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Summary

The incidence o f overw eight and obesity has reached pandemic proportions in m odern society, 

affecting tw o  thirds o f the US and over half o f the European population. Obesity is associated 

w ith  increased m orbidity and m ortality in the form of elevated risk o f cardiovascular disease, 

diabetes and m any types o f cancer. Overweight and obesity have been proposed to account 

fo r 14% of all cancer deaths in men and 20% in wom en in the US. O f all cancers, oesophageal 

adenocarcinom a (OAD) displays one o f the strongest epidemiological links w ith  obesity, 

making it an excellent m odel w ith which to study this association at a m olecular level. OAD is 

an aggressive disease associated with early haematological and lym phatic 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 w ith  OAD and to  determ ine if obesity could be linked to increased 

aggressiveness o f this disease.

M icroarray technology identified a pro-inflam m atory, pro-angiogenic gene signature in the 

om entum  o f viscerally obese individuals. Visceral fat area (VFA), determ ined by computed  

tom ography (CT), was found to be the strongest predictor o f altered gene expression in 

visceral obesity. M ultip lex Luminex technology identified a circulating pro-inflam m atory  

phenotype com m on to visceral obesity, male sex and cancer m ediated through reduction in 

levels o f IL-4 and adiponectin and elevation in levels o f leptin, IL-6, IL-8, MCP-1, IFNy and VEGF. 

Altered levels o f these adipokines were dem onstrated to have functional effects on OAD cells 

w ith  leptin increasing proliferation and adiponectin decreasing proliferation. Recent studies 

indicate th a t visceral obesity may share several hallmark pathways w ith  cancer such as 

angiogenesis and inflam m ation. The distorted balance of these soluble m ediators o f 

angiogenesis and inflam m ation in visceral obesity could therefore  represent im portant 

therapeutic  targets, particularly in viscerally obese OAD patients.

M icroarray based technology was used to examine the m olecular effect o f om ental adipose 

tissue co-culture on OE33 OAD cells. Increased glycolytic flux and up regulation o f the focal 

adhesion pathway, prom oting cytoskeletal reorganisation and epithelial mesenchymal 

transition (EMT), culm inated in an increased proliferative, m igratory and invasive capacity of 

OAD. The expression o f target genes, identified using this in vitro  model, was subsequently  

examined in patient tum our biopsies. A novel association was dem onstrated betw een visceral 

obesity and expression of genes involved in pathways of tum our invasion and metastasis.



m atrix m etalloproteinase 9 (M M P 9) and plasminogen activator inhibitor 1 (PAI-1). Increased 

expression o f M M P 9  and PAI-1 and decreased expression of tum our suppressor p53 correlated  

with aggressive tu m our biology and PAI-1 was found to  be an independent prognostic m arker 

in OAD. Increased expression o f epithelial mesenchymal transition (EMT) regulator SNAI2 was 

associated w ith  visceral obesity and was also identified as an independent prognostic factor in 

OAD. Expression o f epithelial m arker E-cadherin was decreased in visceral obesity how ever it 

did not correlate w ith  expression of its transcriptional repressor, SNAI2, indicating that SNAI2 

may exert its p ro-tum our effect in OAD via E-cadherin independent pathways. Together these 

findings highlight a novel association betw een visceral obesity and pathways o f tum our  

metastasis, particularly relevant in this aggressive cancer.

As clinical trials targeting M M P 9  are ongoing in many cancer types, this key player in tum our 

metastasis was selected fo r exam ination at the protein level using tissue microarrays (TMAs). 

In agreem ent w ith  results at the mRNA level, protein expression o f iVliVIP9 was found to be 

increased in viscerally obese patients. These prelim inary results highlight a novel role for 

visceral obesity in up regulation of pro-tum our pathways characteristic o f OAD. IVIMP9, PAI-1 

and SNAI2 may be promising targets fo r the developm ent o f targeted therapies w ith  the 

ultim ate goal o f stratified trea tm en t o f OAD patients w ith visceral obesity.
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1 General Introduction



1.1 Oesophageal cancer

1.1.1 Histological subtypes

Oesophageal cancer is one o f the least studied and most deadly cancers worldw ide (Enzinger 

and Mayer, 2003). More than 90% o f 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 o f the oesophagus and the stomach. In certain cases, chronic gastrointestinal 

reflux (GORD) can give rise to the development o f areas of specialised intestinal metaplasia 

(Barrett's oesophagus) and confers an increased risk o f OAD. In contrast, SCC arises from the 

squamous epithelium and is localised in the upper two thirds o f 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 worldw ide but the sixth most common 

cause o f cancer related m ortality, indicating the lethal nature o f the disease (Ferlay et al., 

2010). Overall incidence o f 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 o f OAD has risen almost 50%, while incidence o f SCC has dropped 4% in the last 15 

years (Figure 1.1). These data underline the heterogeneous histology and aetiology o f 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 o f 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 o f cancer, incidence is rapidly increasing (Engel et 

al., 2003). Incidence o f OAD in the USA overtook that o f SCC in the mid 1990s, and this pattern 

is reflected in Europe (Heitm iller and Sharma, 1996). V\/hile SCC remains the most common 

subtype in Asia, the incidence o f OAD is also beginning to rise there, potentia lly reflecting the 

Westernisation o f this society (Fernandes et al., 2006, Shibata et a!., 2008). In Ireland, OAD 

incidence and m ortality are 1.2 to 3 times higher than the rest o f EU and the USA (NCRI 2"'* 

report, 1998-2000). There is a striking male to female predominance o f OAD w ith  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 o f OAD (Kubo 

and Corley, 2002). As w ith  most gastrointestinal cancers, age is associated w ith risk of OAD, 

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

OAD

SCC
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1.2.2 Risk factors

The substantial increase in incidence o f OAD could be attributable to several interrelated and 

modifiable risk factors. As shown in Table 1.1, separate risk factors are im portant fo r OAD and 

see. 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% o f OAD cases can be attributed to  cigarette smoking, 

obesity, reflux symptoms and low intake o f fru it 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.

Risk Factor
Squamous-Cell

Carcinoma
Adeno­

carcinoma

Tobacco use +++ ++

Alcohol use +++ —

Barrett’s esophagus — +++-I-

Weekly reflux symptoms — +++

obesity — ++

A single plus sign indicates an increase in the risk o f less by a factor o f less than tw o, tw o  plus signs an 
increase by a factor o f tw o  to  four, three plus signs an increase by a factor o f 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 o f patients presenting w ith  this disease have 

evidence o f metastases and are therefore inoperable (Enzinger and Mayer, 2003). An 

improved understanding o f pre-metaplastic precursors o f OAD could thus be o f great 

assistance both for early detection and treatm ent o f 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 o f the acidic stomach contents into the distal oesophagus can lead to 

tissue damage and inflamm ation. Barrett's oesophagus results from  the protective 

transformation o f the normal stratified squamous epithelium of the oesophagus into columnar 

intestinal epithelium characteristic o f 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
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developing Barrett's oesophagus by approximately 1% (Reid et a!., 2010) and patients w ith  

Barrett's oesophagus have 30 -  40 fold increased risk o f developing OAD compared to the rest 

o f the population (Ryan et al., 2008). However, up to 50% of individuals w ith  OAD have no 

history o f reflux disease (Farrow et al., 2000, Lagergren et al., 1999a) while over 95% have no 

previous history o f Barrett's (Reid et al., 2010) suggesting the im portant contribution o f other 

risk factors.

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://patholoev2.ihu.edu/beweb/Definition.cfm l .

1.2.2.2 Obesity

Obesity is an independent risk factor fo r 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 tw o compartments, subcutaneous 

and central. Recently it has been suggested that centrally accumulated fa t or visceral adipose 

tissue is more metabolically active than subcutaneous (Giorgino et al., 2005). There is an 

association o f visceral obesity, independent o f BMI, w ith  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 o f visceral adipose tissue could play a role at all stages in this 

sequence o f events. It is in tu itive that excess visceral adipose tissue could place extra 

mechanical pressure on the stomach thereby giving rise to increased reflux. However, studies 

have shown tha t adjustment fo r GORD only marginally reduces the risk conferred by obesity. It 

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

^  C J H U

Mcrmal Ltnir>g Barren's Esophagus with dy$p43$ia vtfith Ngti-grada dysplasia Invasive ca ro no rra
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et al., 2008, Reid et a!., 2010). Visceral obesity has been linked to  carcinogenesis through  

metabolic abnorm alities such as hyperinsulinaem ia and hyperglycaemia (Renehan et al., 2006) 

and adipose tissue is an im portant site o f sex steroid biosynthesis, also im plicated in 

tum ourigenesis (Roberts et al., 2009). Visceral obesity is associated w ith  enhanced production  

of adipokines leading to  the developm ent o f a chronic pro-inflam m atory phenotype (Tilg and 

Moschen, 2006, Neels and Olefsky, 2006) which could in turn prom ote tum ourigenesis  

(Colotta et al., 2009, Field e t al., 2001). These m olecular pathways are discussed in m ore detail 

in section 1.6 and 1.7.

1.2.2.3 Other risk factors

Cigarette smoking is associated w ith  OAD risk (Anderson et al., 2007). M edication , d iet and 

Helicobacter pylori infection are m oderate m odifiable protective factors in the developm ent of 

OAD. Aspirin and o ther non steroidal anti-in flam m atory  drugs (NSAIDs) have been proposed to 

reduce the risk o f OAD, although evidence is lim ited (Farrow et al., 1998). Low fru it and 

vegetable consum ption is a m oderate risk factor fo r OAD (Engel et al., 2003, Anderson et al., 

2007). Reduced rates o f H. pylori infection in the general population correlate w ith  increased 

incidence o f 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 tim e of diagnosis approxim ately 50% of 

patients have evidence o f metastasis and hence unresectable tum ours (Enzinger and M ayer, 

2003). Patients present most com m only w ith  dysphagia (difficulty swallowing, 74% ), weight 

loss (57.3% ), GORD (20.5% ), odynophagia (pain on swallowing food and liquids, 16.6% ) and 

dyspnea (shortness o f breath, 12.1% ) (Daly et al., 2000).

1.2.4 Pathology and staging

Staging is carried out using a varie ty  o f techniques which include com puted tom ography (CT), 

endoscopic ultrasound (EUS), positron emission tom ography (^®FDG-PET), laparoscopy and 

endoscopic mucosal resection (M urphy et al., 2008). Oesophageal adenocarcinom a is 

classified according to  the 2002 Am erican Joint C om m ittee on Cancer tum our-node-m etastasis  

(TN M ) classification system (G reene, 2002). Tumours are classified by depth o f tum our  

invasion (tum our (T) stage), presence or absence o f lymph node involvem ent by m etastatic  

disease (node (N) stage) and presence or absence o f distant metastases (M  stage) (Table 1.2) 

(Enzinger and M ayer, 2003). According to this classification system, 13 -  20% of patients have
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stage I disease, 14 -  27% have stage IIA disease, 7 -  16% have stage MB disease and 44 -  50% 

have stage III disease (Daly et al., 2000, Enzinger and Mayer, 2003). Upon complete removal of 

the tum our (RO resection), 5 year survival is over 95% fo r stage 0 disease, 50 -  80% for stage I 

disease, 30 -  40% fo r stage IIA disease, 10 -  30% for stage MB disease and 10 -  15% for stage III 

disease (summarised in Table 1.2) (Reed, 1999, Headrici< et al., 2002, Pera et al., 1992). 

Patients w ith  stage IV disease treated w ith  palliative chemotherapy have an average survival 

o f less than one year. A to ta l of 35% o f surgical resections fo r oesophageal cancer in Ireland 

are carried out at this centre in St. James's Hospital. Of patients presenting w ith oesophageal 

cancer 14% have stage I disease, 29% have stage II disease, 36% have stage III disease and 8% 

have stage IV disease (Six Year Cancer Audit Report, St James Hospital). At this institution, five 

year survival is over 75% fo r stage 0 disease, 70 -  75% fo r stage I disease, 25 -  30% for stage II 

disease and 15 -  20% for stage III 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 w ith  the national average o f 15.5% 

(National et al., 2001).

Table 1.2: T N M  staging criteria (2002 American Joint C om m ittee on Cancer tum our-node-m etastasis  
(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-Melastasis 
Classification.

Stage Tljmor Node Metastasis 5-Yr Survival

%

0 Tis NO MO >95

1 T1 NO MO 50-80

IIA T2-3 NO MO 30-40

MB T l-2 N1 MO 10-30

Ml T3 N1 MO 10-15
T4 Any N MO

IVA Any T Any N M ia <5

IV B Any T Any N M lb <1

Primary tumour (I) 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, Nl=regional lymph node metastases. Distant metastases (M) are classified as follows: 
MO=no distant metastases, Mla=metastasis to cervical or celiac nodes, M lb=other distant metastases.
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1.2.5 Treatment

Treatment fo r localised oesophageal adenocarcinoma involves transthoracic or transhiatal 

oesophagectomy to remove the tum our (Enzinger and Mayer, 2003). These surgical resection 

procedures involve laparatomy (incision in the abdominal wall to gain access to  the abdominal 

cavity), dissection o f 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 w ith 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 o f care fo r OAD today usually involves pre-operative neoadjuvant 

chemoradiotherapy followed by surgery (Murphy et al., 2008). Patients receive a standard 

regimen o f chemoradiotherapy over the course of seven weeks and the tum our is re-staged at 

week 8. Surgery is carried out at week 9 if performance status o f the patient has not 

deteriorated, if the ir neutrophil count is >2 x lOVml and if there is no local or systemic disease 

progression (Murphy et al., 2008, Walsh et al., 1996). Pre-operative neoadjuvant therapy 

consists o f two courses o f chemotherapy on week 1 and week 6 (5-fluorouracil: 15mg/kg body 

weight, cisplatin: 75 mg/m^ body surface area) and a course o f radiotherapy beginning 

concurrently w ith the firs t week o f 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 im portant in the development o f novel targeted therapies.

1.2.6 Novel targeted therapies

Advances in the understanding o f OAD biology and associated risk factors have led to the 

identification o f molecular targets (Table 1.3) and subsequent development o f targeted 

preventative therapies and treatments. Proton pump inhibitors (PPIs) are administered to 

normalise stomach pH and thus reduce the damaging effects o f acid reflux, yet their 

effectiveness in controlling Barrett's oesophagus is controversial (Peters and Fitzgerald, 2007). 

The use o f anti-oxidants is under investigation as a preventative therapy. A diet rich in fru it 

and vegetables and vitam ins C and E is protective in development o f 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-inflam m atory and anti-carcinogenic agent in OAD is currently under 

investigation, and is thought to act through a number o f pathways including repression of the



pro-in flam m atory transcription factor NF-kB (Peters and Fitzgerald, 2007, Lam bert e t al., 

2005). W ith  in flam m ation  a key step in the  sequence from  GORD to Barrett's to OAD, the  

chem oprotective use o f anti-in flam m atory  drugs has been exam ined. A meta-analysis 

suggested a protective association o f aspirin and o ther non steroidal an ti-in flam m atory  drugs 

(NSAIDs) w ith  both histological subtypes o f oesophageal cancer (Corley et al., 2003). COX-2 is 

an im portant rate-lim iting  enzym e in prostaglandin production, the target pathw ay o f NSAIDs, 

and is often over expressed in both Barrett's oesophagus and oesophageal adenocarcinom a 

(Syrigos et al., 2008). A specific COX-2 inhib itor Celecoxib is currently on trial in oesophageal 

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

Epidermal grow th factor receptor tyrosine kinases EGFR and ErbB2 (HER2/neu) are over 

expressed in m any cancers including OAD, w ith  EGFR associated w ith  advanced tu m our stage, 

lymph node metastasis and poorer patient survival (W ang 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 II trial found that cetuxim ab can 

be safely adm inistered with chem oradiotherapy in oesophageal cancer (Safran et al., 2008). 

Trastuzum ab (H erceptin) is an anti-ErbB2/HER2 monoclonal antibody that can be safely 

incorporated into the chem oradiotherapy regim en for oesophageal cancer w ithout increased 

toxicity (Safran e t al., 2007). Gefitinib, a receptor tyrosine kinase (RTK) inhibitor, has shown 

promising results in Phase II and Phase III trials in non small cell lung cancer, especially in a 

subgroup o f patients w ith EGFR m utations (Peters and Fitzgerald, 2007). In oesophageal 

cancer, a Phase II trial o f gefitinib has been shown to have a clinical response rate o f 11%, and 

relatively mild associated toxicity. Subsequent m icroarray analysis in this study showed that 

gefitinib tre a tm e n t down regulated expression o f oncogenes associated w ith tum our 

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 o f Barrett's a ttributab le to enhanced vascularisation  

of the tissue (Kleespies et al., 2004). Anti-VEGF monoclonal antibody Bevacizumab (Avastin®) 

binds w ith high affin ity  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 A dm inistration for first line therapy in colorectal (H urw itz e t al., 2004) and non small 

cell lung carcinoma (Sandler e t al., 2006). Prelim inary results from  trials in oesophageal cancer
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are promising w ith 26.6% o f 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 im portant role in extracellular matrix degradation, 

vital fo r tum our 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 lim ited success. Although patients treated w ith  Marimastat 

showed significantly increased survival, this drug was associated w ith  high musculoskeletal 

toxicity (Bramhall et a!., 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 o f molecular pathways in oesophageal cancer have led to  identification of 

some promising novel molecular targets (Table 1.3). The development o f targeted 

preventative therapies and treatm ents could lim it the incidence and improve the poor survival 

rates associated w ith  OAD.

Table 1.3: M olecular targets and th e ir pathogenic roles in oesophageal cancer (adapted from Syrigos 
e fo /, 2008).

Role Molecular targets

1. Cell-grmvlh regulation ErbB receptors family (EGFR, 
H ER2/ neu )

2. Stimulation of Vascular endothelia] growth factor
angiogenesis fVEG F-A )

3. Regulation o f Cyclooxygenase-2 (C O X-2)
innammatorv’ response

4. Regulation o f Matrix meta]loproteina.ses (M XiP )
metastatic potential

5. ApoptosLs regulatio-n Tran.'icriptional nuclear factor 
kappa-b (NK -Kb)
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1.3 Obesity

'To lengthen thy life, lessen thy m eals'

Benjamin Franklin, Poor Richard's Almanack, 1737

1.3.1 Epidemiology

Obesity is defined by the accumulation o f excess adipose tissue and is associated with  

increased m orbidity and m ortality in the form  of increased risk o f cardiovascular disease, 

stroke, hypertension, m etabolic syndrome, type II diabetes mellitus, osteoarthritis, sleep 

apnoea, gall b ladder disease and many types o f cancer (M ust et al., 1999, Field et al., 2001, 

Guh et al., 2009). It is traditionally classified by body mass index (B M I) (kg/m^). O verweight 

corresponds to a BMI o f betw een 25 and 30, while obesity corresponds to a BMI g reater than  

30 (Table 1.4).

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

In Europe, 56% o f adult males and 53% adult fem ales are overw eight w ith  14% and 23%, 

respectively, classified as obese (W HO report 2007). In the United States these figures are 

even higher w ith approxim ately tw o thirds o f the adult population overw eight, and one third  

of these obese (N ational Health and Nutrition Examination Survey (NHNES) 2007 -  2008). It is 

clear that obesity is becoming a w orldw ide pandemic w ith  rates doubling in the United States 

over the last 30 years (Ogden et al., 2006)(N ational Health and N utrition Examination Survey 

(1971-74  to 2003 -06 )) and tripling in Europe over the same tim e period (W HO report 2007). 

W ith rates o f overw eight and obesity now m erely 5% low er than the  US (SLAN 2007), Ireland is 

no exception. A comparison betw een the N orth /South Food Consumption survey conducted in 

1999 and the SLAN 2007 survey shows that while incidence o f overw eight have rem ained  

approxim ately the same, rates o f obesity have risen by 5% (SLAN 2007). Two out o f th ree  Irish

BMI (kg/m2)

Underweight 
Normal weight 
Overweight

^ 18-5
18-5-25
2 5 -30
3 0 -3 5
3 5 -4 0

> 4 0

Obese class I 
Obese class I! 
Obese class III
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adults are now  overw eight while alm ost one in four adults are classified as obese (SLAN 2007). 

Obesity in w om en is the m ajor contributor to this rise, w ith  incidence o f obesity in fem ales  

increasing 7% betw een 1999 and 2007, while incidence in males has rem ained roughly the  

same over this same tim e period (SLAN 2007).

At least one in 13 deaths in the European Union (EU) is estim ated to be a ttribu tab le  to 

overw eight and obesity (Banegas et al., 2003, A llender and Rayner, 2007) and o f these deaths 

60 -  70% are due to cardiovascular disease and 20% are due to cancer (Banegas et al., 2003). 

The M illion W om en  Study in the United Kingdom (Reeves e t al., 2007) found th a t overw eight 

and obesity are responsible fo r 5% of all cancers among post-m enopausal w om en. A study 

conducted in the  United States in 2003 found that males w ith  BMI > 35 had a 1.23 relative risk 

of developing all types of cancer, w hile  wom en w ith a BMI > 40  had a 1.62 relative risk of 

developing all types o f cancer, and that overweight and obesity could account for 14% o f all 

cancer deaths in men and 20% in w om en in the United States (Calle e t al., 2003). If the current 

obesity trends w ere to  continue all US adults would be overw eight or obese by 2048 and total 

health care costs a ttribu tab le  to  excess weight would double every decade (W ang et al., 2008). 

W ith  this terrifying possibility on the horizon, there is an absolute necessity to understand the  

m olecular basis o f the association o f obesity w ith increased m orbidity and m ortality.

1.3.2 Adipose tissue depots and measuring obesity

Fat depots d iffer in size, function and contribution to pathological states and adipose tissue is 

therefore  a heterogeneous organ (Tchkonia et al., 2007, Perrini e t al., 2008). It is now known 

that accum ulation o f visceral fa t is m ore detrim ental to  health than overall obesity indicating  

the pathophysiological im portance o f adipose tissue distribution (Despres, 2001). Gene 

expression data suggests th a t d ifferen t fa t depots are essentially 'mini organs', w ith d ifferent 

developm ental, adipogenesis and m etabolic gene expression profiles suggesting distinct 

developm ental origins (Tchkonia et al., 2007). There are also acquired differences betw een  

depots: obesity is associated w ith  increased adipocyte necrosis (Strissel e t al., 2007) and 

preferentia l m acrophage infiltration into visceral adipose tissue (Cancello et al., 2006). Visceral 

adiposity is associated w ith m ale sex (Misra and Vikram , 2003), and male sex in turn is m ore  

strongly associated w ith  obesity related morbidities than fem ale sex (Ryan et al., 2006). 

Visceral adiposity is a stronger predictor of related m orbidity and m ortality  than overall 

obesity (Gesta et al., 2006, Giorgino et al., 2005). This im portant finding is reflected in the  

In ternational D iabetes Foundation (IDF) definition of the M etabolic Syndrom e, a cluster o f
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metabolic abnormalities leading to  increased incidence o f Type II Diabetes and related 

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

BMI is a measure o f overall adiposity and therefore does not take into consideration either 

composition o f body mass or distribution o f adipose tissue (Hu, 2007). As adipose tissue 

distribution has been shown to be o f great importance w ith visceral adiposity linked to 

increased development o f obesity related morbidities and mortalities, BMI may not be the 

ideal measure o f obesity (Hu, 2007, Wajchenberg, 2000). This finding may serve to  amplify the 

current obesity pandemic as incidence o f visceral adiposity is far higher than incidence o f 

overall adiposity. While less than 25% o f adults in Ireland are classified as obese by BMI, over 

60% o f adults are classified as obese by waist circumference, a surrogate measure o f visceral 

obesity (SLAN 2007). There are a number o f ways to measure visceral obesity (Hu, 2007). The 

cross sectional surface area o f the visceral fat depot is the measured by computed 

tomography (CT) between lumbar vertebrae L3 and L4 to  give visceral fa t area (VFA) (cm^), the 

current gold standard measurement o f 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 o f visceral obesity and correlates well w ith  VFA
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(Klein et al., 2007, Valsamakis et al., 2004). Although WC requires only a tape m easure and 

there fore  appears to be a straightforward technique, it is challenging to standardise betw een  

patients and d ifferen t studies have measured at d ifferent locations (e.g. at the level o f the  

umbilicus, at the  m idpoint betw een the low er rib and iliac crest) (Hu, 2007). W aist hip ratio  

(W HR) introduces another variable as it is a measure o f both increased visceral fat and 

decreased g luteofem oral fat and thus its in terpretation may be m ore complicated (Hu, 2007). 

A study com paring BMI, WHR and W C found that WC was the best surrogate m easure o f CT 

defined visceral obesity (O nat et al., 2004). W C was found to correlate b e tte r w ith  

cardiovascular disease than W HR, fu rther underlining the superiority o f this m easurem ent 

(Pouliot e t al., 1994). These data suggest that while VFA is the u ltim ate measure o f visceral 

adiposity (Beddy et al., 2010) WC is an acceptable surrogate, although care is needed to  

standardise betw een patients. W hile  the International Diabetes Federation (IDF) cu t-o ff o f 94  

cm in men and 80 cm in w om en is w idely used to define visceral obesity (Federation, 2006), 

there  is no w idely accepted VFA cut-o ff value currently in use. Several have recently been 

proposed; in a Turkish population, cardiovascular disease was found to correlate w ith  VFA > 

140 cm^ in m en and > 120 cm^ in w om en (O nat e t al., 2004) while in a W estern population, 

VFA > 131 cm^ in males was associated w ith  increased cardiovascular risk (H unter e t al., 1994). 

A sim ilar study, also in a W estern  population, found a VFA > 130 cm^ in both males and 

fem ales was associated w ith  increased risk o f Type II D iabetes and cardiovascular disease 

(Despres and Lamarche, 1993). W ith  the recent recognition o f the im portant contribution of 

visceral adiposity to the  obesity pandemic and associated disease (Giorgino et al., 2005), it is 

vital to  define VFA cu t-o ff values th a t can be brought into widespread use, standardising this 

m easurem ent and allowing accurate comparison betw een studies.

1.3.3 Obesity and the metabolic syndrome

The M etabo lic  Syndrome (M etS) is the term  used to describe a cluster o f m etabolic  

abnorm alities leading to  increased incidence of related disorders such as cardiovascular 

disease (Gami e t al., 2007) and Type II D iabetes Mellitus (Ford et al., 2005). There have been a 

num ber o f definitions o f M etS  over the years (National et al., 2001, Federation, 2006, A lberti 

et al., 2005) and the population prevalence o f the disorder depends on the defin ition used 

(Donohoe et al., 2010). The International Diabetes Federation (IDF) is the most recent and 

increases the  prevalence o f M etS  by approxim ately 20% com pared w ith the o lder Adult 

T reatm ent Panel III (ATP III) defin ition (Ford et al., 2005, Donohoe et al., 2010, National e t al., 

2001). The IDF definition requires presence of visceral obesity defined by a waist 

circum ference o f >80 cm in fem ales and >94 cm in males, plus tw o  or m ore 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 tw o of the following:

Raised triglycerides
>1.7 mmol/L

Or specific treatment for this condition

<1.03 mmol/L in males j

Reduced HDL-cholesterol <1.29 mmol/L in females j  

Or specific treatment for this condition

Raised blood pressure
Systolic>130 mmHg or diastolic >85 mmHg 

Or treatment of previously diagnosed hypertension

Raised plasma glucose
Fasting plasma glucose ^5.6 mmol/L 

Or previously diagnosed with Type II Diabetes

(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 w îth 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 a!., 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 o f adipose tissue depots and signals 

repletion o f energy stores to the hypothalmus (Fruhbeck, 2006). Levels are increased in 

obesity and are higher in women than in men (Schaffler et al., 2007), w ith  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 o f insulin resistance, a key component of obesity related m orbidity and m ortality 

(Renehan et al., 2006). Insulin resistance is common in obesity and results in a compensatory 

increase in production o f this circulating growth factor (Roberts et al., 2009). 

Hyperinsulinaemia, characterised by chronically elevated levels o f insulin and insulin 

resistance, is associated w ith  elevated leptin levels (Segal et al., 1996, MacDougald et al., 

1995). Leptin belongs to the IL-6 superfamily o f Type I cytokines along w ith  IL-2, IL-4, 

oncostatin M and IL-12 (Zhang et al., 1997) which bind and activate Type I cytokine receptors. 

This receptor superfamily, lacking endogenous kinase activity, signal through JAKs (Janus 

kinases) and STATs (signal transducers and activators o f transcription) (Fruhbeck, 2006) to play 

a role in a wide variety o f 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-1(3 (Lord et al., 1998, 

Fruhbeck, 2006), Hence, like other members of the Type 1 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/ObRiong, 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 ail (Friedman and 

Halaas, 1998). The short leptin receptor isoforms could play a rote 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 trim er 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, ARl and AR2, binding globular and full 

length adiponectin, respectively (Yamauchi et al., 2003). ARl 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-inflam m atory 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 II 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 al., 2005) but its role is less clear in
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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 

developm ent o f insulin resistance (Steppan et al., 2001, Kim et al., 2001, Holcomb et al., 2000). 

W hile expressed by adipocytes in mice, it is expressed by macrophages in humans (Patel e t al., 

2003). W hile  resistin has been dem onstrated to be im portant 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 e t al., 2002). 

Retinol binding protein 4 (RBP4) was identified as an adipokine w ith  elevated levels found in 

an insulin resistant GLUT4 knockout mouse model (Yang et al., 2005). A dm inistration o f RBP4 

to lean mice resulted in developm ent o f insulin resistance while RBP4 knockout mice w ere  

protected from  the developm ent o f high fat d iet induced insulin resistance (Yang et al., 2005). 

This adipokine has also been investigated in humans, w ith insulin resistance correlating w ith a 

high level o f circulating RBP4 (Graham, T.E. 2006). Adipsin, identical to  com plem ent factor D, is 

expressed at high levels in adipose tissue and correlates negatively with obesity status (W hite  

et al., 1992). These discoveries have provided foundation fo r the identification o f a host of 

other adipokines, o f which over 100 have been characterised to date (Roberts e t al., 2009). 

There is now enorm ous interest in adipose tissue as a significant m ediator o f in flam m atory  

and im m une responses via adipokine production and the delicate balance of these pro and 

anti-in flam m atory  m ediators could be an im portant 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 inflam m ation  

(Colotta e t al., 2009, Szlosarek et al., 2006). M ore  recently it has been found that this state of 

persistent, unresolved inflam m ation is m irrored in obesity and could contribute to  the  

pathogenesis o f excess adipose tissue (W eisberg et al., 2003). As a result o f these observations 

there  has been much recent interest in characterisation o f adipokines, soluble m ediators o f 

in flam m ation produced by adipose tissue (Galic et al., 2010, Roberts et al., 2009). W hile  leptin 

and adiponectin are produced chiefly by adipocytes, many o ther pro-in flam m atory adipokines 

are produced by cells o f the stromal vascular fraction (SVF) comprising pre-adipocytes, 

fibroblasts, endothelial cells and im m une cells (Kahn and Flier, 2000). It has been established 

that im m une cells infiltrate preferentially into om ental adipose tissue, indicating the  

im portance of this depot in the developm ent o f the pro-in flam m atory phenotype  

characteristic o f 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 o f caloric excess, adipose tissue can expand in two ways: by increasing 

adipocyte size through increased triglyceride storage (hypertrophy), and by increasing 

adipocyte number (hyperplasia) (Halberg et a!., 2009, Huber et ai., 2007, Boivin et a!., 2007). 

Both methods o f adipose tissue expansion can give rise to  the development o f a hypoxic, 

oxygen deficient environment as de novo angiogenesis fails to keep pace w ith the expanding 

adipose tissue (Halberg et al., 2009). Adipocyte necrosis, a pathological hallmark o f obesity, 

can lead to  the in filtra tion o f scavenging macrophages (Rasouli and Kern, 2008, Cinti et al., 

2005). It has been reported that 90% o f 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 

o f 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 o f pro-inflam m atory 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).

Lear AT Expanding AT Obese AT

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 o f macrophages w ith  no phagocytotic ability, can be found circulating
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inert in the bloodstream . In response to chennokine signalling, they can extravasate through  

the walls o f the blood vessel into the dam aged or infected tissue, w here they become 

activated macrophages to carry out normal dam age repair (Figure 1.7) (Duffield, 2003). In 

addition to  its role in this norm al healing response, over expression o f MCP-1 can lead to 

insulin resistance through suppression of insulin-stimulated glucose uptake, and this has been 

dem onstrated in 3T3-L1 adipocytes (Sartipy and Loskutoff, 2003). Over expression o f MCP-1 in 

transgenic mice was associated w ith  increased numbers o f ATMs, increased TNFa and IL-6 

production and insulin resistance (Kamei et al., 2006). On the o ther hand, mice w ith deletions 

of MCP-1 and its receptor CCR2 have decreased macrophage infiltration, a diminished pro- 

in flam m atory state, im proved insulin sensitivity and increased adiponectin concentrations  

(W eisberg e t al., 2006). Together these data suggest that MCP-1, increased in obesity, plays an 

im portant role in ATM  infiltration, insulin resistance and developm ent o f 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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U n d e r  n o r m a l  c i r c u m s ta n c e s  t h e  in f la m m a to ry  r e sp o n se  is typically t r a n s i e n t  a n d  is quickly 

re so lv e d  fo llow ing  t i s su e  repa ir .  H o w e v e r  in pathological p ro c e s s e s  such  a s  o b e s i ty  a n d  ca n ce r ,  

it ha s  b e e n  p r o p o s e d  t h a t  a ch ro n ic  sub-clinical level o f  in f la m m a t io n  pers is ts ,  d e s t ro y in g  

t i s su e  a r c h i t e c tu r e  a n d  ca u s in g  o rg a n  d y s func t ion  (Cinti e t  al., 2005). In ad d i t io n  t o  in c re a se d  

n u m b e r s  o f  ATMs in o b e s i ty  (W e isb e rg  e t  al., 2003), th e re  is a lso  e v id e n c e  to  s u g g e s t  t h a t  t h e  

a c t iv a t io n  s t a t e  o f  t h e s e  m a c r o p h a g e s  is a l te red .  R esiden t ATMs in n o rm a l  w e ig h t  a re  

p r e d o m in a n t ly  M2 p o la r i sed  a n d  t h u s  p r o d u c e  low levels o f  p ro - in f la m m a to ry  m e d ia to rs .  

C onverse ly ,  o b e s i ty  is a s s o c ia te d  w ith  an  infiltrating p o p u la t io n  o f  p ro - in f la m m a to ry  M l  ATMs 

(L um eng  e t  al., 2 0 0 7 ,  Strissel e t  al., 2007) .  M l  o r  classical ac t iva t ion  o f  m a c r o p h a g e s  is in d u c ed  

by hypoxia  a n d  by ThI  p r o - in f la m m a to r y  cy tok ines  such  as  IFNy (Figure 1.8) p r e s e n t  in visceral 

o b e s i ty  (Strissel e t  al., 2007).  M l  m a c r o p h a g e s  p ro d u c e  a v a r ie ty  o f  p ro - in f la m m a to ry  

cy to k in es  inc luding TNFa, IL-6 a n d  IL-12 a n d  reactive  oxygen sp e c ie s  a re  g e n e r a t e d  fo llow ing  

a c t iv a t io n  o f  induc ib le  nitr ic ox id e  s y n th a s e  (iNOS) to  p r o d u c e  nitric ox ide (NO) (Duffield, 

2003).  A lte ra t ive  ac t iv a t io n ,  M2 p o la r isa t io n ,  is induced  by Th2 a n t i - in f la m m a to ry  cy to k in es  IL- 

4  a n d  IL-13. M2 m a c r o p h a g e s  p r o d u c e  an  a n t i- in f lam m ato ry  re s p o n s e ,  s e c re t in g  IL-4, IL-10 an d  

IL-13 an d  s u p p r e s s in g  p ro d u c t io n  o f  p ro - in f la m m a to ry  cy tok ines  an d  ROS (G o rd o n ,  2003). 

N orm al im m u n e  r e s p o n s e s  a re  c h a r a c te r i s e d  by a d e l ic a te  b a la n c e  of  M l  an d  M2 

m a c r o p h a g e s .  Both t y p e s  a r e  n e c e s s a r y  fo r  no rm al t is sue  d a m a g e  re p a ir  an d  h ea l ing  a n d  a 

de f ic iency  o f  e i t h e r  ty p e  can  lead  to  a pa tho log ica l  r e sp o n se  (Duffield, 2003). In o b e s i ty  t h e r e  

is a sw itch  in th is  f ine  b a la n c e  t o  f a v o u r  M l  po larisa tion ,  resu lt ing  in t h e  c re a t io n  o f  a p ro-  

in f la m m a to ry  p h e n o t y p e  (L um eng  e t  al., 2007). Infiltration an d  M l  ac t iva t ion  o f  ATMs in 

visceral o b e s i ty  is p r o p o s e d  t o  b e  a n e c e s s a r y  s te p  in th e  d e v e lo p m e n t  o f  insulin r e s is ta n c e  

an d  Type  II D ia b e te s  (L um eng  e t  al., 2007)  and  th e re fo r e  could  play an  im p o r ta n t  role in 

tu m o u r ig e n e s i s .
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Figure 1.8: Classical activation is mediated by a priming stimulus by ThI cytokine IFN-y, followed by a 
microbial trigger (e.g. lipopolysaccharide (LPS)). Alternative activation is mediated by Th2 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 o f 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 o f T lymphocytes have been 

reported in obese mouse models (Rocha et al., 2008, Wu et al., 2007). Infiltration o f CD4\ IFN- 

y-producing T lymphocytes has been shown to be an early event during the development of 

insulin resistance in a mouse mode! o f high fa t diet (HFD) induced obesity, preceding the 

recruitm ent o f monocytes (Kintscher et al., 2008). ThI  cytokine IFN-y was found to  induce 

SGBS pre-adipocyte production o f MCP-1 (Kintscher et al., 2008), a key chemokine in 

recruitm ent and classical activation o f ATMs. Obese mice deficient in IFN-y had decreased 

mRNA expression o f 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 o f the pro-inflam m atory ThI  cytokine IFN-y in obesity induced 

inflammation. Infiltration o f T lymphocytes has also been demonstrated in human adipose 

tissue, w ith increased mRNA expression o f 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 fo r ThI  polarised, IFN-y producing T
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lymphocytes in the orchestration o f adipose tissue inflam m atory processes. In addition to  T 

lymphocytes, the presence o f natural killer T (NKT) cells has been dem onstrated in the adipose 

tissue o f mice (Caspar-Bauguil e t al., 2005). NKT cells are innate-like T lymphocytes which can 

produce a m ixture o f T hI  and Th2 cytokines such as IFN-y and IL-4 (Caspar-Bauguil e t al., 2005). 

A 32-m icroglobulin knockout mouse m odel lacking NKT cells was found to have decreased 

m acrophage infiltration and improved glucose tolerance relative to  the control mouse model 

following HFD induced obesity. Additionally, activation o f NKT cells by adm inistration of 

glycosphingolipid exacerbated glucose intolerance, increased macrophage infiltration and 

increased gene expression of ThI  cytokine IFN-y and chem okine MCP-1 in the adipose tissue of 

a mouse m odel o f HFD induced obesity (Ohm ura et al., 2010). Together these results 

dem onstrate the im portance o f NKT cells in the recruitm ent and activation o f macrophages 

and developm ent o f insulin resistance. A recent study has reported infiltration o f mast cells 

prior to  the appearance o f macrophages in human adipose tissue w ith increased numbers 

found in the  adipose tissue o f obese individuals (Liu et al., 2009). M ast cells function mainly in 

allergic responses but have recently been dem onstrated to play a role in obesity related  

diseases such as atherosclerosis (Sun et al., 2007) and may be im portant m ediators o f d iet 

induced obesity and glucose intolerance via production o f pro-inflam m atory cytokines IL-6 and 

IFN-y (Liu et al., 2009). Collectively, these recent studies provide evidence for the contribution  

o f a variety o f im m une cells including macrophages, T lymphocytes, NKT cells and m ast cells to  

the chronic inflam m atory environm ent present in visceral obesity.

1.3.6 Models of Obesity

Adipose tissue consists o f m ature adipocytes surrounded by a strom al vascular fraction (SVF) 

composed o f m ultip le d ifferent cell types. These include pre-adipocytes, endothelial cells, 

pericytes, fibroblasts, mesenchymal stem cells and im m une cells (Kahn and Flier, 2000, 

Christiaens and Lijnen, 2010). In order to  study this complex disorder, it may be o f use to  

simplify the experim ental system, focussing solely on one cell type at a tim e. In vitro  cell 

culture is th ere fore  an indispensable tool o f scientific research, enabling the analysis o f 

individual factors or pathways o f interest under controlled conditions (Fischer-Posovszky et al., 

2008). Ideally in vitro w ork would be carried out in individual populations o f prim ary cells o f 

interest; how ever there  are a num ber o f lim itations concerning use o f human m aterial. This 

has led m any research groups to rely on im m ortalised cell lines fo r in vitro studies (Fischer- 

Posovszky e t al., 2008). Primary adipocytes are unpredictably variable betw een individuals due 

to  a w ide variety o f factors including race, age, sex, genetic and lifestyle differences, w eight 

differences, disease status, m edication, type and length o f surgery and site o f sample harvest.
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In addition, isolated primary cells can have a lim ited life span in vitro and the quantity of 

available tissue can sometimes be restricted. A cell line, on the other hand, can provide an 

unlim ited supply o f 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 w ith  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) o f subcutaneous adipose tissue o f an infant w ith  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 o f events marked 

by alterations in gene expression o f early adipogenic transcription factors including 

CCAAT/enhancer binding protein a (C/EBPa), sterol regulatory element binding protein Ic  

(SREBP Ic) and peroxisome proliferator-activated receptor y (PPARy) (Rosen and MacDougald, 

2006). These transcription factors induce expression o f term inal adipocyte d ifferentiation 

genes including adipocyte fa tty  acid binding protein (AP2), glucose transporter 4 (GLUT4), 

lipoprotein lipase (LPL), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and leptin, 

required fo r adipocyte function (MacDougald and Lane, 1995). Although SGBS adipogenesis is 

relatively less well described, sim ilar changes in gene expression throughout the process of 

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

A growing number o f comparative studies outline numerous species differences, alterations in 

patterns o f cell growth, d ifferentia l expression o f splice variants o f key proteins and altered 

adipokine expression between human and murine models (Newell et al., 2006, Wood et al., 

2003, Bodies et al., 2006). 3T3-L1 and 3T3-F442A adipocytes undergo m ito tic clonal expansion 

followed by growth arrest in the early stages o f d ifferentiation, 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 o f human pre-adipocytes 

prior to isolation, or alternatively that progression through the S phase o f the cell cycle may be 

sufficient fo r human pre-adipocyte d ifferentiation (Rosen and MacDougald, 2006, Newell et 

al., 2006). In e ither case, it is perhaps a significant characteristic o f human adipogenesis.
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Although the gene expression profile o f adipogenesis is generally similar between 3T3 and 

SGBS, there are marked differences in several im portant 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 a!., 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 a!., 2004). 3T3-F442A and SGBS express different ratios o f adiponectin isoforms in 

response to treatm ent w ith  pioglitazone, indicating potential differences in insulin sensitivity 

and inflam m atory phenotypes (Bodies et al., 2006). These data indicate that the human SGBS 

model may be more clinically relevant fo r the study o f 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 m ajority o f adipokines to date have been identified using both in vitro and in vivo munne 

models, and differences commonly exist in humans with regard to expression, alternative 

splicing and function o f these proteins (Galic et al., 2010, Rasouli and Kern, 2008). The scarcity 

o f clinically relevant cell line models has therefore hindered obesity research to date and the 

human SGBS pre-adipocyte cell strain could represent an im portant new tool in the study of 

obesity (Fischer-Posovszky et al., 2008). A recent proteomic screen o f SGBS uncovered a range 

o f previously uncharacterised adipocyte secreted proteins, demonstrating the successful use 

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

While the use o f in vitro systems has simplified experimental systems and enabled 

characterisation o f both the adipocyte differentiation process and the adipocyte secretome 

(Rosen and MacDougald, 2006, Rosenow et al., 2010), a number o f disadvantages also exist 

(Perrini et a!., 2008). Firstly, the adipocyte cell line lacks the im portant influence o f the 

m icroenvironment, shown to play a key role in the development o f the pro-inflam m atory state 

characteristic o f visceral obesity and crucial fo r the development o f related diseases, including 

cancer (Weisberg et al., 2003, Colotta et al., 2009). Secondly, it has been shown tnat 

adipocytes differentiated in vitro retain the characteristics o f 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 o f 

visceral obesity related disease. It therefore remains to be fu rthe r investigated if
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subcutaneous derived SBGS could present a clinically relevant model fo r the study o f visceral 

obesity related disease.

1.4 Epidemiology o f obesity and cancer

Obesity has recently been linked to increased incidence o f an ever-growing list o f 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 th ird  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 

m orta lity fo llow ing development o f 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 tum our progression. While the 

epidemiological link is well documented, an increased understanding o f the underlying 

molecular mechanisms responsible is now imperative.
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Cancer site and type Number of studies RR(95%CI) p P

Oesophageal adenocarcinoma 5 

Thyroid 

Colon

Renal

Liver

Malignant melanoma

Multiple myeloma

Rectum

Gallbladder

Leukaemia

Pancreas

Non-Hodgkin lymphoma

Prostate

Gastric

Lung

Oesophageal squamous

4
22

11
4

6

7

18

4

7 

12 

6 

27

8 

11 
3

H
1-52 (133-1-74) <00001 24%

1-33 (104-1-70) 00 2 77%
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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 1̂  values of 25%, 50%, and 75% correspond to cut-off 
points of low, medium and high heterogeneity, respectively.
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Figure 1.10: Cancer and BMI in women (taken from Renehan et al 2007). The 1̂  statistic measures the 
degree of heterogeneity between studies where 1̂  values of 25%, 50%, and 75% correspond to cut-off 
points of low, medium and high heterogeneity, respectively.



1.5 Obesity and cancer treatment

Obesity is associated w ith  increased m orta lity in many cancers (Calle et al., 2003). A BMI > 30 

was found to confer an 11% increased risk o f cancer recurrence and overall m orta lity  in colon 

cancer (Meyerhardt et al., 2003). In breast cancer, obese patients were found to  present w ith 

a higher pathological tum our stage than their normal weight counterparts (Litton et al., 2008). 

A number o f factors may contribute to the association o f obesity w ith increased cancer 

m orta lity including increased disease recurrence (Kroenke et al., 2005, Dignam et al., 2006), 

increased wound healing complications (El-Tamer et al., 2007), delay in cancer diagnosis due 

to lower screening rates (M aruthur 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 tha t mammography screening rates were 20% lower in class III m orbidly obese 

women (BMI > 40) (M aruthur et al., 2009a). Another meta-analysis found an inverse 

relationship between cervical cancer screening rates and obesity (M aruthur et al., 2009b). 

Lower screening rates o f obese individuals could contribute to delayed diagnosis, leading to 

presentation o f these patients w ith  more clinically advanced tum ours (M aruthur 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 o f most 

chemotherapy drugs are calculated by body surface area (BSA) and are often reduced in obese 

patients w ith 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 o f neoadjuvant 

chemotherapy is diminished when full doses o f therapy are not given (Griggs et al., 2005) and 

therefore sub-optimal dosing could contribute to increased cancer m orta lity 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 a!., 

2008), potentia lly via a number o f mechanisms including altered levels o f 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 w ith  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 o f the factors associated w ith poorer response to CRT in obesity could therefore
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lead to reassessment o f current CRT regimens and guide the development o f individualised 

patient treatm ent.

1.6 Candidate molecular mechanisms linking obesity and cancer

Several mechanisms o f obesity related pathogenesis have been proposed to date. It is w/ell 

established that visceral obesity has a pronounced effect on levels o f 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 hyperinsuiinaemia are common metabolic disorders in 

visceral obesity (Roberts et al., 2009, Federation, 2006) and are associated w ith  increased 

incidence o f OAD (Neale et al., 2009, Watanabe et al., 2007). Treatment w ith  the anti-diabetic 

drug metform in 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 o f 1000 breast cancer patients 

(Cazzaniga et al., 2009). Hyperinsuiinaemia has been linked to increased circulating amounts o f 

bioactive, bio-available insulin like growth factor 1 (IGF-1) through decreased expression o f IGF 

binding proteins 1 and 2 (IGFBPl, 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 hyperinsuiinaemia 

can lead to reduction in circulating levels o f sex hormone binding globulin (SHBG), increasing 

levels o f 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 fo r the association o f male sex w ith OAD and higher levels o f testosterone have 

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

Reliance o f tum our cells on glycolysis even in the presence o f oxygen is a phenomenon termed 

the Warburg effect, a fundamental hallmark o f cancer providing the basis fo r the widely used 

2-[^®F] fluoro-2-deoxyglucose positron emission tomography (FDG-PET) molecular imaging of 

tumours including OAD (Kelloff, G.J., 2005). Molecular imaging o f glucose metabolism by FDG- 

PET has been shown to  be a feasible measure o f neoadjuvant response in OAD (RoedI et al., 

2009), demonstrating that glycolytic flux is linked to tum our 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 im portant biochemical
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transform ation  in th e  sequence of progression from  Barrett's to  OAD. In term s of ATP 

production glycolysis is far less efficient than oxidative phosphorylation and so tum our cells 

m ust com pete fo r lim ited nutrients through enhanced glycolytic pathw ay flux (Kelloff, G.J., 

2005 , V ander Heiden 2010). As tum our cells are adapted to  outcom pete th e ir normal 

neighbours for nutrients, chronic hyperglycaemia characteristic o f visceral obesity could 

specifically fuel tu m o u r grow th. Enhanced production o f lactate as the end m etabo lite  o f this 

pathw ay increases the  pH o f the tum our m icroenvironm ent, eradicating norm al cells, 

expanding margins o f the neoplasic area (Kellenberger e t al., 2010) and prom oting increased 

tu m o u r invasion (M artinez-Zaguilan et al., 1996). This adaptation o f tum our cells to  exploit 

obesity related hyperglycaemia could be targeted in a therapeutic  m anner in to reduce 

tu m o u r aggressiveness in viscerally obese cancer patients.

1.7 Visceral obesity can modulate the hallmarks of OAD

A seminal contribution to  the understanding o f mechanisms involved in cancer biology came 

w ith  the identification o f six essential changes to  cell physiology both necessary and sufficient 

to  give rise to carcinom a developm ent. These hallmarks o f cancer w ere proposed to  be self 

sufficiency in grow th signals, insensitivity to  anti-grow th signals, evasion o f apoptosis, limitless 

replicative potential, sustained angiogenesis and tissue invasion and metastasis (Figure 1.11) 

(Hanahan and W einberg , 2000). M ore  recently, a state o f 'smouldering' chronic sub-clinical 

in flam m ation  has been identified as a seventh hallm ark of cancer (Colotta et al., 2009). 

Obesity is now established to  be a m ajor risk factor for both cancer initiation and progression, 

giving rise to  increased cancer incidence and increased cancer m ortality  (Calle e t al., 2003). 

The m olecular mechanisms behind these associations are not yet fully understood, but there  

are prelim inary indications that obesity may share several hallmarks w ith  cancer such as de 

novo  angiogenesis (Christiaens and Lijnen, 2010) and a chronic state o f inflam m ation (Xu e t 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 o f m etabolic  

abnorm alities characteristic o f viscerally obese individuals (Federation, 2006).
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Figure 1.11: The hallmarks of cancer (taken from Colotta et a! 2009).
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1.7,1 Self-sufficiency in growth signals

Tumours respond to exogenous growth signals by expressing appropriate receptors fo r 

circulating grow th factors, hormones and cytokines (Lagarde et al., 2007). Tumour production 

o f grow th signals, over expression o f relevant receptors and constitutive activation o f these 

receptors can remove tum our dependence on exogenous signals and lead to self-sufficient 

pro liferation (Lagarde et al., 2007). Several genes have been shown to be prognostic indicators 

in OAD. Cyclin D1 (CCNDl) is an oncogene involved in cell cycle regulation (Lagarde et al., 

2007) and CCNDl amplification and nuclear localisation has been associated w ith  OAD survival 

(Bani-Hani et al., 2000, M iller et al., 2003). Another pathway demonstrated to be o f great 

importance in OAD is epidermal growth factor (EGF) and transform ing growth factor alpha 

(TGFa) binding to the EGF receptor tyrosine kinase (EGFR) fam ily to increase cell proliferation 

(Spano et al., 2005). EGFR and related ErbB2 (HER2/neu) genes are commonly amplified in 

OAD, w ith frequencies o f 8% and 22%, respectively (M iller et al., 2003). EGFR over expression 

is associated w ith  advanced tum our stage, lymph node metastasis and poorer patient survival 

in many cancers including OAD (Wang et al., 2007). Cetuximab, trastuzumab and gefitin ib are 

inhibitors targeted against the EGFR family currently under investigation in the treatm ent of 

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

Visceral obesity and insulin resistance are associated w ith elevated levels o f 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 ceil 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 o f the EGFR (Saxena et al., 2008). MMP activity is 

necessary fo r EGFR transactivation (Prenzel et al., 1999) and MMP inhibitors prevent leptin 

and IGF-1 induced tyrosine phosphorylation o f EGFR (Saxena et al., 2008) in addition to 

inhibiting the proliferative effects o f leptin in OAD cell lines (Ogunwobi and Beales, 2008b). In 

patients, primary or treatm ent induced resistance to EGFR targeted cancer therapy is frequent 

(Fiorio et al., 2008). The development o f novel treatm ents to target the leptin pathway could 

therefore be useful, especially in the treatm ent o f resistant tumours (Fiorio et al., 2008). 

Targeted treatm ent o f the leptin pathway would be particularly relevant in obese patients 

w ith elevated circulating levels o f 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 tum our 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 tum our cells. For example, transforming growth factor- p (TGF- 

P), a cytokine produced by adipose tissue (Trayhurn and Wood, 2004), plays an im portant role 

in many cancers as a negative growth factor and tum our suppressor (Lagarde et al., 2007). The 

TGF-P signalling cascade is frequently mutated in gastrointestinal malignancies (Onwuegbusi 

et al., 2006). Barrett's oesophagus is associated w ith inactivation o f TGF-P signalling molecule 

SMAD4 (Onwuegbusi et al., 2006) and OAD is associated w ith loss o f functional TGF-P receptor 

expression (Lagarde et al., 2007).

Visceral obesity and insulin resistance are associated w ith decreased serum levels o f anti­

inflammatory adipokine adiponectin (Arita et al., 1999). Reduced levels o f 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 o f both AR l and AR2 have been 

shown to be down regulated in gastric cancer, suggesting tum our cell evasion o f the anti­

proliferative effects o f adiponectin signalling (Otani et al., 2010). However sim ilar 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 o f a tum our to expand in size is not solely linked to the rate o f pro liferation but is 

also dependent on rate o f 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 o f genomic stability and its importance is well established in protection against 

carcinogenesis (Harris and Levine, 2005). Under normal conditions p53 is marked fo r ubiquitin- 

mediated degradation by negative inhib itor IVIDIVI2 and in response to acute damage is 

stabilised through inhibition o f its interaction w ith IVIDM2 (Whibley et al., 2009). The p53 

network is activated in response a variety o f cellular insults including DNA damage, over 

expression o f 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 tum our 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 

tum our 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 v itro  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 treatm ent, 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 tum our cells is required to overcome 

replicative senescence (Kyo et al., 1999) and approximately 90% of tum our 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). T reatm ent w ith telom erase inhibitors has been shown to inhibit OAD grow th both in 

vitro  and in vivo (Shammas et al., 2008) and this pathway could therefore  represent a novel 

therapeutic  strategy in the trea tm en t of this cancer. Telom erase inhibitor Im etelstat 

(GRN163L) has been dem onstrated to reduce tum our proliferation and metastasis in a 

xenograft breast cancer m odel and could present a promising candidate for clinical trials 

(H ochreiter e t al., 2006).

The transcription o f human telom erase reverse transcriptase (hTERT) has been recently 

dem onstrated to be regulated by a num ber o f obesity related factors. Levels o f leptin, IGF-1 

and oestrogen are elevated in obesity (Roberts et al., 2009, Fruhbeck, 2006) and these factors 

can m ediate the activation o f hTERT via their respective signalling pathways (Kyo et al., 1999, 

W ette rau  et al., 2003, Ren et al., 2010). STAT3 is a transcription factor involved in cytokine and 

grow th factor signalling, frequently  over expressed in cancer. STAT3 has been dem onstrated  

to  be involved in regulation o f 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 telom erase activation and 

induce tum our senescence in viscerally obese OAD patients.

