ^®'̂ ^ .̂ Therefore, during cell replication, 

telomere DNA cannot be completely replicated, leading to progressive telomere shortening over 

time^^®. Eventually, telomere shortening will reach a threshold, and cells can enter replicative 

senescence^^ .̂ Cancer cells escape this cell senescence by increasing telomerase expression 

and activity^^ '̂̂ ^ .̂ Telomerase is an enzyme complex which maintains and elongates telomere 

length and gives immortality to cancer cells^^  ̂ This ribonucleo protein consists of two main 

components which elongate telomeres through the de novo addition of TTAGGG repeats by 

TERT onto chromosome ends using an associated RNA component (TERC) as a template^®. 

Along with members of the telomerase complex, TEPl and DKCl are known to bind telomeres 

and are direct regulation of telomere lengtĥ ^̂ '̂ ^®. While telomeres protect the end of 

chromosomes from degradation, the telomeres themselves are protected from degradation by a 

six protein complex termed the shelterin complex^^ '̂̂ ^®. This complex consists of three proteins
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which bind telomeres directly; TERFl, TERF2, and POTl, and these are interconnected by 

additional proteins; TINF2 and TPPl. In contrast to the telomerase complex, shelterin complex 

proteins are negative regulators of telomere elongation^^®. Telomere dysfunction has been 

linked to radiosensitivity status in vitro and in animal models: telomere shortening and 

telomerase inactivation are associated with a radiosensitive phenotype'*^®'‘’̂ °'‘’̂ '̂‘’̂ ®'‘'̂ °'̂ “ .

Obesity has been shown to drive carcinogenesis and is implicated in genomic instability events 

such as telomere shortening^^ '̂^®  ̂ Significant negative relationships exist between adiposity 

measures (BMI, waist circumference, hip circumference, total body fat, and visceral adipose 

tissue) and leukocyte telomere length"*^^^®. Short telomere length is associated with increased 

risk of cancer; the strongest evidence exists for bladder, oesophageal, gastric, and renal 

cancers^^. Telomere length is inversely associated with increasing OAC risk,'*̂ '̂̂ “  and telomere 

shortening occurs early in the aetiology of oesophageal carcinogenesis^^^. A potential 

interaction has been demonstrated between telomere length and lifestyle measures including 

WHR (waist hip ratio) with risk of OAC in patients with Barrett's oesophagus'*^ .̂

OAC risk is strongly affected by obesity,®'̂ '*'̂ "̂̂  ̂which, interestingly, is also known to be related 

to telomere length,"*^^^® a marker of r a d i o s e n s i t i v i t y T h e  interaction between 

obesity, telomere dynamics and the radioresponse in OAC has not been investigated. Currently 

a multi-modal approach to treatment, by which patients receive neoadjuvant

chemoradiotherapy (CRT) followed by surgery, has replaced single modality treatment^^'^®^. 

Radiation therapy plays a central role in treatment, however resistance to radiation therapy 

remains a significant clinical problem with only 15-30% of patient's achieving a complete 

pathological response following The identification of obesity-induced telomere

dysfunction as a marker and mechanism of radiosensitivity would be a novel finding, which 

would be of substantial clinical benefit.
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3.2 Overall aims and specific objectives

The overall aim of this chapter is to investigate the effect of visceral adipose tissue on telomere 

biology in OAC. Telomere length and telomere associated gene expression alterations were 

investigated in our isogenic radioresistant model following co-culture with adipose conditioned 

media and selected gene targets validated in OAC patient cohorts.

Specific aims:

• Determine if ACM drives telomere shortening in the isogenic radioresponsive and 

radioresistant oesophageal cancer cell lines

• Determine the effect of adipose conditioned media on telomerase and shelterin gene 

expression

• Determine if obesity status influences expression of selected telomerase complex and 

shelterin genes in OAC patient tumour samples

• Investigate if radiosensitivity status influences expression of selected telomerase 

complex and shelterin genes in OAC patient pre-treatment biopsy samples
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3.3 Materials and methods

3.3.1 Cell Culture

Cell culture was perform ed as described in section 2 .3 .3

3.3.2 Telomere length measurement 

DNA extraction

Cells w ere seeded in 12 well plates a t a concentration of 3 x 104 cells/ml and allowed to adhere  

for 6 hr. Cells w ere co-cultured with ACM for 24 and 72 hours. Genomic DNA was extracted by 

adding 1ml DNA lysis buffer directly to each well. T he  constituents o f the lysis buffer w ere: 5ml 

lOmM Tris HCL (pH 8 .0 ), 0.5m l 0.5M  EDTA, 1ml 10%  SDS, 2ml 5M NaCI, 0.25m l 20m g/m l 

proteinase K and 41.25m l deionised H2O. Cells w ere transferred to  2ml eppendorfs and w ere  

Incubated a t 37°C  for 3 hours. 1ml o f isopropanol was added to the lysate and samples w ere  

left to stand a t room tem perature for 30 min before centrifugation a t 12000 x g a t 4°C . The  

supernatant was decanted and 0 .5  ml of 7 0 %  (v /v ) ethanol was added to the DNA pellet. 

Samples w ere subsequently centrifuged a t 3500 x g for 5 min and the pellet was resuspended 

in SOpI o f DNase free w ater.

DNA quantification and purity analysis

DNA quantification was determ ined spectrophotometrically, using a Nanodrop 1000  

spectrophotom eter (version 3 .1 .0 , Nanodrop technologies, DE, USA). Ip l o f DNAse free w ater 

was used to blank the instrum ent prior to DNA analysis. Ip l o f each sample of isolated DNA 

was loaded onto the instrum ent and concentration was measured in ng/pl. 260 :280  and 

260:230  purity ratios w ere recorded. A 260:280  ratio greater than 1.65 was indicative o f a 

relatively pure DNA yield, while a 260 :230  ratio g reater than 1.7 indicated the sample was free  

of contamination.

Telomere length PCR

Telom ere length was measured by Quantitative-PCR (qPCR) using a method adapted from  that 

originally described by Cawthon.^®^ For each sample, tw o PCRs w ere performed: the first one to  

amplify the telom eric DNA and the second one to  am plify a single-copy control gene (36B4, 

acidic ribosomal phosphoprotein PO). This provided an internal control to  normalize the starting 

am ount o f DNA. A five-point standard curve (tw o-fo ld  serial dilutions from 10 to 0 .625ng  of 

DNA) was included in all PCRs to allow the transformation o f Ct (cycle threshold) into 

nanograms o f DNA. All samples w ere run in triplicate and the median was used for subsequent 

calculations. The am ount o f telom eric DNA was divided by the am ount o f control-gene DNA, 

producing a relative m easurem ent of the telom ere length o f the sample. Two control samples
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were run in each experiment to allow for normalization between experiments and periodical 

reproducibility experiments were performed to guarantee correct measurements.

All telomere length PCR reactions were run in the ABI Prism 7500 (ABI Biosystems, CA, USA) 

real time thermal cycler. 2ng of genomic DNA was run per sample per well and all samples 

were run in duplicate in a final volume of 20pl. Each reaction included 2X Quantifast SYBR 

green PCR master mix (Qiagen Inc., CA, USA), Ip l of forward and reverse primer (Metabion, 

Germany) and 7pl of DNase free water. The telomere PCR used 300nM of each primer (te llb : 

GGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT;tel2b:GGCTTGCCTTACCCTTACCCTTACCC 

TTACCCTTACCCT), and 30 cycles of amplification at 95°C for 15 seconds and at 56°C for 60 

seconds. The control PCR gene used 300nM of forward primer (36B4u: 

CAGCAAGTGGGAAGGTGTAATCC) and 500nM (36B4d:CCCATTCTATCATCAACGGGTACAA) of 

reverse primer and 35 cycles of amplification at 95“ C for 15 seconds and at 56°C for 20 

seconds and 72°C for 20 seconds. Both PCR reactions had an initial denaturation step at 95°C 

for 15 min. Ct values for each sample were converted into nanograms of DNA using standard 

curves. Ct values from the telomere assay were normalized to the single gene reference. The 

telomere length (x) from each sample was based on the telomere to single copy gene ratio 

(T/S ratio) and was based on the calculation of the ACT [CT(telomere)/CT(single gene)]. 

Telomere length was expressed as a relative T/S ratio, which was normalized to the average 

T/S ratio of the reference sample [2-(ACTx ■ ACTr) = 2-AACT]

3.3.3 Oesophageal tumour and adipose tissue biobank

Patient samples were processed as outlined in section 2.3.4.

3.3.4 Investigation of gene expression 

RNA isolation from tumour samples

OAC tumour specimens were taken from patients following recruitment to the upper 

gastrointestinal biobank. Samples were briefly stored on saline gauze at room temperature 

before transfer to the lab. RNA was extracted using Qiagen Rneasy Mini kit (Qiagen Inc., CA, 

USA). Samples were homogenised in 600 [jL Buffer RLT using a Qiagen TissueLyser (Retsch 

GmbH & Co., Haan, Germany) at 250 x g for 6 min with one 5 mm stainless steel bead (Qiagen 

Inc., CA, USA) added to each sample to aid homogenisation. The bead was removed and 

samples were centrifuged at 12000 x g for 3 minutes at 4°C, and supernatant was transferred 

to a new tube by pipetting. A 600 pL volume of ethanol (70% v/v) was added to the 

supernatant and mixed immediately by pipetting and transferred in volumes of 700 pL to an 

Rneasy spin column placed in a 2 mL collection tube. The spin column was centrifuged at 

12000 X g for 15 s and the flow through was discarded. The spin column was washed by first
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applying 700 pL buffer R W l, then 500 pL buffer RPE w ith centrifugation a t 12000 x g for 15 s 

at room tem perature between each step. A final wash step in 500 pL buffer RPW was 

centrifuged for 2 min in order to dry the m em brane and ensure no ethanol was carried over. 

RNA was eluted in 30 pL o f RNase-free H2O by centrifugation for 1 min a t 12000 x g a t room  

tem perature.

RNA quantification and purity analysis, cDNA synthesis and quantitative real 

time PCR

Gene expression was investigated as described in section 2 .3 .5  

3.3.5 Statistical analysis

Statistical analysis was performed using Graphpad Prism 5 software (GraphPad Software, Inc., 

CA, USA) and SPSS version 18 for W indows (IB M , Armonk, New York, USA) software. Unless 

otherwise stated, data are expressed as mean ±  standard error of the mean (SEM). SEM was 

calculated as the standard deviation o f the original sample divided by the square root o f the 

sample size. In  cases w here data w ere paired (ie untreated versus AC M -treated cells) a tw o- 

tailed paired t-tes t was used for statistical analysis. A tw o-tailed unpaired t-tes t was used to 

analyze unpaired param etric data. The M ann-W hitney U test was used to exam ine statistical 

significance between unpaired groups o f non-param etric data. For all statistical analysis, a 

probability o f (p ) o f <  0 .05  was considered to represent significant difference between groups.
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3.4 Results

3.4.1 ACM drives telomere shortening in OE33P and OE33R

Telomere length was assessed in OE33P and OE33R cell lines using qPCR following 24 and 72 

hour treatment with either control M199 media or ACM generated from obese and non-obese 

OAC patients (anthropometric characteristics of patients are summarised in Table 2.9). The T/S  

ratio is an indicator of telomere length; a lower T/S  ratio reflects shorter telomere length. There 

was no difference in telomere length in untreated OE33P and OE33R cells (Figure 3.1). ACM 

stimulated telomere shortening in OE33P and OE33R cell lines following 24 and 72 hours of 

treatment (p<0.0001 for each) (Figure 3.1 A, B). Telomere length did not differ between 24 

and 72 hour time points. There was no difference in the effect induced by ACM from non-obese 

compared to obese patients. The relationship between telomere length in ACM treated OE33P 

and OE33R cells and visceral obesity status (as measured by visceral fat area) was investigated 

using Pearson correlation coefficient. Telomere length did not correlate with visceral obesity.
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Figure 3.1. ACM drives telomere shortening in 0E33P and 0E33R
The average T/S ratio is an indicator of telomere length; a lower T/S ratio reflects shorter 
telomere length. (A) ACM induced telomere shortening in both OE33P and OE33R cells at 24 
hours (p<0.0001). Telomere length did not differ in OE33P compared to OE33R cells. (B) ACM 
induced telomere shortening in OE33P and OE334 cell lines at 72 hours (p<0.0001). There was 
no difference in telomere length in OE33P versus OE33R following 72 hours of ACM treatment. 
Data are expressed as mean telomere length ± SEM. Statistical analysis was performed using 
paired, two-tailed student's t-test for ACM treated OE33P and OE33R cells versus control, 
***p<0.0001; an unpaired, two-tailed student's t test was used to compare ACM treated 
OE33P cells to ACM treated OE33R cells.
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3.4.2 ACM drives dysregulation of telomerase gene expression in OE33P and 
OE33R
OE33P and OE33R cells were treated with control media or ACM for 24 and 72 hours and the 

expression of four telomerase genes (TERC, TERT, TEPl and DKCl) was investigated using 

quantitative real-time PCR. TERC expression was upregulated two-fold in both OE33P and 

OE33R cells following ACM treatment for 24 hours (p=0.05 and p=0.03 respectively) (Figure

3.2 A). A 20-fold upregulation was seen in OE33P cells following 72 hours of ACM treatment, 

and a 12-fold upregulation was seen in OE33R cells at 72 hours (p=0.01 and p=0.03 

respectively) (Figure 3.2 B). Levels of TERC expression did not differ in OE33P compared to 

OE33R cells following 24 or 72 hours ACM treatment. TERC expression in both OE33P and 

OE33R cells was lower at 24 compared to 72 hours (p=0.01, p=0.03 respectively). ACM 

induced a five-fold downregulation in TERT expression in OE33P cells at 24 hours (p<0.0001), 

but did not alter expression in OE33R cells (Figure 3.2 C). TERT expression was significantly 

higher in OE33R compared to OE33P cells at 24 hours (p=0.005). At 72 hours, ACM did not 

alter TERT expression in OE33P cells, but induced a ten-fold upregulation in OE33R cells 

(p=0.03) (Figure 3.2 D). TERT expression was significantly higher in OE33R compared to 

OE33P cells at the 72 hour time point (p=0.02). TERT expression in both OE33P and OE33R 

cells was lower at 24 compared to 72 hours (p=0.05, p=0.02 respectively).

ACM did not alter TEPl expression in OE33P cells at 24 hours, but induced a three-fold increase 

in expression in OE33R cells at 24 hours (p=0.02) (Figure 3.3 A). TEPl expression was 

significantly higher in OE33R compared to OE33P cells (p=0.04). TEPl expression in OE33P 

cells was unaffected by 72 hours of ACM treatment. However, ACM stimulated an eight-fold 

upregulation in TEPl expression in OE33R cells at 72 hours (p=0.01) (Figure 3.3 B). TEPl 

expression was significantly higher in OE33R compared to OE33P cells (p=0.01). TEPl 

expression in OE33P cells did not differ following 24 compared to 72 hours of ACM treatment, 

however expression in OE33R cells was lower at 24 compared to 72 hours (p=0.05). DKCl 

expression in OE33P cells was downregulated two-fold following 24 hours of ACM treatment 

(p=0.0004), but expression was not altered in OE33R cells at 24 hours (Figure 3.3 C). ACM did 

not alter DKCl expression in OE33P cells at 72 hours, but caused a seven-fold upregulation in 

OE33R cells (p=0.02) (Figure 3.3 D). DKCl expression in both OE33P and OE33R cells was 

lower at 24 compared to 72 hours (p=0.01 and p=0.009 respectively).

The ACM used in this study was generated from the visceral fat of obese or non-obese OAC 

patients. No difference in TERC, TERT, DKCl or TEPl gene expression in OE33P and OE33R 

cells was seen when ACM from non-obese compared to obese patients was used at 24 and 72 

hour time points.
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Figure 3.2. ACM alters TERC and TERT expression in OE33P and OE33R
(A ) ACM induced a two-fold upregulation in TERC expression in OE33P and OE33R cells 
following 24 hours of ACM treatment (p=0.05 and p=0.03 respectively) (B) ACM upregulated 
TERC expression 20-fold in OE33P and 13-fold in OE33R at the 72 hour time point (p=0.01 and 
p=0.03 respectively). (C) TERT expression was downregulated five-fold in OE33P cells 
following 24 hours of ACM treatment (p<0.0001). (D ) ACM treatment stimulated an eight-fold 
upregulation in TERT expression in OE33R cells (p=0.01). Data are expressed as mean fold 
change in expression following ACM treatment compared to controls ± SEM. Statistical analysis 
was performed using paired, two-tailed student's t  test for ACM treated cells compared to 
control *p<0.05, ***p<0.0001; an unpaired, two tailed student's t test was used to compare 
ACM treated OE33P cells to ACM treated OE33R cells, #p<0.05, ##p<0.001; and to compare 
cells treated with ACM for 24 hours vs. 72 hours, ^p<0.05.
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Figure 3.3. ACM alters DKCl and TEPl expression
(A) There was a three-fold upregulation In TEPl expression in OE33R following 24 hours ACM 
treatment (p=0.02). (B) At 72 hours there was a ten-fold upregulation in TEPl expression in 
OE33R cells (p<0.05). (C) ACM induced a two-fold downregulatlon in DKCl expression in 
OE33P cells at 24 hours (p<0.0001). (D ) Following 72 hours of ACM treatment there was a 
seven-fold upregulation of DKCIDKCI expression in OE33R (p<0.05), and expression was 
significantly higher in OE33R compared to OE33P cells (p<0.001) Data are expressed as mean 
fold change in expression in ACM treated compared to control cells ± SEM. Statistical analysis 
was performed using paired, two-tailed student's t  test for ACM treated cells compared to 
control *p<0.05, ***p<0.0001; an unpaired two-tailed student's t  test was used to compare 
ACM treated OE33P cells to ACM treated OE33R cells, #p<0.05, ##p<0.001; and to compare 
cells treated with ACM for 24 hours vs. 72 hours, ^p<0.05.
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3.4.3 TERC gene expression in OE33R cells correlates with visceral obesity

The relationship between telomerase gene expression in OE33P and OE33R cells at 24 and 72 

hours following ACM treatment, and visceral obesity status (as measured by visceral fat area) 

was investigated using Pearson correlation coefficient. Results are summarised in Table 3.2. 

There was a strong, positive correlation between TERC expression in OE33R cells at 24 hours 

and VFA (r=  0.794 p=0 .006), with higher levels of TERC expression associated with higher VFA 

(Figure 3.4). TERT, DKCl and TEPl expression in OE33R and OE33P cells following 24 or 72 

hours of ACM treatment did not correlate with visceral obesity (Table 3.1).
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Table 3.1. Telomerase gene expression correlates with visceral obesity.
TERC TERT TEPl DKCl

r r r r
OE33P 24hr ACM

VFA 0.226 0.103 0.076 0.196

p value 0.53 0.77 0.44 0.59
OE33R 24hr ACM

VFA 0.684 0.441 0.392 0.610

p value 0.03 0.20 0.10 0.06
OE33P 72hrACM 0.205 0.027 0.584 0.442

VFA
p value 0.55 0.94 0.08 0.20

OE33R 72hr ACM 0.338 0.507 0.070 0.245
VFA

p value 0.34 016 0.68 0.49
The relationship between telomerase gene expression in OE33P and OE33R cells at 24 and 72 
hours following ACM treatnnent, and obesity status (as measured by visceral fat area) was 
investigated using Pearson correlation coefficient. Pearson's correlation coefficient r values 
highlighted in bold represent statistically significant correlations, blue represents negative 
correlations, and red represents positive correlations. /■=Pearson's correlation coefficient, 
VFA=visceral fat area
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Figure 3.4. TERC expression correlates with visceral obesity
The relationship between TERC expression in OE33R cells post 24 hours ACM treatment and 
visceral fat area was investigated using Pearson correlation coefficient. There was a positive 
correlation between TERC expression in OE33R cells post 24 hours of ACM treatment and 
visceral fat area, with higher TERC expression associated with higher visceral fat area 
(R=0.684, p=0.029).
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3.4.4 ACM drives dysregulation of shelterin complex gene expression

OE33P and OE33R cells were treated with control media or ACM for 24 and 72 hours and the 

expression of five shelterin complex genes (TERFl, TERF2, PO Tl, TPP and T IN F2) was 

investigated using quantitative real-time PCR (results are summarised in Table 3.3). TERFl 

expression in OE33P and OE33R cells was not altered following ACM treatment for 24 hours, 

but ACM treatm ent for 72 hours caused a significant five-fold upregulation of TERFl in OE33P 

cells, and a nine-fold upregulation in OE33R cells (p=0 .03  for both) (Figure 3.5 A). TERFl 

expression in OE33P did not differ from OE33R at th72 hour time point. TERFl expression in 

both OE33P and OE33R cells was lower at 24 compared to 72 hours (p=0 .02 , p=0.01  

respectively). ACM treatment did not alter TERF2 or PO Tl expression in OE33P or OE33R cells 

at either 24 or 72 hours following treatment. TPP l expression was unchanged in both OE33P 

and OE33R cells following 24 hours of ACM treatment, but was upregulated seven-fold in 

OE33P cells following 72 hours of ACM treatment (p = 0 .03 ) (Figure 3.5 B). TPP l expression did 

not differ in OE33P compared to OE33R cells at 72 hours ACM treatment. TPPl expression in 

OE33P cells was lower following 24 compared to 72 hours ACM treatment (p = 0 .03 ), however 

expression In OE33R cells was not different at 24 compared to 72 hours. ACM did not alter 

TINF2 expression in OE33P cells at 24 hours, but stimulated a four-fold upregulation in 

expression in OE33R cells (p =0 .05 ) (Figure 3.6 A). TINF2 expression was significantly higher in 

OE33R compared to OE33P cells at 24 hours ACM treatment (p =0 .04). TINF2 expression was 

upregulated six-fold in OE33P (p =0 .009 ) and nine-fold in OE33R cells (p = 0 .04 ) following 72 

hours ACM treatment (Figure 3.6 B). TINF2 expression did not differ in OE33P compared to 

OE33R cells following 72 hours ACM treatment. TINF2 expression in OE33P cells was lower 

following 24 compared to 72 hours ACM treatm ent (p =0 .007), however expression in OE33R 

cells was not different at 24 compared to 72 hours. No difference in shelterin gene expression 

in OE33P and OE33R cells was seen when ACM from non-obese compared to ACM from obese 

patients was used at 24 or 72 hour time points.

