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Summary

The incidence of overweight and obesity has reached pandemic proportions in modern society,
affecting two thirds of the US and over half of the European population. Obesity is associated
with increased morbidity and mortality in the form of elevated risk of cardiovascular disease,
diabetes and many types of cancer. Overweight and obesity have been proposed to account
for 14% of all cancer deaths in men and 20% in women in the US. Of all cancers, oesophageal
adenocarcinoma (OAD) displays one of the strongest epidemiological links with obesity,
making it an excellent model with which to study this association at a molecular level. OAD is
an aggressive disease associated with early haematological and lymphatic dissemination.
Incidence of this highly lethal cancer has risen by 50% in the last 15 years, mirroring the
exponential rise in obesity. The overall aim of this thesis was to dissect the molecular
pathways linking obesity with OAD and to determine if obesity could be linked to increased

aggressiveness of this disease.

Microarray technology identified a pro-inflammatory, pro-angiogenic gene signature in the
omentum of viscerally obese individuals. Visceral fat area (VFA), determined by computed
tomography (CT), was found to be the strongest predictor of altered gene expression in
visceral obesity. Multiplex Luminex technology identified a circulating pro-inflammatory
phenotype common to visceral obesity, male sex and cancer mediated through reduction in
levels of IL-4 and adiponectin and elevation in levels of leptin, IL-6, IL-8, MCP-1, IFNy and VEGF.
Altered levels of these adipokines were demonstrated to have functional effects on OAD cells
with leptin increasing proliferation and adiponectin decreasing proliferation. Recent studies
indicate that visceral obesity may share several hallmark pathways with cancer such as
angiogenesis and inflammation. The distorted balance of these soluble mediators of
angiogenesis and inflammation in visceral obesity could therefore represent important

therapeutic targets, particularly in viscerally obese OAD patients.

Microarray based technology was used to examine the molecular effect of omental adipose
tissue co-culture on OE33 OAD cells. Increased glycolytic flux and up regulation of the focal
adhesion pathway, promoting cytoskeletal reorganisation and epithelial mesenchymal
transition (EMT), culminated in an increased proliferative, migratory and invasive capacity of
OAD. The expression of target genes, identified using this in vitro model, was subsequently
examined in patient tumour biopsies. A novel association was demonstrated between visceral

obesity and expression of genes involved in pathways of tumour invasion and metastasis,



matrix metalloproteinase 9 (MMP9) and plasminogen activator inhibitor 1 (PAI-1). Increased
expression of MMP9 and PAI-1 and decreased expression of tumour suppressor p53 correlated
with aggressive tumour biology and PAI-1 was found to be an independent prognostic marker
in OAD. Increased expression of epithelial mesenchymal transition (EMT) regulator SNAI2 was
associated with visceral obesity and was also identified as an independent prognostic factor in
OAD. Expression of epithelial marker E-cadherin was decreased in visceral obesity however it
did not correlate with expression of its transcriptional repressor, SNAI2, indicating that SNAI2
may exert its pro-tumour effect in OAD via E-cadherin independent pathways. Together these
findings highlight a novel association between visceral obesity and pathways of tumour

metastasis, particularly relevant in this aggressive cancer.

As clinical trials targeting MMP9 are ongoing in many cancer types, this key player in tumour
metastasis was selected for examination at the protein level using tissue microarrays (TMAs).
In agreement with results at the mRNA level, protein expression of MMP9 was found to be
increased in viscerally obese patients. These preliminary results highlight a novel role for
visceral obesity in up regulation of pro-tumour pathways characteristic of OAD. MMP9, PAI-1
and SNAI2 may be promising targets for the development of targeted therapies with the

ultimate goal of stratified treatment of OAD patients with visceral obesity.
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1 General Introduction



1.1 Oesophageal cancer

1.1.1 Histological subtypes

Oesophageal cancer is one of the least studied and most deadly cancers worldwide (Enzinger
and Mayer, 2003). More than 90% of oesophageal cancer can be divided into two histological
subtypes, oesophageal adenocarcinoma (OAD) and oesophageal squamous cell carcinoma
(SCC) (Daly et al., 2000). OAD arises from specialised intestinal glandular epithelium present at
the junction of the oesophagus and the stomach. In certain cases, chronic gastrointestinal
reflux (GORD) can give rise to the development of areas of specialised intestinal metaplasia
(Barrett’s oesophagus) and confers an increased risk of OAD. In contrast, SCC arises from the
squamous epithelium and is localised in the upper two thirds of the oesophagus. SCC is related

to nicotine and alcohol use (Enzinger and Mayer, 2003, Siewert et al., 2001).

1.1.2 Incidence and survival

Oesophageal cancer is the eighth most common cancer worldwide but the sixth most common
cause of cancer related mortality, indicating the lethal nature of the disease (Ferlay et al.,
2010). Overall incidence of oesophageal cancer has risen by 27% in Ireland in the last 15 years,
however there is a substantial difference in profiles between histological subtypes (Ireland).
Incidence of OAD has risen almost 50%, while incidence of SCC has dropped 4% in the last 15
years (Figure 1.1). These data underline the heterogeneous histology and aetiology of these
subtypes (Siewert et al., 2001). Although five year relative survival (RS) is improving for both
subtypes, it remains low, and therefore oesophageal cancer is one of the most fatal cancers
(Lagergren, 2005). OAD RS has increased from 11.6% to 14.8% over the last 15 years while SCC

RS have improved marginally more, from 11% to 16.3% (ireland).
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Figure 1.1: Number of newly diagnosed cases of oesophageal cancer in Ireland (National Cancer
Registry Ireland 1994-2007) (OAD-oesophageal adenocarcinoma, SCC=oesophageal squamous cell
carcinoma)

1.2 Oesophageal adenocarcinoma
1.2.1 Epidemiology

Although OAD remains a relatively rare form of cancer, incidence is rapidly increasing (Engel et
al., 2003). Incidence of OAD in the USA overtook that of SCC in the mid 1990s, and this pattern
is reflected in Europe (Heitmiller and Sharma, 1996). While SCC remains the most common
subtype in Asia, the incidence of OAD is also beginning to rise there, potentially reflecting the
Westernisation of this society (Fernandes et al., 2006, Shibata et al., 2008). In Ireland, OAD
incidence and mortality are 1.2 to 3 times higher than the rest of EU and the USA (NCRI 2™
report, 1998-2000). There is a striking male to female predominance of OAD with incidence in
males six fold higher than incidence in females. Ethnicity also plays a major role, and rates of
OAD are fivefold higher in Caucasians than African Americans (Kubo and Corley, 2004).
Caucasian males therefore have both the highest and fastest growing incidence of OAD (Kubo
and Corley, 2002). As with most gastrointestinal cancers, age is associated with risk of OAD,

and median age at diagnosis is 60 years (Lagergren, 2005).



1.2.2 Risk factors

The substantial increase in incidence of OAD could be attributable to several interrelated and
modaifiable risk factors. As shown in Table 1.1, separate risk factors are important for OAD and
SCC. Only nicotine use is a shared risk factor between histological subtypes and this has been
shown to play a greater role in SCC development (Enzinger and Mayer, 2003). It has been
estimated that approximately 79% of OAD cases can be attributed to cigarette smoking,

obesity, reflux symptoms and low intake of fruit and vegetables (Engel et al., 2003).

Table 1.1: Comparison of major risk factors for oesophageal cancer (adapted from Enzinger et al,
2003).

Table 1. Risk Factors for Esophageal Cancer.

Squamous-Cell  Adeno-
Risk Factor Carcinama carcinoma
Tobacco use +44+ ++
Alcohol use iy i
Barrett's esophagus o Sk
Weekly reflux symptoms s bb
Obesity 5 e

A single plus sign indicates an increase in the risk of less by a factor of less than two, two plus signs an
increase by a factor of two to four, three plus signs an increase by a factor of four to eight, and four plus
signs an increase by a factor greater than eight. A dash indicates no proven risk.

1.2.2.1 Reflux and Barrett’'s oesophagus

OAD is usually diagnosed late and over half of patients presenting with this disease have
evidence of metastases and are therefore inoperable (Enzinger and Mayer, 2003). An
improved understanding of pre-metaplastic precursors of OAD could thus be of great
assistance both for early detection and treatment of this disease (Reid et al., 2010). The
progression from gastrointestinal reflux disease (GORD) to the pre-malignant Barrett’s
oesophagus (BO) can give rise to OAD (Corley et al., 2007, Watanabe et al., 2007). Frequent
and prolonged reflux of the acidic stomach contents into the distal oesophagus can lead to
tissue damage and inflammation. Barrett’'s oesophagus results from the protective
transformation of the normal stratified squamous epithelium of the oesophagus into columnar
intestinal epithelium characteristic of the stomach lining, better equipped to withstand these

acidic insults (Figure 1.2) (Flejou, 2005, Reid et al., 2010). Reflux disease increases the risk of



developing Barrett’s oesophagus by approximately 1% (Reid et al., 2010) and patients with
Barrett’s oesophagus have 30 — 40 fold increased risk of developing OAD compared to the rest
of the population (Ryan et al., 2008). However, up to 50% of individuals with OAD have no
history of reflux disease (Farrow et al., 2000, Lagergren et al., 1999a) while over 95% have no
previous history of Barrett’s (Reid et al., 2010) suggesting the important contribution of other

risk factors.

Normal Lining Barrett's Esophagus with low-grade dysplasia waith high-grade dysplasia Invasive carcinoma

Figure 1.2: Pathological sequence of neoplastic transformation in oesophageal adenocarcinoma.
Normal squamous epithelium acquires an intestinal metaplastic histology following prolonged
exposure to bile acids (Barrett’s oesophagus). This can give rise to dysplasia and eventually to
invasive adenocarcinoma (taken from http://pathology2.jhu.edu/beweb/Definition.cfm).

1.2.2.2 Obesity

Obesity is an independent risk factor for OAD (Calle et al., 2003, Ryan et al., 2006, Lagergren et
al., 1999b, Engel et al., 2003), and has been shown to increase OAD risk almost tenfold (Ryan
et al., 2006). Adipose tissue is principally accumulated in two compartments, subcutaneous
and central. Recently it has been suggested that centrally accumulated fat or visceral adipose
tissue is more metabolically active than subcutaneous (Giorgino et al., 2005). There is an
association of visceral obesity, independent of BMI, with GORD (Corley et al., 2007), Barrett’s
(Edelstein et al., 2007, Ryan et al., 2008) and OAD (Corley et al., 2008, Beddy et al., 2010),
implying that an expanded mass of visceral adipose tissue could play a role at all stages in this
sequence of events. It is intuitive that excess visceral adipose tissue could place extra
mechanical pressure on the stomach thereby giving rise to increased reflux. However, studies
have shown that adjustment for GORD only marginally reduces the risk conferred by obesity. It

is thus likely that the substantial effect of obesity is mediated via molecular pathways (Corley



et al., 2008, Reid et al., 2010). Visceral obesity has been linked to carcinogenesis through
metabolic abnormalities such as hyperinsulinaemia and hyperglycaemia (Renehan et al., 2006)
and adipcse tissue is an important site of sex steroid biosynthesis, also implicated in
tumourigenesis (Roberts et al., 2009). Visceral obesity is associated with enhanced production
of adipokines leading to the development of a chronic pro-inflammatory phenotype (Tilg and
Moschen, 2006, Neels and Olefsky, 2006) which could in turn promote tumourigenesis
(Colotta et al., 2009, Field et al., 2001). These molecular pathways are discussed in more detail

in section 1.6 and 1.7.

1.2.2.3 Other risk factors

Cigarette smoking is associated with OAD risk (Anderson et al., 2007). Medication, diet and
Helicobacter pylori infection are moderate modifiable protective factors in the development of
OAD. Aspirin and other non steroidal anti-inflammatory drugs (NSAIDs) have been proposed to
reduce the risk of OAD, although evidence is limited (Farrow et al., 1998). Low fruit and
vegetable consumption is a moderate risk factor for OAD (Engel et al., 2003, Anderson et al.,
2007). Reduced rates of H. pylori infection in the general population correlate with increased
incidence of GORD, reflux oesophagitis and OAD (el-Serag and Sonnenberg, 1998, Anderson et
al., 2008).

1.2.3 Clinical presentation

Once established, OAD can spread rapidly and at time of diagnosis approximately 50% of
patients have evidence of metastasis and hence unresectable tumours (Enzinger and Mayer,
2003). Patients present most commonly with dysphagia (difficulty swallowing, 74%), weight
loss (57.3%), GORD (20.5%), odynophagia (pain on swallowing food and liquids, 16.6%) and
dyspnea (shortness of breath, 12.1%) (Daly et al., 2000).

1.2.4 Pathology and staging

Staging is carried out using a variety of techniques which include computed tomography (CT),
endoscopic ultrasound (EUS), positron emission tomography (**FDG-PET), laparoscopy and
endoscopic mucosal resection (Murphy et al., 2008). Oesophageal adenocarcinoma is
classified according to the 2002 American Joint Committee on Cancer tumour-node-metastasis
(TNM) classification system (Greene, 2002). Tumours are classified by depth of tumour
invasion (tumour (T) stage), presence or absence of lymph node involvement by metastatic
disease (node (N) stage) and presence or absence of distant metastases (M stage) (Table 1.2)

(Enzinger and Mayer, 2003). According to this classification system, 13 — 20% of patients have



stage | disease, 14 — 27% have stage IIA disease, 7 — 16% have stage |IB disease and 44 — 50%
have stage Ill disease (Daly et al., 2000, Enzinger and Mayer, 2003). Upon complete removal of
the tumour (RO resection), 5 year survival is over 95% for stage O disease, 50 — 80% for stage |
disease, 30 — 40% for stage IIA disease, 10 — 30% for stage IIB disease and 10 — 15% for stage IlI
disease (summarised in Table 1.2) (Reed, 1999, Headrick et al., 2002, Pera et al., 1992).
Patients with stage IV disease treated with palliative chemotherapy have an average survival
of less than one year. A total of 35% of surgical resections for oesophageal cancer in Ireland
are carried out at this centre in St. James’s Hospital. Of patients presenting with oesophageal
cancer 14% have stage | disease, 29% have stage Il disease, 36% have stage Il disease and 8%
have stage IV disease (Six Year Cancer Audit Report, St James Hospital). At this institution, five
year survival is over 75% for stage 0 disease, 70 — 75% for stage | disease, 25 — 30% for stage Il
disease and 15 — 20% for stage Ill and stage IV disease. Overall median survival for
oesophageal cancer in this institution is 11 months and overall five year survival is 16% (Six
Year Cancer Audit Report, St James Hospital), in line with the national average of 15.5%

(National et al., 2001).

Table 1.2: TNM staging criteria (2002 American Joint Committee on Cancer tumour-node-metastasis
(TNM) classification system) and associated five year survival rates (adapted from Enzinger et al,
2003).

Five-Year Survival Rates for Esophageal Carcinoma,
According to the Tumor-Node-Metastasis

Classification.

Stage Tumor Node Metastasis  5-Yr Survival

%
0 Tis NO MO >95
I Tl NO MO 50-80
1A T2-3 NO MO 30-40
1B T1-.2 N1 MO 10-30
[ T3 N1 MO 10-15

T4 Any N MO

IVA AnyT  Any N M1la <5
VB AnyT  Any N M1b <1

Primary tumour (T) is classified as follows: Tis=carcinoma in situ, Tl=invasion of the lamina propria or
submucosa, T2=invasion of the muscularis propria, T3=invasion of the adventitia, T4=invasion of
adjacent structures. Regional lymph node metastases are classified as follows: NO=no regional lymph
node metastases, N1=regional lymph node metastases. Distant metastases (M) are classified as follows:
MO=no distant metastases, M1a=metastasis to cervical or celiac nodes, M1b=other distant metastases.



1.2.5 Treatment

Treatment for localised oesophageal adenocarcinoma involves transthoracic or transhiatal
oesophagectomy to remove the tumour (Enzinger and Mayer, 2003). These surgical resection
procedures involve laparatomy (incision in the abdominal wall to gain access to the abdominal
cavity), dissection of the oesophagus and anastomosis in either the upper chest or neck, the
final goal being RO resection (complete removal of the tumour) and lymphadenectomy
(Enzinger and Mayer, 2003). Five year survival of patients with resectable disease following
oesophagectomy approaches 50%, indicating a need for multimodal therapy to increase these
survival rates (Portale et al., 2006, Murphy et al.,, 2008). Although survival benefits are
controversial, the standard of care for OAD today usually involves pre-operative neoadjuvant
chemoradiotherapy followed by surgery (Murphy et al., 2008). Patients receive a standard
regimen of chemoradiotherapy over the course of seven weeks and the tumour is re-staged at
week 8. Surgery is carried out at week 9 if performance status of the patient has not
deteriorated, if their neutrophil count is >2 x 10°/ml and if there is no local or systemic disease
progression (Murphy et al., 2008, Walsh et al., 1996). Pre-operative neoadjuvant therapy
consists of two courses of chemotherapy on week 1 and week 6 (5-fluorouracil: 15mg/kg body
weight, cisplatin: 75 mg/m? body surface area) and a course of radiotherapy beginning
concurrently with the first week of chemotherapy (40 Gy administered in 15 fractions over a
three week period). Pre-operative chemoradiotherapy has been found to confer a significant
survival advantage at three years compared to surgery alone (Walsh et al., 1996, Fiorica et al.,
2004, Urschel and Vasan, 2003). Nonetheless OAD mortality remains high and study of

molecular pathways involved is important in the development of novel targeted therapies.