1.7.5 Sustained angiogenesis

The establishm ent o f new blood vessels by de novo angiogenesis is a prerequisite process for 

developm ent, progression and dissemination of m alignant tum ours (Hanahan and W einberg, 

2000). Vascular endothelial growth factor (VEGFA) is a potent inducer o f angiogenesis that 

stim ulates endothelial cell proliferation and invasion into the extracellular m atrix to form  new  

vasculature. VEGFA signalling is induced by hypoxia, a characteristic hallm ark o f a rapidly 

expanding tu m our 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 tum our spread and metastasis to distant organs (Kleespies et al., 2004, Griffiths et 

al., 2007). VEGFA therefore  could represent an attractive therapeutic target and prelim inary  

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

The process o f angiogenesis has been well characterised in tumourigenesis and is recently  

proposed to be o f great im portance during adipose tissue expansion in visceral obesity 

(Trayhurn et al., 2008). Unlike most o ther tissues, adipose tissue displays great plasticity, 

expanding and reducing in size throughout the lifespan o f the individual according to energy
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abundance (Christiaens and Lijnen, 2010). Adipose tissue is an extensively vascularised organ 

w ith each adipocyte surrounded by at least one capillary (Lijnen, 2008). In order fo r adipose 

tissue to expand while maintaining a steady supply of oxygen and nutrients, the rate of 

angiogenesis must parallel the rate o f tissue growth. Analogous to tum our growth in cancer, 

adipose tissue expansion in obesity is therefore tightly associated w ith  the process of 

angiogenesis. Adipose tissue produces a wide variety o f pro-angiogenic factors including the 

major angiogenic factor VEGFA together w ith many others including hepatocyte growth factor 

(HGF), fibroblast growth factor (FGF), platelet-derived growth factor (PDGF)-3, leptin, 

angiopoietin (ang)-l and 2, transform ing growth factor (TGF)-3, tissue necrosis factor (TNF)-a, 

tissue factor (TF), plasminogen activator inh ib itor (PAI)-l and matrix metalloproteinases 

(MMPs) (Christiaens and Lijnen, 2010). The levels o f many o f 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 a!., 2009). These adipokines can act to increase the expression o f potent angiogenic 

factors. For example, leptin has been demonstrated to up regulate VEGFA expression through 

Jak/STAT signalling thereby inducing aggregation o f endothelial cells and tube form ation in 

vitro (Sierra-Honigmann et al., 1998, Suganami et al., 2004). The development o f a hypoxic 

environment in both obesity and cancer leads to increased immune cell infiltration (Trayhurn 

et al., 2008, Colotta et al., 2009). ATM production o f matrix degrading proteinases and pro- 

angiogenic cytokines implicates these immune cells in ECM remodelling and angiogenesis, 

necessary fo r adipose tissue expansion (Huber et al., 2007, Strissel et al., 2007). The 

development o f a hypoxic environment in visceral obesity could therefore contribute to  the 

creation o f a milieu favourable fo r sustained angiogenesis through increased production o f 

proteolytic factors and pro-angiogenic adipokines (Christiaens and Lijnen, 2010, Trayhurn et 

al., 2008). Pro-angiogenic pathways could present potential targets fo r therapeutic 

interventions to inhibit processes o f sustained angiogenesis in OAD, particularly in viscerally 

obese patients.

1.7.6 Tissue invasion and metastasis

Oesophageal adenocarcinoma is an aggressive disease associated w ith  a poor five year survival 

o f merely 15% (National Cancer Registry Ireland, 2000-2005). This is due in part to the early 

lymphatic and haematogenous dissemination associated w ith this disease (Lagarde et al., 

2007) implying that pathways involved in tum our invasion and metastasis are o f particular 

significance. Tumour metastasis accounts fo r up to 90% o f cancer m orta lity (Hanahan and 

Weinberg, 2000) and therefore the increased understanding o f these pathways is o f utmost
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importance. Proteolytic cleavage and degradation o f the extracellular matrix, carried out by 

matrix metalioproteinases (MMPs) and serine proteases, is necessary fo r both the 

establishment o f a new blood supply and tum our metastasis (Liotta et al., 1991, Ludwig, 2005). 

MMP2 and MMP9 are members o f the gelatinase family o f matrix metalioproteinases which 

degrade type IV collagen, the principle component o f the basement membrane (Liotta et a!., 

1991, Ludwig, 2005, Turpeenniemi-Hujanen, 2005). MMP2 and MIVIP9 knockout mice have 

decreased incidence o f metastasis follow ing tum our cell implantation (Itoh et al., 1999, Itoh et 

al., 1998), demonstrating the importance o f these MMPs in tum our invasion and metastasis. 

The role o f 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 fo r MMP protease activity in leptin mediated transactivation o f the EGFR 

pathway (Ogunwobi and Beales, 2008b, Saxena et al., 2008) which has been linked to 

advanced tum our stage, lymph node metastasis and survival in OAD (Wang et al., 2007). Levels 

o f MMP2 and MMP9 are elevated in visceral adipose tissue in obesity (Catalan et al., 2009) 

and decreased in response to treatm ent w ith 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 w ith elevated levels o f leptin.

There is accumulating evidence for an' im portant role o f the plasminogen system and serine 

proteases in tum our invasion and metastasis. Plasminogen activator inh ib itor 1 (SerpinEl/PAI- 

1) is a serine protease inh ib itor which, through inhibition o f various plasminogen activator 

isoforms, prevents plasminogen cleavage to form plasmin. Plasmin is involved in ECM 

degradation and activation o f growth hormones and MMP zymogens including MMP2 and 

MMP9 and is negatively associated w ith patient survival (Festuccia et al., 1998, Durand et al., 

2004), Thus it is counter-intu itive that elevated levels o f its inhibitor, PAI-1, is associated w ith 

enhanced tum our invasion and metastasis (Duffy and Duggan, 2004, Liotta et al., 1991). 

Separate from its role in inhibition o f the plasmin pathway, PAI-1 has been shown to  modulate 

cell adhesion through altered binding o f the cell to ECM protein vitronectin (Brooks et al., 

2000). Treatment o f a fibrosarcoma cell line w ith  PAI-1 induces a dose dependant decrease in 

vitronectin binding and a corresponding increase in migratory and invasive capacity and these
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effects are blocked by an antibody against PAI-1 (Brooks et al., 2000). PAI-1 therefore could 

support tum our metastasis by promoting tum our cell detachment from the ECM, thereby 

allowing tum our cell m igration. While elevated PAI-1 has been linked to breast cancer, the role 

o f 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 w ith a PAl-1 inhib itor not only reduced serum triglyceride levels in an APC deficient 

colorectal cancer mouse model, but reduced the number o f intestinal polyps (Mutoh et al.,

2008). These findings support a potential role fo r modulation o f levels o f PAI-1 activity in the 

treatm ent o f cancer. PAI-1 inhibition could be particularly relevant in viscerally obese patients 

w ith  high circulating levels o f PAI-1.

Following ECM degradation, metastasis requires movement o f tum our cells through the 

basement membrane and epithelium into the blood stream and lymphatic system 

(Turpeenniemi-Hujanen, 2005). For this to occur, tum our cells must acquire a migratory 

phenotype which involves altered expression o f 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 form ation o f focal adhesion 

complexes. The focal adhesion complex interacts w ith the cytoplasmic tail o f the activated 

integrin cluster triggering downstream signalling events to initiate cytoskeletal reorganisation 

and ECM remodelling, required fo r angiogenesis, epithelial mesenchymal transition (EMT), 

m igration and invasion to occur (Zhao and Guan, 2009). One o f the key features o f EMT is 

down regulation o f cell adhesion molecule E-cadherin, and transcription factor Slug has been 

identified as an im portant repressor o f E-cadherin expression (Alves et al., 2009). OAD cell 

lines over expressing Slug were found to have increased expression o f mesenchymal markers 

vimentin and fibronectin and decreased expression o f epithelial marker E-cadherin, indicating 

a gain in m otility  (Jethwa et al., 2008). These changes corresponded to  a functional effect w ith 

Slug over expression linked to increased OAD cell proliferation and invasion in vitro (Zhang et 

al., 2010). Increased Slug expression together w ith nuclear localisation o f this transcription 

factor has been observed in the progression from Barrett's oesophagus to OAD, and these 

changes correlated w ith 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% o f the global cancer burden is linked to infectious agents and resulting 

inflammation (Balkw/ill and Mantovani, 2001). Cancers associated w ith 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 o f non-steroidal anti­

inflammatory drugs (NSAIDs) such as aspirin has been linked to  decreased risk of 

gastrointestinal cancers (Langman et al., 2000). This association o f 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-1(3 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 o f pro- 

inflammatory IL-6 have also been found to be elevated in Barrett's oesophagus (Dvorakova et 

al., 2004). These pro-inflam m atory cytokines induced in GORD damaged tissue are proposed 

to mediate the ir 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 o f pro-inflam m atory cytokine signalling may present a therapeutic target in 

the sequence o f progression from normal oesophagus to Barrett's to OAD.

Nuclear factor (NF)-kB is a transcription factor w ith a central role in the regulation o f 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 inh ib itor IkB. Pro-inflammatory cytokines including TNFa and IL-1 activate NF-kB 

through release from  its inh ib itor 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 o f NF- 

kB expression in the sequence o f progression from normal oesophagus to Barrett's 

oesophagus to OAD, and expression correlates w ith patient response to neoadjuvant therapy 

(Abdel-Latif et al., 2004). COX-2 is an im portant rate-lim iting enzyme in prostaglandin 

production, the target pathway o f NSAIDs, frequently over expressed in both Barrett's 

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

(Shishodia et al., 2004).

Key features o f cancer related inflammation include in filtra tion o f macrophages and immune 

cells, production o f pro-inflam m atory cytokines and tum our remodelling and angiogenesis 

(Colotta et al., 2009). The development o f hypoxia, linked w ith  both malignant tum our growth 

(Balkwill and Mantovani, 2001) and adipose tissue expansion (Trayhurn et al., 2008), is 

strongly associated w ith  these processes (Colotta et al., 2009). Therefore visceral obesity may 

play an im portant role in cancer related inflammation. It is now established tha t visceral 

obesity is associated w ith  an adipose tissue in filtra tion o f pro-inflam m atory 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 inflam m atory phenotype could not only be characteristic o f visceral adiposity 

(Wellen and Hotamisligil, 2005) but also o f cancer (Mantovani et al., 2008). The pro- 

inflammatory phenotype characteristic o f 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 m orta lity (Calle et 

al., 2003). Of all cancers, OAD displays one o f the strongest links w ith obesity (Renehan et al., 

2008) and so presents an ideal model w ith which to study this association. The overall aim of 

this thesis is to dissect the molecular pathways linking obesity and OAD and to determ ine if 

obesity could be linked to increased aggressiveness o f this disease.

1.8.2 Specific objectives

The overall aim o f this thesis w ill be investigated by a) identification o f a pro-tum our gene 

expression signature present in visceral adipose tissue o f OAD patients, b) identification o f an 

adipokine profile associated w ith both visceral obesity and male sex and c) identification o f a 

gene signature characteristic o f OAD which is altered in visceral obesity. In addition, standard 

measurements o f obesity BMI, WC and VFA will be assessed to determine which measure is 

the strongest predictor o f visceral obesity related pathology. Finally, this work w ill evaluate 

the clinical relevance of the newly established human adipocyte cell strain SGBS fo r in vitro 

studies o f obesity and cancer. The identified candidate pathways linking visceral obesity and 

OAD will be examined in OAD biopsies w ith respect to obesity status, tum our stage and 

survival. This w ill allow dissection of the complex role o f obesity in the process o f tum our 

initiation and promotion. The knowledge obtained from this series o f experiments w ill assist in 

the understanding o f this obesity associated cancer and in the development o f 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  chem icals and reagents w e re  purchased fro m  Sigma Chemical C o m p an y  (M O ,  

USA) unless o th e rw is e  sta ted , and prepared  and stored according to  m anufac turer 's  

instructions. Solid reagents  w e re  w e igh ed  using a Scout Pro e lectron ic  balance (Ohaus  

Corporation, NJ) o r  an Explorer Pro fine electronic balance (Ohaus Corporat ion , NJ), and m ade  

up using doub le  distil led w a te r ,  unless o therw ise  stated. The pH o f  solutions w as m easured  

using a pH 2 1 1  m icroprocessor pH m e tre  (Hanna instrum ents, Rl, USA), ca librated w ith  buffers  

at pH 4, pH 7 and pH 10. Solutions w e re  autoclaved prior to  use and stored at room  

te m p e ra tu re  unless o th e rw is e  stated. Gilson p ipettes w e re  used to trans fer  liquid vo lum es up 

to  1 ml (Gilson S.A., France), e lectron ic  p ip e tte  aids (D ru m m o n d ,  PA, USA) and disposable  

Pasteur p ipettes (S tars tedt Ltd., W exfo rd ,  Ireland) w e re  used fo r  vo lum es g rea te r  th an  1 ml 

and graduated  cylinders w e re  used fo r  vo lum es in excess o f  10 ml.

2.2 Cell culture

All cell cu lture m e d iu m  was purchased fro m  Lonza (Basel, Sw itzerland) and all cell culture  

plastics w e re  purchased f ro m  Starstedt Ltd. (W exfo rd , Ire land) unless o therw ise  indicated. All 

cells lines w e re  purchased f ro m  the  European Collection o f  Cell Cultures (ECACC, Wiltshire,  

England, UK) w ith  th e  exceptio n  o f  th e  SGBS which w e re  a kind gift f ro m  Dr M a r t in  W abitsch  

(University  o f  U lm , U lm , G erm an y) .  Cell cu lture  was carried o u t  in a d ed icated  cell culture  

room  which w as regular ly  cleaned and sterilised. Cell cu lture  w as carried o u t  in a Grade II 

lam inar hood using aseptic techn iqu e  w h i le  w earing  a clean lab coat w ith  elasticised cuffs and 

disposable latex gloves. T h e  cab inet  was cleaned w ith  7 0 %  (v /v )  e th an o l b e fo re  and a f te r  each 

use and all reagents, m e d iu m  and plastics taken  inside the  cab inet  w e re  also cleaned in this 

m anner.

2.2.1 Oesophageal cancer cell lines

Cell lines derived  f ro m  oesophageal ad enocarc inom a (OE33 and 0 E 1 9 )  w e re  m ain ta in ed  in 

Roswell Park M e m o r ia l  Institu te  (RPM I)  1 6 40  m e d iu m  s u p p lem en ted  w ith  penicillin (50  

U nits /m l) ,  s trep tom yc in  (5 0  U n its /m l)  and 10% foeta l calf serum  (FCS). Cell lines w ere  

incubated in 25 cm^ or 7 5  cm^ flasks in a hum id if ied  a tm o s p h ere  a t  37  ° C and 5% COz-

2.2.2 Adipocyte cell lines

The 3T3-L1 ad ipocyte  cell line w as m a in ta in ed  in Dulbecco's m od if ied  Eagle m e d iu m  (D M E M )  

m e diu m  su p p le m e n te d  w ith  penicillin (50  U n its /m l) ,  s trep tom ycin  (50  U n its /m l)  and 10% FCS 

and incubated in a h um id if ied  a tm o s p h ere  at 37 ° C and 5%  CO2 . The Sim pson-G olabi-Behm el
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synd ro m e (SGBS) cell strain w as m a in ta in ed  in D M E IV I/F 12  s u p p le m e n te d  w ith  biotin  (8 x 10'^ 

m g /m l) ,  p a n to th e n a te  (4 x 10'^ m g /m l ) ,  penicillin (50  U n i ts /m l) ,  s trep tom yc in  (5 0  U n i ts /m l)  

and non h ea t- in ac tiv a ted  10%  FCS in a hum id if ied  a tm o s p h e re  a t  3 7  ° C and 5%  CO 2 .

2.2.3 Cell subculture

Cell lines w e re  e x am in ed  daily using an inverted  phase contras t  Nikon microscope (N ikon  

Corporat ion , Tokyo , Japan) and subcultured upon reaching 8 0  -  9 0 %  confluency. G ro w th  

m e d iu m  w as  d ecan ted  and cells w e re  w ashed in p ho sp h ate  b u ffe red  saline (PBS) to  re m o v e  

residual m e d iu m .  1 ml trypsin e th y le n e -d ia m in e  te tra  acetic  acid (EDTA) (0 .05 %  (w /v )  trypsin,  

0 .0 2 %  (w /v )  EDTA) w as ad ded  to  th e  flask and incubated  a t  37  °C fo r  several m in u tes  or until 

th e  cells d e tac h e d  f ro m  th e  surface. 10  ml o f  c o m p le te  m e d iu m  (conta in ing  10%  FCS) w as th e n  

added to inactiva te  th e  trypsin and cells w e re  seeded a t  a p p ro p r ia te  densities into n e w  flasks.

2.2.4 Preparation of frozen stocks

Frozen stocks w e r e  p rep ared  f ro m  cell lines grow ing  in th e  e x p o n en t ia l  phase and a t  7 0  -  8 0 %  

confluency. Cells w e re  trypsinised as described above (section 2 .2 .3 )  and 10 ml m a in te n a n c e  

m e diu m  w as ad ded  to  inactivate  th e  trypsin. Cells w e re  centr ifuged  a t  1 8 0  x g fo r  3 m inutes,  

the su p e rn a ta n t  d eca n te d ,  and p e lle ted  cells w e re  resuspended in FCS containing 5% d im eth y l  

sulfoxide (D M S O ).  T h e  cell suspension w as div ided in to  7 5 0  îl a l iquots  and cryovials w e re  

quickly tra ns ferred  to  a ' M r  Frosty' freezing  c o n ta in e r  (T h e rm o  Fischer Scientific, 

Leicestershire, UK). The ' M r  Frosty' contains isopropanol w hich  slowly lowers th e  te m p e ra tu r e  

o f  th e  cells by ap p ro x im a te ly  1 °C /m in u te ,  requ ired  fo r  successful cell cryopreservat ion  and  

recovery. Cyrovials w e r e  placed in a -  8 0  °C fre e z e r  fo r  short t e r m  storage o r  u n d e r  liquid  

nitrogen fo r  long te r m  storage.

2.2.5 Reconstitution of frozen cells

Frozen stocks w e re  th a w e d  rapidly a t  37 °C, added  to  5 ml o f  a p p ro p r ia te  m a in te n a n c e  

m e diu m  and centr ifuged  at 18 0  x g fo r  3 m inutes. The cell pe l le t  w as  resuspended in 5 ml 

m ain ten a nc e  m e d iu m ,  t rans ferred  to a 25  cm^ flask and incubated  overn ig h t a t  37  °C and 5%  

CO2 . M e d iu m  w as replaced th e  fo llow ing  day to  re m o ve  any dead cells and cell subculture  was  

continued as described (section 2 .2 .3 ) .

2.2.6 Cell counting

Cell counting w as carried o u t  using a Bright Line h a e m o c y to m e te r  (Hausser Scientific, PA, 

USA). Cells w e re  trypsinised as described (section 2 .2 .3 ) ,  ad d ed  to 10  ml m a in ten a n c e  m e d iu m  

and centr ifuged  a t  1 8 0  x g fo r  3 m inutes. The s u p ern a ta n t  was d e c a n te d  and th e  cell pelle t
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resuspended by repeated pipetting in 1 mi maintenance medium. 20 (al o f the cell suspension 

was added to 180 jal trypan blue (0.4% w/v) solution and allowed to sit at room temperature 

fo r one minute. Viable cells were unstained due to the ir active exclusion o f trypan blue, 

whereas dead cells were stained blue, due to  their disrupted membranes. 20 |il o f this cell 

suspension was added to the counting chamber o f the haemocytometer and the number of 

viable cells in each o f the four corners o f the grid was counted. The number o f cells per ml was 

calculated using the follow ing equation:

(total number o f cells/4) x 1 0 x 10 (dilution factor) = no. cells/ml

2 .2.7 Mycoplasma testing

Upon receipt o f each new cell line, and every six months thereafter, ceils were tested for 

mycoplasma infection using the MycoAlert™ mycoplasma detection system (Cambrex 

BioScience, Rockland, ME, USA). Mycoplasmal enzymes react w ith  the MycoAlert™ substrate 

resulting in the conversion o f ADP to ATP. The level of ATP in the sample before and after the 

addition o f the substrate therefore indicates whether the sample is contaminated with 

mycoplasma. Cell lines to be tested were passaged twice in antib iotic free medium before a 1 

ml sample o f supernatant was taken. The supernatant sample was centrifuged at 180 x g fo r 3 

minutes to pellet floating cells and 100 pi o f supernatant was transferred to a luminescence 

compatible plate. 100 pi o f MycoAlert™ reagent was added and incubated fo r 5 minutes 

before a one second intergrated reading ('Reading A') was taken on a lum inom eter (Wallac 

Victor 2 1420, PerkinElmer, Ballymount, Dublin). 100 pi o f 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 o f mycoplasma and all 

cell lines remained clear o f mycoplasma infection throughout the course o f this work 

(representative test results shown in Appendix I).

2.3 Adipose tissue biobank

An adipose tissue biobank was established in the Department o f 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 fo r oesophageal adenocarcinoma, 

oesophageal squamous cell carcinoma and colorectal carcinoma, in addition to non cancer 

patients undergoing surgery fo r laparoscopic Nissan fundoplication, cholecystectomy and
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hernia repair, were recruited to  the adipose tissue biobank. All recruited patients gave 

informed consent fo r use o f the ir 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 o ff measurement o f 94 cm for 

males and 80 cm fo r females, as specified by the International Diabetes Federation (IDF). Waist 

circumference was measured at the m idpoint between superior iliac crest and subcostal 

margin; height and weight were recorded and used to  determ ine body mass index (BMI) while 

computed tomography (CT) at the L3 - L4 intervertebral space was used to calculate visceral, 

subcutaneous and to ta l 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 o f those w ith  and those 

w ithou t Metabolic Syndrome (MetS) according to the latest IDF defin ition (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;

Raised triglycerides
>1.7 mmol/L

Or specific treatment for this condition

<1.03 mmol/L in males ;

Reduced HDL-cholesterol <1.29 mmol/L in females ; 

Or specific treatment for this condition \

Raised blood pressure
Systolic>130 mmHg or diastolic >85 mmHg 

Or treatment of previously diagnosed hypertension

Raised plasma glucose
Fasting plasma glucose >5.6 mmol/L | 

Or previously diagnosed with Type II Diabetes I

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 fo r 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 o f the surgical procedure and immediately transported in sterile
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t ra n s p o rt  b u ffe r  (glucose (0 .1% ), gen tam yc in  (0 .05  m g /m l)  in PBS) fo r  processing in a Grade II 

lam in ar  air f lo w  cabinet.  A th u m b n a i l  sized sam ple o f  both  subcutaneous and o m e n ta l  adipose  

tissue was preserved in 10%  p a ra fo rm a ld e h y d e  fo r  fu tu re  im m u n oh is to ch em ica l  analysis. The  

rem ain ing  adipose tissue w as m inced w ith  a scissors and w ashed  w ith  sterile PBS. Aliquots o f  

3 0 0  mg o f  tissue w as placed in sep a ra te  cryovials, snap frozen  in liquid n itrogen  and stored at  

-  8 0  °C for RNA extract ion , w h i le  th e  re m a in d e r  was cultured to  produce adipose condit ioned  

m e d iu m  (AC M ). This w as carried out as follows: in a tissue cu lture  dish, a liquots  o f  5 g o f  

m inced adipose tissue w e re  incubated  in 10 ml serum  fre e  M 1 9 9  m e d iu m  (containing 0 .0 5  

m g /m l  gentam ycin ) fo r  72  hours a t  37  °C and 5%  COj. A C M  w as th e n  f i l te red  (BD Biosciences, 

Bedford, M A , USA) to  re m o v e  ad ipose tissue fragm en ts  and th e  su p ern a ta n t  w as  stored at -  

8 0  °C.

2.3.3 Adipose tissue digestion

10  g o m en ta l  ad ipose tissue w as d igested in 10 ml collagenase b u ffe r  (Krebs Ringer 

b icarbonate  b u ffe r  (1 1 8  m M  NaCi, 2 4 .8  m M  N aHCO j,  1.2 m M  KH2 PO4 , 4 .8  m M  KCI, 1 .25 m M  

CaCl2, 1.2 m M  M g S 0 4 , 10  m M  HEPES) (pH 7 .4 ),  4%  bovine serum  a lbum in  (BSA), 2 m g /m l  Type

11 collagenase) at 18 0  rpm  fo r  o ne h ou r a t  37  °C. Digested tissue w as passed th rough  a 5 0 0  pim 

f i l te r  (BD Biosciences, Bedford , M A ,  USA) to  re m o ve  undigested fragm ents ,  and centr ifuged  at 

1 8 0  X g fo r  3 m inutes . The f loating layer o f  ad ipocytes w as w ashed  w ith  10 ml wash buffe r  

(Krebs Ringer b icarbo na te  b u ffe r  pH 7 .4 ,  1% BSA) and th e  p e l le ted  s trom al vascular fraction  

(SVF) was cleared o f  red blood corpuscles by th e  add it ion  o f  2 ml a m m o n iu m  chloride (0 .87%  

w /v )  for 1 m in u te  a t  ro o m  te m p e ra tu r e .  10 ml PBS was add ed  and th e  sam ple w as  centr ifuged  

at 2 0 0  X g fo r  3 m inutes .  The su p e rn a ta n t  w as d ecanted  and th e  pelle t was resuspended in 

TriReagent (M o le c u la r  Research C ente r ,  M o n tg o m e ry  Road, OH, USA) and stored a t  -  8 0  °C for  

RNA extraction.

2.3.4 Ceiling culture of adipocytes

Adipocytes w e re  set up in a ceiling cu lture  as previously described (Zhang e t  al., 2 0 0 0 )  fo r  RNA 

extraction, exam in at io n  o f  m o rp h o lo gy ,  condit ioned  m e d iu m  and co-cu lture  experim ents .

For RNA extraction  and exam in a t io n  o f  ad ipocyte m orphology , 1 x 10^ adipocytes w e re  placed  

in a T 25  tissue cu lture  flask w hich w as co m p le te ly  filled w ith  D M E M /F 1 2  m e d iu m  (containing  

penicillin (50  U n its /m l) ,  s trep tom yc in  (50  U n its /m l)  and 10%  FCS). The flask w as inverted  to  

a l low  adipocytes to  f loa t  and a d h ere  to  th e  cu lture  surface, and incubated  fo r  72  hours a t  37  

°C and 5% CO2 . The m e d iu m  w as th e n  decan ted  and th e  cu lture  surface g ently  rinsed with
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sterile PBS to rem ove 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). A lternatively, Oil Red 0  

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

For co-culture experim ents and to generate adipocyte conditioned m edium , adipocytes w ere  

seeded at 2.5 x 10^ cells per well in a six well plate in serum free M 199  m edium  (containing  

0 .05  m g/m l gentam ycin). A 24 x 24 mm coverslip (M enzel-G laser, Braunschweig, Germ any) 

was carefully floated on the surface o f each well to create an attachm ent surface fo r the  

adipocytes and the plate was incubated for 72 hours at 37 °C and 5% CO2. Adipocyte  

conditioned m edium  was collected and stored at -  80  °C and the coverslip w ith attached  

adipocytes was used fo r co-culture experim ents (described in section 2.3.6).

2.3.5 Co-culture of SGBS with tumour cells

Following overnight incubation in serum -depleted m edium  (containing 0.5%  FCS); OE33 w ere  

seeded into 12 well Costar® Transwell® plates (Corning Incorporated, NY, USA) at a dilution of 

5 X lO'* cells per insert. Inserts w ere placed into wells containing 2.5 x 10  ̂ p re-d ifferentiated  

SGBS, d ifferentiated  SGBS and 2 ml control M 199  m edium , for 24 hours. The 0 .4  |im  pore size 

o f the Transwell® insert creates a non-contact co-culture system, allowing diffusion of m edium  

containing cytokines, adipokines and growth factors, but no cell contact. RNA was extracted  

from  tum our cells using Qiagen RNeasy kit (Qiagen Inc., CA, USA) (section 2 .6 .1) and used for 

Hum an Cancer Profiler and A ffym etrix 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); tu m our cells 

w ere  seeded into 12 well Costar® Transwell® plates (Corning Incorporated, NY, USA) at a 

dilution o f 5 X lO'* cells per insert. Inserts w ere placed into wells containing 1 g adipose tissue 

fragm ents in 2 ml adipose conditioned m edium , a shattered coverslip w ith attached  

adipocytes in 2 ml adipocyte conditioned m edium  or 2 ml control M 199  m edium , for 24 hours. 

The 0 .4  |im pore size o f the Transwell® insert creates a non-contact co-culture system, 

allowing diffusion o f m edium  containing cytokines, adipokines and growth factors, but no cell 

contact. RNA was extracted from  tum our cells using Qiagen RNeasy kit (Qiagen Inc., CA, USA) 

(section 2 .6 .1) and used fo r Hum an Cancer Profiler and A ffym etrix 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

M 199 nnedia

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 o f Human Cancer Profiler and Affym etrix arrays, a 6 well plate co-culture set-up 

was used. Tumour cells were seeded at a dilution o f 1.5 x 10^ cells/well and allowed to  adhere 

fo r a m inimum o f 6 hours before serum starving (medium containing 0.5% FCS) overnight. The 

fo llow ing day, 1 g o f adipose tissue fragments in 2 ml adipose conditioned medium, a coverslip 

w ith  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% C02for 

24 hours. RNA was extracted from tum our cells using the TriReagent protocol (section 2.6.2) 

and supernatant was stored at -  80 °C.

1 ^ adiposetissue fragments

-  tum ource lls

L o f. floatingcoverslip
w ith  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.



2.3.7 Culture of tumour cell lines with ACM

For validation o f Human Cancer Profiler and Affymetrix arrays, a 6 well plate culture set-up 

was used. Tumour cells were seeded at a dilution o f 1.5 x 10^ cells/well and allowed to adhere 

fo r a m inimum o f 6 hours before serum starving (medium containing 0.5% FCS) overnight. The 

follow ing 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% C02for 24 hours. RNA was extracted from 

tum our cells using the TriReagent protocol (section 2.6.2) and supernatant was stored at -  80 

°C.

2.4 Adipocyte cell line differentiation

2.4.1 3T3-L1 differentiation

Differentiation was induced in 3T3-L1 as described by the ECACC at tw o days post confluency 

by the addition o f the maintenance medium supplemented w ith  insulin (0.01 mg/ml), 

dexamethasone (1 jilVI) and 3-isobutyl-l-m ethylxanthine (IBMX, 500 liM ) fo r 4 days, followed 

by maintenance medium containing insulin (0.01 mg/ml) only fo r a fu rther 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 o f serum free 

maintenance medium containing transferrin (0.01 mg/ml), insulin (0.2 |ig/m l), cortisol (0.1 

HM), thyroid hormone (0.2 nM), dexamethasone (0.3 |iM ), IBMX (500 piM) and rosiglitazone (2 

laM) for 4 days. Following this, the medium was replaced w ith serum free maintenance 

medium containing only transferrin (0.01 mg/ml), insulin (0.2 ng/m l), cortisol (0.1 piM), thyroid 

hormone (0.2 nM) until cells were fu lly 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 o f d ifferentiation until adipocytes 

were fully differentiated and expression levels o f d ifferentiation specific genes were 

investigated as described in section 2.6.9.1.

2.5.2 Oil red O staining

Cells were morphologically assessed for d ifferentiation by staining w ith  Oil Red 0, a red 

lysochrome (fat soluble dye). All steps were carried out at room temperature. Cells were fixed
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with 4% paraformaldehycie (PFA) fo r 30 minutes, and PFA was disposed o f into an appropriate 

waste container. Cells were washed gently three times w ith PBS and incubated w ith 60% 

isopropanol fo r 5 minutes. A 3 mg/m l stock solution o f Oil Red 0  was prepared in 99% 

isopropanol and a working solution was prepared by mixing 3 parts stock solution w ith 2 parts 

deionised water. The working solution was allowed to sit at room temperature fo r 10 minutes 

and was then filtered through a 0.8 pm filte r (M illipore, W atford, UK), before being added to 

the cells and incubated fo r 5 minutes. Cells were gently rinsed three times w ith PBS and 

photographed using an inverted phase contrast microscope w ith 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 o f GPDH present, is measured on an Alpha Fluor Plus 

spectrophotom eter (Tescan Trading AG, Switzerland).

NADH _

Dihydroxyacetone phosphate ---------------^  Glycerol-6-phosphate

GPDH

Cells were seeded at a density o f 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 fo r the required length o f 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 fo r 5 minutes at 4 °C to 

pellet any remaining insoluble debris. The cleared supernatant was added to an equal volume 

o f substrate solution and change in optical density was measured in trip licate using an Alpha
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Fluor Plus spectropho tom ete r (Tescan Trading AG, Sw itzerland) a t 340 nm at 30 second 

intervals fo r  10 m inutes in o rde r to  determ ine the  rate o f GPDH enzyme activ ity. Enzyme 

activ ity  was norm alised to  p ro te in  concentra tion  o f each sample, de te rm ined  by BCA assay 

(described in section 2.7.3).

2.5.3.2 Glucose assay

Glucose concentra tion  in the  adipocyte supernatan t was measured using the  com m ercia lly 

available Q uantiChrom ™  Glucose Assay Kit (BioAssay Systems, CA, USA). Ad ipocyte  cell lines 

were seeded at 2 x lO^ cells in a 25 cm^ flask in com plete  m aintenance m edium . Upon 

reaching 70-80% confluency (SGBS) o r 2 days post confluency (3T3-L1), d iffe ren tia tion  was 

in itia ted  by adding the  appropria te  d iffe ren tia tion  cocktail fo r the required length o f tim e  

(described in section 2.4). Primary adipocytes w ere prepared in a 25 cm^ flask (described in 

section 2.3.4). 5 pi o f sample supernatan t was added to  500 ^il Reagent (BioAssay Systems, CA, 

USA) and m ixed w ell by vortexing. A standard curve was prepared by serial d ilu tions o f glucose 

standard (BioAssay Systems, CA, USA) in sterile d istilled  w ater. Standards and samples were 

heated in a boiling w a te r bath fo r  8 m inutes and cooled on ice fo r 4 m inutes. 200 pi o f each 

standard and sample was added in dup lica te  to  a 96 w ell p late and the optica l density was 

read at 620 nm on an Alpha Fluor Plus spectropho tom ete r (Tescan Trading AG, Switzerland). 

Glucose concentra tions w ere determ ined by in te rpo la tion  from  the  standard curve, and 

norm alised to  p ro te in  concentra tion  in the  sample, as determ ined by BCA assay (section 2.7.3).

2.6 Investigation o f RNA expression

2.6.1 RNA isolation from tumour tissue and cell lines using Qiagen RNeasy kit

Tum our biopsies from  oesophageal adenocarcinoma and oesophageal squamous cell 

carcinoma w ere im m edia te ly  taken from  fresh tu m o u r tissue fo llow ing  surgical resection. The 

biopsy was incubated overn ight at 4 °C in RNAIater (Qiagen Inc., CA, USA) w hich was decanted 

the fo llo w in g  day and the  tu m o u r tissue was stored at -  80 °C until RNA extraction . RNA was 

extracted using Qiagen RNeasy M in i k it (Qiagen Inc., CA, USA). A 20 mg piece o f tu m o u r was 

hom ogenised in 600 pi Buffer RLT using a Qiagen TissueLyser (Retsch GmbH & Co., Haan, 

Germany) at 800 rpm  fo r 6 m inutes w ith  one 5 mm stainless steel bead (Qiagen Inc., CA, USA) 

added to  each sample to  aid hom ogenisation. The bead was rem oved and samples were 

centrifuged at 12,000 x g fo r 3 m inutes at 4 °C, and supernatan t was transfe rred  to  a new tube 

by p ipe tting . 600 ^il o f e thano l (70% v/v) was added to  the  supernatant, m ixed im m edia te ly  by 

p ipe tting  and transfe rred  in volum es o f 700 pi to  an RNeasy spin co lum n placed in a 2 ml 

co llection tube . The spin colum n was centrifuged at 12,000 x g fo r 15 seconds and the flo w
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through was discarded. The spin column was washed by first applying 700 1̂ buffer RW l, then 

500 n! buffer RPE w ith centrifugation at 12,000 x g fo r 15 seconds at room temperature 

between each step. A final wash step in 500 (il 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 nl 

o f RNase free water by centrifugation for 1 m inute at 12,000 x g at room temperature.

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

tum our cells using Qiagen RNeasy kit as described, om itting the homogenisation step.

2.6.2 RNA isolation from tumour cell lines using TriReagent method

RNA to be used fo r reverse transcriptase PCR and quantitative real tim e PCR was isolated from 

tum our cell lines using the TriReagent method. RNA was isolated from tum our cell lines (OE33, 

0E19, HCT-15, SW480) using 1 ml TriReagent (Molecular Research Center, Montgomery Road, 

OH, USA), containing a m ixture o f 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 fo r 5 minutes 

follow ing which 100 [il 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 |il isopropanol was added and 

the tube incubated fo r 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 fo r 5 minutes. The ethanol was decanted and the 

pellet allowed to air dry fo r 3-5 minutes. The pellet was resuspended in 60 nl 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 M ini kit (Qiagen Inc., CA, 

USA). A 150 mg piece o f adipose tissue was homogenised in 1 ml Qiazol using a Qiagen 

TissueLyser (Retsch GmbH & Co., Haan, Germany) at 800 rpm fo r 6 minutes w ith 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 fo r 10 minutes at 4 °C, and 

supernatant was transferred to a new tube by pipetting. The homogenate was allowed to sit at 

room temperature fo r 5 minutes to allow complete dissociation o f the nucleoprotein 

complexes. 100 jil o f l-brom o-3-chloro-propane (BCP) was added and the tube was vortexed
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vigorously fo r  15 seconds. The tube was again a llow ed to  sit fo r  2-3 nninutes at room  

tem pera tu re  to  a llow  phase separation to  begin. The tube  was then  centrifuged at 12,000 x g 

fo r 15 m inutes at 4 °C. The upper aqueous phase conta in ing RNA was care fu lly transfe rred  to  a

new tube  and one vo lum e o f e thanol (70% v/v) was added. The sample was then  applied to

the RNeasy M in i spin colum n in volum es o f 700 pil and centrifuged at 12,000 x g fo r 15 

seconds. The spin co lum n was washed by firs t applying 700 [.il bu ffe r R W l, then  500 |il bu ffer 

RPE w ith  cen trifuga tion  at 12,000 x g fo r 15 seconds at room  tem pera tu re  betw een each step. 

A fina l wash step in 500 |jl b u ffe r RPE was centrifuged fo r  2 m inutes in o rder to  dry the 

m em brane and ensure no e thanol was carried over. RNA was e lu ted  in 60 ^1 o f RNase free 

w a te r by cen trifuga tion  fo r  1 m inu te  at 12,000 x g at room  tem pera tu re .

2.6.4 RNA quantification and purity analysis

RNA quan tifica tion  was de te rm ined  spectrophotom etrica lly , using a Nanodrop 1000 

spec tropho tom ete r (version 3.1.0, Nanodrop technologies, DE, USA). 1 ^1 RNase free w a te r 

was used to  blank the instrum ent. 1 ^ l o f each sample o f isolated RNA was loaded onto  the 

ins trum ent and concentra tion  was measured in ng/^il. 260:280 and 260:230 purity  ratios were 

also recorded. A 260:280 ratio  g reater than 1.65 was ind icative  o f a re la tive ly  pure RNA yield,

while  a 260:230 ra tio  g rea te r than 1.7 indicated th a t the sample was free o f phenol

con tam ination .

2.6.5 RNA integrity analysis

RNA in teg rity  was assessed using Agilent 2100 Bioanalyser, a 'lab-on-a-chip ' m icro-flu id ics 

based p la tfo rm . This technology uses pressure to  apply an even and contro lled  d is tribu tion  o f 

the gel th rough  a ne tw o rk  o f channels etched on to  the  surface o f a small chip, to  which the 

RNA samples are added. An e lec tropho re tic  trace o f the  RNA sample is produced, including any 

degradation p roducts which may be present, in o rder to  generate an RNA in teg rity  num ber 

(RIN). 2 |jl o f RNA ladder and 2 |il o f each RNA sample w ere  denatured at 72 ° C fo r  2 m inutes 

and im m edia te ly  placed on ice. The chip was prepared by evenly d is tribu ting  a gel-dye mix 

onto  the  surface o f the  chip using pressure, fo llow ing  w hich 1 |il o f ladder and 1 nl o f each 

sample w ere placed in the  appropria te  wells on the chip surface. The chip was vortexed at 

2,400 rpm  fo r 1 m inu te  and read on the Agilent 2100 Bioanalyser w ith in  5 m inutes o f 

prepara tion . A RIN > 6.7 was required fo r RNA samples to  be used fo r A ffym e trix  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 |ig /|il) to 1 |ig tota l RNA and heating the 

sample to 70 ° C fo r 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 inh ib itor (1 U n it/iil), dNTPs (10 mM, prepared as a 1:1:1:1 ratio o f dATP, dTTP, 

dCTP, dGTP), d ith io thre ito l (DTT) (0.01 mM) and Superscript III reverse trancriptase (200 

Units/jjl) in 5x First Strand reaction buffer (250 mM Tris-HCI (pH 7.5), 100 mM KCI, 15 mM 

MgCIa) and this m ixture was incubated at 37 ° C fo r 1 hour. The resulting cDNA was stored at -  

20 ° C and 1 |il o f cDNA template was used to investigate gene expression.

Table 2.2: Reagents and volumes used in cDNA synthesis

Reagent Volume (1 x) (^1)

Random prim ers 1

1 p.g RNA + RNase free H2 O 10

Heated for 10 mins at 70 "C then following mix added:

5 X First Strand Reaction buffer 4

DTT 2

RNase free H2 O 1

dNTPs 0.5

RNase ou t 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 o f each RNA 

sample was combined w ith 1 |il o f random primers in a sterile PCR tube and made up to  a final 

volume o f 10 1̂ w ith  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 pil reverse transcription cocktail (4 |jl o f 5 x RT-Buffer, 4 jul RNase free water, 1 ^l 

RNase inhibitor, 1 1̂ 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 jal of RNase free 

water was added to each sample and mixed well to give a final volume of 100 nl. 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 nM dATP, 400 [iM dGTP, 400 |iM dCTP, 400 \iM dTTP, 3 mM MgClz, GoTaq® DNA 

polymerase) (Promega, Wl, UK), forward primer (20 ^M), reverse primer (20 nM) and RNase 

free water. 1 (al cDNA was used per reaction and a non template control was included for each 

primer set by replacing cDNA with 1 nl 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

i Reagent Volume (1 x) (|j.|)

GoTaq® M aster M ix  10

Forward p rim e r 1

Reverse p rim e r 1

RNase free w a te r 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 nM 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 R1 Fw 5'-CGGTGGAACTG6CTGAACTG-3’ 30 55

Rv 5'-CCGCACCTCCTCCTCnaT-3'

Adipo R2 Fw 5'-ACGGAGTTGGCACTCAC-3' 

Rv 5'-GCCATCGTCTTGTACCTCAC-3'

30 55

Adiponectin Fw 5'-CTATGATGGCTCCACTGGTA-3’ 

Rv 5'-GAGCATAGCCTTGTCCTTCT-3'

35 55

Adipsin Fw 5'-GGTCACCCAAGCAACAAAGT-3’ 

Rv 5'-CCTCCTGCGnCAAGTCATC-3'

35 55

P-actin Fw 5'-GACGAGGCCCAGAGCAAGAGCG-3' 

Rv 5'-TCAGGCAGCATAGCTaCCAGGG-3'

30 55

GAPDH Fw 5’-GCAGGGAGACAAAAGGG-3’ 

Rv 5'-TGCCAGCCCCAGCGTCAAAG-3'

35 55

GLUT4 Fw 5'-CATCCTGATGACTGTGGCTC-3' 

Rv 5'-TCTCATaGGCCCTAAATACT-3'

35 57

Leptin Fw S'-GACCTTGGACAGCCTGGGGG-3' 

Rv 5'-CTGTGCCCATCCAAAAAGTCC-3'

35 62

ObRlong Fw 5'-CCAGAAACGTTTCAGCATCT-3’ 

Rv 5'-CAAAAGCACACCACTCTCTC-3'

35 55

OÎ Rshort Fw 5'-GAAGGAGTGGGAAAACCAAAG-3' 

Rv 5'-CCACCATATGTTAACTCTCAG-3'

35 55

PPARy Fw 5'-TCTaCCGTAATGGAAGACC-3' 

Rv S'- GCATTATGAGCATCCCCAC-3'

35 55

Resistin Fw 5'-ATGAAAGCTCTCTGTCTCCTCC-3' 35 55

Rv 5'-TCAGGGCTGCACACGACAGC-3'

Visfatin Fw S'-AAGAGAQGQGGCATAGGA-S' 

Rv 5'-ACCACAGATACAGGCACTGA-3'

35 55

1

2.6.8 Agarose gel electrophoresis

Agarose gels w e re  p re p a red  in T ris -A ceta te-ED TA  (TAE) b u ffe r (40 m M  Tris HCI (pH 8 .3), 20 m M  

ace tic  acid, 1 m M  EDTA). A 1.4% agarose so lu tio n  was hea ted  in a m ic ro w a ve  fo r  several 

m in u te s  to  a llo w  th e  agarose to  d isso lve . It w as a llow ed  to  cool to  a p p ro x im a te ly  55 °C b e fo re  

add ing  SYBR® safe DNA gel s ta in  (10 ,000  x c o n ce n tra te  in DMSO, in v itro g e n  C o rp o ra tio n , CA,

58



USA) to a final concentration o f 1 ng/m l. 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 w ith a 100 base pair DNA ladder (Promega Corporation, Madison, Wl, USA). 

Electrophoresis o f 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 o f 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 w ith a fluorescent reporter molecule at the 5' end, and a fluorescence quencher 

molecule at the 3' end. The close proxim ity of the reporter to the quencher prevents detection 

of fluorescence. Upon transcription, the 5'-3' exonuclease activity o f the Taq polymerase 

removes the quencher molecule and allows fluorescence emission, detected follow ing laser 

excitation o f the sample. The intercalation based method uses SYBR Green; a fluorescent dye 

that intercalates w ith  newly synthesised double stranded DNA. Using e ither method, an 

increase in expression o f the gene product is proportional to the amount o f 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 Taqman® Gene Expression Master Mix or SYBR 

Green was added to 1 pi cDNA template (described in section 2.6.6) (see table below). A final 

volume o f 20 pi was pipetted into a well o f a MicroAmp"^ Optical 96 well reaction plate (ABI 

Biosystems, CA, USA) and real tim e PCR was performed on the ABI Prism 7500 (ABI Biosystems, 

CA, USA) real-time thermal cycler. The plate was heated to 95 °C fo r 15 minutes, followed by 

40 cycles o f 95 °C fo r 15 seconds and 60 °C for one minute. The threshold cycle (Ct) fo r each 

well was calculated using the instrument software and data analysis was carried out using a 

M icrosoft Excel-based data analysis template. Data analysis was based on the AACt method 

w ith raw data normalised by the 18S housekeeping genes included on the plate.

59



Table 2.5: Reagents and volumes used for qPCR.

Reagent ABI prim er/probe Metabion SYBR Green

M aster M ix 10 10 10

Forward prim er 1.4 1.75

Reverse prim er > 1 1.4 1.75

Probe 1.4 -

RNase free w ater 8 4.8 5.5

cDNA 1 1 1

Final volume 20 20 20

2.6.9.1 Adipocyte differentiation

Real tim e quantitative qPCR was  carried out in SGBS and primary human adipocytes with 

inventoried primers for GLUT4 (Hs00168966_ml), AP2 (Hs00609791_ml), PPARy2 

(Hs01115512_ml), LPL (Hs01012571_ml) and leptin (Hs00174877_ml) (Applied Biosystems, 

CA, USA).

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

Gene Primer sequence

GLUT4 Fw: 5'-GGGGCGCCGGACGCTCCA-3', Rv: 5'-TGGCCCTAAATACTCAAG-3'

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

PPARy2 Fw: 5'-CTCCTATTGACCCAGAAAGCGA-3', Rv: 5'-GTGGAGATGCAGGCTCCACTT-3'

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

LPL Fw: 5'-AGGACCCCTGAAGACAC-3', Rv: 5'-GGCACCCAACTCTCATA-3'

Leptin Fw: 5'- ATCTCCGAGACCTCCTCCATCT, Rv: 5'- TGCAGGCCACTGGTCTGA-3' 

probe: S'- FAM-CTGGCCTTCTCCAAGAGCTGCTCCC-TAMRA-3'
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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 tum our biopsies.

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

Gene Primer sequence

M M P9 Fw: 5'-CGCTGGGCTTAGATCA7TCC-3'

Rv: 5'-GTGCCGGATGCCATTCAC-3'

Probe: 5'-Fam-CCGGAGGCGCTCATGTACCCTATG-Tamra-3'

MMP2 Fw: 5'-ACTGTGACGCCACGTGACA-3'

Rv: 5'-CGTATACCGCATCAATCTTTTCC-3'

Probe: 5'-Fam-CCCCTGCTGGTGGCCACATTCT-Tamra-3'

PAI-1 Fw: 5'-GCCATGGAACAAGGATGAGATC-3'

Rv: 5'-GCCCTGGACCAGCTTCAGA-3'

Pro be: 5 '-Fa m -CCACAG ACGCG ATCTTCGTCCAGC-Ta m r a-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_m l), ITGA3 (Hs00233722_m l), S100A8 (Hs00374263_m l), LAMC2

(Hs01043711_m l), SNAI2 (Hs00161904_m l), CTDSPL (Hs00965660_m l), CXCL5

(Hs00171085_m l), PPBP (Hs00234077_m l), LAMBS (Hs00165078_m l), VEGFA

(Hs00900055_m l) and E-cadherin (Hs01023894_m l) (Applied Biosystems, CA, USA).

2.6.10 Human endogenous control qPCR 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 Taqman 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). cDIMA 

synthesis was carried out as described in section 2.6.6. Each well o f the qPCR array was 

reconstituted w ith a mix containing Taqman gene expression Master Mix (Applied Biosystems, 

CA, USA) and 500 ng cDNA to a final volume o f 20 pil. The PCR array was tightly sealed using 

optical thin wall 8-cap strips (Applied Biosystems, CA, USA) and real tim e PCR detection was 

performed on an ABI Prism 7500 (ABI Biosystems, CA, USA) real-time thermal cycler. The plate 

was heated to 95 °C fo r 15 minutes, followed by 40 cycles o f 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 M icrosoft Excel-based data analysis 

template. Data analysis was based on the AACt method w ith raw data normalised by 18S 

ribosomal subunit, included on the plate.

2.6.11 Human Cancer Pathway Finder arrays

Changes in the expression profile o f a panel o f genes representative o f 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 prim er sets fo r 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 tw o negative controls were 

included to estimate the level o f 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 |il 2 x SuperArray 

PCR master mix and 1127 |il RNase free water to 98 nl o f the diluted cDNA synthesis reaction 

to give a final volume o f 2450 |il. 25 1̂ o f reaction mix was added to each well except the non 

template control, to which the same mix was added w ith RNase free water instead o f cDNA. 

The PCR array was tightly sealed using optical thin wall 8-cap strips (Super Array Bioscience 

Corporation, Frederick, MD, USA) and real tim e PCR detection was performed on an ABI Prism 

7500 (ABI Biosystems, CA, USA) real-time thermal cycler. The plate was heated to 95 °C fo r 15 

minutes, followed by 40 cycles o f 95 °C fo r 15 seconds and 60 °C for one minute. The threshold 

cycle (Ct) fo r each well was calculated using the instrument software SDS 2.3 and data analysis 

was carried out using a M icrosoft Excel-based data analysis template. Data analysis was based
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on the AACt method w ith  raw data normalised by the housekeeping genes included on the 

plate. Fold-changes in gene expression observed in the RT-PCR array analysis were validated 

using quantitative reverse transcription qPCR, using the protocols previously described in 

section 2.6.9.2. Gene changes were only reported if the transcript was amplified before 35 

cycles in e ither the test sample (for up regulated genes) or the control sample (for down 

regulated genes).

2.6.12 Affymetrix arrays

The Affym etrix Human Genome U133 Plus 2.0 Array was custom-designed by the European 

Nutrigenomics Organisation (NuGO) to include a selection o f nutrition and obesity related 

genes. This is one o f the most comprehensive arrays to date, covering approximately two 

thirds o f the human genome (www.affvm etrix.com ).

RNA was extracted from  adipose tissue and tum our cell lines using the appropriate Qiagen 

RNeasy kit (described in section 2.6.1). RNA purity was assessed using Nanodrop 1000 

spectrophotometer (version 3.1.0, Nanodrop technologies, DE, USA) (described in section 

2.6.4) and RNA integrity was assessed using Bioanalyser (Agilent Technologies, Inc) (described 

in section 2.6.5). The RNA integrity number (RIN) was < 6 and the 260/280 ratio < 1.65 for all 

RNA samples. A volume of 5 ng o f RNA (with a concentration range o f 100 -  500 ng/^il) was 

sent to Service XS (Leiden, The Netherlands) to run Affym etrix arrays.

Statistical analysis was carried out in collaboration w ith  Ms Melissa Morine (Nutrigenomics 

Research Group, University College Dublin) using predefined scripts and flexible programming 

w ith the R software environment fo r statistical computing. R function 'linear model in 

microarrays' (LIMMA) was used to select significantly altered single genes while gene set 

enrichment analysis (GSEA) was used to examine changed pathway expression.

2.6.12.1 Affymetrix array quality control

It is imperative to the success o f a microarray experiment that sufficient quality control checks 

are carried out a fter each stage o f the hybridisation and analysis process. All RNA samples 

processed on A ffym etrix microarrays had an RNA integrity number (RIN) >6.7, and a 260/280 

ratio greater than 1.65 (Bioanalyser and Nanodrop results listed in Appendix). These quality 

control parameters were investigated on site before sending samples to Service XS, and again 

by Service XS upon receipt o f the samples.
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Prior to data analysis, a number of necessary quality control measures were carried out; first 

by Service XS prior to release of the data, and again by us upon receipt of the data. Variability 

in microarray data can be introduced by differences in the array manufacturing process, by 

variation in sample labelling and hybridisation processes and by variation in the quantification 

of spot intensities. These potentially confounding sources of variability must be controlled for 

before analysis is carried out. Normalisation between array chips was conducted and overall 

signal intensity was found to be similar between arrays (Appendix V). GAPDH and actin were 

used as internal control genes, and these genes were detected using both 3' and 5' probes. A 

high 375' ratio indicates degraded or inefficiently transcribed RNA and we found all arrays to 

fall within standard range (Appendix V). The absence of technical faults between chips was 

verified by analysis of distribution of intensity across the chip surface through examination of 

positive and negative border elements (Appendix V). Finally, an overall array intensity 

correlation was carried out to identify possible outlier arrays. All arrays passed these quality 

control tests and we therefore included all samples in bioinformatic analysis. All Affymetrix 

analysis was carried out using predefined scripts and flexible programming with the R software 

environment for statistical computing.

2.6.12.2 Affymetrix m icroarray analysis

Levels of individual transcripts significantly altered between groups were selected using 

LIMMA (linear models in microarray), from the R library of functions, using p values adjusted 

for multiple testing. The more tests carried out (over 16,000 in this case), the more stringent 

the adjustment of the p value. Therefore, in order to find a greater number of significantly 

altered transcripts, the number of tests carried out was reduced by omitting the transcripts 

which were less interesting. This can be carried out in one of two ways; by using an intensity 

filter to remove all genes below certain signal intensity, or by using a variance filte r to remove 

genes with close to zero variance between treatment and control. Although microarray 

technology is excellent for high throughput experiments, it is relatively weak at picking up low 

intensity signals, so using an intensity filter may introduce further bias against low expression 

transcripts. By removing genes in the lowest 10% of variance using a variance filter, the 

number of transcripts tested was decreased, thus reducing the extent of multiple testing and 

false positive results. Altered transcripts were ranked by log fold change (logFC) and 

researched using the NCBI website (http://www.ncbi.nlm.nih.gov/sites/entrez?db=PubMed) to 

establish biological function and to examine previous publications.
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Gene set enrichment analysis (GSEA) was utilised to discover altered pathways in the study; 

this method was previously developed by a group examining skeletal muscle in Type II 

Diabetes (Mootha et al., 2003). First, individual gene alterations were ranked by log fold 

change (logFC) to  create a gene list using linear models in microarray (LIMMA) predefined 

script (R). The null hypothesis, Hj, assumed that there was no difference between groups 

(culture w ith  adipose tissue or adipocytes and culture w ith control medium), while the 

alternative hypothesis, Hj, proposed that gene alterations were associated w ith  the group label 

i.e. culture w ith  adipose tissue or culture w ith adipocytes. The association was then measured 

by a non-parametric, running sum statistic called the enrichment score (ES); this calculates the 

number o f genes in a pathway or co regulated gene set which are close to the top o f the single 

gene list (i.e. have a large logFC). Pathway ES is high when many members of the pathway 

appear at the top o f the single gene ranked list. The difference in the mean between the 

adipose tissue/adipocyte and control groups is calculated and called Tobs- Permutation analysis, 

which also adjusts fo r multiple testing, is then carried out; the samples are shuffled and 

randomly reassigned to groups, and the mean difference recalculated each time. This is carried 

out approximately 1,000 times. If Tobs is contained outside the centre 95% o f the other random 

permutations, the null hypothesis at p<0.05 can be rejected and the pathway deemed 

significantly altered. For example: if a pathway is given a p value o f 0.029, this means that out 

o f 1000 permutations, 29 permutations o f the pathway had a score greater than that achieved 

using the actual diagnostic groups. The top five pathways, ranked by the adjusted p value fo r 

bidirectional enrichment, were selected for fu rther investigation.

The Kyoto Encyclopaedia o f Genes and Genomes (KEGG) database was used to visualise 

individual transcript alterations w ith in biological pathways. Alterations in individual transcript 

expression and o f overall pathway regulation were then validated at mRNA, protein and 

functional levels.

2.7 Western blotting 

2.7.1 Sample preparation

OE33 and 0E19 were seeded into a T75 flask and allowed to reach 70% confluency. Cells were 

serum starved overnight in medium containing 0.5% FCS and cultured w ith  5 g minced adipose 

tissue in 10 ml ACM. Following 24 hours, adipose tissue and ACM was discarded and protein 

was extracted as described below.
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2.7.2 Protein extraction

Cells were washed three times in PBS and lysed by addition of 100 nl ice-cold RIPA lysis buffer 

(50 mM Tris-HCI pH 7.4, 150 mM NaCI, 1 mM EDTA, 1% Triton lOOx, 1% sodium doxycholate, 

0.1% SDS, 1 mM PMSF, 1 m M protein inhibitor cocktail (5 |ig/ml aprotinin, 5 (ig/ml leupeptin)). 

Cells were incubated on ice for 5 minutes and the resulting cell lysate was collected using a cell 

scraper. Insoluble protein was sheared using a 29 gauge needle (BD Micro-Fine, NJ, USA) and 

the sample was centrifuged at 4,000 x g for 2 minutes to pellet any remaining insoluble 

fraction, the supernatant was stored at -  20 °C.