155



Table 3.2. ACM upregulates shelterin gene expression in OE33P and OE33R.
TERFl 

Fold change
TERF2 

Fold change
POTl 

Fold change
TPPl 

Fold change
TINF2 

Fold change

OE33P
24hr ACM 1.0 -1.3 1.4 1.0 1.1
p value 0.83 0.25 0.29 0.85 0.48
OE33R

24hr ACM -1.2 1.6 1.6 2.0 3 .6
p value 0.43 0.49 0.36 0.25 0 .0 5
OE33P

72hr ACM 4 .8 1.9 1.8 7 .2 5 .9
p value 0 .0 3 0.20 0.21 0 .0 3 0 .0 0 9
OE33R

72hr ACM 9.3 7.4 3.4 7.1 8 .6
p value 0 .0 3 0.07 0.09 0.06 0 .0 4

OE33P and OE33R cells were co-cultured with control media or ACM from ten OAC patients. 
Expression of five shelterin complex genes TERFl, TERF2, POTl, TPPl and TINF2 was 
assessed. Data are expressed as mean fold change in gene expression in ACM treated OE33P 
and OE33R cells compared to cells treated with control media. Fold changes highlighted in bold 
represent statistically significant alterations in gene expression, blue represents 
downregulation, and red represents upregulation. Statistical analysis was performed using 
paired, two-tailed student's t test.
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Figure 3.5. ACM upregulates shelterin complex gene expression in OE33P and 
0E33R

(A) ACM induced a five-fold upregulation in TERFl expression in OE33P and a nine-fold 
upregulation in OE33R at 72 hours (p=0.03 for all). (B) There was a seven-fold upregulation in 
TPPl expression in both OE33P and OE33R following 72 hours of ACM treatment, but this did 
not reach statistical significance in OE33R cells (p=0.03 for OE33P). Data are expressed as 
mean fold change in expression ± SEM. Statistical analysis was performed using paired two- 
tailed student's t test for ACM treated cells compared to control *p<0.05; an unpaired two- 
tailed student's t test was used to compare ACM treated OE33P cells to ACM treated OE33R 
cells; and to compare cells treated with ACM for 24 hours vs. 72 hours, ^p<0.05.
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Figure 3.6. ACM upregulates TINF2 gene expression in OE33P and OE33R
(A) ACM induced a four-fold upregulation In TINF2 expression In OE33R cells (p=0.05). TINF2 
expression was significantly higher in OE33R compared to OE33P cells (p=0.04). (B) There was 
a six-fold upregulation in TINF2 expression in OE33P and a nine-fold upregulation in OE33R 
cells following 72 hours of ACM treatment (p=0.009 and p=0.04, respectively). Data are 
expressed as mean fold change in expression ± SEM. Statistical analysis was performed using 
paired two-tailed student's t test for ACM treated cells compared to control *p<0.05, 
**p<0.001; an unpaired two-tailed student's t test was used to compare ACM treated OE33P 
cells to ACM treated OE33R cells, ##p<0.001; and to compare cells treated with ACM for 24 
hours vs. 72 hours, '^p<0.05.
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3.4.5 TERFl, TPPl and TINF2 gene expression in OE33R correlates with visceral 
obesity
The relationship between shelterin complex gene expression in ACM treated OE33P and OE33R 

cells and visceral obesity status (as measured by visceral fat area) was investigated using 

Pearson correlation coefficient. Results are summarised in Table 3.3. Levels of shelterin gene 

expression (TERFl, TERF2, POTl, TPPl and TINF2) in OE33P cells following 24 hours of ACM 

treatment did not correlate with visceral obesity. However, there was a strong positive 

correlation between TERFl expression in OE33R cells treated with ACM for 24 hours and 

visceral obesity, with higher levels of TERFl expression associated with higher VFA (r=0.685, 

p=0.04) Figure 3.7 A). TERF2 and POTl expression in ACM treated OE33R cells at 24 hours did 

not correlate with visceral obesity. Levels of TPPl expression in OE33R cells following 24 hours 

of ACM treatment correlated with visceral obesity, with higher gene expression associated with 

higher VFA (r=0.873, p=0.05) (Figure 3.7 B). Similarly, TINF2 gene expression in OE33R cells 

following 24 hours of ACM treatment correlated with visceral obesity, with higher gene 

expression associated with higher VFA (r=0.654, p=0.05) (Figure 3.7 C). There was no 

correlation between levels of TERFl, TERF2, POTl, TPPl and TINF2 gene expression in OE33P 

or OE33R cells treated with ACM for 72 hours and visceral obesity.

159



Table 3.3. Shelterin gene expression correlates with visceral obesity
TERFl TERF2 POTl TPPl TINF2

R R R R R
OE33P 24hr ACM

VFA -0.519 0.088 -0.204 -0.051 -0.543
p value 0.15 0.81 0.57 0.90 013

OE33R 24hr ACM 
VFA 0.685 0.143 0.195 0.873 0.654

p value 0.04 0.69 0.59 0.05 0.05
OE33P 72hr ACM

VFA 0.170 0.501 0.486 0.256 0.369
p value 0.64 0.17 0.18 0.48 0.29

OE33R 72hr ACM
VFA -0.187 0.580 0.485 0.099 0.252

p value 0.63 010 0.19 0.80 051
The relationship between shelterin gene expression in OE33P and OE33R cells at 24 and 72 
hours post ACM treatment, and obesity status (as measured by visceral fat area) was 
investigated using Pearson product-moment correlation coefficient. Pearson's correlation 
coefficient R values highlighted in bold represent statistically significant correlations, blue 
represents negative correlations, and red represents positive correlations. R=Pearson's 
correlation coefficient, VFA=visceral fat area.
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Figure 3.7. Shelterin gene expression in ACM treated OE33R cells correlates with 
visceral obesity
The relationship between shelterin gene expression in OE33R cells post 24 hours ACM 
treatment and visceral fat area was investigated using Pearson correlation coefficient. There 
was a positive correlation between visceral fat area and expression of (A) TERFl (r=0.685, 
p=0.4), (B) TPPl (r=0.677, p=0.05) and (C) TINF2 (r=0,654, p=0.05), in OE33R cells post 24 
hours of ACM treatment.
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3.4.6 Telomere gene expression in obese and non-obese oesophageal cancer 
patients
From the panel of four telomerase and five shelterin genes, four telomerase genes (TERC, 

TERT, DKCl and TEPl) and three shelterin genes (TERFl, TINF2 and TPPl) were upregulated 

in OAC cells following ACM treatment. Because these genes were upregulated by ACM and due 

to their functional importance, TERC, TERT and TINF2 were selected for validation in obese and 

non-obese OAC tumour samples. Gene expression levels were determined in oesophageal 

adenocarcinoma tumour tissue samples from viscerally non-obese and obese patients using 

quantitative real-time PCR (patient details are outlined in table 3.4). Tumour samples from 

obese patients demonstrated similar levels of TERC expression compared to tumour samples 

from non-obese patients (Figure 3.8 A). TERT expression however, was significantly higher in 

obese compared to non-obese patients (p=0.02) (Figure 3.8 B). TINF2 expression did not differ 

in obese compared to non-obese patient tumour samples (Figure 3.8 C).

The relationship between TERC, TERT and TINF2 gene expression in tumour samples and 

visceral obesity status (as measured by visceral fat area) was investigated using Spearman rho 

test. Levels of TERC and TINF2 gene expression did not correlate with visceral obesity. 

However, there was a positive correlation between TERT and visceral obesity, with higher levels 

of TERT expression associated with higher VFA, but this did not reach statistical significance 

(r=0.260, p=0.08).
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Table 3.4. OAC tumour patient characteristics (in which TERC, TERT and TINF2 gene
expression was measured)

Non-obese Obese p Value
n=46 IIc

Age at surgery (years)^ 65 (42-86) 64 (45-83) NS"
Gender
Male/Female 35/11 33/8 NS*’
Obesity Status
Body mass index (kg/m^)* 23.4 (10.1-33.6) 29.3 (18.3-39) <0.0001"
Waist circumference (cm)* 88 (61-109) 101 (85-130) <0.0001"
Visceral fat area (cm)* 73.9 (4.3-158) 211.4 (110.6-381.1) <0.0001"
Neoadjuvant therapy
Yes/No 23/23 21/18 NS*’
Pathological T Stage NS"
Tis 0 1
TO 5 19
T1 6 0
T2 6 7
T3 29 12
T4 0 1
Tx 0 1
Nodal status NS*"
Node negative 20 18
Node positive 17 17
♦Values given are median (range); NS=Not significant; a=Analysis performed using Mann 
Whitney U test; b=Analysis performed using Fisher's exact test; c=Pathological T stage 0-2 
compared to pathological T stage 3-4, analysis performed using Fisher's exact test.
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Figure 3.8. Telomerase and shelterin gene expression in obese and non-obese 
patient cohorts

TERC, TERT and TINF2 expression levels were determined in oesophageal adenocarcinoma 
tumour samples from non-obese (n=46) and obese (n=41) patients using quantitative real-time 
PCR. (A) Similar levels of TERC expression was seen in tumour samples from obese and non
obese patients. (B) TERT expression was significantly higher in tumour samples from obese 
compared to non-obese patients (p=0.02) (C) TINF2 expression did not differ in tumour 
samples from obese compared to non-obese patients. Data are expressed as mean RQ values 
± SEM. Statistical analysis was performed using Mann-Whitney U test, *p<0.05, **p<0.001,
***p<0.0001.
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3.4.7 Radiosensitivity status influences telomerase and TINF2 expression, but not 
telomere shortening
Telomere length was similar in untreated OE33P cells compared to untreated OE33R cells 

(Figure 3.9). ACM induced the same degree of telomere shortening in both OE33P and OE33R 

cells. Telomerase and shelterin gene expression in OE33P and OE33R was compared at 

baseline and following ACM treatment (Table 3.5 and 3.6). Basal expression of all four 

telomerase genes (TERC, TERT, DKCl and TEPl) was equivalent in untreated OE33P and 

OE33R cell lines. Following ACM treatment, expression of TERC was similar in OE33P compared 

to OE33R cells at both 24 and 72 hours. TERT, TEPl and DKCl expression was significantly 

greater in the OE33R cell line compared to OE33P at both 24 and 72 hour time points. There 

was no difference in basal or ACM-induced expression of TERFl, TERF2, POTl and TPPl in 

OE33P compared to OE33R cells. TINF2 expression was five-fold greater in OE33P cells 

compared to OE33R cells at baseline (p=0.05). This was reversed following ACM treatment for 

24 hours when TINF2 expression was three-fold greater in OE33R compared to OE33P cells. 

(p=0.05) Higher TINF2 expression was seen in the OE33R cell line at 72 hours, but this was not 

statistically significant.
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Figure 3.9. Telomere length did not differ in untreated OE33P compared to OE33R 
cells
The average T/S ratio is an indicator of telomere length; a lower T/S ratio reflects shorter 
telomere length. No significant difference in telomere length was seen in OE33P cells compared 
to OE33R cells treated with control media only. Data are expressed as mean telomere length ± 
SEM. Statistical analysis was performed using unpaired, two tailed student's f-test.
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Table 3.5. Comparison of telomerase gene expression in OE33P and OE33R cell lines 
at baseline and following ACM treatment._____________________________________

TERC hTERT TEPl DKCl
Fold change Fold change Fold change Fold change

OE33P vs. OE33R
Baseline 3.6 vs. 1.8 0.8 vs. 0.4 0.9 vs. 0.4 0.8 vs. 0.6

(Relative RQ)
p value 0.24 0.48 0.50 0.62

OE33P vs. OE33R
24hr ACM

(Fold change)
2.1 vs. 2.5 -5.0 vs. 1.2 -2.0 vs. 1.0 1.0 vs. 2.9

p value 0.61 0.005 0.04 0.03
OE33P vs. OE33R

72hr ACM
(Fold change)

20.4 vs. 12.6 -1.3 vs. 10.2 1.4 vs. 8.1 1.1 vs. 6.7
p value 0.34 0.02 0.01 0.009

Expression of the four telomerase genes TERC, TERT, TEPl and DKCl did not differ in 
untreated OE33P cells compared to untreated OE33R cells. TERC expression did not differ in 
OE33P compared to OE33R cells following 24 and 72 hours of ACM treatment. In contrast, 
TERT, TEPl and DKCl expression was significantly different in ACM treated OE33P cells 
compared to ACM treated OE33R cells at both 24 and 72 hours. Data are expressed as mean 
fold change in expression. Fold changes highlighted in bold represent statistically significant 
alterations in gene expression, blue represents downregulation, and red represents 
upregulation. Statistical analysis was performed using student's t test; NS=Non-significant.
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Table 3.6. Comparison of shelterin expression in OE33P and OE33R cell lines at 
baseline and following ACM treatment.

TERFl TERF2 POTl TPPl TINF2

OE33P vs. OE33R 
Baseline 0.9 vs. 1.3 0.6 vs. 0.9 2.4 vs. 1.7 0.9 vs. 1.2 1.6 VS. -3.0

(Relative RQ) 
p value 0.56 0.36 0.56 021 0 .0 5

OE33P vs. OE33R 
24hr ACM 1.0 vs. -1.2 -1.3 vs. 1.7 1.4 vs. 1.6 1.0 vs. 2.0 1.1 vs. 3.6

(Fold change) 
p value 0.43 0.33 0.77 0.26 0 .0 5

OE33P vs. OE33R 
72hr ACM 4.8 vs. 9.3 1.9 vs. 7.4 1.8 vs. 3.4 7.2 vs. 7.1 5.9 vs. 8.6

(Fold change) 
p value 0.20 0.09 0.26 0.98 0.42

Levels o f TERFl, TERF2, POTl and TPPl gene expression did not differ in untreated OE33P 
compared to OE33R cells, or following 24 and 72 hours o f ACM treatment. TINF2 gene 
expression was significantly higher in untreated OE33P compared to untreated OE33R cells 
(p=0.05). TINF2 expression was significantly higher in OE33R cells treated w ith ACM for 24 
hours compared to OE33P cells treated with ACM for 24 hours (p=0.05). However, TINF2 
expression did not differ in OE33P and OE33R cells following 72 hours of ACM treatment. Data 
are expressed as mean fold change in expression. Fold changes highlighted in bold represent 
statistically significant alterations in gene expression, blue represents downregulation, and red 
represents upregulation. Statistical analysis was performed using two-tailed, unpaired student's 
t te s t,  *p<0.05, **p<0.001, ***p<0 .0001, NS=Non-significant.
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3.4.8 Shelterin and telomerase gene expression in responder and non-responder 
patient cohort
Four telomerase (TERC, TERT, DKCl and TEPl) and one shelterin gene (TINF2) demonstrated 

altered expression in OE33P compared to OE33R cells. Due to their functional importance and 

association with radiosensitivity, TERT and TINF2 were selected for validation in OAC pre

treatment biopsy samples. Gene expression was determined in OAC pre-treatment biopsy 

samples from patients who went on to have a good pathological response (TRG 1-3; 

responder), and poor TRG response (TRG 4-5; non-responder) at resection (patient details are 

outlined in table 2.7). Pre-treatment biopsy tumour samples from responder patients 

demonstrated lower TERT expression compared to non-responder patients, but this did not 

reach statistical significance (p=0.46) (Figure 3.10 A). Pre-treatment biopsy tumour samples 

from responder patients demonstrated higher T1NF2 expression compared to non-responder 

patients, but this did not reach statistical significance(p=0.71) (Figure 3.10 B).
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Figure 3.10. TERT and TINF2 gene expression in responder and non-responder 
patient cohorts

TERT and TINF2 gene expression was determined in OAC pre-treatment tumour biopsy 
samples from responder and non-responder patients using quantitative real-time PCR. Data are 
expressed as mean RQ values ± SEM. Statistical analysis was performed using Mann Whitney 
U test. (A) Pre-treatment biopsy tumour samples from responder patients demonstrated lower 
TERT expression compared to non-responder patients, but this did not reach statistical 
significance. (B) Pre-treatment biopsy tumour samples from responder patients demonstrated 
higher TINF2 expression compared to non-responder patients, but this did not reach statistical 
significance
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3.5 Discussion

In chapter two we showed that adipose tissue influences radiosensitivity in OAC; the aim of this 

chapter was to investigate if telomere dysfunction was implicated in the interaction between 

obesity and radioresponse. In summary, this chapter demonstrated that ACM promoted 

telomere shortening and dysregulation of telomerase and the shelterin complex, and that 

obesity status influences TERT gene expression in OAC patients. TERT, TE P l, DKCl and TINF2  

expression, but not telomere length, were associated with radioresistance in the isogenic 

model.

ACM induced telomere shortening in OE33P and OE33R cells. The number of epidemiologic 

studies of associations between telomere length and obesity status has grown rapidly in recent 

years^®^ Short telomeres in leucocytes and adipocytes are associated with measurements of 

obesity such as BMI and waist circumference, in addition to obesity related conditions such as 

insulin resistance, diabetes mellitus, and cardiovascular disease^®^ Telomere length is inversely 

correlated with cancer risk, including oesophageal adenocarcinoma''^^'^^'^®^; telomere 

shortening is an early event in OAC carcinogenesis^®®. Our findings highlight telomere 

shortening as a potential mechanism for the pro-tumourigenic environment associated with 

obesity. The molecular basis for the established link between obesity and telomere dysfunction 

is not fully understood'*^®'''^^'''^^^ '̂^®^^ '̂'. In this study, adipose conditioned media derived from 

the visceral fat of OAC patients induced telomere shortening in OAC cells. The adipokine profile 

of visceral ACM has been characterised by our group; VEGF, Adiponectin, IL-6, IL-8, TNF-a and 

Leptin are all expressed in ACM and may have a role in driving telomere abnormalities^®^. Few 

studies have focused on the interaction between these adipokines and telomere length. 

Telomere length is not associated with leptin or TNF-c expression in a healthy paediatric 

population^^^. Serum levels of adiponectin correlate with telomere shortening in obese diabetic 

patients^^\ The effect of IL-6 and IL-8 levels on telomere length has not been investigated. 

These inflammatorv cytokines can upregulate NF-kB which leads to an increase in nitric oxide 

(NO), a substrate for reactive oxygen species (ROS). I t  has been suggested that oxidative 

stress may be the underlying mechanism for the association between obesity and shorter 

telomeres'*^^. Oxidative stress induces SSBs in DNA^^®. Telomeric sequences are G-rich and thus 

more susceptible to acute oxidative damage compared with genomic DNA. In addition, 

telomeric DNA has a reduced capacity for DNA repair. This causes accelerated telomere loss 

and replicative senescence during each cell cycle^^®. The effect is enhanced in obesity, since 

increasing adiposity aggravates oxidative stress processes and the release of inflammatory 

cytokines'*^'*. Adipocytes under oxidative stress exhibit increased reactive oxygen species (ROS) 

generation, DNA damage, shortened telomeres and switch to a pro-inflammatory phenotype 

with impaired glucose uptake. Adipose tissue has not previously been shown to stimulate 

telomere shortening in healthy or cancer cells; this is the first study to suggest a causative
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rather than correlative relationship between adiposity and telomere dysfunction. Further studies 

are required to delineate the precise mechanism(s) by which adipose tissue regulates telomere 

length in OAC.

The relationship between TERC expression and obesity in cancer is not clear. Telomerase 

activity negatively correlates with obesity status in healthy cells"*̂ ;̂ however, TERC expression 

does not always parallel telomerase activity, and has been detected in cells that do not 

normally show telomerase activity^^ .̂ The association of TERC expression per se with markers 

of obesity has not previously been investigated. In addition to stimulating telomere shortening, 

ACM altered expression of telomerase and shelterin genes. ACM stimulated upregulation of 

TERC, the RNA component of telomerase, in OAC cells, and TERC expression correlated with 

visceral obesity. These novel in //fro findings did not translate to patient samples; similar levels 

of TERC mRNA were demonstrated in obese and non-obese OAC patients. This indicates that 

the factors in ACM driving TERC expression are visceral fat factors which are expressed at 

similar levels in non-obese compared to obese patients. A study from this unit compared levels 

of VEGF, Adiponectin, Leptin and IL6 in ACM derived from the visceral fat of non-obese and 

obese OAC patients and revealed significantly higher VEGF and significantly lower adiponectin 

in the ACM from centrally obese patients^® .̂ No significant difference was observed in IL-6 or 

leptin levels in the ACM from non-obese compared to obese patient’®̂  although circulating 

leptin levels correlate with body mass index. Our results suggest a potential role for leptin and 

IL6 in regulating TERC expression which has not previously been noted and warrants 

investigation.

The interaction between TERT expression and obesity status in OAC has not been adequately 

addressed in the literature. In this study, TERT was upregulated in OAC cells in response to 

ACM treatment, and TERT expression was significantly higher in obese compared to non-obese 

OAC patients, confirming findings from our In wfro experiments. Our findings contradict a study 

reporting a significant inverse association between adiposity and telomerase activity in normal 

healthy cells''®  ̂ Studies have suggested that enhanced expression of TERT, the catalytic 

subunit of telomerase, is a direct determinant of telomerase activity in cancers as expression of 

TERT is restricted to cells with telomerase activity onlŷ ®̂'̂ ®̂“ ®̂̂ . Nonetheless, TERT mRNA 

expression doesn't directly correlate with telomerase enzyme activity, as it depends on 

posttranscriptional and posttranslational modifications of TERT^®  ̂ and our results are consistent 

with the findings of Rahmati-Yamchi et al. who demonstrated that increased TERT mRNA 

expression in breast cancer tissue is associated with high BMI''̂ ®. The mechanism linking TERT 

expression with obesity is uncertain. TERT expression was higher in ACM-treated OE33R cells 

compared to ACM-treated OE33P cells. In chapter one, we demonstrated that expression of the 

VEGF co-receptor NRPl and the leptin receptor was higher in OE33R compared to OE33P cells.
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These findings suggest a role for VEGF or Leptin in mediating the upregulatlon of TERT in 

OE33R cells in response to ACM. Expression of VEGF, an angiogenic factor known to be an 

abundant constituent in our ACM, correlates with TERT expression in prostrate, breast and 

head and neck cancer^®"’"̂ ®̂ . VEGF has been shown to induce telomerase activity in ovarian 

cancer through upregulation of TERT expression^® '̂^® .̂ Leptin is known to induce telomerase 

activation and upreguiate TERT expression in breast cancer cells directly and via the 

transcription factor STATS"*^ .̂ The relationship between adiponectin levels and telomerase gene 

expression in cancer patients has not been investigated to date^®^ Hong et al demonstrated 

that expression of IL-6 and IL-8 does not correlate with telomerase activity in head and neck 

cancer^®^. In endothelial cells however, IL-8 protects against oxidative stress-induced 

senescence via upregulation of hTERT expression^®®. While other studies demonstrated a 

correlation between TERT expression and adiposity measures"*^^, this is the first study to show 

that adipose tissue upregulates TERT expression; this effect is likely mediated via adipokine 

production, but the exact mechanism has yet to be elucidated.