1.2.6 Novel targeted therapies

Advances in the understanding of OAD biology and associated risk factors have led to the
identification of molecular targets (Table 1.3) and subsequent development of targeted
preventative therapies and treatments. Proton pump inhibitors (PPIs) are administered to
normalise stomach pH and thus reduce the damaging effects of acid reflux, yet their
effectiveness in controlling Barrett’s oesophagus is controversial (Peters and Fitzgerald, 2007).
The use of anti-oxidants is under investigation as a preventative therapy. A diet rich in fruit
and vegetables and vitamins C and E is protective in development of OAD (Gonzalez et al.,
2006, Bollschweiler et al., 2002). Curcumin is a yellow polyphenol found in turmeric,
synthesised by plants to protect against reactive oxygen species damage. Its role as an anti-
oxidant, anti-inflammatory and anti-carcinogenic agent in OAD is currently under

investigation, and is thought to act through a number of pathways including repression of the
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pro-inflammatory transcription factor NF-kB (Peters and Fitzgerald, 2007, Lambert et al,,
2005). With inflammation a key step in the sequence from GORD to Barrett’s to OAD, the
chemoprotective use of anti-inflammatory drugs has been examined. A meta-analysis
suggested a protective association of aspirin and other non steroidal anti-inflammatory drugs
(NSAIDs) with both histological subtypes of oesophageal cancer (Corley et al., 2003). COX-2 is
an important rate-limiting enzyme in prostaglandin production, the target pathway of NSAIDs,
and is often over expressed in both Barrett’s oesophagus and oesophageal adenocarcinoma
(Syrigos et al., 2008). A specific COX-2 inhibitor Celecoxib is currently on trial in oesophageal

cancer although possible cardiovascular toxicity is a concern (Syrigos et al., 2008).

Epidermal growth factor receptor tyrosine kinases EGFR and ErbB2 (HER2/neu) are over
expressed in many cancers including OAD, with EGFR associated with advanced tumour stage,
lymph node metastasis and poorer patient survival (Wang et al., 2007). Cetuximab is an anti-
EGFR monoclonal antibody currently used in colorectal and head and neck carcinoma
(Cunningham et al., 2004, Karamouzis et al., 2007). A Phase Il trial found that cetuximab can
be safely administered with chemoradiotherapy in oesophageal cancer (Safran et al., 2008).
Trastuzumab (Herceptin) is an anti-ErbB2/HER2 monoclonal antibody that can be safely
incorporated into the chemoradiotherapy regimen for oesophageal cancer without increased
toxicity (Safran et al., 2007). Gefitinib, a receptor tyrosine kinase (RTK) inhibitor, has shown
promising results in Phase Il and Phase Il trials in non small cell lung cancer, especially in a
subgroup of patients with EGFR mutations (Peters and Fitzgerald, 2007). In oesophageal
cancer, a Phase Il trial of gefitinib has been shown to have a clinical response rate of 11%, and
relatively mild associated toxicity. Subsequent microarray analysis in this study showed that
gefitinib treatment down regulated expression of oncogenes associated with tumour

progression including caspase 8 (Ferry et al., 2007).

Vascular endothelial growth factor (VEGFA) is up regulated in Barrett’s oesophagus and OAD,
with the characteristic salmon pink colour of Barrett’s attributable to enhanced vascularisation
of the tissue (Kleespies et al., 2004). Anti-VEGF monoclonal antibody Bevacizumab (Avastin®)
binds with high affinity to VEGFA, preventing it binding to its receptors and thereby inhibiting
its angiogenic activity (Syrigos et al., 2008). Bevacizumab has been approved by the US Food
and Drug Administration for first line therapy in colorectal (Hurwitz et al., 2004) and non small

cell lung carcinoma (Sandler et al., 2006). Preliminary results from trials in oesophageal cancer



are promising with 26.6% of patients achieving a partial response to therapy. Confirmation of

these results in ongoing trials is eagerly anticipated (Syrigos et al., 2008).

Matrix metalloproteinases (MMPs) play an important role in extracellular matrix degradation,
vital for tumour invasion and metastasis (Belotti et al., 2003). Two orally administered MMP
inhibitors have recently been developed, Marimastat and Prinomastat, however preliminary
clinical trials have demonstrated limited success. Although patients treated with Marimastat
showed significantly increased survival, this drug was associated with high musculoskeletal
toxicity (Bramhall et al.,, 2002), while Prinomastat was found to give rise to unexpected
thrombo-embolic events, necessitating early closure of the trial (Heath et al., 2006). Advances
in understanding of molecular pathways in oesophageal cancer have led to identification of
some promising novel molecular targets (Table 1.3). The development of targeted
preventative therapies and treatments could limit the incidence and improve the poor survival

rates associated with OAD.

Table 1.3: Molecular targets and their pathogenic roles in oesophageal cancer (adapted from Syrigos
et al, 2008).

Role Molecular targets

I. Cell-growth regulation ErbB receptors family (EGFR,
HER2/ neu)

2. Stimulation of Vascular endothelial growth factor

angiogenesis (VEGF-A)

3. Regulation of Cyclooxygenase-2 (COX-2)

inflammatory response
4. Regulation of Matrix metalloproteinases (MMP)
metastatic potential

5. Apoptosis regulation Transcriptional nuclear factor
kappa-b (NK-Kb)
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1.3 Obesity

‘To lengthen thy life, lessen thy meals’

Benjamin Franklin, Poor Richard’s Almanack, 1737

1.3.1 Epidemiology

Obesity is defined by the accumulation of excess adipose tissue and is associated with
increased morbidity and mortality in the form of increased risk of cardiovascular disease,
stroke, hypertension, metabolic syndrome, type Il diabetes mellitus, osteoarthritis, sleep
apnoea, gall bladder disease and many types of cancer (Must et al., 1999, Field et al., 2001,
Guh et al., 2009). It is traditionally classified by body mass index (BMI) (kg/m’). Overweight
corresponds to a BMI of between 25 and 30, while obesity corresponds to a BMI greater than

30 (Table 1.4).

Table 1.4: Classification of obesity status by body mass index (BMI) (taken from Donohoe et al, 2010).

BMI (kg/m?)
Underweight =185
Normal weight 18-5-25
Overweight 25-30
Obese class | 30-35
Obese class I 35-40
Obese class Il >40

In Europe, 56% of adult males and 53% adult females are overweight with 14% and 23%,
respectively, classified as obese (WHO report 2007). In the United States these figures are
even higher with approximately two thirds of the adult population overweight, and one third
of these obese (National Health and Nutrition Examination Survey (NHNES) 2007 — 2008). It is
clear that obesity is becoming a worldwide pandemic with rates doubling in the United States
over the last 30 years (Ogden et al., 2006)(National Health and Nutrition Examination Survey
(1971-74 to 2003-06)) and tripling in Europe over the same time period (WHO report 2007).
With rates of overweight and obesity now merely 5% lower than the US (SLAN 2007), Ireland is
no exception. A comparison between the North/South Food Consumption survey conducted in
1999 and the SLAN 2007 survey shows that while incidence of overweight have remained

approximately the same, rates of obesity have risen by 5% (SLAN 2007). Two out of three Irish
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adults are now overweight while almost one in four adults are classified as obese (SLAN 2007).
Obesity in women is the major contributor to this rise, with incidence of obesity in females
increasing 7% between 1999 and 2007, while incidence in males has remained roughly the

same over this same time period (SLAN 2007).

At least one in 13 deaths in the European Union (EU) is estimated to be attributable to
overweight and obesity (Banegas et al., 2003, Allender and Rayner, 2007) and of these deaths
60 — 70% are due to cardiovascular disease and 20% are due to cancer (Banegas et al., 2003).
The Million Women Study in the United Kingdom (Reeves et al., 2007) found that overweight
and obesity are responsible for 5% of all cancers among post-menopausal women. A study
conducted in the United States in 2003 found that males with BMI > 35 had a 1.23 relative risk
of developing all types of cancer, while women with a BMI > 40 had a 1.62 relative risk of
developing all types of cancer, and that overweight and obesity could account for 14% of all
cancer deaths in men and 20% in women in the United States (Calle et al., 2003). If the current
obesity trends were to continue all US adults would be overweight or obese by 2048 and total
health care costs attributable to excess weight would double every decade (Wang et al., 2008).
With this terrifying possibility on the horizon, there is an absolute necessity to understand the

molecular basis of the association of obesity with increased morbidity and mortality.

1.3.2 Adipose tissue depots and measuring obesity

Fat depots differ in size, function and contribution to pathological states and adipose tissue is
therefore a heterogeneous organ (Tchkonia et al., 2007, Perrini et al., 2008). It is now known
that accumulation of visceral fat is more detrimental to health than overall obesity indicating
the pathophysiological importance of adipose tissue distribution (Despres, 2001). Gene
expression data suggests that different fat depots are essentially ‘mini organs’, with different
developmental, adipogenesis and metabolic gene expression profiles suggesting distinct
developmental origins (Tchkonia et al., 2007). There are also acquired differences between
depots: obesity is associated with increased adipocyte necrosis (Strissel et al., 2007) and
preferential macrophage infiltration into viscerai adipose tissue (Cancello et al., 2006). Visceral
adiposity is associated with male sex (Misra and Vikram, 2003), and male sex in turn is more
strongly associated with obesity related morbidities than female sex (Ryan et al., 2006).
Visceral adiposity is a stronger predictor of related morbidity and mortality than overall
obesity (Gesta et al., 2006, Giorgino et al., 2005). This important finding is reflected in the

International Diabetes Foundation (IDF) definition of the Metabolic Syndrome, a cluster of
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metabolic abnormalities leading to increased incidence of Type Il Diabetes and related

disorders (Federation, 2006) (described in section 1.3.3, below).

BMI is a measure of overall adiposity and therefore does not take into consideration either
composition of body mass or distribution of adipose tissue (Hu, 2007). As adipose tissue
distribution has been shown to be of great importance with visceral adiposity linked to
increased development of obesity related morbidities and mortalities, BMI may not be the
ideal measure of obesity (Hu, 2007, Wajchenberg, 2000). This finding may serve to amplify the
current obesity pandemic as incidence of visceral adiposity is far higher than incidence of
overall adiposity. While less than 25% of adults in Ireland are classified as obese by BMI, over
60% of adults are classified as obese by waist circumference, a surrogate measure of visceral
obesity (SLAN 2007). There are a number of ways to measure visceral obesity (Hu, 2007). The
cross sectional surface area of the visceral fat depot is the measured by computed
tomography (CT) between lumbar vertebrae L3 and L4 to give visceral fat area (VFA) (cm?), the

current gold standard measurement of visceral adiposity (Figure 1.3) (Beddy et al., 2010).

Figure 1.3: Total fat area is the area inside the yellow line drawn around the skin surface; visceral fat
area (VFA) is the area inside the red line drawn around the inner layer of the abdominal wall
musculature; subcutaneous fat area (SFA) is VFA subtracted from total fat area (taken from Beddy et
al, 2010).

When the technology and expertise required to measure VFA is not available, waist

circumference is a simple yet reliable measure of visceral obesity and correlates well with VFA
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(Klein et al., 2007, Valsamakis et al., 2004). Although WC requires only a tape measure and
therefore appears to be a straightforward technique, it is challenging to standardise between
patients and different studies have measured at different locations (e.g. at the level of the
umbilicus, at the midpoint between the lower rib and iliac crest) (Hu, 2007). Waist hip ratio
(WHR) introduces another variable as it is a measure of both increased visceral fat and
decreased gluteofemoral fat and thus its interpretation may be more complicated (Hu, 2007).
A study comparing BMI, WHR and WC found that WC was the best surrogate measure of CT
defined visceral obesity (Onat et al., 2004). WC was found to correlate better with
cardiovascular disease than WHR, further underlining the superiority of this measurement
(Pouliot et al., 1994). These data suggest that while VFA is the ultimate measure of visceral
adiposity (Beddy et al., 2010) WC is an acceptable surrogate, although care is needed to
standardise between patients. While the International Diabetes Federation (IDF) cut-off of 94
cm in men and 80 cm in women is widely used to define visceral obesity (Federation, 2006),
there is no widely accepted VFA cut-off value currently in use. Several have recently been
proposed: in a Turkish population, cardiovascular disease was found to correlate with VFA >
140 cm” in men and > 120 cm” in women (Onat et al., 2004) while in a Western population,
VFA > 131 cm? in males was associated with increased cardiovascular risk (Hunter et al., 1994).
A similar study, also in a Western population, found a VFA > 130 cm® in both males and
females was associated with increased risk of Type Il Diabetes and cardiovascular disease
(Despres and Lamarche, 1993). With the recent recognition of the important contribution of
visceral adiposity to the obesity pandemic and associated disease (Giorgino et al., 2005), it is
vital to define VFA cut-off values that can be brought into widespread use, standardising this

measurement and allowing accurate comparison between studies.

1.3.3 Obesity and the metabolic syndrome

The Metabolic Syndrome (MetS) is the term used to describe a cluster of metabolic
abnormalities leading to increased incidence of related disorders such as cardiovascular
disease (Gami et al., 2007) and Type Il Diabetes Mellitus (Ford et al., 2005). There have been a
number of definitions of MetS over the years (National et al., 2001, Federation, 2006, Alberti
et al., 2005) and the population prevalence of the disorder depends on the definition used
(Donohoe et al., 2010). The International Diabetes Federation (IDF) is the most recent and
increases the prevalence of MetS by approximately 20% compared with the older Adult
Treatment Panel Il (ATP Ill) definition (Ford et al., 2005, Donohoe et al., 2010, National et al.,
2001). The IDF definition requires presence of visceral obesity defined by a waist

circumference of >80 cm in females and >94 cm in males, plus two or more of the following
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metabolic abnormalities: raised triglycerides, reduced HDL-cholesterol, raised blood pressure
and raised plasma glucose (Table 1.5) (Federation, 2006). This definition therefore underlines

the important contribution of visceral adipose tissue in obesity related disorders.

Table 1.5: International Diabetes Federation definition of Metabolic Syndrome (Federation, 2006)

Visceral obesity (measured by waist circumference)

Plus any two of the following:

>1.7 mmol/L
Raised triglycerides

Or specific treatment for this condition

Reduced HDL-cholesterol

Systolic 2130 mmHg or diastolic 285 mmHg
Raised biood pressure
Or treatment of previously diagnosed hypertension

Raised plasma glucose

(HDL=high density lipoprotein)

1.3.4 Adipose tissue: a dynamic, multi-functional endocrine organ.

Adipose tissue has long been considered merely a triglyceride reservoir with roles in energy
storage, mechanical support and insulation (Rosen and MacDougald, 2006, Otero et al., 2005).
This view began to change dramatically upon discovery of the genetically obese mouse (Figure
1.4) (Ingalls et al., 1950), cloning of the gene responsible, ob, and identification of its product,
leptin (Zhang et al.,, 1994). Mutation of the recessive ob gene results in a phenotype
characterised by leptin deficiency, hyperphagia, insulin resistance, reproductive dysfunction
and early onset morbid obesity in mouse models. Daily injections of leptin increase energy
expenditure and reduce food intake and body fat while maintaining lean muscle mass and
euglycaemia and restoring reproductive function (Zhang et al., 1994). Mutation of the leptin
receptor gives rise to the db/db mouse and the fa/fa rat with the same phenotype (Chua et al.,
1996). While mutation of leptin and leptin receptors are causative of the obesity phenotype in
the obese mouse model, these genotypes are highly unusual in humans where molecular

pathways controlling metabolism are much more complex (Otero et al., 2005).
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Figure 1.4: The discovery of the ob/ob mouse model (taken from Ingalls et al, 1950). A shows a
normal weight and obese mouse at 21 days of age, B shows a normal weight and obese mouse at 10
months of age.