2.7.3 Protein quantification

Protein quantification was carried out using the commercially available Pierce Bicinchoninic 

(BCA) Protein Assay Kit (Thermo Scientific, IL, USA). In the presence of protein, Cu^* is oxidised 

to Cu"̂  which reacts with the reagent under alkaline conditions to yield a coloured product. A 

standard curve was prepared using the supplied stock solution of bovine serum albumin (BSA) 

(2000 (ig/ml) of 1000 [ig/ml, 800 ^g/m l, 600 ng/ml, 400 |ig/ml, 200 (ig/ml, 100 ng/ml, 50 

Hg/ml and 0 jig/ml. 10 pi of each standard concentration and of each sample was added to a 

96-well plate in triplicate. A 50:1 solution was prepared of BCA Reagent A (Na2C03, NaHCOs, 

bicinchoninic acid, Na2C4H406 (sodium tartrate) in 0.1 M NaOH) and BCA Reagent B (containing 

4% CUSO4) and 200 pi was added to each well of the 96-well plate which was then incubated at 

37 °C for 30 minutes. The absorbance of each well was read on an Alpha Fluor Plus 

spectrophotometer (Tecan Trading AG, Switzerland) at 490 nm and protein concentrations 

were determined by interpolation from the standard curve of known concentrations of BSA.

2.7.4 Denaturing polyacrylamide gel (SDS-Page)

A 12% SDS-Page gel was used for resolution of proteins smaller than 100 kDa while an 8% SDS- 

Page gel was used for resolution of proteins larger than 100 kDa. A 12% separating gel was 

prepared as follows for a 30 ml gel mould: 9.2 ml 30% acrylamide:bisacrylamide (37.5:1), 4.5 

ml 1.875 M Tris HCI (pH 8 .8 ), 8.3 ml water, 176 pi 10% (w/v) SDS, 120 pi 10% (w /v) fresh 

ammonium persulfate (APS), 10 pi N,N,N',N'-tetrarnethylethylenediamine (TEMED). An 8% 

separating gel was prepared as follows for a 30 ml gel mould: 6.13 ml 30% 

acrylamide:bisacrylamide (37.5:1), 4.5 ml 1.875 M Tris HCI (pH 8 .8), 10.3 ml water, 176 pi 10% 

(w/v) SDS, 120 pi 10% (w /v) fresh ammonium persulfate (APS), 10 pi N,N,N',N'- 

tetramethylethylenediamine (TEMED). The solution was gently mixed and the gels were cast 

between upright glass plates (Bio-Rad Laboratories, Hercules, CA, USA). 70% ethanol was 

gently layered on top of the gels to exclude air and aid polymerisation; this was removed once
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polymerisation occurred. A 5% (w/v) stacking gel was prepared containing 1 ml 30% (w/v) 

acrylamide:bisacrylamide (37.5:1), 2 mi 0.6 M Tris HCI (pH 6.8), 6 ml water, 100 pi 10% (w/v) 

SDS, 150 pi 10% (w/v) fresh APS, 10 pi TEMED. The stacking gel was added to  the top o f the 

polymerised gel and a 12-well comb was inserted before allowing the gel to set.

2.7.5 Protein electrophoresis and transfer

Protein samples were diluted to a final volume o f 30 pi w ith  2 x Laemmli buffer (2 ml Tris HCI 

pH 6.8, 5 ml 10% (w/v) SDS, 1 ml 2-p-mercaptoethanol, 2 ml glycerol, 0.05 g (w/v) 

bromophenol blue) and denatured by heating to 95 °C for 10 minutes. Samples were separated 

by electrophoresis at 50 mA per gel in electrode buffer (50 mM Trizma base, 384 mM glycine, 

0.1% (w/v) SDS) fo r 90 minutes, or until the dye front reached the bottom  o f the gel. 10 pi o f a 

tri-chrom pre-stained protein marker (Pierce, Rockford, IL, USA) was also loaded onto each gel 

and all gels were run in duplicate. Separated proteins were transferred onto polyvinylidene 

fluoride (PVDF) membrane (Pall Corp., Pensacola, FL, USA) using a semi-dry transfer apparatus 

(Sigma Chemical Company, MO, USA). PVDF membrane was pre-activated in 100% methanol 

fo r one minute. The transfer apparatus was covered in cold transfer buffer (0.15 M glycine, 20 

mM Tris, 0.1% (w/v) SDS, 20% (v/v) methanol). PVDF and W hatman filte r paper (Whatman 

Laboratory Division, Maidstone, Kent, UK) were soaked in transfer buffer before transfer. 

Polyacrylamide gels were placed in the transfer apparatus on top o f the PVDF membrane in a 

sandwich of double layered 3 mm Whatman filte r paper. Bubbles were carefully removed from 

between layers and proteins were transferred for 2 hours at 225 mA and maximum voltage.

2.7.6 Antibody probing of membranes

Following the transfer o f proteins, membranes were blocked w ith 5% (w/v) non-fat dry milk 

(Marvel) which was reconstituted in Tris-buffered saline (25 mM Tris HCI (pH 7.6), 150 mM 

NaCI) containing 0.1% Tween-20 (TBST) on a shaker (Bibby Sterilin Ltd., Staffordshire, UK) for 

one hour at room temperature. The membrane was then incubated in the primary antibody, 

diluted in 5% (w/v) Marvel in TBST on a shaker overnight at 4 °C. Membranes were washed 

three times fo r 5 minutes each in TBST before incubation in horseradish peroxidise (HRP) 

conjugated secondary antibody (1:2,000 dilution in TBST) (Dako, Glostrup, Denmark) fo r one 

hour on a shaker at room temperature. Six fu rther 5 minute washes in TBST were then carried 

out. The Supersignal West Pico Chemiluminescent substrate kit (Pierce, Rockford, IL, USA) was 

then used to detect bound antibody complexes. Working reagent was prepared just prior to 

use by mixing tw o solutions in equal volumes and adding to the membrane for 1 minute. 

Membranes were then exposed to scientific X-Ray film  (Fuji Photo Film Co. Ltd., Tokyo, Japan),
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which was developed using a nnedical film  processor (Agfa-Gevaert, M ortsei, Belgium). 

Exposure tim es ranged from  1 m inute to 30 minutes, depending on the signal intensity.

Table 2.8; Antibodies used in Western blotting

Antibody Supplier Isotype Type Block Primary Ab

PAI-1 R&D systems goat polyclonal
5% Marvel 

1 hour, RT

1 /500  

o/n, 4 °C

TPS 3 Cell signaling rabbit polyclonal
5% Marvel 

1 hour, RT

1 /1000  

o/n, 4 °C

M M P9 Millipore mouse monoclonal
5 % BSA 

1 hour, RT

1 /500  

o/n, 4 °C

LAMy2 Millipore mouse monoclonal
5 % BSA 

1 hour, RT

1/500  

1 hour, RT

FAK Millipore mouse monoclonal
3% Marvel 

1 hour, RT

1 /000  

o/n, 4 °C

Src Millipore mouse monoclonal
3% Marvel 

1 hour, RT

1 /1000  

o/n, 4 °C

P-actIn Calbiochem mouse monoclonal
5% Marvel 

1 hour, RT

1/20 ,000  

1 hour, RT

2.7.7 Stripping of probed membranes

M em branes w ere stripped o f antibody complexes for re-probing using Restore W estern  Blot 

stripping buffer (Pierce, Rockford, IL, USA). The m em brane was placed in 10 ml stripping buffer 

on a shaker at room tem pera tu re  fo r 15 minutes, followed by three 5 m inute washes w ith  

TBST.

2.7.8 Densitometry

Densitom etric analysis was carried out using TINA (version 4.0) softw are (Raytest, 

Straubenhardt, Germ any). Values w ere represented as a ratio o f sample band intensity to that 

o f the corresponding P-actin control.
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2.7.9 Zymography

Zymography is an SDS-Page based technique to investigate MIVIP activity. In this study 

gelatinase activity o f MMP2 and MMP9 was nneasured using commercially available gelatin 

containing SDS-Page gels (Bio-Rad Laboratories, Hercules, CA, USA). Size separation of MMP 

isoforms followed by protein renaturation allows visualisation o f bands corresponding to the 

molecular weight o f both pro- and active MMPs.

Samples were prepared and protein was extracted as fo r Western analysis. One part protein 

sample was mixed w ith  tw o parts zymogram sample buffer (Bio-Rad Laboratories, Hercules, 

CA, USA). This sample was not heated to denature the protein, as the proteolytic activity o f the 

protein was to be measured. Samples were separated by electrophoresis at 50 mA per gel in 

electrode buffer (50 mM Trizma base, 384 mM glycine, 0.1% (w /v) SDS) fo r 90 minutes, or until 

the dye fron t reached the bottom  o f the gel. 10 jal o f a tri-chrom  pre-stained protein marker 

(Pierce, Rockford, IL, USA) was also loaded onto each gel and Collagenase F (5 |ig /m l in 

zymogram sample buffer) was loaded as a positive control (Sigma). The gels were equilibrated 

in zymogram renaturation buffer (0.25% Triton x 100, distilled water) fo r 30 minutes at room 

temperature w ith  gentle agitation and then incubated in zymogram renaturation buffer at 37 

°C overnight. The gels were stained w ith  Coomassie Blue R-250 (Sigma) (0.5% w /v  in 40% 

methanol, 10% acetic acid, 50% distilled water) fo r one hour. Gels were then destained with 

destaining solution (40% methanol, 10% acetic acid, 50% distilled water) until areas of 

protease activity were clearly visible against the dark blue background.

2.8 M illipore MilNplex MAP Technology

Milliplex MAP assays (M illipore, W atford, UK) are based on Luminex xMap technology, 

allowing multiplex detection o f proteins from a single biological sample. The technology is 

based on the coating o f microspheres or beads w ith capture antibodies o f interest, to which 

the sample is then added. The use o f m ultiple conjugated beads allows multiple readouts from 

the same sample, thus conserving valuable biological specimens. Adipose tissue conditioned 

medium (ACM) samples were tested on the Human Cytokine and Human Adipokine panels 

(analytes listed in Appendix II) by M illipore. M illiplex Map results were validated using ELISA, 

described below.

2.9 Randox Evidence Investigator

The Randox Evidence Investigator multiplex technology enables the detection o f a panel o f 12 

cytokines simultaneously (analytes listed in Appendix II) using biochip array technology. A
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vo lu m e  o f  10 0  |il o f  ad ipose tissue condit ioned  m e d iu m  (A C M ) or serum  was ad ded  the  

biochip. Cytoi<ines p resen t in th e  sam ple bind to  immobilised ligands on th e  biochip and are  

d etec ted  using ch em ilu m in e sc en t  immunoassays. A charge coupled device cam era  detec ts  the  

l ight signal and advanced  im age processing so ftw are  com pares  each signal to  a calibration  

curve.

2.10 ELISA

Enzyme-linked im m u n o s o rb e n t  assay (ELISA) assays (R&D systems, Inc., M N ,  USA) w e re  used 

to  d e te rm in e  cytok ine and ad ipokine  concentra tions in adipose co ndit ioned  m e d iu m  (AC M )  

and serum. The ELISA p la te w as coated  w ith  50  pil capture  an t ibo d y  overn ig h t a t  4  °C, and  

w ashed  th ree  t im es in PBS (w ith  0 .0 5 %  T w e e n  20). Samples w e re  d ilu ted  to  a p p ro p r ia te  

concentra tions in 1% BSA, as d e te rm in e d  by optim isa tion  steps and 5 0  |il o f  sam ple  was  

applied to  each w ell in tr ip licate  w ith  th e  exception  o f  blanks w hich conta ined  only 1% BSA. A 

serial d ilution w as m a d e  fro m  th e  standard supplied and 5 0  nl o f  each co n centra t ion  w e re  

applied to  th e  p la te in tr ip licate . Sam ples w e re  incubated a t  4  °C overn ig h t and th e  p la te was  

w ashed th ree  t im es  in PBS (w ith  0 .0 5 %  T w e e n  20).  5 0  nl o f  d e tec t io n  an t ib o d y  w as ad ded  and 

th e  p late incubated  a t  ro o m  te m p e ra tu r e  for tw o  hours fo l lo w e d  by five washes in PBS T w e e n  

2 0  (0 .05% ).  A 5 0  nl v o lu m e  o f  s treptav id in-HRP ( 1 /2 0 0  d ilution in 1% BSA) w as add ed  to  each  

w ell and incubated  fo r  2 0  m inutes  a t  room  te m p e ra tu re .  5 0  nl o f  substra te  

te tra m e th y lb e n z id in e  (T M B ) w as add ed  to each w ell and covered  w ith  tinfoil  until th e  co lour  

deve loped  (2 -1 5  m inutes) .  5 0  |il H 2 SO4  was added  to each w ell  to  stop th e  reaction and th e  

plate was read im m e d ia te ly  a t  4 5 0  nm using an Alpha Fluor Plus s p e c t ro p h o to m e te r  (Tescan  

Trading AG, Sw itzer land).  Protein  concentra tions w e re  d e te rm in e d  by in te rpo la t ing  f ro m  a 

standard curve o f  kn o w n  concentra t ions (Appendix  II).
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Table 2.9; Antibodies used in ELISA

ELISA Capture antibody Top standard Detection antibody

Leptin 4 (ig/ml 2,000 pg/ml 12.5 ng/ml

Adiponectin 2 lig /m l 4,000 pg/ml 2 ng/ml

IL-6 2 ^lg/ml 600 pg/ml 200 ng/ml

IL-8 4[.ig/ml 2,000 pg/ml 2 0 ng/ml

MCP-1
.

lu g /m l 1,000 pg/ml 100 ng/ml

VEGFA 1 lig/m l 2,000 pg/ml 1 0 0 ng/ml

if g -y
1 ...........................................................

4 ng/ml 1,000 pg/ml 5 0 ng/ml

2.11 FACS analysis o f Integrin expression

Cells w ere seeded at a dilution o f 2 x 10^ cells per well in a 12 well plate and allowed to adhere  

for a m inim um  of 6 hours. They w ere serum starved overnight (m aintenance medium  

containing 0.5%  FCS) and trea ted  the following day w ith  ACM from  tw o  viscerally obese and 

tw o non obese m ale OAD patients or control M 199  m edium  fo r a period of 24 and 48 hours. 

Cells w ere set up on d ifferent days so that all tim e-points could be measured on the flow  

cytom eter on the same day. Supernatants w ere collected and transferred to 5 ml flow  tubes 

(BD Biosciences, Bedford, M A, USA) and adherent cells w ere lifted using EDTA (0.02%  w /v ), 

which was incubated w ith  cells fo r 15 minutes and added to tubes containing the respective 

supernatant. Cells w ere pelleted at 180 x g for 3 m inutes and the supernatant discarded. 1 ml 

FACS buffer (0.1%  sodium azide, 2% FCS in PBS) was added to each tube, vortexed for a few  

seconds, and centrifuged at 180 x g for 3 minutes. The supernatant was discarded and 1 ml 

blocking buffer (50%  FCS, 50% FACS buffer) was added to each tube and incubated at room  

tem peratu re  fo r 5 m inutes. 1 ml FACS buffer was added and tubes centrifuged at 180 x g fo r 3 

minutes. Supernatant was discarded and an appropriated volum e of antibody (detailed in table  

below) was added to appropriate tubes. Samples w ere vortexed to resuspend cells and 

incubated in the dark for 20  m inutes at 4 °C. 1 ml FACS buffer was added to each tube, 

vortexed and centrifuged at 180 x g fo r 3 minutes. Cells w ere resuspended in 300  nl FACS 

buffer and integrin subunit levels w ere measured using a FACSCalibur flow  cytom eter (BD 

Biosciences, Bedford, M A, USA). 10,000 events w ere collected per sample from  a live cell gate.
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Data analysis was carried out using Cell Quest software (BD Biosciences, Bedford, MA, USA) by 

a trained user of the instrunnent. Dr Joanne Lysaght. Integrin expression in ACM treated cells 

was expressed relative to untreated cells from three independent experiments.

Table 2.10: Antibodies used in FACS

Antibody Conjugation Volume per sample Supplier

' ITGA3 (CD49c) PE 5 pil
.....................'■""■■■ ■....... 1

BD Pharmingen |

ITGA5 (CD49e) PE 5 pi BD Pharmingen

ITGA6 (CD49f) PE 1 pil ebiosciences

2.12 High Content Screening analysis o f focal adhesion pathway

OE33 cells were seeded at a d ilu tion o f 4 x 10^ cells per well in maintenance medium in 96 well 

plates and allowed to adhere fo r a minimum o f 6 hours. They were then serum starved 

(medium containing 0.5% PCS) overnight. The follow ing day they were incubated w ith  100 pi of 

the ACM and control M199 medium for a period o f 24 hours. Cells were fixed w ith 4% 

paraformaldehyde fo r 30 minutes at room temperature and washed three times w ith  PBS.

For FAK staining, cells were blocked and permeabilised for 1 hour at room temperature w ith 

5% goat serum (100 nl goat serum, 2 ml PBS, 0.5% Triton xiOO). For phosphopaxillin staining, 

cells were permeabilised by the addition o f 100 pi o f ice-cold methanol fo r 5 minutes in the 

freezer, prior to the blocking step. Blocking serum was removed by flicking and tapping the 

plate. A volume o f 100 pi o f primary antibody (anti phospho-paxillin (Tyr 118) (M illipore) 1/50, 

anti FAK (M illipore) 1/100) was added to each well in triplicate in antibody dilution buffer (0.4 

g BSA, 40 ml PBS, 0.1% Triton xlOO). Following overnight incubation at 4 °C, wells were washed 

three times w ith  PBS. A volume o f 100 |il o f secondary antibody (containing secondary 

antibody (green) (1/1000), Hoechst nuclear stain (blue) (1/500) and phalloidin cytoskeleton 

stain (red) (1/2000)) was added to each well. Following two hours incubation at room 

temperature in the dark, cells were washed 2 times w ith  100 lil o f PBS, the PBS was replaced 

and cells were immediately analysed on the InCell analyser 1000.
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2.13 Lactate assay

Co-cu lture  su p ern a tan ts  w e re  assayed fo r  lactate co n ce ntra t ion  using a co m m erc ia l ly  availab le  

lactate assay kit (BioVision, CA, USA). This kit m easures L (+)- lactate  co n centra t ion  in biological 

samples such as cell cu lture  supernatants .  The lacta te  s tandard  w as d ilu ted  to  1 n m o l / j i l  by 

mixing 10 pi o f  Lactate Standard (Biovision) w ith  9 9 0  pi Lactate Assay Buffer (BioVision). A 

serial d ilu tion w as carried  o u t  to  g en era te  a standard curve o f  0, 2, 3, 4, 6, 8, 10  n m o l /w e l l  o f  L- 

(+ )- lacta te  s tandard. A v o lu m e  o f  1 pi sample in 5 0  pi Lactate Assay Buffer (BioVision) was  

added to  each w ell  in tr ip licate .  A vo lum e o f  50  pi Reaction mix (46  pi Lactate Assay M ix ,  2 pi 

Lactate probe , 2 pi Lactate Enzyme M ix) was add ed  to each w ell  and m ixed well.  The reaction  

was incubated  fo r  3 0  m in utes  at room  te m p e ra tu re  in th e  dark. The ab sorbance was m easured  

at 5 7 0  nm  using an Alpha Fluor Plus s p e c tro p h o to m e te r  (Tescan Trad ing  AG, Sw itzerland).  

Protein co n centra t ion s  w e re  d e te rm in e d  by in te rp o la t in g  f ro m  a s tandard  curve o f  kn o w n  

concentra t ions  (Appendix  II).

2.14 Immunohistochemistry

Resected tu m o u r  f ro m  O AD patients  was fixed in 10% fo rm a lin  overn ig h t and e m b e d d e d  in 

paraffin  w ax  on a Leica EG 1 1 4 0 H  e m b e d d e r  (Laboratory  Ins tru m en ts  and Supplies, Dublin,  

Ireland). Tissue sections 5 p m  in thickness w e re  cut f ro m  tissue m icroarray  blocks using a 

M ic ro m  H M 3 2 5  m ic ro to m e  (T h e rm o  Fisher Scientific, IL, USA) and f lo a ted  on to  S uperfrost Plus 

poly-L-lysine coated  glass slides (T herm o  Fisher Scientific, IL, USA). Cut sections w e re  baked  

overnight at 37  °C in a tissue-drying oven (Binder, Tutt l ing en ,  G e rm a n y )  and processed  

im m edia te ly .

2.14.1 Immunohistochemical full face staining

M M P 9  (M il l ip o re )  w as optim ised  on full face sections b e fo re  staining tissue m icroarrays  

(TM As). Antigen  re tr ieval  w as carried out using Trilogy™  (Cell M a r q u e ™  Corporat ion , Rocklin, 

CA, USA) w hich  com bines  th re e  p re - t re a tm e n t  steps; dep ara ff in isa t io n , rehydra t io n  and  

unmasking. Slides w e re  incubated  in Trilogy™  ( 1 / 2 0  d ilu t ion  in distil led w a te r )  in a Princess 

DYB350 p ro g ra m m a b le  pressure cooker on low pressure fo r  10 m inutes . Vectasta in  Elite kits 

(V ec tor  Labs, Burlingam e, CA, USA) w e re  used fo r  all im m u n o h is to ch em ic a l  staining. Tissue  

sections w e re  incubated  in 3% H 2 O 2 in m e th a n o l  fo r  3 0  m in u te s  to  quench en d og en o us  

peroxidase activity. T he sections w e re  th en  w ashed th re e  t im es  fo r  5 m inutes  each in 

phosphate  b u ffe red  saline (PBS) and blocked fo r  30  m in utes  w ith  d i lu ted  norm al se ru m  fro m  

the an im a l in w hich  th e  secondary an tibo d y  was ra ised. T h e  slides w e r e  th e n  incubated  in 

p rim ary  an t ib o d y  ( M M P 9 :  1 /1 0 0 ,  1 /5 0 0 ,  1 /1 0 0 0 )  o vern ig h t  a t  4  °C and th e n  w ashed  th re e
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times for 5 minutes each in PBS. The sections were incubated fo r 30 minutes in a 1:400 dilution 

o f biotinylated secondary antibody and then washed again three times fo r 5 minutes each in 

PBS. They were then incubated for 30 minutes in avidin-biotin complex reagent. Following this, 

the sections were washed three times for 5 minutes each in PBS and incubated fo r 2-15 

minutes (depending on the level o f protein expression in the tissue) in the dark in 

diaminobenzidine (DAB) peroxidase solution. The sections were rinsed in tap w ater and 

counterstained in Harris's haemytoxylin fo r 30 seconds. The slides were placed in a PBS bath 

for 5 minutes and subsequently rinsed in gently running tap water fo r 5 minutes. The slides 

were then dipped in tw o separate baths o f 100% methanol (up and down 10 times) and two 

separate baths o f xylene (up and down 10 times) before being transferred to a separate 

container o f xylene fo r at least 4 hours. Coverslips (VWR International, West Chester, PA, USA) 

were mounted onto the slides using DPX mountant (B.D.H. Ltd., Poole, Dorset, UK) and le ft to 

dry in a fume hood. Images were taken using Image Pro-Plus 4.1 software (Media Cybernetics, 

Gelichen, Germany).

2.14.2 Tissue microarray staining

Sections 4 ^irn in thickness were cut from tissue microarray (TMA) blocks using a Microm 

HM325 m icrotome (Thermo Fisher Scientific, IL, USA) and floated onto Superfrost Plus slides 

(Thermo Fisher Scientific, IL, USA). Cut sections were baked at 37°C overnight and stored at 

4°C. All staining was carried out on a Bond III automated immunostainer (Leica Microsystems, 

Wetzlar, Germany) in collaboration w ith  Dr Robert Cummins at Beaumont Hospital, Dublin 9. 

Sections were loaded onto the system and automated staining was carried out according to 

the appropriate protocol. Slides were deparaffinised and antigen retrieval was carried out fo r a 

length o f tim e previously optim ised for the antibody (see table below). ERl is a sodium citrate 

based antigen retrieval solution (pH 6.0) and the section is incubated at 100°C in the solution 

fo r the required length o f time. The appropriately diluted primary antibody (see table below) 

was added to the sections fo r 20 minutes. Antibody binding was detected using 

diaminobenzidine (DAB) solution and sections were then counterstained lightly w ith 

haematoxylin. Coverslips (VWR International, West Chester, PA, USA) were mounted onto the 

slides using DPX m ountant (B.D.H. Ltd., Poole, Dorset, UK) and left to  dry in a fume hood. 

Images were taken using Image Pro-Plus 4.1 software (Media Cybernetics, Gelichen, Germany).
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Table 2.11; Antibodies used for TMA immunostaining.

Antibody Supplier Type Control Pre-treatment Dilution

!vegf
!

Millipore Polyclonal Placenta ERl 20 mins 1/500

iVIMP-9 Millipore Monoclonal TACi ERl 10 mins 1/2000

^TAC is a composite positive control block consisting of a piece of tonsil, normal appendix and carcinoma 
tissue.

2.14.3 Immunohistochemical staining quantification

Tissue nnicroarrays w ere graded independently by three individuals. Intensity of staining was 

graded on a scale from  0  to 3. A score o f  0 corresponded to no staining, a score o f 1 to  weak  

staining, a score o f 2 to m oderate staining and a score o f 3 to  strong staining. Percentage of 

tum our cells stained was graded in quartiles o f 0%, 25%, 50%, 75%  and 100%. The average  

grade for each patient was calculated by m ultiplication o f the intensity score by the  

percentage o f tu m our score. This value was averaged over the three cores present on the TM A  

for each patient. The final grade was calculated by averaging the grades from  each of the three  

independent individuals. Statistical analysis was carried out as described in section 2.20.

2.15 BrdU cell proliferation assay

Cells w ere seeded at a dilution o f 5 x lo^ cells per well in appropriate m aintenance m edium  in 

96 well plates and allowed to adhere fo r a m inim um  of 6 hours. They w ere then serum starved 

(m edium  containing 0.5%  FCS) overnight. The following day they w ere incubated w ith 100 |-il of 

ACM or the required tre a tm e n t (Table 11) for a period o f 24 or 48  hours and cell proliferation  

was assessed using BrdU cell proliferation ELISA (Roche Diagnostics Ltd., Sussex, UK). The 

pyrim idine analogue BrdU (5-brom o-2'-deoxyuridine) is incorporated in the place o f thym ine in 

the newly synthesised DNA of proliferating cells, and is bound by the BrdU anti-POD antibody. 

The antibody complexes are then detected by a subsequent substrate reaction.

BrdU label (1 /1 0 0 0  dilution in appropriate cell culture m edium ) was added to each well 

(except no BrdU label control) fo r 3 hours at 37 °C, following which the  m edium  was tapped  

and flicked off. Cells w ere fixed by adding 200 pi o f fixative solution (Roche Diagnostics Ltd., 

Sussex, UK) fo r 30 m inutes at room tem perature . 100 1̂ anti-BrdU-POD (mouse monoclonal 

antibody, peroxidase conjugated) was added to each well and the plate was incubated fo r 90  

minutes at room  tem peratu re . Cells w ere then washed in PBS and 100 |jl o f substrate solution
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was added to  each w ell. The plate was incubated at room  tem pera tu re  fo r  5 - 1 0  m inutes or 

until co lour was su ffic ien t fo r  p ho tom e tric  detection. 25 pi H2 SO4  was then  added to  stop the 

reaction and the  plate absorbance was read at 450 nm on an Alpha Fluor Plus 

spectropho tom ete r (Tescan Trading AG, Switzerland). W ells conta in ing cells bu t no BrdU label 

were used to  sub tract background absorbances and percentage increase/decrease in 

p ro life ra tion  was calculated re lative to  untreated cells.

Table 2.12; Adipokine concentrations for dose response proliferation curves in oesophageal 
adenocarcinoma cell lines.

Adipokine Dose response concentrations

Leptin (nM) 0 1 10 100 500

Adiponectin (|iM) 0 100 500 1000 5000

! VEGFA (ng/ml) 0 0.1 1 10 100 1000

2.16 Cell m igration assay

M igration  assays w ere  carried o u t using the  QCM Chemotaxis 96 w ell Cell M ig ra tion  assay 

(M illipo re , W atfo rd , UK). The assay is perform ed in a 96 well plate, each w ell conta in ing  a 

cham ber lined w ith  an 8  pm pore size polycarbonate m em brane. N on-m igra tory  cells cannot 

move through these pores w hile  cells w ith  m igra to ry properties can m igra te  th rough  the 

porous m em brane and cling to  the  bo ttom  o f the chamber. These m ig ra to ry  cells are dislodged 

fo llow ing  incubation in Detachm ent Buffer, lysed and detected w ith  a fluorescent dye.

The assay was perfo rm ed in a Grade II lam inar hood. Adipose cond itioned m ed ium  (ACM) from  

viscerally obese (n=15) and non obese (n=14) male oesophageal adenocarcinom a patients, and 

contro l M 199 m edium  was placed into the feeder wells beneath the cham bers in trip lica te . 

OE33 cells were serum starved (m edium  containing 0.5% FCS) overn igh t, tryp in ised  and 

seeded at a d ilu tion  o f 5  x lo ' ' cells per cham ber. Follow ing an incubation  period o f  24 hours, 

non -m igratory cells w hich had rem ained in the  cham ber w ere flicked and tapped o ff. The 

chambers were rinsed by placing the plate in to  a feeder tray o f PBS fo r one m inu te . The PBS 

was replaced by Cell D etachm ent Solution and the cham ber p late was incubated in th is  

so lution fo r  30 m inutes at 37 °C. Cells w ere dislodged by gently tilt in g  the  cham ber p late back 

and fo rth  several tim es during the  incubation period. A lysis bu ffe r conta in ing  fluorescent dye
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was m ade up fo r all samples by diluting CyQuant GR fluorescent Dye 1:75 w ith  4x Lysis Buffer. 

50 |jl of this solution was added to each well o f the feeder tray containing the cells which had 

invaded or m igrated through the m em brane. The tray was incubated at room  tem peratu re  for 

15 m inutes and 150 |il o f this m ixture was transferred to a fluorescence com patible plate and 

the proportion o f cells which had m igrated/invaded through the m em brane was determ ined  

using a flu o rim e te r (W allac V ictor 2 1420, PerkinElmer, Ballym ount, Dublin) at the 485  n m /535  

nm filte r set. Control wells, containing all com ponents but no cells, w ere  used as blanks and 

these fluorescence values w ere  subtracted fo r all o ther values in order to in terpret the data. 

Results w ere  calculated as a percentage increase in m igratory or invasive capacity relative to 

untreated cells.

2.17 Cell invasion assay

M igration assays w ere carried out using the QCM 96 well Cell Invasion assay, respectively 

(M illipore, W atfo rd , UK). This assay is perform ed in a 96 well plate, each well containing a 

cham ber lined w ith  an 8 |im  pore size polycarbonate m em brane. The m em brane pores are 

occluded by a th in  coating o f ECMatrix (extracellular m atrix), blocking non-invasive cells from  

moving through. Cells w ith invasive properties, on the o th er hand, can m ove through the ECM 

layer and porous m em brane and cling to the bottom  of the cham ber. These invasive cells are 

dislodged fo llow ing incubation in D etachm ent Buffer, lysed and detected  w ith a fluorescent 

dye.

The assay was perform ed in a Grade II lam inar hood. 100 |il o f prew arm ed serum free m edium  

was added to  the chambers o f the invasion assay and incubated at room tem peratu re  for 90  

minutes to rehydrate the ECM. Adipose conditioned m edium  (ACM ) from  viscerally obese 

(n=15) and non obese (n=14) m ale oesophageal adenocarcinom a patients, and control M 199  

m edium  was placed into the feeder wells beneath the chambers in trip licate. OE33 cells w ere  

grown to 70%  confluency and serum starved (m edium  containing 0.5%  PCS) overnight. They 

w ere then trypinised and seeded at a dilution of 1 x 10^ cells per cham ber for the invasion 

assays, respectively. Following an incubation period o f 24 hours, non-invasive cells which had 

rem ained in the  cham ber w ere flicked and tapped o ff and the  assay was continued as 

described in section 2.17.
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2 .18  Annexin -V -F ITC /Prop id ium  Iodide Apoptosis Assay

One of the early events in apoptosis is translocation o f phosphotidylserine (PS) from  the inner 

to the outer leaflet o f the plasma membrane, detected in this assay by binding of 

anticoagulant protein Annexin V to exposed PS. Propidium iodide (PI) intercalates w ith double 

stranded DNA, only accessed after the cell membrane has lost integrity follow ing apoptosis or 

necrosis. The combination o f Annexin V-FITC and PI stain allows fo r the d ifferentiation o f early 

apoptotic cells (Annexin V-FITC positive), late apoptotic and/or necrotic cells (Annexin V-FITC 

and PI positive) and viable cells (unstained).

Cells were seeded into 12 well plates at a dilution o f 1.5 x 10^ cells per well and allowed to 

adhere fo r a m inimum o f 6 hours before serum starvation (medium containing 0.5% FCS) 

overnight. Cells were then treated w ith  increasing concentrations o f cisplatin (1 pM, 10 pM, 

100 pM, 1 mM) in the presence or absence o f adipose conditioned medium (ACM) fo r a period 

o f 24 and 48 hours. Control wells contained ACM or M199 medium alone. Cells were set up on 

d ifferent days so that all tim e-points could be measured on the flow  cytom eter on the same 

day. Supernatants were collected and transferred to 5 ml flow  tubes (BD Biosciences, Bedford, 

MA, USA) and adherent cells were trypsinised at 37 °C until they lifted o ff the plate surface. 

The trypsin was deactivated by the addition o f maintenance medium (containing 10% FCS), 

and the cell suspension was added to the tubes containing the respective supernatant. Cells 

were pelleted at 180 x g fo r 3 minutes and the supernatant discarded. The pellet was 

resuspended in 2 ml Ix Binding Buffer (Biosource International, CA, USA), vortexed briefly, and 

centrifuged at 180 x g fo r 3 minutes. The supernatant was again discarded and the cell pellet 

resuspended in 100 pi o f Ix binding buffer. 3 pi o f Annexin V (IQ Products, Gronigen, The 

Netherlands) was added to all samples except no stain and PI only controls. The tubes were 

briefly vortexed to resuspend the cell pellet and the incubated in the dark at 4 °C for 20 

minutes. 1 ml Ix binding buffer was added, the tubes were again briefly vortexed, and then 

centrifuged at 180 x g fo r 3 minutes. The supernatant was discarded and the cell pellet 

resuspended in 250 pi o f Ix binding buffer. Immediately before acquiring, 250 pi o f PI (1:4000 

dilution o f 1 mg/m l stock in Ix binding buffer, Invitrogen Corporation, CA, USA) was added to 

all samples except no stain and Annexin V only controls. Tubes were vortexed and apoptosis 

levels were measured using a FACSCalibur flow  cytom eter (BD Biosciences, Bedford, MA, USA). 

10,000 events were collected for each sample using a gate to exclude cellular debris. Data 

analysis was carried out using Cell Quest software (BD Biosciences, Bedford, MA, USA) by a 

trained user o f the instrument. Dr Joanne Lysaght. The x axis (FLl) o f the dot plot represents
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the log Annexin V-FITC fluorescence, while the Y axis (FL2) represents the log PI fluorescence. 

The percentage o f apoptosis in treated cells was expressed relative to untreated control cells 

from  three independent experiments.

2 .19  Statistical analysis

Statistical analysis was computed using GraphPad Prism 5 software. All data are expressed as 

mean ± SEM. SEM is calculated as the SD o f the original sample divided by the square root o f 

the sample size. Student's t-tests were used to compare the means o f tw o groups. In cases 

where data were paired (i.e. tum our/norm al matched samples from  the same patient or 

patient samples w ith  age-matched controls), a paired t-test was used for statistical analysis. 

Otherwise, the unpaired t-test was used. Data analysis was performed by one way analysis of 

variance (ANOVA), where the number o f groups in the experiment was three or more. A post 

hoc test was necessary fo llow ing ANOVA in order to determ ine which groups were significantly 

d ifferent to each other. Post test analysis was carried out by Tukey multiple comparisons test 

where sample groups were unpaired. When sample groups were paired, post test analysis was 

carried out by Bonferroni multiple comparisons test. These post hoc tests assume Gaussian 

distribution o f the sample population. In cases where the d istribution was not Gaussian, the 

Mann-W hitney test was used to examine statistical significance between unpaired groups of 

data. Kaplan-Meiers curves were generated for survival analysis. In order to carry out the 

analysis, data were split into two groups: median survival > median value and median survival 

< median value. The resulting tw o sets o f data were used to generate survival curves. 

Statistical analysis was carried out by the Gehan-Breslow-Wilcoxon test. For all statistical 

analysis, a probability o f (p) o f < 0.05 was considered to represent a significant difference 

between groups. All A ffym etrix microarray analysis was carried out in collaboration w ith a 

bioinformatician Ms Melissa Morine (under Prof Helen Roche, Nutrigenomics Research Group, 

UCD) and is described in section 2.6.12.2.
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3 Pathways involved in inflammation, 
angiogenesis and cell signalling are 
up regulated in the omentum of 
viscerally obese oesophageal 
adenocarcinoma patients.
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3.1 Introduction

Obesity, defined as the accumulation o f excess adipose tissue, is strongly associated w ith 

increased m orbid ity and m orta lity (Calle et al., 1999; Flegal et al., 2005). Visceral adiposity in 

particular is a key risk factor fo r cardiovascular disease, stroke, hypertension, metabolic 

syndrome, type II diabetes mellitus, osteoarthritis, sleep apnoea and gall bladder disease (Guh 

et al., 2009; Must et al., 1999). More recently obesity has been linked to increased cancer 

incidence and m orta lity (Calle et al., 2003; Calle et al., 1999; Field et al., 2001). Rates o f obesity 

have now reached pandemic proportions w ith tw o thirds o f US adults overweight and one 

third obese (National Health and N utrition Examination Survey (NHNES) 2007 -  2008). Rates of 

overweight and obesity in Ireland are currently 5% lower than the US but increasing rapidly 

(SLAN, 2007). The incidence o f worldw ide obesity is increasing at an exponential rate (Ogden 

et al., 2006; SLAN, 2007) and an enhanced understanding o f the underlying molecular 

mechanisms responsible fo r the myriad o f obesity related disorders and diseases is now 

imperative.

A wide range o f cell types in adipose tissue are potential contributors to the pathogenesis of 

excess adiposity and these include mature adipocytes, pre-adipocytes, endothelial cells, 

fibroblasts and immune cells (Kahn and Flier, 2000). In vitro cell culture is therefore an 

indispensable tool o f obesity research enabling the analysis o f these individual cell types, their 

secreted factors and signalling pathways under controlled conditions (Fischer-Posovszky et al., 

2008). Primary cells are unpredictably variable between individuals, the quantity o f available 

material is usually lim ited and isolated primary cells have a lim ited life span in vitro (Fischer- 

Posovszky et al., 2008; Wabitsch et al., 2001). For these reasons, many research groups choose 

to rely on immortalised cell lines for in vitro studies o f adipogenesis and obesity related 

disease. 3T3-L1 and 3T3-F442A are murine embryonic fibroblasts developed through clonal 

isolation which differentiate spontaneously when exposed to a standard d ifferentiation 

inducing hormone cocktail (Rosen and MacDougald, 2006). 3T3 adipogenesis has been widely 

studied and follows a well defined sequence o f events marked by early alterations in gene 

expression o f adipogenic transcription factors including CCAAT/enhancer binding protein a 

(C/EBPa), sterol regulatory element binding protein Ic  (SREBP Ic) and peroxisome 

proliferator-activated receptor y (PPARy) (Rosen and MacDougald, 2006). These transcription 

factors are responsible fo r the induction o f adipocyte fa tty  acid binding protein (AP2), glucose 

transporter 4 (GLUT4), lipoprotein lipase (LPL), glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) and leptin (MacDougald and Lane, 1995). Expression o f these adipocyte specific
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genes are necessary fo r adipocyte function and they are involved in protein secretion, lipid 

synthesis, glucose transport and insulin sensitivity (Rosen and MacDougald, 2006; Wabitsch et 

a l, 2001).

The murine adipocyte cell lines 3T3-L1 and 3T3-F442A are both well characterised and widely 

used (Bour et al., 2007). However in studies of human disease, greater clinical relevance would 

be derived from  working w ith a human model and to this end a human pre-adipocyte cell 

strain, SGBS, has been established (Wabitsch et al., 2001). SGBS are derived from the stromal 

vascular fraction (SVF) o f subcutaneous adipose tissue of an infant w ith Simpson-Golabi 

Behmel syndrome (SGBS), a rare X-linked congenital overgrowth syndrome (Wabitsch et al., 

2001). SGBS adipogenesis follows a similar pattern of adipocyte differentiation specific gene 

expression to  that o f the well characterised 3T3 (Wabitsch et al., 2001). One difference worth 

noting is tha t 3T3-L1 and 3T3-F442A adipocytes undergo m itotic clonal expansion followed by 

growth arrest in the early stages o f differentiation, while this process is absent both in SGBS 

and in primary human pre-adipocytes indicating a fundamental difference between species 

(Newell et al., 2006). It has been demonstrated that SGBS are similar to primary human 

adipocytes regarding glucose transporter expression (Wood et al., 2003), expression of 

adipokine splice variants (Kersten et al., 2000; Mandard et al., 2004) and ratio o f adiponectin 

isoform expression (Bodies et al., 2006). These initial studies indicate that SGBS may be a 

relevant model fo r the study o f human obesity related disease and SGBS have been shown, 

once differentiated, to behave functionally like mature human adipocytes (Fischer-Posovszky 

et al., 2008). This series o f experiments aimed to compare morphology, d ifferentiation specific 

gene expression and biochemical function between SGBS and primary human omental 

adipocytes w ith  reference to the well characterised and widely used 3T3-L1 model. Obesity has 

an im portant role in cancer in itiation and progression (Calle et al., 2003) and this study aimed 

to identify a clinically relevant experimental model of adipocyte biology w ith in  this context.

In parallel, m icroarray technology was used to identify pro-tum our pathways up regulated in 

the omentum o f viscerally obese oesophageal adenocarcinoma patients. Obesity is a complex 

disorder involving deregulation o f multiple gene networks (Morine et al., 2008). Microarray 

technology is ideally suited to the challenge o f delineating these networks as it enables the 

quantitative and reproducible analysis o f thousands o f transcripts simultaneously (Lipshutz et 

al., 1999). M icroarray technology has been widely used in obesity research and studies to date 

have examined differences between subcutaneous and omental adipose tissue depots (Linder 

et al., 2004), subcutaneous adipose tissue in obesity (Henegar et al., 2008) and omental
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adipose tissue in obesity (Gomez-Ambrosi et al., 2004). Visceral adiposity is a stronger 

predictor o f related m orbidity and m orta lity than overall obesity (Gesta et al., 2006; Giorgino 

et al., 2005) and this im portant finding is reflected in the International Diabetes Foundation 

(IDF) defin ition o f the Metabolic Syndrome (Federation, 2006). One possible weakness of 

published microarray studies is the classification o f patients using BMI, a measure o f overall 

obesity (Gomez-Ambrosi et al., 2004). This is the first large scale microarray study to date to 

examine altered omental adipose tissue gene expression in visceral obesity, as defined by 

visceral fat area using computed tomography.

3.2 Aims and objectives

The overall aims o f this chapter were:

1. To evaluate the clinical relevance o f the SGBS adipocyte cell strain as an experimental 

model in the study o f obesity related human disease.

2. To identify a gene expression signature in human omentum o f viscerally obese OAD 

patients which could contribute to obesity related pathology.

Specific objectives:

•  Comparison o f morphology, differentiation specific gene expression and biochemical 

function between human SGBS and primary human adipocytes, w ith reference to the 

well established and w idely used 3T3-L1 adipocytes.

•  M icroarray analysis o f omental adipose tissue from viscerally obese and non obese 

male oesophageal adenocarcinoma patients.
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3.3 Results

3.3.1 SGBS and 3T3-L1 pre-adipocytes undergo morphological changes during the process 

of differentiation.

Murine 3T3-L1 and human SGBS pre-adipocytes were differentiated according to  standard 

protocols (as described in section 2.4) and morphology was examined by Oil Red 0  staining (as 

described in section 2.5.2). D ifferentiation was initiated at two days post confluency in 3T3-L1, 

and at 70% confluency in SGBS, according to published standard protocols (Fischer-Posovszky 

et al., 2008; Moloney et al., 2007). The process o f differentiation was carried out fo r standard, 

previously published lengths o f time: eight days for 3T3-L1 (Moloney et al., 2007) and 14 days 

for SGBS (Fischer-Posovszky et al., 2008; Wabitsch et al., 2001). In order to investigate whether 

d ifferentiation over a longer tim e period could induce further morphological changes, 3T3-L1 

were differentiated fo r 14 days and SGBS fo r 21 days, one week longer than standard 

established protocols.

Pre-adipocytes accumulated lipid droplets over the course o f differentiation, beginning at day 

four in 3T3-L1 and at day six in SGBS. D ifferentiation efficiency was similar between 3T3-L1 and 

SGBS models w ith 90% - 95% o f cells accumulating lipid by day eight and day 14, respectively, 

as assessed by manual counting (Figure 3.1). The degree o f confluency over the course of 

d ifferentiation was much greater in 3T3-L1 compared w ith SGBS, highlighting a potentially 

im portant difference between these models. Not only was differentiation initiated at a higher 

confluency in 3T3-L1, according to published protocols (Moloney et al., 2007; Wabitsch et al., 

2001), but this cell line also undergoes clonal expansion in the early stages o f d ifferentia tion 

(Newell et al., 2006). Primary adipocyte morphology was characterised by a single central lipid 

vesicle while both 3T3-L1 and SGBS accumulated multiple smaller lipid droplets. An increase in 

lipid droplet size together w ith  a decrease in number o f lipid droplets occurred in both models 

in the final stages o f d ifferentiation, however this change was particularly pronounced in SGBS 

(Figure 3.1). SGBS were therefore morphologically similar to primary adipocytes w ith  respect 

to lipid droplet size and number (Figure 3.2).
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3T3-L1 SGDS

Figure 3.1: Morphological changes in adipocyte cell lines 3T3-L1 and SGBS at regular intervals 
throughout the process of differentiation. Lipid droplets were stained red with Oil Red O at days 0, 2, 
4, 6, 8 and 14 (3T3-L1) and at days 0 ,4 , 6 ,1 0 ,1 4  and 21 (SGBS) following initiation of differentiation at 
day 0 using standard protocols. Photographs were taken at lOX magnification.
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Figure 3.2; Mature primary adipocytes isolated from human omentum of viscerally obese oesophageal 
adenocarcinoma patients (n=3) were ceiling cultured for 72 hours before lipid droplets were stained 
with Oil Red O. SGBS adipocytes at day 21 of differentiation were included in this panel for purposes 
of comparison. Photographs were taken at lOX magnification.
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3.3.2 Expression of adipocyte genes is induced upon adipocyte differentiation.

During the process o f d ifferentiation, expression o f genes involved in adipocyte specific protein 

secretion, lipid synthesis, glucose transport and insulin sensitivity are induced in 3T3-L1 and 

SGBS cells (Rosen and MacDougald, 2006; Wabitsch et al., 2001). Key transcription factor and 

master regulator o f differentiation peroxisome proliferator-activated receptor y (PPARy) is 

necessary in the in itia tion o f this process. PPARy, in combination w ith  several other im portant 

transcription factors, induces expression o f genes necessary fo r adipocyte function and these 

include leptin, glucose transporter 4 (GLUT4), lipoprotein lipase (LPL), adipocyte protein 

2 /fa tty  acid binding protein 4 (AP2/FABP4) and glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH). A direct comparison o f expression o f this d ifferentiation specific panel o f genes was 

carried out in murine 3T3-L1 and human SGBS by quantitative qPCR (as described in section 

2.6.9).

Expression o f adipogenic transcription factor PPARy was induced 8 fold in SGBS and 28 fold in 

3T3-L1 (Figure 3.3). Expression o f adipocyte function genes leptin, glucose transporter 4 

(GLUT4), lipoprotein lipase (LPL), and adipocyte protein 2 /fa tty  acid binding protein 4 

(AP2/FABP4) were induced to varying degrees during both 3T3-L1 and SGBS differentiation, 

however fold changes were most pronounced in SGBS (Figure 3.3). Leptin was induced over

200.000 fold in SGBS but merely 5 fold in 3T3-L1. Leptin expression in differentiated SGBS 

adipocytes was significantly higher than in 3T3-L1 adipocytes (p<0.01). GLUT4 was induced

30.000 fold in SGBS and 7000 fold in 3T3-L1. LPL was induced almost 700,000 in SGBS but only 

15 fold in 3T3-L1. AP2 was induced 50,000 fold in SGBS and 8000 fold in 3T3-L1. As these 

adipocyte specific gene expression changes are required fo r basic adipocyte function, this 

finding suggests SGBS may be a superior model in this regard. On the o ther hand, 3T3-L1 may 

be a better model fo r the study o f early regulation o f adipocyte differentiation as PPARy, a 

master regulator o f this process, is induced more strongly in this model.

There is some evidence for altered expression o f commonly used housekeeping genes during 

the process o f adipocyte d ifferentiation (Hurtado del Pozo et al., 2010). Expression of GAPDH 

remained the same throughout SGBS differentiation, indicating tha t it is a suitable 

housekeeping gene in this cell line (Figure 3.3). As previously published (Alexander et al., 

1985), GAPDH expression was found to fluctuate throughout 3T3-L1 d ifferentiation, suggesting 

it may not be suitable as an endogenous control in the 3T3-L1 cell line.
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Figure 3.3: Gene expression throughout differentiation was measured by real time qPCR at day 0, 2, 4, 
6 and 8 (3T3-L1) and at day 0, 2, 4, 6, 8 and 14 (SGBS). 18S was used as an endogenous control and 
calibrator for this assay. Data points are the mean values of three independent experiments ± SEM. 
Statistical analysis was carried out using unpaired t tests between day 8 3T3-L1 and day 14 SGBS 
expression (**p<0.01, ***p<0.0001).
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3.3.3 Gene expression in primary omental adipocytes is similar to SGBS adipocytes.

Levels o f expression o f adipocyte differentiation specific genes were compared between SGBS 

and primary human adipocytes. SGBS were differentiated according to standard protocols for 

14 days (as described in section 2.4.2). Adipocytes were isolated from  omental adipose tissue 

collected from male OAD patients, classified into groups o f viscerally obese (n=15) or non 

obese (n=9) by waist circumference (as described in section 2.3.3). BMI (p<0.0001), WC 

(p<0.001) and VFA (p<0.05) were significantly d ifferent between patient groups (Table 3.1). 

Expression o f d ifferentiation specific genes leptin, GLUT4, PPARy, LPL and AP2 were compared 

in primary human adipocytes from  viscerally obese (n=15) and normal weight (n=9) OAD 

patients by qPCR, using 18S as an endogenous control. Levels o f gene expression were then 

compared between primary human adipocytes and differentiated SGBS by qPCR, using IBS as 

an endogenous control (as described in section 2.6.9).

Table 3.1: Anthropom etric  details for patients included in adipocyte gene expression study.

non obese obese

No. subjects 9 15

Sex (male), n (%) 7 (78) 12(80)

Age at surgery, mean (range) 65 (58-76) 63 (49-75)

Waist circumference (cm), mean (range) 8 8 (8 3 -9 3 )* * 103 (84-116)

BMI (kg/m2), mean (range) 24 (22-26) 30 (25-36)

VFA (cm2), mean (range) 121 (51-178) * 214(68-329)

metabolic syndrome, n (%) 0 (0 ) 11(73)

neo-adjuvant therapy, n (%) 6(67 ) 4 (27 )

Patients were categorised using the IDF defined waist circumference cu t-o ff o f 94 cm. Statistical analysis 
was carried out using student's t-test (*p<0.05, **p<0.001, ***p<0.0001). BMI=body mass index 
(kg/m^), VFA=visceral fa t area (cm^)

GLUT4 expression was down regulated tw ofo ld  in omental adipocytes from viscerally obese 

relative to normal weight patients (p<0.05) (Figure 3.4), and expression was significantly 

correlated w ith  waist circumference (r^=0.23, p<0.05) (Figure 3.5). Decreased GLUT4 

expression is a marker o f reduced insulin sensitivity, a common metabolic disorder in viscerally 

obese patients (Renehan et al., 2006). There was increased expression o f master regulator of 

adipocyte d ifferentia tion, PPARy, in omental adipocytes from viscerally obese patients.
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However this trend did not reach statistical significance and did not correlate w ith obesity 

measured by WC (r^=0.0001, p=ns). Leptin expression was increased fivefold in viscerally obese 

relative to non obese patients. This result did not reach statistical significance, possibly due to 

large inter-patient variability in factors influencing leptin production such as adipocyte size, 

levels o f circulating sex hormones and insulin sensitivity (Castracane et al., 1998; Segal et al., 

1996). There was a near significant correlation o f leptin mRNA levels w ith WC, indicating that 

this measure o f obesity may be a good predictor o f adipocyte leptin expression (r^=0.13, 

p<0.1). Expression o f LPL and AP2 was unchanged w ith patient obesity status (Figure 3.4).

Leptin levels in primary human adipocytes were twofold higher in normal weight and 11 fold 

higher in viscerally obese patients compared to differentiated SGBS (Figure 3.4). Leptin 

expression is an indicator o f adipocyte function and metabolic health and is affected by a wide 

variety o f physiological factors such as circulating levels o f insulin, glucose, cytokines and sex 

hormones (Castracane et al., 1998; Segal et al., 1996). It therefore follows that leptin levels in 

cell lines cultured away from the ir physiological system are decreased compared to  adipocytes 

freshly isolated from  adipose tissue, and this effect is particularly evident in visceral obesity 

where leptin levels are high (MacDougald and Lane, 1995). GLUT4 and PPARy expression was 

twofo ld higher while LPL and AP2 expression was three fold higher in subcutaneous derived 

SGBS compared to primary omental adipocytes (Figure 3.4). It has been previously published 

that the expression levels o f these genes are increased in human subcutaneous relative to 

visceral adipose tissue (Perrini et al., 2008; Veilleux et al., 2009; Walker et al., 2008). These 

results indicate that while the morphology, gene expression profile and function o f SGBS 

adipocytes is sim ilar to that o f primary human adipocytes; inherent differences between 

adipose tissue depots must be taken into account when studying subcutaneous derived SGBS 

adipocytes in the context o f visceral obesity.
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Figure 3.4: Gene expression in primary mature adipocytes isolated from omental adipose tissue from  
obese (n=15) and non obese (n=9) oesophageal adenocarcinoma patients. Visceral obesity was 
defined by a waist circumference of < 94 cm in males and < 80 cm in females. Expression is relative to 
differentiated SGBS (day 14) gene expression and data are expressed as mean ± SEM. Statistical 
analysis was performed using an unpaired student's t-test (*p<0.05).
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Figure 3.5; Correlation of leptin, PPARy and GLUT4 expression with visceral obesity, defined by waist 
circumference of < 94 cm in males and < 80 cm in females. Gene expression was analysed in primary 
omental adipocytes isolated from viscerally obese (n=16) and non obese (n=9) oesophageal 
adenocarcinoma patients. Statistical analysis was performed using linear regression analysis.
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3.3.4 Biochemical function is similar between SGBS and primary omental adipocytes.

Measures o f adipocyte function were compared between murine 3T3-L1, human SGBS and 

primary human adipocytes. Glycerol-3-phosphate dehydrogenase (GPDH) enzyme activity is 

required to catalyse the reversible reaction between dihydroxyacetone phosphate and 

glycerol-3-phosphate. This reaction is necessary fo r triglyceride synthesis and is strongly 

induced upon adipocyte differentiation (Wabitsch et al., 2001). GPDH activity (Units) was 

measured in differentiated murine 3T3-L1, human SGBS and primary human adipocytes and 

normalised to amount o f protein (mg) present in the sample (as described in section 2.7.3). 

Glucose concentration is used as a clinical measure o f adipocyte function and increased levels 

may indicate insulin resistance (Federation, 2006). Glucose concentration (|iIVI) was measured 

in supernatants o f d ifferentiated murine 3T3-L1, human SGBS and primary human adipocytes 

and normalised to amount o f protein (mg) present in the sample (as described in section 

2.7.3).

There was no difference in GPDH enzyme activity between primary human adipocytes (1.3 x 

10'^ U/mg protein) and differentiated SGBS (1.5 x 10'^ U/mg), indicating similar levels of 

triglyceride synthesis between these models (Figure 3.5). However, GPDH activity was found to 

be significantly higher in murine 3T3-L1 (2.8 x 10'^ U/mg, p<0.0001). SGBS therefore display a 

greater degree o f sim ilarity w ith primary human adipocytes regarding triglyceride form ation 

compared w ith  3T3-L1. There was no difference in glucose concentration in the supernatant of 

primary human adipocytes (88 nM), SGBS (81 tiM ) or 3T3-L1 (91 pM), indicating similar 

adipocyte function w ith  respect to glucose uptake (Figure 3.6).

In summary, similar adipocyte morphology and size was observed between human SGBS and 

primary human adipocytes. Gene expression analysis showed a sim ilar range o f expression of 

genes critical fo r adipocyte function in human SGBS and primary human adipocytes. Functional 

data showed no significant differences in GPDH activity or glucose production between human 

SGBS and primary human adipocytes. Together these findings demonstrate a sim ilarity 

between SGBS and primary human adipocytes w ith respect to adipocyte morphology, gene 

expression and biochemical function. W ith the m ajority o f in vitro  studies to  date carried out in 

3T3 adipocytes; these data indicate that SGBS adipocytes may provide a superior pre-clinical 

model fo r the study o f multiple obesity related disease states.
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Figure 3.6: Glycerol-3-phosphate dehydrogenase (GPDH) enzyme activity of primary, SGBS and 3T3L1 
adipocytes. Adipocyte cell lines were differentiated under standard conditions (n=3) and mature 
primary adipocytes (n=3) were isolated from whole omental adipose tissue and ceiling cultured for 72 
hours. GPDH enzymatic activity was determined by colorimetric assay. Data are expressed as mean ± 
SEM. Statistical analysis was performed using an ANOVA (one way analysis of variance) with Tukey's 
multiple comparisons post test (***p<0.0001).
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Figure 3.7: Glucose production was measured in cell culture medium of primary, SGBS and 3T3-L1 
adipocytes using a colorimetric assay. Data are expressed as mean ± SEM of three independent 
repeats. Statistical analysis was performed using an ANOVA (one way analysis of variance) with 
Tukey's multiple comparisons post test.
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3.3.5 Expression of housekeeping genes is altered during SGBS differentiation.