ACM stimulated upregulation of the shelterin complex components TERFl, TINF2 and TPPl, 

and expression of these three genes correlated with visceral obesity. TINF2 is a central 

component of shelterin; it connects TPPl to TERFl. Downregulation of TERFl, TINF2 and TPPl 

Is seen in colorectal cancer tissue^® ,̂ while upregulation of these three genes is related to 

telomere shortening during hepatocarcinogenesis^^°. Dysregulation of these three genes has 

not previously been linked with obesity. TINF2 expression was assessed in non-obese and 

obese OAC patient samples; however obesity status did not influence gene expression levels. A 

potential limitation of this study is that oesophageal adenocarcinoma tumour samples without 

laser microcapture dissection were used for gene expression analysis. Thus there is potential 

for contamination of samples with non-tumour tissue, which may impact the genetic signature 

of the tissue. Conversely, the inclusion of such cells may provide a more representative picture 

of the tumour microenvironment.

In this study, telomere length in untreated OE33P cells was similar to telomere length in 

untreated OE33R cells, and ACM induced the same degree of telomere shortening in both cell 

lines. An inverse relationship between telomere length and radiosensitivity has previously been 

reported in healthy fibroblast cell lines"^ '̂''^®, in addition to cancer cell lines including breast, 

laryngeal and hepatocellular carcinoma''^^'^®^ Studies have shown that cells with short 

telomeres are more radiosensitive than cells with long telomeres; however, long telomeres do 

not render a cell radioresistant''^^ The connection between telomere length and radiosensitivity 

is supported by murine studies on the TERC'^' mouse'’ ®̂'"’̂ .̂ Telomerase deficient mice null for 

the essential telomerase RNA component gene TERC undergo progressive telomere shortening 

and are highly sensitive to IR"*̂ .̂ Other studies dispute this association: Zongaro et al report
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that in the presence of telomerase, short telomeres are stabilised and not associated with a 

radiosensitive phenotype in immortalized fibroblasts^®^ while telomere length In peripheral 

lymphocytes of breast cancer patients does not correlate with radiosensitivity^^^. Studies have 

shown that in certain cell lines and murine models it is not average telomere length, but rather 

individual critically short telomeres that trigger cellular responses and render cells 

radiosensitive^®'’’ ®̂̂ . Our findings suggest that average telomere length is not indicative of 

radiosensitivity in our isogenic model.

TERT expression was significantly higher in ACM-treated OE33R cells compared to OE33P cells. 

Haploinsufficiency of TERT results in a reduction of telomerase activity, telomere shortening 

and radiosensitivity in colorectal cancer cell lines^^®, while TERT expression in rectal carcinoma 

biopsy samples predicts tumour radiosensitivity, local recurrence and disease free survival^®^. 

Telomerase is thought to impact radiosensitivity through an indirect effect on telomere 

length^®®. In this study telomere length did not correlate with expression of the telomerase 

genes. Low levels of telomerase activity and short telomeres are associated with 

radiosensitivity in primary human and cancer cell lines'*^^''*^. Telomerase expression has little 

effect on the radiosensitivity of human cells with similar telomere lengths^'^^ This is supported 

by studies on TERC^ mice: the emergence of telomere loss in late generation TERC'^ mice 

coincided with the emergence of a radiosensitive phenotype associated with accelerated 

mortality, suggesting that telomere shortening rather than telomerase loss per se impact 

radioresponse''^^ These studies highlight that although telomerase repression and telomere 

shortening are closely linked, the two processes may not have identical consequences for the 

cell''^ .̂ In addition, studies show that TERT mRNA expression doesn't directly correlate with 

telomerase enzyme activity^®^ and TERT has additional functions in tumourigenesis unrelated 

to telomerase activity, including cellular proliferation, gene expression regulation and 

mitochondrial function^®®. This suggests that TERT expression may mediate radioresistance 

without altering telomere length. TERT increases resistance to chemotherapeutic agents and 

pro-apoptotic stimuli, possibly by inhibition of Bcl-2 mediated mitochondrial apoptosis“ “̂ ^ .  

While our results demonstrate a role for TERT expression as a biomarker of radioresistance in 

our isogenic model, TERT expression is a target for anti-cancer therapies in vivo“ ^ It  has been 

shown that modulation of telomerase activity by telomerase inhibitors can shorten telomere 

length and increase radiosensitivity in human neuroblastoma and glioma cells'*^ '̂“ ‘', suggesting 

telomerase activity may be exploited to sensitize cells to radiotherapy. Radiosensitization by 

telomerase inhibition is attractive because human malignant cells have shorter telomeres than 

matched somatic and peripheral blood cells, and telomerase inhibitors are already in phase I I  

trials as a therapeutic modality for human cancer“ .̂ Available pre-treatment biopsy tissue from 

our bioresource demonstrated a trend for increased TERT expression in tumour tissue from 

non-responder patients compared to responder patients. This trend did not reach statistical
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significance however, and a larger sample size is required to confirm this effect in future 

studies.

Telomere function not only depends on telomeric DNA length and telom erase activity, but also 

on the shelterin complex. We have shown th a t TINF2 expression differs in untreated and ACM- 

treated OE33P and OE33R cells. Few studies have focused on the interaction betw een shelterin 

complex genes and radioresponse. Cells with telom ere shortening secondary to  overexpression 

of TINF2 dem onstrate enhanced radiosensitivity com pared to cells with longer telom eres due to 

dominant m utant T1NF2-13, but this effect cannot be distinguished from the  effect of telom ere 

shortening on radioresponse^“ . T[NF2 negatively regulates telom ere length in a TERT 

dependent fashion but does not directly alter TERT expression“ ,̂ and depletion of TINF2 is 

associated with decreased recruitm ent of telom erase to telom eres. Our in vivo findings 

dem onstrated lower expression of TINF2 in patients with a poor response to CRT, but this did 

not reach statistical significance. TINF2 forms complexes with o ther shelterin subunits, in 

addition to several factors involved in the DNA dam age response“ ^  however no o ther shelterin 

genes were associated with radioresistance in our isogenic model.

The precise m echanisms linking radiosensitivity and telom ere dysfunction are unknown, but 

alterations in DNA dam age response (DDR) processes may play a role. Telomere m aintenance 

mechanisms are  directly or indirectly related to DDR^^ '̂“ .̂ Proteins involved in DDR localize to 

telom eres and are required for normal telom ere m aintenance, yet are also involved in the 

cellular response to telom ere shortening and dysfunction. Our group has dem onstrated tha t the  

radioresistance of the OE33R cells is due a t least in part to alterations in DNA dam age repair 

effidency^^''. Expression of PARPl, a mlR-31-regulated gene target, is significantly decreased in 

OE33P cells com pared to OE33R cells, and in oesophageal tum ours sensitive to  neoadjuvant 

CRT, PARPl depletion is also associated with telom ere dysfunction: PARPl is known to be 

recruited to  eroded telom eres, and PARPl knockout in cell culture system s results in telom ere 

shortening, while the PARPl'^' m ouse undergoes 30%  telom ere loss. The interaction between 

PAR°1 and telom ere length is thought be m ediated via the interaction betw een PARPl and 

TER=2. Individuals with short telom eres present higher frequencies of radio-induced dam age 

th ar individuals with long telomeres'*^®. Cells with short or dysfunctional telom eres activate a 

darrage response similar to the response observed with DNA DSBs, including activation of ATM, 

phosphorylation of ATM targets, and formation of nuclear foci containing protein complexes 

invoved in DNA repair“ ®'“ ®. The emerging hypothesis is tha t critically short telom eres act as if 

they w ere true DSBs and activate the DNA-damage response is reinforced by studies 

demonstrating tha t DNA dam age-response factors such as cH2AX, 53BP1, MDCl and NBSl 

forn- foci on shortened telom eres in senescent human fibroblasts^®.
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In this study, telomere shortening, and telomerase and shelterin function were associated with 

adiposity, while TINF2 and TERT expression was associated with radioresistance in our isogenic 

model. The molecular basis for these associations remains unclear. With the advent of 

telomerase inhibition therapies“ ^ elucidating the mechanisms underpinning the relationship 

between telomerase and radioresponse in OAC would be of substantial clinical benefit; allowing 

us to utilize TERT expression in tumour cells as a biomarker to predict radioresponse and to 

exploit TERT dysfunction in tumour cells to sensitize these cells to radlation''^®'''®^ Further 

studies are needed to confirm this relationship in OAC patients.
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Chapter 4 Obesity stimulates anaphase bridge formation and spindle 
assembly checkpoint dysregulation in oesophageal 
adenocarcinoma

Under review with J Mol Med: AM Monaan. N Lynam-Lennon, R Casey, S Maher, JV 

Reynolds, G Pidgeon, J O'Sullivan. Obesity drives anaphase bridge formation and spindle 

assembly checkpoint dysregulation in radioresistant oesophageal adenocarcinoma.
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4.1 Introduction

Oesophageal adenocarcinoma (OAC) is now the  m ost prevalent form of oesophageal cancer in 

the W estern world"*. The incidence of OAC is increasing more than any other cancer in the 

w estern world, paralleling the current epidemic of obesity'’. Obesity is associated with poor 

survival in a range of cancers including oesophageal^®, and studies have dem onstrated that 

increased visceral obesity is an independent predictor of outcom e following anti-angiogenic 

treatm ent in colorectal and renal cell carcinoma“ '̂“ .̂ Standard of care in OAC comprises a 

multimodal approach with neoadjuvant CRT followed by surgical r e s e c t i o n G i v e n  that 

55%  of OAC patients in this unit are  viscerally obese, investigating the  cellular and molecular 

interaction betw een obesity and the radioresponse is clinically relevant^®^.

Anaphase bridges were first described by McClintock in maize^''^ w here it is hypothesised that 

nondisjunction of chrom osom es would lead to gains and losses of genetic material via the 

formation of anaphase bridges and recurrent bridge-breakage-fusion cycles^"* .̂ Anaphase 

bridging has been reported in cell cultures^''® and in tissues,®^'' leading to  structural and 

numerical chrom osom e changes which are strongly linked to tumourigenesis^''^'^^^. Anaphase 

bridges are a common cause and indicator of genomic instability^'*^. Increasing levels of 

telom ere dysfunction correlate with higher probabilities of anaphase bridges, while restoration 

of telom erase results in diminished levels of bhdging^^ '̂®*®. While telom ere shortening in 

leucocytes has been linked to obesity markers such as BMI and waist circumference^®^ the 

exposures or lifestyle factors driving anaphase bridge formation have not yet been elucidated.

Activation of the spindle assem bly checkpoint (SAC) is also essential in the prevention of 

genomic instability''” . The SAC is a mitotic m etaphase-to-anaphase checkpoint which, when 

activated, arrests cell cycle progression until all kinetochores (the protein complexes assem bled 

a t each centrom ere) are  attached to both poles of the  mitotic spindle, ensuring equal allocation 

of the  chrom osom es betw een daughter cells'*”®. This represents the major cell cycle control 

mechanism protecting against aneuploidy®^^. Defects in the  spindle assembly checkpoint may 

drive aneuploidy during carcinogenesis. The genes associated with this process include 

MAD2L2, BUBlb, CDC20, CENPE and ESPLl'*™'®̂ ®. Cells with an impaired spindle assembly 

checkpoint en ter anaphase prem aturely before all kinetochores are attached and can suffer 

chromosomal rearrangem ent which may ultimately drive tumourigenesis®^®. Checkpoint proteins 

are  recruited onto unattached kinetochores where they generate  a diffusible signal to prevent 

anaphase onset during mitosis®^. Even though mutations in mitotic checkpoint genes are not 

tolerated well, and are  found in only a small number of tum ours, SAC function is compromised 

in virtually all genomically unstable tumours®^^ These data have led to the suggestion tha t 

changes in the  expression levels of checkpoint proteins, and not their mutation, may account 

for aneuploidy.
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MAD2L2 is an essential component of the SAC. Inactivation or hyperactivation of this protein 

drives tumourigenesis in mice^^ .̂ Mutations in BUBlb, and related family members BUBRl and 

BUB3, have been identified in numerous cancers, though at a low f r e q u e n c y , B U B lb  is 

thought to be essential for precise regulation of the SAC and expression of a mutant BUBlb 

protein leads to a compromised checkpoint, facilitating genomic instability^'’. BUBIB is a 

candidate tumour suppressor gene in the oesophagus whose downregulation in normal 

oesophageal tissue is associated with cancer development. CDC20 is a co-factor of the APC/C 

and dysregulation of CDC20 is reported in many cancers®̂ ®-®̂ .̂ CENPE is required for the 

maintenance of chromosomal stability through stabilization of microtubule capture at 

kinetochores®^®. Studies have shown an interaction between CENPE with SAC genes BUBlb and 

MAD2L2, which are important in kinetochore attachment to the chromosomes during the end of 

metaphase®^. Dysregulation of CENPE function drives aneuploidy both in vitro and in an age 

dependant manner in mice“ .̂ ESPLl, regulated by securin, is involved in the separation of 

sister chromatids, which takes place at the metaphase-to-anaphase transition. Depletion of 

securin impairs DNA repair after radiation, increasing DNA damage and promoting senescence 

in surviving cells,®̂ ® while ESPLl overexpression has been shown to drive aneuploidy and 

tumourigenesis in micê ^®.

Cycles of anaphase bndge formation and BFB lead to an increased generation of genetic 

changes. Malfunction of checkpoint systems that normally cause cell-cycle arrest and apoptosis 

when recognizing DNA damage or mitotic dysfunction will result in a decreased elimination of 

cells that have sustained genetic alterations'’^̂ '"’ '̂*. This provides a flexible genetic system for 

clonal evolution and progression, leading to variability of phenotypic and genetic traits within a 

cell population '̂*®. Accumulation of chromosomal instability is associated with resistance to 

therapy across a range of cancer cell lines‘’^̂ '̂ ®̂'̂ °̂, and with poor prognosis in cancer 

patients“ °^^ .̂ An incompetent mitotic checkpoint plays a role in regulating response to therapy 

in cancer cells'’^̂ '̂ '̂®̂ ''.

Obesity fuels tumour progression and may be implicated in the initiation of genomic instability 

events'’^^^®''’̂ '̂'’^̂ '"'̂ .̂ The aim of this study was to assess if adipose conditioned media drives 

genomic instability events (anaphase bridges and dysregulated SAC expression) and identify if 

these instability events are associated with a radioresistant phenotype in oesophageal cancer.
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4.2 Overall aim and specific objectives

In chapter 3, we demonstrated that adipose conditioned media induced telomere dysfunction in 

OE33P and OE33R. Currently there is no published data on the role of adipose tissue in 

stimulating the downstream bridge-breakage-fusion events anaphase bridge formation and 

spindle assembly checkpoint dysregulation in oesophageal cancer. Therefore, the aim of this 

chapter was to elucidate the interaction between adipose tissue, anaphase bridge formation 

and SAC expression in a radioresistant OAC model, and to investigate the expression of SAC 

genes in obese and non-obese OAC patients and responder and non-responder OAC patient 

cohorts.

Specific objectives:

• Investigate the effect of adipose conditioned media on anaphase bridge formation in 

OE33P and OE33R

• Investigate the effect of adipose conditioned media on SAC (MAD2L2, BUBlb, CDC20, 

CENPE and ESPLl) gene expression in OE33P and OE33R

• Determine if the expression of SAC genes in tumour samples from oesophageal cancer 

patients correlates with obesity status

• Investigate if the expression of MAD2L2, BUBlb, CDC20, CENPE and ESPLl genes in 

diagnostic pre-treatment biopsies from OAC patients is associated with response to 

neoadjuvant CRT as determined by tumour regression grade
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4.3 Materials and methods

4.3.1 Cell Culture

Cell culture was performed as described In section 2.3.3

4.3.2 Anaphase bridge enumeration 

Crystal violet staining

Crystal violet assays were performed to determine fold change in cell number in OE33P and 

OE33R cells following ACM treatment. Cell number was assessed at the same time as anaphase 

bridge level enumeration to allow for normalisation to change in cell number. Cells were seeded 

In triplicate in 96 well plates at a concentration of 5000 cells/well and allowed to adhere 

overnight prior to co-culture with SOpI ACM or M l99 control media fo r 24 and 72 hours at 37°C. 

Following 24 and 72 hours, the media was decanted. Cells were washed with PBS and fixed 

with 1% glutaraldehyde at room temperature for 15 minutes. Cells were washed with PBS and 

stained with 500|jI 0.1% crystal violet at room temperature for 30 minutes. Crystal violet was 

discarded and the plate washed gently with tap water, then left to air dry upside down for ten 

minutes. Cells were resuspended in 400|jl Triton X solution and incubated on a shaker for 15 

minutes at room temperature. lOOiJl o f sample was transferred into a 96 well plate. The 

absorbance was read at 590nm in a VERSAMax microplate reader (Molecular devices, CA, USA).

Staining o f anaphase bridges

Cells were seeded in triplicate in 12 well plates at a concentration o f 2x10“* cells/well, and 

allowed to adhere for at least 6 hours prior to co-culture with ACM or M199 control media for 

24 end 72 hours at 37°C. Cells were washed with PBS and fixed with 3.7% paraformaldehyde 

at room temperature for 15 minutes. Cells were stained with haematoxylin for 30 minutes at 

roon temperature. Fixed celts were washed with tap water to remove excess stain, and washed 

in 50%, 70% and 100% ethanol before drying on the bench for 1 hour. Anaphase bridges were 

counted using an Olympus CKX41 (Tokyo, Japan) microscope at 20x magnification. Anaphase 

bridges were defined as one or more interconnected strands between daughter nuclei. 

Nurrbers o f anaphase bridges counted were normalised to increase in cell number assessed by 

crys:al violet assay, and expressed as a fold change compared to the M199 control.

4.33 Oesophageal tumour and adipose tissue biobank

Patient samples were processed as outlined in section 3.3.5.
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4.3.4 Investigation of gene expression

Gene expression was investigated as described in section 2.3.5.

4.3.5 Statistical analysis

Statistical analysis was performed using Graphpad Prism 5 software (GraphPad Software, Inc., 

CA, USA) and SPSS version 18 for Windows (IBM, Armonk, New York, USA) software. Unless 

otherwise stated, data are expressed as mean ±  standard error of the mean (SEM). SEIM was 

calculated as the standard deviation of the original sample divided by the square root of the 

sample size. In cases where data were paired (i.e. untreated versus ACM-treated cells) a two- 

tailed paired t-test was used for statistical analysis. A two-tailed unpaired t-test was used to 

analyse unpaired parametric data. The Mann-Whitney U test was used to examine statistical 

significance between unpaired groups of non-parametric data. Data analysis was performed by 

one way analysis of variance (ANOVA), where the number of groups in the experiment was 

three or more. A Tukey multiple comparisons post hoc test was necessary following ANOVA in 

order to determine which groups were significantly different to each other. For all statistical 

analysis, a probability of (p) of < 0.05 was considered to represent significant difference 

between groups.
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4.4 Results

4.4.1 ACM stimulates cell growth in OE33P and OE33R

In order to normalise levels of anaphase bridges to changes In cell growth induced by ACM, cell 

number was assessed in OE33P and OE33R cell lines following 24 and 72 hour treatment with 

either control media or ACM using a crystal violet assay. Anthropometric characteristics of 

patients are summarised in chapter three (Table 3.1). ACM stimulated a 1.5-fold increase in cell 

growth in OE33P and OE33R cell lines following 24 hours of treatm ent (p<0.0001 and p=0.003  

respectively) (Figure 4.1 A). There was no difference in cell number in OE33P cells compared to 

OE33R cells following 24 hours of ACM treatment. ACM increased cell number two-fold in 

OE33P cells at the 72 hour time point (p =0 .02) (Figure 4.1 B). There was no change in cell 

number in OE33R cells following 72 hours of ACM treatment (Figure 4.1 B). Cell number in 

OE33P cells following ACM treatment was greater than cell number in ACM treated OE33R cells 

at the 72 hour time point (p=0.009). There was no difference in cell number in OE33P and 

OE33R cells following 24 compared to 72 hours ACM treatment. There was no difference in cell 

number in OE33P and OE33R cells following treatment with ACM generated from non-obese 

compared to obese patients.
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Figure 4.1. ACM stimulated cell growth in OE33P and OE33R cells at 24 hours
(A) ACM stimulated a 1.5-fold Increase in cell number in both OE33P and OE33R cells following 
24 hours of ACM treatment (p<0.0001 and p=0.003 respectively). Cell number did not differ in 
OE33P compared to OE33R cells following 24 hours ACM treatment. (B) ACM increased cell 
number two-fold in OE33P cells at 72 hours (p=0.02), but did not alter cell number in OE33R. 
There was no difference in cell number in OE33P cells compared to OE33R cells following 72 
hours of ACM treatment. Data are expressed as fold change in cell number in ACM treated cells 
compared to cells treated with control media ± SEM. Statistical analysis was performed using 
paired, two-tailed student's t-test when comparing ACM treated OE33P and OE33R cells versus 
control, **p<0.001, ***p<0.0001; an unpaired, two-tailed student's t test was used to 
compare ACM treated OE33P cells to ACM treated OE33R cells, ##p<0.001.
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4.4.2 ACM stimulates anaphase bridge formation in OE33P and OE33R

Figure 4.2 illustrates anaphase bridges representing lagging chromosomes that do not fully 

resolve during anaphase (Figure 4.2 A-C). OE33P and OE33R cell lines were cultured with 

control M199 media and ACM for 24 and 72 hours. The anthropometric characteristics of 

patients are summarised in chapter three (Table 3.1). Cell growth rates and anaphase bridge 

levels were assessed at both time points. Results were expressed as fold increase in anaphase 

bridge formation per fold increase in cell number. There was no difference in levels of 

anaphase bridges between OE33P and OE33R cell lines following treatment with control media. 