1.3.4.1 Leptin

In humans, leptin is produced in proportion to the size of adipose tissue depots and signals
repletion of energy stores to the hypothalmus (Fruhbeck, 2006). Levels are increased in
obesity and are higher in women than in men (Schaffler et al., 2007), with oestrogen
increasing leptin levels (Castracane et al., 1998) and testosterone decreasing leptin levels
(Blum et al., 1997). In addition to its role as a satiety factor, leptin is involved in the
development of insulin resistance, a key component of obesity related morbidity and mortality
(Renehan et al., 2006). Insulin resistance is common in obesity and results in a compensatory
increase in production of this circulating growth factor (Roberts et al., 2009).
Hyperinsulinaemia, characterised by chronically elevated levels of insulin and insulin
resistance, is associated with elevated leptin levels (Segal et al., 1996, MacDougald et al.,
1995). Leptin belongs to the IL-6 superfamily of Type | cytokines along with IL-2, IL-4,
oncostatin M and IL-12 (Zhang et al., 1997) which bind and activate Type | cytokine receptors.
This receptor superfamily, lacking endogenous kinase activity, signal through JAKs (Janus
kinases) and STATSs (signal transducers and activators of transcription) (Fruhbeck, 2006) to play

a role in a wide variety of biological processes including reproduction (Holness et al., 1999),
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growth (Ogunwobi and Beales, 2008b), angiogenesis (Roberts et al., 2009) and wound healing
(Frank et al., 2000). Leptin also has an important role in modulating the immune system,
through induction of pro-inflammatory cytokines such as TNFa and IL-1B (Lord et al., 1998,
Fruhbeck, 2006). Hence, like other members of the Type | cytokine superfamily, leptin is
functionally pleiotropic and the leptin receptor ObR is ubiquitously expressed (Fruhbeck,
2006). Five alternatively spliced isoforms of the receptor have been identified to date,
designated ObRa, ObRb, ObRc, ObRd, ObRe (Wang et al., 1996), and these can be divided into
three classes: short, long and secreted. The long isoform ObRb/ObR ., is expressed at high
levels in the hypothalamus and is the sole receptor to contain all the signalling motifs
necessary for JAK STAT signal transduction. It is therefore thought to be the most functionally
relevant isoform (Fruhbeck, 2006). Mutations in this receptor are responsible for the db/db
mouse and fa/fa rat obese phenotypes, indicating that this receptor is crucial for leptin
signalling (Chua et al., 1996). ObRa, ObRc, ObRd and ObRf are short isoforms missing some or
all of the motifs present in ObRb and thus signalling either weakly or not at all (Friedman and
Halaas, 1998). The short leptin receptor isoforms could play a role in uptake of leptin from the
cerebrospinal fluid into the brain {(Hileman et al., 2002), while the soluble form of the receptor,
ObRe, has been proposed to act as the major binding protein involved in modulation of

circulating leptin bio-availability (Lammert et al., 2001).

1.3.4.2 Adiponectin

Adiponectin is an abundant adipocyte-specific protein first identified over 10 years ago (Hu et
al., 1996). In direct contrast with leptin, adiponectin is negatively correlated with obesity and
plays an important role in maintaining insulin sensitivity. Exogenous administration of
adiponectin improves insulin sensitivity in mouse models (Yamauchi et al., 2001), while
hyperinsulinaemia decreases serum adiponectin (Kelesidis et al., 2006). Adiponectin is made
up of a globular carboxyl terminal domain and a collagenous amino terminal domain and
circulates in a range of multimeric conformations (Galic, S 2010). Adiponectin is mainly present
in serum as a trimer or hexamer of low molecular weight (LMW) and as a larger multimeric
structure of high molecular weight (HMW) (Figure 1.5). A shortened globular fragment can
also be found at low concentrations in serum (Kadowaki and Yamauchi, 2005). The proportion
of HMW to total adiponectin has been shown to be the best indicator of insulin sensitivity,
indicating that this is the active form (Pajvani et al., 2004, Kobayashi et al., 2004). Adiponectin
levels are lower in men than women (Cnop et al., 2003) and circulating levels are decreased by

testosterone (Kelesidis et al., 2006).
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Figure 1.5: Representation of adiponectin trimeric, hexameric and octadecameric isoforms (taken
from Galic et al, 2010). The location of the disulfide bond responsible for trimer association is shown
in the hexamer isoform.

Two receptors for adiponectin have been identified, AR1 and AR2, binding globular and full
length adiponectin, respectively (Yamauchi et al., 2003). AR1 has the highest affinity for
globular adiponectin and although this receptor is ubiquitous, it is expressed predominantly in
skeletal muscle. AR2 has intermediate affinity for both globular and full length adiponectin and
is predominantly expressed in the liver (Goldstein and Scalia, 2004, Kadowaki and Yamauchi,
2005). The pivotal discoveries of these adipose-derived soluble factors or adipokines, leptin
and adiponectin, has led to the recognition of adipose tissue as a dynamic, multi-functional

endocrine organ (Otero et al., 2005).

1.3.4.3 Pro-inflammatory adipokines

Around the same time as the discovery of leptin, TNFa was found to be expressed in human
adipose tissue at elevated levels in obesity (Kern et al., 1995). TNFa was found to be a negative
regulator of the insulin pathway, identifying for the first time a mechanistic link between
obesity and insulin resistance (Ulsyal 1997). It is now known that TNFa is produced mainly by
adipose tissue macrophages (ATM) (Weisberg et al., 2003). In addition to TNFa, ATMs secrete
a host of pro-inflammatory cytokines including IL-1 and IL-6 (Wellen and Hotamisligil, 2003).
Approximately two thirds of circulating IL-6 is produced by the stromal vascular fraction (SVF)
(including macrophages, endothelial cells, fibroblasts) of white adipose tissue (Mohamed-Ali et
al., 1997). IL-6 levels are raised in obesity and Type |l Diabetes (Lazar, 2005) and IL-6
contributes to insulin resistance through inhibition of the insulin signalling pathway (Galic et
al., 2010). Visfatin, an adipokine highly enriched in visceral adipose tissue, was originally

identified as an insulin mimetic in mice (Fukuhara et ai., 2005) but its role is iess clear in

18



humans (Rasouli and Kern, 2008). Resistin was first identified as a novel adipocyte specific
transcript in mice and was named for its deleterious effect on glucose tolerance and its role in
development of insulin resistance (Steppan et al., 2001, Kim et al., 2001, Holcomb et al., 2000).
While expressed by adipocytes in mice, it is expressed by macrophages in humans (Patel et al.,
2003). While resistin has been demonstrated to be important in mouse models, its function
has not been well characterised in humans and serum concentrations are not found to be
universally elevated in obesity and insulin resistance (Galic et al., 2010, Sentinelli et al., 2002).
Retinol binding protein 4 (RBP4) was identified as an adipokine with elevated levels found in
an insulin resistant GLUT4 knockout mouse model (Yang et al., 2005). Administration of RBP4
to lean mice resulted in development of insulin resistance while RBP4 knockout mice were
protected from the development of high fat diet induced insulin resistance (Yang et al., 2005).
This adipokine has also been investigated in humans, with insulin resistance correlating with a
high level of circulating RBP4 (Graham, T.E. 2006). Adipsin, identical to complement factor D, is
expressed at high levels in adipose tissue and correlates negatively with obesity status (White
et al.,, 1992). These discoveries have provided foundation for the identification of a host of
other adipokines, of which over 100 have been characterised to date (Roberts et al., 2009).
There is now enormous interest in adipose tissue as a significant mediator of inflammatory
and immune responses via adipokine production and the delicate balance of these pro and
anti-inflammatory mediators could be an important mechanism of obesity pathogenesis

(Neels and Olefsky, 2006).

1.3.5 The paradigm of obesity induced inflammation

It is now clear that cancer can arise from a background of sub-clinical, chronic inflammation
(Colotta et al., 2009, Szlosarek et al., 2006). More recently it has been found that this state of
persistent, unresolved inflammation is mirrored in obesity and could contribute to the
pathogenesis of excess adipose tissue (Weisberg et al., 2003). As a result of these observations
there has been much recent interest in characterisation of adipokines, soluble mediators of
inflammation produced by adipose tissue (Galic et al., 2010, Roberts et al., 2009). While leptin
and adiponectin are produced chiefly by adipocytes, many other pro-inflammatory adipokines
are produced by cells of the stromal vascular fraction (SVF) comprising pre-adipocytes,
fibroblasts, endothelial cells and immune cells (Kahn and Flier, 2000). It has been established
that immune cells infiltrate preferentially into omental adipose tissue, indicating the
importance of this depot in the development of the pro-inflammatory phenotype

characteristic of obesity (Kintscher et al., 2008, Xu et al., 2003, Neels and Olefsky, 2006).
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1.3.5.1 Adipose tissue macrophages

In an environment of caloric excess, adipose tissue can expand in two ways: by increasing
adipocyte size through increased trigiyceride storage (hypertrophy), and by increasing
adipocyte number (hyperplasia) (Halberg et al., 2009, Huber et al., 2007, Boivin et al., 2007).
Both methods of adipose tissue expansion can give rise to the development of a hypoxic,
oxygen deficient environment as de novo angiogenesis fails to keep pace with the expanding
adipose tissue (Halberg et al., 2009). Adipocyte necrosis, a pathological hallmark of obesity,
can lead to the infiltration of scavenging macrophages (Rasouli and Kern, 2008, Cinti et al.,
2005). It has been reported that 90% of macrophages are localised in adipose tissue in a
syncytium, an enlarged multinucleated cell surrounding necrosing adipocytes, referred to as a
‘crown like structure’ (Figure 1.6) (Cinti et al., 2005). The rapid and widespread development
of crown like structures in obesity places a huge inflammatory burden on the surrounding
adipose tissue (Rasouli and Kern, 2008). Oxygen deficit and resulting tissue damage therefore
triggers the production of pro-inflammatory and pro-angiogenic adipokines including VEGFA,
IL-6, leptin and MCP-1. These molecules can recruit more immune cells into the damaged
tissue and allow neo-vascularisation to occur to promote tissue re-oxygenation and repair

(Halberg et al., 2009).
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Figure 1.6: Adipose tissue expansion during weight gain leads to recruitment of macrophages through
a variety of signals which may include local hypoxia. These macrophages predominantly localise
around dead adipocytes (taken from Neels et al, 2006).

Monocyte chemoattractant protein 1 (MCP-1/CCL2) is a potent chemokine produced in large
amounts by adipose tissue macrophages (ATMs) in obese adipose tissue. Monocytes,

circulating precursors of macrophages with no phagocytotic ability, can be found circulating
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inert in the bloodstream. In response to chemokine signalling, they can extravasate through
the walls of the blood vessel into the damaged or infected tissue, where they become
activated macrophages to carry out normal damage repair (Figure 1.7) (Duffield, 2003). In
addition to its role in this normal healing response, over expression of MCP-1 can lead to
insulin resistance through suppression of insulin-stimulated glucose uptake, and this has been
demonstrated in 3T3-L1 adipocytes (Sartipy and Loskutoff, 2003). Over expression of MCP-1 in
transgenic mice was associated with increased numbers of ATMs, increased TNFa and IL-6
production and insulin resistance (Kamei et al., 2006). On the other hand, mice with deletions
of MCP-1 and its receptor CCR2 have decreased macrophage infiltration, a diminished pro-
inflammatory state, improved insulin sensitivity and increased adiponectin concentrations
(Weisberg et al., 2006). Together these data suggest that MCP-1, increased in obesity, plays an

important role in ATM infiltration, insulin resistance and development of obesity related

disease.
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Figure 1.7: Monocyte adhesion occurs after initial rolling and attachment to activated endothelial
cells. These monocytes then extravasate through the endothelial cell layer and differentiate into
macrophages. MCP-1 (CCL-2) and its receptor CCR2 play an important role in this process (taken from
Neels et al, 2006).
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Under normal circumstances the inflammatory response is typically transient and is quickly
resolved following tissue repair. However in pathological processes such as obesity and cancer,
it has been proposed that a chronic sub-clinical level of inflammation persists, destroying
tissue architecture and causing organ dysfunction (Cinti et al., 2005). In addition to increased
numbers of ATMs in obesity (Weisberg et al., 2003), there is also evidence to suggest that the
activation state of these macrophages is altered. Resident ATMs in normal weight are
predominantly M2 polarised and thus produce low levels of pro-inflammatory mediators.
Conversely, obesity is associated with an infiltrating population of pro-inflammatory M1 ATMs
(Lumeng et al., 2007, Strissel et al., 2007). M1 or classical activation of macrophages is induced
by hypoxia and by Ty1 pro-inflammatory cytokines such as IFNy (Figure 1.8) present in visceral
obesity (Strissel et al., 2007). M1 macrophages produce a variety of pro-inflammatory
cytokines including TNFa, IL-6 and IL-12 and reactive oxygen species are generated following
activation of inducible nitric oxide synthase (iNOS) to produce nitric oxide (NO) (Duffield,
2003). Alterative activation, M2 polarisation, is induced by T,2 anti-inflammatory cytokines IL-
4 and IL-13. M2 macrophages produce an anti-inflammatory response, secreting IL-4, IL-10 and
IL-13 and suppressing production of pro-inflammatory cytokines and ROS (Gordon, 2003).
Normal immune responses are characterised by a delicate balance of M1 and M2
macrophages. Both types are necessary for normal tissue damage repair and healing and a
deficiency of either type can lead to a pathological response (Duffield, 2003). In obesity there
is a switch in this fine balance to favour M1 polarisation, resulting in the creation of a pro-
inflammatory phenotype (Lumeng et al., 2007). Infiltration and M1 activation of ATMs in
visceral obesity is proposed to be a necessary step in the development of insulin resistance
and Type Il Diabetes (Lumeng et al., 2007) and therefere could play an important role in

tumourigenesis.
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Figure 1.8: Classical activation is mediated by a priming stimulus by T,;1 cytokine IFN-y, followed by a
microbial trigger (e.g. lipopolysaccharide (LPS)). Alternative activation is mediated by T,2 cytokines
interleukin (IL) -4 and IL-8, acting through a common receptor (taken from Gordon et al, 2003).

1.3.5.2 Other adipose tissue infiltrating immune cells

In addition to the established role of ATMs, there is increasing evidence for the contribution of
T lymphocytes, natural killer T (NKT) cells and mast cells to obesity induced adipose tissue
inflammation (Anderson et al., 2010). Increased numbers of T lymphocytes have been
reported in obese mouse models (Rocha et al., 2008, Wu et al., 2007). Infiltration of CD4", IFN-
y-producing T lymphocytes has been shown to be an early event during the development of
insulin resistance in a mouse model of high fat diet (HFD) induced obesity, preceding the
recruitment of monocytes (Kintscher et al., 2008). T1 cytokine IFN-y was found to induce
SGBS pre-adipocyte production of MCP-1 (Kintscher et al., 2008), a key chemokine in
recruitment and classical activation of ATMs. Obese mice deficient in IFN-y had decreased
mMRNA expression of pro-inflammatory cytokine TNF-a and chemokine MCP-1, decreased
adipose tissue inflammation and improved glucose tolerance (Rocha et al., 2008). These data
indicate the importance of the pro-inflammatory Tyl cytokine IFN-y in obesity induced
inflammation. Infiltration of T lymphocytes has also been demonstrated in human adipose
tissue, with increased mRNA expression of regulated on activation, normal T cell expressed
and secreted (RANTES) and its receptor CCR5 in visceral adipose tissue in obese individuals

(Wu et al., 2007). These findings suggest a key role for Tyl polarised, IFN-y producing T
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lymphocytes in the orchestration of adipose tissue inflammatory processes. In addition to T
lymphocytes, the presence of natural killer T (NKT) cells has been demonstrated in the adipose
tissue of mice (Caspar-Bauguil et al., 2005). NKT cells are innate-like T lymphocytes which can
produce a mixture of Ty1 and T2 cytokines such as IFN-y and IL-4 (Caspar-Bauguil et al., 2005).
A B2-microglobulin knockout mouse model lacking NKT cells was found to have decreased
macrophage infiltration and improved glucose tolerance relative to the control mouse model
following HFD induced obesity. Additionally, activation of NKT cells by administration of
glycosphingolipid exacerbated glucose intolerance, increased macrophage infiltration and
increased gene expression of T,1 cytokine IFN-y and chemokine MCP-1 in the adipose tissue of
a mouse model of HFD induced obesity (Ohmura et al., 2010). Together these results
demonstrate the importance of NKT cells in the recruitment and activation of macrophages
and development of insulin resistance. A recent study has reported infiltration of mast cells
prior to the appearance of macrophages in human adipose tissue with increased numbers
found in the adipose tissue of obese individuals (Liu et al., 2009). Mast cells function mainly in
allergic responses but have recently been demonstrated to play a role in obesity related
diseases such as atherosclerosis (Sun et al., 2007) and may be important mediators of diet
induced obesity and glucose intolerance via production of pro-inflammatory cytokines IL-6 and
IFN-y (Liu et al., 2009). Collectively, these recent studies provide evidence for the contribution
of a variety of immune cells including macrophages, T lymphocytes, NKT cells and mast cells to

the chronic inflammatory environment present in visceral obesity.

