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Summary

Gastrooesophageal reflux disease (GORD) is very common and it is 

estimated that up to 20% of the western population will experience weekly 

heartburn. The initial simple mucosal damage can lead to further 

complications like peptic stricture, transformation to Barrett's oesophagus 

(BO) and subsequent oesophageal adenocarcinoma (OAC). The incidence of 

the premalignant condition BO and associated OAC is rapidly rising in the 

western world. Gastric acid reflux as a leading cause of the mucosal damage 

in GORD is well established and described in very early publications but bile 

acids (BA) are an important component as well.

It has been shown that deoxycholic acid (DCA), an unconjugated secondary 

bile acid, can cause DNA damage in oesophageal cell lines. Recent work from 

our laboratory using gene expression microarray technology examined the 

influence of BAs in normal squamous cell mucosa and cancer cell lines and 

demonstrated that over 30% of the genes altered in genomic studies of BO 

and OAC may be regulated by BAs.

The first aim of this thesis was to validate candidate genes from the 

microarray data group. Genes were selected for real time RT-PCR validation 

in a patient cohort. The list of validated genes included lipid homeostatic 

regulators such as the transcription factor retinoic orphan receptor (ROR)- 

alpha and fatty acid binding protein (FABP1), members of the dual specificity 

protein phosphatase subfamily (DUSP 1,5,6) and numerous secreted 

cytokines and growth factors (LIF,GDF15 and IGFBP7).

GDF15, over expressed in BO, was further examined. GDF15 is a member of 

the transforming growth factor beta super-family. It has been shown that 

members of the TGF-beta super-family signal through the Smad-pathway in 

BO and OAC. This work has established that GDF15 leads to Smad 1,2,3 

activation in a normal oesophageal cell line (Het1A). GDF15 levels are 

significantly higher in an oesophageal cancer cell line (OE33) when compared 

with HetIA cells. Greatly elevated levels of activated Smad 1,2,3 in the 

nucleus are seen in OE33 cells as well. GDF15 seems to be a novel player 

within the TGF-beta super-family in the pathogenesis of BO and OAC.

IV



BO is an acquired condition characterized by metaplastic replacement of the 

normal squamous epithelium of the lower oesophagus by a columnar 

epithelium of an intestinal nature.

In this transition the mucosa shows changes typically observed in the intestine 

including, for example, the presence of villi and mucin secreting goblet cells. 

Another aim of this thesis was to identify differentially expressed genes in the 

normal intestine which are not usually seen in the normal oesophagus. The 

target was to define a genetic signature through a combined expression 

microarray and bio-informatics approach using normal squamous tissue of the 

oesophagus and comparing the derived signature with signatures from 

normal, small and large bowel tissue, hence producing a genetic informatic 

“intestinal informatics filter”. It would be of crucial interest to what extent 

intestinal genes are present in BO and if those are switched on or lost in the 

progression to OAC.

Gene regulation is an essential component of any cell development. Gene 

regulatory networks control the development of cells and transcription factors 

(TFs) play a crucial role. A novel group of 74 TFs of an intestinal phenotype 

were identified through this “intestinal informatics filter” in BO and some of 

them were validated in a patient cohort.

The development of BO and OAC is a complex process with many external 

agents (acid, bile acids) facilitating this process. Many genetic markers, some 

bile acid regulated, are strongly involved. Pathways, for example Smad 

signalling, are activated and regulate cell transformation through transcription 

factors. BO consists of a histological but also genetic intestinal phenotype. 

This work was able to shed some light on all of the above mentioned aspects 

in this cellular transformation. Some of the newly detected markers were 

followed up and possible ways of interaction and signalling highlighted. Many 

more markers are mentioned and certainly remain the target for further work 

in the understanding of Barrett’s oesophagus and cancer.
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Chapter 1



1. General Introduction:

1.1 Gastrooesophageal reflux disease (GORD) and Refluxoesophagitis 

(RO)

In the beginning there is reflux into the oesophagus. Physiological reflux 

occurs in every individual but an oesophageal 24 hour pH-monitoring will 

determine if pathological reflux is present (Gignoux et al., 1987, Mattioli et al., 

1989). In this test a very thin pH-probe is placed through the nose into the 

oesophagus of the patient and left for 24 hours. It will measure the dip in pH 

but also the amount and length of the reflux episodes (Schindlbeck et al., 

1987). Pathological reflux can lead to symptoms and mucosal damage which 

are endoscopically described as Refluxoesophagitis (RO). Typical symptoms 

are heartburn and regurgitation. However an atypical presentation with chest 

pain, cough, asthma, nausea and odyno- and dysphagia has to be 

considered as well (Richter, 1996, Breumelhof et al., 1990). The last two 

symptoms are more suggestive of a complication like stricturing, benign or 

malignant. The AGA (American Gastroenterology Association) defines 

GORD and RO as symptoms or mucosal damage caused by gastric 

refluxate. The AGA has outlined its recommendations for the diagnosis of 

GORD and 24 hour pH monitoring is widely available and offers data to 

correlate patient symptoms with reflux episodes AGA (1996). Fig. 1.1 shows
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two images of such a pH probe to measure the patients reflux episodes. Fig 

1.2 shows two print outs of pH measurements. On the left is an example of a 

normal test result. The patient shows some normal fluctuation of the pH in 

the oesophagus but there is no significant dip. On the right multiple 

significant dips under a pH of 4 are seen. Not only the dip but also the 

duration of these episodes is relevant. A score (Demeester score) is 

calculated and any value over 14.72 is deemed pathological (Johnson and 

DeMeester, 1986).
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Fig 1.1 PH probe The AG A (American Gastroenterology Association) 
recommends 24 hour pH measurement to accurately diagnose a patients 
reflux episodes. 24 pH measurement is a well established tool and a very thin 
probe is placed through the nose of the patient into the oesophagus. A small 
device which is carried by the patient like a small bag outside is continuously 
analyzing and storing the patients’ pH-data. After 24 hours the probe is 
removed and the data analyzed.
Images from the Gl-function Lab at St. James’s Hospital
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Fig 1.2 24 hour Reflux Analysis On the top left is an example o f a normal 
test result o f a 24 hour pH study. The patient shows some normal fluctuation 
o f the pH in the oesophagus but there is no significant dip. On the top right 
multiple significant dips under a pH o f 4 are seen. Not only the dip but also 
the duration o f these episodes is relevant. A score (Demeester score) is 
calculated and any value over 14.12 is deemed pathological.
Images from the Gl-function Lab at St. James’s Hospital
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GORD is very common and it is estimated that 10-20% of the western 

population will experience weekly heartburn (Dent et al., 2005). Patients with 

RO will show typical inflammatory changes at the OG-junction which are 

commonly described according to the Los Angeles (LA) classification of RO. 

Grade A describes erosions <5 mm, Grade B >5 mm, Grade C at least one 

mucosal break and Grade D a mucosal break that involves at least Va of the 

circumference (Lundell et al., 1999). The initial simple mucosal damage can 

lead to further complications like peptic stricture, transformation to Barrett’s 

oesophagus (BO) and subsequent oesophageal adenocarcinoma (OAC). 

Once diagnosed with RO the treatment of choice is the use of proton pump 

inhibitors (PPI) and in selected refractory cases a Nissen fundoplication can 

be indicated (Nissen and Rossetti, 1962). This surgical intervention involves 

a tightening of the gastro oesophageal sphincter especially in the presence of 

a hiatus hernia.