OE33P cells exposed to ACM for 24 hours showed a two-fold increase in anaphase bridge levels 

compared to OE33P cells exposed to control media (p=0.001) (Figure 4.3 A). OE33R cells 

exposed to ACM for 24 hours showed a six-fold increase in anaphase bridge levels compared to 

OE33R cells exposed to control media (p=0.001) (Figure 4.3 A). Levels of anaphase bridging 

following ACM treatment were higher in OE33R cells compared to the OE33P cells at 24 hours 

(p<0.01) (Figure 4.3 A).

OE33P cells exposed to ACM for 72 hours demonstrated significantly lower levels of bridges 

compared to cells exposed to control media (two-fold decrease, p<0.0001) (Figure 4.3 B). 

OE33R cells exposed to ACM for 72 hours demonstrated a 1.5-fold increase in levels of 

anaphase bridge formation compared to cells exposed to control media (p=0.006) (Figure 4.3 

B). Levels of anaphase bridging following ACM treatment were higher in OE33R cells compared 

to the OE33P cells at 72 hours (p<0.0001) (Figure 4.3 B). Significantly higher levels of 

anaphase bridge formation were seen in OE33P at 24 compared to 72 hours (p<0.0001). 

Significantly higher levels of anaphase bridges were seen in OE33R at 24 compared to 72 hours 

(p=0.002). Levels of anaphase bridges in OE33P and OE33R cells did not differ in response to 

ACM generated from non-obese compared to obese patients.
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Figure 4.2 Anaphase bridge formation in OE33P and OE33R cells
OE33P and OE33R cells were co-cultured with ACM generated from non-obese and obese OAC 
patients. Anaphase bridges were enumerated post ACM treatment. (A, B, C) This panel 
Illustrates representative Images of anaphase bridges enumerated In this study.
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Figure 4.3. Anaphase bridge levels in OE33P and OE33R cells following ACM 
treatment
(A) Increased anaphase bridge levels at 24 hours post ACM treatment were detected in both 
OE33P (two-fold increase, p=0.001) and OE33R cells (six-fold Increase, p=0.001) compared to 
controls. Levels of bridging induced by ACM were higher in OE33R compared to OE33P cells at 
24 hours (p=0.004). (B) A two-fold decrease in anaphase bridge levels was detected in OE33P 
cells following 72 hours of ACM treatment (p<0.0001). ACM increased anaphase bridge levels 
1.5-fold in OE33R cells at 72 hours (p=0.006). Levels of bridging induced by ACM were higher 
in OE33R compared to OE33P cells at 72 hours (p<0.0001). Significantly higher levels of 
anaphase bridges were seen in OE33P (p<0.0001), and OE33R (P=0.002) at 24 hours 
compared to 72 hours. Data are expressed as fold increase in anaphase bridges per fold 
increase in cell number. Analysis was performed using paired two-tailed student's Mest for 
ACM treated OE33P and OE33R cells versus control, **p<0.001, ***p<0.0001; an unpaired, 
two-tailed student's t test was used to compare ACM treated OE33P cells to ACM treated 
OE33R cells, ##p<0.001, ###p<0.0001, and when comparing cells treated with ACM for 24 
versus 72 hours, ^^p<0.001, ^^^p<0.0001.
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4.4.3 Anaphase bridge levels in ACM treated OE33R cells correlate with visceral 
obesity.
The correlation of anaphase bridge levels in OE33P and OE33R cells at 24 and 72 hours post 

ACM treatment with visceral obesity status (as measured by visceral fat area) was investigated 

using Pearson correlation coefficient. Anaphase bridge levels following 24 hours of ACM 

exposure did not correlate with visceral obesity (Table 4.1). However, there was a positive 

correlation between anaphase bridge levels in OE33R cells treated with ACM for 72 hours and 

VFA (R=0.794 p=0.006), with higher levels of anaphase bridge formation associated with 

higher VFA (Figure 4.4).
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Table 4.1. Levels of anaphase bridges in ACM treated OE33R cells correlate with 
visceral obesity

OE33P 24hr OE33R 24hr OE33P 72hr OE33R 72hr
R R R R

VFA 0.198 -0.040 0.205 0.795

p value 0.58 0.91 0.57 0.006
/?=Pearson's correlation coefficient. Figures in bold represent statistically significant 
correlations, figures in red represent positive correlations
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Figure 4.4. Anaphase bridge levels correlate with obesity status in OE33R cells 
following ACM treatment
The relationship between anaphase bridge levels in OE33R cells at 72 hours post ACM 
trea:ment and visceral obesity was investigated using Pearson correlation coefficient. There 
was a positive correlation between anaphase bridge formation in OE33R and VFA (R=0.795, 
p=0006), with high levels of anaphase bridges associated with visceral obesity status.
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4.4.4 Anaphase bridge levels correlate with TERC, TERT and DKCl gene expression 
in ACM treated cells
The relationship between TERC, TERT, TEPl and DKCl gene expression in OE33P and OE33R 

cells at 24 and 72 hours post ACM treatment, and anaphase bridge levels was investigated 

using Pearson correlation coefficient. Results are summarised in Table 4.2. Anaphase bridge 

levels were negatively correlated with TERC expression in OE33P cells following 24 hour of ACM 

treatment (R= -0.712, p=0.03) (Figure 4.5 A). A negative correlation was detected between 

levels of anaphase bridging in OE33R cells at 24 hours and gene expression of TERT (R= - 

0.687, p=0.04) and DKCl (R= -0.661, p=0.05) with higher anaphase bridge levels associated 

with lower TERT and DKCl expression (Figure 4.5 B and C). There was no correlation between 

anaphase bridge levels and TEPl gene expression in ACM treated OE33P and OE33R. The 

relationship between shelterin gene expression in OE33P and OE33R cells at 24 and 72 hours 

post ACM treatment, and anaphase bridge levels was investigated using Pearson correlation 

coefficient. There was no correlation between anaphase bridge levels and TERFl, TERF2, POTl, 

TINF2 or TPPl expression in ACM treated OE33P and OE33R cells (Table 4.3).
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Table 4.2. TERC, TERT and DKCl gene expression correlates with anaphase bridge
levels in ACM treated OAC cells

OE33P 24hr ACM 
Anaphase Bridging

p value

TERC
R

- 0.712
0.03

TERT
R

-0.199

0.61

TEPl
R

-0.136

0.73

DKCl
R

-0.139

0.72
OE33R 24hr ACM

Anaphase Bridging -0.453 - 0.687 -0.562 - 0.661

p value 0.22 0.04 0.11 0 .05
OE33P 24hr ACM

Anaphase Bridging 0.042 -0.215 0.615 -0.133

p value 0.92 0.61 0.08 0.75
OE33R72hr ACM

Anaphase Bridging -0.061 -0.507 0.070 0.356

p value 0.87 016 0.86 0.36
The relationship between teiomerase gene expression in OE33P and OE33R cells following 24 
and 72 hours of ACM treatment and anaphase bridge levels was investigated using Pearson 
correlation coefficient. Anaphase bridge levels were negatively correlated with TERC expression 
in OE33P cells following 24 hour of ACM treatment (R= -0.712, p=0.03). A negative correlation 
was detected between TERT expression and anaphase bridge levels in OE33R cells following 24 
hours ACM treatment (R= -0.687, p=0.04). There was a negative correlation between DKCl 
expression and anaphase bridge formation in OE33R cells following 24 hours ACM treatment 
(R= -0.661, p=0.05). There was no correlation between anaphase bridge levels and TEPl gene 
expression in OE33P or OE33R. R values highlighted in bold represent statistically significant 
correlations; blue represents negative correlations; red represents positive correlations.
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Figure 4.5. Telomerase gene expression correlates with anaphase bridge levels in 
ACM treated OE33P and OE33R cells
The relationship between telomerase gene expression in OE33P and OE33R cells following 24 
and 72 hours of ACM treatment and visceral fat area was investigated using Pearson correlation 
coefficient. (A) A negative correlation between TERC expression and anaphase bridge levels 
was detected in OE33P cells following 24 hours ACM treatment (R= -0.712, p=0.03). (B) There 
was a negative correlation between TERT expression and anaphase bridge levels in OE33R cells 
following 24 hours ACM treatment (R= -0.687, p=0.04). (C) A negative correlation was 
detected between DKCl expression and anaphase bridge levels in OE33R cells following 24 
hours ACM treatment (R= -0.661, p=0.05).
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Table 4.3. Shelterin gene expression does not correlate with anaphase bridge
formation.

TERFl
R

TERF2
R

POTl
R

TINF2
R

TPPl
R

OE33P 24hr ACM
Anaphase Bridging -0.524 -0.462 -0.491 -0.332 -0.180

p value 0.18 0.21 0.18 0.42 0.67
OE33R 24hr ACM

Anaphase Bridging -0.388 -0.273 -0.432 -0.248 -0.218
p value 0.34 0.48 0.25 0.55 0.60

OE33P 72hr ACM
Anaphase Bridging 0.039 0.140 0.091 0.154 0.022

p  value 0.92 0.74 0.13 0.69 0.95
OE33R72hr ACM 

Anaphase Bridging 
p  value

-0.485
0.23

0.138
0.74

0.078
0.85

0.036
0.93

-0.209
0.62

The relationship between shelterin gene expression in OE33P and OE33R cells post ACM 
treatment and visceral fat area was investigated using Pearson correlation coefficient. There 
was no correlation between visceral fat area and shelterin gene expression in OE33P or OE33R.
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4.4.5 ACM drives dysregulated spindle assembly checkpoint gene expression in 
OE33P and OE33R
Expression of five spindle assembly checkpoint genes (MAD2L2, BUBlb, CDC20, CENPE and 

ESPLl) in OE33P and OE33R cells treated with ACM, was investigated using quantitative real

time PCR. The anthropometric characteristics of patients are summarised in chapter three 

(Table 3.1).

There was a significant six-fold upregulation in MAD2L2 expression in OE33P cells following 24 

hours ACM treatment compared to cells treated with control media (p=0.0007). MAD2L2 

expression increased ten-fold in OE33R cells following ACM treatment for 24 hours (p=0.004) 

(Figure 4,6 A). MAD2L2 expression did not differ in ACM treated OE33P cells compared to ACM 

treated OE33R cells. A two-fold increase in expression was detected in OE33P following 

exposure to ACM for 72 hours (p=0.01) but MAD2L2 expression was unchanged in OE33R cells 

following 72 hours treatment with ACM (Figure 4.6 B). MAD2L2 expression was significantly 

higher in OE33P compared to OE33R cells at this time point (p=0.004). Significantly higher 

MAD2L2 expression was detected in OE33P (p=0.002), and OE33R (p=0.002) cells treated with 

ACM for 24 compared to 72 hours. MAD2L2 expression in OE33P and OE33R did not differ 

following treatment with ACM generated from non-obese compared to obese patients.

BUBlb expression did not differ in ACM treated OE33P cells compared to ACM treated OE33R 

cells at 24 hours. There was a five-fold increase in BUBlb expression (p=0.008) in OE33P cells 

following 24 hours of treatment with ACM. BUBlb expression was upregulated six-fold in 

OE33R cells treated with ACM for 24 hours (p<0.01) (Figure 4.6 C). In contrast there was a 

two-fold decrease in BUBlb expression in OE33P cells following 72 hours of ACM treatment 

(p=0.0004), and a five-fold downregulation of expression in OE33R cells treated for 72 hours 

(p<0.001) (Figure 4.6 D). BUBlb expression was higher in OE33R cells compared to OE33P 

cells at this time point (p=0.004). Significantly higher BUBlb expression was detected In OE33P 

(p=0.003) cells following ACM treatment for 24 compared to 72 hours. Similarly, BUBlb 

expression was higher in OE33R cells following ACM treatment for 24 compared to 72 hours 

(p=0.001). Expression of BUBlb in OE33P and OE33R did not differ following treatment with 

ACM generated from non-obese compared to obese patients.

Figure 4.6 demonstrates a five-fold upregulation in CDC20 expression in OE33P in response to 

ACM treatment for 24 hours (p=0.007). CDC20 expression was upregulated six-fold in resistant 

cells following ACM treatment for 24 hours (p<0.0001) (Figure 4.7 A). There was no difference 

in CDC20 expression in OE33P compared to OE33R cells following 24 hours ACM treatment. 

CDC20 expression was downregulated two-fold in OE33P cells in response to ACM treatment for 

72 hours (p=0.001). There was a three-fold downregulation in CDC20 expression in OE33R in 

response to ACM (p=0.001) (Figure 4.7 B). There was no difference in CDC20 expression in
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OE33P compared to OE33R cells following 72 hours ACM treatment. CDC20 expression in 

OE33P and OE33R cells was significantly higher at 24 compared to 72 hours ACM treatment 

(p =0 .004  and p<0.0001, respectively). Expression of CDC20 in OE33P and OE33R did not differ 

following treatment with ACM generated from non-obese compared to obese patients.

Twenty-four hours ACM treatment increased expression of CENPE four-fold in parental cells 

(p =0 .05 ), however no change was detected in resistant cells (Figure 4.7 C). CENPE expression 

was higher in OE33P compared to OE33R cells treated with ACM for 24 hours (p =05). There 

was a ten-fold downregulation of CENPE in OE33P in response to ACM treatment for 72 hours 

(p<0 .0001) (Figure 4.7 D). ACM treatment did not affect CENPE expression in OE33R following 

72 hours of ACM treatment (Figure 4.6 D). CENPE expression was lower in OE33P compared to 

OE33R cells treated with ACM for 72 hours (p =05). Expression was higher in OE33P cells 

following 24 compared 72 hours ACM treatment (p=0 .01). There was no difference in CENPE 

expression in OE33R at 24 hours compared to the 72 hour time point. CENPE expression in 

OE33P and OE33R did not differ following treatment with ACM generated from non-obese 

compared to obese patients.

ACM did not stimulate an alteration in ESPLl expression in OE33P or OE33R cells treated with 

ACM for 24 hours, and no significant difference in ESPLl expression was detected in ACM 

treated OE33P cells compared ACM treated OE33R cells (Figure 4.8 A). In  contrast, treatment 

with ACM for 72 hours resulted in a ten-fold downregulation in ESPLl expression in OE33P 

(p =0 .009). ESPLl expression in OE33R was not altered post ACM treatment for 72 hours, and 

ESPLl expression was significantly higher in OE33R cells compared to OE33P cells post ACM 

treatment (p =0 .05 ) (Figure 4.8 B). ESPLl expression in OE33P was higher following 24 

compared to 72 hours ACM treatment (p=0.005). ESPLl expression in OE33P and OE33R did 

not differ following treatment with ACM generated from non-obese compared to obese patients.
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Figure 4.6. ACM upregulates MAD2L2 and BUBlb expression in OE33P and OE33R
(A) A six-fold upregulation of MAD2L2 expression was detected in OE33P following 24 hours of 
ACM treatment (p=0.0007). ACM stimulated a ten-fold upregulation of MAD2L2 expression in 
OE33R at 24 hours (p=0.004). (B) ACM increased expression two-fold in OE33P at 72 hours 
(p=0.01), but did not alter expression in OE33R. (C) ACM upregulated BUBlb expression five
fold in OE33P (p=0.008), and six-fold in OE33R (p=0.007), at 24 hours post ACM treatment. 
(D ) ACM downregulated BUBlb expression two-fold in OE33P (p=0.0004) and five-fold OE33R 
(p<0.0001) following 72 hour of ACM treatment. Data are expressed as mean fold change in 
expression ± SEM. Analysis was performed using paired two-tailed student's f-test for ACM 
treated OE33P and OE33R cells versus control, **p<0.001, ***p<0.0001; an unpaired, two- 
tailed student's t  test was used to compare ACM treated OE33P cells to ACM treated OE33R 
cells, ##p<0.001; and when comparing cells treated with ACM for 24 versus 72 hours,
^^p<0.001.
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Figure 4.7. ACM alters CDC20 and CENPE expression in OE33P and OE33R
(A) A five-fold upregulation of CDC20 expression was detected in OE33P cells following 24 
hours of ACM treatment (p=0.007) and a six-fold upregulation was detected in OE33R cells 
(p<0.0001). (B) ACM downregulated CDC20 expression two-fold in OE33P cells and three-fold 
in OE33R cells at 72 hours post ACM treatment (p=0.001 for all). (C) ACM upregulated CENPE 
expression four-fold in OE33P at 24 hours post ACM treatment (p=0.05), but did not alter 
expression in OE33R. (D) ACM treatment for 72 hours downregulated CENPE expression ten
fold in OE33P cells (p<0.0001). ACM did not affect CENPE expression in OE33R following 72 
hours of ACM treatment. Data are expressed as mean fold change in expression ± SEM. 
Analysis was performed using paired two-tailed student's f-test for ACM treated OE33P and 
OE33R cells versus control, *p<0.05, **p<0.001, ***p<0.0001; an unpaired, two-tailed 
student's t test was used to compare ACM treated OE33P cells to ACM treated OE33R cells, 
#p<0.05; and when comparing cells treated with ACM for 24 versus 72 hours, ^p<0.05,
^^p<0.001, ^'''^p<0.0001.

197



Extra spindle poles like 1

2 t

C ^
0 (D
w y
^ 9 o ow ^
X I t  1- O :5
n 2
Q. O(0 ^
UJ b lf li

Control 24hrs ACM

B

0 Q
(A c  2® o
X i t
® =5 I]2 1
D. O
CO Sb
UJ

Extra spindle poles like 1

■
□  OE33P 

■  OE33R

Control 72hrs ACM

Figure 4.8. ESPLl expression in OE33P cells was downregulated following 72 hours 
of ACM treatment
(A) No significant difference in ESPLl expression was detected in OE33P or OE33R cells treated 
with ACM for 24 hours. (B) ACM downregulated ESPLl expression ten-fold in OE33P at 72 
hours post ACM treatment (p=0.009). ESPLl expression in OE33R was not altered at 72 hours 
post ACM treatment. Data are expressed as mean fold change in expression ± SEM. Analysis 
was performed using paired two-tailed student's f-test for ACM treated OE33P and OE33R cells 
versus control, ***p<0.0001; an unpaired, two-tailed student's t test was used to compare 
ACM treated OE33P cells to ACM treated OE33R cells, #p<0.05; and when comparing cells 
treated with ACM for 24 versus 72 hours, ^^p<0.001.
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4.4.6 SAC gene expression does not correlate with visceral obesity

The relationship between MAD2L2, BUBlb, CDC20, CENPE and ESPLl gene expression in 

OE33P and OE33R cells at 24 and 72 hours post ACM treatment, and obesity status was 

investigated using Pearson correlation coefficient (Table 4.4). There was no correlation 

between MAD2L2, CDC20, CENPE and ESPLl expression in OE33P or OE33R cells treated with 

ACM, and visceral obesity.

Table 4.4. SAC gene expression in OE33P and OE33R cells treated with ACM does 
not correlate with visceral obesity.

MAD2L2 BUBlb CDC20 CENPE ESPLl
R R R R R

OE33P 24hr ACM
VFA -0.704 -0.206 -0.524 0.074 0.209

p value 0.18 074 0.36 0.83 0.56
OE33R 24hr ACM

VFA 0.483 0.433 0.267 0.347 0.497
p value 0.16 0.21 0.45 0.33 0.14

OE33P 72hr ACM
VFA 0.651 0.299 -0.496 -0.502 -0.005

p value 0.06 0.43 0.17 0.14 0.99
OE33R72hr ACM

VFA 0.135 -0.429 -0.543 -0.616 -0.317
p  value 073 025 013 0.06 0.37

The relationship between SAC expression in OE33P and OE33R cells at 24 and 72 hours post 
ACM treatment, and obesity status (as measured by visceral fat area) was investigated using 
Pearson correlation coefficient. Pearson's correlation coefficient R values highlighted in bold 
represent statistically significant correlations. /?=Pearson's correlation coefficient, VFA=visceral 
fat area
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4.4.7 MAD2L2 and BUBlb expression in obese and non-obese oesophageal cancer 
patients

Because these genes were upregulated by ACM and due to their functional importance in the 

SAC, MAD2L2 and BUBlb were selected for measurement in OAC tumour samples from our 

panel of five SAC genes. Expression of MAD2L2 and BUBlb in oesophageal adenocarcinoma 

tumour tissue samples from viscerally non-obese and obese patients was assessed using 

quantitative real-time PCR. Data are expressed as mean RQ values ± SEM. Statistical analysis 

was performed using Mann-Whltney U test. Oesophageal tumour samples from obese patients 

(n=46) demonstrated significantly higher levels of MAD2L2 expression compared to tumour 

samples from non-obese patients (n=41, p=0.05, Figure 4.9 A). There was no difference in 

BUBlb expression between tumour tissue from obese (n=46) compared with non-obese 

patients (n=41, p=0.5). Anthropometric characteristics of patients are summarised in Table 

3.5, chapter 3.

The relationship between MAD2L2 and BUBlb gene expression in obese and non-obese 

oesophageal cancer patients and visceral obesity status (as measured by visceral fat area) was 

investigated using Pearson correlation coefficient. There was a positive correlation between 

MAD2L2 expression in patient tumour samples and VFA (r=0.214 p=0.05), with higher levels of 

MAD2L2 expression associated with higher VFA. There was no correlation between BUBlb 

expression and visceral fat area.
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Figure 4.9. MAD2L2 and BUBlb expression in obese and non-obese oesophageal 
cancer patients
MAD2L2 and BUBlb expression levels were determined in oesophageal adenocarcinoma tumour 
samples from non-obese and obese patients using quantitative real-time PCR. Tumour samples 
from obese patients demonstrated higher levels of MAD2L2 expression compared to tumour 
samples from non-obese patients (p=0.05). Data are expressed as mean RQ values ± SEM and 
represented on (A) a column bar chart and (B) a dot plot. Statistical analysis was performed 
using Mann-Whitney U test, *p<0.05.
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4.4.8 Anaphase bridge levels correlate with CENPE and ESPLl gene expression in 
OE33R

The relationship between SAC gene expression in OE33P and OE33R cells at 24 and 72 hours 

post ACM treatment, and anaphase bridge levels was investigated using Pearson correlation 

coefficient. Results are summarised in Table 4.5. There was no correlation between MAD2L2, 

BUBlb or CDC20 expression in ACM treated OE33P and OE33R cells and anaphase bridging. 