As SGBS were found to be a relevant adipocyte model in terms o f morphology, gene 

expression and function, this cell line was selected for subsequent experiments. The process of 

adipocyte d ifferentiation has been shown to be accompanied by alterations in the expression 

o f some commonly used housekeeping genes (Hurtado del Pozo et al., 2010; Spiegelman and 

Farmer, 1982). This process involves morphological conversion o f the fibroblast-like pre­

adipocyte into a spherical adipocyte, triggered by alterations in the cytoskeleton. 3T3-L1 

adipocyte differentiation has been found to be accompanied by altered expression of 

cytoskeletal genes actin and tubulin, commonly used as housekeeping genes (Spiegelman and 

Farmer, 1982). In order to guarantee correct in terpretation o f gene expression studies in the 

SGBS model, it is necessary to  select an endogenous control w ith unchanged expression over 

the course o f differentiation (Hurtado del Pozo et al., 2010; Spiegelman and Farmer, 1982). To 

our knowledge, no study to date has examined housekeeping gene expression over the course 

SGBS differentiation.

The expression o f 28 commonly used housekeeping genes was measured using a commercially 

available Taqman express endogenous control qPCR array, employing 18S as a calibrator 

(Applied Biosystems) (as described in section 2.6.10) (A complete gene list can be found in 

Appendix V). Of this panel, 11 genes were down regulated by twofold or more (HPRTl, GUSB, 

HMBS, IP08, TFRC, YWHAZ, P0LR2A, CDKNIB, PESl, RPS17) and three genes up regulated 

(ABLl, ELFl, RPL37A) by twofold or more in differentiated relative to pre-differentiated SGBS 

(Table 3.2). These data indicate that these 14 genes would be the least suitable to use as 

housekeeping genes in the study o f SGBS adipocyte d ifferentiation. The expression o f the 

remaining 14 genes (GAP-DH, ACTB, B2M, PGKl, RPLPO, UBC, PPIA, CDKNIA, GADD45A, PUM l, 

PSMC4, EIF2B1, MRPL19, P0P4, CASC3) were altered by less than twofold. In particular, 

expression o f GAP-DH, PGKl, PUM l, PSMC4 and EIF2B4 remained almost constant (w ith fold 

changes of 0.8, 0.9, 1.1, 1, 1.1 fold, respectively), indicating that these genes would be the 

most suitable fo r use as housekeeping genes in tracking SGBS d ifferentiation (Table 3.2). The 

ribosomal subunit 18S was used as an endogenous control fo r qPCR studies and the use o f this 

housekeeping gene in SGBS adipocytes has been previously published (Bour et al., 2007).
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Table 3.2; Expression of common housekeeping genes was investigated in pre-differentiated (day 0) 
and differentiated SGBS (day 14) in order to identify an appropriate endogenous control for adipocyte 
differentiation. Genes which were up or down regulated by greater than twofold in differentiated 
SGBS relative to pre-differentiated SGBS are highlighted in red and blue, respectively. 18S was used as 
a calibrator for this assay.

g e n e fo ld  c h a n g e g e n e fo ld  c h a n g e

GAP-DH 0.8 COKNIA 0.6

HPRTl 0.4 CDKNIB 0.4

GUSB 0.1 GADD45A 1.4

ACTB 0.7 P U M l 1.1

B2M 1.2 PSMC4 1.0

HMBS O.S EIF2B1 1.1

IPOS 0.4 PESl O.S

PGKl 0.9 ABLl 3.5

RPLPO 1.7 ELFl 2.6

TFRC 0.2 MRPL19 1.4

UBC 1.3 POP4 1.9

YWHA2 0.2 RPL37A 2.4

PPIA 1.4 RPS17 0.1

POLR2A 0.4 CASC3 1.2

(GAP-DH=glyceraldehydes-3-phosphate dehydrogenase, HPRTl=hypoxanthine phosphoribosyltransfer- 
ase 1, GUSB=glucuronidase, beta, ACTB=actin, beta, B2M=beta-2-microglobulin, 
HMBS=hydroxymethylbilane synthase, IP08=importin 8, PGKl=phosphoglycerate kinase 1, 
RPLPO=ribosomal protein, large, PO, TFRC=transferrin receptor (p90, CD71), UBC=ubiquitin C, 
YWHAZ=tyrosine 3-monooxygenase, PPIA=peptidylprolyl isomerase A, POLR2A=polymerase II 
polypeptide A, CDKNlA=cyclin-dependent kinase inhibitor lA  (p21), CDKNlB=cyclin-dependent kinase 
inhibitor IB  (p27), GADD45A= growth arrest and DNA-damage-inducible, alpha, PUMl=pumilio homolog 
1, PSMC4=proteasome (prosome, macropain) 26S subunit, ATPase, 4, EIF2Bl=eukaryotic translation 
initiation factor 2B, subunit 1 alpha, PESl=pescadillo homolog 1, ABLl=v-abl Abelson murine leukemia 
viral oncogene homolog 1, ELF1=E74-Iike factor 1, MRPL19=mitchondrially encoded ATP synthase 6, 
P0P4= processing of precursor 4, ribonuclease P, RPL37A=ribosomal protein L37a, RPS17=ribosomal 
protein S17, CASC3=cancer susceptibility candidate 3)
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3.3.6 Gene expression in omental adipose tissue of oesophageal adenocarcinoma patients 

is altered w ith visceral obesity status.

Complex disease processes such as obesity involve deregulation o f m ultip le gene networks and 

microarray technology is well suited to the challenge o f dissecting multiple pathways through 

enabling the simultaneous, reproducible and quantitative analysis o f thousands o f transcripts 

(Lipshutz et al., 1999). M icroarray analysis was used to examine alterations in gene expression 

in omental adipose tissue isolated from  viscerally obese (n=6) and non obese (n=6) male 

oesophageal adenocarcinoma patients using the A ffym etrix Human Genome U133 Plus 2.0 

Array. This array is one o f the most comprehensive to date, covering approximately two thirds 

o f the human genome (www.affvm etrix.com ). The arrays used in this project were custom- 

designed by the European Nutrigenomics Organisation (NuGO) to include a range o f nutrition 

and obesity related genes. RNA was extracted from omental adipose tissue, assessed for purity 

and integrity and run on Affym etrix arrays w ith  Service XS (Leiden, The Netherlands) (as 

described in sections 2.6.3, 2.6.4, 2.6.5, 2.6.12, respectively). Data were analysed in 

collaboration w ith  bioinformatician Ms. Melissa Morine (Prof. Helen Roche, Nutrigenomics 

Research Group, Conway Institute, UCD) using predefined scripts and flexible programming 

w ith the R software environment fo r statistical computing (described in section 2.6.12.2).

3.3.6.1 Affym etrix array quality control

The purity and integrity o f RNA samples was measured by Nanodrop and Agilent Bioanalyser, 

respectively (as described in section 2.6.4 and 2.6.5), before sending samples to  Service XS and 

by Service XS prior to running the arrays. Upon receipt o f the Affym etrix data from Service XS, 

a number o f quality control measures were carried out using statistical environment, R (as 

described in section 2.6.12). All arrays passed these quality control tests (results shown in 

Appendix V) and all samples were therefore included in the bioinform atic analysis.

3.3.6.2 Affym etrix array analysis

A variance filte r was used to remove genes in the lowest 10% of variance between viscerally 

obese and non obese patients. Levels o f individual transcripts significantly altered between 

these groups were selected using LIMMA (linear models in microarray) from the R library of 

functions, w ith  p values adjusted fo r m ultiple testing (as described in section 2.6.12.2). Gene 

set enrichm ent analysis (GSEA) was used to discover altered pathways in response to culture 

w ith adipose tissue (as described in section 2.6.12.2).
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3.3.6.3 Visceral fat area predicts an altered gene expression signature in omentum.

Of the to ta l number o f genes analysed, 58-60% o f transcripts were detectable in adipose 

tissue, a relatively high number when compared w ith previous adipose tissue microarray 

studies (Gomez-Ambrosi et al., 2004). This study strength may be attributable to the use of 

custom-designed microarrays including a range o f nutrition and obesity related genes 

expressed by adipose tissue.

When binned measurements o f BMI, WC, VFA and SFA values were examined (i.e. obese = 1, 

non obese = 0) there were no significant gene changes (adj p<0.05) in the omentum of obese 

versus non obese patients (Table 3.4). However when unbinned values were used there were 

49 significant gene changes associated w ith VFA, two significant gene changes associated w ith 

SFA, two significant gene changes associated w ith BMI and one significant gene alteration 

associated w ith  WC (adj p<0.05) (Table 3.4). Visceral obesity measured by VFA was therefore 

associated w ith  the greatest number o f gene changes in omental adipose tissue. This finding 

provides evidence that VFA is the strongest predictor o f gene alterations in obesity and thus 

subsequent pathway analysis was conducted using this measure o f visceral obesity. 

Neoadjuvant therapy was not associated w ith any significant gene expression changes in 

omentum (Table 3.4).

Sphingolipid metabolism and dorso-ventral axis form ation were the only tw o significantly up 

regulated pathways in omentum in visceral obesity (adj p<0.03, adj p<0.04, respectively). 

Although not significantly up regulated, the chronic myeloid leukaemia pathway was the top 

ranked bidirectionally enriched pathway (adj p<0.04) (Figure 3.8). Pathways including VEGF 

signalling, mismatch repair and sex hormone metabolism were also significantly bi- 

directionally enriched (adj p<0.05) however these pathways were altered to a lesser extent 

(Figure 3.8). The Kyoto Encyclopaedia o f Genes and Genomes (KEGG) database was used to 

visualise individual transcript alterations w ith in sphingolipid metabolism, dorso-ventral axis 

form ation and chronic myeloid leukaemia (as described in section 2.6.12.2) (Figure 3.8).
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Table 3.3: Anthropometric information on patients (n=12) for Affymetrix microarray.

non obese obese

No. subjects 6 6

Sex (male), n {%) 6(100) 6(100)

Diagnosis OAD OAD

Age at surgery, mean (range) 64.5 (48-80) 58(49-63)

Waist circumference, mean (range) 83(76-89) 107 (98-130)**

BMI, mean (range) 22.5(21-25) 30.3(25-39)*

VFA(cm^), mean (range) 79.6(18-149) 210(121-298)**

SFA (cm^), mean (range) 82.6(40-109) 278(146-478)**

HDL, mean (range) 1.26(0.6-1.64) 1.04 (0.6-1.8)

Trig, mean (range) 0.8(0.4-1.6)) 1 .1 (0 .61 .4 )

Fasting glucose, mean (range) 48(3 .2 -5 .7 ) 53(4 .7 -6 .6 )

Metabolic syndrome, n (%) 0(0) 2(33.3)

Neoadjuvanttherapv, n (%) 2(33.3) 3(50)

Groups were selected using the  International Diabetes Federation (IDF) cu to ff o f W 0 9 4  cm to  define 
presence o f visceral obesity. Obesity status is represented as mean ±SEM. Statistical analysis was 
perform ed using student's t test (*p<0.05, **p<0.01)W C=waist circumference, BMI=body mass index, 
VFA=visceral fa t area, SFA=subcutaneous fa t area, HDL=high density lipoprote in, Trig=triglycerides

Table 3.4: Gene expression alterations in omental adipose tissue in obesity using different measures 
of obesity status.

Independent parameter Genes changed [adjusted p <0.D5) Genes charged (raw p <0.05)

BMi (binned) 0 311

BMI 2 1256

W C(birned) 0 337

WC 1 1078

Visceral fat [binned) 0 321

Viscaral fat 49 1426

Superficial fat (binned) 0 530

Superficial fat 2 1164

Neoadjuvant therapy 0 474

(BMI=body mass index, WC=waist circumference)
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6 Max path similanty: 0.405

Figure 3.8: Pathway alterations (KEGG) in omental adipose tissue from viscerally obese oesophageal 
adenocarcinoma patients categorised by VFA (unbinned). Filled boxes represent unidirectional 
pathway alterations while partly filled boxes represent bidirectional enrichment. Yellow boxes 
represent up regulated pathways while blue boxes represent down regulated pathways.



3.3.6.4 The dorso-ventral signalling pathway is up regulated in the omentum of viscerally 

obese patients.

Dorso-ventral axis form ation comprises several key pathways in vertebrate development 

(M iele et al., 2006) and this network o f pathways was found to be significantly up regulated in 

the omentum o f viscerally obese patients (adj p<0.05). Notch signalling determines cell fate 

through cell-cell contact, mediated by the binding o f notch receptors to  a variety o f membrane 

bound ligands on neighbouring cells (Yin et al., 2010). Notch3 receptor was significantly up 

regulated in omentum o f viscerally obese patients (adj p<0.05) (Figure 3.10). In humans, 

notch3 has been shown to be induced by hypoxia and is involved in de novo vascularisation 

(Liu et al., 2010). Also w ith roles in angiogenesis and ECM remodelling, transcription factors v- 

ets erythroblastosis virus E26 homologue 1 (ETSl), homologue 2 (ETS2) and ETS variant 6 

(ETV6) were up regulated in this study via a significant up regulation in the expression of 

mitogen-activated protein (MAP) kinase kinase (MAP2K1/MEK1) (adj p<0.05) (Figure 3.9). 

Angiogenesis is a crucial process necessary for the supply of oxygen and nutrients to  expanding 

adipose tissue in obesity and these pathways are possible mechanisms by which angiogenesis 

is up regulated in obesity (Christiaens and Lijnen, 2010). In addition to the ir role in 

angiogenesis, ETS and ETV transcription factors are a family o f proto-oncogenes demonstrated 

to  be markers of poor prognosis in breast cancer (Lincoln and Bove, 2005). They have been 

linked to tumourigenesis through a variety o f mechanisms including telomerase induction 

(Dwyer et al., 2007), de novo angiogenesis (Lincoln and Bove, 2005) and regulation o f tum our 

associated macrophage induced inflammation (Zabuawala et al., 2010). These data therefore 

outline one o f many possible mechanisms by which excess visceral adiposity may give rise to 

de novo angiogenesis and activation o f proto-oncogenes in the expanded omentum.
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Figure 3.9; Dorso-ventral signalling pathway adapted from KEGG by Melissa Morine. Blue borders 
represent down regulated genes, while yellow borders represent up regulated genes. Intensity of 
blue/yellow shading represents the degree of transcript fold change. Light blue filled nodes represent 
a significant alteration (adj p<0.05). Grey nodes represent transcripts either not detected or removed 
by the variance filter.
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3.3.6.5 Sphingolipid metabolism is altered in omentum from viscerally obesity individuals.

Sphingolipids are a fam ily o f glycoproteins previously demonstrated to be selectively up 

regulated by circulating factors associated w ith increased adiposity and metabolic 

deregulation. Although comprising a relatively m inor proportion o f tota l lipid, they are 

proposed to  play an im portant pathological role in obesity related disorders (Holland and 

Summers, 2008).

All three splice variants o f phosphatidic acid phosphatise type 2A (PAP2A) were significantly up 

regulated in omental adipose tissue from viscerally obese OAD patients (adj p<0.05) (Figure 

3.11). PAP2A is an integral membrane protein which catalyses the hydrolysis o f phosphatidic 

acid (PA) to generate diacylglycerol (DAG) (Ishida et al., 2007). DAG may then be e ither 

converted to free fa tty  acids (FFA) by phospholipases or back to PA by DAG kinase (Roberts 

and Morris, 2000). All three splice variants o f acid ceramidase (ASAHl) were significantly up 

regulated in omental adipose tissue from viscerally obese OAD patients (adj p<0.05) (Figure 

3.10). ASAHl catalyses the conversion o f ceramide to sphingosine, a sphingolipid w ith multiple 

roles in regulation o f the actin cytoskeleton, endocytosis, cell cycle and apoptosis (Smith et al., 

2000). Degenerative spermatocyte homologue 1 (DEGSl) is a lipid desaturase, involved in 

insertion of double bonds into saturated fa tty  acids (Cadena et al., 1997). DEGSl was 

significantly up regulated in omentum of viscerally obese OAD patients (adj p<0.05). Lysosomal 

sialidase 1 (NEUl) was significantly down regulated in omentum o f viscerally obese OAD 

patients (adj p<0.05). Autosomal recessive mutation o f NEUl results in the lysosome storage 

disorder sialidosis (Seyrantepe et al., 2003). Down regulation o f NEUl therefore implies 

metabolic deregulation o f adipose tissue in visceral obesity.

The balance o f sphingolipid metabolite levels is tightly regulated by enzymes including PAP, 

ASAHl and DEGSl. Deregulation o f this dynamic yet delicate balance o f sphingolipid 

metabolism and degradation can contribute to metabolic disease (Holland and Summers, 

2008) and has been linked to breast cancer development and response to therapy 

(Ruckhaberle et al., 2009).
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Figure 3.10: Sphingolipid pathway adapted from KEGG by Ms Melissa Morine. Blue borders represent 
down regulated genes while yellow borders represent up regulated genes. Intensity of blue/yellow  
shading represents the degree of transcript fold change. Light blue filled nodes represent a significant 
alteration (adj p<0.05). Grey nodes represent transcripts either not detected or removed by the 
variance filter.
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3.3.6.6 Components of the chronic myeloid leukaemia pathway are altered in omentum 

from viscerally obese individuals.

The KEGG chronic myeloid leukaemia (CML) pathway is a combination o f MARK, p53 and TGF-3 

signalling pathways collectively controlling apoptosis, cell cycle and proliferation (Figure 3.10). 

Alterations in this KEGG pathway are therefore associated w ith multiple disease processes 

including obesity and cancer. The CML pathway was significantly bidirectionally enriched in the 

omentum of viscerally obese OAD patients (adj p<0.05). Mitogen-activated protein (MAP) 

kinase kinase (MAP2K1/MEK1) was significantly up regulated (adj p<0.05) in omentum from 

viscerally obese OAD patients. Phosphoinositide-3-kinase (PI3K), regulatory subunit 3 (PIK3R3) 

and protein tyrosine phosphatase non-receptor 11 (PTPNll) were also significantly up 

regulated (adj p<0.05) in omental adipose tissue from  viscerally obese patients. The MAPK, 

PI3K and PTP families o f signalling proteins are involved in regulation o f a variety o f cellular 

processes such as survival, proliferation, differentiation, cell cycle, transcriptional regulation 

and development (Cohen, 1992). The transform ing growth factor (3 (TGF-(3) pathway also plays 

an im portant role in cellular proliferation (Korpal and Kang, 2010). TGF-(3R2 was found to be 

significantly up regulated (adj p<0.05) while its ligand TGF-P3 was significantly down regulated 

(adj p<0.05) in omentum from  viscerally obese OAD patients.

Regulators o f G l/S  phase cell cycle progression cyclin D1 (CCNDl) and cyclin dependant kinase 

4 (CDK4) were significantly up and down regulated, respectively (adj p<0.05). Nuclear factor 

NFkB is a transcription factor involved in pathways o f inflammation, and is inhibited by Ik B 

proteins (Sakamoto et al., 2010). IkB inh ib itor IKBKB triggers degradation o f IkB, thus de- 

inhibiting NFkB. IKBKB was significantly up regulated (adj p<0.05) in omentum from viscerally 

obese OAD patients, indicating increased activity of the pro-inflammatory NFkB transcription 

factor. Cytokine signalling commonly occurs through signal transducer and activatory of 

transcription (STAT) to trigger a diverse range o f biological processes including immune 

response and inflammation (Fruhbeck, 2006). STAT5B was significantly up regulated (adj 

p<0.05) in omental adipose tissue from viscerally obese OAD patients.

Although pathways involved in chronic myeloid leukaemia are extremely diverse, there 

appears to be an overall up regulation in pathways involved in cellular survival and 

proliferation in visceral obesity via MAPK, PTP and PI3K signalling. Inflammatory pathways may 

also be over activated in the omentum of viscerally obese patients through up regulation of 

STAT signalling and increased degradation o f the NFkB inhibitor, IkB.
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3.3.6.7 Expression of leptin and GLUT4 correlate w ith visceral fa t area.

Leptin and GLUT4 expression in whole omental adipose tissue correlated positively (r^ = 0.56, 

p<0.005) and negatively (r^ = 0.58, p<0.004), respectively, w ith  visceral fa t area (Figure 3.13). 

There was no relationship between PPARy and visceral adiposity (r^ = 0.12, p<0.3). AP2 

belonged to the 10% o f genes least altered in visceral obesity and was therefore removed by 

the variance filter. These data from whole omental tissue validate the previous finding that 

expression o f leptin and GLUT4 correlate significantly w ith visceral obesity status, measured by 

waist circumference, in adipocytes (results section 3.3.5). Validation o f this result is intuitive, 

as in adipose tissue both leptin and GLUT4 are solely expressed by adipocytes (Fruhbeck, 2006; 

Veilleux et al., 2009).
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3.4 Discussion

The incidence o f obesity is growing at an alarming rate in Western society (Ogden et al., 2006), 

bringing w ith it increasing incidence o f many obesity related illnesses including a wide range of 

cancers (Banegas et al., 2003; Calle et al., 2003). An in vitro model o f obesity is required; 

although the 3T3-L1 adipocyte cell line is a validated model it may be o f greater clinical 

relevance to work w ith  the newly established human SGBS adipocyte cell strain (Wabitsch et 

al., 2001). While differences exist regarding the degree o f m itotic clonal expansion (Newell et 

al., 2006), length o f the d ifferentiation process and expression o f several adipocyte specific 

proteins (Bodies et al., 2006; Kersten et al., 2000; Mandard et al., 2004; Wood et al., 2003), it 

was found that both human and murine models undergo comparable morphological and gene 

expression changes throughout the process o f adipogenesis. While neither 3T3-L1 nor SGBS 

differentiation produced the single expanded lipid vesicle typical o f primary adipocytes, SGBS 

was closer to this morphology w ith fewer, larger lipid droplets compared w ith 3T3-L1. Gene 

expression o f leptin, LPL, GLUT4, AP2 and PPARy was induced in 3T3-L1 and SGBS over the 

course o f d ifferentiation, as has been previously published (Fischer-Posovszky et al., 2008; 

Rosen and MacDougald, 2006). GAPDH levels in SGBS remained constant throughout the 

course o f d ifferentiation, also in agreement w ith current literature (Fischer-Posovszky et al., 

2008). Expression o f early adipocyte transcription factor PPARy was induced to a greater 

extent in 3T3-L1, and this could indicate that 3T3-L1 may be a good model fo r the study of 

early adipocyte d ifferentiation and genetic regulation o f this process. Expression o f term inal 

adipocyte differentiation genes were induced to a greater extent in SGBS and were similar to 

levels in primary human adipocytes, indicating the relevance o f this model in the study of 

human adipocyte biology. This was most notable in the case o f leptin, a key marker of 

adipocyte function and insulin sensitivity w ith both endocrine and immune functions (Otero et 

al., 2005) and LPL, a key regulator o f lipid deposition (Zechner et al., 2000). Leptin was found 

to correlate w ith  obesity status in patients, w ith human adipocytes producing and releasing 

leptin in proportion to the ir state o f d ifferentiation and size (Wabitsch et al., 1996). Leptin 

levels in normal weight patients were found to be sim ilar to SGBS adipocytes. It has been 

previously observed tha t leptin levels are higher in adipocytes isolated from  adipose tissue 

compared to adipocyte cell lines and this could be due to the contribution o f the tissue 

m icroenvironment, absent in the in vitro system (MacDougald et al., 1995). In addition GPDH 

activity and glucose production in SGBS was similar to primary adipocytes. SGBS could 

therefore provide a clinically relevant in vitro model o f adipogenesis as they are similar to 

human primary adipocytes in terms o f morphology, induction o f adipocyte specific gene
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expression and function. Additionally, it can be argued that the SGBS pre-adipocyte cell strain 

have the added advantage o f undergoing the process o f d ifferentiation in a serum free culture 

system, w/hile 3T3-L1 require the presence o f serum to differentiate. A serum free system 

removes this significant environmental variable (Fischer-Posovszky et al., 2008).

A potential drawback o f using SGBS as a model system is that this cell strain is derived from 

subcutaneous adipose tissue, and there is currently no omental derived human adipocyte cell 

line widely available. Levels o f LPL, GLUT4, AP2 and PPARy have all been shown to be higher in 

the subcutaneous relative to the omental adipose tissue depot (Sewter et al., 2002; Tchkonia 

et al., 2006; Veilleux et al., 2009; Walker et al., 2008) and SGBS expression o f these adipocyte 

specific genes reflected these findings indicating that SGBS are indeed more characteristic of 

subcutaneous adipocytes. Given recent research highlighting the differences in adipocyte 

biology from different adipose tissue depots (Tchkonia et a!., 2002), and the more recent 

identification o f the visceral depot as the biggest contributor to obesity related m orbidity and 

m orta lity (Corley et al., 2007; Mathieu et al., 2010; Schelbert, 2009), a possible shortcoming of 

the SGBS model is its subcutaneous origin.

There is some evidence for altered expression o f commonly used housekeeping genes during 

the process o f adipocyte differentiation (Hurtado del Pozo et al., 2010; Spiegelman and 

Farmer, 1982). In agreement w ith  previously published data, GAPDH was found to  remain 

unchanged throughout SGBS differentiation (Fischer-Posovszky et al., 2008). Housekeeping 

genes IP08 and HPRTl have been previously used in the study o f both 3T3-L1 and primary 

adipocyte d ifferentia tion (Hurtado del Pozo et al., 2010; Zhou et al., 2010). In this study 

however they were down regulated over twofold and therefore were deemed unsuitable for 

use as housekeeping genes. This finding highlights the need for careful validation o f individual 

housekeeping genes in each cell line before they are judged a reliable endogenous control. 

Ribosomal subunit 18S was used to calibrate the housekeeping gene array and as an 

endogenous control in subsequent adipocyte d ifferentiation studies, and it has been widely 

reported that this gene is a suitable candidate fo r this purpose (Bour et al., 2007; Bujalska et 

a!., 2002; Park e ta l., 2009).

M icroarray technology was used to assess which measure o f obesity was most predictive of 

altered gene expression in omentum. The majority o f previously published studies have relied 

on BMI, a measure o f overall adiposity, to categorise patients (Gomez-Ambrosi et al., 2004; 

Henegar et al., 2008; Linder et al., 2004; MacLaren et al., 2008; Walewski et al.). In this study,
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four d ifferent measures o f obesity were assessed; body mass index (BMI), waist circumference 

(WC), visceral fa t area (VFA) and subcutaneous fa t area (SFA). VFA was the strongest predictor 

o f gene expression alterations in omentum. This finding not only substantiates the previously 

established role o f visceral adiposity in obesity related m orbidity and m orta lity (Giorgino et al., 

2005), but highlights the superior nature o f VFA as a measurement o f visceral adiposity. In 

addition, the larger range o f VFA measurements (18 cm^ - 298 cm^) compared to WC 

measurements (76 cm -130  cm) makes VFA more suitable fo r use in correlation studies.

Previous studies examining gene expression alterations in adipose tissue in obesity discovered 

up regulation o f pro-inflam m atory pathways (Henegar et al., 2008), down regulation o f 

lipolysis pathways (Gomez-Ambrosi et al., 2004) and deregulation o f insulin signalling 

(MacLaren et al., 2008). This study examining altered gene expression in adipose tissue in 

visceral obesity found up regulation o f the notch signalling pathway, up regulation of 

sphingolipid metabolism and up regulation o f central signalling pathways involved in the 

regulation o f apoptosis, cell cycle and proliferation. Notch is a highly conserved developmental 

pathway w ith roles in determ ination o f cell fate, tissue patterning and morphogenesis. It has 

more recently been discovered to play a role in the progression o f many types o f cancer 

including those o f the gastrointestinal tract (Katoh, 2007). The significant up regulation o f 

notchS in the omentum o f viscerally obese OAD patients could contribute to increased tum our 

progression, contributing to a mechanistic explanation for the association o f visceral obesity 

w ith  cancer m orta lity (Calle et al., 2003). Gamma-secretase is an inh ib itor o f notch signalling 

and its therapeutic potential is currently being investigated in breast cancer in Phase I clinical 

trials (Yin et al., 2010). Inhibition o f the notch signalling pathway could be particularly relevant 

in viscerally obese cancer patients, where this pathway is up regulated. Sphingolipid 

metabolism was also found to  be highly up regulated in adipose tissue o f viscerally obese 

oesophageal adenocarcinoma patients. Sphingolipids are lipid signalling components o f the 

plasma membrane induced by circulating factors associated w ith  obesity and may play an 

im portant pathogenic role in metabolic disorders (Holland and Summers, 2008). Sphingolipid 

metabolism is up regulated in liver and skeletal muscle in mice and rats fed a high fat diet 

(Aerts et al., 2007) and in skeletal muscle in human obesity (Adams et al., 2004). 

Pharmacological lowering o f glycosphingolipids in obese mice improves insulin sensitivity and 

reduces adipose tissue inflammation (van Eijk et al., 2009). PAI-1 and MCP-1 levels are reduced 

upon inhibition o f sphingolipid synthesis (Yang et al., 2009a) and inhibition o f PAl-1 resulted in 

decreased sphingolipid metabolism in mice (Shah et al., 2008). Pro-inflammatory adipokines 

MCP-1 and PAI-1 are therefore possible mediators o f sphingolipid induced pathogenesis.
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Pathways involved in sphingolipid metabolism were significantly up regulated w ith  increasing 

VFA in omental adipose tissue o f oesophageal adenocarcinoma patients, mediating the 

development o f adipose tissue inflammation. Finally, recent developments in treatm ent of 

gastrointestinal cancers have focussed on targeting o f epidermal growth factor receptors EGFR 

and ErbB2 using inhibitors such as cetuximab, trastuzumab and gefitinib, w ith  some success 

(Ferry et al., 2007; Safran et al., 2008). The major pathways targeted by these receptors are 

the MARK, PI3K and STAT signalling pathways and individual components belonging to  all these 

pathways were significantly up regulated in the omentum of viscerally obese OAD patients. 

These pathways may therefore offer potential downstream targets o f EGFR for the 

development o f new obesity related targeted therapies in gastrointestinal cancer.

The deregulation o f metabolic pathways in visceral obesity have been demonstrated to 

contribute to increased tumourigenesis (Calle et al., 2003). In this study inflammation, 

angiogenesis and cell signalling were found to be enhanced in omental adipose tissue in 

visceral obesity. These pathways have previously been shown to be fundamental in the 

process o f carcinogenesis (Colotta et al., 2009; Hanahan and Weinberg, 2000). These findings 

therefore provide mechanistic evidence fo r the association between visceral obesity and 

cancer and highlight the human SGBS cell strain as an appropriate model w ith  which to study 

this relationship.
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4 Visceral obesity and male sex are 
independently associated with 
increased production of 
inflammatory mediators.
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4.1 Introduction

Adipose  t i s sue,  or iginal ly t h o u g h t  to  be  an ine rt  e n e r g y  s to r a g e  si te,  is n o w  rec og n i se d  t o  play 

an  i m p o r t a n t  role  in t h e  i m m u n e  sy s t e m  a n d  in f l a m m at io n  (Das, 2001 ;  Rosen  and  

Ma cDouga l d ,  2006).  Recent ly ,  a s  t h e  c u r r e n t  global  ob es i ty  p a n d e m i c  s h o w s  no  sign o f  ab a t i n g  

(Team,  2005) ,  a g r e a t  dea l  o f  in t e r es t  has  b e e n  fo cu sse d  o n  this  mul t i func t iona l  e n d o c r i n e  

o rgan .  An exc ess  a c c u m u l a t i o n  o f  ad i p o se  t i s sue,  par t i cular ly visceral  a d i p o s e  t i s sue (Giorgino 

e t  al., 2005) ,  has  b e e n  l inked wi th  an  inc reasing n u m b e r  o f  a s so c i a t e d  co - m o r b id i t i e s  including 

m a n y  t y p e s  o f  c a n c e r  (Calle e t  al., 1999;  Guh e t  al., 2009) .  T h re e  i n t e r c o n n e c t e d  m e c h a n i s m s  

o f  obe s i ty  p a t h o g e n e s i s  h av e  b e e n  p r o p o s e d  to  da te :  insulin a n d  insulin like g r o w t h  f ac to r  

(IGF) axis, c i rculat ing levels o f  sex  h o r m o n e s  a nd  ad i po k in e  signall ing ( D o n o h o e  e t  al., 2010;  

R e n e h a n  e t  al., 2006) .

insulin a n d  IGF-1 a r e  e l e v a t e d  in obes i ty ,  a nd  insulin r e s i s t a n c e  is a c o m m o n  m e ta bo l i c  

d i s o r d e r  o f  visceral ly o b e s e  individuals  (Ro ber t s  e t  al., 2009) .  C o m p e n s a t o r y  hy pe r i n su l i n ae m ia  

is ch a r a c t e r i s e d  by chronical ly e l e v a te d  insulin levels  a n d  d e c r e a s e d  ex pr e ss io n  o f  IGF b inding 

p r o te i n s  1 a nd  2 ( IGFBPl,  2), r esul t ing in inc rea se d  ci rculat ing a m o u n t s  o f  b ioact ive ,  

b ioavai l ab le  IGF-1 ( D o n o h o e  e t  al., 2010;  R e n e h a n  e t  al., 2006) .  T o ge th e r ,  t h e s e  g r o w t h  fac to r s  

e x e r t  b o t h  m i t o g en ic  a n d  a n t i - a p o p to t i c  e ffec ts ,  c re a t i ng  an  e n v i r o n m e n t  f a v o u r a b le  for  

t u m o u r i g e n e s i s  ( R e n e h a n  e t  al., 2006) .  Hy per insu l inaemia  has  b e e n  l inked t o  inc re as e d  

inc idence o f  severa l  canc e r s ,  including co l o rec ta l  c a r c i no m a  (Argiles a n d  Lopez-Sor iano ,  2001;  

Trevisan e t  al., 2001) .  Chronic  hyp er in su l i na e m ia  can lead to  r e d u c t i o n  in t h e  a m o u n t  o f  

ci rculat ing sex h o r m o n e  b inding globul in (SHBG) (Rob er t s  e t  al., 2009) .  This e v e n t  in c re as e s  

levels o f  b io-avai lable o e s t r o g e n ,  p ro d uc in g  b o th  mi t o ge n i c  a n d  m u t a g e n i c  e f f ec t s  in 

o e s t r o g e n  r e s p o n s i v e  t i s sue s  (Calle a nd  Kaaks,  2004;  D o n o h o e  e t  al., 2010 ;  Ro be r t s  e t  al., 

2009) .

Visceral  ob e s i t y  is a s s o c ia t e d  wi th  an  inf i l t rat ion o f  T l y m p h o c y te s  a n d  m a c r o p h a g e s  in to  

o m e n t a l  a d i p o s e  t i s sue ,  p r o d uc in g  solub le  m e d i a t o r s  o f  i n f l a m m at io n  in t h e  f o rm  o f  cy tok ines ,  

c h e m o k i n e s  a nd  ad i p o k in es  (Kintscher  e t  al., 2008;  W e is b e rg  e t  al., 2003 ;  Xu e t  al., 2003) .  The  

low levels o f  r e s i d e n t  i m m u n e  ceils in ad i p o s e  t i s sue f ro m  n o r m al  w e i g h t  individuals  a r e  

p r e d o m i n a n t l y  Th2 T l y m p h o c y te s  a nd  M2 m a c r o p h a g e s .  T h e s e  i m m u n e  cells e x e r t  a 

p r e d o m i n a n t l y  a n t i - in f l a m m a to r y  e f fec t  on  t i s sue  m i c r o e n v i r o n m e n t  t h r o u g h  p r o d u c t i o n  o f  IL- 

4,  IL-10 a n d  IL-13 (Duffield,  2003) .  Ad ipose  t i s sue  hypoxia (Trayhurn  e t  al., 2008)  a n d  e l e v a t e d  

levels o f  p r o - in f l a m m a to r y  IFNy in visceral  o be s i ty  (Strissel e t  al., 2007)  ca n  t r igge r  a
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phenotypic switch, favouring classical, pro-inflam matory ThI  polarisation o f in filtrating T 

lymphocytes and M l  polarisation o f infiltrating macrophages (Lumeng et al., 2007). Classically 

activated immune cells produce pro-inflammatory cytokines IFNy, TNFa, IL-6 and IL-12 

(Duffield, 2003; Kintscher et al., 2008) and levels o f these cytokines have been demonstrated 

to  be elevated in obesity (Fantuzzi, 2005). Increased circulating leptin and decreased 

adiponectin levels are also characteristic o f visceral obesity and are linked to development of 

insulin resistance and related disorders (Tilg and Moschen, 2006). Raised levels o f resistin and 

visfatin are associated w ith obesity and linked to insulin resistance (Fukuhara et al., 2005; 

Steppan et al., 2001). Adipsin, on the other hand, has insulin sensitising effects and levels have 

been found to be decreased in obesity (White et al., 1992). Together these mediators 

contribute to a state o f chronic low grade inflammation characteristic o f visceral adiposity, an 

im portant mechanism o f insulin resistance and development o f the Metabolic Syndrome 

(Federation, 2006; Wellen and Hotamisligil, 2005). An analogous state o f 'smouldering' sub- 

clinical chronic inflammation has also been linked to tumourigenesis (Mantovani et al., 2008). 

It therefore follows that this pro-inflammatory phenotype present in obesity could be an 

im portant contributing factor to the well established epidemiological association between 

excess adiposity and cancer (Calle et al., 1999).

Hyperinsulinaemia related proliferative, mutagenic and anti-apoptotic effects (Renehan et al., 

2006) combined w ith a state o f chronic inflammation induced by an altered cytokine, 

chemokine and adipokine environment (Xu et al., 2003) could provide some mechanistic 

clarification as to how visceral obesity creates an environment favourable for tum our initiation 

and progression (Calle et al., 2003). Precise details o f molecular pathways and roles o f specific 

adipocytokines need to be fully elucidated in order to identify possible preventative strategies 

and therapeutic targets fo r the control o f obesity related cancers.

4.2 Alms and objectives

The aim o f this chapter was twofold; firstly, to investigate adipokine expression in adipose 

tissue and serum, and secondly, to determ ine functional effects o f the adipose tissue 

'secretome' on oesophageal adenocarcinoma cell lines.

Specific objectives

• To examine alterations in adipokine levels in ACM w ith  respect to obesity, cancer, 

male sex and location o f adipose tissue depots.
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•  To investigate cytol<ine, chemo!<ine and adipokine expression in serum of matched 

patients.

•  To test the functional effect o f ACM on proliferation and apoptosis o f oesophageal 

adenocarcinoma cell lines.
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4.3 Results

4.3.1 Adipokine levels in conditioned medium from omental adipose tissue are 
altered in viscerally obese relative to normal weight OAD patients and in 
omental relative to subcutaneous adipose tissue.

Visceral obesity is associated w ith a state o f chronic low grade inflamm ation (Weisberg et al., 

2003; Xu et al., 2003). In this section, multiplex screening assays were utilised in order to 

identify mediators o f inflammation which may be altered in visceral obesity. M illip lex panels of 

20 cytokines, chemokines and adipokines (leptin, adiponectin, HGF, NGF, to ta l PAI-1, GM-CSF, 

resistin, MCP-1, TNFa, IFNy, IL-1(3, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12 and IL-13) were 

tested in ACM from viscerally obese (n=15) and non obese (n=15) male OAD patients, 

categorised by WC (Table 4.1). ACM was prepared from  omental adipose tissue o f these 

patients (as described in section 2.4.2) and analysed M illip lex MAP Luminex technology, by 

M illipore (described in section 2.8) (Appendix II). There were no significant differences 

between obese and non obese groups w ith respect to age at surgery or administration of 

neoadjuvant therapy however, as expected, groups differed significantly across all measures of 

obesity (BMI, WC, VFA) (p<0.0001) and fasting glucose levels (p<0.05) (Table 4.1).

The M illiplex panels provided a prelim inary indication o f adipokine expression in the omental 

adipose tissue o f obese and non obese individuals. Of the 20 analytes tested, the levels o f five 

adipokines were altered in the ACM prepared from adipose tissue from  viscerally obese 

patients (Table 4.2). The anti-inflam m atory adipokine adiponectin and the Th2 adipokine IL-4 

were found to be significantly reduced in ACM from viscerally obese patients (p<0.0001 and 

p<0.01, respectively), and these adipokines are involved in inhibition o f pro-tum our ThI 

responses (Colotta et al., 2009; Duffield, 2003). However, pro-inflam m atory ThI adipokines IL- 

6, IL-8 and MCP-1 were also significantly reduced in ACM from  viscerally obese patients 

(p<0.0001) (Table 4.2). This result was both counter-intu itive and in direct conflict w ith 

published findings (Kim et al., 2006; Tilg and Moschen, 2006) and could highlight lim itations in 

biobank standard operating procedures used fo r the preparation o f ACM. A weight o f 5 g 

minced adipose tissue from viscerally obese and non obese patients is cultured in 10 ml 

medium to produce ACM (as described in section 2.4.2). Although this protocol enables 

standardisation between patients, it does not reflect the extra bulk o f adipose tissue present in 

viscerally obese patients. This shortcoming must be taken into account when interpreting 

cytokine levels in the ACM. Therefore, the measurement o f circulating levels o f adipokines, 

cytokines and chemokines in serum may be a more representative analysis o f the patient's 

pro-inflam matory profile in vivo.
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Table 4.1: Anthropom etric details for patients included in Randox Evidence Invesigator and M illiplex  

MAP Luminex screen.

non obese obese

No. subjects 15 15

Diagnosis OAD OAD

Sex (male), n {%) 15(100) 15(100)

Age at surgery, mean (range) 61(43-87) 63 (44-84)

Waist circumference, mean (range) 90(76-93)
, * * *

114(96-130)

BMI, mean (range) 23(21-25)
 ̂ ^

30(25-39)

VFA, mean (range) 137(18-318) 2 5 5 (1 2 1 -3 8 4 )* * *

HDL, mean (range) 1 .16(0.58-1.6) 1 .14(0 .6-2 .2 )

Trig, mean (range) 1.2(0.36-3) 1.5 (0.59-2.7)

Fasting glucose, mean (range) 5 (3.2-5.8) 5.9 (4.7-11.6)*

Metabolic syndrome, n (%) 0 (0 ) 13(77)

Neoadjuvant therapy, n (%) 7 (39 ) 7 (4 1 )

Patients were categorised using the IDF defined waist circumference cu t-o ff o f 94 cm. Statistical 
analysis was carried ou t using an unpaired student's t-test (*p<0.05, ***p<0.0001). (BMI=body mass 
index (cm/kg^), VFA=visceral fa t area (cm^), HDL=high density lipoprote in (m mol/L), Trig=triglycerides 
(mmol/L))
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Table 4.2; Adipokine levels (pg/ml) in adipose conditioned medium (ACM) measured using Milliplex 
MAP Luminex technology in male age matched viscerally obese (n=15) and non obese (n=15) 
oesophageal adenocarcinoma patients.

Non Obese Obese p value

Leptin 51641(8246) 49351(11422) 0.8720

Adiponectin 1079000(76963) 664300(46642) 0.0001

HGF 42323(5765) 43317(3832) 0.8869

NGF 292.7(34.78) 200.0(36.26) 0.0756

PAI-1 (total) 50275(9165) 36645(15235) 0.4497

GM-CSF 134.5(73.41) 194.8(96.28) 0.6225

resistin 4815(1712) 2405(1244) 0.2644

MCP-1 4746(89.16) 4071(58.12) 0.0001

TNF-a 10.21(3.259) 26.96(20.56) 0.4280

IFN-y 20.06 (2.133) 18.89(1.122) 0.6331

IL-ip 64.30(35.88) 35.33(24.95) 0.5128

IL-2 1.179(0.3248) 0.6853(0.1234) 0.1662

IL-4 2.830(0.2010) 1.993(0.1925) 0.0055

lL-5 50.37(13.59) 60.04(33.87) 0.7930

IL-6 8615(68.44) 7970(73.66) 0.0001

IL-7 81.21(8.323) 84.33(8.896) 0.7994

IL-8 4848(106.6) 4079(77.58) 0.0001

IL-10 519.7(111.6) 493.1(84.02) 0.8504

IL-12(p70) 3.779(0.5088) 3.222(0.2048) 0.2949

IL-13 3.119(0.7230) 3.071(1.155) 0.9705

W aist circumference was used to  define obesity status. Data are expressed as mean ± SEM. Statistical 
analysis was performed using an unpaired student's t-test.

Due to the contradictory results observed using the Milliplex screen, it was decided to proceed 

by screening ACM and serum using Randox Evidence Investigator technology. A panel of 12 

cytokines, chemokines and adipokines (IL-la, IL-ip, IL-2, IL-4, IL-6, IL-8, IL-10, EGF, IFN-y, MCP- 

1, VEGF, TNFa) was analysed in ACM derived from omental and subcutaneous adipose tissue, 

and in matched serum in an identical cohort of male OAD patients (Table 4.1). This was 

conducted on site, using Randox Evidence Investigator biochip array technology (Randox 

Laboratories Ltd., UK) (described in section 2.9). However, this technology did not enable a
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quantifiable expression in ACM of three o f the most abundant cytoi<ines, IL-6, IL-8 and MCP-1. 

A single dilu tion o f sample was applied to  the multiplex arrays, and the level was cut at the top 

standard (IL-6: 900 pg/m l, IL-8: 3000 pg/m l and MCP-1: 900 pg/ml) (Appendix II). Despite this, 

the Randox panel provided a prelim inary indication o f adipokine expression in omental and 

subcutaneous adipose tissue and corresponding circulating levels in serum. VEGF, IL-6, IL-8 and 

MCP-1 were the most abundant adipokines in ACM. While this assay did not allow for 

quantifiable expression o f IL-6, IL-8 or MCP-1 between adipose tissue depots, it could be 

determ ined tha t VEGF levels were higher in visceral compared to subcutaneous adipose tissue.

The M illip lex screen indicated an alteration in the equilibrium o f pro- and anti-inflam m atory 

adipokines in visceral obesity. Reduced levels o f anti-inflamm atory adipokines could act to 

reduce anti-tum our immunity, supporting tumourigenesis. The maintenance o f a critical 

balance o f pro and anti inflam m atory adipokines is necessary for normal immune system 

function and the alteration o f this balance in visceral obesity could therefore trigger a 

pathological response (Duffield, 2003). The Randox screen indicated an elevated expression of 

VEGF in the visceral relative to the subcutaneous adipose tissue depot. This finding indicates a 

potentia lly im portant role fo r VEGF in visceral obesity associated pathogenesis.
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Figure 4.1: Randox screen of ACM using the cytokine and growth factor multiplex biochip 
immunoassay on matched serum and ACM, generated from subcutaneous and visceral adipose tissue 
from male OAD patients (n=30). Vascular endothelial growth factor (VEGF), monocyte chemotactic 
protein-1 (MCP-1), interleukin-6 (IL-6) and IL-8 were the most abundant cytokines and chemokines 
produced in ACM.
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4.3.2 Validation of adipol<ine screens in an independent cohort of viscerally obese 
and non obese patients.

Based on the MAP Luminex and Randox Evidence Investigator results, a selection o f seven 

cytokines, chemokines and adipokines o f interest (leptin, adiponectin, IL-6, IL-8, MCP-1, IFNy 

and VEGF) were chosen fo r validation by ELISA (as described in section 2.10) in an independent 

cohort o f ACM and serum from  viscerally obese (n=40) and non obese patients (n=31) (Table 

4.3). Patient groups were selected by WC and all measures o f obesity (p<0.0001) and measures 

o f metabolic syndrome (p<0.05) were significantly d ifferent between obese and non obese 

patients. There was no difference in sex or adm inistration o f neoadjuvant therapy between 

obese and non obese patient groups (Table 4.3).

Anti-inflam m atory adipokine adiponectin was found to be significantly decreased in ACM from 

viscerally obese patients (p<0.05), validating the results o f the initial adipokine screen. 

Decreased adiponectin levels have been demonstrated to play an im portant role in 

development o f insulin resistance and associated pathogenic processes o f visceral obesity 

(Kelesidis et al., 2006). There was no change in levels o f pro-inflam m atory adipokines leptin, IL- 

6, IL-8, MCP-1, VEGF or IFNy between viscerally obese and non obese patients (Table 4.4). This 

result therefore failed to validate the initial adipokine screen which showed a significant 

decrease in levels o f these pro-inflamm atory adipokines in ACM o f viscerally obese patients. 

This data draws attention to the danger o f obtaining spurious results from  a size restricted 

cohort, and highlights the importance o f validations in a larger, independent cohort. The 

results obtained from  the independent cohort using the more robust technique o f ELISA were 

in accordance w ith previously published work (Kim et al., 2006; Tilg and Moschen, 2006).

Levels o f leptin, adiponectin, IL-6, IL-8, MCP-1, VEGF and IFNy were subsequently investigated 

in the systemic circulation o f patients using matched serum samples (Table 4.5). Circulating 

concentrations may be more reflective o f in vivo levels o f pro-inflam m atory mediators as they 

account fo r the presence o f a greater bulk o f adipose tissue in viscerally obese individuals. 

Leptin and VEGF levels were found to be significantly enhanced (p<0.01 and p<0.05, 

respectively) while adiponectin levels were significantly reduced (p<0.05) in the serum of 

viscerally obese patients. While IL-6 and MCP-1 levels were also increased in obesity this result 

did not reach statistical significance. This may be due to low variation in WC measurements 

accounted fo r by the lack o f morbidly obese patients in this cohort. There was no significant 

difference in levels o f serum IFNy between viscerally obese and non obese patients (Table 4.5). 

Together these data indicate that levels o f serum cytokines, chemokines and adipokines may
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be more strongly associated with visceral obesity than levels of adipose tissue secreted 

adipokines.

Table 4.3: Anthropometric details for patients selected for validations of Milliplex MAP data.

non obese obese

No. subjects 31 40

Sex (male), n (%) 15(48) 22(55)

Age at surgery, mean (range) 63(30-86) 64 (41-84)

Waist circumference, mean (range) 79(50-93) 101(82-114)**^

BMI, mean (range) 23(17-27) 3 0 (2 2 -4 0 )***

HDL, mean (range) 1.4 (0.6-2.2) 1.2 (0.6-2.6)*

Trig, mean (range) 1.2 (0.5-3.7) 1.6(0.7-4.9)*

Fasting glucose, mean (range) 5(3.2-5.9) 6(4.3-15.9)*

Metabolic syndrome, n (%) 0(0) 27(68)

Neoadjuvant therapy, n (%) 9 (29) 11(28)

Patients were divided in to  viscerally obese (n=40) and non obese (n=31) groups by waist circumference 
(80 cm fo r women and 94 cm fo r men). Statistical analysis was carried out using an unpaired student's 
t-test (*p<0.05, ***p<0.0001). (BMI=body mass index (cm/kg^), VFA=visceral fa t area (cm^), HDL=high 
density lipoprote in (m mol/L), Trig=triglycerides (mmol/L))
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Table 4.4; Validations of adipokine levels (pg/ml) in adipose conditioned medium (ACM) measured by 
ELISA in a group of viscerally obese (n=40) and non obese (n=31) patients.

Non Obese Obese p value

Leptin 116616(30720) 98253(21060) 0.6219

Adiponectin 417135(34923) 309499(33611) 0.0326

IL-6 190791(26554) 186148(21448) 0.8910

IL-8 198081(28832) 198404(22835) 0.9929

MCP-1 106182(21616) 96091(15820) 0.7011

VEGF 1468(164.6) 1376(185.2) 0.7149

IFN-y 79.0 (44.17) 14.95(5.327) 0.1719

Data are expressed as mean ± SEM and statistical analysis was performed using an unpaired student's t- 
test.

Table 4.5; Validations of adipokine levels (pg/ml) in serum measured by ELISA in a group of viscerally 
obese (n=40) and non obese (n=31) patients.

Non Obese Obese p value

Leptin 11261(1853) 25091(3672) 0.0094

Adiponectin 5338000(569272) 3775000(300496) 0.0107

IL-6 14.03(4.089) 43.10(18.73) 0.2286

IL-8 34.52(8.486) 41.71(17.59) 0.7464

MCP-1 75.03(9.947) 101.9(15.29) 0.1897

VEGF 62(18) 104(21) 0.0431

IFN-y 292.3(187.4) 235.2(109.5) 0.7778

Data are expressed as mean ± SEM and statistical analysis was performed using an unpaired student's t- 
test.
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4.3.3 Omental adipose tissue expresses higher levels of pro-inflammatory 
adipokines relative to subcutaneous adipose tissue.

Levels o f leptin, adiponectin, IL-5, IL-8, MCP-1 and VEGF, found to  be altered in viscerally obese 

patients, were examined in onnental and subcutaneous adipose tissue in a cohort o f cancer 

patients (n=30). ACM was prepared from  both the omental and subcutaneous depots o f these 

patients (as described in section 2.4.2) and adipokine expression was measured by ELISA (as 

described in section 2.10).

There was no difference in levels o f pro-inflam m atory adipokines leptin, adiponectin, IL-8 or 

MCP-1 between omental and subcutaneous adipose tissue depots. However expression o f pro- 

inflam m atory ThI  adipokine, IL-6, and pro-angiogenic factor, VEGF, were significantly elevated 

in omental relative to subcutaneous adipose tissue (p<0.01 and p<0.0001, respectively) (Figure 

4.2). Hypoxia is a strong inducer o f VEGF (Halberg et al., 2009) and elevated levels o f VEGF in 

omentum  provide evidence for the preferential development o f a hypoxic environm ent in 

visceral adipose tissue (Trayhurn et al., 2008). Together these data highlight the importance of 

the enlarged visceral adipose tissue depot in the establishment o f a pro-angiogenic and pro- 

inflam m atory environment linked w ith  insulin resistance and obesity related disease (Halberg 

e ta l., 2009).
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Figure 4.2: Adipocytokine levels (pg/ml) were altered in adipose conditioned medium from matched 
omental and subcutaneous adipose tissue (n=30). Data are expressed as mean ± SEM and statistical 
analysis was performed using an unpaired student's t-test (**p<0.01, ***p<0.0001).
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4.3.4 Male sex is independently associated with higher levels of pro-inflammatory 
cytokines, chemokines and adipokines.

Cytokines, chemokines and adipokines found to be altered in visceral obesity (adiponectin, IL- 

6, IL-8 and MCP-1) were measured by ELISA (as described in section 2.10) in a cohort o f male 

(n=27) and female (n=22) patients. While there was no difference in age, BMI, metabolic 

syndrome factors or metabolic syndrome status between sexes, males had significantly higher 

WC compared w ith females (p<0.0001), reflecting the tendency o f males to accumulate 

omental adipose tissue in the abdominal cavity and the tendency o f females to accumulate 

subcutaneous adipose tissue (Misra and Vikram, 2003). BMI, a measure o f overall adiposity, 

was the same between sexes (Table 4.6).

Levels o f pro-inflammatory adipokines IL-6 (p<0.0001), IL-8 (p<0.0001) and MCP-1 (p<0.0005) 

and levels of the anti-inflam m atory adipokine adiponectin were significantly increased 

(p<0.0001) in ACM of male patients (Table 4.7). Levels o f IL-8 were also significantly higher in 

male serum (p<0.0001), while there was no significant difference in serum IL-6 or MCP-1 levels 

between male and female patients (Table 4.8). There is little  inform ation to date on the role of 

male sex hormones in IL-8 regulation, however initial studies have demonstrated IL-8 

production by prostate cancer cell lines in response to treatm ent w ith androgen (Gannon et 

al., 2010). While there was an elevated level o f adiponectin in ACM in male patients, levels of 

serum adiponectin were lower in male relative to female patients, although this did not reach 

significance. Adiponectin levels are altered by sex hormones and circulating androgens have 

been shown to decrease serum adiponectin levels in men (Nishizawa et al., 2002) which could 

account for this somewhat conflicting result.

These data identify an association o f male sex w ith a pro-inflammatory phenotype, potentia lly 

due to the characteristic male storage o f excess adipose tissue in the abdominal cavity. A pro- 

angiogenic and pro-inflam m atory phenotype is characteristic o f the visceral adipose tissue 

depot, evidenced by significantly increased levels o f IL-6 and VEGF in this depot (section 4.3.3). 

Together these results outline potential molecular mechanisms responsible fo r the association 

o f male sex w ith  increased incidence o f obesity related disease, including OAD (Ryan et al., 

2006).
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Table 4.6: Anthropometric details for patients grouped by male (n=45) and female (n=40) sex.

female male

No. subjects 22 27

Age at surgery, mean (range) 64 (41-83) 63 (30-84)

Waist circumference, mean (range) 87(66-107) 98 (80-114)

BMI, mean (range) 26(17-40) 27(22-36)

HDL, mean (range) 1.36 (0.58-2.55) 1.24 (0.63-2.44)

Trig, mean (range) 1.49 (0.49-4.9) 1.4 (0.64-3.67)

Fasting glucose, mean (range) 5.44 (4.3-9.8) 5.63 (3.2-15.9)

Metabolic syndrome, n (%) 14 (41) 14(38)

Neoadjuvant therapy, n (%) 0(0) 0(0)

Statistical analysis was carried out using an unpaired student's t-test (***p<0.0001). (BMI=body mass 
index (cm/kg^), VFA=visceral fa t area (cm^), HDL=high density lipoprote in (mmol/L), Trig=triglycerides 
(mmol/L))
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Table 4.7: Adipokine levels (pg/ml) in adipose conditioned medium (ACM) measured by ELISA in male 
(n=27) and female (n=22) patients.