1.2 Barrett’s oesophagus

Barrett's oesophagus is a condition named after Norman Rupert Barrett a 

surgeon from Australia born in 1903 who worked in London. The incidence of 

the premalignant condition BO and associated OAC is rapidly rising in the 

western world whereas the incidence for squamous cell cancer of the 

oesophagus is decreasing (2008). The reasons for this increase remain 

unclear. Studies have shown a link between obesity, gastrooesophageal
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reflux of acids and bile acids with OAC (Ryan et al., 2011, Takahashi et al., 

2011, Woodland and Sifrim, 2010).

BO is discovered on endoscopic examination of patients with symptoms of 

gastrooesophageal reflux disease. On endoscopic view the white squamous 

cell mucosa of the normal oesophagus is replaced by a pink appearing 

mucosa. Fig 1.3 shows an endoscopic image of Barrett’s oesophagus taken 

on an upper gastrointestinal endoscopy (OGD). The oesophagus has its 

typical “tube” like appearance. The normal finding would be a white 

appearing surface throughout, which resembles the look of the squamous 

cell mucosa. The deeper end (distal part) of the oesophagus shows a pink 

appearance which resembles intestinal metaplasia (IM). This pink mucosa 

looks similar to the intestinal mucosa seen in the stomach. The 

squamocolumnar junction is ragged which is very common. This is most 

likely caused by recurrent episodes of inflammation at this area.
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Fig 1.3 Barrett’s oesophagus Endoscopic image of the oesophagus with 
Barrett’s oesophagus taken on OGD with white light. The oesophagus shows 
its characteristic “hose” type look. A white appearing surface throughout 
should be visible. This is the classic colour of the squamous cell mucosa. 
The deeper end (distal part) of the oesophagus shows a pink appearance 
which resembles intestinal metaplasia (BO). This pink mucosa is similar to 
the look of to the intestinal mucosa seen in the stomach. Small white islands 
are seen within the Barrett’s mucosa which are areas of squamous cell 
mucosa. The transition zone between Barrett’s and normal mucosa is 
typically ragged. According to the PRAGUE classification this would be C3M1 
(3 cm circular BO and 1 cm maximum extent above that totalling at 4 cm 
BO).
Pictures kindly given by Dr O’Toole from the endoscopy unit at St. James’s 
Hospital.
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BO is often associated with RO and the prevalence is estimated at 10% 

among these subjects (Ho, 2011). However, it is not possible to predict the 

presence of BO depending on the symptoms of the patient, in fact many 

patients with BO are completely asymptomatic (Sampliner, 2005). The 

diagnosis is generally made after the age of 55 and male to female ratio is 

2:1 (Cook et al., 2005). A population based study from Sweden estimated the 

prevalence of BO at 1.6% of the general population (Sampliner, 2005). The 

fact that the same study found that over 40% of the Patients with BO lacked 

symptoms of reflux disease raises the question of a population based 

screening program. This has not been proposed yet. A reason for that is 

certainly that despite the general increase of OAC the cancer progression 

from BO to OAC remains rare at an estimated rate of not more than 2% 

(Eckardt et al., 2001, Conio et al., 2003).

The AGA (American College of Gastroenterology) states that it is reasonable 

to treat a patient with reflux symptoms empirically at first and only those 

individuals where a more complicated disease is suspected should undergo 

endoscopy. The AGA recommends screening of Patients with multiple risk 

factors for BO. These include obese, white and male individuals aged over 

fifty with reflux symptoms and possibly known hiatus hernia.

The diagnosis of BO is based on two criteria. Firstly, the endoscopic finding 

of columnar mucosa and secondly histological confirmation of intestinal 

metaplasia (IM) by the histopathologist (Zairat'iants et al., 2011). There is a 

difference in the definition of the histological requirement in diagnosing BO
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between North Annerica and Europe. The American College for 

Gastroenterology needs the presence of goblet cells on histology which is not 

required by European pathologists (Wang and Sampliner, 2008, Sampliner, 

1998). The emphasis in Europe is on the sampling site at endoscopy in 

combination with IM on histology with or without goblet cells.

The International Working Group for the Classification of Oesophagitis 

(IWGCO) established the PRAGUE C&M classification for BO. Using this 

system the length of circular and maximum extent of the disease is 

accurately documented. It is the responsibility of the endoscopist to correctly 

identify the gastrooesophageal junction (GOJ) and the squamocoiumnar 

junction (SCJ). In healthy individuals these are at the same place. In BO the 

SCJ lies proximal to the GOJ and the area between the upper gastric folds 

(UGF) and the beginning of regular circular squamous mucosa of the 

oesophagus defines the length of BO (Sharma et al., 2006). BO of less than 

3 cm represents short segment BO and an extent of more than that is long 

segment BO (Gilbert et al., 2011). Despite this precise sounding classification 

there is a considerable variety between examiners and certainly not all 

endoscopists follow the PRAGUE classification to categorize BO. The 

histopathologist is essential for the correct diagnosis of BO by identifying IM 

from tissue biopsies. It is a requirement for the endoscopist to obtain 

quadrant biopsies every centimetre of BO mucosa. This amount of the 

biopsies is not necessary to diagnose BO but to find out if the Patient has 

dysplastic changes (Aalykke, 1993, Cameron and Carpenter, 1997). The
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histopathologist will search for the typical changes observed in BO which 

consists of a cardia-type columnar mucosa and ideally the presence of goblet 

cells (Rothery et al., 1986). Mucin immunohistochemistry is helpful as well as 

BO tissue shows a similar secretion profile as the gastric epithelium and the 

normal intestine (Arul et al., 2000). Fig 1.4 shows typical Barrett’s Histology 

with columnar type mucosa instead of squamous cell mucosa at the 

squamocolumnar junction. The left part of the figure shows dense flat looking 

cells which is the typical squamous cell mucosa in the oesophagus. The 

characteristic of the mucosa changes dramatically on the right side. The 

appearance is of intestinal type Barrett’s mucosa with crypts and columnar 

mucosa.
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Fig 1.4 Histology of transitional BO and squamous cell mucosa This 
Histology is right at the squamocloumnar junction. It shows typical Barrett’s 
Histology with columnar type mucosa instead of squamous cell mucosa on 
the right side of the image. The left part of the figure shows dense flat looking 
cells which is the typical squamous cell mucosa in the oesophagus. The 
characteristic of the mucosa changes dramatically to the appearance of 
intestinal type Barrett’s mucosa with crypts and columnar mucosa. 
Pictures kindly given by Dr Muldoon from the Histopathology department at 
St. James’s Hospital.



As interesting as these changes in the oesophagus are, just BO would not be 

of major interest if it did not represent a potentially unstable mucosa 

predisposing to dysplasia and cancer (Yantiss, 2010). It is therefore the aim 

of any surveillance program to accurately identify patients at risk and recruit 

for treatment before the development of OAC (Wong et al., 2010). This 

unfortunately poses a difficult task (Michalak et al., 2009). Different methods 

have been developed to identify precancerous dysplastic changes in BO with 

varying success. Still mostly in use is conventional endoscopy with targeted 

biopsies of suspicious looking areas (irregular, raised mucosa within BO) and 

quadrant biopsies of ideally every centimetre of BO (Aalykke, 1993). 