CENPE expression in OE33R cells following 72 hours of ACM treatment negatively correlated 

with anaphase bridge formation (R=0.679, p=0.04), with higher CENPE expression associated 

with lower anaphase bridge levels (Figure 4.10 A). A negative correlation was detected 

between ESPLl expression in OE33R cells post 72 hours of ACM treatment and anaphase 

bridge levels at this time point, with higher ESPLl expression associated with lower anaphase 

bridge formation (R=0.705, p=0.03) (Figure 4.10 B).
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Table 4.5. CENPE and ESPLl gene expression correlates with anaphase bridge levels 
in ACM treated OE33R cells

MAD2L2 BUBlb CDC20 CENPE ESPLl
R R R R R

OE33P 24hr ACM
ABL -0.402 0.284 -0.514 -0.631 -0.480

p value 0.50 0.64 0.38 0.06 0.19
OE33R 24hr ACM

ABL 0.178 -0.260 -0.191 -0.547 -0.705
p value 0.65 0.50 0.62 0.13 0.03

OE33P 72hr ACM
ABL 0.173 0.450 0.334 -0.140 -0.189

p value 0.68 0.26 0.42 0.72 0.63
OE33R 72hr ACM

ABL 0.092 0.166 0.614 -0.679 -0.556
p value 0.83 0.70 0.11 0.04 0.12

The relationship between SAC expression in ACM treated OE33P and OE33R cells and anaphase 
bridge formation was investigated using Pearson product-moment correlation coefficient. 
Pearson's correlation coefficient r values highlighted in bold represent statistically significant 
correlations; blue represents negative correlations; /45Z.=Anaphase bridge levels; r=Pearson's 
correlation coefficient.
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Figure 4.10. CENPE and ESPLl expression in 0E33R cells treated with ACM 
negatively correlates with anaphase bridge levels

The relationship between CENPE and ESPLl expression in OE33P and OE33R cells post ACM 
treatment and anaphase bridge formation was investigated using Pearson correlation 
coefficient. (A) There was a negative correlation between CENPE expression in OE33R cells 
following 72 hours of ACM treatment and anaphase bridge formation (R=-0.679, p=0.04), with 
higher CENPE expression associated with lower anaphase bridge formation. (B) A negative 
correlation was detected between ESPLl expression in OE33R cells post 72 hours of ACM 
treatment and anaphase bridge formation at this time point (R=-0.705, p=0.03), with higher 
ESPLl expression associated with lower anaphase bridge formation.
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4.4.9 Radiosensitivity status influences MAD2L2, CENPE and ESPLl expression in 
oesophageal cancer cells following ACM treatment
SAC expression in OE33P cells at baseline and post ACM treatment was compared to SAC 

expression in OE33R cells (Table 4.4). Data are expressed as mean fold change in gene 

expression. Statistical analysis was performed using unpaired two tailed student's f-test. There 

was no difference in basal SAC gene expression in OE33P cells compared to OE33R cells. 

MAD2L2 expression was upregulated in both cell lines in following 24 hours ACM treatment, but 

this increase was greater in the OE33R cells compared to the OE33P cells; this difference 

reached statistical significance at the 72 hour time point (p=0.003). BUBlb expression following 

72 hours ACM treatment was higher in OE33P compared to OE33R cells (p=0.007). Lower 

levels of CENPE expression were noted in OE33R cells compared to OE33P cells following 24 

hours of ACM treatment (p=0.05). In contrast, higher levels of CENPE expression were seen in 

the OE33R cell line at 72 hours (p=0.05). ESPLl expression was significantly higher in OE33R 

compared to OE33P cells following 72 hours treatment with ACM (p=0.03). There was no 

significant difference in CDC20 expression in ACM treated OE33P compared to OE33R cells.
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Table 4.6. SAC gene expression in OE33P compared to OE33R ceils.

MAD2L2 BUBlb CDC20 CENPE ESPLl

OE33P vs. OE33R
Baseline 1.0 vs. 0.9 1.0 vs. 0.8 1.0 vs. 0.5 1.0 vs. 2.0 1.0 vs. 0.9

(RQ Value)
p value 0.89 0.60 0.45 0.45 0.89

OE33P vs. OE33R
24hr ACM 5.7 vs. 10.6 4.6 vs. 5.7 -4.5 vs. 5.8 4.2 vs. 1.1 1.0 vs. -1.2

(Fold change)
p value 0.09 0.56 033 0.05 0.47

OE33P vs. OE33R
72hr ACM 1.8 vs. -1.2 -2 vs. -5 -2 vs. -3 -10 vs. 1.4 -10 vs. 1.5

(Fold change)
p value 0.003 0.007 053 0.05 0.03

SAC expression levels in OE33P and OE33R were compared at baseline and following ACM 
treatment for 24 and 72 hours. Data are expressed as mean fold change in expression for n=10 
samples. Statistical analysis was performed using unpaired two tailed student's f-test. Fold 
changes highlighted in bold represent statistically significant alterations in gene expression; 
blue represents downregulation; and red represents upregulation.
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4.4.10 SAC expression in responder and non-responder OAC patients

From the panel of five SAC genes, MAD2L2, CENPE and ESPLl were selected for measurement 

in OAC pre-treatment biopsy samples. Gene expression was determined in oesophageal 

adenocarcinoma pre-treatment biopsy samples from patients who went on to have a good 

pathological response (TRG 1-3, responder), or poor TRG response (TRG 4-5, non-responder) 

at resection (patient details are outlined in chapter two, table 2.7). There was no difference in 

MAD2L2, CENPE or ESPLl expression between pre-treatment biopsy tissues from good 

compared to poor responders (Figure 4.11 A, B, C).
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Figure 4.11. SAC expression in responder and non-responder OAC patient cohorts
MAD2L2, CENPE and ESPLl expression was determined in oesophageal adenocarcinoma pre
treatment tumour biopsy samples from responder and non-responder patients using 
quantitative real-time PCR. Data are expressed as mean RQ values ± SEM. Statistical analysis 
was performed using Mann Whitney U. There was no difference in (A) MAD2L2 expression, (B) 
CENPE expression or (C) ESPLl expression in pre-treatment biopsy tumour samples from 
responder patients compared to biopsy samples from non-responder patients.
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4.1 Discussion

This study reveals that adipose tissue drives the genomic instability events anaphase bridge 

formation and spindle assembly complex dysregulation; obese OAC patients demonstrate 

increased MAD2L2 expression compared to non-obese patients. Furthermore, anaphase bridge 

levels are higher in radioresistant compared to radioresponsive oesophageal cancer cells.

Vlscerally located adipose tissue is metabolically active, associated with systemic metabolic 

changes and the concomitant modification of the paracrine and endocrine panel of 

adipokines^®^'^^ This is the first study to demonstrate that adipose tissue stimulates anaphase 

bridge formation in OAC. The breakage-fusion-bridge (BFB) cycle links telomere shortening, 

anaphase bridge formation and induction of chromosomal instability (C IN). The question if 

lifestyle factors drive anaphase bridge formation has not previously been addressed in the 

literature. Telomere shortening in leucocytes correlates with indicators of obesity including BMI 

and waist circumference, and is associated with obesity related conditions such as insulin 

resistance, diabetes mellitus, and cardiovascular nsi<‘’22,57o,572̂  chapter three we showed

that adipose tissue induces telomere shortening in OAC cells. This is the first study to 

demonstrate that adipose tissue induces BFB events downstream of telomere shortening. This 

study strengthens the association between obesity and stimulation of chromosomal instability 

events, and suggests that factors in adipose conditioned media are driving this association. 

Adipose tissue produces a range of other adipokines with biological effects in cancer, including 

TNF-c, IL-6, Resistin, Adiponectin and Leptin®^®. This unit has previously demonstrated that 

ACM generated from obese and non-obese OAC patients contains VEGF and IL-8^®^ and that 

ACM-induced anaphase bridge formation in healthy oesophageal squamous cells is abrogated 

by neutralising VEGF and IL-8^® .̂ In this study, anaphase bridge levels correlated with visceral 

obesity in radioresistant oesophageal cancer cells, implying that adipokines associated with 

visceral obesity are implicated in anaphase bridge formation. This unit has previously 

demonstrated that concentrations of adipokines in ACM directly relate to the degree of obesity 

in humans. Levels of VEGF, IL6, leptin and adiponectin in ACM from viscerally obese patients 

were compared to levels in non-obese patients^®^. ACM from obese patients has significantly 

higher levels of VEGF and lower levels of adiponectin, but no significant difference in IL6 or 

leptin was observed^®^. OE33R demonstrated higher levels of anaphase bridges compared to 

OE33P. Both cell lines were treated with identical patient ACM, suggesting that differences in 

cell line receptor expression may account for the difference in response. In  chapter two we 

demonstrated that LepR and NRPl expression was higher in OE33R compared to OE33P, 

suggesting a role for leptin or VEGF in mediating anaphase bridge induction. It  appears likely 

that adpokines such as VEGF are key to adipose-induced anaphase bridge formation, however 

further studies are warranted to confirm which adipose derived factors drive anaphase bridge 

formation in OAC.
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This study showed that ACM upregulates expression of MAD2L2 and BUBlb in radioresponsive 

and radioresistant OAC. Obese OAC patients demonstrate increased expression of MAD2L2 but 

not BUBlb in their tumour specimens. Alterations in MAD2L2 expression drive tumourigenesis 

in mice and aberrant MAD2L2 expression is seen In number of human epithelial cancers^^ '̂®^  ̂

BUBlb has a number of roles in the SAC and overexpression of this gene has been reported In 

colorectal cancer®^ .̂ Doak et al reported both under and over expression of both MAD2L2 and 

BUBlb genes in Barrett's Oesophagus specimens, but SAC disruption has not previously been 

documented in OAC“ .̂ Obesity has never previously been linked with deregulation of the SAC 

complex in OAC. Studies identifying causal mechanisms for SAC deregulation are lacking, 

although oxidative stress has been linked to malfunction of the SAC In cancer cells''^^ Oxidative 

stress overrides the spindle checkpoint mechanism, possibly by interfering with the binding of 

MAD2 to CDC20'’^̂ , and increasing adiposity aggravates oxidative stress processes"’ '̂’. Adipose 

tissue is a rich source of pro-inflammatory cytokines including TNFo, IL l (interleukin 1) and 

IL6, which are potent stimulators of ROS production, however the Interaction of these factors 

with SAC expression has yet to be investigated®^®. We have shown that ACM alters SAC 

expression in OAC, but a more detailed understanding of the role of adipose tissue and 

adipokines in the dysregulation of the SAC in OAC is required.

In this study anaphase bridge levels following ACM treatment were higher at 24 compared to 

72 hours. One possible explanation is that this reflects the higher SAC gene expression at 24 

compared to 72 hours. However there was no positive correlation between anaphase bridge 

levels and SAC gene expression. SAC function may be affected by both under- and 

overexpression o f the component genes^^ '̂®^ .̂ Anaphase bridge levels negatively correlated 

with CENPE and ESPLl expression following ACM treatment, but not with BUBlb, MAD2L2, or 

CDC20 expression. Prencipe et al demonstrated that downregulatlon of MAD2L2 was associated 

with increased anaphase bridge formation and polyploidy in breast cancer cell lines^^ .̂ SAC 

deregulation is linked to genomic instability In a number of cancer types, but genomic instability 

may still occur in the presence of an intact SAC, suggesting that while both anaphase bridge 

formation and a compromised SAC are conducive to aneuploidy and carcinogenesis, these 

processes may occur Independently of each other^^^'“ ^ A weakened SAC may function as a 

facilitator rather than a driving force of tumourigenesis.

This is the first study demonstrating that increased levels of anaphase bridges are associated 

with radioresistance. A study by McCaul et al, found no relationship between anaphase bridge 

levels and radiosensitivity to clinically relevant doses of 2 Gy in 16 oral squamous cell 

carcinoma cell lines'^. The same study found that in some cell lines, anaphase bridge levels 

were inversely correlated with radiosensitivity to higher 4 Gy doses of radiation'’̂ .  The cell lines 

which demonstrated this relationship between high levels of bridging and radiosensitivity were
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cell lines with high anaphase bridge levels, indicating that a certain threshold of bridging is 

necessary for this association to hold true''^. Furthermore, the cell lines used in this study also 

demonstrated varying degrees of telomere dysfunction"’̂ . Telomere dysfunction has been 

associated with altered radiosensitivity of cells and organisms'’̂ "'''’̂ ,̂ and telomerase deficient 

TERC^' mice who demonstrated telomere shortening and increased anaphase bridge formation 

exhibited a radiosensitive phenotype associated with accelerated mortality'’ ®̂'"’̂ .̂ Given the 

number of possible factors that can influence intrinsic radioresistance, it is not surprising that 

the relationship between anaphase bridging and radiosensitivity may differ in individual cancer 

types. Anaphase bridge levels may be readily measured in vitro, however, due to the 

heterogeneous cell population typical of tumour samples and the low proportion of cells in this 

transient configuration, anaphase bridge quantification in patient samples is very difficult to 

evaluate^^"*. Therefore anaphase bridge measurement has limited usefulness as a biomarker of 

radioresistance in vivo. Characterisation of the mechanisms underlying the link between 

anaphase bridges and radioresistance may yield important clinical benefits. The induced 

radioresistance of OE33R cells is likely a combination of both acquired mutation from 

adaptation of cells to the cytotoxicity of radiation, and the selection of a subpopulation of 

radioresistant cells. Our group has demonstrated that the radioresistance of OE33R cells is due 

at least in part to alterations in DNA damage repair efficiency^ '̂'. OE33R cells demonstrate a 

greater efficiency in the repair of radiation-induced DNA damage compared to OE33P cellŝ '̂*, 

and downregulation of miR-31, which has been shown to alter the expression of 13 genes 

involved in DNA repair^^ .̂ These data suggest the possibility of inherent DNA repair alterations 

as a key factor in the radioresistance of OE33R. Anaphase bridges are associated with DNA 

double strand breaks (DSBs)“ ®. While the majority of DSBs are repaired correctly, restoring the 

original chromosome structure, misalignment of two nonmatching ends may also occur 

resulting in anaphase bridges and chromosomal instability^°'^\ Non homologous end joining 

(NHEJ) acts to prevent anaphase bridges and in its absence the activity of homologous 

recombination (HR) leads to anaphase bridge formation; indeed, intrinsic NHEJ activity 

correlates with the induction of anaphase bridges^^®, suggesting a mechanistic link between 

genomic instability and radioresistance“ ®.

MAD2L2, CENPE and ESPLl expression differed in radioresponsive compared to radioresistant 

cells. Interestingly, expression of CENPE and ESPLl also correlated with anaphase bridge levels, 

suggesting the possibility that expression of these SAC genes may be involved in the link 

between the anaphase bridge formation and radiosensitivity. The cohort of oesophageal cancer 

patients who had a poor response to RT demonstrated higher levels of MAD2L2 expression 

compared to patients who had a good response to treatment; however this was not statistically 

significant. MAD2L2 expression has been implicated in the radioresponse; suppression of 

MAD2L2 is associated with enhanced radiosensitivity in glioma cells through activation of
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apoptosis via increased cleavage of PARP'*̂ .̂ We have previously identified that PARPl is 

overexpressed in oesophageal tumour tissue of poor responders^^^ In this study, CENPE 

expression was highest in oesophageal tumour tissue from patients showing the least response 

to radiation. Overexpression of CENPE is associated with recurrence in patients with pituitary 

tumours, and with chemoresistance in ovarian cancer patients^^. ESPLl expression was higher 

in tumour tissue from non-responders compared to responders. Overexpression of the ESPLl- 

encoded protein separase strongly correlates with high incidence of relapse and lower 5 year 

sun/ival rate in breast and prostate cancer patients^^. Separase is regulated by securin, the 

depletion of which is associated with radiosensitivity in vitr&^ .̂ Pharmacologic inhibition of the 

SAC has been putatively proposed as a promising strategy for anticancer treatment®^. The 

indolocarbazole compound G66976 overrides spindle checkpoint-mediated mitotic arrest by 

abrogating the phosphorylation and kinetochore localization of several spindle checkpoint 

proteins, resulting in apoptosis in various human cancer cell lines, including spindle checkpoint- 

compromised cancer cells^. MAD2L2, CENPE and ESPLl expression was higher in 

radioresponder compared to non-responder oesophageal cancer patients, but this did not reach 

statistical significance. Our cohort had small numbers; therefore a larger study Is required to 

investigate this association.

This study demonstrates a novel role for visceral obesity in the induction of genomic instability 

events and highlights the complex interaction between obesity, genomic instability and 

radioresponse In OAC. Further studies are required to elucidate the association between the 

SAC and radioresponse in vivo. Identification of the factors driving anaphase bridge formation 

could identify shared pathways as potential preventative and therapeutic targets, enabling the 

stratification of patients based on predicted response to therapy and ultimately to the 

manipulation of these factors to sensitize resistant cells to radiation.
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Chapter 5 Identification of novel genomic instability events in
radioresistant oesophageal adenocarcinoma using array 
comparative genomic hybridization
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Paxton, N Lynam-Lennon, R Casey, S Maher, Bronner M, JV Reynolds, G Pidgeon, J O'Sullivan. 

Novel genomic instability events in radioresistant oesophageal adenocarcinom a identified using 

array comparative genomic hybridization
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5.1 Introduction

Incidence rates and incidence-based mortality for adenocarcinoma of the oesophagus have 

been increasing in Western countries for several decades, due in part to increases In the 

prevalence of factors such as overweight and obesity^. Locally advanced disease is generally 

treated with curative intent with a multimodal approach that includes surgery^®'®  ̂ NA-CRT 

results in improved overall survival compared to surgery alone, and pCR rates which are higher 

than those from NA CT or RT when given alone '̂®®' '̂̂ ^®. Improved and standardised surgical 

techniques as well as advances in supportive care have contributed to an increase in the rate of 

curative resection, but five-year survival rates of patients with local-regional oesophageal 

cancer who have undergone curative resection remains low (approximately 35-50%)^ '̂®^"®  ̂

Therefore, oesophageal adenocarcinoma is a treatable but rarely curable disease. An improved 

understanding of the molecular, cellular and immunological mechanisms, which lie behind the 

progression of OAC, is required for the development of more efficacious treatments. This could 

in part be achieved by the study in vitro cells derived from OAC tumours. Isogenic models of 

radioresistance, which use cells of the same origin that differ only in terms of radiosensitivity, 

are increasingly being used to study the radioresponse'’^̂ '̂ ®̂. These model systems allow the 

comparison of cell lines with the same origin, but distinctly different radiosensitivities, thus 

avoiding the influence of confounding factors such as genetic variation, allowing for the 

detection of molecular mechanisms specifically involved in radiosensitivity. The radioresistant 

model used in this study, OE33R, was generated by the chronic exposure of OE33 cells to X-ray 

radiation. The JROECL33/OE33 cell line was derived from a poorly differentiated stage IIA  

adenocarcinoma in Barrett's oesophagus, from a 73 year old lady. The cell line was 14 months 

old at time of development in September 1994, following 19 subcultures®'* .̂ The cell line was 

characterised as aneuploid, near tetraploid, and karyotyped in detail in 2002^, however, it has 

not been characterised since then, and OE33R has never been karyotyped.

Advances in microarray technology have facilitated the investigation of the complex network of 

genes associated with the cellular response to IR, allowing high throughput profiling of large 

numbers of genes simultaneously®'*^. This technology allows genome-wide scanning for 

genomic losses and gains over large numbers of targets and detects alteration-prone 

chromosomal regions. The use of a genome wide measure of genetic instability is appealing 

since all cancers progress through some type of genetic instability®'*®'®̂ ®. While some cancers 

may display little overall copy number instability, e.g., MIN cancers, these generally represent a 

minority of solid tumours, and certainly a minority of OACs®“ . A large body of evidence now 

suggests that most OACs arise in association with a process of gain or loss of whole 

chromosomes or large portions of chromosomes, using a variety of detection methods with 

various resolutions including conventional comparative genomic hybridization (CGH), 

microsatellite mapping, array CGH and SNP arrays®^ ”̂®̂®. A recent 317K SNP array study of 23
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OACs reported an average of 97 copy number changes (range 23-208) per cancer that ranged 

in size from small homozygous deletions to large chromosome regions®^  ̂ Copy gain, loss and 

copy neutral LOH averaged 13, 18 and 23MB, respectively. Findings from copy number profiling 

studies in OAC have resulted in the compilation of a well-established genomic landscape of 

OAC; recurrent genomic events include gains of 7p, 8q, and 17q and losses of 3p, 4p, 5q, and 

J7p65i,652,657-660 j^gse results indicate the complexity of genomic changes in OAC and suggest 

there will be both opportunities and challenges for risk stratification, cancer prevention and 

early detection. DNA copy number alterations (CNAs) can play significant roles in tumour 

behaviour and provide insight into gene deregulation and cancer biology, as exemplified by 

DNA amplifications of the oncogenes HER-2 and Novel targeted biologic agents

have resulted in improved outcomes in a number of cancers, including gastroesophageal 

cancers. HER2 {ERBB2) is amplified in approximately 10-20%  of OAC. Traztuzumab antibody 

treatment was evaluated in a large randomized phase I I I  trial (ToGA) in combination with 

chemotherapy, and was reported to have a modest improvement in overall median survival 

versus chemotherapy alone in a select ERBB2 amplified subgroup of gastric and gastro- 

oesophageal junction adenocarcinoma patients^“ .

Genome-wide studies on various cancers support the notion that biological difference reflected 

in gene expression profiles of tumours may dictate the prognosis of cancer patients®^®®. For 

example, Van't Veer and van de Vijver et al have developed a highly successful predictive gene 

signature, the so called "Mammaprint," effective in identifying patients with phmary breast 

cancer at a high risk of recurrence after local treatment alone^^'^^. Array-comparative genomic 

hybridisation and gene expression microarray profiling have been used separately to identify 

molecular aberrations in small cohorts of oesophageal adenocarcinoma

Integrative genomics have been used to identify novel prognostic markers and therapeutic 

targets such as RON (Recepteur d'origine nantais) and RFC3 (Replication Factor C 3) in 

Oac 7̂5,676 g| integrated data from an array CGH platform with corresponding gene

expression microarray profiles from 56 fresh frozen OAC resection samples to generate a 

potential prognostic signature for OAC“ °. This study identified 16 probes which conferred poor 

prognosis in OAC patients, including six novel molecular targets not previously associated with 

OAC. The utility of CNAs as biomarkers of risk assessment response to therapy, however, has 

not been well studied. Chen et al used array CGH to identify a 58-probe pathological response 

prediction model associated with response to NA CRT in locally advanced rectal cancer®^ ,̂ but 

genome-wide studies identifying genomic alteration "signatures" in OAC CRT responders and 

non-responders are lacking. To continue to explore and improve the discriminatory ability of 

genomic markers for radioresponse in OAC, we used array-based comparative genomic 

hybridization to examine CNAs in OE33R compared to OE33P.
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5.2 Overall aim and specific objectives

The overall aim of this chapter was to investigate novel genomic alterations between 

radioresponsive OE33P and radioresistant OE33R cells. A comprehensive genome-wide 

microarray analysis was performed on OE33P and OE33R cell lines at the Department of 

Pathology at the University of Utah in Salt Lake City. Altered gene loci were validated in vitro 

and in vivo.