Female Male p value

Adiponectin 211630(17931) 440844(43053) 0.0001

MCP-1 56995(5486) 160988(27670) 0.0005

IL-6 76814(5028) 246184 (25568) 0.0001

IL-8 70252(4681) 286400(26842) 0.0001

Data are expressed as mean ± SEM and statistical analysis was perform ed using an unpaired student's t- 
test.

Table 4.8: Adipokine levels (pg/ml) in serum measured by ELISA in male (n=27) and female (n=22) 
patients.

Female Male p value

Adiponectin 5459000(563873) 3957000(549459) 0.0639

MCP-1 75.16(8.13) 78.17(8.618) 0.8007

IL-6 23.59(12.39) 15.62(5.159) 0.5230

IL-8 11.32(2.026) 56.06(9.386) 0.0001

Data are expressed as mean ± SEM and statistical analysis was perform ed using an unpaired student's t- 
test.
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4.3.5 Adipokine levels in conditioned medium from omental adipose tissue are 
altered in cancer relative to non cancer patients.

A panel o f 20 adipokines (leptin, adiponectin, HGF, NGF, to ta l PAI-1, GM-CSF, resistin, MCP-1, 

TNFa, IFNy, IL-ip, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12 and IL-13) was tested in OAD 

patients (n=30) and non cancer patients undergoing surgical procedures fo r laparoscopic 

Nissen fundoplication, cholecystectomy and hernia repair (n=5). ACM was prepared from  the 

omental adipose tissue o f these patients (as described in section 2.4.2) and analysed using 

M illip lex MAP Luminex technology, by M illiplex (described in section 2.8). There were no 

significant differences between measures o f obesity or metabolic syndrome factors between 

groups. However non cancer patients underwent surgery only while 47% o f cancer patients 

received neoadjuvant therapy prior to surgery (Table 4.9). To avoid the potentially 

confounding influence o f neoadjuvant therapy, cancer patients undergoing surgery only were 

analysed separately.

Of the panel o f adipokines screened, the levels o f four adipokines were significantly altered in 

cancer patients. Cancer patients had significantly higher levels o f pro-inflam m atory ThI  

adipokines IFNy (p<0.05), IL-6 (p<0.01), IL-8 (p<0.0001) and MCP-1 (p<0.01) (Figure 4.9). This 

effect was less pronounced in cancer patients undergoing surgery only, implying that 

neoadjuvant therapy can affect adipokine production. However, IL-6, IL-8 and MCP-1 remained 

significantly higher in cancer relative to non cancer patients follow ing adjustment for 

neoadjuvant therapy (p<0.05, p<0.01, p<0.02, respectively), and IFNy was near significant 

(p<0.07). Elevated expression o f pro-inflammatory adipokines in cancer patients could serve to 

fuel pathways in tum our growth and metastasis (Colotta et al., 2009; Ruffell et al., 2010).
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Table 4.9: Anthropometric details for patients included in Milliplex MAP Luminex screen of 20 
cytokines and adipokines.

non cancer cancer

No. subjects 5 30

Sex (male), n (%) 5(100) 30(100)

Age at surgery, mean (range) 54(43-72) 64 (44-87)

Waist circumference, mean (range) 96(80-114) 98 (76-130)

BMI, mean (range) 27(24-31) 26(21-39)

VFA, mean (range) 292 (286-303) 188(18-384)

HDL, mean (range) 1.39 (0.69-2.2) 1.12 (0.58-1.83)

Trig, mean (range) 1.69(1.17-2.46) 1.5(0.36-6.84)

Fasting glucose, mean (range) 5.4 (5.1-5.6) 5.5(3.2-11.6)

IVIetabolic syndrome, n (%) 2(40) 11 (37)

Neoadjuvant therapy, n (%) 0(0) 14 (47)

Patients were divided into cancer and non cancer groups. Statistical analysis was carried out using 
student's t-test. (BMI=body mass index (cm/kg^), VFA=visceral fat area (cm^), HDL=high density 
lipoprotein (mmol/L), Trig=triglycerides (mmol/L))
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Table 4.10; Adipokine levels (pg/ml) in adipose conditioned medium (ACM) measured using Milliplex 
MAP Luminex technology in male age matched cancer (n=30) and non cancer (n=5) oesophageal 
adenocarcinom a patients.

Non Cancer All Cancer p value Cancer - neo p value

Leptin 110736(85839) 50496(6925) 0.1089 53794(8561) 0.2766

Adiponectin 656510(156455) 871717(58638) 0.1794 947143(104474) 0.1621

HGF 39829(13795) 42820(3402) 0.7646 47871(4812) 0.4869

NGF 186.7(68.04) 246.3(26.14) 0.3982 214.8(33.72) 0.6897

PAi-1 (total) 21765(5802) 43460(8826) 0.3838 31688(6743) 0.4633

GM-CSF 30.02(13.19) 164.7(59.75) 0.3704 129.8(80.74) 0.4789

resistin 2242(1394) 3610(1063) 0.6143 1949(525.5) 0.8088

MCP-1 3195(744.3) 4408(81.64) 0.0013 4468(122.7) 0.0178

TNF-a 5.840(1.654) 18.58(10.34) 0.6228 9.426(3.572) 0.5681

IFN-y 13.04(2,886) 19.47(1.189) 0.0488 20.88(2.085) 0.0612

IL-ip 4.292(0.6257) 49.81(21.64) 0.4024 31.20(21.01) 0.4472

IL-2 0.580(0.1509) 0.9323(0.1768) 0.4312 1.237(0.3712) 0.3024

IL-4 2.049(0.2505) 2.411(0.1573) 0.4205 2.269(0.2118) 0.5995

IL-5 66.47(45.14) 55.21(17.95) 0.8145 71.83(37.74) 0.9377

IL-6 6298(1435) 8292(77.66) 0.0014 8356(140.1) 0.0318

IL-7 84.71(17.11) 82.77(5.992) 0.9055 86.34(10.57) 0.9362

IL-8 2937(723.5) 4463(96.35) 0.0002 4536(181.4) 0.0072

IL-10 231.8(117.4) 506.4(68.67) 0.1282 552.1(119.2) 0.1524

IL-12(p70) 3.558(0.696) 3.481(0.2606) 0.9178 3.643(0.4176) 0.9210

IL-13 2.190(0.5461) 3.099(0.6283) 0.5832 3.851(1.251) 0.4699

Data a re  e xp ressed  as m e an  ± SEM. Statis tical analysis w a s  p e r fo rm e d  using an  unp a ired  s tu d e n t ' s  t- 
te s t .  (All cance r= cance r  p a t ien ts  undergo ing  surgery  only a n d  can ce r  pa t ien ts  u n derg o ing  n eo a d ju v a n t  
th e r a p y  and  surgery, c a n c e r-neo = can ce r  pa t ien ts  un dergo ing  surgery  only)
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4.3.6 Validation of Milliplex MAP Luminex data in an independent cohort of cancer 
and non cancer patients.

A selection of seven cytokines, chennokines and adipokines of interest (leptin, adiponectin, IL- 

6, IL-8, IVICP-1, IFNy and VEGF) were cliosen for validation by ELISA (as described in section 

2.10) in ACM from an independent cohort of cancer (OAD) (n=16) and non cancer patients 

(n=5) (Table 4.13). There were no differences in obesity status, metabolic syndrome factors or 

metabolic syndrome status between cancer and non cancer groups. Non cancer patients were 

significantly younger (p<0.01) than cancer patients (Table 4.13). A number of potentially 

confounding factors were taken into consideration. Males were found to have an increased 

pro-inflammatory profile compared with females with increased levels of IL-8 in serum 

(p<0.0001) and increased levels of IL-6 (p<0.0001), IL-8 (p<0.0001) and MCP-1 (p<0.0005) in 

ACM (results section 4.3.4). Therefore, subsequent analysis was carried out in males only. 

Patients who received neoadjuvant therapy prior to surgery had significantly higher levels of 

leptin and IL-6 in ACM (p<0.02), together with increased leptin levels in serum (p<0.05), 

compared to those who had surgery only (Tables 4.11, 4.12). Subsequent analysis was 

therefore carried out in patients who underwent surgery only.

Table 4.11: Adipokine levels in ACM (pg/ml) measured by ELISA in a cohort of patients who received 
neoadjuvant therapy (n=20) prior to surgery, and who had surgery only (n=43).

Surgery only Surgery + neoadj p value

Leptin 84203(14421) 187214(55784) 0.0148

Adiponectin 440844(43053) 497446(57788) 0.4319

IL-6 243015(28026) 346543(24439) 0.0137

IL-8 286400(26842) 346908(20857) 0.1309

MCP-1 160988(27670) 177877(37697) 0.3555

VEGF 1366(129.4) 1608(327.6) 0.4221

IFN-V 21.74(1.541) 18.11(10.31) 0.7456

Data are expressed as mean ± SEM and statistical analysis was performed using an unpaired student's t- 
test.
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Table 4.12; Adipokine levels (pg/ml) in serum measured by ELISA in a cohort of patients who received 
neoadjuvant therapy (n=20) prior to surgery, and who had surgery only (n=43).

Surgery only Surgery + neoadj p value

Leptin 16225(2144) 31017(9722) 0.0270

Adiponectin 3957000(549459) 2948000(464523) 0.2407

IL-6 15.62(5.159) 61.0 (51.57) 0.1988

IL-8 56.06(9.386) 106.3(75.37) 0.3299

MCP-1 78.17(8.618) 139.1(40.48) 0.0891

VEGF 260.2 (35.45) 373.3(164.0) 0.2915

iFN-v 309.7(129.4) 137.4(109.4) 0.4475

Data are expressed as mean ± SEM and statistical analysis was performed using an unpaired student's t- 
test.

Anthropom etric details fo r nnale OAD patients who underwent surgery only are listed in Table 

4.13. In ACM, levels o f pro-inflammatory ThI  adipokines IL-6, IL-8 and IFNy were increased in 

cancer patients, however these changes did not reach statistical significance. There was no 

difference in levels o f leptin, adiponectin, MCP-1 or VEGF in ACM between cancer and non 

cancer patients (Table 4.14). In serum, there was a significant elevation in levels o f IL-6 

(p<0.05) and IL-8 (p<0.03) in cancer patients. There was also a decrease in anti-inflam m atory 

adiponectin levels together w ith  an increase in pro-angiogenic VEGF and pro-inflammatory ThI  

adipokine IFNy, however these changes did not reach statistical significance. Serum leptin and 

MCP-1 levels were similar between cancer and non cancer patients (Table 4.15). The pro- 

inflam m atory phenotype resulting from  elevated levels o f these pro-inflam matory mediators 

has recently been identified to be a hallmark o f cancer and could be linked to increased 

tum our growth and metastasis (Colotta et al., 2009).
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Table 4.13: Anthropometric details for patients selected for validations of Milllplex MAP data. All 
patients received surgery only.

non cancer cancer

No. subjects 5 16

Sex (male), n (%) 5(100) 16(100)

Age at surgery, mean (range) 52(44 61) 68.5 (49 -86)**

Waist circumference, mean (range) 95.8 (80-114) 97.4 (86-113)

BMI, mean (range) 26.6 (23.8-30.6) 25.8 (22-35)

HDL, mean (range) 1.37 (0.69-2.16) 1.18(0.7-2.4)

Trig, mean (range) 1.5(0.5-25) 1.4 (0.5 4.9)

Fasting glucose, mean (range) 5.9 (4.6-89) 5.5(3.2-15.9)

Metabolic syndrome, n (%) 2(40) 8(50)

Patients were divided into cancer (n=16) and non cancer (n=5) groups. Statistical analysis was carried 
out using student's t-test. (BMI=body mass index (cm/kg^), VFA=visceral fa t area (cm^), HDL=high 
density lipoprote in  (m m ol/L), Trig=triglycerides (mmol/L))
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Table 4.14; Validations of adipokine levels (pg/ml) in adipose conditioned medium (ACM) measured 
by ELISA in cancer (n=16) and non cancer (n=5) patients.

Non Cancer Cancer p value

Leptin 77434(25344) 88369(18042) 0.7227

Adiponectin 352001(80700) 412357(49738) 0.2463

IL-6 180704(57573) 266646(27397) 0.1572

IL-8 206989(50152) 311216(29645) 0.0989

MCP-1 50271(10067) 60838(6489) 0.3669

VEGF 1199(165.2) 1469(181.6) 0.3239

IFN-v 20.93(1.737) 83.96(67.8) 0.6024

Data are expressed as mean ± SEM and statistical analysis was perform ed using an unpaired student's t- 
test.

Table 4.15: Validations of adipokine levels (pg/ml) in serum measured by ELISA in cancer (n=16) and 
non cancer (n=S) patients.

Non Cancer Cancer p value

Leptin 19558(2801) 15398(2984) 0.3661

Adiponectin 4694000(1015000) 3326000(514717) 0.2214

IL-6 4.862(1.403) 25.62(9.221) 0.0419

IL-8 30.59(8.633) 71.35(11.87) 0.0298

MCP-1 74.41(18.37) 79.93(9.957) 0.7734

VEGF 200.2(59.21) 285.3(41.3) 0.2417

IFN-V 26.83(4.629) 380.5(152.8) 0.3007

Data are expressed as mean ± SEM and statistical analysis was perform ed using an unpaired student's t 
test.
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In summary, a circulating pro-inflam m atory phenotype was associated w ith visceral obesity 

(Tables 4.4, 4.5). Visceral adipose tissue produced greater levels o f pro-inflam m atory 

adipokines than subcutaneous adipose tissue (Figure 4.2). Male sex, associated w ith 

preferential accumulation o f visceral adipose tissue, was associated w ith increased levels o f 

pro-inflammatory cytokines, chemokines and adipokines (Tables 4.7, 4.8). These results 

highlight the potential importance o f leptin, IL-6, IL-8, MCP-1, VEGF and IFNy as major pro- 

inflammatory and pro-tum our mediators and the importance o f adiponectin and IL-4 as major 

anti-inflam m atory and anti-tum our factors. An alteration in the balance o f these key 

adipokines was found to be associated w ith visceral obesity, male sex and cancer. Together 

these data contribute to the delineation o f molecular mechanisms responsible fo r the 

epidemiological link between visceral obesity, male sex and OAD (Beddy et al., 2010; Kubo and 

Corley, 2002).
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4.3.7 Oesophageal adenocarcinoma OE33 and 0E19 cell lines express adipokines 
and their receptors.

Visceral obesity, male sex and cancer were found to be associated w ith  a circulating pro- 

inflammatory profile. It was subsequently investigated whether OE33 and 0E19 oesophageal 

adenocarcinoma cells were capable o f responding to these paracrine signals by expressing 

relevant adipokine receptors. It was also investigated w hether OE33 and 0E19 could express 

adipokines themselves, indicating a potential fo r autocrine signalling. Cell lines were cultured 

in full serum (10% PCS) medium or serum depleted (0.5% PCS) medium fo r 24 hours before 

RNA was extracted (as described in section 2.6.2). Gene expression was investigated using RT- 

PCR (as described in section 2.6.7) and expression was quantified using densitometric analysis 

(as described in section 2.7.8). Two oesophageal adenocarcinoma cell lines, OE33 and 0E19, 

were examined to investigate whether this was a cell specific effect, or characteristic o f 

m ultiple OAD cell lines.

OE33 and 0E19 expressed detectable mRNA levels o f visfatin, resistin and adipsin. A very low 

basal expression o f leptin was detectable in OE33 and undetectable in 0E19. Expression o f 

adiponectin was undetected in both OE33 and 0E19 cell lines. There was no change in 

adipokine expression in response to 24 hour serum starvation, carried out to  mimick the 

hypoxic, nutrient depleted tum our m icroenvironment (Pigure 4.3). While leptin and 

adiponectin are adipocyte specific, resistin is expressed in adipocytes, muscle, pancreas and 

macrophages (Titg and Moschen, 2006), adipsin is expressed in adipose tissue and 

macrophages (White et al., 1992) and visfatin is ubiquitously expressed (Kitani et al., 2003). 

These data indicate that OAD cell lines have the capability to express mRNA levels o f adipose 

tissue specific leptin and adipsin in addition to the more ubiquitously expressed adipokines 

visfatin and resistin. In full serum medium, both OE33 and 0E19 expressed leptin receptor ObR 

and adiponectin receptors AR l and AR2. In OE33, levels o f these receptors were induced upon 

serum starvation w ith  ObR and AR l undergoing a 1.3 fold up regulation and AR2 undergoing a 

3.2 fold up regulation, follow ing densitometric analysis (Figure 4.4). In 0E19, levels o f these 

receptors were unchanged follow ing serum starvation. In OE33, expression o f the functional 

form  o f the leptin receptor ObRiong was undetectable in full serum medium however was 

induced upon serum starvation. In 0E19 however, ObRiong was undetectable both in full serum 

medium and follow ing serum starvation. These data demonstrate that mRNA expression o f 

leptin and adiponectin receptors can be induced in OAD cell lines in response to nutrient
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depletion in the m icroenvironm ent (Figure 4.4). A hypoxic, nutrient starved tum our therefore  

may have increased capacity to respond to increased circulating levels o f leptin in obesity.

leptin

adiponectin

visfatin

resistin

adipsin

(3-actin

0 E 1 9

Figure 4.3; Oesophageal adenocarcinoma cell lines OE33 and 0E19 were cultured with medium 
containing 10% FCS (lane 1) and 0.5% FCS (lane 2) for 24 hours before gene expression was examined 
using RT-PCR. Lane 3 sample contains sterile water instead of cDNA, controlling for contamination in 
the PCR reaction.
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Figure 4.4: Oesophageal adenocarcinoma cell lines OE33 and 0E19 were cultured with medium 
containing 10% FCS {lane 1) and 0.5% FCS {lane 2) for 24 hours before receptor expression was 
measured using RT-PCR. The sample in lane 3 contains sterile water instead of cDNA to control for 
contamination of the PCR reaction.
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4.3.8 Leptin and adiponectin alter OE33 and 0E19 oesophageal adenocarcinoma 
cell line proliferation in a dose dependent manner.

OE33 and 0E19 expressed detectable expression levels o f leptin and adiponectin receptors. In 

addition, expression in OE33 w/as inducible under serum depleted conditions. These data 

demonstrate that OAD cell lines are capable o f responding to both leptin and adiponectin. The 

effect of treating OE33 and 0E19 w/ith increasing concentrations o f human recombinant leptin 

and adiponectin was examined using BrdU cell proliferation ELISA (as described in section 

2.15).

Leptin induced a dose dependent increase and adiponectin induced a dose dependent 

decrease in OE33 and 0E19 proliferation (Figure 4.5). Treatment o f OE33 w ith a concentration 

o f 500 pM leptin and adiponectin induced a significant 20% increase and decrease in 

proliferation, respectively (p<0.05). Treatment o f OE33 w ith between 1000 pM and 5000 pM 

adiponectin induced a significant 30% decrease in proliferation (p<0.01). Treatment o f 0E19 

w ith 500 |iM  leptin induced a 30% increase in proliferation; however this was not statistically 

significant. Treatment o f 0E19 w ith  5000 pM adiponectin induced a significant 40% decrease 

in proliferation (p<0.05). Leptin was significantly elevated in serum in obesity (p<0.001). 

Conversely, adiponectin was significantly lowered in serum in obesity (p<0.05) and in male 

patients (p<0.001). Raised levels o f pro-proliferative leptin together w ith lowered levels of 

anti-proliferative adiponectin in obesity could therefore contribute to increased tum our 

growth in obese patients. As both leptin and its functional receptor ObRiong are expressed by 

OE33, this adipokine could function in both a paracrine and autocrine manner to contribute to 

tum our growth. Although the functional leptin receptor ObRiong was not expressed by 0E19, 

the ubiquitous ObR was expressed and 0E19 was shown to be responsive to leptin induced 

proliferation. This indicates tha t ObRiong may not the only leptin receptor w ith  signalling 

capacity.

ACM contains not only leptin and adiponectin but a range o f pro- and anti-inflam m atory 

adipokines. Many o f these were demonstrated to be altered in obesity, male sex and cancer, 

including IL-6, IL-8, MCP-1, VEGF and IFNy. To determine the potential physiological effect o f 

altered levels o f these soluble mediators in visceral obesity, the functional effect o f ACM 

treatm ent o f OAD cell lines was investigated through measurement o f OE33 and 0E19 

proliferation and apoptosis.
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Figure 4.5: Leptin and adiponectin dose dependant responses following 24 hour treatm ent in OE33 
oesophageal adenocarcinoma. OE33 proliferation was assessed by BrdU cell proliferation ELISA. Data 
are expressed as mean ± SEM and OE33 treated with medium alone was used to normalise results. 
Data are represented as the mean of three independent experimental replicates. Statistical analysis 
was performed using ANOVA (one way analysis of variance) with Tukey multiple comparisons post 
test(*p<O.OS, **p<0.001).
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4.3.9 ACM induces proliferation in oesophageal adenocarcinoma cell lines OE33 
and 0E19.

ACM was prepared from  om enta l adipose tissue from  viscerally obese (n=20) and non obese 

(n=20) oesophageal adenocarcinom a patients (as described in section 2.4.2). Oesophageal 

adenocarcinoma OE33 and 0E19 cell lines were trea ted  w ith  ACM o r contro l m edium  fo r 24 

and 48 hours and percentage p ro life ra tion  was assessed by BrdU cell p ro life ra tion  ELISA 

(described in section 2.15).

ACM sign ificantly increased 0E33 and 0E19 p ro life ra tion  by approxim ate ly  40% and 50%, 

respectively, fo llow ing  24 hour tre a tm e n t (p<0.05) (Figure 4.6). 0E33 are derived from  a poorly 

d iffe ren tia ted  pathologica l stage IIA oesophageal adenocarcinoma w hile  0E19 are derived 

from  a m oderate ly d iffe ren tia ted  stage III tu m o u r o f the oesophageal gastric junc tion  (Pierini 

et al., 2008). The m ore pathologica lly advanced stage 0E19 showed a 10% greater increase in 

p ro life ra tion  re lative  to  0E33, ind icating it may be m ore sensitive to  the  effects o f an altered 

adipokine p ro file  in obesity. W hile  ACM from  viscerally obese and non obese patients both 

induced a s ignificant p ro life ra tive  e ffect on oesophageal adenocarcinom a, the presence o f 

excess adipose tissue in viscerally obese patients may give rise to  a bulk e ffec t in vivo. 

A lthough p ro life ra tion  was also increased fo llow ing  48 hour tre a tm e n t w ith  ACM, th is  e ffect 

did no t reach statistical significance. These data suggest th a t an a ltered balance o f pro- and 

an ti-in flam m atory  adipokines in visceral obesity could give rise to  increased OAD p ro life ra tion . 

W ith  leptin  a lready dem onstra ted  to  induce OAD p ro life ra tion , it rem ains to  be e lucidated 

w he ther o the r com ponents o f ACM could also con tribu te  to  the p ro life ra tive  e ffec t o f ACM.
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Figure 4.6: Oesophageal adenocarcinoma proliferation in response to treatm ent with ACM from 
viscerally obese and non obese OAD patients. Data are expressed as mean ± SEM. Statistical analysis 
was performed using ANOVA (one way analysis of variance) with Tul<ey multiple comparisons post 
test (*p<0.05, **p<0.01).
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4.3.10 ACM induces apoptosis in oesophageal adenocarcinoma cell lines OE33 and 
0E19.

Oesophageal adenocarcinoma OE33 and 0E19 were treated w ith  ACM from viscerally obese 

(n=3) and non obese patients (n=3), or w ith  control medium, fo r 24 and 48 hours. As ACM 

contains no serum, the control M199 medium was also serum free, and thus any observed 

effects were due to factors secreted by adipose tissue and not cell starvation. The percentage 

o f cells undergoing early apoptosis or late apoptosis/necrosis was assessed by flow  cytometry 

(as described in section 2.18).

There was no difference in percentage apoptosis o f OE33 or 0E19 follow ing treatm ent with 

ACM from viscerally obese and non obese patients and so these groups were combined (n=6). 

Levels o f early apoptosis follow ing treatm ent w ith serum free control medium were 

approximately 5% in both cell lines at both 24 and 48 hours, while percentage o f control OE33 

and 0E19 cells undergoing late apoptosis or necrosis was approximately 10% at 24 hours and 

15% at 48 hours (Figure 4.7). There was no difference in percentage o f OE33 or 0E19 cells in 

early apoptosis follow ing 24 or 48 hour treatm ent w ith ACM. Late apoptosis or necrosis was 

induced 20% in 0E19 follow ing both 24 and 48 hours, however this effect was not statistically 

significant (Figure 4.7). Late apoptosis or necrosis was induced between 6% and 15% in OE33 

follow ing 24 and 48 hour ACM treatm ent, respectively. The induction o f late 

apoptosis/necrosis in OE33 was statistically significant at 48 hours (p<0.05). This result could in 

part explain why there was lower ACM-induced proliferation at this tim e point (Figure 4.6). 

Adipose tissue secretes a wide variety o f factors, including the 20 adipokines analysed in this 

study. These include pro- and anti-inflam m atory adipokines in addition to mediators of 

angiogenesis, which can function in both to induce proliferation and to induce apoptosis. For 

example, adiponectin has been demonstrated to exert anti-proliferative effects in vitro, 

inhibiting leptin induced grow th o f OAD cell lines (Ogunwobi and Beales, 2008a). These results 

indicate that although ACM induced both proliferation and apoptosis, the overall outcome of 

ACM treatm ent o f OAD was tha t o f increased proliferation (Figure 4.6).
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Figure 4.7: Apoptosis in oesophageal cell lines OE33 and 0E19 in response to treatm ent with ACM 
from viscerally obese (n=3) and non obese (n=3) OAD patients. As there was no difference in 
percentage apoptosis according to obesity status, patients were pooled. Data are expressed as mean 
± SEM. Statistical analysis was performed using a paired student's t-test (*p<0.05).
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4.4 Discussion

The recent global obesity pandemic carries w ith it increased incidence o f related disorders 

including OAD (Caile et al., 2003; Team, 2005). Visceral obesity has recently been characterised 

as a state o f chronic low-grade inflammation (Weisberg et al., 2003; Xu et al., 2003) which 

could contribute, along w ith other mechanisms such as prolonged hyperinsulinaemia (Renehan 

et al., 2006; Roberts et al., 2009), to the generation o f a pro-tumourigenic environment. In 

order to fully understand the basis fo r development o f this pro-inflammatory environment in 

visceral adiposity, it is necessary to determ ine the expression pattern o f the soluble mediators 

o f inflammation produced by adipose tissue, which may be deregulated in obesity (Fasshauer 

and Paschke, 2003; Tilg and Moschen, 2006).

This novel study determ ined cytokine, chemokine and adipokine levels in ACM and serum in 

the context o f visceral obesity and cancer. Preliminary multiplex screens o f these soluble 

mediators o f inflammation formed the basis o f this work, and results were validated by ELISA. 

Cytokines, chemokines and adipokines can be divided into two broad categories based on their 

induction o f a ThI  or Th2 response in T lymphocytes (Tilg and Moschen, 2006). The expression 

o f the anti-inflam m atory adipokine adiponectin and the Th2 cytokine IL-4 were reduced in 

visceral obesity, and this finding was consistent w ith  previously published results (Arita et al., 

1999; Lord et al., 1998). While there was no difference in levels o f pro-inflam matory mediators 

in ACM, there was increased leptin and VEGF in serum of viscerally obese patients, in 

accordance w ith  previously published results (Kim et al., 2006). These data highlight the roles 

o f leptin and VEGF as im portant mediators o f chronic low grade inflammation in visceral 

obesity. An elevation in levels o f these cytokines and chemokines is associated not only w ith 

obesity but w ith the development o f insulin resistance and resulting hyperinsulinemia (Sartipy 

and Loskutoff, 2003; Segal et al., 1996; Vozarova et al., 2001). Leptin and VEGF may therefore 

be useful targets fo r the prevention and treatm ent of obesity related pathogenesis.

There was increased production o f pro-inflammatory adipokines IL-6, IL-8, MCP-1 and pro- 

angiogenic adipokine VEGF in the omental relative to the subcutaneous adipose tissue depot, 

highlighting the importance o f visceral adiposity compared w ith  overall obesity. M irroring 

these findings, male sex was also associated w ith increased levels o f pro-inflam m atory IL-6, IL- 

8 and MCP-1. W hile alterations in circulating levels o f sex hormones between males and 

females has been shown to contribute to this observation, differentia l fa t deposition between 

sexes could also play a role in the establishment o f an enhanced pro-inflam m atory profile in
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males .  Ad ipose  t i s sue  is s t o r e d  p re fe ren t i a l ly  in t h e  visceral  d e p o t  in ma les ,  whi le  in f e m a l e s  it 

is p re fe rent i a l ly  s t o r e d  in t h e  s u b c u t a n e o u s  d e p o t  (Misra a n d  Vikram,  2003) .  Wi th  e l e v a te d  

s e c r e t io n  o f  p r o - i n f l a m m a to r y  a d ip o k i n es  f ro m  t h e  visceral  r e l a t ive to  t h e  s u b c u t a n e o u s  

d e p o t ,  i nc re as e d  fat  d ep o s i t io n  in this  c o m p a r t m e n t  cou l d  c o n t r i b u t e  to  t h e  ma le  a s so c i a t e d  

p r o - i n f l a m m a to r y  profi le.  T h e se  r esu l t s  t h e r e f o r e  p r e s e n t  a m o le c u l a r  m e c h a n i s m  by which 

m a le  sex is an  i n d e p e n d e n t  risk f ac to r  for  OAD (Kubo a n d  Corley,  2002) .  T o g e t h e r  t h e s e  da ta  

indicate  t h a t  e l e v a t e d  ci rculat ing levels o f  p r o - i n f l a m m a to r y  m e d i a t o r s  in b o th  visceral  ob es i ty  

a n d  m a le  sex a r e  l inked to  t h e  d e v e l o p m e n t  o f  t h e  p r o - i n f l a m m a t o r y  p h e n o t y p e  as so c ia te d  

wi th  insulin r e s i s t an ce  a n d  hy per ins u l ina em ia .

Chron ic  in f l a m m at io n  has  r ec en t ly  b e e n  e s t a b l i s h e d  as  a ha l lm ark  o f  c a n c e r  a nd  is l inked to  

t u m o u r  cell survival ,  p ro l i f e ra t ion  a n d  ang io ge ne s i s  (Colot t a  e t  al., 2009) .  In this  s tudy,  

e l e v a t e d  levels o f  p r o - i n f l a m m a to r y  m e d i a t o r s  IL-6, IL-8 w e r e  f o u n d  to  be  a s so c i a te d  wi th 

ca nce r ,  i n d e p e n d e n t  o f  o be s i ty  s t a t us ,  sex a n d  n e o a d j u v a n t  th e r a p y .  In c re as ed  levels o f  s e r u m  

IL-6 have  b e e n  p reviously  d e m o n s t r a t e d  in c a n c e r  (Egler e t  al., 20 08)  including smal l  cell lung 

c a n c e r  (Wojcik e t  al., 2010) ,  mul t ip le  m y e l o m a  (W ie rz b ow sk a  e t  al., 1999)  a n d  ch ron ic  

lymphocy t i c  l e uk ae m ia  (Robak  e t  al., 1999) .  E leva ted levels  o f  IL-8 ha v e  a l so b e e n  co n f i r m e d  in 

small  cell lung c a n c e r  (Tas e t  al., 2006 ;  Wojcik e t  al., 2010) .  In ad d i t io n  to  its p ro - i n f l a m m a to r y  

role,  IL-6 has  b e e n  s h o w n  to  in du ce  VEGF t r ans c r ip t ion  in cervical  c a n c e r  cells (Wei  e t  al., 2003)  

a n d  t h e r e f o r e  could play an  i m p o r t a n t  role in t u m o u r  a n g i o g e n e s i s  a n d  neo-va scu la r i s a t io n  

(Ara a nd  Declerck,  2010) .  T h e s e  r e su l t s  ind ica te  a p ro - i n f l a m m a to r y ,  p ro -a ng iog en i c  s t a t e  

p r e s e n t  in visceral  o b e s i t y  c o m p a r a b l e  to  t h a t  o f  t h e  t u m o u r  m i c r o e n v i r o n m e n t .  It t h e r e f o r e  

fol lows t h a t  t h e  e s t a b i i s h m e n t  o f  a s t a t e  o f  ch ron ic  in f i a m m at io n  in visceral  ob es i ty  could  bo th  

p r e d i s p o s e  t o  a n d  g e n e r a t e  a n  e n v i r o n m e n t  f av ou r ab le  f o r  t u m o u r  d e v e l o p m e n t .

A n u m b e r  o f  i ssues  w e r e  r ai sed t h r o u g h o u t  this  w or k  reg a rd in g  t h e  rel iabil i ty o f  t h e  initial 

Milliplex sc ree n .  Counte r- intui t ive ly ,  this  s c re e n  ind ica ted  s ignif icant ly d e c r e a s e d  levels o f  IL-6, 

IL-8 a n d  MCP-1 in ACM f rom  visceral ly o b e s e  pa t i e n t s .  E leva ted  c i rculat ing  levels o f  t h e s e  pro-  

in f l a m m a t o r y  m e d i a t o r s  ha v e  b e e n  p rev ious ly e s t a b l i s h ed  in visceral  ob es i ty  (Kim e t  al., 2006;  

Tilg a n d  M o s c h e n ,  2006) ,  a n d  t h e s e  p re l imina ry  d a t a  w e r e  t h e r e f o r e  in d i r ec t  confl ict  wi th  

t h e s e  pub l i s hed  f indings.  H o w e v e r  it w a s  s u b s e q u e n t l y  d i s c o v er ed  t h a t  t h e s e  p re l imina ry  

f indings fai led to  be  va l id a t ed  by ELISA in an  i n d e p e n d e n t  c o h o r t  o f  pa t i en t s ,  q u e s t i o n in g  t h e  

de p e n d a b i l i ty  of  t h e  Milliplex t echn o lo gy .  In add i t ion ,  t h e  Milliplex s c re e n  f o u n d  MCP-1,  IL-6 

a n d  IL-8 to  be significant ly e l e v a t e d  in t h e  ACM of  c a n c e r  p a t i en t s .  A l thoug h  levels o f  IL-6 and  

IL-8 w e r e  inc re ase d ,  t h e y  w e r e  n o t  significant ly e l e v a t e d  w h e n  m e a s u r e d  by ELISA in ACM of
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an  i n d e p e n d e n t  c o ho r t .  Ho w ever ,  s e r u m  levels o f  t h e s e  p r o - i n f l a m m a to r y  m e d i a t o r s  w e r e  

significant ly h igh er  in c a n c e r  p a t i en t s ,  indicat ing t h a t  ci rculat ing levels m a y  be  a m o r e  a c cu r a t e  

m e a s u r e  o f  o b es i ty  a s s o c ia t e d  in f l a mm at io n .  Con t ra d ic to ry  to  Milliplex resul t s ,  t h e r e  w a s  no 

d i f f e ren ce  in levels o f  MCP-1 in ACM or  s e r u m  in visceral ly o b e s e  p a t i e n t s  w h e n  m e a s u r e d  by 

ELISA in an  i n d e p e n d e n t  co h o r t .  A l thoug h  t h e  Milliplex s c re e n  p r ov ide d  a p re l imina ry  

indicat ion  o f  a l t e r ed  levels o f  p r o - i n f l a m m a to r y  m e d i a t o r s  in ob es i ty  a nd  ca nce r ,  it also 

h igh lighted t h e  i m p o r t a n c e  o f  va l idat ing  d a t a  f ro m  t h e s e  s c r e e n s  in an  i n d e p e n d e n t  co h o r t .  As 

m a n y  an a ly te s  ident i f i ed  by t h e  Milliplex s c re e n  could n o t  be  va l id a t ed  in an  i n d e p e n d e n t  

c o h o r t  o f  s a m p le s ,  it w a s  c o n c lu d e d  t h a t  th is  t e c h n o lo g y  m a y  be  n o t  be  su i t ab le  for  analysi s  of 

ACM. It w a s  s u b s e q u e n t l y  d e c i d e d  to  car ry  o u t  an  add i t iona l  p re l imina ry  s c re e n  taking 

a d v a n t a g e  o f  this  un i t ' s  i ndust r ia l  p a r t n e r s h i p  wi th  Randox.  Whi le  Milliplex o f fe re d  re l ev an t  

ad i po k in e  a nd  cy tok ine  p an e l s  o f  ana ly t es ,  u n f o r tu n a te ly  t h e r e  ex i s t ed  no  e q u i v a le n t  obe s i ty  

r e l a t e d  pane l  by Randox.  The  Rand ox  cy tok ine  pane l  w a s  t h e r e f o r e  u se d  to  c o m p a r e  ana ly te  

levels  in o m e n t a l  a n d  s u b c u t a n e o u s  ACM a n d  s e r u m  of  m a t c h e d  p a t i en t s ,  a n d  this  p an e l  had  

t h e  a d v a n t a g e  o f  t h e  inclusion o f  VEGF, a b s e n t  f ro m  t h e  Milliplex pane l s .  The Randox sc re en  

t h e r e f o r e  p r ov i ded  v a l uab le  ex t r a  in fo rm at io n  on  levels o f  p r o - i n f l a m m a to r y  m e d i a t o r s  

b e t w e e n  a d i p o s e  t i s sue  d e p o t s  a n d  o n  ci rculat ing levels o f  t h e s e  m e d i a t o r s  in s e ru m .  

T o ge th e r ,  t h e s e  mul t ip lex  s c r e e n s  w e r e  us ed  to  ident i fy ad i pok ines ,  cy to k ines  a n d  c h e m o k i n e s  

o f  po te n t i a l  i n t e res t ,  h o w e v e r  only r e su l t s  va l ida te d  in an  i n d e p e n d e n t  c o h o r t  o f  p a t i e n t s  by 

ELISA w e r e  s u b s e q u e n t l y  r e p o r t e d .

A p ro - i n f l a m m a to r y  a d i p ok in e  s e c r e t o m e  w a s  f ou nd  to  be  a s so c i a te d  wi th  visceral  obes i ty ,  

ma le  sex a n d  ca nce r .  T o g e t h e r  t h e s e  d a t a  s u b s t a n t i a t e  t h e  ident i f i ca t ion  o f  visceral  ob es i ty  

a n d  m a le  sex  as  risk f a c to r s  fo r  OAD (Beddy  e t  al., 2010 ;  Kubo a n d  Corley,  2002) .  The 

m e c h a n i s m s  w h e r e b y  this  c h r on ic  p r o - i n f l a m m a to r y  p h e n o t y p e  could  fuel  t u m o u r  p r og res s io n  

r e m a in  to  be  e l u c i d a te d .  Th e  o e s o p h a g e a l  a d e n o c a r c i n o m a  OE33 a n d  0 E 1 9  cell l ines w e r e  

f o u n d  to  ex p r e ss  mRNA e n c o d i n g  a d i p o c y t e  specif ic a d i po k in es  lept in a n d  adips in t o g e t h e r  

wi th  ub iqu i tous ly  e x p r e s s e d  ad i p o k in es  resis t in a nd  visfat in.  In add i t ion ,  OE33 e x p r e s s e d  

mRNA e n c o d in g  l ept in  r e c e p to r s ,  b o th  t h e  u b iq u i t ou s  fo rm  (ObR) a n d  t h e  func t iona l ,  signall ing 

f o r m  (ObRiong), a n d  a d i p o n e c t i n  r e c e p to r s ,  b o th  t h e  ub iqu i tous ly  e x p r e s s e d  r e c e p t o r  for  

g lo bu la r  ad i p o n e c t i n  (ARl) a n d  t h e  r e c e p t o r  for  me tabol i ca l ly  ac t ive  H MW  isofo rm (AR2) 

(Kelesidis e t  al., 2006).  0 E 1 9  a l so e x p r e s s e d  ObR a n d  ARl ,  2 r ec ep to r s ,  h o w e v e r  l acked OBRiong. 

Both t h e  func t iona l  ObRiong a n d  t h e  H M W  binding AR2 w e r e  induc ible in OE33 u p o n  n u t r i e n t  

d ep l e t i o n  o f  t h e  cells,  mimick ing t h e  hypoxic t u m o u r  m i c r o e n v i r o n m e n t .  Express ion  o f  t h e s e  

r e c e p t o r s  a l low ed  OE33 a n d  0 E 1 9  to  r e s p o n d  to  lept in a n d  ad i p o n e c t i n  in a d o s e  d e p e n d e n t
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manner, w ith leptin inducing proliferation and adiponectin reducing proliferation. This result 

successfully replicates the effect previously demonstrated in both OE33 and 0E19 cell lines 

(Ogunwobi et al., 2006; Ogunwobi and Beales, 2008b). This work demonstrates that tum our 

cells, particularly in rapidly expanding hypoxic tumours, may be responsive to elevated levels 

o f adipokines through increased receptor expression. Chronic alterations in circulating levels of 

adipokines in obesity, such as increased pro-proliferative leptin and decreased anti­

proliferative adiponectin (Tilg and Moschen, 2006), could therefore result in increased tum our 

cell proliferation. Indeed ACM treatm ent resulted in increased proliferation o f both OE33 and 

0E19 cell lines, indicating that the OAD cell lines are responsive to the combination of 

adipokines secreted by adipose tissue. This suggests a paracrine role fo r adipose tissue 

secreted factors in the prom otion o f tumourigenesis.

The global obesity pandemic shows no sign o f abating and w ith  it comes increased incidence of 

related disorders including cancer (Calle et al., 2003; Team, 2005). It is recently understood 

that visceral obesity is a chronic low-grade pro-inflam m atory condition (Wellen and 

Hotamisligil, 2005) which could give rise to  the establishment o f a pro-tumourigenic 

environment. This study identifies a pro-inflammatory phenotype common to visceral obesity, 

male sex and cancer mediated through reduction o f IL-4 and adiponectin levels and elevation 

of leptin, IL-6, IL-8, MCP-1, IFNy and VEGF levels. Altered levels o f these mediators were 

demonstrated to have functional effects on OAD cells w ith  ACM increasing rate of 

proliferation. The distorted balance o f these soluble mediators o f inflammation could 

therefore represent an im portant therapeutic target in OAD.
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5 Co-culture of adipose tissue with 
oesophageal tumour cells alters 
expression of genes involved in pro­
tumour pathways.
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5.1 Introduction

There has been significant interest in the rapidly rising obesity epidemic and its role in cancer 

development and progression over the past number o f years. While the epidemiological link 

has now been well described for an ever-expanding list o f cancers (Calle et al., 1999; Field et 

al., 2001), the molecular mechanisms linking obesity and cancer remain poorly defined. It is 

now known tha t excess visceral adiposity is more strongly associated w ith metabolic 

deregulation and disease states than overall obesity (Federation, 2006; Giorgino et al., 2005). 

The association o f visceral obesity is particularly evident in oesophageal adenocarcinoma 

(OAD) (Beddy et al., 2010), the incidence o f which has increased in Ireland by 48% between 

1994 and 2007 (National Cancer Registry Ireland, 2000-2005). This alarming rise in OAD mirrors 

the exponential increase in rates o f obesity, and it is imperative fo r both the prevention and 

treatm ent o f these diseases that the molecular mechanisms o f the ir association be delineated.

A seminal contribution to  the understanding o f mechanisms involved in cancer biology came 

w ith a published review identifying six hallmarks o f cancer, six essential changes to cell 

physiology both necessary and sufficient to give rise to carcinoma development. These 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 (Hanahan and Weinberg, 2000). More recently, a state o f 'smouldering' chronic 

sub-clinical inflammation has been identified as a seventh hallmark o f cancer (Colotta et al., 

2009). The aim o f this chapter was to delineate the role o f visceral obesity in modulation of 

these seven hallmarks o f cancer.

Proliferation in normal cell types is tightly controlled and deregulation o f this process is 

necessary fo r tumourigenesis to occur (Perego et al., 2010). This can be accomplished through 

autocrine or self-stimulated tum our growth, combined w ith  an acquired resistance o f tum our 

cells to anti-growth and apoptotic signals produced by neighbouring cells o f the tum our 

m icroenvironment (Hanahan and Weinberg, 2000). Levels o f growth factors such as insulin and 

IGF-1 are elevated in visceral obesity, together w ith grow th prom oting adipokines such as 

leptin (Roberts et al., 2009). W ith high circulating levels o f these grow th factors in obesity, the 

tum our can prime itself to  respond by expressing high levels o f receptors fo r these molecules, 

and both obesity and tum our stage have been associated w ith increased leptin receptor 

expression in oesophageal adenocarcinoma (Howard et al., 2010).
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In order fo r a tum our to grow beyond a certain size, de novo angiogenesis is required 

(Hanahan and Weinberg, 2000). A budding tum our quickly outgrows its blood supply, thus 

creating a hypoxic m icroenvironment. It has been demonstrated that pro-angiogenic factors 

such as VEGFA, induced by the development o f hypoxia in rapidly expanding tissue, can trigger 

the angiogenic switch, a fundamental mechanism by which a new blood supply is established 

to the growing tum our (Bergers et al., 2000). This process has been well characterised in 

tumourigenesis and has recently been proposed to occur during the process o f accumulation 

of excess adipose tissue in visceral obesity (Trayhurn et al., 2008). The development o f a 

systemic hypoxic environment in visceral obesity could therefore contribute to the creation of 

a milieu favourable fo r tumourigenesis. Invasion o f epithelial cells into the extracellular matrix 

is necessary fo r the establishment o f a new blood supply and proteolytic cleavage and 

degradation o f ECM is also necessary fo r invasion and metastasis o f tum our cells to occur 

(Liotta et al., 1991; Ludwig, 2005). Following ECM degradation by tum our cells, metastasis 

requires movement o f tum our cells through the basement membrane and epithelium into the 

blood stream and lymphatic system (Turpeenniemi-Hujanen, 2005). Oesophageal 

adenocarcinoma is associated w ith  early lymphatic and haematogenous dissemination 

(Lagarde et al., 2007) implying that pathways involved in tum our invasion and metastasis are 

o f particular significance.

Tumour recruitment o f macrophages, T lymphocytes and natural killer cells can produce a pro­

tum our immune phenotype associated w ith  the tum our m icroenvironment (Ruffell et al., 

2010). It is established tha t chronic inflammation can increase the risk o f cancer development, 

w ith H. pylori infection one o f the strongest risk factors fo r gastric cancer (Herrera and 

Parsonnet, 2009). Reflux o f gastro duodenal contents and consequential inflammatory 

responses are associated w ith  the development o f pre-malignant Barrett's oesophagus and 

promotion o f OAD (Duggan et al., 2010) through molecular changes such as activation o f pro- 

inflammatory transcription factor NFkB (Babar et al., 2010b). An inflam m atory phenotype, 

characterised by primary inflammatory cytokines such as IL-6 and TNF-a, is also often present 

in the tum our m icroenvironment o f tumours which are not epidemiologically related to 

inflammation (Colotta et al., 2009). This phenotype o f 'smouldering' inflammation is also 

associated w ith visceral obesity (Das, 2001; Weisberg et al., 2003) and thus visceral obesity 

contributes towards the development o f a state o f low grade systemic inflammation, providing 

a favourable environment fo r tumourigenesis.
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In order to  identify candidate pathways in this connplex area, Hum an Cancer Profiler qPCR 

arrays w ere utilised, measuring 84 genes involved in six pathways of carcinogenesis, 

representing the six hallmarks o f cancer (invasion, angiogenesis, apoptosis, cell cycle, signal 

transduction and adhesion). Although inflam m ation was not included as a separate category in 

these arrays, genes involved in in flam m ation, such as NFkB, w ere integrated throughout the  

six hallmarks o f cancer (Appendix V). This initial screen was follow ed by Affym etrix  

microarrays, measuring gene expression alterations across alm ost tw o  thirds o f the human  

genom e. M icroarray technology has been w idely and successfully used to  date in cancer 

research, including oesophageal adenocarcinom a, across m any areas such as progression from  

Barrett's oesophagus (Helm  et al., 2005; Kimchi e t al., 2005), neoadjuvant therapy response 

(Hartojo et al., 2010; Schauer et al., 2010), prognostic b iom arker discovery (Kalinina et al., 

2010), epigenetic regulation (Peng et al., 2009; Seder e t al., 2009) and microRNA signatures 

(M a th e  et al., 2009; Yang et al., 2009b) but has yet to  be applied to the  study of interactions  

betw een oesophageal adenocarcinom a and obesity. Com plex disease processes such as these 

involve deregulation o f m ultiple gene networks and m icroarray technology is well suited to this 

challenge, enabling reproducible and quantitative analysis o f thousands o f transcripts 

sim ultaneously (Lipshutz et al., 1999). Following a prelim inary screen of p ro-tum our pathways  

using Hum an Cancer Profiler Arrays, alterations in pathways of the six hallmarks of cancer 

w ere identified as possible candidates. Both to validate these prelim inary data, and to fu rther 

elucidate gene changes w ithin these complex pathways, high throughput m icroarray 

technology was subsequently em ployed. Together these techniques w ere used to uncover 

novel m olecular mechanisms behind the strong epidem iological association betw een  

oesophageal adenocarcinom a and obesity (Reeves et ai., 2007; Ryan et al., 2006).

5.2 Aims and objectives

The overall aim o f this chapter was to investigate the m olecular mechanisms by which visceral 

adiposity is linked to increased incidence and accelerated progression o f oesophageal 

adenocarcinom a. Gene expression alterations in the OE33 oesophageal adenocarcinom a cell 

line w ere  investigated following culture w ith  om ental adipose tissue from  viscerally obese 

oesophageal adenocarcinom a patients.

Specific objectives:

•  Identification o f altered pro-tum our pathways in oesophageal adenocarcinom a in 

response to exposure to om ental adipose tissue from  viscerally obese patients.

•  Dissection of candidate pathways to identify single gene alterations.
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•  Validation o f functional alterations in the tumourigenic phenotype o f oesophageal 

adenocarcinoma in response to treatm ent w ith omental adipose tissue and adipose 

tissue conditioned medium (ACM) from viscerally obese patients.
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5.3  Results

5.3.1 Co-culture of SGBS with oesophageal adenocarcinoma alters the expression 
of genes involved in pro-tumour pathways.

SGBS w ere dem onstrated to be a clinically relevant in vitro m odel, behaving both functionally  

and biochemically like m ature prim ary human adipocytes once d ifferentiated  (Chapter 3) 

(Fischer-Posovszky et al., 2008). Gene and pathw ay alterations in the OE33 oesophageal 

adenocarcinom a cell line w ere investigated following co-culture w ith  SGBS. OE33 cells w ere  

co-cultured in a non-contact system w ith  pre-d ifferentiated  SGBS, d ifferentiated  SGBS and 

control m edium  (as described in section 2 .3 .5). Following 24 hours, RNA was extracted from  

OE33 and gene expression changes w ere investigated using Human Cancer Profiler qPCR arrays 

(as described in section 2 .6 .11). Co-culture with both pre-d ifferentiated  and d ifferentiated  

SGBS generated an altered gene expression profile in OE33 with d ifferentiated  SGBS 

adipocytes inducing the most pronounced gene expression changes (Figure 5.1).

The Hum an Cancer Profiler array was used to measure d ifferential expression o f 84 genes in six 

biological pathways involved in tumourigenesis (Appendix V). Low expression genes amplifying  

later than 35 cycles w ere excluded from  the analysis and genes altered tw ofold  or m ore w ere  

selected fo r fu rther investigation. Gene expression changes in OE33 following co-culture w ith  

both pre-d ifferentiated  and d ifferentiated  SGBS w ere found to be evenly distributed betw een  

cell cycle (32.5% ), invasion (37.5% ) and apoptosis (30.5% ) pathways, w ith no alterations in cell 

signalling, adhesion or angiogenesis pathways (Figure 5.2). Following co-culture w ith pre­

d ifferen tia ted  SGBS, cell cycle regulator ataxia telangiectasia m utated (ATM ) was down  

regulated tw ofold  in OE33, while p53 target and negative feedback inhibitor M D M 2  was down  

regulated 2.7 fold. M atrix  m etalloproteinase 2 (M M P 2 ) was up regulated over 4 fold and non­

m etastatic cells 4 (N M E4) was down regulated 3 fold. Tum our necrosis factor receptor super 

fam ily lA  (TNFRSFIA) was up regulated over 120 fold while TNFRSF25 was down regulated  

over 4 fold. Following co-culture with d ifferentiated  SGBS, gene changes w ere m ore  

pronounced, w ith  M D M 2  down regulated by alm ost 4 fold and M M P 2  and TNFRSFIA up 

regulated by over 10 fold and 200 fold, respectively (Table 5.1).

Based on the results o f these arrays, indicating gene expression alterations in oesophageal 

adenocarcinom a following co-culture w ith both pre-d ifferentiated  and differentiated SGBS 

adipocytes, gene expression changes in OE33 w ere  exam ined in response to co-culture w ith  

prim ary human om ental adipose tissue and adipocytes.
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Figure 5.1: Changes in g en e  expression  profiles in OE33 follow ing 24 hour co-culture w ith  p re ­

d iffe ren tia ted  (A) and  d iffe ren tia ted  SGBS (B) analysed using Hum an Cancer Pathw ay Finder arrays. 

Fold changes in gene  expression  w ere  calcu lated  using th e  Ct m ethod .
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Figure 5.2: Alterations in pro-tumour pathways in the OE33 oesophageal adenocarcinoma cell line 

following 24 hour co-culture with pre-differentiated and differentiated SGBS. Overall pathway 

alterations were calculated based on the number of gene changes twofold or greater in each of the six 

pathways of carcinogenesis, measured by the Human Cancer Profiler array.

Table S.l: Fold changes in expression of genes altered in OE33 following co-culture with pre­

differentiated (A) and differentiated SGBS (B).

Gene Pathway Fold change (A) Fold change (B)

ATM Cell cycle -2 -1.2

MDM2 Cell cycle -2.7 -3.8

MMP2 Invasion 4.2 10.6

NME4 Invasion -3 -3.1

TNFRSFIA Apoptosis 123.3 233.4

TNFRSF25 Apoptosis -4.S 1.6

Fold changes were calculated relative to  OE33 treated w ith  control medium and changes o f greater than 
tw o fo ld  are in bold. Up regulated genes are highlighted in red w hile  down regulated genes are 
highlighted in blue.
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5.3.2 Omental adipose tissue increases the proliferative, migratory and invasive 
capacity of oesophageal adenocarcinoma via up regulation of MM P2, M M P9  
and PAI-1 and down regulation of tumour suppressors ATM and p53.

W ith SGBS demonstrated to  alter gene expression in OE33, it was investigated whether whole 

omental adipose tissue and adipocytes could also induce gene and pathway changes in OE33. 

Omental adipose tissue biopsies was obtained from viscerally obese male OAD patients (n=3) 

(anthropom etric details listed in Table 5.2) and adipocytes were isolated (as described in 

section 2.3.3). OE33 was co-cultured in a non-contact system w ith fragments o f whole omental 

adipose tissue, adipocytes and control medium (as described in section 2.3.6). Following 24 

hours, RNA was extracted from  OE33 and alterations in gene expression were investigated 

using Human Cancer Profiler qPCR arrays (as described in section 2.6.11).

The highest proportion o f genes d ifferentia lly expressed in oesophageal adenocarcinoma 

follow ing culture w ith  omental adipose tissue were involved in the invasion and metastasis 

pathway (34%) and cell cycle pathway (29%)(Figure 5.3). Two specific genes involved in the 

invasion and metastasis pathway, matrix metalloproteinase 9 (MMP9) and plasminogen 

activator inhibitor-1 (SERPINEl/PAI-1), were up regulated 42 and 5.5 fold, respectively. The 

tum our suppressor genes, ATM and p53, part o f the cell cycle pathway, were down regulated 

over tw ofo ld  (Table 5.3). Following culture o f OE33 w ith ACM, MMP9 and PAI-1 were up 

regulated by 4 and 4.9 fold, respectively while ATM and p53 were down regulated by 0.4 and 

1.5 fold, respectively. Following co-culture o f OE33 w ith adipocytes, MMP9 and PAI-1 were up 

regulated by 2.6 and 1.7 fold, respectively, while ATM and p53 were unchanged (Table 5.3).

Although co-culture w ith adipocytes resulted in d ifferentia l regulation o f gene expression in 

OE33, the greatest change in expression was observed follow ing co-culture o f OE33 w ith 

fragments o f whole omental adipose tissue and ACM. This finding suggests that gene 

alterations are mediated, at least in part, by secreted factors from  the adipose tissue stromal 

vascular fraction (SVF).

SGBS adipocytes, human primary adipocytes and human primary adipose tissue all altered the 

expression o f invasion, metastasis and cell cycle pathways in OAD. A selection o f candidate 

genes involved in these pathways was chosen fo r validation in a larger cohort o f co-cultured 

samples.
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Table 5.2: Anthropometric information for patients (n=3) analysed using Human Cancer Profiler array.

Sex Age Diagnosis W C(cm ) BMI VFA(cm^) MetS? Neoadj?

1 M  57 OAD 102 28 121 1 1

2 M  60 OAD 101 25 172 1 0

3 M  59 OAD 130 39 298 0 0

The International Diabetes Federation (IDF) cutoff o f W C>94 cm was used to define presence of visceral 
obesity. (WC=waist circumference, BMI=body mass index, VFA=visceral fat area, MetS=metabolic 
syndrome, Neoadj=neoadjuvant therapy)

adhesion 0%

signal 
transduction 14%

invasion and 
metastasis 

34% cell cycle 29% /

Figure 5.3; Alterations in carcinogenic pathways in OE33 following co-culture with whole adipose 

tissue fragments, ACM and adipocytes from viscerally obese oesophageal adenocarcinoma patients 

(n=3). Pathway changes were calculated from the number of gene changes twofold or greater in each 

of the six pathways of tumourigenesis measured by the Human Cancer Profiler array.