Methylene blue staining of BO followed by targeted biopsies and newer 

techniques like narrow band imaging and high-resolution magnification 

endoscopy are in use to increase the yield of detection for dysplastic 

changes (Amano, 2005, Curvers et al., 2008). Fig. 1.5 shows images taken 

on endoscopy with normal white light (top left) and narrow band imaging 

(NBI) (top right and bottom left). Often enough the distinction between 

Barrett’s mucosa and the normal oesophagus is not as obvious on white light 

as seen on the top left image. The exact area of change between BO and 

normal squamous mucosa becomes much clearer on NBI (top right image). 

The Barrett's mucosa shows a darker appearance in comparison to the 

normal squamous mucosa which highlights pale blue. Furthermore areas of 

dysplasia are better seen as well. An area at 9 o’clock on the white light 

image just on the transition zone looks raised. On NBI this area is much more
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noticeable. When the zoom mode is active a look into the substructure with 

irregular mucosa becomes more visible. The histology confirmed high grade 

dysplasia on the biopsies from this site.

Fig. 1.5 Advanced endoscopic imaging Images taken on endoscopy with 
normal white light (top left) and narrow band imaging (NBI) (top right and 
bottom left). The distinction between Barrett’s mucosa and the normal 
oesophagus is very often quite difficult as shown on the top left image. The 
zone of transition between Barrett’s mucosa and normal squamous mucosa 
becomes much clearer on NBI (top right image). A small area at 9 o ’clock on 
the white light image at the transition zone looks raised. On NBI this area is 
much more obvious. An insight into the substructure with irregular mucosa 
becomes more demonstrable when the zoom mode is active. This area 
contains high grade dysplasia on biopsies.
Pictures kindly given by Dr O’Toole from the endoscopy unit at St. James’s 
Hospital.
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Patients with confirmed BO undergo upper Gl endoscopy once a year or at 

least once every second year with quadrant biopsies (Aalykke, 1993). Newer 

techniques like NBI and FICE are typically used in patients with suspicious 

looking mucosa or confirmed dysplasia (Singh et al., 2011, Mannath and 

Ragunath, 2010). The aim of the surveillance program after detection of BO 

is ideally the early detection of low and high grade dysplasia and treatment 

using non-surgical endoscopic techniques. These include endoscopic 

mucosal resection, radiofrequency ablation or photodynamic therapies 

(Thomas et al., 2011, Dunn et al., 2011, Davila, 2011). Unfortunately, despite 

these developments, progression to invasive OAC cannot be prevented. 

Often enough the first presentation of the Patient is with established OAC 

and radio-oncology and surgical treatment comes into play. The overall 5 

year survival of Patients with advanced OAC remains low and early detection 

remains crucial. This highlights the need for good preventive surveillance 

protocols (Polednak, 2003).

1.3 Barrett’s dysplasia and cancer

The risk of developing cancer in BO is only up to 2% depending on the 

source. However there is a 30-fold increased risk of OAC in patients with BO 

when compared with the general population (Van der Veen et al., 1989). 

Given the fact that all BO patients undergo the same surveillance program it 

would be desirable to have some predictive factors of OAC. Again as in BO
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male sex, age over 75 and obesity are recognized risk factors and this group 

should remain under close supervision (de Jonge et al., 2010). A low grade 

dysplasia at baseline endoscopy is also a positive predictive factor concluded 

the same study. If the patient however does not develop any dysplasia during 

surveillance endoscopy within the first two years his/her risk of progressing 

into OAC will remain very low.

Elderly patients with co-morbidities are enrolled in a surveillance program 

with only a relatively small risk of progression into cancer and the duration 

and frequency of these tests is an active topic of discussion amongst 

gastroenterologists. Despite the risks of an invasive procedure (OGD) and 

difficulties in identifying patients with dysplasia and cancer, studies have 

shown the positive effect of a surveillance program. Endoscopic surveillance 

improves the chances of early detection and life expectancy in patients with 

HGD and OAC (Streitz et al., 1993, Peters et al., 1994). Another benefit is 

that newer endoscopic techniques in treatment of LGD and HGD have 

replaced invasive surgery. Comparison studies have shown a higher 

mortality and morbidity in the surgical group when compared with endoscopic 

resection (Pech et al., 2011) in treatment of early BO associated OAC. The 

same study however also pointed out that the endoscopic group had a higher 

rate of recurrence, highlighting the need of close surveillance post 

endoscopy. There is no doubt about the need of treatment in patients with 

LGD and HGD. Depending on the source the risk of developing OAC in a 

patient with LGD rises to at least 10% from as mentioned only 0.1-2% in BO
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without dysplasia (Skacel et al., 2000, Hameeteman et al., 1989). The same 

studies estimated the risk in HGD of developing OAC of over 50%. The aim 

of all surveillance and early endoscopic treatment is to avoid progression into 

invasive cancer. Independent of the stage of disease the 5 year survival is 

only 15% (Polednak, 2003). Patients undergo a rigorous pre-surgical staging 

program which includes endoscopic ultrasound, PET-CT and multidisciplinary 

discussion. This staging program is there to determine the appropriate 

treatment for the individual patient and to avoid unnecessary surgery with 

significant morbidity and mortality. The age of the patient and co-morbidities 

must be considered. Once staging in invasive OAC is performed the patient 

will receive a combination of radio- and chemotherapy and where appropriate 

surgery (Veuillez et al., 2007, Van Cutsem et al., 2008). Fig 1.6 shows 

multiple stages of OAC arising from BO. The top two images show an early 

invasive cancer (T1). The top left image with white light shows the image of a 

raised and ulcerated area resembling the cancerous changes. On the top 

right is the same lesion with FICE (Fuji intelligent chromo endoscopy) view. 

In this case the computer imitates a methylene blue image. The area of 

neoplasia becomes much more distinctly visible. This allows for better 

targeted biopsies and judgement of the area involved. The image on the 

bottom left shows a more prominent raised lesion which is still limited to the 

mucosa and therefore T1. The bottom right image finally pictures a more 

advanced stage of an OAC (T2) with semi circumferential infiltration and 

ulceration. The presence of BO is evident on this image and the transition to
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circumferential normal squamous cell mucosa becomes visible just a

centimetre above the cancerous lesion.

D .O . f l i i th

Fig 1.6 Endoscopic images of various stages of OAC Various stages of 
OAC arising from BO are shown. The top two pictures illustrate an early 
stage of OAC (T1) and the neoplastic changes are limited to the mucosa and 
not reaching deeper muscular layers. The top left image which is taken with 
white light demonstrates a raised and ulcerated lesion. On the top right is the 
same injury with FICE (Fuji intelligent chromo endoscopy) view. The 
neoplastic changes become much more noticeable. This allows for better 
targeted biopsies and judgement of the area involved. The image on the 
bottom left illustrates a very prominent neoplasia which is still restricted to the 
mucosa (T1). At last the bottom right picture demonstrates a more advanced 
stage of a cancer of the oesophagus (T2) with semi circumferential infiltration 
and ulceration. Surrounding BO mucosa with normal squamous cell mucosa 
around 1 cm above the lesion is visible as well.
Pictures kindly given by Dr O’Toole from the endoscopy unit at St. James’s 
Hospital
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1.4 Role of bile acids in BO

Gastric acid reflux as a leading cause of the mucosal damage in RO is well 

established and described in very early publications (Stiles and Henry, 1964, 

Miller and Veloso, 1961). Hov\/ever it became very clear that it was not the 

only cause for the forming of BO. Gillen, Keeling et al compared gastric 

concentrations of bile acids (BAs) in patients with GORD, BO, controls and 

patients with BO complications. Their first finding was no difference in the 

fasting levels of bile acids between these groups. Patients with BO 

complications however showed significantly higher postprandial BA levels 

than the other groups (Gillen et al., 1988). This was one of the first studies 

suggesting BAs as one of the culprits in the pathogenesis of BO. The initial 

suspicion of Gillen et al that especially patients with complications may have 

BA reflux was confirmed in other studies.