Specific objectives;

• Investigate genomic alterations in OE33P and OE33R using array CGH

• Use ChAs software to identify regions of chromosomal aberrations and copy number 

variations between OE33P and OE33R

• Investigate target gene expression in OE33P and OE33R cell lines

• Investigate if radiosensitivity status affects expression of selected target genes in OAC 

patient samples
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5.3 Materials and methods

5.3.1 Cell Culture

Cell culture was performed as described In section 2.3.3

5.3.2 Karyotyping of OE33P and OE33R 

Harvesting cell pellets fo r FISH

Cells were seeded In 12-well plates at a concentration of 1.2 x 10  ̂ cells/well and allowed to 

adhere for 24 hours. The plate was incubated at 37°C and 5% CO2 for 24 hours. Cells were 

collected by trypsinization as described previously (section 3.2.3) and transferred to a 15 mL 

tube before centrifuging at 1100 RPM for 8 minutes. The supernatant was removed using a 

Pasteur pipette leaving 0.5-1 mL of supernatant above the cell pellet. The cell pellet was gently 

resuspended using a vortex. 10 mL of warmed 0.075% KCL hypotonic solution was added to 

the samples while vortexing. Samples were incubated at 37°C for 25 minutes, and 1 mL of 

modified Carnoy's fixative (3:1 methanol HPLC grade: glacial acetic acid) was added. Samples 

were mixed by inverting the tubes and centrifuged at 1100 RPM, and supernatant removed. A 

volume of 10 mL of modified Carnoy's fixative was added to the samples while gently mixing 

using a vortex. Samples were incubated at room temperature for 30 minutes before being 

centrifuged and decanted as described previously. Samples were incubated at room 

temperature for a further 20 minutes. Samples were centrifuged, decanted, resuspended and 

10ml modified Carnoy's fixative added before incubating at room temperature a further two 

times.

Precipitating the probe

Fluorescence in situ hybridization (FISH) analysis was performed at the department of 

pathology in the University of Utah in association with ARUP laboratories in Salt Lake City, Utah. 

A volume of 5 pL (~100 ng) of the D15S11 probe from Abbott Molecular (Des Plaines, IL) of 

the nick translation reaction mixture was pipetted into each sample microcentrifuge tube. COT- 

1 DNA (1 pg), human placental DNA (2 pg) and purified water (4 pL) were added to the tubes. 

A volume of 1.2 pL (0.1 volume) 3 M sodium acetate and 30 pL (2.5 volumes) of 100% EtOH 

was added. Samples were vortexed, placed on dry ice for 15 min and centrifuged at 12,000 

rpm for 30 minutes at 4 °C to pellet the DNA. Supernatants were removed and pellets dried for 

10 - 15 minutes under a vacuum at room temperature. Pellets were resuspended in 3 pL 

purified water and 7 pL Hybridization Buffer. Probes were denatured by heating the probe mix 

for 5 minutes in a 73 °C water bath.
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Hybridizing the probe to the target metaphase

Hybridization areas w ere marl<ed on the slide using a tipped scribe. Slides containing normal 

m etaphase spreads w ere immersed into denaturation solution (7 0 %  form am ide in2X SSC, pH 

7.0 - 8 .0 ) a t 75 °C for 5 min. Slides w ere dehydrated for 1 min in 7 0 %  EtOH, followed by 1 

minute in 8 5 %  EtOH, and 1 minute in 100%  EtOH. Slides w ere blotted dry and placed on a 

slide w arm er a t 45°C  to allow remaining EtOH to evaporate. A volume of 10 pL o f denatured  

probe mix was added to the slides and coverslips im m ediately applied and sealed w ith rubber 

cem ent. Slides w ere placed in a sealed, humidified box in a 37 °C incubator for 16 hours for 

hybridization. The 0 .4X  S S C /0 .3%  NP-40 wash solution was heated to 73°C  in a w ater bath for 

at least 30 mins. The rubber cem ent seal and the coverslip w ere removed and the slide placed 

into the wash solution and agitated for 1 - 3 seconds. Slides w ere let stand for 2 mins, and 

then placed in 2X S S C /0 .1%  NP-40 wash solution a t room tem perature. Slides w ere agitated for 

1-3 sec, let stand for 5 sec and air dried in darkness for 10 mins. To visualise the hybridisation, 

a 10 pL volume of DAPI I I  counterstain and a coverslip was applied to each hybridization 

location. FISH probes w ere evaluated by fluorescence microscopy (Olympus, Centre Valley, PA).

5.3.3 Array CGH analysis of OE33P and OE33R

OE33P and OE33R cell lines w ere tested using Affymetrix CytoScan HD A rray®  (1 ,9 5 3 ,2 4 6  

oligonucleotides and 743 ,304  SNP probes). I  travelled to Salt Lal<e City to perform this array 

analysis a t the departm ent of pathology in the University o f Utah in association w ith ARUP 

laboratories in Salt Lal<e City, Utah.

DNA Extraction for array CGH

Cells w ere seeded in 12-well plates a t a concentration of 1.2 x 10^ cells/well, and allowed to 

adhere for 24 hours. Following treatm ent w ith 0 .5  mL control M 199 media or ACM, cells were  

incubated a t 37°C  and 5 %  CO2 for 24  hours. Cells w ere collected by trypsinization as described 

previously (section 3 .2 .3 ) and transferred to  a 15 mL tube before centrifuging a t 1500 RPM for 

3 minutes. The supernatant was aspirated leaving a pellet and approximately 20pl o f residual 

fluid. These samples w ere analysed in the Departm ent o f Pathology at the University o f Utah in 

association with ARUP laboratories in Salt Lake City, Utah. The pellet was vortexed to  

resuspend the cells in the residual fluid. Cell lysis solution (6 0 0  pL) was added to the samples 

which w ere vortexed to lyse the cells. Proteinase K solution (3 .0  pL) was added and samples 

incubated a t 55°C  for 1 hour. A 3 .0  pL volume o f RNase A solution was added. Samples w ere  

mixed by inverting the tube 25 tim es, pulse centrifuged to collect the contents, and incubated 

in a w ater bath a t 37°C  for 35 minutes before cooling on ice for 1 minute. 200 pL o f protein 

precipitation solution was added and the samples were vortexed vigorously for 20 seconds and 

placed on ice for 5 minutes. Samples w ere centrifuged a t 17,000 x g for 3 minutes.
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Supernatants were transferred to 1.5 mL screw top centrifuge tubes containing 600 pL of 

isopropanol and mixed by inverting 50 times before centrifuging at 17,000 x g for 3 minutes. 

Supernatants were aspirated and discarded. A 600 pL volume of 70% ethanol was added and 

samples inverted to wash the pellet. Supernatants were aspirated and 600 pL of 70% ethanol 

added before inverting the tube several times. Samples were allowed to air dry for 10 minutes 

before 30 pL of DNA hydration solution was added. Samples were incubated overnight at room 

temperature.

Digestion
Genomic DNA (5.00 pl/250 ng) was added to the plate. 5 pi of the positive control was added 

to the well marked "+ "  and 5 pL of low EDTA TE as negative control added to the well marked 

The digestion master mix was prepared as per table 5.1, vortexed, centrifuged, then 14.75 

pi added to the samples. The plate was sealed with an adhesive film, vortexed, centrifuged, 

then loaded onto a preheated thermal cycler at 37°C for two hours, 65°C for 20 minutes and 

held at 4“C.

Table 5.1. Digestion master mix
Reagent Per sample
Chilled Aff/metrix nuclease-free water 11.55 pi 
lOX Nsp I buffer 2.00 pi
lOOX BSA 0.20 pi
Nsp I 1.00 pi
Total volume 14.75 pi

Ligation

The lOX T4 DNA ligase buffer and 50 pM adaptor Nsp I were thawed at RT, vortexed and 

placed on Ice. The ligation master mix was prepared as per table 5.2, vortexed, centrifuged and 

5.25 pL added to the samples. The plate was sealed with an adhesive film, vortexed, 

centrifuged and loaded onto the thermal cycler at 16°C for three hours, 70°C for 20 minutes 

and then at 4°C.

Table 5.2. Ligation master mix
Reagent Per sample

10 X T4 DNA Ligase Buffer 2.50 pi

50 pM Adaptor Nsp I 0.75 pi

T4 DNA Ligase 2.00 pi

Total volume 5.25 pi
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PCR

The sealed ligation plate was centrifuged and the ligated samples diluted as per table 5.3. The 

plate was sealed with an adhesive film, vortexed twice and four 10 mL aliquots of each sample 

transferred to the PCR plate. The lOX TITANIUM Taq PCR Buffer, dNTP mixture, PCR Prime- 

002 and diluted ligated samples were thawed at RT, and once thawed, immediately placed on 

ice, vortexed and centrifuged. The PCR master mix was prepared on ice as per table S.-̂ , 

vortexed and 90 pL added to the samples. The PCR plate was sealed, vortexed, centrifuged anj 

loaded onto preheated thermal cycler as per the Cytoscan PCR program outlined in table 5.5. 

The four PCR products for each sample were pooled by transferring the samples to 

appropriately marked 1.5 mL eppendorf safe-lock tubes. 720 pL of purification beads were 

added to each sample. The samples were inverted ten times, incubated at RT for ten minutes, 

and centrifuged for three minutes. The supernatant was pipetted off and discarded. 1.0m. 

purification wash buffer was added to each tube. The tubes were vortexed, centrifuged, and 

the supernatant pipetted off. Tubes were again centrifuged, any remaining purification wasi 

buffer pipetted off, and then left uncapped at RT for ten minutes. 52 pL of elution buffer was 

added to each tube. The samples were vortexed, centrifuged, and left to stand for ten minutes. 

47 |j L of eluted sample was transferred to a fresh 96-well plate. The plate was sealed, vortexed 

and centrifuged.

Table 5.3. PCR Dilution
Reagent Volume/sample

Ligated sample 25 Ml

Chilled Affymetrix ®  Nuclease-free water 75 pi

Total volume 100 Ml

Table 5.4. PCR master mix
Reagent Per sample

Chilled Aff/metrix® Nuclease-free water 39.5 pi
lOX TITANIUM™ Taq PCR Buffer 10.0 pi
GC-Melt Reagent 20.0 Ml
dNTP Mixture (2.5 mM each) 14.0 Ml
PCR Primer 002 4.5 Ml
50X TITANIUM™ Taq DNA Polymerase 2.0 Ml
Total volume 90.0 pi
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Table 5.5. Cytoscan PCR program
Temp Time Cycle

94°C 3 min -

94°C 30 sec 30

60°C 45 sec 30

68°C 15 sec 30

68°C 7 min -

4°C Hold -

Quantification

198 (j L of Affymetrix nuclease-free water was aliquoted into a UV plate. 2 pL of each purified 

sample was added. The plate was sealed, vortexed and centrifuged. The OD of each PCR 

product was measured at 260, 280 and 320nm, and one OD reading was calculated for every 

sample: 0D= (Sample OD) -  (Average water blank OD). The undiluted concentration for each 

sample in [jG /|j L was calculated: OD x 0.05 pG/lJL x 100. (OD260/OD280 ratio should be 

between 1.8 and 2.0, OD320 measurement should be very close to zero)

Fragmentation

The fragmentation master mix was prepared as per table 5.6 (all reagents, including water, 

kept on ice, and all additions performed on ice), vortexed, and 10 pL aliquoted to each sample. 

The sample plate was sealed with an adhesive film, vortexed, centrifuged and loaded onto a 

preheated thermal cycler at 37°C for 35 minutes, 95°C for 15 minutes and held at 4°C.

Table 5.6. Fragmentation master mix 
Reagent Fragmentation Reagent Concentration

2.0 U /mI
Chilled Affymetrix nuclease-free water 122.4 pi

lOX Fragmentation Buffer 158.4 pi

Fragmentation Reagent 7.2 pi

Total volume 288.0 pi

Labelling

The labelling master mix was prepared as per table 5.7, vortex, centrifuge and aliquot 19.5 pL 

to each sample. The plate was sealed, vortexed, centrifuged and loaded onto the thermal cycler 

at 37°C for four hours, 95°C for 15 minutes and then at 4°C.
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Table 5.7. Labelling master mix
Reagent Per sample

5X Tdt Buffer 14.0 pi

30 mM DNA Labelling Reagent 2.0 pi

TdT 3.5 pi

Total volume 19.5 |jl

Hybridisation

The hybridization master mix was prepared as per table 5.8 in a 15mL conical tube on ice, then 

vortexed, and 190pl added to each sample. The plate was sealed, vortexed, centrifuged and 

loaded onto the thermal cycler at 95°C for ten minutes and then at 49°C.

Table 5.8. Hybridisation master mix
Reagent Per sample

Hyb Buffer Part 1 165.0 pi

Hyb Buffer Part 2 15.0 pi

Hyb Buffer Part 3 7.0 pi

Hyb Buffer Part 4 1.0 pi

Oligo Control Reagent 0100 2.0 pi

Total volume 190.0 pi

Wash, stain and scan

The following three reagents were aliquoted into separate 1.5 mL microfuge tubes: 500 pL 

Stain Buffer 1: 500pL Stain Buffer 2: 800 pL Array Holding Buffer. The fluidics station was 

primed with the wash buffers, the stain solutions were loaded and the CytoScan750K_Array450' 

protocol selected. The arrays were loaded onto the fluidics station and scanned.

Chromosomal microarray data analysis

Chromosomal microarray analysis (CMA) was performed using Affymetrix CytoScan HD 

microarray. This microarray consists of 2,696,550 oligonucleotide probes across the genome, 

including 1,953,246 unique non-polymorphic probes, and 743,304 SNP (single nucleotide 

polymorphism) probes. Patient hybridization parameters were compared to data derived from 

phenotypically-normal individuals. Deletions smaller than 50 kb, and duplications smaller than 

400 kb, were not reviewed. Detected copy number variations (CNVs) and copy neutral loss of 

heterozygosity (CN-LOH) were reported when found to have clear or suspected clinical
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relevance. CNVs devoid of relevant gene content or reported as common findings in the general 

population may not be reported. Genomic linear positions are given relative to NCBI build 37 

(h g l9 ).

This microarray and associated software (Chromosome Analysis Suite or ChAs) is manufactured 

by Affymetrix and used by ARUP Laboratories for the purpose of identifying DNA copy number 

gains and losses associated with large chromosomal imbalances. This analysis will not detect all 

forms of polyploidy, balanced rearrangements (e.g. inversions and balanced chromosomal 

translocations), small deletions, point mutations, and some mosaic conditions. This assay has 

been extensively validated by ARUP Laboratones and other clinical laboratories per ACMG 

guidelines; however, it is not feasible to validate every potential genomic imbalance in the 

human genome. Furthermore, this technique only identifies the regions of imbalance; it does 

not provide information regarding the arrangement or mechanisms responsible. For these 

reasons, some chromosomal microarray results were characterized by FISH.

5.3.4 Investigation of gene expression

Gene expression was investigated as described in section 2.3.5.

5.3.5 Statistical analysis

Statistical analysis was performed using Graphpad Prism 5 software (GraphPad Software, Inc., 

CA, USA) and SPSS version 18 for Windows (IBM, Armonk, New York, USA) software. Unless 

otherwise stated, data are expressed as mean ±  standard error of the mean (SEM). SEM was 

calculated as the standard deviation of the original sample divided by the square root of the 

sample size. A two-tailed unpaired t-test was used to analyse unpaired parametric data. The 

Mann-Whitney U test was used to examine statistical significance between unpaired groups of 

non-parametric data. For all statistical analysis, a probability of (p) of < 0.05 was considered to 

represent significant difference between groups.
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5.4 Results

5.4.1 OE33P and OE33R have a complex, near tetraploid karyotype

OE33P and OE33R are age and passage-matched. OE33P and OE33R cell lines were karyotyped 

using FISH and array CGH analysis. FISH on interphase cells from prepared culture suspensions 

showed four copies of the D15S11 probe loci in >90%  of cells in the OE33P and OE33R cell 

lines, confirming the karyotype as being near-tetraploid, with amplification of regions of 7q 

including MET and 17q including ERBB2, and multiple gains, losses, and copy neutral loss of 

heterozygosity (CN-LOH) affecting most chromosomes. The Y chromosome was absent, 

consistent with the origin of the OE33 cell line from a female patient. These findings are 

consistent with the diagnosis of oesophageal carcinoma. A summary of relative copy number 

gains, losses and loss of heterozygosity identified using the array CGH is shown in Tables 5.9 

and 5.10.
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Table 5.9. Summary of abnormalities (copy number gains and losses) detected in 
both OE33P and OE33R cell lines.
(A) GAINS
Chromosome Start (Mb) Stop (Mb) Size (Mb) Cytoband

1 59.0 161.0 102.0 Ip32.2-lq23.2
2 Entire chromosome
3 115.5 198.0 82.5 3ql3.31-3qter
6 61.9 83.9 22.0 6 q ll.l-6 q l4 .2
7 0.0 120.0 120.0 7pter-7q31.31
8 106.7 146.3 39.6 8q23.1-8qter
10 0.0 4.8 4.8 5pter-5p
10 42.0 135.0 93.0 lO q ll.l-lO q ter
11 55.0 108.5 53.5 llq ll- lq 2 2 .3
13 31.9 32.5 0.6 13ql2.3-13ql3.1
16 Entire chromosome except 62.0-69.0 Except 16q21-22.1
17 25.3 38.3 13.0 17qll-17q21.1
20 Entire chromosome

(B) LOSSES
Chromosome Start (Mb) Stop (Mb) Size (Mb) Cytoband

1 0.0 59.0 59.0 lpter-lp32.2
3 0.0 115.5 115.5 3pter-3ql3.31
4 0.0 190.5 190.5 4pter-4qter
6 39.0 171.0 132.0 6p21.2-6qter
7 122.2 159.0 36.8 7q31.32-7qter
8 0.0 106.5 106.5 8pter-8q23.1
11 108.5 115.3 6.8 Hq22.3-llq23.3
13 19.5 31.8 12.3 13qll-13ql2.13
13 35.4 63.0 27.6 13ql3.2-q21.31
13 64.0 101.0 37.0 13q21.31-13q32.:
14 87.9 97.9 10.0 14q31.3-14q32.2
17 0.0 22.2 22.2 17pter-17pll.l
17 38.3 39.3 1.0 17q21.1-q21.2
17 40.1 40.5 0.4 17q21.2-17q21.2
18 0.0 15.1 15.1 18pter-18pll
18 22.3 78.0 55.7 18qll.2-18qter
21 Entire chromosome
X 0.0 125.8 125.8 Xpter-Xq25

OE33P and OE33R cell lines were karyotyped using FISH and array CGH analysis. (A) Gains 
identified (B) Losses identified. Genome coordinates are approximated down to the megabase 
(Mb) level using genome build hgl9. p refers to short arm; q refers to long arm; pter refers to 
telomere end of short arm; qter refers to telomere end of long arm.
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Table 5.10. Summary of abnormalities (loss of heterozygosity) detected in both
OE33P and OE33R cell lines.

LOSS OF HETEROZYGOSITY
Chromosome Start (Mb) Stop (Mb) Size (Mb) Cytoband

1 161.0 249.0 88.0 lq23.3-lqter
3 0.0 115.5 115.5 3pter-3ql3.31
4 0.0 171.5 171.5 4pter-4q33
5 3.1 181.0 177.9 5pl5.33-5qter
6 Entire chromosome
7 0.0 28.0 28.0 7pter-7pl5.1
9 Entire chromosome
11 0.0 51.5 51.5 l lp te r - l lp l l . l
11 108.5 135.0 26.5 llq22.3-llqter
12 Entire chromosome
13 51.0 63.0 12.0 13ql4.3-13q21.31
16 61.1 90.5 29.4 16q21.M6qter
17 0.0 22.2 22.2 17pter-17pll.l
18 22.3 78.0 55.7 18qll.2-18qter
22 Entire chromosome
X Entire chromosome

OE33P and OE33R cell lines were karyotyped using FISH and array CGH analysis. Genome 
coordinates are approximated down to the megabase (Mb) level using genome build hgl9. p 
refers to short arm; q refers to long arm; pter refers to telomere end of short arm; qter refers 
to telomere end of long arm
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5.4.2 Array CGH analysis identifies alterations in OE33R compared to OE33P

OE33P and OE33R cell lines were characterized using array CGH and analyzed using Affymetrix 

ChAs software. Differences in copy number between OE33P and OE33R are summarized in 

Table 5.11. Compared to OE33P, OE33R demonstrated new deletions on chromosomes 2 and 9, 

and low level mosaic losses on chromosomes 5, 6, 12, 14 and 19. New regions of LOH were 

seen on chromosomes 3, 10, 16 and 20, with increased copy number complexity on 

chromosomes 11, 17 and 18. New regions of loss of heterozygosity may encompass new gene 

mutations and there was a large deletion on chromosome nine encompassing 9p24.2-21.3.
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Figure 5.1. Gains and losses in OE33P compared to OE33R

This image shows the karyotype of OE33P and OE33R. OE33P is represented on the green line 
to the left; OE33R on the blue line to the right. (A) This image illustrates regions of copy 
number gains on OE33P and 0E3R as represented by the blue symbol. (B) This image 
illustrates regions of copy number loss on OE33P and 0E3R as represented by the red symbol.

Corresponds to copy number gain

Corresponds to copy number loss
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Figure 5.2. Loss of heterozygosity in OE33P and OE33R
This image shows the l<aryotype of OE33P and OE33R. OE33P is represented on the green line 
to the left; OE33R on the blue line to the right. This innage illustrates regions of loss of 
heterozygosity on OE33P and 0E3R as represented by the purple symbol.