159



Table 5.3: Fold changes in expression of genes altered in OE33 following co-culture with whole 

adipose tissue fragments, ACM and adipocytes from viscerally obese OAD patients (n=3).

fat ACM adipocyte fat ACM adipocyte fat ACM adipocyte

MMP9 22.5 1.7 1.6 61.1 7.3 2.5 42.2 2.9 3.7

PAI-1 9.0 4.8 -2.8 3.8 2.9 -1.2 3.7 7.0 -1.1

p53 -2.7 -1.6 1.0 -1.6 -1.3 -1.1 -2.0 -1.7 -1.1

ATM -3.7 1.1 -1.1 -1.1 1.1 1.0 -1.4 -1.0 1.2

Fold changes were calculated relative to OE33 treated with control medium and changes greater than 
twofold are in colour. Up regulated genes are highlighted in red while down regulated genes are 
highlighted in blue.

5.3.2.1 Validations of Human Cancer Profiler arrays

Based on the results o f the arrays, a selection o f genes involved in the invasion and metastasis 

pathw ay (M M P 2 , M M P 9 , PAI-1) and cell cycle pathw ay (p53) w ere chosen for validation. The 

OE33 cell line was co-cultured w ith  adipose tissue and adipocytes from  OAD patients (n=12) 

(Table 5.4) (as described in section 2 .3 .6). A fter 24 hours, RNA was extracted and gene 

expression was investigated by quantitative qPCR (as described in section 2 .6 .9 .2). The role of 

these four genes has been well docum ented in wide range o f cancer types (Curran et al., 2004; 

Hanahan and W einberg, 2000; Sakakibara et al., 2005; W hib ley et al., 2009) how ever they are 

all novel targets in the  context o f obesity and cancer.

Gene expression o f these candidates validated the findings o f the array, with significant 

alterations induced in OE33 following co-culture w ith adipose tissue (Figure 5.4). Expression of 

M M P 9  was increased over 4000  fold (p<0.01), PAI-1 was increased 10 fold (p<0.0001), while  

expression of p53 was decreased alm ost tw ofold  (p<0.05). Expression of M M P 2  was induced 

over 200  fold. Following co-culture o f OE33 w ith adipocytes, an increase in expression of 

M M P 2, M M P 9  and PAI-1 and a decrease in expression o f p53 was observed, how ever these  

expression changes w ere not statistically significant. This finding fu rther substantiated the  

hypothesis that gene alterations are predom inantly m ediated by secreted factors from  the  

adipose tissue SVF.
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Upon examination o f additional clinical paranneters, no difference was observed in candidate 

gene expression in OE33 w ith  respect to sex, obesity, nnetabolic syndrome or neoadjuvant 

therapy status.

Table 5.4; Anthropometric information on oesophageal adenocarcinoma patients (n=12) for validation 

of the Human Cancer Profiler array.

No. subjects 12

Sex (m al«), n{96)

Age at surgery, m ean ( range) 

Dtagnosi-s

Waist circumference (cm ), mean (range) 

BMI, mean (range)

VFA (cm^), m ean (range)

Metabolic syndrome, n { % )

Neoadjuvant therapy, r̂  { % )

10(83.3)

60.2(55-69)

OAD

103.8(81-130) 

30(22-39)

206 (42.5-383.0) 

7(58 .3 )

6 (5 0 )

{B MI=body mass index, VFA=visceral fat  area)
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Figure 5.4: Validations of Human Cancer Profiler arrays (n=12) carried out by quantitative qPCR. Data 

are expressed as mean ± SEM. Statistical analysis was performed using a paired student's t-test 

(#p<0.001, **p<0.01, *p<0.05 between control and whole fat groups).
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5.3.2.2 Co-culture of oesophageal adenocarcinoma with omental adipose tissue up 

regulates protein expression of MMP2, MMP9 and PAI-1 and down 

regulates protein expression of p53.

Following va l idat ion  o f  t h e  a r ray s  a t  t h e  nriRNA level,  p ro te in  e x p r e s s io n  o f  ident i f i ed  c a n d i d a t e  

g e n e s  w a s  e x a m i n e d  in o e s o p h a g e a l  a d e n o c a r c i n o m a .  OE33 a n d  0 E 1 9  w e r e  cu l t u r ed  for  24 

h o u r s  wi th  ACM con ta in ing  w h o l e  ad i p o s e  t i s sue  f r a g m e n t s  f ro m  m a le  visceral ly o b e s e  OAD 

p a t i e n t s  (n=3) (as d es c r ib ed  in se c t ion  2.7.1) .  Tota l  p ro te in  w a s  e x t r a c t e d  a n d  inv es t iga ted  by 

W e s t e r n  ana lys i s  (des c r i bed  in sec t io n  2.7) a n d  gela t in  z y m o g r a p h y  (des c r i bed  in sec t ion

2.7.9) .  A l te red  p r o t e i n  ex pr e ss io n  o f  MIVIP2, IVIIVIP9, PAI-1 a n d  p 5 3  in OE33 a n d  0 E 1 9  in 

r e s p o n s e  t o  co -c u l t u r e  wi th  a d i p o s e  t i s sue  c o n f i r m e d  t h e  r e su l t s  o f  t h e  ar rays .

Express ion o f  t u m o u r  s u p p r e s s o r  p53,  ind ica ted  by a b a n d  a t  53 kDa, w a s  d e c r e a s e d  tw of o ld  in 

OE33 cells in r e s p o n s e  t o  co -c u l t u r e  wi th  ad i p o s e  t i s s ue  (Figure 5.5,  5.6).  T u m o u r  s u p p r e s s o r  

p53  w a s  u n d e t e c t a b l e  by W e s t e r n  analysi s in 0 E 1 9  cells (Figure 5.5).  PAI-1 w a s  u n d e t e c t a b l e  in 

OE33 a n d  0 E 1 9  con t ro l s ;  h o w e v e r  it w a s  s t rong ly  in du c ed  in b o t h  cell l ines in r e s p o n s e  to  c o ­

cu l tu r e  wi th  a d i p o s e  t i s sue,  ind ica ted  by a b an d  a t  43  kDa (Figure 5.5).  M M P 9  ex pr e ss io n  was  

in d u c e d  in OE33 a n d  0 E 1 9  fol lowing co-c u l t u r e  wi th  a d i p o s e  t i s sue ,  ind ica ted  by p r e s e n c e  of  

b a n d s  a t  83 kDa a n d  92 kDa co r r e s p o n d i n g  to  ac t ive  a n d  p r o - M M P 9 ,  r espec t ively .  Bands  a t  

lo w e r  m o le c u l a r  w e i g h t s  ind ica te  add i t iona l  ac t ive  f o r m s  a n d  c l ea va g e  p r o d u c t s  o f  MM P 9  

(Sh im o k aw a  Ki e t  al., 2002)  (Figure 5.5).  The induc t ion  o f  p r o - M M P 9  r e a c h e d  s tat ist ical  

s igni f icance in OE33 fol lowing co -c u l tu re  wi th  a d i p o s e  t i s s ue  f r a g m e n t s  (p<0.05)  (Figure 5.6).

Using ge la t in  z y m og ra p hy ,  M M P  g e la t i n as e  act ivi ty w a s  a s s e s s e d  in OE33 a n d  0 E 1 9  fol lowing 

24  h o u r  cu l t u r e  wi th  con t ro l  m e d i u m  a n d  a d i p o s e  t i s s ue  f r a g m e n t s  (as de s c r ib e d  in se c t ion

2.7.9) .  This t e c h n i q u e  involves e l e c t r o p h o r e s i s  o f  p ro te in  s a m p l e s  t h r o u g h  a ge la t i n -c on ta in in g  

SDS Page gel.  R e n a t u ra t i o n  o f  pro  a nd  ac t ive  g e l a t i n a se s  fol lowing  size s e p a r a t i o n  al lows 

d ig e s t i on  o f  t h e  gela t in  s u b s t r a t e  co r r e s p o n d i n g  t o  t h e  m o le c u l a r  w e i g h t  o f  t h e  M M P  iso fo rm,  

t h u s  ident i fying M M P  activity.  Fol lowing a d i p o s e  t i s sue  co -cu l tu re ,  b a n d s  o f  e nz y m a t i c  activi ty 

w e r e  d e t e c t e d  a t  92 kDa, co r r e s p o n d i n g  to  p r o - M M P9 ,  a n d  a t  62 kDa, c o r r e s p o n d i n g  to  act ive 

M M P 2  (Figure 5.7),  whi le  t h e r e  w a s  an  a b s e n c e  o f  ge l a t i n a se  act ivi ty in b o th  OE33 a n d  0 E 1 9  

con t ro l s .
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Together these data dem onstrate increased expression of key players in tum our m igration and 

invasion, M M P 9  and PAI-1, to g eth er w ith  decreased expression o f tum our suppressors, 

notably p53 and ATM .

r
MMP9 92kDa-^

83kDd >

lower bands indicate 

active forms of MMP9

OE33 control OE33+adiposetissue 0E19 control OE19 + adiposetissue

— i   1______■ir 1 r ir

rW.

PAI-1 43kDa

p53 53kDa^

3-actin 42 kDa

Figure 5.5; M M P 9, PAI-1 and p53 expression in protein isolated from  OE33 and 0E 19 fo llow ing 24  

hour co-culture w ith  w hole adipose tissue fragm ents (n=3) and control m edium  (n=3). All blots w ere  

stripped and re-probed for p-actin to  normalise for loading differences.
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Figure 5.6: Densitometric analysis of MM P9 (A) and p53 (B) expression in protein isolated from OE33 

and 0E19 oesophageal adenocarcinoma cell lines following 24 hour co-culture with omental adipose 

tissue (n=3) and control medium (n=3). Data are expressed as mean ± SEM. Statistical analysis was 

performed using a paired student's t-test (*p<0.05).
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Figure 5.7: Matrix metalloproteinase activity in 0E33 (A) and 0E19 (B) oesophageal adenocarcinoma 

follow/ing 24 hour co-culture with adipose tissue (n=3) and control medium (n=3). Pre-stained protein 

ladder was used to determine band size and collagenase F was loaded as a positive zymography 

control (far right lane). Dark bands, present in the positive control and adipose tissue treated samples, 

represent areas of gelatinase activity, visualised by Coomassie blue staining.
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5.3.2.3 Omental adipose tissue increases the migratory and invasive capacity of 

oesophageal adenocarcinoma.

Following validation o f array results at both the mRNA and protein level, the effect of 

alterations o f identified candidate genes on cell function was examined. M igratory and 

invasive capacity was examined by measuring the capacity o f OE33 to move out o f a porous 

chamber (coated w ith extracellular matrix (ECM) in the case o f the invasion assay) into a 

reservoir containing ACM from  viscerally obese (n=15) and non obese (n=14) OAD patients (as 

described in section 2.17 and 2.18).

Following 24 hour culture, ACM from viscerally obese and non obese patients increased the 

migratory capacity o f oesophageal adenocarcinoma by 120% and 63%, respectively, while ACM 

from viscerally obese and non obese patients increased the invasive capacity by 54% and 70%, 

respectively, relative to control medium (Figure 5.8). Only ACM from  viscerally obese OAD 

patients induced a significant increase (p<0.0001) in OE33 migration while ACM from  both 

viscerally obese and non obese OAD patients induced significant increases (p<0.05) in OE33 

invasion.

These findings demonstrate that visceral adipose tissue, particularly from  viscerally obese 

patients; can increase the m igratory capacity o f OAD. These data thereby identify a potential 

biological mechanism responsible fo r the association o f visceral obesity and OAD, contributing 

to the aggressive nature o f this disease (Beddy et al., 2010; Lagarde et al., 2007). The Human 

Cancer Profiler array, although lim ited in size to 84 genes, provides a prelim inary indication of 

pro-tum our pathways altered in response to treatm ent w ith  adipose tissue. In light o f these 

promising initial results, the study was expanded using A ffym etrix microarray technology.
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Figure 5.8: Culture with adipose tissue conditioned medium (ACM) resulted in increased migratory 

and invasive capacity of OE33. OE33 oesophageal adenocarcinoma was treated with ACM from 

viscerally obese (n=15) and non obese (n=14) OAD patients for 24 hours and the number of cells which 

migrated/invaded through the membrane was assessed coiorimetrically. Data are expressed as mean 

± SEM. Statistical analysis was performed using a paired student's t-test (#p<0.0001, *p<0.05).
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5.3.3 Omental adipose tissue increases the aggressive phenotype of oesophageal 
adenocarcinoma via up regulation of glycolysis, focal adhesion and epithelial 
mesenchymal transition pathways.

Based on the findings o f the Human Cancer Profiler arrays, the study was expanded and the 

effect o f co-culture o f omental adipose tissue and adipocytes from viscerally obese male OAD 

patients (n=6) on OE33 was investigated using the A ffym etrix Human Genome U133 Plus 2.0 

Array. This array is one o f the most comprehensive to date, covering approximately two thirds 

o f the human genome (www.affvm etrix.com ) and the arrays used in this project were custom- 

designed by the European Nutrigenomics Organisation (NuGO) to include a number of 

nu trition  and obesity related genes. RNA was extracted from OE33 follow ing co-culture w ith 

adipose tissue, adipocytes and control medium, assessed for purity and integrity, and run on 

A ffym etrix arrays w ith  Service XS (Leiden, The Netherlands) (as described in sections 2.6.1, 

2.6.4, 2.6.5, 2.6.12). Data were analysed in collaboration w ith  bioinformatician Ms. Melissa 

Morine (Prof. Helen Roche, Nutrigenomics Research Group, Conway Institute, UCD) using 

predefined scripts and flexible programming w ith  the R software environment fo r statistical 

computing (described in section 2.6.12.2).

5.3.3.1 Affymetrix array quality control

It is imperative to the success o f a microarray experiment tha t sufficient quality control checks 

are carried out after each stage o f the sample isolation, sample hybridisation and array 

analysis process. All RNA samples processed on A ffym etrix microarrays had an RNA integrity 

number (RIN) > 9 and a 260/280 purity ratio > 1.65 (Bioanalyser and Nanodrop results listed in 

Appendix V). These quality control parameters were investigated on site before sending 

samples to Service XS (as described in section 2.6.4 and 2.6.5), and again by Service XS upon 

receipt o f the samples. Comprehensive quality control o f Affym etrix data were subsequently 

carried out using the R software environment (as described in section 2.6.12.1) (results listed 

in Appendix V). All arrays passed these quality control tests and all samples were therefore 

included in bioinform atic analysis.

5.3.3.2 Analysis of Affymetrix microarray data.

Of the to ta l number o f transcripts tested on the array, 50-55% o f transcripts were detectable 

in OE33 follow ing co-culture w ith adipose tissue and adipocytes. Clustering heat map analysis 

showed tha t OE33 co-cultured w ith whole adipose tissue (l-6_w ) clustered together. OE33 co­

cultured w ith  adipocytes (l-6_a) and OE33 cultured w ith  control medium (7-10_c) clustered 

together, suggesting little  difference in transcript expression between these tw o groups
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(Figure 5.9). This finding fu rther confirms the hypothesis that secreted factors from  adipose 

tissue SVF play a more im portant role alteration o f gene expression in tum our cells than the 

adipocytes themselves.

Levels o f individual transcripts significantly altered between groups were selected using 

LIMMA (linear models in microarray) from the R library o f functions, w ith  p values adjusted for 

multiple testing (adj p) (as described in section 2.6.12.2). Gene set enrichment analysis (GSEA) 

was used to discover altered pathways in response to culture w ith adipose tissue (Figure 5.10) 

(as described in section 2.6.12.2). The top five altered pathways, ranked by the number of 

gene changes (adj p<0.1), were selected for fu rther investigation; these were glycolysis, 

cytokine signalling, JAK-STAT signalling, focal adhesion and cell junction pathways (Table 5.5). 

The Kyoto Encyclopaedia o f Genes and Genomes (KEGG) database was used to  visualise 

individual transcript alterations w ith in selected biological pathways (Figures 5.11 -  5.13). Ten 

transcripts were selected from these pathways for subsequent validations at mRNA and 

protein level. Overall pathway alterations were subsequently examined using functional 

assays.
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Figure 5.9; Clustering heat map of genes in the highest 5% of variance. Labels show patient numbers 

and treatm ent (w=whole adipose tissue, a=adipocytes, c=control medium). OE33 samples following 

co-culture with whole adipose tissue cluster together while OE33 samples following co-culture with 

adipocytes and control medium cluster together.
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Figure 5.10; Pathway alterations (KEGG) in OE33 following co-culture with adipose tissue fragments. 

Filled boxes represent unidirectional pathway alterations while partly filled boxes represent 

bidirectional enrichment. Yellow boxes represent up regulated pathways while blue boxes represent 

down regulated pathways.
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Table 5.5: Pathway alterations in OE33 following co-culture with omental adipose tissue from 
viscerally obese OAD patients (n=6) identified by GSEA analysis.

Pathway Raw t value No. gene changes No. gene changes (ad j.p<0.l)

Glycolysis/

Gluconeogenesis

Cytokine-cytokine  

receptor interaction

Jak-STAT signaling 

pathway

7.9

10.0

6.8

50

196

107

Focal adhesion 12.3 153

Cell junctions 6,8 104
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5.3.4 Comparison of Human Cancer Profiler and Affymetrix array results

Although the patients differed, the experimental setup was identical between Human Cancer 

Profiler and Affym etrix arrays and therefore the genes and pathways identified by these two 

different array platforms were compared. The Human Cancer Profiler measured 84 genes 

involved in six pathways o f tumourigenesis while the Affym etrix array measured gene 

alterations across tw o thirds o f the human genome. Therefore the m ajority o f genes tested on 

the Affym etrix array were not tested on the Human Cancer Profiler array. In addition, as the 

A ffym etrix array investigates expression o f thousands o f genes and so the statistical 

adjustments fo r multiple testing are far more stringent. The Human Cancer Profiler array is 

therefore more sensitive to subtle yet significant gene alterations. The Human Cancer Profiler 

qPCR arrays were validated by the Affymetrix microarrays, w ith  down regulation o f tum our 

suppressors p53 and ATM and up regulation o f PAI-1 found in both arrays (Table 5.6). Although 

significant alterations in MMP expression were not observed using A ffym etrix microarray, this 

high throughput technology may not be sensitive enough to pick out subtle changes in gene 

expression. SerpinEl (PAI-1), unchanged follow ing culture o f OE33 w ith SGBS, but up regulated 

in OE33 by omental adipose tissue, was identified by both the Human Cancer Profiler array and 

the Affym etrix microarray, although this change did not quite reach significance by Affymetrix 

(adj p<0.07). Serine proteases serp\nA3, serpinB6, serpinB9, serpinE2 were also up regulated 

according to the Affymetrix microarray, however these targets were not measured by the 

Human Cancer Profiler Array (Table 5.6).

Table 5.6: Summary of Human Cancer Profiler qPCR array and Affymetrix microarray results.

Gene Cancer pathway array 

SGBS

Cancer pathway array 

omentum

Affymetrix microarray 

omentum

ATM Down reg j ated Down regulated Down re fla te d

P53 Nocnange Dovi/n regulated Down regulated

M MP2 Up regulated Up regulated >Jo change

MMP9 Nociange Up regulated No change

P A H Noc^iange Up regulated Up regulated
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5.3.4.1 Validation of Affymetrix microarrays

Based on th e  results  of th e  Human Cancer Profiler arrays and th e  highest ranked pa thw ays  

identified by Affymetrix microarrays, te n  cand ida te  genes  from pathw ays involved in cytokine 

signalling and  tu m o u r  adhes ion , invasion, migration and m etas tas is  w ere  se lec ted  for 

validation by qPCR in OE33 following co-culture  with ad ipose  tissue and ad ipocytes from OAD 

pa tien ts  (as described  in section 2.6.9.2). These gene  ta rg e ts  w ere  used to  carry ou t  a technical 

validation of  th e  arrays in th e  identical coh o r t  o f  sam ples  (n=6), in addition to  a biological 

validation of th e  array  results in a se p a ra te  cohort  of sam ples  (n=14).

The g e n e s  chosen  for validation w ere  integrin alpha 3 (ITGA3), laminin g am m a 2 (LAMC2), 

laminin be ta  3 (LAMB3), sec re ted  phosp h o p ro te in  1 (SPPl), sem aphorin  4B (SEMA4B), SlOO 

calcium binding pro te in  A8 (S100A8), chem okine  (CXC motif) ligand 5 (CXCL5), p ro -p la te le t  

basic p ro te in  (CXCL7) (PPBP), snail hom ologue  2 (SNAI2) and CTD (carboxy-terminal dom ain , 

RNA po lym erase  II, po lypeptide  A) small phosphatase-like  (CTDSPL).

Candidate  g en e  expression m easu red  by qPCR in th e  sam e  cohort o f  sam ples  technically 

validated th e  microarray. Expression of ITGA3 w as up regula ted  by 2.5 fold (p<0.02), LAMC2 by 

tw o  fold (p<0.03), LAMB3 by 2.7 fold (p<0.1), SPPl by 40 fold (p<0.03), SEMA4B by 2.7 fold 

(p<0.009), S100A8 by 60 fold (p<0.07), CXCL5 by 500 fold (p<0.01), PPBP by 30 fold (p<0,07), 

SNAI2 by tw o  fold (p<0.04) and CTDSPL dow n regulated  by tw o  fold (p<0.004) in OE33 in 

re sponse  to  cu ltu re  with w hole  ad ipose  tissue (Figure 5.14). No significant a l te ra tions in g ene  

expression w e re  observed  following co-culture  with adipocytes, as observed  following both  

Human Cancer Profiler and Affymetrix arrays.

The validation in th e  in d e p e n d e n t  sam ple  cohort  (n=14) show ed  ITGA3 to be up regu la ted  by 

over  th r e e  fold (p<0.0004), LAMC2 by over tw o  fold (p<0.04), LAMB3 by over five fold 

(p<0.002), S P P l by a lm ost  2000 fold (p<0.004), SEMA4B by 3.7 fold (p<0.005), S100A8 by over 

1000 fold (p<0.3), CXCL5 by over 10,000 fold (p<0.09), PPBP by a lm ost 1000 fold (p<0.08), 

SNAI2 by o v e r  seven  fold (p<0.004) and CTDSPL dow n regula ted  by tw o  fold (p<0.01) in OE33 

in re sp o n se  to  culture  with w hole  ad ipose  t issue (Figure 5.15). No significant a l te ra t ions  in 

g ene  expression  w ere  obse rved  following co-culture with adipocytes. Expression of  all ten  

transcrip ts  w as  found to  be a l te red  in th e  sam e  direction as found  in th e  arrays; how ever  

expression changes  o f  CXCL5, PPBP and S100A8 did no t reach statistical significance and  w ere  

th e re fo re  d ro p p e d  from  th e  list o f  cand ida tes  for fu r the r  investigation.
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G e n e  ex pr e ss io n  o f  SNAI2 w a s  significant ly up  re g u la te d  in OE33 fol lowing co-c u l t u r e  wi th 

a d i p o s e  t i s s ue  (p<0.0004) .  SNAI2 ac t s  via t r ansc r ip t ion a l  r e p r e s s i o n  o f  E-cadher in  to  induce  

epi thel i al  m e s e n c h y m a l  t r ans i t ion  (EMT), playing a key role  in t u m o u r  mig ra t io n  a nd  invas ion 

(Alves e t  al., 2009) .  H ow eve r ,  t h e r e  w a s  no  c h a n g e  in E-cadherin  ex p r e ss io n  in OE33 fol lowing 

co-c u l t u r e  wi th  a d i p o s e  t i s s ue  (n=10)  (Figure 5.16),  a n d  so it is poss ible  t h a t  SNAI2 is n o t  

func t iona l ly  act ive  in this  e x p e r i m e n t a l  m o de l ,  o r  t h a t  it f un c t io ns  i n d e p e n d e n t l y  o f  E-cadher in.

As VEGFA levels w e r e  f o u n d  to  b e  e l e v a te d  in visceral  ACM a n d  ci rculat ing levels o f  VEGFA 

w e r e  d e m o n s t r a t e d  to  be  r ai sed in visceral  obes i ty ,  g e n e  ex p r e ss io n  o f  th is  p ro -a ng i oge n i c  

cy tok ine  w a s  e x a m i n e d  in OE33 fol lowing co- cu l tu re  wi th  a d i p o s e  t i s sue .  VEGFA w a s  ident i f ied  

by Affymetr ix  a r ray  to  b e  up  re g u la te d  in OE33 fol lowing co - c u l tu r e  wi th  a d i p o s e  t i s sue,  

a l th o u g h  this  e f fec t  w a s  n o t  s igni f icant  (Figure 5.13).  VEGFA g e n e  ex p r e ss io n  in OE33 inc re as e d  

25 fold fo l lowing co-c u l t u r e  wi th  ad i p o s e  t i s sue  (n=10),  h o w e v e r  this  c h a n g e  did n o t  r eac h  

s tat is t ical  s igni f icance (Figure 5.17).

In o r d e r  to  conf i rm t h e  h y p o th e s i s  t h a t  g e n e  a l t e r a t io n s  w e r e  in d u c e d  p r e d o m i n a n t l y  by 

f ac to r s  s e c r e t e d  by ad i p o s e  t i s s ue  SVF, OE33 a n d  0 E 1 9  cells w e r e  c u l tu r e d  wi th  ACM f rom  

visceral ly o b e s e  o e s o p h a g e a l  a d e n o c a r c i n o m a  p a t i e n t s  (n=10) (as  d e s c r ib e d  in sec t io n  2.3.7),  

a n d  g e n e  ex p r e ss io n  a l t e r a t io n s  w e r e  m e a s u r e d  by qPCR (as d e s c r ib e d  in se c t ion  2.6.9).  

Express ion o f  LAMC2 w a s  in c re as e d  3 fold in b o th  OE33 (p<0.01)  a n d  0 E 1 9 ,  ex p r e ss io n  of  

SNAI2 w a s  in c re as e d  11 fold in OE33 (p<0.01)  a n d  5 fold in 0 E 1 9  a n d  ex p r e ss io n  o f  CTDSPL w as  

d e c r e a s e d  tw o fo ld  in b o t h  OE33 a n d  0 E 1 9  (p<0 .0001)  (Figure 5.18).  Co-cu l tu re  wi th  ACM and 

co-c u l t u r e  wi th  w h o l e  a d i p o s e  t i s sue  t h e r e f o r e  in du c ed  c o m p a r a b l e  g e n e  ex pr e ss io n  cha ng es ,  

conf i rming t h a t  f a c to r s  s e c r e t e d  by SVF a r e  r e sp ons ib le  fo r  g e n e  a l t e r a t io n s  in OAD. ACM c o ­

cu l tu r e  w a s  s u b s e q u e n t l y  u s e d  to  ca r ry  o u t  funct ional  va l ida t ions  o f  t h e  Affymetr ix  mic r oa r ray  

resul t s .
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Figure 5.14: Technical validations of Affymetrix microarrays (n=6) carried out by quantitative qPCR. 

Data are expressed as mean ± SEM. Statistical analysis was performed using a paired student's t-test 

(#p<0.001, **p<0.01, *p<0.05).
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Figure 5.16: E-cadherin expression in OE33 oesophageal adenocarcinoma following co-culture with 
adipose tissue fragments (n=10). Data are expressed as mean ± SEM. Statistical analysis was 
performed using a paired student's t-test.
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Figure 5.17: VEGF expression in OE33 oesophageal adenocarcinoma following co-culture with adipose 

tissue fragments (n=10). Data are expressed as mean ± SEM. Statistical analysis was performed using a 

paired student's t-test.
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Figure 5.18: Validations of Affymetrix microarrays in OE33 and 0E19 oesophageal  adenocarc inom a 

following 24 hour t r e a tm e n t  with ACM from viscerally obese  pa t ien ts  (n=10) carried o u t  by 

quantita tive  qPCR. Data are  expressed as m ean  ± SEM. Statistical analysis w a s  perfo rm ed  using a 

paired s tu d e n t 's  t- te s t  (***p<0.0001, **p<0.001, *p<0.05).
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5.3.4.2 Omental adipose tissue increases rate of glycolysis in oesophageal 

adenocarcinoma.

Glycolysis w a s  ident i f i ed  t o  b e  t h e  h ig hes t  r ank ed  up r e gu la te d  p a t h w a y ,  co n ta in i ng  t h e  

g r e a t e s t  n u m b e r  o f  a l t e r e d  individual  t r ans c r ip t s  in OE33 fol lowing co-c u l t u r e  w i th  ad i p o se  

t i s sue.  M e m b e r s  o f  t h e  glycolysis p a t h w a y  hexok i nas e  1, g luco se  p h o s p h a t e  i s o m er as e ,  6- 

p h o sp h o f ru c to - 2 -k i n a se  a n d  p h o s p h o g l y c e r a t e  k inase  1 w e r e  all significant ly up  r e g u la te d  in 

o e s o p h a g e a l  a d e n o c a r c i n o m a  in r e s p o n s e  to  cu l tu r e  wi th  a d i p o s e  t i s sue  (adj  p<0.05) ,  whi le  

f ru c to se  b i s p h o s p h a t e  a l do la se  C, t r i o s e p h o s p h a t e  i som er i se  1, e n o l a s e  2 a n d  l ac ta t e  

d e h y d r o g e n a s e  C w e r e  all n e a r  significant ly up  r eg u l a te d  (adj  p<0.1) .  SLCA16A3, a 

monoc arbo xy l i c  acid t r a n s p o r t e r  involved in expo r t in g  l a c ta t e  f ro m  t h e  cell, w a s  significant ly 

up  reg u l a te d  (adj p<0.05) .  To inv es t iga te  ad i p o se  t i s sue in du c ed  a l t e r a t io n s  in t h e  r a t e  of  

glycolysis,  l acta te ,  t h e  e n d  m e t a b o l i t e  o f  t h e  glycolysis p a t h w a y ,  w a s  qu an t i f i ed  in co - cu l tu re  

s u p e r n a t a n t s  (as d e s c r ib e d  in se c t i on  2.13).  Lac ta te  levels w e r e  in c re as e d  in OE33 in r e s p o n s e  

to  co -cu l tu re  wi th  a d i p o s e  t i s sue  f ro m  visceral ly o b e s e  a n d  n on  o b e s e  p a t i e n t s  by 1.5 a n d  2 

fold,  r espect ively.  This e f f ec t  r e a c h e d  stat is t ical  s ignif icance in OE33 fol lowing co-c u l t u r e  wi th  

ad i p o s e  t i s sue f ro m  visceral ly o b e s e  o e s o p h a g e a l  a d e n o c a r c i n o m a  p a t i e n t s  (p<0.0001)  (Figure 

5.19).  This f inding highl ights  t h e  p r o p e n s i t y  o f  t u m o u r  cells to  p re fe ren t i a l ly  util ise t h e  

glycoysis p a t h w a y  o v e r  ox ida t ive  p ho sp h o r y la t io n .  As glycolysis is a relat ively ineff icient  

p a t h w a y  in t e r m s  o f  e n e r g y  p ro du c t io n ,  t u m o u r  cells a r e  f o r c ed  to  c o m p e t e  for  l imited 

n u t r i e n t s  by inc reas ing t h e  r a t e  o f  this  p a t h w a y  (Kelloff e t  al., 2005) .  Hy perg lyc aemia  is a 

c o m m o n  m e ta b o l i c  d i s o r d e r  in visceral  ob es i ty  (Fe dera t ion ,  2006)  a n d  wi th  t u m o u r  cells 

p r im e d  to  r e s p o n d  to  t h e s e  high c i rculat ing levels o f  g lucose ,  th is  cou ld  b e  o n e  po te n t i a l  

m e c h a n i s m  w h e r e b y  visceral  ob e s i t y  could c o n t r i b u te  t o  e n h a n c e d  t u m o u r  g ro wt h .
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Figure 5.19: Lactate concentration in supernatant of OE33 oesophageal adenocarcinoma following 24 

hour co-culture with omental adipose tissue from viscerally obese (n=15) and non obese (n=9) 

patients, or control medium (n=5). Data are expressed as mean ± SEM. Statistical analysis was 

performed using one way analysis of variance (ANOVA) with Tukey multiple comparisons post test 

(***p<0.0001).
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5.3.4.3 Integrin mediated cell adhesion is altered in oesophageal adenocarcinoma 

following co-culture with adipose tissue.

Gene expression of integrin a3, a5 and a6 subunits was found to be increased in OE33 

following co-culture with adipose tissue. Protein expression of integrin subunits a3, a5 and a6 

(ITGA3, 5, 6) in oesophageal adenocarcinoma was investigated by flow cytometry (described in 

section 2.11). OE33 and 0E19 were cultured for 24 and 48 hours in ACM (prepared as 

described in section 2.3.2), labelled with fluorescently labelled antibodies against ITGA3, A4 

and A5 and fluorescence intensity was determined by flow cytometry (described in section 

2 . 11).

In 0E19 expression levels of ITGA3 (p<0.01) and ITGA6 (p<0.05) were significantly increased 3 

and 2 fold, respectively, following 48 hour co-culture with ACM. There was no significant 

change in ITGA5 expression in 0E19 following culture with ACM. Although levels of ITGA3 and 

ITGA5 were increased in 0E19 following 24 hour co-culture with ACM, these alterations did 

not reach statistical significance (Figure 5.20). In OE33, contrary to validated Affymetrix results, 

protein levels of ITGA3 (p<0.01), A5 (p<0.0001) and A6 (p<0.01) were found to be significantly 

down regulated following 24 hour co-culture with ACM, while levels were unchanged following 

48 hour co-culture (Figure 5.20). This apparently conflicting result could be attributable to 

several factors. Firstly, increased mRNA expression of these integrin a subunits may not be 

translated to the protein level in OE33. Secondly, expression of specific integrin subunits has 

been demonstrated to vary according to tissue origin, tumour histology and stage of 

progression (Guo and Giancotti, 2004). OE33 are derived from a poorly differentiated 

pathological stage IIA oesophageal adenocarcinoma while 0E19 are derived from a moderately 

differentiated stage III tumour of the oesophageal gastric junction (Pierini et al., 2008). 

Decreased integrin expression in OE33 highlights the inherent differences between OE33 and 

0E19 cell lines, derived from patients with different tumour histology and stage. Thirdly, the 

acquisition of a migratory phenotype in OE33 following 24 hour culture with ACM together 

with down regulation of ITGA3, A5 and A6 at this time point could imply an important 

contribution of other integrins, of which 24 exist in total (Guo and Giancotti, 2004). Together 

these data indicate altered expression of integrins in oesophageal adenocarcinoma following 

co-culture with omental adipose tissue. Increased integrin expression in 0E19 could indicate a 

mechanism by which adipose tissue increases the migratory capacity of oesophageal 

adenocarcinoma.
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Figure 5.20; Expression of integrin subunits a3, a5 and a6 in OE33 and 0E19 oesophageal 

adenocarcinoma following 24 and 48 hour culture with ACM (n=5). Data are expressed as mean ± 

SEM. Statistical analysis was performed using a paired student's t-test (***p<0.0001, **p<0.001, 

*p<0.05).

187



5.3.5 The focal adhesion pathway is altered in oesophageal adenocarcinoma in 
response to culture with adipose tissue.

The effect of altered integrin subunit expression on the dow nstream  focal adhesion signalling 

pathway was exam ined. OE33 and 0E 19  w ere cultured w ith ACM and w hole adipose tissue 

fragm ents for 24 hours, total protein was extracted and expression o f subunit gam m a 2 of 

laminin 5 (LAMC2), focal adhesion kinase (FAK) and Src w ere investigated by W estern analysis 

(described in section 2.7). Expression o f active phospho-paxillin (Tyr 118) and total FAK was 

examined by high content screening (HCS) in OE33 (as described in section 2.12).

Expression of LAMC2 was up regulated 3 fold in OE33 and alm ost 2 fold in 0E 19  (p<0.05) 

following 24 hour co-culture w ith adipose tissue (Figure 5.21, 5.22). FAK expression, indicated  

by a band at 125 kDa, was increased in OE33 (p<0.05) and 0E 19  following co-culture with  

adipose tissue, and levels o f FAK degradation products, indicated by bands at 100 kDa and 85 

kDa, w ere decreased m ore than three fold in OE33 and 2 fold in 0E 19  in response to culture  

w ith  adipose tissue (p<0.05) (Figure 5.21, 5 .23). Expression o f FAK inhibitor FRNK, indicated by 

bands at 41 kDa and 43 kDa, was down regulated in response to trea tm en t w ith  adipose tissue 

(p<0.05). Levels o f FAK binding partner, Src, w ere alm ost tw o  fold increased in OE33 and 0E 19  

following co-culture w ith adipose tissue, how ever this alteration  did not reach statistical 

significance (Figure 5.21, 5.24). A lthough protein expression o f com ponents o f the focal 

adhesion pathway was found to  be increased in OAD following co-culture with adipose tissue, 

functional activity o f these com ponents depends on th e ir localisation to focal adhesion 

plaques. Localisation was there fore  subsequently investigated by HCS.

Examination o f phospho-paxillin (Tyr 118) and FAK localisation was optim ised by HCS in OE33 

following 24 hour co-culture w ith ACM from  viscerally obese OAD patients (n=3) (as described 

in section 2.12). Initial optim isation showed that phospho-paxillin (T y r l lS )  localised to points 

at the edges o f the cell, how ever fluorescence intensity was too low to  a llow  quantification of 

these focal adhesion plaques using HCS analysis (Figure 5.25). Although initial optim isation o f 

focal adhesion kinase (FAK) staining also showed localisation to spots at the edge o f the  

cytoplasm, there rem ained significant fluorescence intensity throughout the cytoplasm, 

preventing discrimination and quantification o f focal adhesion plaques by HCS analysis (Figure 

5.26). Time constraints prevented com plete optim isation of these antibodies; how ever 

prelim inary results showed localisation of phospho-paxillin and FAK to focal adhesion plaques 

in OE33 following trea tm en t w ith  ACM. The form ation of focal adhesion plaques, connecting  

the cell cytoskeleton to the  ECM, prom otes cell m igration (Schwock et al., 2010). This pathw ay
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could therefore  represent a mechanism by which adipose tissue increases the m igratory  

capacity o f oesophageal adenocarcinom a.
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Figure 5.21: Expression of components of the focal adhesion pathway LAMC2, FAK and Src in protein 

isolated from OE33 and 0E19 following 24 hour co-culture with whole adipose tissue fragments (n=3) 

and control medium (n=3). All blots were stripped and re-probed for p-actin to normalise for loading 

differences.
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Figure 5.22: Densitometric analysis of LAMC2 expression in protein isolated from OE33 and 0E19 

oesophageal adenocarc inom a cell lines following 24 hour co-culture with om en ta l  adipose tissue (n=3) 

and control medium  (n=3). Data a re  expressed as m ean  ± SEM. Statistical analysis w as performed 

using a paired s tu d e n t 's  t - te s t  (*p<0.05).
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Figure 5.23: Densitometric analysis of expression of FAK (125 kDa) and FAK degradation  products (100 

kDa, 85 kDa) in protein  isolated from OE33 and 0E19 oesophageal adenocarc inom a cell lines following 

24 hour  co-culture with om enta l  ad ipose  tissue (n=3) and control m edium  (n=3). Data are  expressed 

as m ean  ± SEM. Statistical analysis w as  perform ed using a paired s tu d e n t 's  t - te s t  (*p<0.05).
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Figure 5.24: Densitometric analysis of Src expression in protein isolated from OE33 and 0E19 

oesophageal adenocarc inom a cell lines following 24 hour co-culture with om en ta l  ad ipose  tissue (n=3) 

and control medium  (n=3). Data a re  expressed as m ean  ± SEM. Statistical analysis w as  perform ed 

using a paired s tu d e n t 's  t- test .
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Figure 5.25; Focal adhesion plaques identified using an an tibody  directed  against phosphopaxillin 

(TyrllS)  in a represen ta t ive  image of OE33 oesophageal adenocarc inom a following 24 hour t r e a tm e n t  

with  ACM from viscerally obese  oesophageal adenocarc inom a pa t ien ts  (n=3). Nuclei w ere  s ta ined  

using Hoechst (blue), a f luorescently labelled secondary  an t ibody  allowed visualisation of 

phosphopaxillin localisation (A) (green), th e  actin cytoskeleton w as visualised using phalloidin (B) 

(red) and the  tw o  stains w ere  merged to  give a fused image (C). P hotographs w ere  taken  a t  20X 

magnification.
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Figure 5.26; Focal adhesion  p laques identified using an an tibody  d irec ted  against focal adhesion  

kinase (FAK) in a rep re se n ta tiv e  im age of OE33 oesophageal adenocarc inom a follow ing 24 hour 

tre a tm e n t w ith  contro l M199 m edium  (D-F) and ACM from  viscerally o b ese  oesophageal 

adenocarc inom a p a tien ts  (n=3) (A-C). Nuclei w ere  sta ined  using H oechst (blue), a fluorescen tly  

labelled seco n d ary  an tibody  allow ed visualisation of FAK localisation (A, 0) (green), th e  actin 

cy toskeleton  w as visualised using phalloidin (B, E) (red) and th e  tw o  s ta ins w ere  m erged to  give a 

fused im age (C, F). P ho tographs w ere  taken  a t  lOX m agnification.

192



5.4 Discussion

Oesophageal adenocarcinoma (OAD) is an aggressive disease w ith an extremely poor five year 

survival rate and early lymphatic and haematogenous spread. This implies that pathways 

involved in tum our invasion and metastasis, responsible fo r up to 90% o f all cancer m ortality 

(Hanahan and Weinberg, 2000), are o f great significance. There is a well established 

epidemiological link between obesity and OAD (Ryan et al., 2006) and studies aimed at 

investigating molecular factors responsible fo r this association are warranted.

Through a series o f microarray based experiments examining the effect o f omental adipose 

tissue on OE33 oesophageal adenocarcinoma, a number o f altered genes and pathways were 

identified. Gene expression changes and pathway alterations were validated at the mRNA, 

protein and functional levels. It was demonstrated that omental adipose tissue promoted an 

aggressive phenotype in OAD by increasing proliferative, m igratory and invasive capacity of 

tum our cells via up regulation o f glycolysis and focal adhesion and epithelial mesenchymal 

transition (EMT) pathways. These pathway alterations could provide novel evidence for 

molecular mechanisms by which visceral obesity could give rise to a tum our o f increased 

malignancy.

Proteolytic cleavage and degradation o f the extracellular matrix (ECM), necessary for invasion 

and metastasis to occur, is carried out by enzymes such as the MMPs and serine proteases. 

Increased mRNA expression, protein levels and enhanced enzymatic activity o f MMP2 and 

MMP9, and induction o f mRNA and protein expression o f PAI-1, was observed in oesophageal 

adenocarcinoma in response to culture w ith adipose tissue. This implies a role fo r visceral 

obesity in metastatic gene regulation which has not been demonstrated previously. MMP2 and 

IVIIVIP9 are members o f the gelatinase family o f matrix metalloproteinases which degrade type 

IV collagen, the principle component o f the basement membrane, leading to increased tum our 

metastasis (Liotta et al., 1991; Ludwig, 2005; Turpeenniemi-Hujanen, 2005). Plasminogen 

activator inh ib itor 1 (SerpinEl/PAI-1) is a serine protease inh ib itor (serpin) which, through 

inhibition o f various plasminogen activator isoforms, prevents plasminogen cleavage to form 

plasmin. Plasmin is involved in ECM degradation and activation o f growth hormones and MMP 

zymogens including MMP2 and MMP9 (Durand et al., 2004; Festuccia et al., 1998) and thus it is 

counter-intu itive that elevated PAI-1 is associated w ith  enhanced tum our invasion and 

metastasis (Duffy and Duggan, 2004; Liotta et al., 1991). However it has been shown that PAI-1 

can modulate cell adhesion and migration via direct interactions w ith  integrins and binding to
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th e  ECM protein,  vi tronect in (Fabre-Guillevin e t  al., 2008).  Elevated expression  of  MMP2 and 9 

is assoc ia ted with worse  prognosis in a variety of  cancers including rectal  (Curran e t  al., 2004),  

oesophagea l  s q u a m o u s  cell carc inoma (Gu e t  al., 2005a;  Gu e t  al., 2005b),  b r ea s t  (Jinga e t  al., 

2006; Wu e t  al., 2008),  pancrea t ic  (Mroczko e t  al., 2009), bladder (Gohji e t  al., 1998) and  non 

small cell lung carcinoma (Leinonen e t  al., 2008) bu t  this associat ion has ye t  to be sho wn in 

OAD. MMP2 and MMP9 knockout  mice have reduced  incidence of  meta s tas i s  following 

tu m o u r  cell implantat ion (Itoh e t  al., 1999; Itoh e t  al., 1998) de m ons t ra t in g  th e  im por t an t  role 

of  th e se  MMPs in me tas ta t ic  cancer.  PAI-1 has also been  sho wn to play a critical role in 

en h an ced  t u m o u r  invasion and  metas tas i s  (Duffy and Duggan, 2004; Liotta e t  al., 1991) and 

has been  linked to  poor  prognosis  in many cancers including breas t  (Harbeck e t  al., 2004; 

Sternlicht e t  al., 2006),  gastric (Nekarda e t  al., 1994), rectal  (Angenete e t  al., 2009; 

Langenskiold e t  al., 2009) and  colorectal  carcinoma (Sakakibara e t  al., 2005),  but  again,  has yet 

to  be assoc ia ted with OAD prognosis.  In a s u bse quent  functional  study,  ACM from viscerally 

ob e se  and non o b e s e  OAD pa t ien ts  caused increased migrat ion and  invasion of  OAD. Both the  

pro- inf lammatory e nv i r onm ent  associated with visceral obesi ty and th e  extra volume of 

adipose  t issue p re se n t  in the  viscerally o b e se  pa t ien t  could th e re fo re  increase t h e  proliferative 

and  invasive capaci ty of  OAD in vivo, contr ibut ing to the  early meta s tas i s  and  p o o r  prognosis 

associated with this di sease  (Lagarde e t  al., 2007).

Vascular endothe lial  g rowth  fac tor  A (VEGFA), in addit ion to t h e  MMPs and PAI-1, plays a 

crucial role in initiation of  de novo  angiogenesis.  This process involves epithelial  cell invasion 

into the  extracel lular  matrix to  form new  blood vessels, necessary  for  t u m o u r s  to  grow more  

tha n  a few mill imetres in size (Hanahan and Weinberg,  2000; Stet le r-Stevenson ,  1999). In 

addi t ion to  up regulat ion of  MMP2 and 9, VEGFA was  also found to  be up regulated  over  25 

fold in o e sop hagea l  ade no ca rc in om a  in response  to  cul ture with ad ipose  tissue.  PAI-1 has be en  

shown to induce not  only cell migrat ion (Chazaud e t  al., 2002) and t u m o u r  invasion but  also 

tu m o u r  neovascular isat ion (Bajou e t  a!., 1998). Both MMP2 and 9 a re  expressed  in t u m o u r  

assoc iated angiogenic lesions with MMP9 having a role in t h e  release of  VEGFA f rom the  

extracellular  matrix,  and VEGFA involved in activation of  MMP9,  establishing a pro- 

angiogenesis  positive feedback  loop (Belotti e t  al., 2003; Bergers e t  al., 2000).  Elevated 

express ion of MMP9 and VEGFA can result  in a shift in the  balance of anti- and pro-angiogenic 

factors  pr esen t  in th e  t u m o u r  microenvi ronment ,  tr iggering the  angiogenic switch, the  

funda m en ta l  m echan ism  by which a ne w blood supply is establ ished  to  th e  growing  tu m o u r  

(Bergers e t  al., 2000).  It is intriguing th a t  the  expression of th e s e  genes,  with key roles not  only
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in nnigration and invasion, but also in de novo angiogenesis, can be induced in oesophageal 

adenocarcinoma by adipose tissue.

In addition to deregulation o f pathways involved in invasion and metastasis, defects in cell 

cycle control and apoptosis pathways are necessary events fo r tumourigenesis to occur 

(Hanahan and Weinberg, 2000). Expression o f tum our suppressors ATM and p53 was 

decreased in oesophageal adenocarcinoma following culture w ith  both adipocytes and 

omental adipose tissue. Tumour suppressor ataxia telangiectasia mutated (ATM) detects 

double stranded DNA breaks and causes cell cycle arrest through stimulation o f signal 

transduction pathways including activation o f p53, altered in over 50% o f all cancers (Hanahan 

and Weinberg, 2000; Kastan and Bartek, 2004; Whibley et al., 2009). This sequence o f events 

triggers apoptosis or senescence in tum our cells (Vogelstein et al., 2000; Whibley et al., 2009) 

and thus down regulation o f tum our suppressor genes ATM and p53 can contribute to 

increased tum our survival and growth. This series o f experiments demonstrates for the first 

tim e the capacity o f omental adipose tissue not only to up regulate migration, invasion and 

angiogenesis pathways in OAD, but also to  down regulate tum our suppressor p53 and ATM 

expression, potentia lly contributing to deregulation o f ceil cycle control to allow unrestricted 

tum our cell proliferation.

While a small scale qPCR array study provided prelim inary insight into gene and pathway 

changes over the six hallmarks o f cancer (Hanahan and Weinberg, 2000), a large scale 

A ffym etrix microarray study offered deeper insight into pathway alterations leading to 

increased proliferative, invasive and m igratory capacity o f the tum our, both validating and 

expanding the initial study. Co-culture w ith omental adipose tissue strongly up regulated the 

glycolysis pathway in oesophageal adenocarcinoma, a pathway utilised by tum our cells 

preferentia lly over oxidative phosphorylation through a phenomenon known as the Warburg 

effect. Although in terms o f ATP production this is a less efficient pathway than oxidative 

phosphorylation, tum our cells can effectively compete fo r lim ited nutrients through enhancing 

glycolytic flux (Kelloff et al., 2005), thus choosing increased rate o f the pathway over yield. 

Enhanced production o f lactate as the end metabolite o f this pathway increases the pH of the 

tum our m icroenvironment, eradicating normal cells and expanding margins o f the neoplasic 

area (Kellenberger et al., 2010), promoting increased tum our invasion (Martinez-Zaguilan et 

al., 1996). Molecular imaging o f glucose metabolism by FDG-PET has been shown to be a 

feasible measure o f neoadjuvant response in OAD (RoedI et al., 2009), demonstrating that 

glycolytic flux is linked to tum our response to therapy. Glycolysis has been found to be up

195



r e gu la te d  in Ba r re t t ' s  o e s o p h a g u s  r e l a t ive  to  n o r m al  s q u a m o u s  o e s o p h a g u s  (van Baal e t  al., 

2006)  indicat ing  t h a t  th i s  m a y  b e  an i m p o r t a n t  t r a n s f o r m a t i o n  in t h e  s e q u e n c e  o f  p ro g re ss io n  

f ro m  Ba r re t t ' s  t o  OAD. Express ion o f  key glycolytic en z y m e s ,  including r a t e  l imiting h ex o k i na se  

(HK) a n d  p h o s p h o f r u c t o k i n a s e  (PFK), w e r e  significant ly up r e g u la te d  in o e s o p h a g e a l  

a d e n o c a r c i n o m a  in r e s p o n s e  to  cu l tu r e  wi th  ad i p o s e  t is sue.  Al thoug h  a d i p o s e  t i s sue  f r o m  b o th  

visceral ly o b e s e  a n d  no r m al  w e i g h t  individuals  inc rea se d  p r o d u c t i o n  o f  e n d  m e t a b o l i t e  l ac ta t e  

in OE33,  this  e f f ec t  w a s  signi ficant  on ly  in visceral ly o b e s e  individuals ,  implying a novel  role  for  

visceral  ad ipos i ty  in induc t ion  o f  t h e  W a r b u r g  e f f ec t  in OAD.

The focal  a d h e s io n  p a t h w a y  h as  b e e n  d e m o n s t r a t e d  to  play an  i m p o r t a n t  role  in t u m o u r  

ini t iat ion,  p ro gr e ss io n  a n d  m e t a s t a s i s  (Zhao a n d  Guan ,  2009) .  G e n e s  involved in f o r m a t i o n  of  

t h e  focal  a d h e s i o n  p l aq ue ,  l inking t h e  c y t o sk e l e t o n  to  t h e  ECM, w e r e  up  r e g u la te d  in 

o e s o p h a g e a l  a d e n o c a r c i n o m a  in r e s p o n s e  to  cu l tu r e  wi th  a d i p o s e  t i s sue ;  t h e s e  inc luded  FAK, 

Src, a -ac t in in ,  paxillin, vincul in,  p l 3 0 C a s  a nd  DOCKl.  Focal a d h e s i o n  kinase  (FAK), a non  

r e c e p t o r  ty r os i ne  k inase,  is ac t i v a te d  u p o n  integr in  signall ing to  f o rm  t h e  focal  a d h e s io n  

com plex ,  linking t h e  ECM wi th  t h e  cy to sk e l e to n  a n d  playing an  i m p o r t a n t  role in cell survival ,  

migra t ion  a n d  invas ion (Hsia e t  al., 2003 ;  Schal ler ,  2001;  S chw ock  e t  al., 2010).  FAK pr o te in  

e xp re ss io n  w a s  significant ly in c re a se d  in o e s o p h a g e a l  a d e n o c a r c i n o m a  in r e s p o n s e  t o  cul tu re  

wi th  a d i p o s e  t i s sue .  FAK has  b e e n  s h o w n  to  u n d e r g o  b o t h  ca ipain a n d  c a s p a s e  d e p e n d a n t  

c l eavag e  l ead ing to  g e n e r a t i o n  o f  FAK c leavag e  f r a g m e n t s  (Chan e t  al., 2010;  Gervai s  e t  al., 

1998)  which  w e r e  f o u n d  t o  be  significant ly d e c r e a s e d  in o e s o p h a g e a l  a d e n o c a r c i n o m a  

fol lowing a d i p o s e  t i s sue  cu l tu re .  This f inding d e m o n s t r a t e s  d e c r e a s e d  FAK d e g r a d a t i o n  in OE33 

in r e s p o n s e  to  cu l tu r e  wi th  a d i p o s e  t i s sue .  In add i t ion ,  FAK inhibi tor  FRNK, a natura l ly  

occur r ing va r i a n t  o f  FAK lacking t h e  signall ing k inase d o m a i n  (Gervais  e t  al., 1998) ,  w a s  d o w n  

r e gu la te d  in r e s p o n s e  t o  t r e a t m e n t  wi th  a d i p o s e  t i s sue.  G e n e  ex pr e ss io n  in c re a se s  in a 

n u m b e r  o f  m e m b e r s  o f  t h e  focal  a d h e s i o n  com plex ,  in add i t ion  to  in c re as e s  in p ro te in  levels o f  

FAK a nd  FAK b inding p a r t n e r ,  Src, i nd ica tes  t h a t  ad i p o s e  t i s sue  up r e g u la te s  t h e  focal  a d h e s i o n  

co m p le x  in OAD. High c o n t e n t  sc re e n in g  (HCS) analysi s w a s  u se d  in o r d e r  to  d e t e r m i n e  t h e  n e t  

e f fec t  o f  a d i p o s e  t i s sue o n  th is  p a t h w a y  in OAD. Following t r e a t m e n t  o f  OE33 cells wi th  ACM, 

focal  a d h e s i o n  c o m p o n e n t s  FAK a n d  paxillin w e r e  f ou nd  to  localise to  focal  a d h e s io n  p la ques ,  

t h u s  prov id ing  s o m e  p ro m is i ng  initial resu l t s .  Signall ing m o le c u l e s  ac t ing  t h r o u g h  t h e  focal  

a d h e s i o n  p la q u e  w e r e  also up  re g u la te d  in OAD fol lowing cu l t u r e  wi th  ad i p o s e  t i s su e  wi th  

inc re as e d  ex pr e ss io n  o f  in t egr in  a l pha  s u b u n i t s  a nd  integr in b inding m o le cu le s  S P P l  a nd  

l aminin-5.  T h es e  a l t e r a t io n s  in ex pr e ss io n  could up r eg u la te  activi ty o f  t h e  focal  a d h e s i o n  

p a t h w a y ,  inc reas ing e x p r e s s io n  o f  c o m p o n e n t s  o f  t h e  focal  a d h e s i o n  p la que ,  r ed uc ing

196



expression o f FAK inhibitor, FRNK, and inhibiting FAK cleavage. Increased integrin expression at 

the mRNA but not the protein level in OE33 in response to  culture w^ith adipose tissue 

indicates the complex regulation o f processes o f transcription and translation, and highlights 

the importance o f validations at gene, protein and functional levels. As integrin signalling has 

been shown to be o f great importance in cell m igration (Guo and Giancotti, 2004), the 

potential contribution o f other integrins to the acquisition o f a m igratory phenotype in OE33 

needs to be investigated.

Signalling through the focal adhesion pathway is necessary fo r epithelial mesenchymal 

transition (EMT) to occur (Bianchi et al., 2010). This process, critical fo r normal wound healing 

and embryonic development, can be deregulated in cancer resulting in acquisition of a 

m igratory tum our cell phenotype (Alves et al., 2009; Bianchi et al., 2010). SNAI2 (Slug) is a well 

established transcriptional regulator o f EMT associated w ith poor prognosis in breast (Come et 

al., 2006; M artin et al., 2005), oesophageal squamous cell (Kumar et al., 2007) and colorectal 

carcinoma (Shioiri et al., 2006) often, but not always, acting via transcriptional repression of 

cell adhesion molecule E-cadherin (Alves et al., 2009). There was no change in expression o f E- 

cadherin in oesophageal adenocarcinoma in response to culture w ith  adipose tissue, and there 

are a variety o f possible explanations fo r this. An increase in mRNA levels o f SNAI2 may not 

always correlate to an increase in functional protein or alternatively, SNAI2 may not always 

have access to the E-cadherin prom oter to exert its repressional activity. Additionally, it is 

possible that SNAI2 functions independently o f E-cadherin in this model (Alves et al., 2009). 

These data highlight the importance o f validations o f alterations in mRNA expression at both 

the protein and functional levels. Together these gene and pathway expression findings 

indicate that an excess accumulation o f omental adipose tissue in visceral obesity could 

promote adenocarcinoma w ith increased malignancy.