1.3.6 Models of Obesity

Adipose tissue consists of mature adipocytes surrounded by a stromal vascular fraction (SVF)
composed of multiple different cell types. These include pre-adipocytes, endothelial cells,
pericytes, fibroblasts, mesenchymal stem cells and immune cells (Kahn and Flier, 2000,
Christiaens and Lijnen, 2010). In order to study this complex disorder, it may be of use to
simplify the experimental system, focussing solely on one cell type at a time. In vitro cell
culture is therefore an indispensable tool of scientific research, enabling the analysis of
individual factors or pathways of interest under controiled conditions (Fischer-Posovszky et al.,
2008). Ideally in vitro work would be carried out in individual populations of primary cells of
interest; however there are a number of limitations concerning use of human material. This
has led many research groups to rely on immortalised cell lines for in vitro studies (Fischer-
Posovszky et al., 2008). Primary adipocytes are unpredictably variable between individuals due
to a wide variety of factors including race, age, sex, genetic and lifestyle differences, weight

differences, disease status, medication, type and length of surgery and site of sample harvest.
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In addition, isolated primary cells can have a limited life span in vitro and the quantity of
available tissue can sometimes be restricted. A cell line, on the other hand, can provide an
unlimited supply of homogenous material (Wabitsch et al., 2001, Fischer-Posovszky et al.,

2008, Rosenow et al., 2010).

The murine adipocyte cell lines 3T3-L1 and 3T3-F442A have been widely used to date and
therefore are well characterised (Bour et al.,, 2007). Greater clinical relevance would be
derived from working with a human model and to this end a human pre-adipocyte cell strain,
SGBS, was established (Wabitsch et al., 2001). SGBS are derived from the stromal vascular
fraction (SVF) of subcutaneous adipose tissue of an infant with Simpson-Golabi Behmel
syndrome (SGBS), a rare X-linked disorder characterised by pre and post natal overgrowth
(MIM 312870) (Wabitsch et al., 2001). 3T3-L1 and 3T3-F442A are mouse embryonic fibroblasts
developed through clonal isolation to create an immortalised pre-adipocyte cell line (Rosen
and MacDougald, 2006). 3T3 adipogenesis follows a well defined sequence of events marked
by alterations in gene expression of early adipogenic transcription factors including
CCAAT/enhancer binding protein a (C/EBPa), sterol regulatory element binding protein 1c
(SREBP 1c) and peroxisome proliferator-activated receptor y (PPARy) (Rosen and MacDougald,
2006). These transcription factors induce expression of terminal adipocyte differentiation
genes including adipocyte fatty acid binding protein (AP2), glucose transporter 4 (GLUT4),
lipoprotein lipase (LPL), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and leptin,
required for adipocyte function (MacDougald and Lane, 1995). Although SGBS adipogenesis is
relatively less well described, similar changes in gene expression throughout the process of

differentiation have been demonstrated (Wabitsch et al., 2001).

A growing number of comparative studies outline numerous species differences, alterations in
patterns of cell growth, differential expression of splice variants of key proteins and altered
adipokine expression between human and murine models (Newell et al., 2006, Wood et al.,
2003, Bodles et al., 2006). 3T3-L1 and 3T3-F442A adipocytes undergo mitotic clonal expansion
followed by growth arrest in the early stages of differentiation, while this process is absent
both in SGBS and in primary human pre-adipocytes (Newell et al., 2006). It is not yet well
understood if this difference arises due to in vivo clonal expansion of human pre-adipocytes
prior to isolation, or alternatively that progression through the S phase of the cell cycle may be
sufficient for human pre-adipocyte differentiation (Rosen and MacDougald, 2006, Newell et

al., 2006). In either case, it is perhaps a significant characteristic of human adipogenesis.
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Although the gene expression profile of adipogenesis is generally similar between 3T3 and
SGBS, there are marked differences in several important factors. GLUT12, although expressed
in mice is not expressed by 3T3-L1 cell line, while it is expressed by both primary human
adipocytes and the SGBS cell line (Wood et al., 2003). Fasting induced adipose factor (FIAF), a
novel adipokine identified in 2000 (Kersten et al., 2000), is produced by both SGBS and human
white adipose tissue in native form, while only the truncated form is produced by 3T3-L1
(Mandard et al., 2004). 3T3-F442A and SGBS express different ratios of adiponectin isoforms in
response to treatment with pioglitazone, indicating potential differences in insulin sensitivity
and inflammatory phenotypes (Bodles et al., 2006). These data indicate that the human SGBS
model may be more clinically relevant for the study of human obesity and disease. Once
differentiated, SGBS have been shown to behave both functionally and biochemically like

mature human adipocytes (Fischer-Posovszky et al., 2008).

The majority of adipokines to date have been identified using both in vitro and in vivo murine
models, and differences commonly exist in humans with regard to expression, alternative
splicing and function of these proteins (Galic et al., 2010, Rasouli and Kern, 2008). The scarcity
of clinically relevant cell line models has therefore hindered obesity research to date and the
human SGBS pre-adipocyte cell strain could represent an important new tool in the study of
obesity (Fischer-Posovszky et al., 2008). A recent proteomic screen of SGBS uncovered a range
of previously uncharacterised adipocyte secreted proteins, demonstrating the successful use

of the SGBS model in novel adipokine discovery (Rosenow et al., 2010).

While the use of in vitro systems has simplified experimental systems and enabled
characterisation of both the adipocyte differentiation process and the adipocyte secretome
(Rosen and MacDougald, 2006, Rosenow et al., 2010), a number of disadvantages also exist
(Perrini et al., 2008). Firstly, the adipocyte cell line lacks the important influence of the
microenvironment, shown to play a key role in the development of the pro-inflammatory state
characteristic of visceral obesity and crucial for the development of related diseases, including
cancer (Weisberg et al.,, 2003, Colotta et al., 2009). Secondly, it has been shown that
adipocytes differentiated in vitro retain the characteristics of the adipose tissue depot from
which they were isolated (Tchkonia et al., 2006, Perrini et al., 2008). This observation must be
taken into account when studying the subcutaneous derived SGBS model in the context of

visceral obesity related disease. It therefore remains to be further investigated if
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subcutaneous derived SBGS could present a clinically relevant model for the study of visceral

obesity related disease.

1.4 Epidemiology of obesity and cancer

Obesity has recently been linked to increased incidence of an ever-growing list of cancers
including  postmenopausal breast, endometrial, kidney, colorectal, oesophageal
adenocarcinoma, multiple myeloma, leukaemia, non-Hodgkin’s lymphoma, pancreatic and
ovarian (Reeves et al., 2007, Field et al.,, 2001, Guh et al., 2009). In males, the association
between OAD and increased bodyweight has been shown by meta-analysis to be the strongest
(RR 1.52, p<0.0001) (Figure 1.9), while in females OAD ranks third after endometrial and
gallbladder carcinoma (RR 1.51, p<0.0001) (Figure 1.10). A strong inverse relationship exists
between SCC and obesity in both males (RR 0.71, p<0.0001) (Figure 1.9) and females (RR 0.57,
p<0.0001) (Figure 1.10) (Renehan et al., 2008). Obesity has also been linked to increased
mortality following development of cancer (Calle et al., 2003) and this association has been
shown in breast (Carmichael, 2006, Dal Maso et al., 2008), colorectal (Dignam et al., 2006,
Haydon et al., 2006), endometrial (von Gruenigen et al., 2006), ovarian (Kjaerbye-Thygesen et
al., 2006) and prostate cancer (Gong et al., 2007). Obesity could therefore contribute both to
increased cancer incidence and also to increased tumour progression. While the
epidemiological link is well documented, an increased understanding of the underlying

molecular mechanisms responsible is now imperative.
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Cancer site and type Number of studies RR (95% Cl) P P
Oesophageal adenocarcinoma 5 1.52 (1-33-1-74) <0-0001 24%
Thyroid 4 1:33 (1-04-1.70) 002 77%
Colon 22 1-24 (1-20-1-28) <0-0001 21%
Renal 11 124 (115-1-34) <0-0001 37%
Liver 124 (0-95-1-62) 012 83%
Malignant melanoma 117 (1-05-1-30) 0-004 44%
Multiple myeloma 4 1-11 (1-05-1-18) <0-0001 7%
Rectum 18 1.09 (1-06-1-12) <0-0001 3%
Gallbladder 4 1-09 (0-99-1-21) 012 0%
Leukaemia 7 1-08 (1-02-1-14) 0-009 0%
Pancreas 12 1-07 (0-93-1-23) 0-33 70%
Non-Hodgkin lymphoma 6 1-06 (1-03-1-09) <0-0001 0%
Prostate 27 1-03 (1.:00-1-07) 0-11 73%
Gastric 8 0-97 (0-88-1-06) 0-49 35%
Lung 11 0.76 (0:70-0-83) <0-0001  63%
Oesophageal squamous 3 0-71 (0-60-0-85) <0-0001 49%

0{5 0!8 1!0 1-I5 21-0

Risk ratio (per 5 kg/m? increase)

Figure 1.9: Cancer and BMI in men (taken from Renehan et al 2007). The I” statistic measures the
degree of heterogeneity between studies where I values of 25%, 50%, and 75% correspond to cut-off
points of low, medium and high heterogeneity, respectively.

Cancer site and type Number of studies RR (95% Cl) P r
Endometrium 19 - 1.59 (1-50-1-68) <0-0001 77%
Gallbladder 2 = 1.59 (1-02-2:47) 0-04 67%
Oesophageal adenocarcinoma 3 —-— 1-51 (1-31-1-74) <0-0001 0%
Renal 12 = 1-34 (1.25-1-43) <0-0001  45%
Leukaemia 7 -IR- 117 (1:04-1-32) 0-01 80%
Thyroid = 1-14 (1-06-1-23) 0-001 5%
Postmenopausal breast 31 1-12 (1-08-1-16) <0-0001 64%
Pancreas 11 - 1-12 (1:02-1-22) 0-01 43%
Multiple myeloma 6 o] 111 (1-07-1-15) <0-0001 0%
Colon 19 |+ | 1.09 (1-05-1-13) <0-0001  39%
Non-Hodgkin lymphoma 7 h 1-07 (1-00-1-14) 0-05 47%
Liver 1 = 1-07 (0-55-2-08)

Gastric 5 1-04 (0-90-1-20) 0-56 4%
Ovarian 13 1-03 (0-99-1-08) 0-30 55%
Rectum 14 1-02 (1-00-1-05) 0-26 0%
Malignant melanoma 5 0-96 (0-92-1-01) 0-05 0%
Premenopausal breast 20 0-92 (0-88-0-97) 0-001 39%
Lung 6 —— 0-80 (0-66-0-97) 0-03 84%
Oesophageal squamous 2 1l 0-57 (0-47-0-69) <0-0001 60%
0I~5 OI~8 1l~0 1[-5 2I-O

Risk ratio (per 5 kg/m? increase)

Figure 1.10: Cancer and BMI in women (taken from Renehan et al 2007). The I” statistic measures the
degree of heterogeneity between studies where I” values of 25%, 50%, and 75% correspond to cut-off
points of low, medium and high heterogeneity, respectively.
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1.5 Obesity and cancer treatment

Obesity is associated with increased mortality in many cancers (Calle et al., 2003). A BMI > 30
was found to confer an 11% increased risk of cancer recurrence and overall mortality in colon
cancer (Meyerhardt et al., 2003). In breast cancer, obese patients were found to present with
a higher pathological tumour stage than their normal weight counterparts (Litton et al., 2008).
A number of factors may contribute to the association of obesity with increased cancer
mortality including increased disease recurrence (Kroenke et al., 2005, Dignam et al., 2006),
increased wound healing complications (EI-Tamer et al., 2007), delay in cancer diagnosis due
to lower screening rates (Maruthur et al., 2009a) and poorer response to therapy (Litton et al.,
2008). Breast cancer detection has been demonstrated to be lower in obese women. A meta-
analysis found that mammography screening rates were 20% lower in class |l morbidly obese
women (BMI > 40) (Maruthur et al., 2009a). Another meta-analysis found an inverse
relationship between cervical cancer screening rates and obesity (Maruthur et al., 2009b).
Lower screening rates of obese individuals could contribute to delayed diagnosis, leading to
presentation of these patients with more clinically advanced tumours (Maruthur et al., 2009a).
In addition, inadequate neoadjuvant chemotherapy dosing in obese breast cancer patients
could contribute to poorer outcome in these patients (Griggs et al., 2005). The doses of most
chemotherapy drugs are calculated by body surface area (BSA) and are often reduced in obese
patients with a BSA > 2 m? due to overdosing concerns (van der Sijs and Guchelaar, 2002,
Griggs et al.,, 2005). Many large studies indicate that the beneficial impact of neoadjuvant
chemotherapy is diminished when full doses of therapy are not given (Griggs et al., 2005) and
therefore sub-optimal dosing could contribute to increased cancer mortality in obese patients.
Overweight and obese breast cancer patients were found to be significantly less likely to
obtain a complete pathological response to neoadjuvant therapy than normal weight patients
(Litton et al., 2008). This could be due in part to sub-optimal dosing. Also, excess body weight
has also been linked to altered clearance of cytotoxic drugs (Rodvold et al., 1988, Litton et al.,
2008), potentially via a number of mechanisms including altered levels of circulating growth
factors, hormones and cytokines (described in section 1.6). Response to radiotherapy may also
be adversely affected by obesity (Carmichael and Bates, 2004, King et al., 2009). While
molecular factors have not yet been investigated, obesity may be associated with technical
difficulties in applying the adequate radiation dose to the correct area; this has been
suggested in breast (Carmichael and Bates, 2004) and prostate cancer (King et al., 2009).

Identification of the factors associated with poorer response to CRT in obesity could therefore
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lead to reassessment of current CRT regimens and guide the development of individualised

patient treatment.

1.6 Candidate molecular mechanisms linking obesity and cancer

Several mechanisms of obesity related pathogenesis have been proposed to date. It is well
established that visceral obesity has a pronounced effect on levels of circulating growth
factors (including insulin and IGF), sex hormones (including oestrogen and androgens) and
cytokines (including leptin and adiponectin) (Donohoe et al., 2010, Renehan et al., 2006).
Insulin resistance and compensatory hyperinsulinaemia are common metabolic disorders in
visceral obesity (Roberts et al., 2009, Federation, 2006) and are associated with increased
incidence of OAD (Neale et al., 2009, Watanabe et al., 2007). Treatment with the anti-diabetic
drug metformin decreases insulin and glucose levels, increases insulin sensitivity and reduces
cancer risk in diabetic patients (Evans et al., 2005, Gonzalez-Angulo and Meric-Bernstam,
2010). This drug is currently in clinical trials in a group of 1000 breast cancer patients
(Cazzaniga et al., 2009). Hyperinsulinaemia has been linked to increased circulating amounts of
bioactive, bio-available insulin like growth factor 1 (IGF-1) through decreased expression of IGF
binding proteins 1 and 2 (IGFBP1, 2) (Donohoe et al., 2010, Renehan et al., 2006). Together
these growth factors exert both mitogenic and anti-apoptotic effects, creating an environment
favourable for tumourigenesis (Renehan et al., 2006) and elevated IGF-1 has been linked to
prostate and premenopausal breast cancer (Renehan et al., 2004). Chronic hyperinsulinaemia
can lead to reduction in circulating levels of sex hormone binding globulin (SHBG), increasing
levels of bio-available oestrogen to produce both mitogenic and mutagenic effects in
oestrogen responsive tissues (Donohoe et al., 2010, Calle and Kaaks, 2004, Roberts et al.,
2009). Sex specific differences in circulating levels of androgens have been proposed to be
responsible for the association of male sex with OAD and higher levels of testosterone have

been demonstrated in OAD patients (Awan et al., 2007).

Reliance of tumour cells on glycolysis even in the presence of oxygen is a phenomenon termed
the Warburg effect, a fundamental hallmark of cancer providing the basis for the widely used
2-["®F] fluoro-2-deoxyglucose positron emission tomography (FDG-PET) molecular imaging of
tumours including OAD (Kelioff, G.J., 2005). Molecular imaging of giucose metabolism by FDG-
PET has been shown to be a feasible measure of neoadjuvant response in OAD (Roedl et al.,
2009), demonstrating that glycolytic flux is linked to tumour response to therapy. Glycolysis
has been found to be up regulated in Barrett’s oesophagus relative to normal squamous

oesophagus (van Baal et al.,, 2006) indicating that this may be an important biochemical
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transformation in the sequence of progression from Barrett’'s to OAD. In terms of ATP
production glycolysis is far less efficient than oxidative phosphorylation and so tumour cells
must compete for limited nutrients through enhanced glycolytic pathway flux (Kelloff, G.J.,
2005, Vander Heiden 2010). As tumour cells are adapted to outcompete their normal
neighbours for nutrients, chronic hyperglycaemia characteristic of visceral obesity could
specifically fuel tumour growth. Enhanced production of lactate as the end metabolite of this
pathway increases the pH of the tumour microenvironment, eradicating normal cells,
expanding margins of the neoplasic area (Kellenberger et al., 2010) and promoting increased
tumour invasion (Martinez-Zaguilan et al., 1996). This adaptation of tumour cells to exploit
obesity related hyperglycaemia could be targeted in a therapeutic manner in to reduce

tumour aggressiveness in viscerally obese cancer patients.