BA levels are especially high in patients with BO who develop secondary 

complications like stricture, ulcer and dysplasia. A synergism between BA 

and acids was postulated (Vaezi and Richter, 1995). Iftikhar et al went further 

and examined BA levels in oesophageal aspirates (Iftikhar et al., 1993). 

Transformation occurs in the oesophagus, and gastric levels of BAs, even 

when they differ in BO patients might not be representative of their levels in 

the oesophagus. The authors demonstrated that the highest levels of BAs 

were seen in BO patients when compared with GORD and control patients. 

Further studies acknowledged the significance of BAs in combination with
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gastric acid and also determined that treatment with PPI was effective in 

decreasing both acid and bile acid reflux (Champion et al., 1994).

The effect of BAs on BO cells was further examined and biopsies from 

normal oesophagus, duodenum and BO were exposed to a mixture of BAs. It 

was established that this induced a significant cell proliferation in BO, 

compared with the other tissues when exposed to this mixture (Kaur et al., 

2000). A milieu containing BAs in the refluxate may create IM of the 

oesophagus by possibly affecting metaplastic stem cells. This was postulated 

by Jankowski et al in Lancet (Jankowski et al., 2000).

Bile salts in oesophageal aspirates mainly contain conjugated bile acids 

(Gotley et al., 1991). Kauer et al were able to establish that firstly, that the 

amounts of BAs were significantly higher in patients. Secondly, a breakdown 

allowed examining the composition of these BAs. 60% were glycocholic acid, 

16% glycodeoxycholic acid, and 15% glycochenodeoxycholic acid. 

Taurocholic, taurodeoxycholic, taurochenodeoxycholic, and glycolithocholic 

acid represented the last 10% (Kauer et al., 1997). Nehra et al published in 

GUT that mixed reflux (BA and acid) was more harmful than acid alone. They 

were also able to demonstrate that the main BAs were cholic, taurocholic, 

and glycocholic acids, confirming the findings of Kauer et al. Secondary BAs 

like deoxycholic (DCA) and taurodeoxycholic acids were seen in significantly 

higher levels as well. Therefore another conclusion in their study was that 

secondary BAs must also play a significant role (Nehra et al., 1999). DCA, 

as one of the secondary BAs, in particular has shown genotoxicity. This toxic
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activity is present at neutral and acidic pH and may lead to mutation induction 

in the human p53 gene (Jenkins et al., 2007). CDX2 is a well studied 

transcription factor in the development of BO. DCA has been shown to 

induce CDX2 expression in a normal squamous cell and adenocarcinoma 

cell line of the oesophagus, again emphasizing the important role of 

secondary BAs (Hu et al., 2007b). DCA also leads to an up regulation of 

MUC-2, a goblet cell specific gene which can lead to an intestinal phenotype 

(Hu et al., 2007a). This activation seems to be NF-kappaB mediated (Wu et 

al., 2008). Bile acids are able to induce oncogenes and transcription factors 

like c-myc and NF-kappaB. Acid suppression may even aid in this process, 

as BAs were able to penetrate OE33 cells (oesophageal cancer cell line) at a 

higher pH (Stamp, 2006). This study went as far as to postulate that acid 

suppression in BO, unlike in GORD, should be avoided.

1.5 The role of bile acid induced NF-kappaB in Barrett’s oesophagus

NF-kappaB is known to control transcription and has been associated with 

various cancers and inflammatory processes. NF-kappaB itself is induced by 

bile acids and low ph (Abdel-Latif et al., 2004). NF-kappaB is not found at 

detectable levels in the normal oesophagus. It is however present in 40% of 

BO and 61% of tumour cases concluded the same study. Jenkins et al 

confirmed these findings and demonstrated that NF-kappaB was activated by 

DCA in OE33 cells, an oesophageal cancer cell line (Jenkins et al., 2004).
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Target genes of NF-kappaB, like IL-8, were activated as well. IL-8 seems to 

be important in the initial mucosal damage (GORD) as its levels are even 

raised in endoscopy normal patients with reflux symptoms, suggesting an 

early involvement (Isomoto et al., 2004). Levels of IL-8 and NF-kappaB are 

rising in the progression of inflammation-metaplasia-cancer in the 

oesophagus, suggesting an ongoing important role in the cancer sequence. 

O’Riordan et al were able to show that both IL-8 and NF-kappaB, present in 

oesophagitis, were markedly increased in OAC (O'Riordan et al., 2005). This 

increase seen in both IL-8 and NF-kappaB may have some practical use in 

the treatment and follow up of patients with OAC. It was shown that levels of 

both IL-8 and NF-kappaB were reduced after chemotherapy. The same study 

was able to differentiate between responder and non-responder to 

chemotherapy analyzing their respective levels for both these markers 

(Abdel-Latif et al., 2005).

NF-kappaB is also connected with CDX1 and CDX2 two very important and 

well studied mediators in the development of BO. It is established is that bile 

acids can induce CDX1 and CDX2 expression in BO (Wong et al., 2005). 

Many other studies have confirmed that CDX2 is inducible by bile acids, both 

in normal and dysplastic oesophageal cell lines. This over expression may 

lead to an intestinal phenotype as seen in BO (Hu et al., 2007b, Hu et al., 

2007a).
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A Japanese group found that CDX2 is activated by bile acids via NF-kappa B 

and can induce an intestinal type mucin (Kazumori et al., 2006). This may be 

contributing to the development of BO.

Recently our group has identified a new bile acid regulated modulator in BO. 

TRIB3 is down regulated in BO and has the ability to regulate inflammation 

via NF-Kappa B. Microarray studies had highlighted TRB3 as a possible 

marker and it was then validated in a Patient cohort (Duggan et al., 2010).

1.6 The involvement of COX-2 in BO and OAC

COX-2 is involved in chronic inflammation and cell growth. Significantly 

higher levels were seen in patients with BO, BO related dysplasia and OAC 

when compared with normal oesophagus and duodenum (Shirvani et al., 

2000). The same study was also able to show that treatment with BAs of ex 

vivo BO cells increased COX-2 expression.

NS-398 is a selective inhibitor of COX-2. Treatment of oesophageal cancer 

cell lines with NS-398 decreased COX-2 levels as expected. This led to a 

significant decrease in cell growth and promoted apoptosis in COX-2 

expressing cancer cell lines (Souza et al., 2000).

Examination of paraffin embedded histologically classified cases showed that 

over expression of COX-2 was observed in 75% of their BO cases. 83% of 

the cases with LGD showed COX-2 expression whereas this number rose to 

a 100% in cases with HGD and OAC (Morris et al., 2001). Bile acid treatment
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of tissue biopsies from BO and normal individuals showed an over 

expression of COX-2 in BO samples (Kaur and Triadafilopoulos, 2002). 