Corresponds to loss of heterozygosity

229



Table 5.11. Summary of differences in OE33R compared to OE33P cells identified by 
array CGH.

Chr Event Start Stop Size Cytoband
(Mb) (Mb) (Mb)

2 Deletion 51.0 62.0 11.0 2pl6.3-2pl5
2 Deletion 145.0 152.5 7.5 2q22.3-2q23.3
3 LOH 115.5 187.0 71.5 3ql3.31-3q27.3
5 Low level mosaic 49.5 126-3 5qll.l-5q23.2
6 Low level mosaic 38.9 171.0 132.1 6p21.2-6qter
8 CN nearly normal instead of Entire chromosome

deletion and duplication
9 Deletion 2.0 22.0 20.0 9p24.2-9p21.3
10 Normal CN (no duplication) 0.0 4.8 4.8 10pter-10pl5.1
10 LOH 0.0 35.5 35.5 10pter-10pll.21
11 Increased CN complexity 0.0 51.5 51.5 l lp te r - l lp l l . l

and no LOH
12 Low level mosaic 127.0 134.0 7.0 12q24.32-12qter
14 Low level mosaic 20.5 41.0 20.5 14qll.2-14q21.1
16 LOH Entire chromosome instead of just 16q
17 Increased CN complexity 17q distal to regions of amplification
18 Increased CN complexity 18q
19 Low level mosaic Entire chromosome
20 LOH 0.0 26.5 26.5 20pter-20pll.l
20 LOH 59.4 63.0 3.6 20ql3.33-20qter

OE33P and OE33R cell lines were characterized using microarray and analyzed using ChAs 
software. Genome coordinates are approximated down to the megabase (Mb) level using 
genome build hgl9. CN=Copy number
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5.4.3 Selection of targets and validation in cell lines

Several regions of copy number variation between OE33P and OE33R were identified (Figure 

5.1 and 5.2); the most significant appeared to be the 9p deletion affecting 9p24.2-21.3 (Figure

5.3 and 5.4). Over twenty genes and microRNAs (miRNAs) were present in this region, 

including one gene involved with regulating radioresponse, IL33 (located at 9p24.1) in addition 

to the microRNA miR-31 (located at 9p21.3) (Figure 5.4). IL33 was selected for measurement 

in OE33P and OE33R.
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Figure 5.3. Copy number losses on chromosome 9 in OE33P compared to OE33R

This image represents chromosome 9 on OE33P and OE33R as seen on the ChAs software. The 

most significant genomic alteration in OE33R compared to OE33P was the deletion on 
chromosome 9 affecting 9p24.2-21.3. This image shows areas of copy number variation on 

chromosome 9 in OE33P and OE33R. OE33P is represented on the green line to the left, while 
OE33R is represented on the blue line to the right. In this array, the vertical direction is the 
genome order from Ip te r to 23qter. The red colour means the log ratio for that gene/clone is 

negative. The OE33R allele track shows a deletion from 9p24.2-21.3, 20.0 Mb in size. 
Corresponds to areas of copy number loss
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Figure 5.4. The 9p deletion in OE33R cells as seen on ChAs software encompasses 
9p24.2-21.3
This im age represents the 9 p 24 .2 -21 .3  region o f chromosome 9 on OE33P and OE33R. In  this 

array, the honzontal direction is the genom e order from  Ip te r  to 23qter. Allele tracks from  

OE33P are coloured in purple; allele tracks from O E33R are coloured pink. The heights o f the  

purple and pink lines represent the log2 ratio for the genes/probes. The red colour means the  

log ratio for that gene/clone is negative. The OE33R allele track shows a deletion from 9p 24 .2 -  

21 .3 , 20 .0  Mb in size.

Corresponds to areas of copy num ber loss
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Figure 5.5. Genes located at the 9p deletion as per the National Centre for 
Biotechnology Information (NCBI) Map viewer: 9 2,200K-25,600K (9p24.2-21.3)
The NCBI database was interrogated to elucidate gene targets located on the region of interest 
on chromosome 9 (9p24.2-21.3). Thirty-one gene and microRNA targets were identified at this 

region. Targets known to be associated with the radioresponse were selected for validation in 

OE33P and OE33R cell lines (IL33).
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5.4.4. Target gene expression in OE33P and OE33R

IL33 was selected as the target for validation in OE33P and OE33R cells using quantitative real

time PCR. IL33 expression was twenty-fold higher in OE33P compared to OE33R cells 

(p<0.0001) (Figure 5.6).

5.4.5 Target gene expression in responder and non-responder patient cohorts

IL33 expression was determined in oesophageal adenocarcinoma pre-treatment biopsy samples 

from patients who went on to have a good pathological response (TRG 1-3) and poor TRG 

response (TRG 4-5, non-responder) at resection (patient details are outlined in chapter two, 

table 2.7). There was no difference in IL33 expression between pre-treatment biopsy tissues 

from responder compared with non-responder patients (Figure 5.7).
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Figure 5.6. IL33 expression is higher in OE33P compared to OE33R cells
IL33 expression is twenty-fold higher in OE33P compared to OE33R cells (p<0.001). Data are 

expressed as mean RQ values ±  SEM. Analysis was performed using unpaired two-tailed 
student's f-test, *p < 0 .05 , **p < 0 .0 0 1 , ***p < 0 .0 0 0 1 .
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Figure 5.7. IL33 expression in oesophageal cancer patients
IL33 expression was determined in oesophageal adenocarcinoma pre-treatment tumour biopsy 
samples from responder and non-responder patients using quantitative real-time PCR. Data are 
expressed as mean RQ values ± SEM. Statistical analysis was performed using Mann Whitney U 
test, *p<0.05, **p<0.001, ***p<0.0001. There was no difference in IL33 expression in pre
treatment biopsy tumour samples from responder patients compared to biopsy samples from 
non-responder patients.
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5.5 Discussion

Discoveries in the last several years have advanced our understanding of molecular biology 

underlying the radioresponse. Array-CGH permits high density, high resolution genomic 

scanning for losses and gains over many thousands of genomic targets. Comparative whole- 

exome sequencing has been reported for and DNA copy number alterations have

been shown to correlate with survival in OAC®̂ .̂ However, no clear contributors to 

radioresponse have been identified at the gene level. Our goal was to interrogate the genome 

to identify specific alterations or patterns of alterations that distinguish CRT responders and 

non-responders. FISH was performed to confirm the karyotype. The OE33 cell line was derived 

from a poorly differentiated, stage IIA adenocarcinoma that arose in Barrett's oesophagus®^^ A 

combination of chromosome CGH and FISH was used to karyotype the radioresistant model. 

This was important due to the possibility that variations may have arisen due to differentiation 

or transformation during in vitro culture. The karyotype was still aneuploid, near tetraploid and 

consistent with the diagnosis of oesophageal adenocarcinoma.

The aim of the study was to screen and identify the chromosomal aberrations that distinguish 

OE33P from OE33R, and which may correlate with clinicopathological characteristics of 

radioresponse in OAC patients. The results showed that a deletion located on chromosome 9 in 

OE33R (9p24.2-21.3) was a significant area of copy number variation between the two cell 

lines. This region encompasses mir-31, located at 9p21. We have previously demonstrated that 

mir-31 is a key regulator of radioresponse in OAC patients^^ .̂ This confirms the validity of the 

array data. 9p losses are a frequent event in OAĈ ®̂. A high resolution array of 189 OAC 

patients reported a frequency rate of 37% for losses at 9p®̂ .̂ Previous studies with smaller 

cohort sizes and different hybridization techniques identified 9p losses in 18-26% of OAC 

samples®̂ '̂®®°. Deletions of 9p24-21 are associated with resistance to therapy in glioblastoma, 

ovarian, and head and neck cancer patients®®̂ "̂ ®̂ . Hence, detection of 9p deletions might be 

helpful in the prediction of clinical outcome of patients with OAC. Several targets from this 

chromosome were investigated in our isogenic model, and significance was detected for IL33, 

located at 9p24.1.

In this study, IL33 expression was significantly higher in radioresponsive compared to 

radioresistant cells. IL33 belongs to the IL l family of cytokines, and was recently identified as a 

ligand to the previously orphan ST2 receptor®® .̂ IL33, through its receptor T1/ST2 

(transmembrane form of ST2), is a potent inducer of Th2-type immune responses dominated 

by antibody production, with concomitant expression of Th2-associated cytokines such as IL4, 

IL5, and IL13®®'’. IL33 is expressed by several cell types including epithelial and endothelial 

cells®®̂  The IL33 receptor is expressed on mast cells and in addition to its effects on Th2 

responses, IL33 has been found to activate mast cells and to stimulate the production of
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numerous pro-inflammatory cytokines including TNF, IL l, IL6, and IFN-c (Interferon-c) in these 

ce||s686-688 ^g||g constitute a link between cell injury and the inflammatory

response. 1133 is released by necrotic structural cells and recognised by mast cells via ST2®®®. 

Mast cells are located in all tissues and are well positioned to rapidly recognize IL33 release 

from damaged cells^^. IL33 may play a role as an 'alarmin'— a signalling protein released by 

cells upon cell damage, and may initiate either cell survival or cell death signalling®^®. IL33 

expression in the isogenic model was highest in the radioresponsive cells, however, suppression 

of the IL33 pathway in directly irradiated and bystander human fibroblasts, substantially 

increased radiation-induced or TNF-related apoptosis-inducing ligand (TRAIL)-mediated 

apoptosis®*. This suggests that resistance to apoptosis depends on IGFlR-Akt-IL33-m ediated  

protective function®^. IL33 plays an important role in radiation-induced bystander effects via 

NF-KB-dependent regulation of expression of numerous genes®^. NF-kB is the central mediator 

of inflammation, carcinogenesis and radioresistance®^^ Massive production and release of pro- 

inflammatory cytokines by directly irradiated cells, besides protective anti-apoptotic effects for 

these cells, initiate a strong inflammatory response of non-target cells, which may result in 

different final points such as resistance to radiation®®^. A trend of increased IL33 expression in 

responder compared to non-responders was detected in patient samples; however, the 

differences in expression between responders and non-responders, was not statistically 

significant. This may be due to the small sample size, and requires greater power. The patient 

cohort used for this study was the maximum number available in the departmental bioresource 

that met the inclusion criteria. Given the small sample size, the results warrant further 

investigation of this target gene as a potential in vivo biomarker to predict response in OAC in a 

larger cohort of patients. In any systematic approach to study the oesophageal 

adenocarcinoma genome within pre-treatment core biopsies (and relate these findings to 

radiotherapy outcome), it must be recognized that intra- and intertumoural (and indeed, intra

biopsy) heterogeneity exists and this can potentially confound the interpretation of the genomic 

"status" of the tumour sample®® .̂ This must be accounted for when validating a gene signature 

for use as a new prognostic or predictive factor. Furthermore, the tumour microenvironment 

(e.g. hypoxia; epithelial-mesenchymal interactions) may add complexity to a RNA profile for a 

given patient. Appropriate sample acquisition using macro- or micro-dissection in close 

collaboration with pathologists is required for the careful study of genetic factors. I t  should also 

be noted that certain genomic events do not directly translate into gene expression changes; 

RNA and subsequent protein expressions are often subjected to complex post-transcriptional 

regulations including effects of microRNA and non-coding RNAs^.

A microRNA (mlRNA) is a small (1 9 -3 0  nucleotides), RNA species which functions in 

transcriptional and post-transcriptional regulation of gene expression®^. The human genome 

may encode over 1000 miRNAs, which may target about 60%  of mammalian genes and are
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abundant in many human cell types®^ -̂®*. It has been shown that mlRNAs regulate pathways 

Involved in the cellular response to radiation, such as cell cycle and DNA repair®^ miRNA-101-2 

has been shown to sensitise tumour cells to radiation in vitro and in vivô ^®. Expression of mlR- 

101-2 regulated gene targets including mTOR (mechanistic target of rapamycin), EZH2 

(enhancer of zeste 2), PRKDC (protein kinase, DNA-activated, catalytic polypeptide), PTGS2 

(prostaglandin-endoperoxide synthase 2) and ATM (ataxia telangiectasia mutated) are 

associated with radiosensitivity status in a variety of human cancers®®®"̂ ®̂  To fully investigate 

the functional role of mlR-101-2 in modulating radiosensitivity, miR-101-2 expression should be 

characterised in this radioresistant model.

In addition to the 9p deletion investigated in this study, other regions were identified which 

may potentially be biomarkers of radioresponse in OAC. The deletions identified on 

chromosome two of OE33R at 2pl6.3-15 and 2q22.3-23.3 have been reported in multidrug 

resistant lung adenocarcinoma cell lines^°^ and are associated with chemoresistance in 

lymphoma patients^®®. These two regions encompass over fifty genes. For example, MSH6 

(MutS homolog 6), located at 2pl6, is a gene that codes for a DNA mismatch repair protein. 

Defects in this gene are linked with atypical HNPCC (Hereditary non-polyposis colorectal 

cancer)^°^, and poor outcomes in endometrial cancer patients following adjuvant CRT °̂®. This 

array data provides a useful starting point for further assessment and validation.

Instead of focusing on specific factors, array-based gene expression profiling technology 

enables the simultaneous analysis of large numbers of genes, and might therefore have 

immense potential for predicting the response to preoperative CRT in OAC. There is a clinical 

need to establish molecular biomarkers that differentiate responsive and resistant tumours 

because such biomarkers could be used pre-therapeutically to predict the response of an 

individual patient's tumour to multimodal treatment. In addition, genes that are differentially 

expressed between resistant and responsive tumours could be used to identify novel 

therapeutic targets and thereby assist in implementing novel therapeutic strategies. For 

instance, targeted inhibition of the activities of the IL33 may be achieved through neutralization 

with antibodies or inactivation through soluble receptor decoys. Antibodies directed against IL- 

33 have proven effective for the treatment of asthma in a mouse model. While humanized 

antibodies for this molecule have not yet been developed, further investigations are warranted, 

as the targeted inhibition of IL-33 may not only have the potential to eliminate inflammation, 

but may also have limited systemic side effects as a result of the tissue distribution of IL-33 and 

the receptor ST2. This study identified IL33 as a potential biomarker of radioresponse in our 

isogenic model. Increasing the number of patients analysed for more accurate prediction is 

necessary, in addition to extensive validation of predictive classifiers in prospective clinical 

trialŝ ®®. Global analysis of genetic aberrations can identify relevant therapeutic targets and 

genetic aberrations involved in radioresponse. It  is anticipated that the advent of next
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generation deep sequencing and paired-end analyses will further expand the role for DNA- 

associated genomic studies on the road to more personalized cancer therapies in the future.
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Chapter 6 Concluding discussion
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6.1 Concluding discussion

The interaction between obesity, genomic instability and the radioresponse in oesophageal 

adenocarcinoma (OAC) is poorly understood. The incidence of OAC is increasing more than any 

other cancer in the western world, paralleling the current epidemic of o b e s i t y T h e r e  is 

robust epidemiological evidence linking obesity with oesophageal adenocarcinoma; in fact, OAC 

may be considered the exemplar model of an obesity-related cancer^®'^^°. I t  has become 

evident that it is specifically visceral obesity, with its associated systemic inflammation that is 

pro-tumourigenic“ .̂ Adipose tissue, particularly viscerally located fat, is metabolically active, 

associated with the development of chronic inflammation, oxidative stress, adipokine 

production and genomic instability events^^^'^\

OAC carries a dismal prognosis, with five year survival rates of 35-50%^^'®^"^^. The best 

outcomes are seen in patients with local disease treated with curative intent using a multimodal 

approach comprising NA-CRT and surgery^ '̂^^"^ .̂ The patients who receive maximum benefit 

from NA-CRT are those who achieve a pCR, characterised by no residual cancer cells in the 

primary tumour or lymph nodes^^^ Unfortunately only ~30%  of patients achieve a pCR” . 

Patients who do not respond to CRT are subject to toxicities without therapeutic gain and their 

prognosis may be worsened by the delay to surgery^®. Thus there is an impetus to understand 

the mechanisms dnving the malignant progression, to determine strategies to optimise 

outcomes in patients undergoing treatment, and to develop improved markers capable of 

predicting patients who will respond well to treatment.

The ability to analyse predictive markers at the level of RNA, DNA, and protein promises to 

revolutionize our understanding of the disease process, and it is hoped that the era of 

genomics, transcriptomics, and proteomics will herald new biomarkers of response. Given the 

epidemic of obesity in the western world, more studies are needed to precisely delineate the 

relationship between obesity and cancer. In this research, novel mechanisms linking visceral 

obesity to the radioresponse in OAC, insight into how visceral obesity drives genomic instability 

events in radioresistant OAC, and a potential role for telomerase inhibition to improve outcomes 

in OAC patients are presented.

An increasing number of studies have emerged in recent years linking excess visceral adiposity 

with increased risk of cancer recurrence and death following treatment^^®’ ^̂ '̂̂ ^̂ '̂ ®̂'"'̂ ®'''̂ .̂ 

However, there have been a number of studies that have reported no association between 

obesity and outcomes '̂*®" '̂* ,̂ and of those with significant findings, there are inconsistencies 

about the measurement and level of obesity, treatment modality, and the role of 

gender^^®'^^ '̂^^ '̂ '̂'  ̂ Although several studies have reported no difference in survival between 

obese and non-obese patients with others have reported better survival outcomes
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in patients with high BMIs '̂'®''’ ®̂. One recent study, performed by Shridhar et al., specifically 

examined oncological and survival outcomes in a cohort of OAC patients who received NA CRT; 

BMI was not associated with tumour response or survival^^^ The impact of obesity on 

outcomes in OAC, in particular the response to neoadjuvant chemoradiotherapy (NA CRT), is 

not clear. Thus the first step in this research programme was to assess response to NA therapy 

in OAC patients undergoing curative therapy in this institution. A retrospective analysis of a 

prospectively maintained database was performed on patients with OAC treated with NA 

radiotherapy between 1990 and 2013. This study demonstrated that BMI status influences the 

radioresponse in OAC. Overweight and obese OAC patients are more likely to have a good 

response to NA-CRT than non-obese patients. This did not translate to a survival benefit in 

these patients. Improved TRG outcome indicates improved locoregional control-however the 

effect on survival in obese patients may be offset by associated morbidities, salvage systemic 

therapies, early metastatic events or treatment toxicity.

There were limitations of this study. Body mass index was obtained at the time of diagnosis, 

which might not reflect changes in BMI that occurred before diagnosis. Weight loss is a major 

symptom of advanced disease, and malnourished patients (B M I<19.5 kg/m^) were excluded 

from the study. In addition, we had a relatively small sample size that limited our power to 

stratify analyses by factors such as sex. However, this study included a homogeneous 

population of non-metastatic OAC patients that were all treated with NA CRT followed by 

resection. Although small, this study was strengthened by the focus on a homogeneous patient 

population that reduced the possibility of outcomes differences due to stage or treatment 

differences. A larger sample size in future studies will help to confirm our findings. I t  is 

becoming increasingly apparent that BMI alone is inadequate as a consistent prognostic 

indicator. CT measurement of VFA is the gold standard marker of obesity, and radiologic 

visceral fat quantification with its use of existing diagnostic imaging might ultimately represent 

an easily performed and more precise and reproducible instrument of clinical prognostication. 

Overall, we have demonstrated that there is a significant relationship between adiposity and 

oncologic outcomes. Even when subject to multivariate analysis, BMI was a predictor of tumour 

response among this group of OAC patients. This study represents an important proof of 

concept that adiposity is an important determinant of outcomes in patients with OAC 

undergoing NA CRT and resection. Data has demonstrated that NA concurrent CRT improves 

local control and survival compared with surgery alone and offers a modest survival benefit 

compared to a NA chemotherapy alone approach in patients with resectable OAC. NA CRT is 

the standard of care for these patients^'*” ®̂, therefore current and future research is aimed at 

optimizing NA therapies. Chemotherapy is a very important component of NA therapy in OAC, 

and it is important to acknowledge that the impact of obesity on the response to chemotherapy 

has not been specifically investigated in this study. Clinicians should be aware of higher BMI
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status as a host factor influencing tunnour response to NA CRT. This is particularly important 

given that patients with severe obesity-associated medical co-morbidities (including diabetes, 

hypertension, and coronary artery disease) are more likely to be excluded from radical curative 

therapies. Patients with low BMI might either not benefit from NA CRT or require a higher 

dosage. I f  further validation studies corroborate our results, the incorporation of measurement 

of BMI/VFA into prospective oncologic therapeutic and epidemiologic studies in OAC is 

warranted.

The relationship between adipose tissue and radioresponse has not been investigated at a 

molecular level. Mechanisms of radioresistance are still poorly understood. We and others have 

shown that the radioresistant phenotype is correlated with features such as altered DNA repair, 

cell cycle checkpoint operation, telomere biology, reactive oxygen species (ROS) biology, and 

induction of apoptosis^'^''^®'"'^^®^. Many of these processes may also be affected by adiposity. 

To investigate the interaction between obesity and genomic instability in a radioresistant model, 

the radioresistant OAC cell line model called OE33R was used; the age and passage-matched 

cell line called OE33P was used as a control. This isogenic model of radioresistance largely 

avoids the influence of confounding factors, facilitating the identification of specific markers or 

radioresponse/radioresistance. Clinical data from the retrospective study were consolidated by 

the in vitro work showing that ACM influences radiosensitivity in both radioresponsive OE33P 

and radioresistant OE33R; cells treated with ACM demonstrated decreased radioresistance. This 

effect was seen with ACM from three patient cohorts, including non-cancer patients, radiation 

naive OAC patients and previously irradiated patients, suggesting that this outcome is not 

merely a bystander effect caused by previous exposure to radiation nor is it a secondary effect 

of malignancy. Radioresistance was lowest in cells treated with ACM from patients who had 

received NA CRT, suggesting that previous exposure to irradiation induced a bystander effect 

on the visceral fat, thus stimulating a more radioresponsive phenotype. Radioresistance was 

altered to a greater degree in OE33R compared to OE33P cells. Both cell lines were treated 

with identical patient ACM, suggesting that differences in cell line receptor expression may 

account for the difference in response.