1.7 Visceral obesity can modulate the hallmarks of OAD

A seminal contribution to the understanding of mechanisms involved in cancer biology came
with the identification of six essential changes to cell physiology both necessary and sufficient
to give rise to carcinoma development. These hailmarks of cancer were proposed to be self
sufficiency in growth signals, insensitivity to anti-growth signals, evasion of apoptosis, limitless
replicative potential, sustained angiogenesis and tissue invasion and metastasis (Figure 1.11)
(Hanahan and Weinberg, 2000). More recently, a state of ‘smouldering’ chronic sub-clinical
inflammation has been identified as a seventh hallmark of cancer (Colotta et al., 2009).
Obesity is now established to be a major risk factor for both cancer initiation and progression,
giving rise to increased cancer incidence and increased cancer mortality (Calle et al., 2003).
The molecular mechanisms behind these associations are not yet fully understood, but there
are preliminary indications that obesity may share several hallmarks with cancer such as de
novo angiogenesis (Christiaens and Lijnen, 2010) and a chronic state of inflammation (Xu et al.,
2003). Uncovering the mechanisms of interaction in visceral obesity and cancer could identify
shared pathways as potential preventative and therapeutic targets. This strategy may be
particularly relevant in shared pathways which are up regulated by the cluster of metabolic

abnormalities characteristic of viscerally obese individuals (Federation, 2006).
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Figure 1.11: The hallmarks of cancer (taken from Colotta et al 2009).
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1.7.1 Self-sufficiency in growth signals

Tumours respond to exogenous growth signals by expressing appropriate receptors for
circulating growth factors, hormones and cytokines (Lagarde et al., 2007). Tumour production
of growth signals, over expression of relevant receptors and constitutive activation of these
receptors can remove tumour dependence on exogenous signals and lead to self-sufficient
proliferation (Lagarde et al., 2007). Several genes have been shown to be prognostic indicators
in OAD. Cyclin D1 (CCND1) is an oncogene involved in cell cycle regulation (Lagarde et al.,
2007) and CCND1 amplification and nuclear localisation has been associated with OAD survival
(Bani-Hani et al., 2000, Miller et al., 2003). Another pathway demonstrated to be of great
importance in OAD is epidermal growth factor (EGF) and transforming growth factor alpha
(TGFa) binding to the EGF receptor tyrosine kinase (EGFR) family to increase cell proliferation
(Spano et al., 2005). EGFR and related ErbB2 (HER2/neu) genes are commonly amplified in
OAD, with frequencies of 8% and 22%, respectively (Miller et al., 2003). EGFR over expression
is associated with advanced tumour stage, lymph node metastasis and poorer patient survival
in many cancers including OAD (Wang et al., 2007). Cetuximab, trastuzumab and gefitinib are
inhibitors targeted against the EGFR family currently under investigation in the treatment of

many cancers including OAD (Peters and Fitzgerald, 2007, Safran et al., 2007).

Visceral obesity and insulin resistance are associated with elevated levels of leptin (Segal et al.,
1996). Leptin has been demonstrated to act as a growth factor in vitro, stimulating growth of
breast cancer, Barrett’s oesophagus and OAD cell lines (Hu et al., 2002, Ogunwobi and Beales,
2008b, Somasundar et al., 2003, Ogunwobi et al., 2006). A bidirectional synergistic effect has
been observed between leptin and IGF-1 in vitro and together these growth factors have been
demonstrated to induce transactivation of the EGFR (Saxena et al., 2008). MMP activity is
necessary for EGFR transactivation (Prenzel et al., 1999) and MMP inhibitors prevent leptin
and IGF-1 induced tyrosine phosphorylation of EGFR (Saxena et al., 2008) in addition to
inhibiting the proliferative effects of leptin in OAD cell lines (Ogunwobi and Beales, 2008b). In
patients, primary or treatment induced resistance to EGFR targeted cancer therapy is frequent
(Fiorio et al., 2008). The development of novel treatments to target the leptin pathway could
therefore be useful, especially in the treatment of resistant tumours (Fiorio et al., 2008).
Targeted treatment of the leptin pathway would be particularly relevant in obese patients

with elevated circulating levels of leptin and IGF-1.
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1.7.2 Insensitivity to anti-growth signals

In addition to acquiring self-sufficiency in growth signals, successful tumour cells must also
evade anti-growth signals (Hanahan and Weinberg, 2000). One mechanism by which this is
achieved is through down regulation, loss or mutation of relevant receptor or downstream
signalling protein expression in tumour cells. For example, transforming growth factor- B (TGF-
B), a cytokine produced by adipose tissue (Trayhurn and Wood, 2004), plays an important role
in many cancers as a negative growth factor and tumour suppressor (Lagarde et al., 2007). The
TGF-B signalling cascade is frequently mutated in gastrointestinal malignancies (Onwuegbusi
et al., 2006). Barrett’s oesophagus is associated with inactivation of TGF-f signalling molecule
SMAD4 (Onwuegbusi et al., 2006) and OAD is associated with loss of functional TGF-B receptor

expression (Lagarde et al., 2007).

Visceral obesity and insulin resistance are associated with decreased serum levels of anti-
inflammatory adipokine adiponectin (Arita et al., 1999). Reduced levels of adiponectin have
also been linked to gastric (Ishikawa et al., 2005), breast (Miyoshi et al., 2003), endometrial
(Petridou et al., 2003) and prostate cancer (Goktas et al., 2005). Adiponectin has been
demonstrated to exert anti-proliferative effects in vitro, inhibiting leptin induced growth of
OAD cell lines (Ogunwobi and Beales, 2008a). Expression of both AR1 and AR2 have been
shown to be down regulated in gastric cancer, suggesting tumour cell evasion of the anti-
proliferative effects of adiponectin signalling (Otani et al., 2010). However similar studies in
colon, breast and OAD have yielded conflicting results, indicating that more work needs to be

carried out in this area (Howard et al., 2010, Takahata et al., 2007, Yoneda et al., 2008).

1.7.3 Evasion of apoptosis

The ability of a tumour to expand in size is not solely linked to the rate of proliferation but is
also dependent on rate of programmed cell death, or apoptosis (Hanahan and Weinberg,
2000). Tumour suppressor p53 lies at the hub of a vast signalling network involved in the
maintenance of genomic stability and its importance is well established in protection against
carcinogenesis (Harris and Levine, 2005). Under normal conditions p53 is marked for ubiquitin-
mediated degradation by negative inhibitor MDM2 and in response to acute damage is
stabilised through inhibition of its interaction with MDM2 (Whibley et al., 2009). The p53
network is activated in response a variety of cellular insults including DNA damage, over
expression of oncogenes and hypoxia (Vogelstein et al., 2000). Tumour suppressor ataxia
telangiectasia mutated (ATM) detects double stranded breaks in DNA and activates p53 by

phosphorylation. This pathway triggers cell cycle arrest and subsequent senescence or
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apoptosis of cells harbouring potentially oncogenic alterations (Vogelstein et al., 2000).
Deregulation of the p53 network is a universal hallmark of cancer and loss of function
mutations in this tumour suppressor occur in over 50% of cancers (Vogelstein et al., 2000).
Mutations in p53 were found in approximately half of OAD patients (Madani et al., 2010,
Schneider et al., 2000) and were significantly associated with p53 over expression, poorer
tumour differentiation and poorer patient survival (Madani et al., 2010). Tumour suppressor
p53 has also been linked to cellular metabolism. Loss of p53 function is associated with
reduced oxygen consumption and the switch to anaerobic glycolysis characteristic of tumour
cells (Matoba et al., 2006, Vousden and Lane, 2007). This data indicates that p53 expression

may be an important mediator of altered cellular metabolism in obesity.

Adiponectin has been shown to induce apoptosis in endothelial cells in vitro through cascade
activation of caspase-3, -8, and -9. In addition, adiponectin administration in a fibrosarcoma
mouse model was demonstrated to cause tumour cell apoptosis (Brakenhielm et al., 2004).
The anti-apoptotic effects of leptin have been demonstrated in the oesophageal
adenocarcinoma {Ogunwobi et al., 2006) and colon cancer cell lines (Ogunwobi and Beales,
2007). In addition, leptin has been demonstrated in vitro to synergistically enhance the anti-
apoptotic effects of acid treatment, mimicking exposure of cells to acid reflux (Beales and
Ogunwobi, 2007). The altered metabolic state present in obesity is characterised by an
increase in levels of anti-apoptotic leptin (Otero et al., 2005) and a concurrent decrease in
levels of pro-apoptotic adiponectin (Yamauchi et al., 2001). Altered levels of these circulating

adipokines could therefore exert a protective effect on the growing tumour.

1.7.4 Limitless replicative potential

Normal cells undergo a finite number of replications before entering senescence (Hanahan
and Weinberg, 2000). Telomerase is a reverse transcriptase that specifically synthesises
telomeric DNA, lengthening the ends of chromosomes and thus extending the life span of the
cell. Normal cells do not express telomerase and therefore exhibit a progressive shortening of
their telomeres with each round of division. Eventually this results in degradation of
chromosome ends and can give rise to aberrant fusion, triggering cell senescence (Shay and
Bacchetti, 1997). Reactivation of telomerase in tumour cells is required to overcome
replicative senescence (Kyo et al., 1999) and approximately 90% of tumour cells express active
telomerase (Shay and Bacchetti, 1997, Gertler et al., 2008). In OAD, there is a significant
increase in telomerase expression relative to normal oesophagus (Shammas et al., 2008,

Gertler et al., 2008), and expression is significantly correlated with prognosis (Gertler et al.,
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2008). Treatment with telomerase inhibitors has been shown to inhibit OAD growth both in
vitro and in vivo (Shammas et al., 2008) and this pathway could therefore represent a novel
therapeutic strategy in the treatment of this cancer. Telomerase inhibitor Imetelstat
(GRN163L) has been demonstrated to reduce tumour proliferation and metastasis in a
xenograft breast cancer model and could present a promising candidate for clinical trials

(Hochreiter et al., 2006).

The transcription of human telomerase reverse transcriptase (hTERT) has been recently
demonstrated to be regulated by a number of obesity related factors. Levels of leptin, IGF-1
and oestrogen are elevated in obesity (Roberts et al., 2009, Fruhbeck, 2006) and these factors
can mediate the activation of hTERT via their respective signalling pathways (Kyo et al., 1999,
Wetterau et al., 2003, Ren et al., 2010). STAT3 is a transcription factor involved in cytokine and
growth factor signalling, frequently over expressed in cancer. STAT3 has been demonstrated
to be involved in regulation of hTERT transcription (Konnikova et al., 2005) and it has been
suggested that oestrogen and leptin can function synergistically to increase STAT3
phosphorylation thus up regulating hTERT expression (Gao et al., 2007). Oestrogen, IGF-1 and
leptin could therefore be attractive therapeutic targets to reduce telomerase activation and

induce tumour senescence in viscerally obese OAD patients.

1.7.5 Sustained angiogenesis

The establishment of new blood vessels by de novo angiogenesis is a prerequisite process for
development, progression and dissemination of malignant tumours (Hanahan and Weinberg,
2000). Vascular endothelial growth factor (VEGFA) is a potent inducer of angiogenesis that
stimulates endothelial cell proliferation and invasion into the extracellular matrix to form new
vasculature. VEGFA signalling is induced by hypoxia, a characteristic hallmark of a rapidly
expanding tumour that outgrows its blood supply (Bergers et al., 2000). VEGFA is up regulated
early in the sequence of progression from Barrett’s oesophagus to OAD, contributing to early
onset local tumour spread and metastasis to distant organs (Kleespies et al., 2004, Griffiths et
al., 2007). VEGFA therefore could represent an attractive therapeutic target and preliminary

results from ongoing clinical trials in oesophageal cancer are promising (Syrigos et al., 2008).

The process of angiogenesis has been well characterised in tumourigenesis and is recently
proposed to be of great importance during adipose tissue expansion in visceral obesity
(Trayhurn et al., 2008). Unlike most other tissues, adipose tissue displays great plasticity,

expanding and reducing in size throughout the lifespan of the individuai according to energy
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abundance (Christiaens and Lijnen, 2010). Adipose tissue is an extensively vascularised organ
with each adipocyte surrounded by at least one capillary (Lijnen, 2008). In order for adipose
tissue to expand while maintaining a steady supply of oxygen and nutrients, the rate of
angiogenesis must parallel the rate of tissue growth. Analogous to tumour growth in cancer,
adipose tissue expansion in obesity is therefore tightly associated with the process of
angiogenesis. Adipose tissue produces a wide variety of pro-angiogenic factors including the
major angiogenic factor VEGFA together with many others including hepatocyte growth factor
(HGF), fibroblast growth factor (FGF), platelet-derived growth factor (PDGF)-B, leptin,
angiopoietin (ang)-1 and 2, transforming growth factor (TGF)-B, tissue necrosis factor (TNF)-q,
tissue factor (TF), plasminogen activator inhibitor (PAI)-1 and matrix metalloproteinases
(MMPs) (Christiaens and Lijnen, 2010). The levels of many of these adipokines are increased in
obesity including VEGFA (Silha et al., 2005), TGF-B (Samad et al., 1997), leptin (Segal et al.,
1996), TNF-a (Katsuki et al., 1998), TF (Samad et al., 1998), PAI-1 (Ma et al., 2004) and MMPs
(Catalan et al., 2009). These adipokines can act to increase the expression of potent angiogenic
factors. For example, leptin has been demonstrated to up regulate VEGFA expression through
Jak/STAT signalling thereby inducing aggregation of endothelial cells and tube formation in
vitro (Sierra-Honigmann et al., 1998, Suganami et al., 2004). The development of a hypoxic
environment in both obesity and cancer leads to increased immune cell infiltration (Trayhurn
et al., 2008, Colotta et al., 2009). ATM production of matrix degrading proteinases and pro-
angiogenic cytokines implicates these immune cells in ECM remodelling and angiogenesis,
necessary for adipose tissue expansion (Huber et al., 2007, Strissel et al.,, 2007). The
development of a hypoxic environment in visceral obesity could therefore contribute to the
creation of a milieu favourable for sustained angicgenesis through increased production of
proteolytic factors and pro-angiogenic adipokines (Christiaens and Lijnen, 2010, Trayhurn et
al., 2008). Pro-angiogenic pathways could present potential targets for therapeutic
interventions to inhibit processes of sustained angiogenesis in OAD, particularly in viscerally

obese patients.

1.7.6 Tissue invasion and metastasis

Oesophageal adenocarcinoma is an aggressive disease associated with a poor five year survival
of merely 15% (National Cancer Registry Ireland, 2000-2005). This is due in part to the early
lymphatic and haematogenous dissemination associated with this disease (Lagarde et al.,
2007) implying that pathways involved in tumour invasion and metastasis are of particular
significance. Tumour metastasis accounts for up to 90% of cancer mortality (Hanahan and

Weinberg, 2000) and therefore the increased understanding of these pathways is of utmost
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importance. Proteolytic cleavage and degradation of the extracellular matrix, carried out by
matrix metalloproteinases (MMPs) and serine proteases, is necessary for both the
establishment of a new blood supply and tumour metastasis (Liotta et al., 1991, Ludwig, 2005).
MMP2 and MMP9 are members of the gelatinase family of matrix metalloproteinases which
degrade type IV collagen, the principle component of the basement membrane (Liotta et al,,
1991, Ludwig, 2005, Turpeenniemi-Hujanen, 2005). MMP2 and MMP9 knockout mice have
decreased incidence of metastasis following tumour cell implantation (Itoh et al., 1999, Itoh et
al., 1998), demonstrating the importance of these MMPs in tumour invasion and metastasis.
The role of MMPs as prognostic factors in OAD has not yet been established, however they
have been linked to poor prognosis in many obesity related cancers including breast
(Sternlicht et al., 2006, Harbeck et al., 2004), rectal (Langenskiold et al., 2009, Angenete et al.,
2009) and colorectal carcinoma (Sakakibara et al., 2005). In addition, there is a recently
established role for MMP protease activity in leptin mediated transactivation of the EGFR
pathway (Ogunwobi and Beales, 2008b, Saxena et al., 2008) which has been linked to
advanced tumour stage, lymph node metastasis and survival in OAD (Wang et al., 2007). Levels
of MMP2 and MMP9 are elevated in visceral adipose tissue in obesity (Catalan et al., 2009)
and decreased in response to treatment with insulin sensitising pioglitazone (Unal et al., 2010)
and diet induced weight loss (Madsen et al., 2009). It has been shown that leptin signalling can
induce MMP2 activation via p38 MAP Kinase signalling (Schram et al., 2010). The leptin
signalling pathway could therefore present a therapeutic target to reduce MMP levels,

particularly relevant in viscerally obese patients with elevated levels of leptin.