COX-2 and p63 are important in the formation of squamous cell mucosa in 

the oesophagus. Treatment of oesophageal and cancer cell lines with bile 

acids and exposure especially to deoxycholic acid (DCA) led to a decrease of 

p63 and increase COX-2 (Roman et al., 2007). Subsequent animal studies 

confirmed that duodenal reflux induces an over expression of COX-2 in 

Barrett’s dysplasia (Jang et al., 2004). Both studies postulate that COX-2 has 

a tumour promoting effect in BO via the PGE2 pathway. Acid induced 

production of PGE2 in oesophageal adenocarcinoma cell lines is mediated 

by COX-2. This synergism is connected with N0X5-S and NF-kappaB (Si et 

a!., 2007).

1.7 Molecular markers in GAG and BO

Columnar epithelium in the oesophagus is unquestionably more resistant to 

acid than the normal squamous cell mucosal lining. However it represents a 

potentially unstable mucosa in the oesophagus predisposing to dysplasia and 

cancer. The molecular markers which drive this transformation are therefore 

of special interest. None of the following markers have yet any relevance in 

clinical practice in identifying a person at risk. But research in this field is 

crucial to allow refined surveillance and treatment of patients with BO and 

associated OAC.
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P53 is an encoded tumour suppressor protein on chromosome 17. Without it, 

tumour suppression is severely inhibited (Egashira et al., 2011). 

Immunohistochemical analysis revealed that p53 was present in OAC, HGD 

and also in LGD in the oesophagus but negative in IM alone (Trakal et al., 

2010). Further studies postulated that p53 mutations, and also to a lesser 

extent ki67, could be used as markers for progression to OAC in BO 

(Sikkema et al., 2009, Flejou, 2005). KI67 is used as a growth marker 

especially in a tumour population and could be used in conjunction with p53 

in OAC (Binato et al., 2009).

Other studies highlighted p16 as a possible marker for cancer progression in 

BO. P I6, also known as CDKN2A, is like p53 a tumor suppressor protein, 

associated with wide range of cancers. In this context hyper-methylation of 

p i6 seems to be a predictor of cancer progression in BO (Wang et al., 

2009b). A large variety of mutations of the p16 gene were found in BO most 

likely caused by reflux damage and ongoing inflammation (Paulson et al., 

2008).

Cyclin D1 interacts with tumor suppressor proteins and regulates the cell 

cycle. Cyclin D1 is over expressed in BO but higher levels are seen in HGD 

and OAC (Shi et al., 2008). Interestingly a suppression of cyclin D1 with 

polyphenon E, which is used in clinical cancer trials, inhibits growth of BO 

and adenocarcinoma cells highlighting the important role of cyclin D1 (Song 

et al., 2009).
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A study summarized that there is evidence for a clinical correlation of over 

expression of biomarkers in BO patients with progression to OAC. Therefore, 

these promising molecular markers might find their place in clinical practice 

beside endoscopic surveillance (Kyrgidis et al., 2005).

1.8 The TGF-P family associated with cancer through SMAD signaling

TGF-P is a well known and studied protein which is involved in proliferation 

and differentiation. It belongs to the transforming growth factor beta 

superfamily. Other members of this family are BMP4 (bone morphogenic 

protein) and GDF15 (growth differentiation factor) which are of specific 

interest in BO, and GDF15, which may be a novel marker up regulated in BO. 

Early studies already linked TGF-P with the formation of sarcoma (Anzano et 

al., 1982, Anzano et al., 1983). Further studies linked it with breast cancer 

(Mu et al., 2008) and hepatocellular cancer (Benetti et al., 2008). Both 

studies suggested that TGF-p promotes tumor angiogenesis.

BMPs are part of this superfamily and were initially, as the name suggests, 

linked to bone repair, differentiation and proliferation (Takagi and Urist, 

1982). Again the connection to cancer was seen initially in sarcoma (Kubler 

and Urist, 1991). However it became clear that, as is the case of TGF-p, 

BMPs were involved in other cancer, such as prostate, salivary gland and 

skin, to name a few (Bentley et al., 1992, Yang et al., 1994, Hatakeyama et 

al., 1994). TGF-P is known to induce SMAD signaling and regulates
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transcription through this pathway (Bran et al., 2010, Matsuo et al., 2010). In 

binding to the TGF-Beta receptor it leads to phosphorylation and activation of 

SMAD 2,3 and 4 (Takimoto et al., 2010). This phosphorylated complex 

translocates into the nucleus and induces transcription and regulates growth 

and cell differentiation (Sun et al., 2010, Hirata et al., 2010). The cell 

signaling pathway of TGF-(3 and BMPs are well studied and described. TGF- 

3 binds to a Type II receptor (TGFBR2), a transmembrane protein with a 

cytoplasmic serine and threonine kinase domain and by phosphorylation a 

Type I receptor is recruited (Wrana et al., 1992). The BMPs bind to their 

specific cell receptor which is the bone-morphogenic protein receptor type-2 

(BMPR2). Again, as in the case of TGFBR2, a Type I receptor is activated. 

Both of these complexes TGF-P and BMP result in the same signaling 

cascade which involves SMAD. SMADs are known intracellular proteins to 

promote extra cellular signals from ligands of the TGF-[3 superfamily. 

Through intracellular signaling transcription factors are activated and gene 

expression is regulated (Derynck et al., 1998, Massague et al., 2005).

There are five receptor regulated known SMADs (SMAD 1,2,3,5 and 8). In 

the literature they are very often referred as R-SMADs. TGF-(3 signaling 

through the TGFBR2 activates a SMAD 2,3 complex. BMP ligands signalling 

through BMPR2 activate a SMAD 1,5,8 complex. A zinc finger domain 

containing protein called SARA (smad anchor for receptor activation) 

(Runyan et al., 2005) in combination with the activated receptor leads to 

phosphorylation of R-SMAD. Both activated R-SMAD complexes (TGF-p
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activated SMAD 2,3 and BMP activated SMAD 1,5,8) have a high affinity to 

SMAD 4 and form another complex. Using an extracellular kinase (ERK) 

these activated complexes can enter the cell nucleus. By binding to cofactors 

transcription is induced. This pathway is heavily regulated and includes some 

inhibitory factors as well. Intracellular SMURF 1 and 2 as well as SMAD 6 

and 7 are known to interrupt this transcriptional cascade. SMAD 7 is 

inhibiting the SARA-SMAD 2,3 complex at the TGFBR2 receptor level. SMAD 

6 in combination with SMAD 7 does the same with SMAD 1,5,8 at the 

BMPR2 level. SMURF 2 can inhibit both the activated SMAD 2,3-SMAD 4 

and SMAD 1,5,8-SMAD 4 complex at an intracellular level whereas SMURF 

1 can only inhibit the SMAD 2,3-SMAD4 complex and has no influence on 

the BMP signalling pathway. TGFs and BMPs are able through this relatively 

simple cascade of activation and inhibition to regulate transcription which is 

in the centre of cell differentiation essential to cancer development.