ACM can promote tumourigenesis in cancer cells, by increasing cell proliferation, invasive 

potential, angiogenesis and induction of cross-talk between cancer cells and the surrounding 

extracellular matrix^^''''^^''*^. These actions are thought to be mediated by the production of 

biologically active proteins such as adiponectin, leptin, and numerous cytokines including VEGF, 

TNFo, IL6, IL8, ILIO, and IL l receptor agonist^^^. From this panel of ACM constituents, 

adiponectin, leptin and VEGF expression are associated with altered prognosis in 

expression of these adipokine receptors (A R l, AR2, LepR and NRPl) was 

assessed in the OE33P and OE33R at baseline and following ACM treatment. A R l and AR2

245



expression was higher in OE33P compared to OE33R, while LepR and NRPl expression was 

lower in OE33P compared to OE33R. Adiponectin levels are inversely correlated with 

and over 90% of oesophageal and junctional adenocarcinomas express the adiponectin 

receptors ARl and AR2^^  ̂ Overexpression of ARl and AR2 is associated with prolonged survival 

in lung, thyroid and gastric cancer̂ ^̂ ''*̂ ^̂ "̂’. These findings are consistent with our in vitro data 

demonstrating that ARl and AR2 levels are higher in radioresponsive compared to 

radioresistant cancer. Recombinant adiponectin has antiproliferative and proapoptotic effects on 

OAC cell lines expressing both ARl and AR2̂ ^̂ '̂ ‘̂'; adiponectin-induced inhibition of cellular 

proliferation may contribute to delaying recovery from DNA damage following irradiation, 

enhancing radiosensitivitŷ ^®'̂ ^̂ '^̂ "’. The pro-tumour effects of leptin are the direct opposite of 

those of adiponectin^^. In  vitro studies from this unit confirm promotion of cell proliferation, 

angiogenesis and matrix metalloproteinase expression in OAC cell lines^^  ̂ In addition leptin 

interferes with the antiproliferative effect of 5FU, taxol and vinblastine in breast cancer cells^^ ,̂ 

and the obese db/db mouse which lacks the LepR, demonstrates increased susceptibility to 

These studies are consistent with our results demonstrating an association of high LepR 

levels with a radioresistant phenotype. VEGF is currently under investigation as a therapeutic 

target for radiosensitization in rectal cancer^^®. The radiosensitizing effect of VEGF blockade 

was thought to be mediated via an anti-angiogenic effect''^®; emerging data now suggest that 

multiple mechanisms account for the efficacy of VEGF-targeted therapies in patients with 

cancer '̂’®. There are three main subtypes of VEGFR 1, 2 and 3, as well as co-receptors including 

the neuropilins^® .̂ The co-receptor NRPl is upregulated in OAC and is associated with risk of 

invasive behaviour in Barrett's oesophagus^®^ In this study, NRPl expression was significantly 

higher in OE33R compared to OE33P cells. NRPl is undergoing investigation as a target for 

cancer therapy, and it is interesting to note that combined anti-VEGF and anti-NRPl therapy 

with monoclonal antibodies is synergistic in mouse models of cancer^''^ This study 

demonstrated that low ARl and AR2 expression, and high LepR and NRPl expression are 

associated with radioresistance in this isogenic model. A larger study is required to confirm our 

findings in an in vivo setting. Adipokine receptor expression may be a potential biomarker to 

predict response in OAC; in addition clinical trials are already underway investigating NRPl as a 

therapeutic target.

While alterations in adipokine receptor expression may account for differences in radioresponse 

elicited in OE33P and OE33R, heterogeneity of ACM composition may explain differences in 

radioresponse induced by ACM from the three patient cohorts. By replicating an obese 

microenvironment in vitro via ACM treatment of OE33P and OE33R, radiosensitivity was 

enhanced in both cell lines; however this effect was greatest in cells treated with ACM from 

patients who received NA CRT. Previous work from this unit demonstrated that ACM generated 

from NA CRT OAC patients contained higher levels of Leptin and IL-6 (Interleukin 6) compared
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to surgery only OAC patients, and higher levels of IL6, IL8 (Interleukin 8), MCPl (Monocyte 

chennoattractant protein 1), and IFNy (Interferon-gamma), compared to ACM from non-cancer 

patients. In chapter two, we also demonstrated that the metabolomic milieu is different in ACM 

from non-cancer patients compared to surgery only OAC patients and NA CRT OAC patients, 

and that obesity status influences the metabolomic profile of OAC patients. The role of adipose 

tissue metabolites in modulating cancer risk in obese individuals requires further investigation.

In chapter two we showed that adiposity influences radioresponse in OAC patients, and in an in 

vitro model, and identified adipokine and metabolites that be implicated in this radiosensitizing 

effect. Subsequently we investigated potential mechanisms linking adiposity and 

radiosensitization. Given the complexity of the cellular response to IR, it is likely that multiple 

interacting processes can regulate sensitivity to radiation. We and others have shown that the 

radioresistant phenotype is correlated with features such as altered cell cycle checkpoint 

operation, reactive oxygen species biology, DNA repair and genomic instability events“ '̂'' °̂'''^  ̂

which may be influenced by adiposity. OAC is a model of inflammation and tumourigenesis, 

as the majority present in a background of longstanding GORD and BO. vACM is a rich source 

of proinflammatory adipokines such as IL6 and TNFc , while high levels of activated 

proinflammatory CD4-I- and CD8+ T  cells are present in visceral adipose tissue (VAT), 

suggesting that VAT may fuel chronic inflammation via T  cell-mediated pathways^®^ Obesity is 

associated with a state of chronic inflammation and the production of active mediators, 

chemotactic molecules, cytokines, and adipokines, results in the excessive production of ROS 

causing systemic oxidative stress"’ '̂’'''^. The induction of oxidative stress is one of the 

mechanisms by which ionizing radiation damages cell components. The radioresistant 

phenotype has been associated with lower levels of ROS, which is likely to be due, at least in 

part, to enhanced ROS scavenging by antioxidant enzymes, particularly those involved in GSH 

processing such as GCLM (glutamate-cysteine ligase modifier subunit), GSS (glutathione 

synthetase) and GPX (glutathione peroxidase)'*̂ ®''*®®. Oxidative stress in adipose tissue over time 

is associated with inhibition of Gi-S phase transition, which is mediated via transcriptional 

repression of E2F target genes'*® .̂ Cell cycle phase plays a role in determining cellular 

radlosensitlvity“ ®. This unit has previously shown that ACM co-culture with oesophageal cancer 

cells alters expression of genes involved in cell cycle control''^. ACM treatment of OE33P and 

OE33R altered the cell cycle distribution, with both OE33P and OE33R cells having a significant 

increase of cells in S phase and OE33R cells having a decrease of cells in Go/Gi phase. This is 

not surprising given that the S phase is relatively resistant to radiation and the Go/Gi phase is 

relatively sensitive to radiation^^°. However, these differences were small (3-4%  difference in 

phase distribution) and unlikely to be a major factor in the enhanced radiosensitivity seen in 

cells treated with ACM.
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Genomic instability is an emerging hallmark of cancer, which is an established feature of most 

forms of cancer as well as pre-malignant conditions such as Barrett's Oesophaguŝ ®̂ '̂ °̂ "̂ °®'''̂ .̂ 

Genomic instability refers to the increased tendency of the genome to acquire mutations when 

the various processes involved in maintaining and replicating the genome are dysfunctional. 

Breakage-fusion-bridge (BFB) cycles link telomere dysfunction with anaphase bridge formation, 

and are now generally accepted as a mechanism explaining genetic plasticity in CIN tumours^^®. 

Telomeres are composed of tandem repeats of TTAGGG and are associated with a wide variety 

of telomere binding proteins which mediate their function̂ ^̂ '̂ ^̂ '̂ ^®. Telomeres shorten with 

every cell division, and telomere length is inversely correlated with age in humans^ °̂"^^ .̂ 

Significant negative relationships exist between adiposity measures (BMI, waist circumference, 

hip circumference, total body fat, and visceral adipose tissue) and leukocyte telomere length 

Telomere length is inversely associated with increasing OAC risk,'*^ '̂^  ̂ and telomere 

shortening occurs early in the aetiology of oesophageal carcinogenesis^^^. Telomere dysfunction 

has been linked to radiosensitivity status in vitro and in animal models: telomere shortening 

and telomerase inactivation are associated with a radiosensitive phenotype'’ ®̂'‘’̂ °'‘’̂ '̂‘” '̂‘’ °̂'̂ “ . 

The interaction between obesity, telomere dynamics and the radioresponse in OAC however, 

has not been investigated. In this study ACM stimulated telomere shortening and dysregulation 

of the shelterin complex and telomerase. ACM induced telomere shortening in OE33P and 

OE33R cells to an equal degree, and telomere length at baseline was not different in OE33P 

compared to OE33R cells, suggesting that average telomere length is not implicated in the 

radioresistance of this isogenic model or the radiosensitization seen with ACM treatment. ACM 

promoted upregulation of the telomerase components including TERC and TERT, and TERT 

expression was significantly higher in obese compared to non-obese OAC patients, confirming 

findings from the in vitro experiments. Our findings contradict a study reporting a significant 

inverse association between adiposity and telomerase activity in normal healthy cells‘*°\ but are 

consistent with the findings of Rahmati-Yamchi et al. who demonstrated that increased TERT 

expression in breast cancer tissue is associated with high BMI"*̂ ®. TERT expression was 

increased in ACM-treated OE33R compared to OE33P cells. The shelterin gene TINF2 was 

expressed at a higher level in OE33P compared to OE33R cells at baseline; however this was 

reversed following ACM treatment when expression was higher in OE33R cells. TERT and TINF2 

expression was investigated in pre-treatment biopsies from OAC patients who went on to have 

NA CRT. A trend for increased TERT gene expression in non-responders and decreased T1NF2 

expression in non-responders was apparent, but did not reach statistical significance. This study 

shows for the first time, that ACM drives telomere abnormalities in OAC, and this is the first 

study to investigate these processes in a radioresistant OAC model. Telomeres and the 

telomerase complex have been tentatively suggested as targets for anti-cancer therapies^^^, 

and clinical trials with telomerase inhibitors are already underway (Roth 2010). This highlights 

the importance of validating our in vitro findings in a large in vivo study. Further elucidation of
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the relationship between these telomere abnormalities, obesity and radioresponse, may lead to 

the stratification of patients based on predicted response to therapy and ultimately to the 

manipulation of these factors to sensitize these cells to radiation.

To further characterize if the effect of ACM on the radioresponse is mediated via upregulation 

of genomic instability events, anaphase bridge levels were assessed in the radioresistant model. 

This is the first study to demonstrate that ACM increases anaphase bridge levels in OAC. 

Anaphase bridges are a functional, mechanistic marker of genomic instability. Live cell imaging 

has demonstrated that the majority of anaphase bridges formed will break, usually unevenly, 

giving rise to structural chromosomal rearrangement^^'’'̂ ^̂ '̂ ^̂  ACM stimulated anaphase bridge 

formation in both OE33P and OE33R cells, but bridge levels were significantly higher in the 

OE33R cell line. This is the first study demonstrating that increased levels of anaphase bridges 

are associated with radioresistance and this anaphase bridge formation correlates with visceral 

obesity in radioresistant oesophageal cancer cells. A study by McCaul et al, found no 

relationship between anaphase bridge levels and radiosensitivity to clinically relevant doses of 2 

Gy in 16 oral squamous cell carcinoma cell lines'*^. The same study found that in some cell 

lines, anaphase bridge levels were inversely correlated with radiosensitivity to higher 4 Gy 

doses of radiation'*'’̂ . The cell lines which demonstrated this relationship between high levels of 

bridging and radiosensitivity were cell lines with high anaphase bridge levels, indicating that a 

certain threshold of bridging is necessary for this association to hold true'^"’. Furthermore, the 

cell lines used in this study also demonstrated varying degrees of telomere dysfunction"^. 

Given the number of possible factors that can influence intrinsic radioresistance, it is not 

surprising that the relationship between anaphase bridging and radiosensitivity may differ in 

individual cancer types. This unit previously demonstrated that ACM generated from obese and 

non-obese OAC patients contains VEGF and IL-8^®^, and that ACM-induced anaphase bridge 

formation in healthy oesophageal squamous cells is abrogated by neutralising VEGF and IL-8^^®. 

In  chapter one, we showed that OE33R cells demonstrate higher NRPl expression compared to 

OE33P. Therefore, the higher levels of anaphase bridges in OE33R may be mediated via VEGF; 

this possible association requires further investigation. Interestingly, emerging concepts point 

to a possible crosstalk between DNA repair responses and VEGF-induced angiogenesis^^''. Our 

group has demonstrated that the radioresistance of OE33R cells is due at least in part to 

alterations in DNA damage repair efficiency^^''. Anaphase bridges are associated with DNA 

double strand breaks (DSBs)“ ®. Mammalian cells have two major double strand break (DSB) 

repair pathways: non homologous end joining (NHEJ) and homologous recombination (HR). 

While the majority of DSBs are repaired correctly, restoring the original chromosome structure, 

misalignment of two nonmatching ends may also occur resulting in anaphase bridges and 

chromosomal instability®'''’'^ ^  Non homologous end joining (NHEJ) acts to prevent anaphase 

bridges and in its absence the activity of homologous recombination (HR) leads to anaphase 

bridge formation; indeed, intrinsic NHEJ activity correlates with the induction of anaphase
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bridges“ ,̂ suggesting a mechanistic link between genomic instability and radioresistance®®.

BFB cycles involve multiple DNA breakages, associated with gene amplification in cells with 

defective DNA damage repair or dysfunctional cell cycle checkpoint machlnery^^^^^®. The 

spindle assembly checkpoint (SAC) is a surveillance mechanism that ensures the fidelity of 

chromosome replication during mltosls^^ .̂ The proteins responsible for the SAC signal include 

MAD2L2, BUBlb, CDC20, CENPE and ESPLl^^l Alterations in MAD2L2 expression drive 

tumourigenesis in mice and aberrant MAD2L2 expression is seen in number of human epithelial 

cancers^^^'“ .̂ Doak et al reported both under and over expression of both MAD2L2 and BUBlb 

genes in Barrett's Oesophagus specimens, but SAC disruption has not previously been 

documented in oesophageal adenocarcinoma®^^. This study showed that ACM upregulates 

expression of MAD2L2 and BUBlb in radioresponslve and radioresistant OAC. Obese OAC 

patients demonstrate increased expression of MAD2L2 but not BUBlb in their tumour 

specimens. Studies identifying causal mechanisms for SAC deregulation are lacking, and obesity 

has never previously been linked with dysregulation of the SAC complex. However, obesity 

induces systemic oxidative stress; biomarkers of oxidative damage are higher in individuals with 

obesity and correlate directly with BMI and the percentage of body fat and oxidative stress has 

been linked to malfunction of the SAC in cancer cells''^ .̂

SAC dysregulation is linked to genomic instability in a number of cancer types, but genomic 

instability may still occur in the presence of an intact SAC, suggesting that while both anaphase 

bridge formation and a compromised SAC are conducive to aneuploidy and carcinogenesis, 

these processes may occur independently of each other^^^'“ '̂̂ ®̂. A weakened SAC may function 

as a facilitator rather than a driving force of tumourigenesis. Dysregulation of the SAC has been 

implicated in the radioresponse. Abrogation of MAD2L2 expression is associated with enhanced 

radiosensitivity In glioma cells through activation of apoptosis via cleavage of PARP''^ ,̂ which is 

overexpressed in oesophageal tumour tissue of poor responders^^^. Overexpression of CENPE is 

associated with recurrence in patients with pituitary tumours, and with chemoresistance In 

ovarian cancer patlents®^^. Overexpression of the ESPLl-encoded protein separase strongly 

correlates with high incidence of relapse and lower 5 year survival rate in breast and prostate 

cancer patients^'’^ MAD2L2, CENPE and ESPLl expression differed in radioresponslve compared 

to radioresistant cells. Interestingly, expression of CENPE and ESPLl also correlated with 

anaphase bridge levels, suggesting the possibility that expression of these SAC genes may be 

involved in the link between the anaphase bridge formation and radiosensitivity. The cohort of 

oesophageal cancer patients who had a poor response to RT demonstrated higher levels of 

MAD2L2, CENPE and ESPLl expression compared to patients who had a good response to 

treatment. Pharmacologic inhibition of the SAC has been putatively proposed as a promising 

strategy for anticancer trea tm en t^ . The indolocarbazole compound G66976 overrides spindle
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checkpoint-m ediated mitotic arrest, resulting in apoptosis in spindle checkpoint-compromised  

cancer cells®'” . Investigation o f these gene targets in a large prospective study o f OAC patients 

receiving NA CRT is required to  identify if disruption o f the SAC in OAC m ay represent an 

im portant target for obese patients treated with NA CRT.

Cancer progression is associated with genomic instability and an accumulation of gains and 

losses o f DNA. The growing variety o f tools for measuring genomic copy num ber includes 

array-based comparative genomic hybridization (aCGH). aCGH and gene expression microarray  

profiling have been used separately to identify molecular aberrations in small cohorts of OAC 

patients“ '̂“ '̂®̂ '̂®̂ ®'®̂ °’^ ‘̂’ . Goh et al integrated data from  an aCGH platform with corresponding 

gene expression microarray profiles from 56 fresh frozen OAC resection samples to  generate a 

potential prognostic signature for OAC“ °. Identification o f the genom ic alteration "signatures" 

in OAC CRT responders and non-responders m ay provide more sensitive and specific 

biomarkers o f radioresponse. The aCGH used in this study allows monitoring o f tum our 

genomes with unprecedented resolution (1 ,9 5 3 ,2 4 6  oligonucleotides and 743 ,304  SNP probes). 

The aCGH profile of OE33R was characterised by deletions on chromosomes tw o (2 p l6 .3 -2 p l5 ,  

2q 22 .3 -2q 23 .3 ) and nine (9p 24 .2 -9p 21 .3 ). Although this was a pilot study, w e then attem pted  

to investigate w hether the identified set o f genetic aberrations could potentially be informative  

for identifying novel rational therapeutic targets, or therapies currently available or in clinical 

trials. For exam ple, the deletion on chromosome nine included m ir-31, located a t 9p21, which 

we have previously dem onstrated is a key regulator o f radioresponse in OAC patients^^^. This 

confirms the validity of the array data. This study identified a promising molecular m arker of 

radioresistance; interleukin 33 (IL 3 3 ), located a t 9p24.1 . IL33 is a recently described cytokine 

belonging to the IL -1 superfamily which stimulates helper T  cells, m ast cells, eosinophils and 

basophils to produce cytokines typical of a type tw o immune response^®®. IL -33  m ediates its 

biological effects by interacting w ith the receptors ST2 ( IL IR L I )  and IL -1  Receptor Accessory 

Protein (IL IR A P ), activating intracellular molecules in the NF-kB and MAP kinase signalling 

pathways that drive production of type 2 cytokines from  polarized Th 2 cells®®̂ '®®®. IL33 plays an 

im portant role in radiation-induced bystander effects via NF-KB-dependent regulation o f 

expression of numerous genes®^. Suppression of IL -33 expression results in an increase in 

apoptosis in both directly irradiated and bystander human skin f i b r o b l a s t s I n  this study, IL33  

expression was significantly higher in radioresponsive compared to radioresistant cells. W hile  

the sam e trend was seen in responder and non-responder patient samples, the difference in 

expression did not reach statistical significance. I t  must be recognized th a t intra- and 

intertumoural (and indeed, intra-biopsy) heterogeneity exists and this can potentially confound 

the interpretation of the genomic "status" of the tum our samples, particularly in p re-treatm ent 

biopsies®®^. This must be accounted for when validating a gene signature for use as a new  

prognostic or predictive factor. Investigation o f IL33 expression in a large cohort of OAC 

patients is necessary to fully assess its role in radioresistant OAC.

251



As the focus on outcom es and comparative effectiveness research increases, and OAC and 

obesity levels continue to rise, the  developm ent of accurate and reliable risk and prognosis 

stratification strategies for obese OAC patients are clearly necessary to better guide patient 

treatm ent decisions. This body of work has generated a number of interesting findings relating 

to the treatm ent response in OAC. For the first time, the impact of visceral obesity and 

adipokine receptor expression on the  radioresponse was characterised. A novel role for visceral 

obesity in the induction of genomic instability events (telom ere dysfunction and anaphase 

bridge induction) in radioresistant cells was dem onstrated, highlighting the complex interaction 

betw een obesity, genomic instability and radioresponse. In addition, novel genomic instability 

events in radioresistant OAC were identified using aCGH technology. This study has so far 

dem onstrated tha t obesity influences radiosensitivity, and drives genomic instability events in 

OAC, particularly radioresistant OAC. Together these findings add to  the knowledge base 

regarding the treatm ent response in oesophageal cancer. Additional studies that elucidate the 

physiologic and biologic mechanisms mediating the adiposity-radioresponse link are  clearly 

needed. The incorporation of quantitative m easures of visceral obesity and corresponding 

correlative molecular studies into prospective oncologic therapeutic and epidemiologic studies is 

also w arranted. Uncovering the mechanisms of interaction of visceral obesity, genomic 

instability and radioresistance could identify shared pathways as  potential preventative and 

therapeutic targets, improving outcom es in patients suffering from this aggressive malignancy.
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6.2 Future directions

This research has identified a number of areas for future work. The promising findings relating 

to the role of obesity In regulating tumour response In OAC patients requires confirmation in a 

large prospective clinical trial. Whilst this study has demonstrated a role for adipose tissue in 

modulating the radioresponse via Induction of genomic instability events, the exact 

mechanism(s) by which adipose tissue mediates radiosensitivity remain to be elucidated. 

Neutralisation and overexpression of adipokines such as adiponectin and leptin in radioresistant 

and radiosensitive OAC cell lines may reveal a role for these factors in the Induction of 

chromosomal instability in radioresistant OAC. Future analysis may allow the metabolic 

pathways associated with adipoklne receptors to be identified based on the results of 

metabolomlcs analysis. A trend for higher expression of LepR, NRPl and TERT was noted in 

tumour tissue from non-responder patients compared to responder patients, while levels of 

ARl, AR2, MAD2L2, CENPE, ESPLl and IL33 were higher in radioresponder compared to non

responder oesophageal cancer patients. Given the small sample size available in the 

bioresource, the gene targets associated with require Investigation in a larger in vivo cohort. In 

addition, the alterations In mRNA expression were not validated at the protein and functional 

level, and this may be an important area for future investigation. In addition to the 9p deletion 

Investigated in this study, other regions of copy number variation were identified which may 

potentially be biomarkers of radioresponse in OAC. This array data provides a useful starting 

point for further assessment and validation.
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