There is accumulating evidence for an important role of the plasminogen system and serine
proteases in tumour invasion and metastasis. Plasminogen activator inhibitor 1 (SerpinE1/PAl-
1) is a serine protease inhibitor which, through inhibition of various plasminogen activator
isoforms, prevents plasminogen cleavage to form plasmin. Plasmin is involved in ECM
degradation and activation of growth hormones and MMP zymogens including MMP2 and
MMP9 and is negatively associated with patient survival (Festuccia et al., 1998, Durand et al.,
2004). Thus it is counter-intuitive that elevated levels of its inhibitor, PAI-1, is associated with
enhanced tumour invasion and metastasis (Duffy and Duggan, 2004, Liotta et al., 1991).
Separate from its role in inhibition of the plasmin pathway, PAI-1 has been shown to modulate
cell adhesion through altered binding of the cell to ECM protein vitronectin (Brooks et al.,
2000). Treatment of a fibrosarcoma cell line with PAI-1 induces a dose dependant decrease in

vitronectin binding and a corresponding increase in migratory and invasive capacity and these

38



effects are blocked by an antibody against PAI-1 (Brooks et al., 2000). PAI-1 therefore could
support tumour metastasis by promoting tumour cell detachment from the ECM, thereby
allowing tumour cell migration. While elevated PAI-1 has been linked to breast cancer, the role
of PAI-1 in OAD has not yet been well studied (Duffy and Duggan, 2004). PAI-1 has been
proposed to have a direct role in obesity and insulin resistance. Mice deficient in PAI-1 have
reduced adipose tissue mass, insulin resistance and hyperglycaemia (Ma et al., 2004).
Treatment with a PAI-1 inhibitor not only reduced serum triglyceride levels in an APC deficient
colorectal cancer mouse model, but reduced the number of intestinal polyps (Mutoh et al.,
2008). These findings support a potential role for modulation of levels of PAI-1 activity in the
treatment of cancer. PAI-1 inhibition could be particularly relevant in viscerally obese patients

with high circulating levels of PAI-1.

Following ECM degradation, metastasis requires movement of tumour cells through the
basement membrane and epithelium into the blood stream and lymphatic system
(Turpeenniemi-Hujanen, 2005). For this to occur, tumour cells must acquire a migratory
phenotype which involves altered expression of cell adhesion molecules and reorganisation of
the cytoskeleton in a process known as epithelial mesenchymal transition (EMT) (Alves et al.,
2009). Integrin mediated signalling plays an integral (hence the name) role in attachment of
the cytoskeleton to the extracellular matrix through the formation of focal adhesion
complexes. The focal adhesion complex interacts with the cytoplasmic tail of the activated
integrin cluster triggering downstream signalling events to initiate cytoskeletal reorganisation
and ECM remodelling, required for angiogenesis, epithelial mesenchymal transition (EMT),
migration and invasion to occur (Zhao and Guan, 2009). One of the key features of EMT is
down regulation of cell adhesion molecule E-cadherin, and transcription factor Slug has been
identified as an important repressor of E-cadherin expression (Alves et al., 2009). OAD cell
lines over expressing Slug were found to have increased expression of mesenchymal markers
vimentin and fibronectin and decreased expression of epithelial marker E-cadherin, indicating
a gain in motility (Jethwa et al., 2008). These changes corresponded to a functional effect with
Slug over expression linked to increased OAD cell proliferation and invasion in vitro (Zhang et
al., 2010). Increased Slug expression together with nuclear localisation of this transcription
factor has been observed in the progression from Barrett’s oesophagus to OAD, and these
changes correlated with decreased E-cadherin expression (Jethwa et al., 2008). Slug is
expressed in adipose tissue and is required for adipogenesis (Perez-Mancera et al., 2007). Slug

over expressing mice display adipocyte hypertrophy while adipose tissue mass is reduced in
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Slug deficient mice (Perez-Mancera et al., 2007). Slug may therefore represent a common
pathway in obesity and cancer and could be a novel therapeutic target in OAD, particularly in

obese individuals.

1.7.7 Inflammatory microenvironment

Approximately 15% of the global cancer burden is linked to infectious agents and resulting
inflammation (Balkwill and Mantovani, 2001). Cancers associated with infectious agents and
subsequent inflammation include gastric cancer (linked to Helicobacter pylori infection),
cervical carcinoma (linked to human papillomavirus infection) and hepatic carcinoma (linked
to Hepatitis B and C infection) (Balkwill and Mantovani, 2001). The use of non-steroidal anti-
inflammatory drugs (NSAIDs) such as aspirin has been linked to decreased risk of
gastrointestinal cancers (Langman et al., 2000). This association of inflammation and cancer is
particularly evident in OAD where chronic inflammation resulting from prolonged GORD
predisposes to Barrett’s oesophagus and OAD (Flejou, 2005). A stepwise increase in pro-
inflammatory cytokine iL-1B and chemokine IL-8 has been demonstrated in the progression of
normal oesophagus to Barrett’s oesophagus to OAD (O'Riordan et al., 2005) and levels of pro-
inflammatory IL-6 have also been found to be elevated in Barrett’s oesophagus (Dvorakova et
al., 2004). These pro-inflammatory cytokines induced in GORD damaged tissue are proposed
to mediate their effects through activation of transcription factors NF-kB and STAT3,
expressed at higher levels in Barrett’s oesophagus (O'Riordan et al., 2005, Dvorakova et al.,
2004). Inhibition of pro-inflammatory cytokine signalling may present a therapeutic target in

the sequence of progression from normal oesophagus to Barrett’s to OAD.

Nuclear factor (NF)-kB is a transcription factor with a central role in the regulation of genes
involved in inflammation and carcinogenesis such as iNOS and COX-2 (Babar et al., 2010,
Kyrgidis et al., 2005). Under normal circumstances NF-kB is held inactive in the cytoplasm,
bound to its inhibitor IkB. Pro-inflammatory cytokines including TNFa and IL-1 activate NF-kB
through release from its inhibitor IkB thereby allowing translocation to the nucleus where it
exerts an anti-apoptotic effect (Lagarde et al., 2007). There is a step-wise up regulation of NF-
kB expression in the sequence of progression from normal oesophagus to Barrett’s
oesophagus to OAD, and expression correlates with patient response to neoadjuvant therapy
(Abdel-Latif et al., 2004). COX-2 is an important rate-limiting enzyme in prostaglandin
production, the target pathway of NSAIDs, frequently over expressed in both Barrett’s

oesophagus and OAD (Syrigos et al., 2008). The specific COX-2 inhibitor celecoxib inhibits NF-
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kB activation leading to the down regulation of COX-2 in non-small cell lung carcinoma

(Shishodia et al., 2004).

Key features of cancer related inflammation include infiltration of macrophages and immune
cells, production of pro-inflammatory cytokines and tumour remodelling and angiogenesis
(Colotta et al., 2009). The development of hypoxia, linked with both malignant tumour growth
(Balkwill and Mantovani, 2001) and adipose tissue expansion (Trayhurn et al.,, 2008), is
strongly associated with these processes (Colotta et al., 2009). Therefore visceral obesity may
play an important role in cancer related inflammation. It is now established that visceral
obesity is associated with an adipose tissue infiltration of pro-inflammatory immune cells such
as macrophages and T lymphocytes (Weisberg et al., 2003, Xu et al., 2003). In addition, these
infiltrating immune cells have been shown to be classically activated and produce pro-
inflammatory cytokines and chemokines (Lumeng et al., 2007). It has been suggested that the
resulting chronic inflammatory phenotype could not only be characteristic of visceral adiposity
(Wellen and Hotamisligil, 2005) but also of cancer (Mantovani et al., 2008). The pro-
inflammatory phenotype characteristic of visceral obesity could therefore be an important
contributing factor to the newly established association between chronic inflammation and

cancer (Colotta et al., 2009).
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1.8 Aims and objectives

1.8.1 General aim

Obesity is linked both to increased cancer incidence and increased cancer mortality (Calle et
al., 2003). Of all cancers, OAD displays one of the strongest links with obesity (Renehan et al.,
2008) and so presents an ideal model with which to study this association. The overall aim of
this thesis is to dissect the molecular pathways linking obesity and OAD and to determine if

obesity could be linked to increased aggressiveness of this disease.

1.8.2 Specific objectives

The overall aim of this thesis will be investigated by a) identification of a pro-tumour gene
expression signature present in visceral adipose tissue of OAD patients, b) identification of an
adipokine profile associated with both visceral obesity and male sex and c) identification of a
gene signature characteristic of OAD which is altered in visceral obesity. In addition, standard
measurements of obesity BMI, WC and VFA will be assessed to determine which measure is
the strongest predictor of visceral obesity related pathology. Finally, this work will evaluate
the clinical relevance of the newly established human adipocyte cell strain SGBS for in vitro
studies of obesity and cancer. The identified candidate pathways linking visceral obesity and
OAD will be examined in OAD biopsies with respect to obesity status, tumour stage and
survival. This will allow dissection of the complex role of obesity in the process of tumour
initiation and promotion. The knowledge obtained from this series of experiments will assist in
the understanding of this obesity associated cancer and in the development of novel

therapeutic strategies in its prevention and treatment.
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2 Material and Methods
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2.1 Reagents

All laboratory chemicals and reagents were purchased from Sigma Chemical Company (MO,
USA) uniess otherwise stated, and prepared and stored according to manufacturer’s
instructions. Solid reagents were weighed using a Scout Pro electronic balance (Ohaus
Corporation, NJ) or an Explorer Pro fine electronic balance (Ohaus Corporation, NJ), and made
up using double distilled water, unless otherwise stated. The pH of solutions was measured
using a pH 211 microprocessor pH metre (Hanna instruments, RI, USA), calibrated with buffers
at pH 4, pH 7 and pH 10. Solutions were autoclaved prior to use and stored at room
temperature unless otherwise stated. Gilson pipettes were used to transfer liquid volumes up
to 1 ml (Gilson S.A., France), electronic pipette aids (Drummond, PA, USA) and disposable
Pasteur pipettes (Starstedt Ltd., Wexford, Ireland) were used for volumes greater than 1 ml

and graduated cylinders were used for volumes in excess of 10 ml.

2.2 Cell culture

All cell culture medium was purchased from Lonza (Basel, Switzerland) and all cell culture
plastics were purchased from Starstedt Ltd. (Wexford, Ireland) unless otherwise indicated. All
cells lines were purchased from the European Collection of Cell Cultures (ECACC, Wiltshire,
England, UK) with the exception of the SGBS which were a kind gift from Dr Martin Wabitsch
(University of Ulm, Ulm, Germany). Cell culture was carried out in a dedicated cell culture
room which was regularly cleaned and sterilised. Cell culture was carried out in a Grade Il
laminar hood using aseptic technique while wearing a clean lab coat with elasticised cuffs and
disposable latex gloves. The cabinet was cleaned with 70% (v/v) ethanol before and after each
use and all reagents, medium and plastics taken inside the cabinet were also cleaned in this

manner.

2.2.1 Oesophageal cancer cell lines

Cell lines derived from oesophageal adenocarcinoma (OE33 and OE19) were maintained in
Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with penicillin (50
Units/ml), streptomycin (50 Units/ml) and 10% foetal calf serum (FCS). Cell lines were

incubated in 25 cm? or 75 cm? flasks in a humidified atmosphere at 37 ° C and 5% CO,.

2.2.2 Adipocyte cell lines

The 3T3-L1 adipocyte cell line was maintained in Dulbecco’s modified Eagle medium (DMEM)
medium supplemented with penicillin (50 Units/ml), streptomycin (50 Units/ml) and 10% FCS

and incubated in a humidified atmosphere at 37 ° C and 5% CO,. The Simpson-Golabi-Behmel
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syndrome (SGBS) cell strain was maintained in DMEM/F12 supplemented with biotin (8 x 107
mg/ml), pantothenate (4 x 10 mg/ml), penicillin (50 Units/ml), streptomycin (50 Units/ml)
and non heat-inactivated 10% FCS in a humidified atmosphere at 37 ° C and 5% CO,.

2.2.3 Cell subculture

Cell lines were examined daily using an inverted phase contrast Nikon microscope (Nikon
Corporation, Tokyo, Japan) and subcultured upon reaching 80 — 90% confluency. Growth
medium was decanted and cells were washed in phosphate buffered saline (PBS) to remove
residual medium. 1 ml trypsin ethylene-diamine tetra acetic acid (EDTA) (0.05% (w/v) trypsin,
0.02% (w/v) EDTA) was added to the flask and incubated at 37 °C for several minutes or until
the cells detached from the surface. 10 ml of complete medium (containing 10% FCS) was then

added to inactivate the trypsin and cells were seeded at appropriate densities into new flasks.

2.2.4 Preparation of frozen stocks

Frozen stocks were prepared from cell lines growing in the exponential phase and at 70 — 80%
confluency. Cells were trypsinised as described above (section 2.2.3) and 10 ml maintenance
medium was added to inactivate the trypsin. Cells were centrifuged at 180 x g for 3 minutes,
the supernatant decanted, and pelleted cells were resuspended in FCS containing 5% dimethyl
sulfoxide (DMSO). The cell suspension was divided into 750 pl aliquots and cryovials were
quickly transferred to a ‘Mr Frosty’ freezing container (Thermo Fischer Scientific,
Leicestershire, UK). The ‘Mr Frosty’ contains isopropanol which slowly lowers the temperature
of the cells by approximately 1 °C/minute, required for successful cell cryopreservation and
recovery. Cyrovials were placed in a — 80 °C freezer for short term storage or under liquid

nitrogen for long term storage.

2.2.5 Reconstitution of frozen cells

Frozen stocks were thawed rapidly at 37 °C, added to 5 ml of appropriate maintenance
medium and centrifuged at 180 x g for 3 minutes. The cell pellet was resuspended in 5 ml
maintenance medium, transferred to a 25 cm? flask and incubated overnight at 37 °C and 5%
CO,. Medium was replaced the following day to remove any dead cells and cell subculture was

continued as described (section 2.2.3).

2.2.6 Cell counting

Cell counting was carried out using a Bright Line haemocytometer (Hausser Scientific, PA,
USA). Cells were trypsinised as described (section 2.2.3), added to 10 ml maintenance medium

and centrifuged at 180 x g for 3 minutes. The supernatant was decanted and the cell pellet
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resuspended by repeated pipetting in 1 ml maintenance medium. 20 pl of the cell suspension
was added to 180 pl trypan blue (0.4% w/v) solution and allowed to sit at room temperature
for one minute. Viable cells were unstained due to their active exclusion of trypan blue,
whereas dead cells were stained blue, due to their disrupted membranes. 20 pl of this cell
suspension was added to the counting chamber of the haemocytometer and the number of
viable cells in each of the four corners of the grid was counted. The number of cells per ml was
calculated using the following equation:

(total number of cells/4) x 10 * x 10 (dilution factor) = no. cells/ml

2.2.7 Mycoplasma testing

Upon receipt of each new cell line, and every six months thereafter, cells were tested for
mycoplasma infection using the MycoAlert™ mycoplasma detection system (Cambrex
BioScience, Rockland, ME, USA). Mycoplasmal enzymes react with the MycoAlert™ substrate
resulting in the conversion of ADP to ATP. The level of ATP in the sample before and after the
addition of the substrate therefore indicates whether the sample is contaminated with
mycoplasma. Cell lines to be tested were passaged twice in antibiotic free medium before a 1
ml sample of supernatant was taken. The supernatant sample was centrifuged at 180 x g for 3
minutes to pellet floating cells and 100 pl of supernatant was transferred to a luminescence
compatible plate. 100 ul of MycoAlert™ reagent was added and incubated for 5 minutes
before a one second intergrated reading (‘Reading A’) was taken on a luminometer (Wallac
Victor 2 1420, PerkinElmer, Ballymount, Dublin). 100 ul of MycoAlert™ substrate was then
added to the sample and incubated for 10 minutes before a second reading (‘Reading B’) was
taken. A ‘Reading B’: ‘Reading A’ ratio <1 indicated that cells were free of mycoplasma and all
cell lines remained clear of mycoplasma infection throughout the course of this work

(representative test results shown in Appendix ).

2.3 Adipose tissue biobank

An adipose tissue biobank was established in the Department of Surgery in July 2007 and
standard operating procedures were optimised from a previously published study (Alvarez-

Llamas et al., 2007).