1.9 The role of the TGF-P superfamily and SMAD signaling in BO and 

OAC

Early studies established representative gastric and oesophageal 

adenocarcinoma cell lines. These cell lines were used to define the 

morphology, growth, and invasiveness of these diseases. Characterization
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via real time RT-PCR showed, amongst others, over expression of TGF-(3 

1,2,3 and TGF alpha (Altorki et al., 1993). Harrison et al postulated that over 

expression of TGF-p in OAC might lead to secretion of vascular endothelial 

growth factor (VEGF). VEGF is known to be over expressed in BO and OAC 

and might increase angiogenesis and microvascular invasion (Harrison et al., 

2000). The role of COX-2 in the pathogenesis of BO and OAC has already 

been highlighted in this introduction. There are models naming TGF-(3 as a 

possible inducer of COX-2 apart from acid and bile salts (Piazuelo et al., 

2003). It has also been shown that disrupted TGF-|3 signaling leads to loss of 

SMAD4 activation, which may be important in the development of OAC. 

Onwegbusi et al were able to demonstrate a steady significant loss of 

SMAD4 in oesophageal cell lines, which is central of intracellular activation 

and translocation of the SMAD complex into the nucleus. Proliferation of 

cancer cell lines was not inhibited by TGF-(3. However this effect was 

reversed when the cells were transfected with SMAD4 copy DNA 

(Onwuegbusi et al., 2006). The loss of SMAD4 in this signaling pathway was 

also independently observed by a different group, strengthening this 

hypothesis (Mendelson et al., 2011). In addition, it has been shown that TGF- 

(3 stimulation of oesophageal cell lines leads to epithelial to mesenchymal 

transition (EMT). This mechanism seems important in the first metaplastic 

and then secondly malignant transformation of oesophageal cells. TGF-p 

appears to be central to this cascade regulating it especially through SMAD1 

(Rees et al., 2006). The selective loss of TGF-(3 dependant SMAD signaling
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seems to promote cancer progression by failure of growth-arrest. This 

cascade appears to be ERK dependant (Onwuegbusi et al., 2007). 

Expression levels of TGF-p have even been indicated as a predictor of the 

stage of cancer disease. A group from Salzburg, Austria was able to link the 

levels TGF-|3 with poor prognostic markers of OAC, such as depth of tumour 

infiltration, nodal involvement and lymphatic vessel invasion (von Rahden et 

al., 2006).

BMP6, a member of the TGF-beta super family, has been reported to be 

involved in the pathogenesis of oesophageal squamous cell cancer via the 

epithelial growth factor receptor (Raida et al., 1999). Subsequent studies with 

BMP4 showed that it was involved in the gene expression of the developing 

gastrointestinal tract (Wu and Howard, 2002). Functional disturbance may 

lead to human oesophageal atresia. BMPs are present in the normal 

oesophagus. In oesophageal atresia they are only found in the proximal part 

suggesting a role in this disease (Crowley et al., 2006).

BMP4 can induce changes to a columnar epithelium similar to BO in 

oesophageal squamous cells. BMP4 is uniquely expressed in BO. It signals 

through SMAD 1,5,8 and this pathway can be interrupted by Noggin, a BMP 

antagonist (Milano et al., 2007). It is very likely that BMP4 can promote a 

transformation to BO through SMAD signaling. A current animal pilot study 

by Wytske W. et al has been presented at the last Digestive Disease Meeting 

in Chicago/USA (2011). This group was able to confirm the findings of Milano 

et al and inhibited the BMP4 pathway in a rat model for RO with Noggin.
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1.10 Development of intestinal metaplasia.

BO is an acquired condition characterised by metaplastic replacement of the 

normal squamous epithelium of the lower oesophagus by a columnar 

epithelium of an intestinal nature (Flejou, 2005). In the transition from normal 

oesophageal squamous epithelium to BO, the mucosa shows changes 

typically observed in the intestine (Nl) including, for example, the presence of 

villi and mucin secreting goblet cells, which are not seen in the normal 

oesophageal squamous cell mucosa (Barr et al., 2011). Figure 1.7 highlights 

the histological similarities between the intestine and BO. Firstly a columnar 

type mucosa with crypts is observed similar to an intestinal mucosa like in the 

stomach. The presence of villi is typical for this transformation. Sometimes 

there is doubt whether the biopsy taken is truly from the oesophagus and if 

the intestinal mucosa seen is in fact gastric cardia mucosa. Apart from the 

reassurance or, more correctly, experience of the endoscopist, the presence 

of mucin producing goblet cells plays a crucial role. Goblet cells are not seen 

in every histological sample of BO but are considered a pathognomonic sign 

when observed. They are therefore of special interest for histopathologists 

when characterizing this mucosa (Odze, 2011).
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Goblet Cells

Barrett’s mucosa Intestinal mucosa

Fig 1.7 Histological similarities between BO and intestinal mucosa The
histological similarities between the intestine and BO are observed on 
histopathology. A columnar type mucosa with crypts is seen comparable to 
an intestinal mucosa like in the stomach and small intestine. The presence of 
villi is typical for this change of mucosal type. Goblet cells are not evident in 
every histological sample of BO but considered a pathognomonic sign when 
obsen/ed.

While the histological changes with respect to intestinal metaplasia in BO are 

well studied, the molecular pathways resulting in the development of 

intestinal change are only partly understood. It is therefore of crucial interest 

to determine the drivers at a genomic level that predispose to this metaplastic
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change. The nnetaplastic changes seen in BO have the potential for dysplasia 

and subsequent malignant transformation (Nealis et a!., 2011).

Surveillance of patients with intestinal metaplasia however shows substantial 

inter-individual variation in the penetrance of dysplastic and malignant 

changes. The identification of an intestinal signature of gene expression in 

BO that predisposes to OAC could be of vital importance in the surveillance 

of these patients. The similarities between BO and Nl are apparent upon 

histology, mucin histochemistry, and immunohistochemistry (Sampliner, 

1998, Arul et al., 2000). The normal squamous cell mucosa of the 

oesophagus changes to an intestinal type columnar mucosa. The intestinal 

transformation to BO shows histologically columnar epithelial cells in the 

surface layer whereas enterocytes, Paneth cells and endocrine cells are 

found in the crypt epithelia (Schreiber et al., 1978, Takubo et al., 1995). The 

main characteristic of intestinal transformation is the presence of goblet cells 

which are not present in the normal oesophageal mucosa but are a 

diagnostic feature of BO. Mucin-producing goblet cells are found in many 

organs but especially in the respiratory tract and intestine with highest levels 

in the colonic mucosa (Phillips et al., 1988, Phillips et al., 1984).

A number of intestinal markers are found to be expressed in BO compared 

with the normal oesophagus; these include villin, specific mucins (Arul et al., 

2000), CDX2 (Kazumori et al., 2006, Morrow et al., 2009) and CDX1 (Stairs 

et al., 2008, Wong et al., 2005). Normal oesophagus and BO have very 

distinct pattern of mucin gene expression with normal oesophageal cells
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expressing MUC5B in the submucosal glands and MUC1 and MUC4 in the 

stratified squamous epithelium. 8 0  strongly expresses MUC5AC and MUC3 

in the superficial columnar epithelium, MUC2 in the goblet cells, and MUC6 in 

the glands. This expression profile in BO resembles those seen in the normal 

intestine (Nl) (Yamamoto et al., 2003).

Indeed since no molecular intestinal signature has been defined for an 

intestinal metaplasia it is unknown what other components of intestinal 

phenotype are actually lost or maintained during oesophageal 

carcinogenesis. It would be of crucial interest to what extent intestinal genes 

are present in BO and if those are switched on or lost in the progression to 

OAC. It is quite clear that those genes so far identified as of intestinal origin 

in BO can only be the tip of the iceberg and certainly more factors need to be 

studied and their contribution in this pathogenesis needs to be examined.