In order to  determ ine which cell or tissue type had the most pronounced effect on tum our 

cells, both whole omental adipose tissue and adipocytes were cultured w ith  OE33 oesophageal 

adenocarcinoma. Differential gene regulation in oesophageal adenocarcinoma was observed 

follow ing co-culture w ith whole omental adipose tissue, while no significant effect was 

observed follow ing co-culture w ith adipocytes alone. It can therefore be concluded tha t the 

stromal vascular fraction (SVF), comprising o f fibroblasts, endothelial cells and immune cells 

(Alvarez-Llamas et al., 2007), is the main effector o f these observed gene alterations, with 

adipocytes playing a much lesser role. This finding is o f great interest as the SVF in visceral 

obesity has been shown to contain greatly increased numbers o f immune cells relative to
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normal weight individuals (Kintscher et al., 2008; Weisberg et al., 2003; Wu et al., 2007), and 

these cells could therefore be key players in the association between visceral obesity and 

cancer.

Interestingly, when oesophageal adenocarcinoma was cultured w ith SGBS, the invasion and 

metastasis pathway and cell cycle pathway were the most altered, reflecting the results o f the 

primary human adipocyte co-culture. This provides further evidence fo r the suitability o f SGBS 

as a clinically relevant adipocyte model. However gene alterations follow ing co-culture w ith 

adipocytes (either SGBS or primary human) were not as pronounced as follow ing co-culture 

w ith adipose tissue, highlighting a disadvantage o f in vitro single cell systems where cells are 

removed from the m icroenvironment.

This series o f experiments demonstrates potential mechanisms by which biological pathways 

involved in tumourigenesis are altered in visceral obesity. Increased glycolytic flux and up 

regulation o f the focal adhesion pathway, promoting cytoskeletal reorganisation and epithelial 

mesenchymal transition (EMT), culminates in an increased proliferative, m igratory and invasive 

capacity of oesophageal adenocarcinoma. Identification o f these alterations contributes to the 

delineation o f molecular mechanisms by which visceral obesity could give rise not only to 

increased incidence o f oesophageal adenocarcinoma, but also increased tum our 

aggressiveness resulting in early metastasis and high m orta lity which is associated w ith  this 

disease.
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6 Expression of markers of invasion 
and metastasis MMP9, PAI-1, SNAI2 
and E-cadherin correlate with 
visceral obesity and predict 
aggressive tumour biology and 
prognosis in oesophageal 
adenocarcinoma.
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6.1 Introduction

Oesophageal adenocarcinoma (OAD) is an aggressive disease due to early tum our 

dissemination (Lagarde et al., 2007), and five year survival remains low at less than 15% 

(National Cancer Registry Ireland). Pathways o f tum our invasion and metastasis are therefore 

o f great significance. Incidence o f OAD is strongly associated w ith visceral obesity, and visceral 

obesity is associated w ith increased cancer m orta lity (Calle et al., 2003). Upon diagnosis, over 

half o f OAD patients have unresectable tumours due to  distant metastases and median 

survival in this cohort is less than one year (Enzinger and Mayer, 2003). When a complete 

resection is carried out in patients w ith resectable tumours, the five year survival rate is 

increased to merely 50% (Murphy et al., 2008). Multimodal therapy is therefore required to 

improve the poor prognosis o f OAD, and the development o f targeted treatm ents is underway. 

Previous work investigating the role of candidate genes in OAD has successfully uncovered 

several targets to date. These include EGFR, involved in tum our cell proliferation, VEGFA, 

involved in angiogenesis, MMPs, involved in invasion and metastasis, CDK, involved in cell 

cycle control and COX-2, involved in inflammation (Syrigos et al., 2008). However these 

pathways have not yet been investigated in the context o f visceral obesity, a state o f metabolic 

deregulation o f great relevance in OAD. As obesity has been shown to increase cancer 

incidence and progression, the identification o f shared molecular pathways in obesity and 

cancer could be o f great importance fo r treatm ent stratification o f viscerally obese patients.

In this thesis, microarray technology was utilised to discover pro-tum our pathways altered in 

OAD follow ing co-culture w ith adipose tissue. This approach identified up regulation of 

pathways in invasion and metastasis, focal adhesion and epithelial mesenchymal transition 

(EMT), w ith concurrent down regulation o f tum our suppressors involved in cell cycle control. 

Identified targets involved in these pathways were validated at mRNA and protein levels. 

Furthermore, ACM was demonstrated to increase proliferative, m igratory and invasive 

capacity o f OE33. In vitro experimental approaches such as these are an essential tool of 

molecular research enabling the creation o f a simplified system through the removal of 

complex and potentia lly confounding microenvironmental influences (Fischer-Posovszky et al., 

2008). This approach is o f particular relevance for the study o f molecular interactions between 

individual ceil and tissue types, and was utilised in this thesis to identify altered pathways in 

OAD cells follow ing exposure to adipose tissue. However, complete reliance on an in vitro 

model system may present fundamental shortcomings fo r translational research. The tissue 

m icroenvironment has been demonstrated to play a primary role in pathological processes
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such as obesity and cancer. In flam m ation is a recently identified shared hallm ark o f obesity 

and cancer, implying vital contribution o f infiltrating im m une cells to both disease processes 

(Colotta et al., 2009; Kintscher et al., 2008). In adipose tissue, visceral obesity is associated 

w/ith increased am ounts o f infiltrating pro -in flam m atory im m une cells (Xu et al., 2003), 

generating a chronic state o f inflam m ation in these individuals. This study dem onstrated that 

w hole adipose tissue, but not adipocytes alone, induced significant gene expression alterations  

in OE33. These findings suggest that the adipose tissue SVF, containing infiltrating im m une  

cells, may play a pivotal role in obesity related pathologies such as cancer. Solid tum ours are 

composed o f a mix o f neoplastic and strom al cells, the la tte r comprising fibroblasts, blood and 

lym phatic vessels and im m une cells (Allavena et al., 2008). In addition to these cellular 

com ponents, the stroma contains a w ide variety o f biologically active molecules, e ither in 

soluble form  or associated w ith ECM proteins. These include angiogenic factors such as VEGF, 

chemokines such as MCP-1 and proteolytic factors such as PAI-1 and M M Ps (Allavena et al., 

2008). In sum m ary, this thesis utilised an in vitro co-culture system to identify gene and 

pathw ay alterations in a controlled environm ent. The aim o f this chapter was to investigate 

the translational application of these targets in OAD.

6.2 Aims and objectives

The overall aim of this chapter was to investigate if candidate genes identified using 

m icroarray technology w ere associated w ith a) visceral obesity, b) clinicopathological 

param eters o f tum our biology and c) prognosis in OAD patients. This novel study will identify  

shared pathways betw een visceral obesity and OAD which could be targeted fo r the  

developm ent o f therapies crucial to aid in the trea tm en t o f this aggressive disease.

Specific objectives:

•  To investigate mRNA expression of M M P 9 , PAI-1, p53, SNAI2 and E-cadherin in OAD 

tu m our biopsies w ith respect to visceral obesity status, tu m o u r biology and patient 

prognosis.

•  To exam ine protein levels o f IVIIVIP9 in OAD tissue microarrays w ith  respect to  visceral 

obesity status, tum our biology and patient prognosis.
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6.3 Results

6.3.1 Expression of markers of metastasis M M P9 and PAI-1 are significantly 
correlated with visceral obesity in OAD biopsies.

Previously, Human Cancer Profiler Arrays (SABiosciences) identified markers o f invasion and 

metastasis M M P 9 and PAI-1 to be up regulated and tum our suppressor p53 to be down  

regulated in OE33 in response to co-culture w ith adipose tissue (Chapter 5). These gene 

alterations w ere validated at both the gene and protein levels. These alterations translated to 

a functional effect as ACM increased the proliferative, m igratory and invasive capacity o f OE33 

(Chapter 5). The effect o f obesity, measured by BMI, WC and VFA, on expression of these 

genes was subsequently exam ined in patient tum our biopsies. Tum our biopsies from  OAD and 

oesophageal squamous cell carcinoma w ere im m ediately taken from  fresh tum our tissue 

following surgical resection and processed by a designated biobank technician (Ennis et al., 

2010). A nthropom etric details are listed in Table 6.1. RNA was extracted (as described in 

section 2.6.1) and gene expression was investigated using qPCR (as described in section 2.6.9) 

and statistical analysis carried out using unpaired student t tests (described in section 2.19).

M ale  sex has previously been reported to be associated w ith increased risk o f OAD (Kubo and 

Corley, 2004). Although trends did not reach statistical significance, PAI-1 expression was 

increased 2 fold while p53 expression was decreased 1.5 fold in males relative to females 

(Tables 6.3, 6.4). There was no difference in M M P 9  expression betw een males and fem ales  

(Table 6.2). Elevated PAI-1 and low ered p53 in males may o ffer fu rther explanation for the 

stronger association of male sex w ith  OAD. Gene expression of M M P 9  and PAI-1 w ere  

increased 1.5 fold in OAD (n=40) relative to SCC (n=12), how ever this result did not reach 

statistical significance (Tables 6.2, 6.3). Expression of p53 was unchanged betw een histological 

subtypes (Table 6.4). Increased levels o f M M P 9  and PAI-1 in OAD relative to SCC indicate the  

im portance o f the expression o f these genes in pathways of invasion and metastasis in this 

histological subtype.

W hile there was no difference in p53, expression o f markers of invasion and metastasis M M P 9  

and PAI-1 w ere significantly elevated in obese patients when categorised by BMI, WC and VFA. 

W hen patients w ere grouped by visceral obesity, using gold standard m easurem ent VFA, gene 

expression of M M P 9  and PAI-1 was increased 7 fold (p<0.05) and 5 fold (p<0.05), respectively, 

in tum ours from  viscerally obese (n=26) relative to non obese (n=13) OAD patients (Figure 6.1).
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This novel result h ighlights a m olecu lar pathway by w hich visceral obesity may be associated 

w ith  early tu m o u r d issem ination, a characteristic hallm ark o f OAD (Lagarde e t al., 2007).

Table 6.1: Anthropometric data of patients classified as obese/non obese by visceral fat area.

non obese obese

no. subjects 20 27

Sex (male), n {%) 9(64) 24(92)

Age at surgery, mean (range) 63(48-72) 65(55-81)

OAD, n (%) 14(70) 26(96)

Waist circumference (cm), mean (range) 84(77-101) 107(80-130)***

BMI, mean (range) 22(19-26) 30(23-39)***

VFA (cm^), mean (range) 58(13-117) 250(146-384)**’

Metabolic syndrome, n (%) 0(0) 13(50)

Neoadjuvant therapy, n (%) 6(43) 10(38)

Statistical analysis was carried out using an unpaired student's t-test. (BMI^body mass index, 
VFA=visceral fat area)

203



M M P 9

2.0 T

o> c
fQ

5  1.0H
2  o

0.5H SSSS$5̂ $

4-1

PAI-1

O)c
CO£o
S

3-

2 -

50-

p 53

Q>
0 5C
£o
2
o

40-

30-

20 -

10-

1
■ • • ■ ■ • • ■ • ■ ■ • I.%SS%VA*.V.V,

■.v.w«%v.s*»v

Figure 6.1; Expression of MMP9, PAI-1 and p53 in OAD biopsies of m ale pa tien ts  d ivided in to  viscerally 
ob ese  (n=25) and non o b ese  (n=15) ca tegories by visceral fa t a rea  (VFA). VFA of 130 cm^ w as used as a 
cutoff. Data a re  expressed  as m ean  ± SEM. Statistical analysis w as perfo rm ed  using an unpaired  
s tu d e n t's  t- te s t (*p<0.05).
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6.3.2 High M M P9 and PAI-1 and low p53 expression are associated with more 
aggressive tumour biology.

Intriguingly, markers o f invasion and metastasis MMP9 and PAI-1 were found to be up 

regulated in OAD in viscerally obese patients (section 6.3.1). It was subsequently investigated 

w hether elevated mRNA expression o f these regulators o f invasion and metastasis was 

associated w ith  more aggressive tum our biology. Metastasis is responsible fo r up to 90% of 

cancer m orta lity (Hanahan and Weinberg, 2000). The identification o f pathways involved in 

metastasis tha t may be up regulated by the presence o f excess adipose tissue could identify a 

molecular link between visceral obesity and cancer m ortality. Clinicopathological parameters 

o f tum our biology measured were tum our d ifferentiation, lymph involvement, venous 

involvement, perineural involvement, pathological tum our (T) category and pathological node 

(N) category. Statistical analysis o f tum our biology was performed using unpaired student t 

tests (as described in section 2.19).

Poor tum our d ifferentia tion was associated w ith a 6 fold increase in MMP9 expression 

(p<0.05), a 1.7 fold increase in PAI-1 expression and a 1.7 fold decrease in p53 expression 

(p<0.05) (Figure 6.2). Poor tum our d ifferentiation is a routinely measured histological marker 

o f increased tum our malignancy (Helm et al., 2005). The statistically significant association of 

increased MMP9 expression both w ith visceral obesity and tum our dedifferentiation indicates 

a mechanism by which excess adipose tissue may predispose to increased malignancy. 

Lymphatic dissemination was associated w ith a 4 fold increase in MMP9 expression (Table 6.2) 

and a tw ofo ld  increase in PAI-1 expression (Table 6.3). Haematological dissemination was 

associated w ith  a tw ofo ld  increase in expression o f MMP9 (Table 6.2) and a 1.5 fold increase in 

PAI-1 expression (Table 6.3). Perineural involvement was associated w ith  a 1.5 fold increase in 

IVIMP9 expression (Table 6.2) and a 1.2 fold increase in PAI-1 expression (Table 6.3). There was 

no association o f p53 expression w ith  lymphatic, haematological or perineural dissemination 

(Table 6.4). As MMP9 and PAI-1 are elevated in visceral obesity, these data indicate a potential 

molecular mechanism by which visceral obesity may be associated w ith  malignant tum our 

dissemination. A pathologically advanced T stage was associated w ith a fivefold increase in 

MIVIP9 expression and a tw ofold increase in PAI-1 expression. A pathologically advanced N 

stage was associated w ith  a tw ofo ld  increase in MIVIP9 expression (Table 6.2). Together, these 

results highlight the clinical significance o f elevated levels o f MMP9 and PAI-1 expression in 

both advanced tum our stage and metastasis. The association o f visceral obesity w ith  elevated 

expression o f these markers o f invasion and metastasis identifies a novel mechanism by which 

excess visceral adiposity may contribute to increased OAD malignancy.
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Figure 6.2: Levels of MM P9, PAI-1 and p53 expression with respect to tumour differentiation. Tumours 
from male OAD patients were categorised into groups of poorly/undifferentiated or well/moderately  
differentiated by a pathologist. Statistical analysis was carried out by unpaired student's t test. 
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206



Table 6.2: Tumour M M P9 expression in relation to clinical, anthropometric and pathological data.

MMP9 expression, p  

mean (SEM)

Age at diagnosis (years) 0.6242

< median (62) 0.618 (0.25)

i  median (62) 1.135 (0.38)

Diagnosis 0.9453

OAD 0.939(0.275)

see 0.584 (0.221)

Sex 0.6854

Male 0.945 (0.302)

Female 0.737(0.342)

Body mass index (kg/m^) 0.006

Non obese < 30 0.411(0.175)

Obese > 30 1.980(0.665)

Waist circumference (cm) 0.031

Non obese < 94 (M ), 80 (F) 0.264 (0.072)

Obese ^ 9 4  (M ), 80(F) 1.475 (0.46)

Visceral fa t area (cm^) 0.0309

Non obese < 130 cm^ 0.168 (0.033)

Obese > 130 cm^ 1.385 (0.41)

Tumour d iffe rentia tion 0.0375

W ell/m oderate 0.355(0.090)

Poor/undlfferentiated 1.247(0.415)

Pathological tum our category 0.181

TO -T 1 0.198(0.077)

T2 -T 3 1.073(0,293)

Pathological node category 0.3143

NO 0.54 (0.233)

N1 1.053 (0.355)

Lymph node involvement 0.2034

Yes 1.043 (0.312)

No 0.320(0.123)

Venous Involvement 0.2781

Yes 1.14 (0.344)

No 0.556 (0.297)

Perineural involvement 0.3855

Yes 1.26(0.533)

No 0.792(0.269)

MMP9 expression is described as mean (SEM), statistical analysis was carried ou t using an unpaired 
student's t-test. Statistically significant pvalues < 0.05 are highlighted in red.
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Table 6.3: Tumour PAI-1 expression in relation to clinical, anthropometric and pathological data.

PAI-1 expression, 

mean (SEM)

P

Age at diagnosis (years) 0.4806

< median (62) 1.627(0.564)

> median (62) 2.234(0.639)

Diagnosis 0.9629

OAD 1.929(0.48)

see 1.985 (0.48)

Sex 0.3806

Male 2.183 (0.589)

Female 1.358(0.313)

Body mass index (kg/m^) 0.009

Non obese < 30 1.014(0.299)

Obese > 30 3.691(1.195)

Waist circumference (cm) 0.0397

Non obese < 94 (M ), 80 (F) 0.74 (0.164)

Obese > 94 (M ), 80 (F) 2.833 (0.808)

Visceral fat area (cm^) 0.031

Non obese < 130 cm'̂ 0.529(0.149)

Obese > 130 cm^ 2.775(0.74)

Tumour differentiation 0.2782

Well/moderate 1.517(0.492)

Poor/undifferentlated 2.467(0.727)

Pathological tumour category 0.1632

T O -T l 1.415(0.477)

T2 -T 3 2.634 (0.748)

Pathological node category 0.5241

NO 1.569(0.671)

N1 2.166(0.557)

Lymph node involvement 0.3262

Yes 2.26(0.582)

No 1.198(0.489)

Venous involvement 0.4164

Yes 2.299 (0.606)

No 1.504(0.561)

Perineural involvement 0.6496

Yes 2.338(0.985)

No 1.9 (0.466)

PAI-1 expression is described as m ean (SEIVI), s ta tis tica l analysis was carried  o u t using an unpa ired 

s tud en t's  t- te s t. S ta tis tica lly  s ig n ifica n t pvalues < 0.05 are h igh ligh ted  in red.
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Table 6.4: Tumour p53 expression in relation to clinical, anthropometric and pathological data.

p53 expression, 

mean (SEM)

P

Age at diagnosis (years) 0.2969

< median (62) 27.924 (4.852)

2 median (62) 35.505(5.322)

Diagnosis 0.7576

OAD 31.154(4.15)

see 34.254(5.661)

Sex 0.302

Male 29.219 (4.14)

Female 37.451(7.151)

Body mass index (kg/m^) 0.5796

Non obese < 30 32.686 (5.82)

Obese > 30 27.607(5.4)

Waist circum ference (cm) 0.7104

Non obese < 94 (M ), 80 (F) 32.941(7.242)

Obese > 94 (M ), 80 (F) 29.668 (5.283)

Visceral fa t area (cm^) 0.5875

Non obese < 130 cm^ 34.463(8.697)

Obese > 130 cm^ 29.485(4.765)

Tumour d iffe rentia tion 0.0253

W ell/m oderate 39.448(6.024)

P oor/und iffe rentia ted 23.185 (3.335)

Pathological tum our category 0.6404

T O -T l 30.091(4.916)

T2 -T 3 33.663 (5.866)

Pathological node category 0.3358

NO 26.693(6.967)

N1 34.352(4.395)

Lymph node involvem ent 0.4478

Yes 31.374 (4.446)

No 25.045(5.457)

Venous involvem ent 0.2517

Yes 35.238 (5.393)

No 25.735 (4.453)

Perineural involvem ent 0.84

Yes 33.059(6.36)

No 31.371(4.984)

p53 expression is described as mean (SEM), statistical analysis was carried out using an unpaired 
student's t-test. Statistically significant pvalues < 0.05 are highlighted in red.

209



6.3.3 PAI-1 is associated with prognosis in OAD.

OAD is an aggressive disease associated w ith  high patient m ortality due to early m alignant 

tum our dissem ination (Lagarde et al., 2007). In addition, there is evidence to suggest that 

obesity is linked to increased cancer m ortality  (Calle e t al., 2003). It is therefore  o f great 

significance th a t markers o f invasion and metastasis M M P 9  and PAI-1 w ere found to  be up 

regulated in OAD in viscerally obese patients, and that these markers w ere associated with  

increased tum our aggressiveness. It was subsequently investigated w hether m arkers of 

invasion and metastasis M M P 9  and PAI-1 and tum our suppressor p53 w ere correlated with  

patient survival. Gene expression o f M M P 9 , PAI-1 and p53 above or equal to  the m edian was 

designated 'high' w hile gene expression below the m edian was designated 'low '. Statistical 

analysis o f patient survival was carried out using the K aplan-M eier estim ator and the  Gehan- 

Breslow-W iicoxon statistical test in GraphPad Prism (as described in section 2.19). Forward  

likelyhood m ultivariate Cox regression analysis was carried out in SPSS.

High PAI-1 expression was negatively associated w ith patient survival, and this finding reached  

statistical significance (p<0.05), identifying PAI-1 as a prognostic factor in OAD. Although  

increased M M P 9  and decreased p53 expression was associated w ith aggressive tum our  

biology and in particular w ith  poor tum our d ifferentiation , neither high M M P 9  expression nor 

low p53 expression had a negative im pact on patient survival (Figure 6.3). As visceral obesity 

was significantly associated w ith elevated M M P 9  expression, a combined survival analysis was 

subsequently carried out. High M M P 9  expression in viscerally obese patients (n=14) and low  

M M P 9  expression in non obese patients (n=10) w ere com pared (data not shown). Although  

this reduced the p value from  p<0.9 to p<0.3, the  result did not reach statistical significance. 

Com bined analysis o f M M P 9  w ith visceral obesity decreased patient numbers from  40  to 24  

and thus the reduction in sample size may account for lack o f statistical significance. M M P 9  

has previously been associated w ith nodal metastasis and poor tum our d ifferen tia tion  in 

cervical (Yu et al., 2009) and oesophageal squamous cell carcinoma (Gu et al., 2005b) but not 

yet in OAD. W hile PAI-1 has been linked w ith poor prognosis in breast (Harbeck et al., 2004; 

Sternlicht e t a!., 2006), gastric (Nekarda et al., 1994) and colorectal carcinoma (Angenete et al., 

2009; Langenskiold et al., 2009), this is the first study to dem onstrate an association w ith  OAD  

prognosis. Elevated levels o f prognostic factor PAI-1 in visceral obesity could there fore  

highlight an im portant m olecular pathw ay by which visceral obesity could negatively im pact on 

OAD prognosis.

210



M MP9
100

80 -
w
3
¥i

60-

40
0 10 20

—̂  expression below median 
—  expression above median

eurvival (monthBj

P A I-1

100
exoression
expression

_>
> 8 0 -

p<0.0560 -

40
10 20 300
eurvival (m onths)

p 5 3

80 -

60 -

40
0 10 20 30

express*3n betow mediar 
expression above nnedian

survival (months)

Figure 6.3; Kaplan Meiers analysis showing effect of MMP9, PAI-1 and p53 expression on survival in 
OAD. Gene expression was separated into above and below the median expression value. Statistical 
analysis was performed using the Gehan-Breslow-Wilcoxon test (*p<0.05).
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6.3.4 Down regulation of epithelial marker E-cadherin is significantly correlated 
with visceral obesity in OAD biopsies.

Previously, A ffym etrix m icroarrays identified markers o f epithelial mesenchymal transition  

(EMT) to be altered in OE33 in response to co-culture w/ith adipose tissue (Chapter 5). SNAI2 is 

a key transcription factor in this process commonly, but not exclusively, acting via 

transcriptional repression o f epithelial cell m arker E-cadherin (Alves et al., 2009). SNAI2 gene 

expression was significantly up regulated in OE33 following culture w ith adipose tissue 

(p<0.04) (Chapter 5). The effect o f obesity on the expression of SNAI2 and E-cadherin was 

exam ined in patient tu m our biopsies from  OAD patients. Clinical significance o f altered gene 

expression was subsequently investigated, in relation to measures o f tu m o u r d ifferentiation , 

lymph involvem ent, venous involvem ent, perineural involvem ent, pathological tu m o u r (T) 

category and pathological node (N) category. Statistical analysis o f tu m our biology was 

perform ed using unpaired student t tests (as described in section 2.19).

Gene expression of EMT transcription factor SNAI2 was increased tw ofold  in tum our biopsies 

from  obese relative to  non obese OAD patients. This trend approached statistical significance 

when patients w ere grouped by BMI (p<0.07), how ever not when patients w ere grouped by 

measures of visceral obesity, WC (p<0.4) and VFA (p<0.3) (Table 6.5). This finding indicates that 

elevated SNAI2 expression may be associated w ith overall obesity rather than w ith  visceral 

adiposity. Gene expression o f SNAI2 target, E-cadherin was decreased alm ost tw ofo ld  in 

tum our biopsies from  obese relative to non obese OAD patients. This association reached 

statistical significance w hen patients w ere grouped by waist circum ference (p<0.05) and 

approached significance when patients w ere grouped by visceral fa t area (p<0.07) (Table 6.6). 

There was no association w hen patients w ere grouped by BMI (p<0.3). These data indicate 

that, in contrast to SNAI2, E-cadherin expression is associated w ith visceral obesity rather than  

overall adiposity. M ale  sex was significantly associated w ith  a tw ofold  decrease in E-cadherin 

expression (p<0.007) (Table 6.6). How ever, there  was no association betw een elevated SNAI2 

expression or reduced E-cadherin expression on pathological tum our or node stage, tum our 

differentiation  or measures o f tum our dissemination (Tables 6.5, 6.6). Together these novel 

results highlight a potential m olecular mechanism w hereby male sex and visceral obesity, tw o  

known risk factors o f OAD, could prom ote the acquisition o f a m igratory mesenchymal 

phenotype by m alignant tu m our cells.
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Table 6.5; Tumour SNAI2 expression in relation to clinical, anthropometric and pathological data.

SNAI2 expression, 

mean (SEIVI)

P

Age at diagnosis (years) 0.2458

< median (62) 44.143(14.189)

> median (62) 76.251(24.861)

Diagnosis 0.0001

OAD 38.464 (9.288)

see 188.078(64.0)

Sex 0.1323

Male 46.0(14.119)

Female 92.534 (32.282)

Body mass index (kg/m^) 0.0693

Non obese < 30 25.623(3.549)

Obese > 30 61.411(24.515)

Waist circum ference (cm) 0.3097

Non obese < 94 (M ), 80 (F) 26.659(4.976)

Obese > 94 (M ), 80 (F) 46.731(2.533)

Visceral fa t area (cm^) 0.2437

Non obese < 130 cm^ 23.839(4.134)

Obese > 130 cm^ 46.655(14.145)

Tumour d iffe rentia tion 0.2809

W ell/m odera te 73.584 (26.049)

P oor/und iffe rentia ted 43.901(9.297)

Pathological tum our category 0.1796

TO -T 1 95.248(49,316)

T2 -T 3 48.598(12.171)

Pathological node category 0.7256

NO 64.717(28.545)

N1 54.382(15.01)

Lymph node involvem ent 0.5117

Yes 55.127(15.53)

No 77.695(37.67)

Venous involvem ent 0.4169

Yes 48.616(15.974)

No 72.395(26.047)

Perineural involvem ent 0.4895

Yes 44.257(13.09)

No 66.371(20.284)

SNAI2 expression is described as mean (SEM), statistical analysis was carried out using an unpaired 

student's t-test. Statistically significant pvalues < 0.05 are highlighted in red.
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Table 6.6: Tumour E-cadherin expression in relation to clinical, anthropometric and pathological data.

E-cadherin expression, p 

mean (SEM)

Age at diagnosis (years) 0.7611

< median (62) 3.96 (0.584)

> median (62) 4.294 (0.981)

Diagnosis 0.591

OAD 3.99(0,598)

see 4.856(1.11)

Sex 0.0069

Male 3.255(0.406)

Female 6.457(1.526)

Body mass index (kg/m ^) 0.2218

Non obese < 30 4.546(0.847)

Obese > 30 3.01 (0.656)

Waist circum ference (cm) 0.0447

Non obese < 94 (M ), 80 (F) 5.423(1.232)

Obese 2 94 (M ), 80 (F) 2.999(0.468)

Visceral fa t area (cm^) 0.0602

Non obese < 130 cm^ 5.49(1.415)

Obese > 130 cm^ 3.155(0.442)

Tumour d iffe ren tia tion 0.5852

W eil/m odera te 4.413(0.639)

P oor/und iffe ren tla ted 3.817(0.865)

Pathological tum our category 0.4062

TO -T 1 3.158(0.803)

T2 -T 3 4.301(0.656)

Pathological node category 0.2184

NO 3.168 (0.551)

N1 4.581(0.792)

Lymph node involvem ent 0.6864

Yes 3.90 (0.581)

No 4.45 (1.566)

Venous involvem ent 0.8639

Yes 3.963(0.569)

No 4.161(1.103)

Perineural involvem ent 0.3857

Yes 4.195(0.949)

No 3.403(0.433)

SNAI2 expression is described as mean (SEM), statistical analysis was carried ou t using an unpaired 

student's t-test. Statistically significant pvalues < 0.05 are highlighted in red.
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6.3.5 SNAI2 is an independent prognostic factor in OAD.

Visceral obesity was associated w ith  twofo ld  increased expression o f SNAI2 and significantly 

decreased expression levels o f E-cadherin (p<0.05). Down regulation o f E-cadherin is 

associated w ith  loss o f the epithelial phenotype and transition to the nnore motile 

mesenchymal phenotype, necessary for tum our cell invasion and metastasis to occur (Alves et 

al., 2009). It was subsequently investigated whether markers o f EMT, SNAI2 and E-cadherin, 

were correlated w ith patient survival. Gene expression o f SNAI2 and E-cadherin above or equal 

to the median was designated 'high' while gene expression below the median was designated 

'low '. Statistical analysis o f patient survival was carried out using the Kaplan-Meier estimator 

and the Gehan-Breslow-Wilcoxon statistical test in GraphPad Prism (described in section 2.19). 

Forward likelyhood multivariate Cox regression analysis was carried out in SPSS.

High SNAI2 expression was negatively associated w ith  patient survival, and this finding reached 

statistical significance (p<0.05), identifying an association o f SNAI2 w ith  OAD prognosis (Figure 

6.4). Subsequent Cox regression multivariate analysis identified SNAI2 to be an independent 

prognostic factor in OAD. In contrast, low expression o f SNAI2 target, E-cadherin, was not 

associated w ith  patient survival (Figure 6.4). As SNAI2 is an im portant transcriptional repressor 

of E-cadherin, a combined survival analysis was subsequently conducted. High SNA12 w ith  low 

E-cadherin expression (n=10) and low SNAI2 w ith  high E-cadherin expression (n = ll)  were 

compared. High SNAI2 combined w ith  low E-cadherin expression was not associated w ith  poor 

prognosis (p<0.2) (Figure 6.4). Combined analysis decreased patient numbers from  n=40 to 

n=21 and thus the reduction in sample size may account fo r lack o f statistical significance. 

However, there was some separation between survival curves follow ing one year and it would 

therefore be worthwhile to reanalyse this data after a longer fo llow-up period. Alternatively, 

the mechanism o f action o f SNAI2 in OAD may be independent o f E-cadherin repression, as 

published in oesophageal squamous cell and breast carcinoma (Come et al., 2006; Uchikado et 

al., 2005). Linear regression analysis was employed to investigate the relationship between 

transcriptional repressor, SNAI2, and its target cell adhesion molecule and key marker o f 

epithelial phenotype, E-cadherin. There was no significant correlation between SNAI2 and E- 

cadherin (r^=0.024, p<0.37) (Figure 6.5). W ith high SNAI2 expression, but not low E-cadherin 

expression, an independent prognostic factor in OAD, this finding indicates that E-cadherin 

independent pathways may be o f importance in SNAI2 mediated pathogenesis in OAD.

215



The association o f PAI-1 and SNAI2 w ith both obesity and prognosis in OAD highlights potential 

mechanisnns by which obesity nnay promote malignant tum our dissemination, contributing to 

the poor prognosis associated w ith  this aggressive cancer.
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Figure 6.4: Kaplan Meiers analysis showing effect of SNAI2 and E-cadherin expression on survival in 
OAD. Gene expression was separated into above and below the median expression value. Statistical 
analysis was performed using the Gehan-Breslow-Wilcoxon test (*p<0.05).
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6.3.6 Immunohistochemical analysis

MMP inh ib itor Prinomastat is currently being investigated in clinical trials fo r use in 

conjunction w ith  neo-adjuvant therapy in oesophageal cancer treatm ent (Heath et al., 2006; 

Syrigos et al., 2008). This is the first study to demonstrate tha t high mRNA levels o f MMP9 

correlate w ith  visceral obesity in OAD patients (section 6.3.1), and this finding could be o f 

interest fo r treatm ent stratification o f patients according to the ir obesity status. MMP9 was 

therefore selected fo r fu rthe r investigation, and levels o f protein expression were measured in 

OAD tum our biopsies by immunohistochemical (IHC) analysis o f tissue microarrays (TMAs) (as 

described in section 2.14.2).

Although both PAI-1 and SNAI2 have been demonstrated to  be independent prognostic 

indicators in both OAD (section 6.3.3, 6.3.5) and breast cancer (Harbeck et al., 2008), there are 

currently no ongoing clinical trials fo r these im portant markers o f tum our invasion and 

metastasis. This study was the first, not only to identify PAI-1 and SNAI2 as independent 

prognostic factors in OAD, but also to demonstrate that high levels o f these genes were 

associated w ith  visceral obesity. However, the lack o f appropriate commercially available 

antibodies against SNAI2 and PAI-1 prevented investigation o f protein expression o f these 

markers. A fu ll face IHC study of SNA12 and PAl-1 expression in OAD patients (n=20) using a 

range o f antibody concentrations (1/50, 1/100, 1/500) failed to detect any tum our expression 

o f these proteins (data not shown). When more appropriate antibodies against these proteins 

become available it would be o f great interest to investigate levels o f protein expression of 

SNAI2 and PAI-1 in OAD.

6.3.7 Antibody optimisation

MMP9 was optim ised in full face OAD tissue sections (as described in section 2.14.1) to enable 

specific detection o f tum our cells relative to normal oesophagus, and to allow discernment of 

expression variability across tumours from  d ifferent patients. Antibody dilutions o f 1/100 and 

1/500 resulted in strong staining o f both tum our and surrounding stroma (Figure 6.6). An 

antibody dilu tion o f 1/1000 resulted in specific staining o f tum our cells while allowing 

discernment o f variability in IV1MP9 expression w ith in d ifferent areas o f tum our (Figure 6.6). 

TMA staining was carried out in collaboration w ith Dr Robert Cummins at Beaumont Hospital, 

Dublin 9, Ireland using a Bond III automated immunostainer (Leica Microsystems, Wetzlar, 

Germany) (as described in section 2.14.2). Antibody concentrations were re-optimised using 

this automated platform  and an antibody dilution o f 1/2000 was found to allow optimal
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detection o f variability o f MMP9 expression across tumours from  different patients (Figure 

6.7).

6.3.8 Tissue microarray construction

Tissue microarrays (TMAs) were constructed from resected tumours o f patients undergoing 

surgery fo r OAD or SCC between 1998 and 2010. Limited BMI inform ation exists fo r patients 

who underwent surgery prior to July 2007, while BMI, WC and VFA information exists fo r all 

patients who underwent surgery after July 2007, the date o f commencement o f the adipose 

tissue biobank and associated obesity research projects (Table 6.7). Tumour biopsies were 

immediately taken from  fresh tum our tissue, processed in formalin and embedded in paraffin 

wax by a designated biobank technician (Ennis et al., 2010) (as described in section 2.14). 

Areas o f viable tum our in the tissue blocks were identified by an experienced pathologist and 

cores o f these areas were taken in triplicate fo r each patient. TMAs were constructed from 

triplicate cores o f 14 oesophageal carcinoma patients. Two prostate cores were added to the 

top right of each TMA for orientation purposes (Figure 6.7).

Table 6.7: Anthropom etric details for com plete cohort of TMAs

No. subjects 198

Sex (male), n (%) 136(68.7)

OAD, n (%) 158(79.8)

Age at surgery, mean (range) 64.2 (26-84)

BMI (kg/m^), mean (range) 25.8(16.7-48.3)'*’

WC (cm), mean (range) 92.7(67-121)"^

VFA(cm2), mean (range) 148.4 (21.4-322.6) ~

Neoadjuvant therapy, n (%) 102 (51.5)

tonly available for 160 patients, +only available for 46 patients, ~only available for 41 patients
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Figure 6.6: O ptim isation of MMP9 in full face sections using an tibody  dilution of 1 /100, 1 /500  and 
1/1000. Slides w ere  scanned  using Image Pro-Plus 4.1 so ftw are  and  im ages w ere  saved a t a 
m agnification of 10 X.
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Figure 6.7: Representative IV1IVIP9 oesophageal carcinoma tissue microarray. Areas of tumour are 
identified in tissue blocks by a pathologist. Tumour cores 2 mm in width from each patient block are 
taken in triplicate and paraffin embedded to create a tissue microarray comprising 14 patients in 
total. Two prostate cores are included in the upper right corner of the TMA for orientation purposes.

6.3.9 Protein levels of MMP9 are elevated in visceral obesity.

Gene expression of MMP9 was significantly associated both with visceral obesity and with 

poor tumour differentiation (sections 6.3.1 and 6.3.2), and protein levels of this important 

marker of tumour invasion and metastasis were subsequently investigated in TMAs. TMAs 

were independently graded by three individuals, and the average score for each patient was 

determined (as described in section 2.14.3). Cores were analysed with respect to intensity and 

extent of staining with intensity graded 0 - 3  and extent in quartile percentages. Tissue cores 

representative of intensity scores of 0, 1, 2, and 3 are shown in Figure 6.8.
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Figure 6.8; MMP9 TMA grading. TMAs w ere  grading by th re e  in d e p en d e n t observers on a scale from  
0, no  expression, 1, low expression , 2, m edium  expression and 3, high expression . Slides w ere  scanned 
using Image Pro-Plus 4.1 so ftw are  and im ages w ere  saved a t a m agnification of 10 X.
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While there was no difference in tunnour MMP9 expression between male and female patients 

or between OAD and SCC patients, expression o f MMP9 in stroma was significantly elevated 

both in female patients (p<0.01) and in SCC patients (p<0.05) (Figure 6.9). Therefore, in order 

to avoid these potentia lly confounding factors, it was decided to proceed w ith analysis in a 

cohort o f male OAD patients (Table 6.8).
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Figure 6.9: Levels of M M P9 expression in tumour and stroma of TMAs. Patients were grouped by male 
(n=136) and female sex (n=62) and by OAD (n=158) and SCC (n=40) tumour type. Statistical analysis 
was carried out by unpaired student's t test. (*p<0.05)
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Table 6.8: Anthropometric details for male OAD patients included in TMA analysis.

no. subjects 114

sex (male), n (%) 114(100)

diagnosis OAD

age at surgery, mean (range) 64.5 (30-84)

BiVll (kg/m^), mean (range) 26.45 (17.43-43.26)'*’

WC(cm), mean (range) 97.96(79-121) +

VFA(cm2), mean (range) 183.84 (27.1-322.6)~

neoadjuvant therapy, n (%) 43(37.7)

ton ly available for 84 patients, ton ly  available for 31 patients, ~only available for 27 patients

Obesity status, available in a subset o f male OAD patients, was determ ined by BMI (n=84), WC 

(n=31) and VFA (n=27) and was investigated w ith  respect to protein expression o f MIVIP9. 

Clinicopathological parameters o f tum our biology in male OAD patients (n=114) were analysed 

w ith respect to protein expression o f MMP9; these were tum our d ifferentiation, lymph 

involvement, venous involvement, perineural involvement, pathological tum our (T) category 

and pathological node (N) category. Statistical analysis o f MMP9 expression and tum our 

biology was performed using unpaired student t tests (as described in section 2.19). Although 

no association was found between high MMP9 gene expression and survival (section 6.3.3), it 

was subsequently investigated whether protein expression o f MMP9 was correlated with 

patient survival in male OAD patients. Patients who had died o f other causes, or post-operative 

deaths were excluded from analysis, giving a final cohort size o f n=94. Protein expression of 

MMP9 above or equal to the median was designated 'high' while expression below the median 

was designated 'low '. Statistical analysis o f patient survival was carried out using the Kaplan- 

Meier estim ator and the Gehan-Breslow-Wilcoxon statistical test in GraphPad Prism (as 

described in section 2.19).

As MMP9 is a marker o f tum our invasion and metastasis, it was expected that high expression 

would be associated w ith more aggressive tum our biology and poorer patient prognosis. High 

gene expression o f MMP9 was indeed found to significantly correlate w ith  poor tum our
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differentiation (section 6.3.2). However, in direct contrast w ith these results, high protein 

expression o f MMP9 in tum our was inversely associated w ith tum our d ifferentiation (p<0.02) 

(Table 6.9). Additionally, while high MMP9 gene expression was shown to have no effect on 

patient survival (section 6.3.3), high protein expression o f MMP9 was near significantly 

associated w ith improved patient prognosis (p<0.07) (Figure 6.13). These findings at the 

protein level were counterintu itive and in direct conflict w ith results demonstrated at the gene 

level. Indeed, linear regression analysis o f iVIMP9 expression in a subgroup o f matched patients 

(n=15) revealed that gene and protein expression did not correlate (r^=0.022, p<0.6141) 

(Figure 6.11). There are several explanations for these apparently conflicting results between 

gene and protein expression. MMP9 is an enzyme secreted by the tum our cell into the 

m icroenvironment where it functions to degrade the ECM to allow tum our invasion and 

metastasis (Belotti et al., 2003). Therefore, MIVIP9 staining was re-graded based solely on the 

stromal compartm ent o f the tum our. A staining intensity score on a scale o f 0 to 3 was 

allocated to the stromal compartm ent w ithin each tum our core, w ith  0 representing negative 

expression and 3 representing strong expression (Figure 6.10). Tumour expression o f MMP9 

correlated significantly w ith stromal expression o f IVIMP9 (Figure 6.12). This result suggests, 

intuitively, that high protein levels o f tum our MMP9 lead to high levels o f secreted MMP9 in 

the surrounding tum our microenvironment. While tum our MMP9 did not correlate w ith 

visceral obesity status, stromal MMP9 expression was 1.4 fold higher in viscerally obese 

patients, measured by visceral fa t area (Table 6.9). However, this result did not reach statistical 

significance (p<0.2), perhaps due to much reduced sample size o f the cohort on which VFA 

information exists (n=27). There was no difference in stromal MMP9 expression w ith respect 

to clinicopathological markers o f tum our biology (Table 6.9) and altered stromal MIVIP9 

expression had no effect on patient prognosis (Figure 6.13). However, the measurement o f 

stromal expression o f MMP9, involved in the pathological alteration o f the tum our 

m icroenvironment, could be o f great clinical relevance. MMP expression in the ECM 

surrounding the leading edge o f the tum our could be o f particular significance, as this is the 

area o f tum our which is actively growing and potentially invading into the basement 

membrane. Although these TMAs do not include matched leading edge tum our samples, this 

may be an extremely relevant area for future studies. In addition, it would be o f great interest 

to examine localisation o f MMP9 activity in tissue using in situ zymography. As these 

proteolytic enzymes exist in a latent form prior to activation, it is possible tha t active rather 

than to ta l MMP9 may be an im portant marker o f aggressive tum our biology and patient 

prognosis.
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Together these findings suggest that stromal expression of MMP9 may be the superior marker 

of tumour malignancy. MMP9 expression at both gene and protein levels is elevated in 

viscerally obese patients. Although high MMP9 gene expression is linked to poor tumour 

differentiation, protein MMP9 levels are not associated with markers of aggressive tumour 

biology. MMP9 expression alone is not associated with patient prognosis, however there may 

be potential for the use of MMP9 in combination with other biomarkers. These results suggest 

for the first time that MMP9 expression could be of use in treatment stratification of OAD 

patients according to their visceral obesity status.
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Figure 6.10; Representative images of MMP9 strom al staining. Slides w ere scanned using Image Pro- 
Plus 4.1 softw are and images w ere saved a t a magnification of both 5 X and 20 X. The upper panel 
shows weak or absent strom al staining. The middle panel shows strong strom al staining. The lower 
panel shows MMP9 expression in th e  strom a surrounding the  tum our leading edge.
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Table 6.9: M M P9 protein expression in tumour and stroma.

Tumour MMP9, 

mean (SEM)

P Stroma MMP9, 

mean (SEM)

P

Age at diagnosis (years) 0.3280 0.9934

< median (65) 140.645(12.44) 1.57 (0.1342)

2 median (65) 158.838(13.558) 1.569 (0.1117)

Body mass index (kg/m^) 0.1890 0.4941

Non obese < 30 149.072(10.859) 1.547(0.097)

Obese > 30 183.803(22.03) 1.376(0.201)

Waist circumference (cm) 0.2579 0.3502

Non obese < 94 (M), 80 (F) 201.486(30.154) 1.375(0.267)

Obese > 94 (M), 80 (F) 162.54(18.705) 1.696(0.198)

Visceral fat area (cm^) 0.9782 0.1931

Non obese < 130 cm* 186.415(36.89) 1.375(0.249)

Obese > 130 cm* 187.408(17.308) 1.863(0.184)

Tumour differentiation 0.0165 0.8173

Well/moderate 167.45(11.35) 1.554(0.107)

Poor/undifferentiated 122.22(14.78) 1.595(1.146)

Pathological tumour category 0.3243 0.8743

TO -T 1 171.146(25.153) 1.548(0.187)

T2 -T 3 146.138(9.915) 1.587(0.098)

Pathological node category 0.1290 0.7992

NO 167.841(16.237) 1.542(0.143)

N1 138.826(11.05) 1.587(0.109)

Lymph node involvement 0.4979 0.7905

Yes 146.525(11.058) 1.557(0.097)

No 160.668(18.206) 1.607(0.179)

Venous involvement 0.4232 0.4524

Yes 141.404(14.605) 1.635(0.115)

No 156.541(12.084) 1.503(0.133)

Perineural involvement 0.1942 0.9326

Yes 135.832(12,952) 1.561(0.134)

No 160.266(12.769) 1.567(0.114)

MMP9 expression is described as mean (SEM), statistical analysis was carried out using an unpaired 

student's t-test. Statistically significant pvalues < 0.05 are highlighted in red.
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on survival in OAD. Gene expression was separated into above and below the median expression 
value. Statistical analysis was performed using the Gehan-Breslow-Wilcoxon test.
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6 .4  Discussion

An in vitro  experim ental model was utilised to discover altered pro-tum our pathways induced 

in OAD by co-culture w ith  adipose tissue. Affym etrix microarray technology identified genes 

involved in pathways o f invasion and metastasis (M M P 9 , PAI-1), cell cycle control (p53) and 

EMT (SNAI2, E-cadherin). To investigate the role o f these markers in patients, mRNA and 

protein levels w ere measured in OAD tum our biopsies. This research will contribute to the  

im proved understanding of a ltered hallmark pathways of OAD in visceral obesity and could 

eventually lead to stratification o f patient trea tm en t based on the individual's obesity status.

Gene expression o f markers o f invasion and metastasis M M P 9 and PAI-1 w ere found to be 

significantly elevated in the tum ours o f viscerally obese OAD patients, suggesting a novel role 

for these genes in obesity fuelled cancer. In addition, poor tum our d ifferentiation  was 

significantly associated w ith elevated M M P 9  and reduced p53 gene expression. It is w idely  

accepted that carcinogenesis can occur via regression o f tum our cells to a dedifferentiated  

state, and p53 has been im plicated as a m aster regulator o f this process (Molchadsky et a!., 

2010). This process of dedifferentiation  has also been dem onstrated to be an im portant 

m olecular alteration  in the sequence of m alignant transform ation o f the normal oesophagus to  

Barrett's oesophagus to adenocarcinom a (Helm  e t al., 2005). Therefore this novel association 

of m arker o f tu m our dedifferentia tion, M M P 9 , with visceral obesity may have im portant 

im plications fo r the understanding of obesity fuelled neoplastic progression. Although not 

statistically significant, high M M P 9  and PAI-1 gene expression w ere associated w ith  m ore  

advanced pathological tum our and nodal stage and w ith lymphatic, haem atogenous and 

perineural dissemination of m alignant tu m our cells. M M P 9  has previously been associated 

w ith nodal metastasis and poor tu m our d ifferentiation in cervical (Yu et al., 2009) and 

oesophageal squamous cell carcinoma (Gu et al., 2005b). W hile PAI-1 has been linked w ith  

poor prognosis in m any cancers including breast (Harbeck et al., 2004; Sternlicht e t al., 2006), 

gastric (Nekarda et al., 1994), rectal (Angenete et al., 2009; Langenskiold et al., 2009) and 

colorectal carcinoma (Sakakibara e t al., 2005), this study is the first to  dem onstrate an 

association w ith  OAD prognosis. Intriguingly, PAI-1 was also associated w ith visceral obesity in 

OAD, highlighting a m olecular mechanism by which visceral obesity could give rise to  increased 

cancer m ortality. The novel association o f M M P 9  and PAI-1 w ith visceral obesity highlights a 

role fo r visceral obesity in the aggressive tum our biology and poor prognosis associated w ith  

OAD.
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In add i t ion  to  M M P 9  a n d  PAI-1, epi thel ia l  mesenchynna l  t r ans i t ion  (EMT) r e g u la to r  SNAI2 has  

al so  b e e n  imp l i ca ted  in p a t h w a y s  o f  t u m o u r  invas ion a n d  m e t a s t a s i s .  SNAI2 w a s  originally 

ident i f ied to  be  i m p o r t a n t  in chick e m b ry o n i c  d e v e l o p m e n t  w h e r e  it is e x p r e s s e d  in cells 

un de r g o in g  EMT (Nieto e t  al., 1994) .  It is n o w  k n o w n  t h a t  t h e  p r o c e s s  o f  EMT is n ec es sa r y  n o t  

on ly  fo r  d e v e l o p m e n t  b u t  is a l so o f  g r e a t  i m p o r t a n c e  in t u m o u r  invasion  a n d  m e t a s t a s i s  (Alves 

e t  al., 2009) .  The  p r o ce ss  o f  EMT o cc ur s  via d o w n  reg u l a t io n  o f  ep i thel i a l  m a r k e r s  a n d  up 

regu la t ion  o f  m e s e n c h y m a l  m a r k e r s  cu l mina t ing  in t h e  d i s a p p e a r a n c e  o f  cell j un c t io n s  and  

reo r g an i s a t io n  o f  t h e  c y t o s k e l e to n  en ab l in g  in c re as e d  cell mot i l i ty  (Alves e t  al., 2009) .  SNAI2 is 

a well  e s t a b l i s he d  t r an sc r i p t io na l  r e g u la to r  o f  EMT d e m o n s t r a t e d  t o  play a f u n d a m e n t a l  role in 

t h e  d o w n  reg u la t io n  o f  key epi thel i al  cell m a r k e r s  such  a s  E-cadherin ,  r e sul t ing  in inc reased  

epi thel ia l  t u m o u r  cell migr a t ion  a n d  invasion.  SNAI2 o v e r  ex p r e ss io n  is a s so c i a t e d  wi th  p o o r  

p r og nos i s  in b r e a s t  (Com e e t  a!., 2006 ;  Mar t in  e t  al., 2005) ,  o e s o p h a g e a l  s q u a m o u s  cell (Kumar  

e t  al., 2007)  a n d  co l o rec ta l  ca r c in o m a  (Shioiri e t  al., 20 06)  a n d  th is  is t h e  first  s tu dy  to  

d e m o n s t r a t e  an  i n d e p e n d e n t  a s soc ia t ion  wi th  OAD pr ognos i s .  In add i t io n ,  this  novel  s tudy  

d e m o n s t r a t e d  t h a t  g e n e  ex p r e ss io n  o f  SNAI2 w a s  in c re as e d  two fo ld ,  wh i l e  g e n e  ex pr es s io n  of  

its t a rg e t ,  E -cadherin ,  w a s  d e c r e a s e d  tw of o ld  in t u m o u r s  f ro m  visceral ly o b e s e  OAD pa t i en t s .  

This highl ights  a m o le c u l a r  m e c h a n i s m  by which  visceral  ob e s i t y  m a y  c o n t r i b u t e  to  t h e  p o o r  

p ro gn os i s  o f  OAD by inc reas ing t h e  t u m o u r  cell mot i l i ty  via d o w n  r eg u l a t io n  o f  cell a d h e s io n  

mole cu l es .  This f inding is par t i cu la rly  r e l e va n t  in t h e  c o n t e x t  o f  in c r e a s e d  mi gr a t o ry  and  

invasive capac i ty  o f  o e s o p h a g e a l  a d e n o c a r c i n o m a  cell l ines fo llowing  t r e a t m e n t  wi th  ACM. In 

OAD, nu c l ea r  local i sa t ion t o g e t h e r  wi th  inc re as e d  ex p r e ss io n  o f  t r a n s c r ip t i o n  f a c to r  SNAI2 has  

b e e n  d e m o n s t r a t e d  in t h e  p r og res s io n  f rom Ba r re t t ' s  o e s o p h a g u s  t o  OAD. In addi t ion,  

t r an s f e c t io n  o f  SNAI2 in to  OAD cell line OE33 c a u s e d  E-cadher in  r e p r e s s i o n  a n d  induc t ion  of  

m e s e c h y m a l  m a r k e r s  v im e n t i n  a n d  f i b ronec t in  ( Je thw a  e t  al., 2008) .  In a n o t h e r  s tudy,  SNAI2 

t r an s f e c t io n  o f  OAD cell line TE7 inc rea se d  invas iveness  whi le  SNAI2 k n o c k d o w n  in t h e  OE33 

cell line d e c r e a s e d  inv as iveness  a nd  inc rea se d  a p o p t o s i s .  Mice in je c ted  wi th  SNAI2 s i l enced 

OE33 has  s ignif icant ly less s e e d e d  t u m o u r  a n d  m o r e  t u m o u r  a p o p t o s i s .  On t h e  o t h e r  hand ,  

mice  in jec ted wi th  SNAI2 o v e r  expr es s in g  TE7 h ad  significant ly m o r e  s e e d e d  t u m o u r  (Zhang e t  

al., 2010).  T o g e t h e r  t h e s e  s tu d i e s  in OAD indicate  t h e  i m p o r t a n c e  o f  SNAI2 a nd  EMT in t h e  

m a l i g n a n t  p ro g re ss io n  f ro m  Bar r e t t ' s  t o  a d e n o c a r c i n o m a ,  a n d  in OAD t u m o u r  invasiveness .  

Interes t ingly,  SNAI2 o v e r  ex p r e ss io n  is no t  a lways  a s s o c ia te d  wi th  E-cadher in  r e p r es s i on  (Alves 

e t  al., 2009) .  In this  s tudy ,  g e n e  ex p re ss i on  levels o f  SNAI2 a n d  E-cadher in  did n o t  co r r e l a t e  

wi th  e a c h  o t h e r ,  a n d  E-cadherin  w a s  n o t  a s so c i a t e d  wi th  OAD pr ognos i s .  T h es e  findings 

su g g e s t  an  E-cadher in  i n d e p e n d e n t  role for  SNAI2, which  has  b e e n  d e m o n s t r a t e d  in severa l  

ca nce r s .  In b r e a s t  c a n c e r  SNAI2 c o r r e l a t e s  wi th  E-cadher in  ex p r e ss io n  in cell l ines (Come e t  al.,
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2006; Hajra e t al., 2002) but no t in prim ary tum ours (Come et al., 2006; M artin  e t al., 2005). In 

oesophageal squamous cell carcinom a, high pro te in  levels o f SNAI2 w ere sign ificantly 

associated w ith  prognosis in tum ours  w ith  intact E-cadherin expression, ind icating th a t SNAI2 

is im portan t in p rom oting  tu m o u r invasion independent o f E-cadherin repression (Uchikado et 

al., 2005). Future w ork  needs to  be conducted to  investigate poorly  understood E-cadherin 

independent mechanisms by w hich SNAI2 is associated w ith  tu m o u r invasion and metastasis.

A lthough PAI-1 and SNAI2 w ere prom ising candidates to  fo llo w  th rough to  the  p ro te in  level, 

d ifficu lties  w ith  an tibody op tim isa tion  prevented TMA staining w ith  these antibodies. Despite 

mixed success, clinical tria ls are already underway fo r inh ib ito rs  o f MMPs, dem onstra ting  the 

potentia l transla tiona l relevance o f MMPs in trea tm en t o f oesophageal (Heath et al., 2006; 

Syrigos e t al., 2008), breast (Sparano e t al., 2004) and lung cancers (Shepherd e t al., 2002). 