2.3.1 Patient recruitment and classification

Patients (>40 years old) undergoing resective surgery for oesophageal adenocarcinoma,
oesophageal squamous cell carcinoma and colorectal carcinoma, in addition to non cancer

patients undergoing surgery for laparoscopic Nissan fundoplication, cholecystectomy and
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hernia repair, were recruited to the adipose tissue biobank. All recruited patients gave
informed consent for use of their adipose tissue in this study, and the study obtained ethical
approval from St James’ Hospital Ethical Review Board. Patients were separated into viscerally
obese and non obese categories using a waist circumference cut off measurement of 94 cm for
males and 80 cm for females, as specified by the International Diabetes Federation (IDF). Waist
circumference was measured at the midpoint between superior iliac crest and subcostal
margin; height and weight were recorded and used to determine body mass index (BMI) while
computed tomography (CT) at the L3 - L4 intervertebral space was used to calculate visceral,
subcutaneous and total fat area. A fasting serum sample was taken prior to surgery and fasting
glucose, high density lipoprotein (HDL) and triglyceride levels were measured by the hospital
biochemistry lab. Patients were then separated into categories of those with and those
without Metabolic Syndrome (MetS) according to the latest IDF definition (Alberti et al., 2005),

summarised in the table below.

Table 2.1: Criteria for Metabolic Syndrome defined by IDF (Federation, 2006).

Visceral obesity (measured by waist circumference)

Plus any two of the following:

>1.7 mmol/L
Raised triglycerides

Or specific treatment for this condition

Reduced HDL-cholesterol

Systolic2130 mmHg or diastolic 285 mmHg
Raised blood pressure
Or treatment of previously diagnosed hypertension

Raised plasma glucose

2.3.2 Biobanking

Two 3 ml fasting blood samples were taken in serum blood collection tubes on the morning of
surgery. The samples were centrifuged at 750 x g for 10 minutes to separate the serum which
was then stored at — 80 °C. An omental and a subcutaneous adipose tissue specimen were

excised at the beginning of the surgical procedure and immediately transported in sterile
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transport buffer (glucose (0.1%), gentamycin (0.05 mg/ml) in PBS) for processing in a Grade |l
laminar air flow cabinet. A thumbnail sized sample of both subcutaneous and omental adipose
tissue was preserved in 10% paraformaldehyde for future immunohistochemical analysis. The
remaining adipose tissue was minced with a scissors and washed with sterile PBS. Aliquots of
300 mg of tissue was placed in separate cryovials, snap frozen in liquid nitrogen and stored at
— 80 °C for RNA extraction, while the remainder was cultured to produce adipose conditioned
medium (ACM). This was carried out as follows: in a tissue culture dish, aliquots of 5 g of
minced adipose tissue were incubated in 10 ml serum free M199 medium (containing 0.05
mg/ml gentamycin) for 72 hours at 37 °C and 5% CO,. ACM was then filtered (BD Biosciences,
Bedford, MA, USA) to remove adipose tissue fragments and the supernatant was stored at —

80 °C.

2.3.3 Adipose tissue digestion

10 g omental adipose tissue was digested in 10 ml collagenase buffer (Krebs Ringer
bicarbonate buffer (118 mM NaCl, 24.8 mM NaHCO;, 1.2 mM KH,P0O,4, 4.8 mM KCl, 1.25 mM
CaCl,, 1.2 mM MgS0,4, 10 mM HEPES) (pH 7.4), 4% bovine serum albumin (BSA), 2 mg/ml Type
Il collagenase) at 180 rpm for one hour at 37 °C. Digested tissue was passed through a 500 pm
filter (BD Biosciences, Bedford, MA, USA) to remove undigested fragments, and centrifuged at
180 x g for 3 minutes. The floating layer of adipocytes was washed with 10 ml wash buffer
(Krebs Ringer bicarbonate buffer pH 7.4, 1% BSA) and the pelleted stromal vascular fraction
(SVF) was cleared of red blood corpuscles by the addition of 2 ml ammonium chloride (0.87%
w/v) for 1 minute at room temperature. 10 ml PBS was added and the sample was centrifuged
at 200 x g for 3 minutes. The supernatant was decanted and the pellet was resuspended in
TriReagent (Molecular Research Center, Montgomery Road, OH, USA) and stored at — 80 °C for

RNA extraction.

2.3.4 Ceiling culture of adipocytes

Adipocytes were set up in a ceiling culture as previously described (Zhang et al., 2000) for RNA

extraction, examination of morphology, conditioned medium and co-culture experiments.

For RNA extraction and examination of adipocyte morphology, 1 x 10’ adipocytes were placed
in a T25 tissue culture flask which was completely filled with DMEM/F12 medium (containing
penicillin (50 Units/ml), streptomycin (50 Units/ml) and 10% FCS). The flask was inverted to
allow adipocytes to float and adhere to the culture surface, and incubated for 72 hours at 37

°C and 5% CO,. The medium was then decanted and the culture surface gently rinsed with
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sterile PBS to remove any cell debris and lipid droplets, and RNA was extracted using Qiagen
RNeasy Lipid kit (Qiagen Inc., CA, USA) (described in section 2.6.3). Alternatively, Oil Red O

staining was carried out to visualise morphology (described in section 2.5.2).

For co-culture experiments and to generate adipocyte conditioned medium, adipocytes were
seeded at 2.5 x 10° cells per well in a six well plate in serum free M199 medium (containing
0.05 mg/ml gentamycin). A 24 x 24 mm coverslip (Menzel-Gldser, Braunschweig, Germany)
was carefully floated on the surface of each well to create an attachment surface for the
adipocytes and the plate was incubated for 72 hours at 37 °C and 5% CO,. Adipocyte
conditioned medium was collected and stored at — 80 °C and the coverslip with attached

adipocytes was used for co-culture experiments (described in section 2.3.6).

2.3.5 Co-culture of SGBS with tumour cells

Following overnight incubation in serum-depleted medium (containing 0.5% FCS); OE33 were
seeded into 12 well Costar® Transwell® plates (Corning Incorporated, NY, USA) at a dilution of
5 x 10" cells per insert. Inserts were placed into wells containing 2.5 x 10° pre-differentiated
SGBS, differentiated SGBS and 2 ml control M199 medium, for 24 hours. The 0.4 um pore size
of the Transwell® insert creates a non-contact co-culture system, allowing diffusion of medium
containing cytokines, adipokines and growth factors, but no cell contact. RNA was extracted
from tumour cells using Qiagen RNeasy kit (Qiagen Inc., CA, USA) (section 2.6.1) and used for

Human Cancer Profiler and Affymetrix arrays (described in sections 2.6.11, 2.6.12).

2.3.6 Co-culture of adipose tissue and adipocytes with tumour cells

Following overnight incubation in serum-depleted medium (containing 0.5% FCS); tumour cells
were seeded into 12 well Costar® Transwell® plates (Corning Incorporated, NY, USA) at a
dilution of 5 x 10* cells per insert. Inserts were placed into wells containing 1 g adipose tissue
fragments in 2 ml adipose conditioned medium, a shattered coverslip with attached
adipocytes in 2 ml adipocyte conditioned medium or 2 ml control M199 medium, for 24 hours.
The 0.4 um pore size of the Transwell® insert creates a non-contact co-culture system,
allowing diffusion of medium containing cytokines, adipokines and growth factors, but no cell
contact. RNA was extracted from tumour cells using Qiagen RNeasy kit (Qiagen Inc., CA, USA)
(section 2.6.1) and used for Human Cancer Profiler and Affymetrix arrays (described in sections

2.6.11, 2.6.12), while the supernatant was collected and stored at — 80 ° C.
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tumourcells

adipose tissue fragments

shattered coverslip
with adhered adipocytes

M199 media

Figure 2.1: Diagram illustrating the co-culture setup. Tumour cells are present in the insert while
adipose tissue fragments or adipocytes are present in the well in adipose conditioned medium or
adipocyte conditioned medium, respectively.

For validation of Human Cancer Profiler and Affymetrix arrays, a 6 well plate co-culture set-up
was used. Tumour cells were seeded at a dilution of 1.5 x 10° cells/well and allowed to adhere
for a minimum of 6 hours before serum starving (medium containing 0.5% FCS) overnight. The
following day, 1 g of adipose tissue fragments in 2 ml adipose conditioned medium, a coverslip
with attached adipocytes in 2 ml adipocyte conditioned medium (2 ml conditioned medium
was first added to the well and the coverslip was then gently floated on the surface) or 2 ml
control M199 medium was added to wells and the plate was incubated at 37 °C and 5% CO,for
24 hours. RNA was extracted from tumour cells using the TriReagent protocol (section 2.6.2)

and supernatant was stored at — 80 °C.

adiposetissue fragments
w; tumour cells
S floating coverslip
with adhered adipocytes

M199 media

|

Figure 2.2: Diagram illustrating cartoon images of the co-culture setup. Tumour cells are adhered to
the well while adipose tissue fragments or adipocytes are present in the well in adipose conditioned
medium or adipocyte conditioned medium, respectively.
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2.3.7 Culture of tumour cell lines with ACM

For validation of Human Cancer Profiler and Affymetrix arrays, a 6 well plate culture set-up
was used. Tumour cells were seeded at a dilution of 1.5 x 10° cells/well and allowed to adhere
for a minimum of 6 hours before serum starving (medium containing 0.5% FCS) overnight. The
following day 2 ml adipose conditioned medium or 2 ml control M199 medium was added to
wells and the plate was incubated at 37 °C and 5% CO, for 24 hours. RNA was extracted from
tumour cells using the TriReagent protocol (section 2.6.2) and supernatant was stored at — 80

1c

2.4 Adipocyte cell line differentiation
2.4.1 373-L1 differentiation

Differentiation was induced in 3T3-L1 as described by the ECACC at two days post confluency
by the addition of the maintenance medium supplemented with insulin (0.01 mg/ml),
dexamethasone (1 uM) and 3-isobutyl-1-methylxanthine (IBMX, 500 uM) for 4 days, followed
by maintenance medium containing insulin (0.01 mg/ml) only for a further 2 days. This
medium was subsequently replaced by the maintenance medium alone which was changed

every 2 days until cells were fully differentiated by day 8.

2.4.2 SGBS differentiation

Differentiation was induced in SGBS at 80% confluency by the addition of serum free
maintenance medium containing transferrin (0.01 mg/ml), insulin (0.2 ug/ml), cortisol (0.1
pM), thyroid hormone (0.2 nM), dexamethasone (0.3 uM), IBMX (500 uM) and rosiglitazone (2
uM) for 4 days. Following this, the medium was replaced with serum free maintenance
medium containing only transferrin (0.01 mg/ml), insulin (0.2 pg/ml), cortisol (0.1 uM), thyroid

hormone (0.2 nM) until cells were fully differentiated by day 14.

2.5 Assessment of adipocyte differentiation
2.5.1 Adipocyte gene expression

RNA was collected every second day throughout the process of differentiation until adipocytes
were fully differentiated and expression levels of differentiation specific genes were

investigated as described in section 2.6.9.1.

2.5.2 Oil red O staining

Cells were morphologically assessed for differentiation by staining with Oil Red O, a red

lysochrome (fat soluble dye). All steps were carried out at room temperature. Cells were fixed
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with 4% paraformaldehyde (PFA) for 30 minutes, and PFA was disposed of into an appropriate
waste container. Cells were washed gently three times with PBS and incubated with 60%
isopropanol for 5 minutes. A 3 mg/ml stock solution of Qil Red O was prepared in 99%
isopropanol and a working solution was prepared by mixing 3 parts stock solution with 2 parts
deionised water. The working solution was allowed to sit at room temperature for 10 minutes
and was then filtered through a 0.8 um filter (Millipore, Watford, UK), before being added to
the cells and incubated for 5 minutes. Cells were gently rinsed three times with PBS and
photographed using an inverted phase contrast microscope with camera (Olympus

Corporation, Tokyo, Japan).

2.5.3 Adipocyte functional assays

2.5.3.1 Glycerol-3-phosphate dehydrogenase (GPDH) enzyme activity assay

A commercially available GPDH activity assay kit (B-Bridge International Inc., CA, USA) was
used to assess enzyme activity in 3T3-L1, SGBS and primary human adipocytes. A measure of
lipogenesis in adipocytes, GPDH reduces dihydroxyacetone phosphate (DHAP) to glycerol-3-
phosphate using the co-enzyme nicotinamide adenine dinucleotide (NAD). When exogenous
DHAP and NADH are added to the test sample, the resulting decrease in NADH concentration,
proportional to the amount of GPDH present, is measured on an Alpha Fluor Plus

spectrophotometer (Tescan Trading AG, Switzerland).

NADH MNAD
Dihydroxyacetone phosphate »  Glycerol-6-phosphate

GPDH

Cells were seeded at a density of 1 x 10° cells/well in a 24 well plate in maintenance medium.
Upon reaching 70-80% confluency (SGBS) or 2 days post confluency (3T3-L1), differentiation
was initiated by adding the appropriate differentiation cocktail for the required length of time
(described in section 2.4). Primary human omental adipocytes were prepared by digestion of
omental adipose tissue to obtain a purified adipocyte fraction (described in section 2.3.3).
Protein from adipocytes was then extracted using radioimmunoprecipitation (RIPA) lysis buffer
(described in section 2.7.2). The cell lysate was passed through a 29 gauge needle (BD Micro-
Fine, NJ, USA) to shear insoluble proteins and centrifuged at 180 x g for 5 minutes at 4 °C to
pellet any remaining insoluble debris. The cleared supernatant was added to an equal volume

of substrate solution and change in optical density was measured in triplicate using an Alpha
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Fluor Plus spectrophotometer (Tescan Trading AG, Switzerland) at 340 nm at 30 second
intervals for 10 minutes in order to determine the rate of GPDH enzyme activity. Enzyme
activity was normalised to protein concentration of each sample, determined by BCA assay

(described in section 2.7.3).
2.5.3.2 Glucose assay

Glucose concentration in the adipocyte supernatant was measured using the commercially
available QuantiChrom™ Glucose Assay Kit (BioAssay Systems, CA, USA). Adipocyte cell lines
were seeded at 2 x 10° cells in a 25 cm” flask in complete maintenance medium. Upon
reaching 70-80% confluency (SGBS) or 2 days post confluency (3T3-L1), differentiation was
initiated by adding the appropriate differentiation cocktail for the required length of time
(described in section 2.4). Primary adipocytes were prepared in a 25 cm” flask (described in
section 2.3.4). 5 pl of sample supernatant was added to 500 ul Reagent (BioAssay Systems, CA,
USA) and mixed well by vortexing. A standard curve was prepared by serial dilutions of glucose
standard (BioAssay Systems, CA, USA) in sterile distilled water. Standards and samples were
heated in a boiling water bath for 8 minutes and cooled on ice for 4 minutes. 200 pl of each
standard and sample was added in duplicate to a 96 well plate and the optical density was
read at 620 nm on an Alpha Fluor Plus spectrophotometer (Tescan Trading AG, Switzerland).
Glucose concentrations were determined by interpolation from the standard curve, and

normalised to protein concentration in the sample, as determined by BCA assay (section 2.7.3).

2.6 Investigation of RNA expression
2.6.1 RNA isolation from tumour tissue and cell lines using Qiagen RNeasy kit

Tumour biopsies from oesophageal adenocarcinoma and oesophageal squamous cell
carcinoma were immediately taken from fresh tumour tissue following surgical resection. The
biopsy was incubated overnight at 4 °C in RNAlater (Qiagen Inc., CA, USA) which was decanted
the following day and the tumour tissue was stored at — 80 °C until RNA extraction. RNA was
extracted using Qiagen RNeasy Mini kit (Qiagen Inc., CA, USA). A 20 mg piece of tumour was
homogenised in 600 ul Buffer RLT using a Qiagen Tissuelyser (Retsch GmbH & Co., Haan,
Germany) at 800 rpm for 6 minutes 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 12,000 x g for 3 minutes at 4 °C, and supernatant was transferred to a new tube
by pipetting. 600 pl of ethanol (70% v/v) was added to the supernatant, 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 12,000 x g for 15 seconds and the flow
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through was discarded. The spin column was washed by first applying 700 pl buffer RW1, then
500 pl buffer RPE with centrifugation at 12,000 x g for 15 seconds at room temperature
between each step. A final wash step in 500 pl buffer RPE was centrifuged for 2 minutes in
order to dry the membrane and ensure no ethanol was carried over. RNA was eluted in 60 pl

of RNase free water by centrifugation for 1 minute at 12,000 x g at room temperature.

For Human Cancer Pathway Profiler Arrays and Affymetrix arrays, RNA was isolated from OE33

tumour cells using Qiagen RNeasy kit as described, omitting the homogenisation step.