1.11 Gene regulation and transcription factors in BO and OAC

Gene regulation is an essential component of any cell development. Gene 

regulatory networks control the development of cells and transcription factors 

play a crucial role (Davidson and Erwin, 2006). Transcription and post- 

translational modification are crucial steps in the expression of proteins.
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essential for pathways leading to cell transformation and differentiation 

(Nishiyama et al., 2009). The function of the transcription factor NF-kappaB 

in the pathogenesis of BO and OAC has already been discussed in chapter 

1.6. TP53, a transcription factor, is over expressed in BO and OAC. Its 

sensitivity is unfortunately too low to be used in a clinical setting (Murray et 

al., 2006) as already outlined. It is however interesting that the transcriptional 

activation of COX-2 is regulated by p53. P53 seems, in this context, to induce 

the binding of another transcription factor, NF-kappaB, to the COX-2 

promoter (Benoit et al., 2006). Other transcription factors such as CDX1 and 

CDX2 have been largely implicated in the observed transformations within 

the oesophagus. CDX1, in association with c-myc, is able to induce changes 

in mucin secretion of oesophageal keratinocytes similar to those usually 

observed in BO (Stairs et al., 2008). CDX1 is also seen as an important 

factor in the development of BO. NF-kappaB seems to mediate the up- 

regulatory effects of cytokines on CDX1 in this context (Wong et al., 2005). 

CDX2 is known to regulate sucrose isomaltase and villin expression both of 

which are expressed in the intestine and in BO. Bile acid stimulation of 

oesophageal keratinocytes leads to CDX2 activation via NF-KappaB. This 

over expression of the CDX2 protein ultimately results in production of 

intestinal type mucins (Kazumori et al., 2006). CDX2 has been described as 

a sensitive marker up regulated in BO and lost in HGD and OAC (Phillips et 

al., 2003, Moons et al., 2004). The development of colon cancer is preceded 

by reduced levels of CDX2 expression. CDX2 inactivating mutations
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demonstrate increased polyp formation in mice suggesting a tumour 

suppressor role in this context. Re-expression of CDX2 in colon cancer cells 

results in reduced cell growth and reduced anchorage independent colony 

formation. Indeed CDX2 has been shown to stabilise CDK inhibitor p27Kip1 

leading to cell cycle regulation (Aoki et al., 2011). Within the context of 

intestinal metaplasia of the oesophagus the role CDX2 in cancer progression 

is unclear. Analogous to colon cancer, a number of studies now show that 

the development of OAC is preceded by reduced levels of CDX2 expression 

in the resulting adenocarcinoma by comparison to the surrounding 

metaplastic tissue. However, CDX-2 and represents a single transcription 

factor and it is likely that multiple transcription factors are implicated in 

normal intestinal development and intestinal metaplasia.

1.12 Systems biology and its application to cancer

Systems biology (SB) is the systematic approach to analyze biological 

systems. It can be used to monitor genes and proteins and their pathway 

responses (Ideker et al., 2001). SB helps to understand complex biological 

interactions and is of use in integrating experimental data from research 

(Kitano, 2002). It utilizes mathematical models tightly linked to the experiment
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and its results and helps in placing them within networks (Cassman, 2005). It 

can provide the missing link between newly detected molecules and their 

physiology. By utilizing existing data, it can detect associations and correlate 

molecular behaviour and place them into new networks of interaction 

(Bruggeman and Westerhoff, 2007). This approach can be used in cancer 

research. A group from Australia utilized systems biology in colorectal 

cancer. This technique helped in the identification of several novel candidate 

genes like secreted proteins, kinases and transcription factors (Nagaraj and 

Reverter, 2011). SB was able to detect unforeseen functional similarities 

between tumour suppressors and proto-oncogenes (Zhao and Epstein, 

2011). Known markers in lung cancer, like epidermal growth factor receptor 

(EGFR) and Type 1 Insulin-like growth factor (IGF1R), were examined using 

SB. A correlation between the MAPK-ERK cascade was shown and a 

correlation between activity of EGFR and IGF1R and disease outcome was 

seen (Bianconi et al., 2011). One chapter of this thesis will aim to use SB in 

detecting novel markers in the development of OAC and BO.
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1.13 Aims of this thesis.

1. Previous mircoarray data from our Institute suggested that 

around 30% of all genes in BO might be bile acid regulated. 

Firstly the aim was to obtain tissue biopsies from BO patients 

and a control cohort and create a representative BO group for 

analysis

2. Candidate genes from the microarray data group were selected 

for real time RT-PCR validation in the patient cohort

3. Validated genes were selected for further functional studies to

examine their potential role and impact in the pathogenesis of 

BO and OAC

4. A second patient group was recruited to obtain tissue biopsy

from normal oesophagus, small and large intestine. Using 

microarray techniques these data were compared with already 

published mircoarray data on BO and OAC to determine a

specific intestinal genetic profile in BO
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2 Materials and methods

2.1 Patient cohort

Oesophageal biopsies were obtained after informed consent from patients 

attending the endoscopy unit at St. James’s Hospital/Dublin. Ethical approval 

was granted by the research and ethics committee (The Adelaide and Meath 

Hospital, Dublin incorporating The National Children's Hospital, Tallaght, 

Dublin 24 and St. James's Hospital, James’s Street, Dublin 8). The cohort 

consisted of 17 patients with BO and 14 control Patients. The mean age of 

these patients was 63.3 years. Seven of them had long segment 8 0  (> 3cm), 

10 had short segment BO (<3 cm).

Intestinal metaplasia (IM) was confirmed in all cases by histopathological 

assessment. One patient had an area of low grade dysplasia (LGD), another 

showed an area of high grade dysplasia (HGD). Biopsies included in this 

study from these two cases were obtained from areas with IM without 

dysplasia. Fourteen control patients with normal squamous cell mucosa were 

enrolled in this study. Their indication for oesophagogastroduodenoscopy 

(OGD) was for abdominal pain, nausea or anaemia. None of the control 

patients had endoscopically changes either of Barrett’s oesophagus (BO) or 

refluxoesophagitis (RO) and histopathology confirmed normal findings 

without evidence of oesphagitis or BO with IM.
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n %

Patients 31

Normal 14 45

Ban'et 17 55

Sex(M:F) 15;16

Age Normal (years; mean/range) 61 ,3 /18 -78

Age Barrett (years; mean/range) 63 .3 /37 -83

Length of Barret <3cm 10 59

Length of Banret >3cm 7 41

Histology IM 15 88

Histology LGD 1 6

Histology HGD 1 6

Table 2.1 Patient and control group details Patients were included in this 
study following ethical approval and informed consent. The cohort consisted 
o f 17 patients with BO and 14 control Patients with normal squamous cell 
mucosa. The mean age o f the BO patients i/vas 63.3 years and 61.3 for the 
normal patients respectively. 7 o f the BO patients had long segment BO (> 
3cm) and 10 had short segment BO (<3 cm). IM was confirmed in all cases 
of BO by the histopathologist. One patient had one area o f LGD another 
showed an area o f HGD. Biopsies used for this study in these two cases 
were from areas with IM without dysplasia.
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2.2 Tissue Biopsies