W hile M M P inh ib ito rs  have no t been w ide ly studied in OAD, the  existence o f therapies at 

clinical tria l stage provides the  po ten tia l to  carry th is w ork  th rough the clinic. Tum our biopsies, 

used to  examine gene expression, com m only contain a heterogenous m ix o f strom al tissue and 

tu m o u r tissue w hich is representative  o f the tu m o u r in vivo. Therefore  gene expression o f both 

tu m o u r and m icroenv ironm en t is assessed sim ultaneously in extracted RNA. On the  o the r 

hand, TMAs enable localisation o f pro te in  expression as they conta in viable areas o f tu m o u r in 

add ition  to  areas o f strom a. Surprisingly, and in d irect contrast to  gene expression results, high 

pro te in  levels o f M M P9 w ere found  to  be associated w ith  w ell d iffe ren tia ted  tum ours, w ith  

less advanced pathologica l tu m o u r and nodal stage and w ith  im proved pa tien t prognosis. In 

add ition, com parison o f gene and p ro te in  levels in 15 m atched patients dem onstra ted  th a t 

pro te in  expression did no t corre la te  w ith  gene expression. W hile con trad ic tion  o f gene and 

pro te in  expression levels o f M M P9 was unexpected, it was hypothesised th a t secretion o f 

MMP9 in to  the  strom al com partm en t may be responsible fo r th is confounding result. M MP9 is 

an extracellu lar protease w hich specifically degrades the m ajor s tructura l com ponen t o f the 

basement m em brane, collagen IV, to  fac ilita te  tu m o u r invasion. This suggests significant 

invo lvem ent o f the s trom al com partm en t and, fo r th is reason, analysis o f pe ritum oura l stroma 

expression o f MMPs has been previously examined in co lorecta l carcinom a (Jensen et al., 

2010), salivary gland adenoma (Zhang e t al., 2009) and squamous cell carcinom a o f the  skin 

(Vosseler e t al., 2009). In th is study, elevated strom al expression o f M M P9 was found to  be 

associated w ith  visceral obesity, however, no association o f strom al M M P9 expression was 

found w ith  m arkers o f tu m o u r b io logy o r pa tien t prognosis. For fu tu re  w ork, it may be 

im portan t to  investigate strom al expression o f M MP9 surrounding the  leading invasive edge o f 

the tum our. However, the association o f M MP9 gene expression w ith  poor tum our
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differentiation identifies the potential usefulness o f this gene as a biomarker and therapeutic 

target in OAD. There is also the possibility that MMP9 could be more inform ative when used in 

combination w ith  other biomarkers, and this could be investigated in future studies. However, 

the identification o f an association o f MMP9 expression w ith visceral obesity in OAD could lead 

to improved treatm ent stratification o f patients according to obesity status.

While in itia lly promising, clinical trials investigating the use o f inhibitors o f MMPs to  date have 

been met w ith  mixed results (Coussens et al., 2002), due in part to poor specificity resulting in 

high toxicity (Radisky and Radisky, 2010). While more work needs to be carried out in the 

clinical tria l setting, this work has identified PAI-1 and SNAI2 as additional targets for 

therapeutic strategies targeting pathways o f tum our dissemination. In conclusion, this work 

demonstrates a novel prognostic role o f PAI-1 and SNAI2 in OAD. In addition, a novel 

association o f markers o f tum our metastasis w ith  visceral obesity has been identified, 

highlighting the potential fo r future application o f MMP9, PAI-1, SNAI2 and E-cadherin in the 

treatm ent stratification o f viscerally obese OAD patients.
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7 General discussion
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Oesophageal adenocarcinoma (OAD) is a highly aggressive disease w ith  poor five year survival, 

due in part to early haematogenous and lymphatic dissemination (Lagarde et al., 2007). Strong 

epidemiological evidence links OAD incidence to visceral obesity however the molecular 

mechanisms linking these remain poorly understood. The overall aim o f this thesis was to 

dissect the molecular pathways linking obesity w ith OAD and to determ ine if obesity is 

associated w ith  increased aggressiveness o f this disease. Uncovering the mechanisms of 

interaction o f visceral obesity and cancer could identify shared pathways as potential 

preventative and therapeutic targets. This strategy may be particularly relevant in the 

development o f stratified therapies to target viscerally obese OAD patients.

The excess accumulation o f visceral adipose tissue, rather than overall adiposity, has recently 

been identified to be largely responsible fo r obesity related pathologies (Federation, 2006), 

including OAD (Beddy et al., 2010). Indeed, it was demonstrated in this thesis that the omental 

adipose tissue depot secreted higher levels o f both the pro-inflam m atory adipokine, IL-6, and 

the pro-angiogenic adipokine, VEGF, compared to matched subcutaneous depots. IL-6, in 

addition to its pro-inflam m atory effects, has been demonstrated to  induce VEGF transcription 

(Wei et al., 2003), implying an im portant role fo r this adipokine in angiogenesis. It was also 

demonstrated that visceral obesity was associated w ith  increased circulating levels o f leptin, 

IL-6, MCP-1 and VEGF, and decreased circulating levels o f the anti-inflam m atory adipokine 

adiponectin, relative to normal weight. MCP-1 is known to be im portant in the establishment 

of a chronic pro-inflam m atory environment through its role in macrophage recruitm ent into 

expanding adipose tissue (Duffield, 2003), particularly in the visceral depot (Kintscher et al.,

2008). Together, these findings identify pro-inflammatory, pro-angiogenic and pro- 

proliferative mediators which may contribute to visceral obesity associated pathogenesis. 

Interestingly, circulating levels o f IL-6 and IL-8 were also significantly elevated in cancer 

patients, independent o f obesity status, sex and neoadjuvant therapy. Chronic inflammation is 

a hallmark o f cancer, linked to tum our survival, proliferation and angiogenesis (Colotta et al.,

2009), and levels o f IL-6 and IL-8 have previously been demonstrated to be raised in non small 

cell lung cancer (Wojcik et al., 2010). These data therefore highlight shared pro-inflammatory 

and pro-angiogenic pathways in both visceral obesity and cancer. Altered levels o f these 

adipokines, cytokines and chemokines in visceral obesity could contribute to the generation of 

an environment favourable fo r tumourigenesis. There is increasing evidence that leptin, in 

addition to its role in the development o f insulin resistance, can exert a proliferative effect on 

tum our cells (Ogunwobi and Beales, 2008, Hu et al., 2002). It was demonstrated in this thesis 

that treatm ent o f OAD cell lines w ith leptin increased the ir proliferative capacity, while
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adiponectin  decreased th e ir p ro life ra tion , respectively. W hile both  OE33 and 0E19 expressed 

basal levels o f receptors fo r these adipokines, serum dep le tion  was found to  induce receptor 

expression in OE33. This find ing  suggests increased responsiveness o f a rap id ly growing, 

hypoxic tu m o u r to  the  a ltered circu lating adipokine pro file  characteristic o f visceral obesity. 

ACM, com prising many soluble facto rs including both  pro- and a n ti-g row th  adipokines, was 

found to  induce p ro life ra tion  in OAD cell lines. A lthough there  was no add itiona l p ro life ra tive  

e ffect observed in ACM from  viscerally obese patients, the increased bulk o f adipose tissue in 

viscerally obese patients could po ten tia lly  con tribu te  to  an increased e ffect in vivo. The altered 

balance o f soluble m edia tors o f in flam m ation , angiogenesis and p ro life ra tio n  suggests 

m olecular mechanisms w hereby paracrine effects exerted by the presence o f excess visceral 

adipose tissue could fuel tum ourigen ic  pathways. Elevated levels o f IL-6 and IL-8 in visceral 

obesity and cancer could represent potentia l therapeutic  targets in OAD, and these may be 

particu larly re levant in viscerally obese individuals.

Using high th roughpu t m icroarray technology, pathways involved in in flam m ation  and 

angiogenesis were dem onstra ted  to  be up regulated in the om entum  o f viscerally obese 

patients. Notably, sphingolip id  m etabolism  was one o f the m ost up regulated pathways, via 

significant induction  o f regu la to ry  enzymes ASAHl, PAP and DEGSl. This pathw ay has 

previously been dem onstra ted  to  be up regulated in skeletal muscle o f obese insulin resistant 

individuals re lative to  lean, insulin sensitive individuals (Adams e t al., 2004). C irculating factors 

associated w ith  obesity such as saturated fa tty  acids and p ro -in flam m ato ry  cytokines, IL-1 and 

TNFa, have been shown to  induce enzymes th a t prom ote  sphingolip id  m etabo lism  (Holland 

and Summers, 2008). Inh ib ition  o f ceram ide synthesis in high fa t d ie t mouse m odels prevented 

the deve lopm ent o f insulin resistance, indicating an im p o rta n t role fo r sphingolip id  

metabolism  in obesity related pathologies (Holland et al., 2007). Pharmacological reduction  o f 

glycosphingolipids in mice has been dem onstrated to  im prove insulin sensitiv ity and decrease 

adipose tissue in flam m ation  (van Eijk e t al., 2009), in part via reduction  o f PAI-1 and MCP-1 

levels (Yang et al., 2009). M anagem ent o f glycosphingolipid levels may th e re fo re  be an 

interesting approach fo r the rapeu tic  in te rven tion  in obesity re lated human disease. In 

add ition, recent deve lopm ents in trea tm en t o f gastro in testina l cancers have focussed on 

ta rgeting  o f epiderm al g ro w th  fa c to r receptors EGFR and ErbB2 using inh ib ito rs  such as 

cetuxim ab, trastuzum ab and ge fitin ib , w ith  some success (Ferry e t al., 2007; Safran e t al., 

2008). MAPK, PI3K and STAT are the  m ajor signalling pathways ta rgeted  by these receptors 

and play im p o rta n t roles in ce llu la r processes o f survival, p ro life ra tion  and in flam m ation . 

Individual com ponents belonging to  these pathways, M EK l, PI3K regu la tory subun it 3, pro te in
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tyrosine phosphatase non-receptor 11 and STAT5B, were all significantly up regulated in the 

omentum o f viscerally obese OAD patients. These pathways may therefore offer potential 

downstream targets o f EGFR fo r the development o f new obesity related targeted therapies in 

gastrointestinal cancer.

BMI is a measure o f overall adiposity and therefore does not take into consideration either 

composition o f body mass or distribution o f adipose tissue (Hu, 2007). Meanwhile, visceral 

adiposity has been shown to  be a stronger predictor o f related m orbid ity and m orta lity than 

overall obesity (Gesta et al., 2006; Giorgino et al., 2005). While BMI is traditionally used to 

measure obesity, visceral fat area was demonstrated in this study to  be the strongest predictor 

o f obesity induced gene alterations in the omentum. This finding provides support fo r the use 

o f VFA, or its surrogate measure WC, to determ ine an individual's risk o f obesity related 

morbidity and m ortality. It is im portant to note that the presence o f visceral obesity measured 

by a WC o f greater than 80 cm for women or 94 cm for men is the underlying requirement for 

classification o f patients using the International Diabetes Federation defin ition o f the 

Metabolic Syndrome. While less than 25% o f adults in Ireland are classified as obese by BMI, 

over 60% of adults are classified as obese by WC, a surrogate measure o f visceral obesity 

(Survey o f Lifestyle, Attitudes and Nutrition (SLAN), 2007). Indeed, the recent IDF defin ition 

increases the population prevalence o f Metabolic Syndrome by approximately 20% (Donohoe 

et al., 2010). The data in this thesis underline the significant role o f visceral adipose tissue in 

the development o f a circulating state o f chronic low grade inflam mation characteristic not 

only o f visceral obesity (Xu et al., 2003), but also o f tumourigenesis (Colotta et al., 2009). 

Deregulation o f the balance o f circulating inflammatory mediators therefore indicates a 

potential mechanism by which visceral adiposity may fuel the tum ourigenic process.

The study o f molecular interactions between cell types in obesity and cancer relies upon in 

vitro models fo r prelim inary identification o f pathways in the context o f a simplified and 

controlled system. This approach is ideally followed by validation o f identified pathways in 

context o f the tissue m icroenvironm ent in vivo. The use o f model systems in obesity research 

has traditionally relied upon the well characterised murine 3T3 adipocyte cell lines. However, 

in studies o f human disease, greater clinical relevance would be derived from  working w ith 

both human cell lines and human tissue. This thesis has demonstrated the recently available 

SGBS human adipocyte cell strain to be similar to primary human adipocytes in terms o f 

morphology, adipocyte specific gene expression and function. SGBS expressed comparable 

levels o f leptin, LPL, AP2 and PPARy, necessary fo r adipocyte function, to human primary
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adipocytes. Furthermore, co-culture o f the OE33 cell line w ith SGBS or w ith primary human 

adipocytes induced similar gene alterations in OE33, specifically down regulation o f tum our 

suppressor ATM and up regulation o f MMP2, involved in tum our invasion and metastasis. 

These data highlight the translational relevance o f the SGBS cell line in the study o f molecular 

interactions in obesity and cancer. However, the study o f adipocytes alone fails to 

acknowledge the im portant contribution o f the adipose tissue SVF, containing fibroblasts, 

immune cells, endothelial cells and pre-adipocytes. Indeed, while co-culture w ith both SGBS 

and primary human adipocytes induced gene changes in pro-tum our pathways in OE33, co­

culture w ith whole adipose tissue induced the most pronounced gene alterations. This finding 

underlines the fundamental role o f the tissue m icroenvironment in adipose tissue, and 

highlights the advantages o f the use o f adipose tissue explants, as employed in this thesis. 

Similarly, in solid tumours, immune cells and endothelial cells play pivotal roles in the 

establishment o f the pro-inflam matory and pro-angiogenic state which is o f great significance 

in the tum our m icroenvironment. Despite these possible shortcomings, the use o f this model 

co-culture system demonstrated potential mechanisms by which biological pathways involved 

in tumourigenesis are altered in visceral obesity.

In the study o f poorly understood complex pathophysiological disease processes such as 

obesity and cancer, it is im portant to begin by examining global pathway alterations before 

proceeding to single gene analysis, as these disease processes most certainly involve 

deregulation o f multiple gene networks. Genes and pathways altered in the model co-culture 

system were discovered using microarray technology, ideally suited for delineation o f complex 

networks at play in both obesity and cancer. Alternative techniques employed to study gene 

expression, such as PCR and Northern blotting, measure single gene alterations and therefore 

can run the risk o f literature bias, created by selecting known function, previously published 

genes. At the same time, these more sensitive techniques are indispensible fo r technical and 

biological validation o f the microarray and subsequent studies in pathway dissection and single 

gene and biomarker analysis. The strength o f microarray technology is largely dependent on 

the quality o f RNA samples analysed, in addition to the quality o f the analysis conducted. The 

stringent quality control measures applied at all stages o f the process, from sample extraction, 

sample hybridisation and array analysis, was therefore a great strength o f this study. 

Validations at the mRNA level were carried out in an independent cohort using the robust, 

reliable and sensitive qPCR technique. Subsequent validations at the protein level were carried 

out using a variety o f techniques including Western blotting, FACS and High Content Screening 

analysis. Finally, functional assays were conducted to examine in vitro effects o f gene

240



alterations in OAD cell lines. A tw o stage approach was adopted in this thesis; the Human 

Cancer Profiler qPCR array was used to initially identify gene and pathway alterations in a small 

set o f 84 genes, representative of the six hallmarks o f cancer. These findings were 

subsequently validated and expanded using A ffym etrix microarrays. The use o f the 

comprehensive Affym etrix Human Genome U133 Plus 2.0 Array, custom designed by The 

European Nutrigenomics Organisation (NuGO) to contain a selection o f nutrition and obesity 

related genes, was a positive aspect o f this study. Furthermore, collaboration w ith a highly 

experienced bioinformatician was indispensible to the success o f this study. This powerful 

approach enabled the delineation o f poorly understood molecular mechanisms responsible for 

the strong epidemiological association o f visceral obesity and OAD.

The qPCR array was used to  investigate gene alterations in OE33 follow ing co-culture with 

SGBS adipocytes, primary human adipocytes and whole adipose tissue fragments. Co-culture 

o f OE33 both w ith  SGBS and w ith primary human adipocytes induced expression o f MMP2, 

involved in invasion and metastasis, and reduced expression o f cell cycle regulator ATM. The 

identification o f these gene alterations follow ing co-culture w ith  both SGBS and primary 

human adipocytes highlights the functional relevance o f the SGBS model fo r studies o f obesity 

and cancer. However, whole adipose tissue induced the most pronounced gene alterations, 

indicating the im portant contribution o f the stromal vascular fraction containing endothelial 

and immune cells. qPCR array analysis o f OE33 follow ing co-culture w ith  whole adipose tissue 

also identified invasion, migration and cell cycle pathways to be altered, via up regulation of 

MMP2 and down regulation o f ATM, as identified from the adipocyte co-cultures. While ATM 

was twofold down regulated follow ing co-culture w ith both adipocytes and adipose tissue, 

MMP2 was altered to  a greater extent in OE33 follow ing co-culture w ith  adipose tissue. This 

regulator o f invasion and metastasis was up regulated 10 fold follow ing co-culture w ith  SGBS 

adipocytes and by 500 fold follow ing co-culture w ith  primary human adipocytes. While co­

culture w ith adipocytes had no effect, co-culture w ith adipose tissue up regulated MMP9 and 

PAI-1 by 4,000 and 10 fold, respectively, and tum our suppressor p53 was down regulated 

twofold. Affym etrix m icroarray analysis o f the in vitro co-culture model demonstrated 

increased glycolytic flux and up regulation o f the focal adhesion pathway, promoting 

cytoskeletal reorganisation and epithelial mesenchymal transition (EMT). Rate lim iting 

glycolysis enzymes hexokinase (HK) and phosphofructokinase (PFK), focal adhesion plaque 

components laminin-5, integrin a3, focal adhesion kinase and Src, and EMT regulator SNAI2 

were all demonstrated to be significantly up regulated in OE33 follow ing co-culture with 

adipose tissue by A ffym etrix array technology. In addition, individual gene changes initially
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identified by the Human Cancer Profiler qPCR arrays were subsequently validated by the 

Affymetrix microarrays. Down regulation o f tum our suppressors p53 and ATM and up 

regulation o f PAI-1 was identified in both arrays. However, significant alterations in MMP 

expression demonstrated by the qPCR array were not observed using Affym etrix microarray 

technology. Bioinformatic analysis o f Affym etrix microarrays was far more stringent due to the 

increased risk o f false positive results associated w ith multip le testing o f over 15,000 genes 

included on the array. As a result, this high throughput technology is less sensitive and may not 

pick out subtle changes in gene expression. Therefore, all validations were subsequently 

carried out using qPCR technology, a robust and highly sensitive technique, followed by 

analysis o f protein levels by Western blotting, flow  cytom etry and High Content Screening. 

Using gelatin containing SDS gels, zymography demonstrated increased MMP2 and MMP9 

gelatinase activity in OE33 and 0E19 cells following treatm ent w ith whole adipose tissue. This 

data indicated induction o f functional MMP activity in OAD cell lines by adipose tissue. 

Subsequent functional assays identified an increase in m igratory and invasive capacity of OAD 

cell lines follow ing treatm ent w ith ACM, potentiated by the identified gene alterations in 

pathways o f invasion and metastasis. Indeed, ACM from viscerally obese patients had the most 

pronounced effect o f the m igratory capacity o f OE33, underlining the pathological importance 

o f this depot. OAD is a disease associated w ith early lymphatic and haematogenous 

dissemination, implying these pathways of invasion and metastasis are o f great significance. 

The induction o f these pathways by adipose tissue could therefore suggest a molecular 

mechanism by which visceral obesity could give rise not only to increased incidence of 

oesophageal adenocarcinoma, but also increased tum our aggressiveness resulting in the early 

mietastasis and high m orta lity associated w ith this disease.

Genes identified by qPCR and Affym etrix arrays were subsequently investigated in OAD 

tum our biopsies from this unit's tum our biorepository. A novel association was demonstrated 

between visceral obesity, elevated levels o f MMP9, PAI-1 and SNAI2 and reduced levels o f E- 

cadherin. Markers o f tum our invasion and metastasis MMP9 and PAI-1 were elevated 7 fold 

and 5 fold, respectively, in tumours o f viscerally obese OAD patients. EMT regulator, SNAI2, 

was up regulated twofold, while expression o f cell adhesion molecule, E-cadherin, was 

decreased twofold in viscerally obese OAD patients. In addition, elevated expression o f MMP9 

and PAI-1 correlated w ith increased haematological and lymphatic dissemination. Poor tum our 

differentiation, a routinely measured histological marker o f tum our malignancy, was 

associated w ith a six fold increase in MMP9 expression. While p53 was not associated w ith 

obesity, twofo ld decreased expression was significantly associated w ith poor tum our
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differentiation . These findings imply an association o f visceral obesity w ith  aggressive tum our 

biology via up regulation o f M M P 9  and PAI-1 and down regulation of p53. W hile  SNAI2 over 

expression has been associated w ith poor prognosis in breast (Come et al., 2006; M artin  et al.,

2005), oesophageal squamous cell (Kumar et al., 2007) and colorectal carcinoma (Shioiri et al.,

2006), this was the first study to dem onstrate an independent association w ith  OAD prognosis. 

In addition, w hile PAI-1 has been linked w ith poor prognosis in m any cancers including breast 

(Harbeck et al., 2004; Sternlicht e t al., 2006), gastric (Nekarda et al., 1994), rectal (Angenete et 

al., 2009; Langenskiold et al., 2009) and colorectal carcinoma (Sakakibara e t al., 2005), this 

study was the first to  dem onstrate an independent association w ith OAD prognosis. These 

data highlight m olecular mechanisms by which visceral obesity may contribute to the poor 

prognosis o f OAD by increasing tum our cell m otility via up regulation of M M P 9 , PAI-1 and 

SNAI2 and dow n regulation o f cell adhesion molecule E-cadherin. These findings are  

particularly relevant in the context o f increased activity o f M M P  gelatinases and increased 

migratory and invasive capacity o f OAD cell lines following trea tm en t w ith  ACM. These data 

may be particularly relevant in OAD, a disease associated w ith early lymphatic and 

haem atogenous dissem ination. These intriguing findings highlight a new  im portance for these 

established m arkers o f tum our metastasis in viscerally obese patients, thus contributing to the  

understanding of mechanisms by which visceral obesity could be linked to  increased malignant 

tum our dissemination and high m ortality.

Following degradation of the basem ent m em brane by proteolytic enzymes, metastasis 

requires m ovem ent o f tu m our cells through the basem ent m em brane and epithelium  into the  

blood stream  and lym phatic system, before re-establishm ent o f the  tum our cells at a distant 

site. The synthesis o f strom al rem odelling factors, such as M M P 9  and PAI-1, has been 

dem onstrated to be highly induced during the process o f EMT (Samarakoon et al., 2009). The 

findings o f this thesis suggested therefore  that the presence o f visceral obesity, resulting in 

increased tu m o u r expression o f SNAI2, M M P 9  and PAI-1, could prom ote the process o f EMT in 

tum ours o f these patients. Targeting M M P 9 and PAI-1 function using established small 

molecule inhibitors may therefore  im pact on tum our metastasis, particularly in the context of 

visceral obesity. W hile  initially promising, clinical trials investigating the use o f inhibitors of 

M M Ps to date have m et w ith  mixed results (Coussens et al., 2002), due in part to poor 

specificity resulting in high toxicity (Radisky and Radisky, 2010). In OAD, a phase II trial of 

Prinom astat encountered unexpected life-threatening throm bo-em bolic  events and was 

closed before clinical benefit could be assessed (H eath et al., 2006). W hile there  remains hope 

fo r successful developm ent of M M P  inhibitors, PAI-1 may represent an additional target.
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Although not yet in clinical trials, small molecule PAI-1 inhibitors are being developed as anti­

throm botic agents and are currently under investigation in animal models o f pulmonary 

fibrosis (Brown, 2010). The findings o f this thesis suggest that it would be o f great interest to 

examine the effect o f PAI-1 inhibitors in tum our animal models, particularly in animal models 

o f obesity. Epidermal growth factor receptor tyrosine kinases EGFR and ErbB2 (HER2/neu) are 

over expressed in many cancers including OAD, w ith EGFR associated w ith advanced tum our 

stage, lymph node metastasis and poorer patient survival (Wang et al., 2007). EGF has recently 

been shown to stimulate EMT in many cancer types including oesophageal squamous cell 

carcinoma (Cai et al., 2010) and breast cancer (Hardy et al., 2010). Therefore, combinatorial 

targeting o f PAI-1 and EGFR (e.g. w ith  Phase II inhibitors cetuximab or gefitinib) may further 

impact on inhibition o f tum our EMT and invasion. The findings o f this thesis offer a new 

perspective on these well characterised genes, suggesting the ir use as potential targets in the 

stratified treatm ent o f viscerally obese OAD patients.

Attempts to validate gene expression findings o f MMP9 at the protein level were met with 

mixed success. Elevated tum our protein levels of MMP9 did not correlate w ith visceral obesity 

and were found to be inversely associated w ith aggressive tum our biology and poor prognosis. 

MMP9 is an extracellular protease, secreted mainly by tum our associated stromal cells, which 

specifically degrades the major structural component o f the basement membrane, collagen IV, 

to facilitate tum our invasion. It was therefore anticipated that measurement o f peritumourai 

stromal expression o f MMP9 may be more informative than measurement of tum our 

expression. While elevated stromal protein levels o f MMP9 correlated w ith  visceral obesity, no 

effect was observed on tum our biology or prognosis. There are a number o f factors to 

consider. Although MMPs are located throughout the peritumourai stroma, leading edge areas 

o f active tum our invasion would be expected to be associated w ith  higher levels o f these 

proteolytic enzymes. It would therefore be o f future interest to examine stromal MMP 

expression associated w ith leading edge tum our; however this option is not currently available 

in this research unit. While MMPs are present both as latent zymogens and as active 

proteolytic enzymes in the peritumourai stroma, tota l levels were measured in this study by 

IHC. It may be o f future interest to examine activity o f MMPs using in situ zymography. 

However this technique requires frozen rather than paraffinised tissue in order to maintain 

enzymatic activity and this is a resource not currently available at this research unit. Although 

it would be interesting to pursue these lines o f investigation, the association o f elevated gene 

expression o f MMP9 w ith  visceral obesity and tum our dedifferentiation remains o f great 

clinical significance in OAD.
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In conclusion, this thesis identified a pro-inflammatory circulatory profile characteristic of both 

visceral obesity and cancer. OAD cell lines were  responsive to leptin and ACM induced 

proliferation, suggesting that this altered adipokine profile present in visceral obesity may 

promote tumourigenesis via paracrine mechanisms. The SGBS adipocyte cell strain was 

demonstrated to be a relevant model for in v itro  obesity and cancer research, although a 

human tissue explant model may be the ideal model system, and was therefore utilised in this 

work. Visceral obesity measured by visceral fat area was demonstrated to be the strongest 

predictor of pathway alterations associated with adipose tissue inflammation and 

angiogenesis. There are multiple molecular mechanisms by which visceral obesity may affect 

cancer initiation and progression. Using microarray technology, this hypothesis based 

approach has identified pathways of tum our invasion and metastasis to be of key importance 

in the interaction between visceral obesity and OAD. Omental adipose tissue up regulated the 

focal adhesion pathway promoting cytoskeletal reorganisation and EMT, culminating in 

increased proliferative, migratory and invasive capacity of OAD cell lines. In addition to these 

in v itro  data, this thesis highlighted a novel in vivo association of markers of invasion and 

metastasis M M P9 and PAI-1, and markers of EMT SNAI2 and E-cadherin, with visceral obesity. 

Gene expression of M M P9 and PAI-1 correlated with markers of aggressive tumour biology 

and PAI-1 and SNAI2 were identified to be independent prognostic indicators in OAD. Together 

these data indicate a potential role for M MP9, PAI-1 and SNAI2 as promising targets in the 

development of targeted therapies for stratified treatm ent of viscerally obese OAD patients.

Future direction

While the majority of studies of obesity related pathogenesis to date rely on BMI as the 

traditional measure of obesity, this thesis identified visceral fat area (VFA) to be the strongest 

predictor of gene alterations in omentum. Correlation analysis was utilised as there is currently 

no universally accepted VFA cut-off value to predict obesity related disease. This is an area of 

work ongoing in this unit as it is vital to define cut-offs that can be brought into widespread 

use, standardising the VFA measurement and allowing accurate comparison between studies. 

In addition to the adipokines, cytokines and chemokines identified by Milliplex and Randox and 

subsequently quantified by ELISA, it may be of future interest to quantify less well 

characterised soluble mediators. NGF, resistin and IL-2 were near significantly altered in 

visceral obesity and it may be worthwhile to validate levels these adipokines in ACM in 

addition to quantification of serum levels in viscerally obese individuals. Additionally, in future
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it would be o f great interest to conduct fu rther functional validations into pathways o f focal 

adhesion and EMT, identified by the Affym etrix microarray. High Content Screening technology 

may present a promising technique by which to study these pathways, and preliminary 

optim isation has been completed as part o f this thesis. Finally, it would be o f immense interest 

to examine protein expression o f PAI-1 and SNAI2 expression using tissue microarrays, as 

these genes were identified to be independent indicators o f prognosis at the mRNA level. This 

work will be carried out in this unit in the short term future. While MMP9 gene expression was 

found to be associated w ith poor tum our differentiation, this association was not observed at 

the protein level. To address this issue, it would be o f great interest to examine MMP9 

expression in tum our leading edge, an area o f active tum our growth and metastasis. TMAs 

containing tum our leading edge are currently under construction in this laboratory, and w ill be 

completed in the near future. This future work has the potential to answer several o f the 

questions raised throughout the course o f this thesis and could further contribute towards an 

increased understanding o f the molecular mechanisms involved in the epidemiological 

association o f obesity and cancer.
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Appendix I; Mycoplasma testing

Mycoplasma testing of cell lines. Cell culture supernatants were collected from 0E19, OE33, 3T3-L1 
and SGBS cells lines on a regular basis, and tested for mycoplasma contamination. The presence of 
mycoplasma in the cells is determined by a luminescence ratio > 1. All cell lines were negative for the 
presence of mycoplasma throughout the course of this work.
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Appendix II: Standard curves
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Representative standard curve from  glucose assay. The glucose assay was used to measure glucose 
concentration in the supernatant of adipocytes as a functional assessment of d ifferentiation. 
(R^=regression coefficient)
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List of analytes tested in adipose tissue conditioned medium (ACM) by Luminex xMap technology 
(Millipore).

Human Cytokine panel

GM-CSF

IFN-v

IL-7

IL-8

Human Adipokine panel

MCP-1

TNFa

Adiponectin

Leptin

IL-10 HGF

IL -lZ (p /0 ) PAI-1 (total) 

IL-13 Resistin 

IL-ip IL-ip
■

IL-2 IL-6

IL-4 IL-8

IL-5 I MCP-1

IL-6 TNFa

NGF
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List of analytes tested in adipose tissue conditioned medium (ACM) and serum by Randox Evidence 
investigator.

Analyte Range (pg/m l)

IL -la 0 - 5 0 0

IL -ip 0 - 2 5 0

IL-2 0 - 3 0 0 0

IL-4 0 - 9 0 0

lL-6
........

0 - 9 0 0

IL-8 0 - 3 0 0 0

IL-IO 0 - 1 0 0 0

IFNy 0 -  1500

EGF 0 - 9 0 0

MCP-1 0 - 9 0 0

TNFa 0 - 1 5 0 0

VEGF 0 - 3 0 0 0
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Representative standard curve fo r lactate assay. This assay was used to  quantify levels o f lactate, the 
end metabolite of glycolysis, in supernatant of OE33 tum our cells follow ing co-culture w ith adipose 
tissue from viscerally obese and non obese patients. (R^=regression coefficient)
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Representative standard curve of bovine serum albumin (BSA) from  a BCA assay. The BCA assay was 
used to  quantify protein levels in total cell protein lysates. (R^=regression coefficient)
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Appendix III: Densitometry

Protein densitometric analysis of OE33 and 0E19 oesophageal adenocarcinoma (OAD) cell lines 
treated with adipose tissue from viscerally obese OAD patients (n=3) or control medium (n=3).

OE33 OE19

Protein M W control adipose tissue control adipose tissue

MMP9 83 kDa 0.219 ± 0.202 0.381 ± 0.051 0.294 ± 0.131 0.423+ 0.112

92 kDa 0.127± 0.117 0.307 ± 0.082* 0.206 ± 0.097 0.283+ 0.071

p53 53 kDa 0.533 ± 0.190 0.280 ± 0.170 - -

FAK 125 kDa 0.533 ± 0.034 0 .762+ 0 .066* 0.859 ± 0.044 1.000+0.082

1 00kDa 0.408± 0.158 0.079 ± 0 .018* 0.145 ± 0.094 0.074+ 0.017

85 kDa 0.640+ 0.107 0.223 ± 0.024 * 0.224 ± 0.060 0.111± 0.029'

Src 60 kDa 0.069 ± 0.009 0.134 ± 0.040 0.488 + 0.270 0.918+0.114

LAMC2 150kDa 0.500 ± 0.096 0.845 + 0.151 0.074+ 0.036 0.864 ± 0.096'

Target protein mRNA expression was normalised to p-actin control, and expressed as a ratio of target 
protein expression: 3-actin expression. Statistical analysis was carried out by a paired 2 tailed student t 
test. Data are expressed as mean ± SEM and is representative of three independent replicates. (*p<0.05 
adipose tissue i/s. control; up regulated, down regulated)
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Appendix IV: Flow cytometry dot plots and histograms
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Representative dot plots from flow cytometry apoptosis assay. A scatterplot shows the cells taken for 
analysis (A), propidium iodide (PI) positive control cells (B), annexin V (Ax) positive control cells (C), PI 
and Ax double positive control cells (D), control M199 medium treated cells (E), adipose tissue 
conditioned medium (ACM) treated cells (F).
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ALPHA6 PE

Representative histogram from flow cytometry data measuring integrin alpha subunit expression in 
OE33. A scatterplot shows the cells taken for analysis (A), staining for isotype controls adjusts for 
background staining (B; IgGI, C; lgG2a), staining for ITGA3 (isotype IgGI) (D), staining for ITGA5 
(isotype IgGI) (E), staining for ITGA6 (isotype lgG2a) (F).
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Appendix V: qPCR and Affymetrix array information

T aq m a n  end og eno us  con tro l qPCR array

Gene symbol Gene name Assay ID

|l8S Eukaryotic 18S rRNA Hs99999901_sl

GAPDH glyceraldehyde-3-phosphate dehydrogenase Hs99999905_ml

|h p r t i hypoxanthine phosphoribosyltransferase 1 (Lesch-Nyhan syndrome) Hs99999909_ml

GUSB glucuronidase, beta Hs99999908_ml

HCTB actin, beta Hs99999903_ml

B2M beta-2-microglobulin Hs99999907_ml

HMBS hydroxymethylbilane synthase Hs00609297_ml

IPOS importin 8 Hs00183533_ml

PGKl phosphoglycerate kinase 1 Hs99999906_ml

RPLPO ribosomal protein, large, PO Hs99999902_ml

IBP TATA box binding protein Hs99999910_ml

TFRC transferrin receptor (p90, CD71) Hs99999911_ml

UBC ubiquitin C Hs00824723_ml

YWHAZ tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation 

protein, zeta polypeptide

Hs00237047_ml

PPIA peptidylprolyl isomerase A (cyclophilin A) Hs99999904_ml

P0LR2A polymerase (RNA) II (DNA directed) polypeptide A, 220kDa Hs00172187_ml

CASC3 cancer susceptibility candidate 3 Hs00201226_ml

CDKNIA cyclin-dependent kinase inhibitor lA  (p21, Cipl) Hs00355782_ml

CDKNIB cyclin-dependent kinase inhibitor IB (p27, Kipl) Hs00153277_ml

GADD45A growth arrest and DNA-damage-inducible, alpha Hs00169255_ml

P U M l pumilio homolog 1 (Drosophila) Hs00206469_ml

PSMC4 proteasome (prosome, macropain) 26S subunit, ATPase, 4 Hs00197826_ml

EIF2B1 eukaryotic translation initiation factor 2B, subunit 1 alpha, 26kDa HS00426752 m l

PESl pescadillo homolog 1, containing BRCT domain (zebrafish) Hs00362795_gl

ABLl v-abi Abeison murine leukemia viral oncogene homolog 1 Hs00245445_ml

ELFl E74-like factor 1 (ets domain transcription factor) Hs00152844_ml

MT-ATP6 mitchondrially encoded ATP synthase 6 Hs02596862_gl

MRPL19 mitochondrial ribosomal protein L19 Hs00608519_ml

P0P4 processing of precursor 4, ribonuclease P/MRP subunit (S. cerevisiae) Hs00198357_ml

RPL37A ribosomal protein L37a Hs01102345_ml

RPL30 ribosomal protein L30 Hs00265497_ml

RPS17 ribosomal protein S17 Hs00734303_gl
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Gene list on Human Cancer Profiler qPCR Array plates (SABiosciences)

P o s itio n U n iG e n e R « fS e a S y m h o l O e s c rlp llo n G a n a  N a m e
A01 H s 52S 6 22 r<lM 0 0 5 1G3 A K T1 V -a k I rrvuhne thymon'ka viral oncogene hom olog 1 A K  1 < H K B
AO? H s 3e»S7S r jM  0 0 1 U 6 ATJGPT1 AnQiopoietin 1 A G P 1 /A G P T
AO 3 Hs S63484 NW  0 0 1 U 7 A N  O P T? Angiopoietin  2 A G P T 2 /A N t i2
A 04 Hs S52567 rjM  00 11  GO A H A F1 Apoptotic peptidase «rtrv»ting factor 1 c r r u

AOS H a .36 7 4 3 7 t iM  000051 A T M A ta x ia  te lang iec tasia  m utated  {includes com plenieote tion  groups A . C  a n d  0 ) A T l/A T A
A 06 Hs 3?0ZS4 rJM 00 4 3 2 2 B A D B C L2-antaQ oni3 l of ce ll death B B C 2 /B C L2 L 8
AO 7 H s 159428 r jM  00 4 3 2 4 BAX B C L2 fl9!»ociat*d X protein B a x  re ta
AOS H s .150749 N M  00 0 6 3 3 B C L2 D-cell CLL/tvtnphofT\a 2 B c l-2
AO 9 Ha B159&6 rjM  138578 B C L2L1 D C L2-hke 1 EJCL-XL/S
A iO l-<S 194143 N M  0U 7294 S R C A 1 B reast cancer 1. ea rly  onset B R C A I/B R C C 1
A1 1 Hs S91630 00 1 2 2 8 C A S P 8 C as p as e  8 . apoptosis (elated  cy ste ine peptidase C A P 4 /F L IC C
A 12 H » 2 4 4  723 N M  00 1 2 3 8 C C N E 1 C yc lm  E l C C N E
B01 H s 43 7 7 0 5 rjM  00 1 7 8 9 C D C 2 6 A (Jell division cy c le  25  tium olog A  (S  pomt>e) C C X:25A 2
B02 H b 19192 r jM  00 1 7 9 8 C D K 2 C y^Iin -dopeiu lent k inase 2 p 3 3 (r n K 2 )
B03 H s  9S 577 rJM 00 0 0 7 5 C D K 4 C y f  iin-di^p^ndent k inase 4 C M M 3 /P S K  J3
B04 Hs 370771 N M  0 0 0 3 8 9 C D K N 1 A C yclin  <)ependeni k lii^ ae inhibitor 1A  (p 21 . C ip1) C A P 2 0 /C D K N 1
BOS H *  5125& 9 r jM  00 0 0 7 7 C O K N 2A C yclm -dspencleni k>r>«se inhibitoi 2A  (ir>->Uuum« p16 inhibits CL>K4) A R F /C D K 4 I
n o o H s 39 0 7 3 6 N M  00 3 8 7 9 C FLA R C A S P S  and F A D D  Iike  apoptosis reQiilatof G A S H /C  A R P 8 A P 1
D o r H s 29 13 63 N M  00 71 94 C H E K 2 C H K 2 checkpoint homolog CS pornbel 0 0 3 1 /0 1 IK 2
U03 H i  S17366 N M  0305112 C O L18A 1 C ollagnn. type XV/III. alpha 1 K N O
0 0 3 H a 9 6 05 5 N M  00 5 2 2 6 E 2 F  1 trnnacnplion factor 1 E 2 F -V R B B P 3
B IO Hs 4 4 6 3 6 2 N M _ 0 0 4 4 4 8 ER Q D 2 V-eib-k>2 etythroblaslic le u ke m ia Mral o n c ^ e n e  hontoiog 2. 

neurc.'altotHasloina derived oncoQene hom oloq Cavian)
H E R 2 /H E R -2

e i 1 H S .6S 2238 rjW  0 0 6 2 3 9 E T S 2 V 'E ts  er /ihret> lastosis virus E 2 5  oncogene hom olog 2 (avian) c E ts 2
8 1 2 H s 24 4 1 3 9 N M  00 0 0 4 3 F A S F as iIN F- rece(Aor ><jpe>f3milv'. n>emb«i €) A L P S  1 A /A P O -1
C01 H s 53 35 33 r jM _ o u o ix i PC3FR2 F ibroblasI g iow th fac lo i receptor 7 (bactena-cK p iesserf k inase k e re tin o c y le  

giuwth fac lo i receptor craniofaciel d ys ostosis  1 . CrouKon syndrom e PferfFei 
syr>orome J a c k so n -W e ia s  ayndrom e)

BEK/E3FR 1

C02 Hs 2 6 64 7 rjM  0 0 6 2 5 2 F O S V-fo6 FBJ nitiiine o s teo e a ico in a  MrsI oncogene homolog c-fos
c:u J Hu 9070B N M _ 00 61 44 Ci7MA. G ia n y y m * A  (gr*nzyrr»e 1 cytotoxic  T -lym phocyte-associatecI seiini> C T L A 3 /H F S P

C04 H a 9 0 76 3 rjM  00 6 4 1 0 H TA T IP 2 H IV-1 Tat interactive p iole in 2  30kD<t C C V T ip J O
C06 Ma 3 7 02 6 rjM  02 4 0 1 3 IPNA1 Interferon alpfia 1 IFI /IFfM
COG H s 9 3 17 7 rjM  00 2 1 7 6 IF r jB I Intuileron, b eta  1. fibroblasl IFB O FF
C07 H s 16U!>62 r jM  00 0 6 1 8 (O F 1 Insulin like ginwfh factu i 1 (sum etonted in  C) IG FI
COS Hs 624 N M  0006& 4 IL8 Interleukin 8 3-10C/AfS^CFJ
0 0 9 Hs 65 22 04 N M  181501 ITOA1 IrHe-gnn, alp^a 1 C D 4 9 » A /t^ 1
C IO H s 48 2 0 7 7 N M  00 2 2 0 3 ITG A 2 Integnn alpha 2  <C 049B  alpha 2  subunit of V l.A -2  re^-eptor) D R /C 04 U Q
C l 1 H s .2 6 5 3 2 9 N M  00 22 04 IT C A 3 Inteqiin. alpha 3 (antigen C D 49C  3 sutHinit of V L A -3  receptor) C D 4 9 C /G A P -B 3
C 12 Hs 44 09 55 N M  00 0 8 8 6 rTGA4 Inle^ iiti. alpha 4 (eniig»n C D 4 9 0  alp lia 4  sutKinit of V LA -4 receptor) C D JOO/IA ^
001 Hs 43 63 73 N M  00 2 2 1 0 I7 G A V Integnn alpha V  (vtironectin recepto r alpha po lypeptide antioen C D 5 1 ) c n s i /M S K B
DO 2 Hs 64 33 13 r ^ M _ 0 0 2 2 1 1 IT G B I trtioyrin t>eia 1 (fibiuiiw<.tin receptor, bwia pwlypeptide, a>~iii^n C D 29  Includes  

M D F 2  M SK 12>
CC329/FNRB

D03 H i  21B 040 f jM  n n o ? i7 ITO B 3 In le y i'^  bel3 3  (p latelet ^ lycop io le in  Ilia antigen  C 0 6 1 ) C rv » i/G P 3 A
0 0 4 H s 53 66 63 N M  00 2 2 1 3 t l  G t ) i Integrin. beta 5 FLJ2 66 58
0 0 5 H s fl?5704 rjM  00 2 2 2 8 JU N Jim  oncogene A P I/c -J u n
0 0 6 Hs 14544? fJM 0 0 2 7 5 5 M A P 7K 1 M ilo^en-activated  protein km ase k in as e 1 M A P K K 1 /M E K 1
0 0 7 H s £ 9 9 0 3 9 N M  0 0 6 5 0 0 M t-A M M ela n o m a cell aOhesion rr^elecule C D 1 4 6 /M U C 1 8
D08 H S.5S 7303 HM 00 2 3 9 2 M D M 2 M d m 2. tians fo im ed  3T3 ce ll <lout>le m inute 2 p53 binding protein (m o u se) HDMX/'hdnn2
Ou'J H » 13 2 9 6 6 fJM 00 02 46 M F T M el prota*or>co^<*nM (hepatocyt e growth l^iii-tor r»c eptor) H G F R /R C C P 2
D IO H 8 8 3 16 9 ^iM 002421 M M P 1 M atn>  m eta llopepttdase 1 (interstitia l co llagenase) C L.G /C LG N
O i l H s 51 36 17 N M _ 0 0 4 i3 0 M M P 2 R>etallopeptidas.e 2  (gelat^rase A . 72 kD a  g«latinase. 72kO a type IV

CollAuwtt^>«i>
C L G 4 /C L G 4 A

U12 H s 29 7 4 1 3 fJM _004994 M M P 9 M.~iti:x motallopeptxlafce 9 (golatm ase B 97 k D a  g elatinase 92 h H 4 typo IV
coll*.-M tia64)

Cl CUB^G ELB

E01 Hs 52 5 6 2 9 N M  00 4 6 8 9 M TA1 M etas ta s is  associ*t>Kl 1 M ia -1
eo2 Hs 17304 4 r jM  ix>*73n M T A 2 r,1etr*?i-'*sis assoc ia ted  1 funvly n-vember 2 U K h V p 6 6 6 F 2 ? e i/M T A 1 l 1

E05 H s 336954 r^M 014751 MT=>S1 M etas ta s is  suppressor 1 MffwVnWAA
E04 Ha 70 7 4 5 3 fJM 00 74 67 M Y C V -m y i. niy»loc>'tom atosis vital oncoQeoe hom olog (avian) C -M yc
EOS »<a 43 19 76 N M  UU,MnW N FK B 1 N uclear factor of kappa light po lypeptide gene erthancer irt B 'C ells 1 i.plOS) t X I- /p 6 8 6 C 0 1 7 1  1/fcbl^ 1
E0€ He 6132G fJM 0i^0G29 N F K B IA N u cle ai factor of kappa light polypepKidw gene enhancer in B -colls inhibitor. IK B A /M A U  3
E07 H a 113613 f^M 0007G'J M M E 1 rjon -m el a static ce lls  1 protein (N M 2 3 A ) expi-Assed >n A VVn/CiAA D

F 0 8 H s 9235 N M  00 5 0 0 9 N M E 4 N on rto ta s ta tic  ce lls 1 protein expressed  in N M 2 3 H 4 /n m 2 3  H4
E09 H s 64 5 4 8 8 rJM OCJ2GO/ P lX jP A Platelet<derivc>d g iow lh factor alpha poJypeptide M tX iF A /P tJ O F I
E10 H s 1976 rJM _007608 P D G f B Platelet-derived  gro>Mh factor t>«ta polypeptide (sim ian sarcom a >^rai (v sis) 

o ncoo*ne hom eloa i
P D G F 7 /S IS

E l  1 Hs 132225 N M  101S04 P1K3R1 F ^ oa p h o io o s iid e  3 km ase regulatory subunii 1 (p06 alpTta) G R B 1 /p 9 S -A L P IIA
£ 1 2 H s .77 27 4 N M  00 2 6 5 8 P LA U Plasniiim tjtin  activator, u iukinase A T T /U P A
F01 Hs 46 68 71 N M  0U 2669 H LA U R Plasnun0 9 «n activator, urokm ase receplot C D 8 7 /U P A R
F02 H a 40 9 9 6 5 N M  00 26 87 P N N Pinin desiTiosom e as soc ia ted  protein D R S /S O K 3
F03 H s .159130 N M  OO28S0 R A F1 V-raf-1 m unne leukem ia viial oncogene hom olog 1 CRAFz-Raf 1
F04 H s 40 9 5 7 8 fJM U 00J21 R B I R etiiioblsstorr.a 1 (iiic luding osteosarcom a) O S R C /R B
FOfi H s 812S 6 N M  002961 S 1 00 A 4 S 1 0 0  calc ium  binding protein A4 18A 2 /4 2A
ro6 H » 6 5 27 9 N M  00 26 39 S E R P IN O S l>i>rpn peptidase mhitwtor. clade B  (ovalbum in), m em ber 5 P I S/m aspin
F07 H s 41 4 7 9 6 NM_UOO(>Oi' S E R P IN E l SArpin peptidase m tiibitor. clade E  (nexin. p lasm inogen actrvator inhibitor 

Ivpe 1), m em ber 1
PAJ/PAI-1

F08 HS 34 34 70 r iM  UU3087 SIMCG S ynucie in . g am m a (breast cancer-specific protein 1) B C S G 1 /S R
F09 M s .37 17 20 f4M 0 0 3 1 /’7 S V K S pleen tyrosine kinase S y k
F IG Hs N M _ 0 0 0 4 5 9 TE K 1'EK tyrosine km ase eiKlothelial (venous rnatfu-in.alicns. m ultip le cu taneous  

and rr-ucoaal)
C n ? 0 2 B 'T IE .2

F  11 H s 49 7 2 0 3 N M  198253 TER T Telom erase reverse iranacnptsse F S T 2 'T C S 1
F12 H s 6 4 5 2 2 7 N M  00 0 6 6 0 T G F B 1 Trarisfoim iog growth factor b «ia  1 C ED .1DP01
c.;oi H s 4 9 4 6 2 2 U M _ 0 0 4 6 1 2 T O F B R l Transforn'Hog growth fa<.lui beta le ce p to r 1 (adrv in  A  receptor typ e  tl-lik« 

kinase S3kD8>
A A T5 /A C V R L K 4

n o 2 H s 16 42 26 fJM 0 0 3 2 4 6 T H B G I rhrornbo ifx jnd .n  1 T H B S / rS P

G 0 3 H s b?7G32 N M  003254 T IM P 1 T IM P  m e trtllopeptidase inhibitor 1 CLGI/1EPA
G04 H s 64 4 6 3 3 N M ,00 0 3 6 2 T IM P 3 T IM P  ii'ivtjilopep'tidase in h ib ito rs  (S orsby fundus dystrophy, 

os e u d o< n n a m m al or VI
H S M R K 2 2 2 /K i2 2

(JOS H s 24 1 5 7 0 N M  OOOL-04 IM F Tumor necrosis factor (T N F  superfam ily. m eniber 2) L)lt /T N F -a lpha

r .o c HS 52 1 4 5 6 N M  0 0 3 8 4 2 1 N F R S F 1 0 B Tum or necrosis fac to r receptor siiperfam ily m em ber 10b C n 7 fi? /n R fi
G 07 H s 27 95 94 N M  00 10 66 T N F R S F 1 A Tum oi necrosis factor receptor supertam ily. n w m b e i 1A C D 1 2 0 a /F P F

GOO H a 4 6 2 5 2 9 N M  00 37 90 T N F R S F 2 6 Tum or necrosis factor receplot sup*rf<an>ily. m em ber 25 A P O -3 /U U R 3

G 09 H s 4 0 9 3 1 2 N M  0 0 0 5 4 6 T P 5 3 T jim or fvotein p63 (Li F raum eni synrtronie) L F S 1 /T R P 6 3

G 10 H s 6 6 74 4 rjW _ 0 0 0 4 7 4 TVV ISTI Tw ist hom olog 1 (acroceptis^osyndactyly 3 S a e th ie  C h u tze n  synU iom e) 
(Diu>,ct*itla1

A C S 3 /S P E S 2

G1 1 H s 563491 f4M 017& 49 F P O R 1 Ependyn-un re lated protein 1 (2 ebrafish) E P O R A 4 E R P -1

G 1 2 H s 73 79 3 N M  0 0 3 3 7 6 V E G F A V a sc u lar endothelial growth (nclor A V E G F .v r G F  A

H OI H s 53 4 2 5 5 N M  00 40 48 B 2M But a 2  micioglabulln 8 2 M
H02 Hs 41 2 7 0 7 N M  000134 MF>RT1 H /p o xa n th in e  phospho«ibo8ylt/an»f«i"»* 1 (Lesch -N yhan  sy n d io m e) H O P R T /H P R T
H03 H s 54 6 3 5 6 N M  01 2 4 2 3 R P L 1 3 A R ibosom al protein L13a f « 'L  13A
H04 H s .5 4 4 5 7 7 N M  00 2 0 4 6 G A P D H G lycera ldehyde 3 phosp^iate dehydrogenase G 3 P D /G A P D
H 05 Hs 52 06 40 N M  001101 A C TQ A ctin  beta P S 1 T P 5 B P 1
H06 N /A S A  0 0 10 5 H G D C H um an  G en om ic D N A  uontam m ation H IG X 1A

HOT N /A S A  0 0 10 4 RTC R everse Transcnpcion Conlrcil RTC
H08 N /A S A  0 0 10 4 R TC R everse Transrnp tion  Contro* RTC

M09 hJ/A S A  00 10 4 R fC R everse Transciiption Control R TC
H 10 Nl/A S A  0 0 10 3 P P C Positive PC  R Control P P C
H i t NAA S A  0 0 10 3 P P G Positive P C R  Control P P C
H12 l-J/A S A _ 0 0 1 0 3 P P C Poaitive P C R  Control P P C
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RNA quantity and purity (measured by nanodrop) and integrity (measured by Agilent Bioanalyser) of 
whole adipose tissue samples for Affymetrix microarrays. All samples had 260/280 purity ratio > 2, a 
260/230 ratio > 1.7, and an RNA integrity number (RIN) > 6.7.

obese sample chip number ng/ul 260/280 260/230 RIN

patient 1 whole adipose tissue 100837-01_1 135.4 2.12 1.87 7.6

patient 2 whole adipose tissue 100837-01_29 170.8 2.07 1.71 7

patient 3 whole adipose tissue 100837-03_3 100.1 2.11 1.87 8.2

patient 4 whole adipose tissue 100837-31_31 226.9 2.1 2.2 6.7

patient 5 whole adipose tissue 100837-05_5 124.7 2.06 1.75 8.1

patient 6 whole adipose tissue 100837-06 6 147.6 2.03 1.96 8.1

non obese

patient 7 whole adipose tissue 100837-07_7 295.6 2.07 2.18 8.2

patient 8 whole adipose tissue 100837-08_8 210.9 2.09 2.1 8.6

patient 9 whole adipose tissue 100837-09_9 139.7 2.07 2.12 7.9

patient 10 whole adipose tissue 100837-10_10 292.5 2.07 2.11 8.3

patient 11 whole adipose tissue 100837-11_11 121.4 2.07 2.11 8.6

patient 12 whole adipose tissue 100837-12_12 131.6 2.08 2.12 7.8

RNA quantity and purity (measured by nanodrop) and integrity (measured by Agilent Bioanalyser) of 
co-cultured OE33 samples for Affymetrix microarrays. All samples had 260/280 purity ratio > 2, a 
260/230 ratio > 1.7, and an RNA integrity number (RIN) > 6.7.

co-culture sample chip number ng/ul 260 /280 260/230 RIN

patient 1 whole adipose tissue 100837-13_13 38.9 1.82 1.25 10

adipocyte 100837-14_14 34.7 1.67 0.43 10

patient 2 whole adipose tissue 100837-15_15 66.3 1.98 1.15 10

adipocyte 100837-16_16 26.2 1.89 0.44 10

patient 3 whole adipose tissue 100837-17_17 43 1.81 0.92 10

adipocyte 100837-18_18 21.1 1.65 0.84 8.9

patient 4 whole adipose tissue 100837-19_19 55.1 1.67 0.64 9.3

adipocyte 100837-20_20 52.7 1.72 1.34 10

patient 5 whole adipose tissue 100837-21_21 104.8 2.1 2.06 9.7

adipocyte 100837-22_22 85.8 2.11 2.03 10

patient 6 whole adipose tissue 100837-23_23 71.8 2.05 1.84 10

adipocyte 100837-32_32 60.5 2.13 2.11 9.9

control media 100837-25_25 57.4 2.12 2.05 10

control media 100837-34_34 65 2.04 0.83 9.9

control media 100837-27_27 43.2 1.78 1.34 9.8

control media 100837-28 28 42.9 1.77 1.62 10
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E lec trop ho re t ic  t r a c e  d ia g ra m s  o f  r e p r e s e n ta t iv e  RNA s a m p le s  sh o w in g  RNA in teg r i ty .  Only RNA 
sa m p le s  w ith  RIN > 6.7 w e r e  u sed  on  Affymetrix  m icroarrays .
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Array Index

Overall signal in te n s i ty  using  ca lc u la ted  using p re d e f in e d  sc r ip ts  a n d  flexible p ro g r a m m in g  w ith  th e  R 
so f tw a re  e n v i r o n m e n t  fo r  s ta t is t ica l  c o m p u t in g  a n d  w a s  fo u n d  t o  b e  sim ilar  b e t w e e n  m ic roa r rays  
(OE33 fo l low ing  co -cu l tu re  w ith  w h o le  a d ip o s e  t i s su e  (s am p le s  1 t o  6), OE33 fo l low ing  co -cu l tu re  w ith  
ad ip o c y te s  (s a m p le s  7 t o  12) a n d  OE33 fol low ing  cu l tu re  w ith  m e d iu m  a lo n e  (s a m p le s  13 to  16)).
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In ternal co n tro l  g e n e s  ac tin  a n d  GAPDH w e r e  m e a s u r e d  using 3 ' a n d  5' p ro b e  se ts ,  t h e  ra t io  3 ' / 5 ' o f  
each  g e n e  w a s  ca lc u la ted  using p re d e f in e d  scr ip ts  an d  flexible p ro g ra m m in g  w ith  t h e  R so f tw a re  
e n v i r o n m e n t  fo r  s ta t is t ica l  c o m p u t in g  an d  all a r ray s  w e r e  fo u n d  b e  fall w ith in  s t a n d a r d  ran ge .
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Positive border elements for all arrays were measured using predefined scripts and flexible 
programming with the R software environment for statistical computing and found to fall within 
standard range.
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Correlation analysis between Affymetrix arrays examining whole adipose tissue from viscerally obese 
(Array Index 1 - 6 )  and non obese patients {Array Index 7 -  12) identified no outlier microarrays. All 
samples were therefore included in analysis.
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Correlation analysis b e tw e en  Affymetrix arrays examining OE33 oesophageal adenocarc inom a 
following co-culture with w hole  ad ipose tissue from viscerally o bese  OAD pat ien ts  (Array Index 1 -  6), 
with ad ipocytes  from m atched  p a t ien ts  (Array Index 7 -  12) and with control m edium  (Array Index 13 
- 1 6 ) .  No outlier  microarrays w ere  identified and all sam ples  w ere  the re fo re  included in analysis.
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