2.6.2 RNA isolation from tumour cell lines using TriReagent method

RNA to be used for reverse transcriptase PCR and quantitative real time PCR was isolated from
tumour cell lines using the TriReagent method. RNA was isolated from tumour cell lines (OE33,
OE19, HCT-15, SW480) using 1 ml TriReagent (Molecular Research Center, Montgomery Road,
OH, USA), containing a mixture of guanidine thiocyanate and phenol in a monophasic solution.
Samples lysed in TriReagent were stored at — 80 °C until RNA extraction. Total RNA was
isolated as follows: samples were thawed and stored at room temperature for 5 minutes
following which 100 pl BCP was added. Samples were then vortexed vigorously for 15 seconds
and allowed to stand at room temperature for 15 minutes. Following centrifugation at 12,000
x g at 4 °C for 15 minutes, the upper aqueous phase was carefully removed to a new tube, and
subsequent steps were carried out at room temperature. 500 pl isopropanol was added and
the tube incubated for 10 minutes followed by centrifugation at 12,000 x g for 8 minutes. The
supernatant was decanted and the pellet washed in 1 ml ethanol (75% v/v) by brief vortexing
followed by centrifugation at 12,000 x g for 5 minutes. The ethanol was decanted and the
pellet allowed to air dry for 3-5 minutes. The pellet was resuspended in 60 pl RNase free

water.

2.6.3 Isolation of RNA from adipose tissue and adipocytes

RNA was isolated from adipose tissue using the Qiagen RNeasy Lipid Mini kit (Qiagen Inc., CA,
USA). A 150 mg piece of adipose tissue was homogenised in 1 ml Qiazol using a Qiagen
Tissuelyser (Retsch GmbH & Co., Haan, Germany) at 800 rpm for 6 minutes 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 12,000 x g for 10 minutes at 4 °C, and
supernatant was transferred to a new tube by pipetting. The homogenate was allowed to sit at
room temperature for 5 minutes to allow complete dissociation of the nucleoprotein

complexes. 100 ul of 1-bromo-3-chloro-propane (BCP) was added and the tube was vortexed

54



vigorously for 15 seconds. The tube was again allowed to sit for 2-3 minutes at room
temperature to allow phase separation to begin. The tube was then centrifuged at 12,000 x g
for 15 minutes at 4 °C. The upper aqueous phase containing RNA was carefully transferred to a
new tube and one volume of ethanol (70% v/v) was added. The sample was then applied to
the RNeasy Mini spin column in volumes of 700 pl and centrifuged at 12,000 x g for 15
seconds. The spin column was washed by first applying 700 ul buffer RW1, then 500 pl buffer
RPE with centrifugation at 12,000 x g for 15 seconds at room temperature between each step.
A final wash step in 500 pl buffer RPE was centrifuged for 2 minutes in order to dry the
membrane and ensure no ethanol was carried over. RNA was eluted in 60 pl of RNase free

water by centrifugation for 1 minute at 12,000 x g at room temperature.

2.6.4 RNA quantification and purity analysis

RNA quantification was determined spectrophotometrically, using a Nanodrop 1000
spectrophotometer (version 3.1.0, Nanodrop technologies, DE, USA). 1 ul RNase free water
was used to blank the instrument. 1 ul of each sample of isolated RNA was loaded onto the
instrument and concentration was measured in ng/pl. 260:280 and 260:230 purity ratios were
also recorded. A 260:280 ratio greater than 1.65 was indicative of a relatively pure RNA yield,
while a 260:230 ratio greater than 1.7 indicated that the sample was free of phenol

contamination.

2.6.5 RNA integrity analysis

RNA integrity was assessed using Agilent 2100 Bioanalyser, a ‘lab-on-a-chip’ micro-fluidics
based platform. This technology uses pressure to apply an even and controlled distribution of
the gel through a network of channels etched onto the surface of a small chip, to which the
RNA samples are added. An electrophoretic trace of the RNA sample is produced, including any
degradation products which may be present, in order to generate an RNA integrity number
(RIN). 2 pl of RNA ladder and 2 pl of each RNA sample were denatured at 72 ° C for 2 minutes
and immediately placed on ice. The chip was prepared by evenly distributing a gel-dye mix
onto the surface of the chip using pressure, following which 1 pl of ladder and 1 pl of each
sample were placed in the appropriate wells on the chip surface. The chip was vortexed at
2,400 rpm for 1 minute and read on the Agilent 2100 Bioanalyser within 5 minutes of
preparation. A RIN > 6.7 was required for RNA samples to be used for Affymetrix array

technology.
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2.6.6 cDNA synthesis

All reverse transcription reagents were purchased from Invitrogen (Invitrogen Corporation, CA,
USA). cDNA was made by adding random primers (0.5 pg/ul) to 1 pg total RNA and heating the
sample to 70 ° C for 10 minutes in order to denature the RNA. A master mix containing reverse
transcription components was then added to each sample containing: RNaseOUT recombinant
ribonuclease inhibitor (1 Unit/ul), dNTPs (10 mM, prepared as a 1:1:1:1 ratio of dATP, dTTP,
dCTP, dGTP), dithiothreitol (DTT) (0.01 mM) and Superscript Ill reverse trancriptase (200
Units/pl) in 5x First Strand reaction buffer (250 mM Tris-HCI (pH 7.5), 100 mM KCI, 15 mM
MgCl,) and this mixture was incubated at 37 ° C for 1 hour. The resulting cDNA was stored at —

20 ° Cand 1 pl of cDNA template was used to investigate gene expression.

Table 2.2: Reagents and volumes used in cDNA synthesis

Random primers 1

1 ug RNA + RNase free H,0 10

it 70 °C then follow

S x First Strand Reaction buffer 4

DTT 2
RNase free H,0 1
dNTPs 0:5
RNase out 0.5
Superscript 0.5
Total volume: 20

For Human Cancer Profiler Array, cDNA synthesis was generated using the First Strand cDNA
synthesis kit (Super Array Bioscience Corporation, Frederick, MD, USA). 200 ng of each RNA
sample was combined with 1 pl of random primers in a sterile PCR tube and made up to a final
volume of 10 pl with RNase free water. The contents were vortexed briefly and centrifuged
before being placed in a thermal cycler at 70 °C for 3 minutes, followed by 37 °C for 10
minutes. 10 pl reverse transcription cocktail (4 pl of 5 x RT-Buffer, 4 pl RNase free water, 1 pl
RNase inhibitor, 1 pl reverse transcriptase) was added to each sample, briefly vortexed and

centrifuged before incubating at 37 °C for one hour. Samples were then heated to 95 °C for 5
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minutes to degrade the RNA and deactivate the reverse transcriptase. 80 pl of RNase free
water was added to each sample and mixed well to give a final volume of 100 pl. Samples were

stored at — 20 °C overnight and run on arrays the following day (described in section 2.6.11).

2.6.7 Reverse transcriptase polymerase chain reaction (RTPCR)

cDNA was used as a template for polymerase chain reaction (PCR). The following PCR master
mix was added to each sample: GoTaq®Green Master Mix (2x GoTaq® Reaction buffer (pH 8.5),
400 pM dATP, 400 pM dGTP, 400 pM dCTP, 400 pM dTTP, 3 mM MgCl,, GoTaq® DNA
polymerase) (Promega, WI, UK), forward primer (20 uM), reverse primer (20 uM) and RNase
free water. 1 pl cDNA was used per reaction and a non template control was included for each
primer set by replacing cDNA with 1 pl RNase free water. Template DNA was denatured at 94
°C for 5 minutes, and each cycle consisted of primer annealing (55-62 °C for 1 minute,
optimised for each target) and extension (72 °C for 1 minute). This was followed by an

elongation step to complete the amplification cycle (72 °C for 5 minutes).

Table 2.3: Reagents and volumes used in RTPCR

Forward primer 1
Reverse primer 1l
RNase free water 7
cDNA 1
Total volume 20

All reverse transcriptase primers were purchased in lyophilised form from Operon (Eurofins
MWG Operon, Ebersberg, Germany) and rehydrated to a stock concentration of 400 pM in
RNase free water. Primer sequences, annealing temperatures and number of amplification

cycles used in each PCR are outlined in the table below.
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Table 2.4: Reverse transcriptase PCR sequences

Gene Sequence cycle no. annealing temp. (°C)

Adipo R2 Fw 5-ACGGAGTTGGCACTCAC-3' 30 55
Rv 5-GCCATCGTCTTGTACCTCAC-3'

Adipsin Fw 5'-GGTCACCCAAGCAACAAAGT-3' 35 55
Rv 5'-CCTCCTGCGTTCAAGTCATC-3’

GAPDH Fw 5"-GCAGGGAGACAAAAGGG-3’ 35 55
Rv 5’-TGCCAGCCCCAGCGTCAAAG-3’

Leptin Fw 5’-GACCTTGGACAGCCTGGGGG-3’ 35 62
Rv 5’-CTGTGCCCATCCAAAAAGTCC-3’

ObRport Fw 5’-GAAGGAGTG GGAAAACCAAAG-3’ 35 55

Rv 5"-CCACCATATGTTAACTCTCAG-3'

Resistin Fw 5’-ATGAAAGCTCTCTGTCTCCTCC-3’ 35 55
Rv 5’-TCAGGGCTGCACACGACAGC-3'

2.6.8 Agarose gel electrophoresis

Agarose gels were prepared in Tris-Acetate-EDTA (TAE) buffer (40 mM Tris HCI (pH 8.3), 20 mM
acetic acid, 1 mM EDTA). A 1.4% agarose solution was heated in a microwave for several
minutes to allow the agarose to dissolve. It was allowed to cool to approximately 55 °C before

adding SYBR® safe DNA gel stain (10,000 x concentrate in DMSO, Invitrogen Corporation, CA,
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USA) to a final concentration of 1 pg/ml. The solution was poured into a gel tray to a depth of

3-5 mm and allowed to set.

The DNA samples, containing loading buffer present in the GoTaq ® reagent, were loaded
along with a 100 base pair DNA ladder (Promega Corporation, Madison, WI, USA).
Electrophoresis of the DNA samples was carried out at 100 volts in an EC-360 Maxicell gel
system (EC Apparatus Corp., FL, USA), using 1 x TAE as a running buffer. The bands were
visualised and photographed under UV light using a BioSpectrum Imaging System (Ultra Violet
Products, Cambridge, UK).

2.6.9 Quantitative real time PCR (qPCR)

Quantitative PCR was used to quantify expression of mRNA in samples relative to the 18S
ribosomal RNA endogenous control. This was carried out using a probe based and an
intercalation based method. The probe method works as follows: sequence specific probes are
labelled with a fluorescent reporter molecule at the 5’ end, and a fluorescence quencher
molecule at the 3’ end. The close proximity of the reporter to the quencher prevents detection
of fluorescence. Upon transcription, the 5’-3’ exonuclease activity of the Tag polymerase
removes the quencher molecule and allows fluorescence emission, detected following laser
excitation of the sample. The intercalation based method uses SYBR Green; a fluorescent dye
that intercalates with newly synthesised double stranded DNA. Using either method, an
increase in expression of the gene product is proportional to the amount of fluorescence in the

sample.

All reagents were purchased from ABI Biosystems (CA, USA). A master mix containing forward
and reverse primer, probe (if applicable) and Tagman® Gene Expression Master Mix or SYBR
Green was added to 1 pl cDNA template (described in section 2.6.6) (see table below). A final
volume of 20 ul was pipetted into a well of a MicroAmp™ Optical 96 well reaction plate (ABI
Biosystems, CA, USA) and real time PCR was performed on the ABI Prism 7500 (ABI Biosystems,
CA, USA) real-time thermal cycler. The plate was heated to 95 °C for 15 minutes, followed by
40 cycles of 95 °C for 15 seconds and 60 °C for one minute. The threshold cycle (Ct) for each
well was calculated using the instrument software and data analysis was carried out using a
Microsoft Excel-based data analysis template. Data analysis was based on the AACt method

with raw data normalised by the 18S housekeeping genes included on the plate.
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Table 2.5: Reagents and volumes used for qPCR.

Master Mix 10 10 10
Forward primer 1.4 175
Reverse primer 1 1.4 1:75
Probe 1.4 -
RNase free water 8 4.8 55
cDNA 1. 1 i B
Final volume 20 20 20

2.6.9.1 Adipocyte differentiation

Real time quantitative qPCR was carried out in SGBS and primary human adipocytes with
inventoried primers for GLUT4 (Hs00168966_m1), AP2 (Hs00609791_m1), PPARy2
(Hs01115512_m1), LPL (Hs01012571_m1) and leptin (Hs00174877_m1) (Applied Biosystems,
CA, USA).

Table 2.6: Murine qPCR primer sequences used to track 3T3-L1 differentiation.

Gene Primer sequence

AP2 Fw: 5’-AACACCGAGATTTCCTT-3’, Rv: 5’-ACACATTCCACCACCAG-3’

GAPDH Fw: 5-CAAGGTCATCCATGACAACTTTG-3’, Rv: 5- GGCCATCCACAGTCTTCTGG-3’

Leptin Fw: 5’- ATCTCCGAGACCTCCTCCATCT, Rv: 5’- TGCAGGCCACTGGTCTGA-3’
probe: 5’- FAM-CTGGCCTTCTCCAAGAGCTGCTCCC-TAMRA-3’




2.6.9.2 Human Cancer Profiler and Affymetrix array validations

Real time qPCR was carried out to validate the Human Cancer Profiler Array and to investigate

selected gene targets in patient tumour biopsies.

Table 2.7: Primer sequences used to validate Human Cancer Profiler Array.

Gene Primer sequence

MMP2 Fw: 5"-ACTGTGACGCCACGTGACA-3’
Rv: 5-CGTATACCGCATCAATCTTTTCC-3’
Probe: 5-Fam-CCCCTGCTGGTGGCCACATTCT-Tamra-3’

TP53 Fw: 5-TGGGACAGCCAAGTCTGTGA-3’
Rv: 5'-GGCCAGTTGGCAAAACATCT-3’
Probe: 5’-Fam-TTGCACGTACTCCCCTGCCCTCAAC-Tamra-3’

Real time quantitative qPCR was carried out to validate Affymetrix arrays and investigate
selected gene targets in patient tumour biopsies using inventoried primers for SEMA4B
(Hs00384240_m1), ITGA3  (Hs00233722_m1), S100A8 (Hs00374263_m1), LAMC2
(Hs01043711_m1), SNAI2  (Hs00161904_m1), CTDSPL  (Hs00965660_m1),  CXCL5
(Hs00171085_m1),  PPBP  (Hs00234077_m1), LAMB3  (Hs00165078_m1), VEGFA
(Hs00900055_m1) and E-cadherin (Hs01023894_m1) (Applied Biosystems, CA, USA).

2.6.10 Human endogenous control gPCR array

Changes in the expression profile of a panel of housekeeping genes were examined between
pre-differentiated SGBS (day 0) and differentiated SGBS (day 14) using Tagman Express Plate
Endogenous Control (Applied Biosystems, CA, USA). A complete list of genes investigated can

be found in Appendix V.
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SGBS cell strain was differentiated according to standard protocols (as described in section
2.4.2) and RNA was extracted from day 0 and day 14 SGBS (as described in section 2.6.3). cDNA
synthesis was carried out as described in section 2.6.6. Each well of the qPCR array was
reconstituted with a mix containing Tagman gene expression Master Mix (Applied Biosystems,
CA, USA) and 500 ng cDNA to a final volume of 20 ul. The PCR array was tightly sealed using
optical thin wall 8-cap strips (Applied Biosystems, CA, USA) and real time PCR detection was
performed on an ABI Prism 7500 (ABI Biosystems, CA, USA) real-time thermal cycler. The plate
was heated to 95 °C for 15 minutes, followed by 40 cycles of 95 °C for 15 seconds and 60 °C for
one minute. The threshold cycle (Ct) for each well was calculated using the instrument
software SDS 2.3 and data analysis was carried out using a Microsoft Excel-based data analysis
template. Data analysis was based on the AACt method with raw data normalised by 185

ribosomal subunit, included on the plate.

2.6.11 Human Cancer Pathway Finder arrays

Changes in the expression profile of a panel of genes representative of molecular pathways of
tumourigenesis were examined using RT” Profiler™ Human Cancer Pathway Finder PCR Array
technology (Super Array Bioscience Corporation, Frederick, MD, USA). This array is based on a
96 well plate format, containing primer sets for 84 genes involved in six biological pathways of
tumourigenesis: apoptosis, cell cycle, angiogenesis, invasion and metastasis, signal
transduction and adhesion, as previously described (Hanahan and Weinberg, 2000). Five
housekeeping genes were included to normalise the data and two negative controls were
included to estimate the level of DNA contamination in the PCR system. Genes measured by

this array are listed in Appendix V.

Samples were prepared for loading onto the RT-PCR array by adding 1225 ul 2 x SuperArray
PCR master mix and 1127 pl RNase free water to 98 pul of the diluted cDNA synthesis reaction
to give a final volume of 2450 pl. 25 ul of reaction mix was added to each well except the non
template control, to which the same mix was added with RNase free water instead of cDNA.
The PCR array was tightly sealed using optical thin wall 8-cap strips (Super Array Bioscience
Corporation, Frederick, MD, USA) and real time PCR detection was performed on an ABi Prism
7500 (ABI Biosystems, CA, USA) real-time thermal cycler. The plate was he