Patients selected for this study were from our cohort at St. James’s Hospital, 

Dublin. Once diagnosed with BO, patients are enrolled in a computer based 

surveillance program. Depending on their estimated risk, they receive 

endoscopic follow up of their BO at least every two years. Following informed 

consent they are brought into the procedure room. Intravenous (i.v.) 

canulatlon is performed and usually 3-5 mg of Midazolam is used to sedate 

the patient. The aim with Midazolam is not as in general anesthetic to fully 

sedate the patient. It is sufficient to reach a comfortable state where the 

patient tolerates the procedure but is still responding to commands. The 

endoscopist has to keep in mind though that examination of BO takes longer 

than a routine OGD due to the amount of biopsies needed (quadrant 

biopsies). Figure 2.1 shows a FUJINON scope which are used for the 

procedure. These are flexible fiber scopes with a connection to a video 

screen. The endoscopist is able to examine the oesophagus using direct 

white light view. More advanced scopes also have the ability of high 

resolution and narrow band imaging techniques. These are methods in use to 

detect areas of dysplasia and malignant transformation. Working channels 

within the endoscope allow the examiner to wash some areas with water for 

better view. More importantly, a working channel is used for diagnostic 

biopsies and therapeutic interventions. For this study, a standard biopsy 

forceps was used to take separate biopsies from different sites. Two
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separate biopsies were taken for each sample providing a high yield of DNA 

when later processed. Biopsies from the oesophagus needed more attention 

due to the tangential approach with the forceps which results in a lower yield 

of tissue. On full expansion the standard forceps spans 7mm. The forceps is 

pressed against the mucosa and a sample is obtained from the desired area. 

A small bleed might occur but stops spontaneously. Biopsies from the 

oesophagus were taken from the middle part at the beginning of the 

procedure. This was to prevent the contamination of the forceps with formalin 

which is used in the containers for the collection of routine biopsies. 

Histopathological analysis confirmed the presence of intestinal metaplasia in 

BO patients and normal squamous cell mucosa in the control group.
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Fig 2.1 Flexible fiber endoscope This image illustrates a flexible fiber scope 
used in endoscopy. They are connected to a video screen and allow the 
inspection of the oesophagus using white light. Working channels allow 
tissue sampling with a biopsy forceps. The samples were taken and instantly 
snap frozen for further processing.
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Oesophageal biopsies for validation with real time RT-PCR were snap frozen 

on site in liquid nitrogen and immediately transferred to storage. Prior to 

processing, which was done within a week, the tissue samples were kept at 

-20°C. Tissue from oesophagus, duodenum and colon for subsequent 

microarray study were stored at 4°C in RNAIater® and not snap frozen for 24 

hours prior to storage at -20°C.

2.3 RNA extraction from tissue biopsies

RNA was extracted by homogenization in TRI reagent (Sigma). The biopsy 

sample was homogenized in TRI Reagent (500|jl). Chloroform (100pl) was 

added and shaken thoroughly and left on ice for 5 min. This was centrifuged 

at 4°C and 12000 rpm for 15 min and the aqueous top layer was transferred 

into an empty Eppendorf (approximately 250|jl). The sample was purified 

using the column based RNeasy MinElute cleanup kit (QIAGEN, West 

Sussex, UK). 70% Ethanol (250|jl) was added to the aqueous phase which 

was again centrifuged at 10000 rpm for 15 sec. Wash buffer RPE (500|jl) 

was added and centrifuged for 15 sec at 10000 rpm. The flow through was 

discarded and 80% ethanol (500|jl) was added. This solution was centrifuged 

for 2 min at 10000 rpm and the flow through was discarded. The spin column 

was transferred into a new 2ml tube and a dry spin with open cap at 12000 

rpm for 5 min was performed in order to remove final remaining ethanol 

residues. RNAase free water (14|jl) was added directly onto the center of the
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silica membrane. The tube was closed and put into the centrifuge for 1 min at 

12000 rpm to elute the RNA.

2.4 Determination of the quality of RNA

The quality of the RNA was evaluated by RNA integrity number (RIN value) 

using the Agilent RNA 6000 Nano Kit®. A Pico 6000 chip was loaded into the 

primary station and 9 pi of gel-dye mix was added into the marked wells 

according to the manufacturer’s protocol. It became quite clear that the 

biopsies from the stomach had a very poor quality in terms of their RIN 

number and were not included in this study. Figure 2.2 shows the analysis of 

the RNA quality. A control ladder was used which is located on the very left 

column of each figure. Good quality RNA shows distinct bands at 42 and 47 

kDa. The biopsies on the left figure are taken from the oesophagus and snap 

frozen. They all show very distinct bands as expected at 42 and 47 kDa 

suggestive of a high quality sample. The figure on the right and most 

strikingly in column 5 shows a biopsy from the stomach. No distinct band is 

visible implying a very poor RNA quality. These samples were not used for 

further experiments.
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Fig 2.2 RNA quality check using the Agilent RNA 6000 Nano Kit® The
RNA integrity number (RIN value) was determined for each sample. The 
control ladder is seen on the very left column of each figure (marked with L). 
Separate bands at 42 and 47 kDa are indicative for high quality RNA. Distinct 
bands as expected are seen in the left part o f this figure. Column 5 on the 
right shows most strikingly a poor biopsy taken from the stomach. No 
distinctive band is visible implying a very poor RNA quality.
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The reason for the poor quality of RNA from the stomach is not entirely clear 

but it may be related to the low pH caused by acid in the stomach. This 

seems to be the only difference between the samples from the oesophagus 

and the gastric biopsies. This problem was overcome when dealing with the 

intestinal biopsies with the use of RNAIater® which secured a good quality 

RNA.

2.5 Real time RT-PCR

Total RNA was transcribed to complementary DNA using a RETROscript 

RT-PCR kit (Ambion/Applied Biosystems, Warrington, UK). Real time RT- 

PCR was set in 384-well reaction plates (Applied Biosystems, Foster City, 

CA) and placed in the ABI Prism 7900HT real time thermocycler (Applied 

Biosystems). Fold inductions were calculated using the delta delta ^ C t 

method described in the ABI Prism manual using glyceraldehyde 3-phophate 

dehydrogenase (GAPDH) as the internal control and the control group as a 

as the calibrator for the comparison of gene expression. Non-parametric 

Mann Whitney statistical testing suitable for real time gene expression data 

was performed in Graphpad™.
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2.6 Cell culturing

O E -33  cells w ere obtained from the European Collection of Cell Cultures 

(Salisbury, UK). They were maintained in culture in R PM I 1640 medium  

supplem ented with 10%  fetal calf serum, 100 U/ml penicillin, 100 |jg/ml 

streptomycin and 2 mM l-glutamine (Gibco BRL, Grand Island, NY) at 37°C  in 

an atm osphere with 5%  C O 2 . H et-1A  cells w ere obtained from the American  

Type Culture Collection (ATCC, Manassas, VA, USA) and maintained in 

bronchial epithelial basal m edia (BEBM ) m edia with growth supplements 

(C am brex Bioscience, Berkshire, UK). H E T-1A  cells were also maintained at 

37°C  in an atm osphere with 5%  C O 2 Cells were grown to 80%  confluency 

prior to splitting or experimentation.

2.7 Cell growth stimulation and cell proliferation assessment

Cells at 80%  confluency w ere detached from the flask using trypsin and then 

transferred in m edia to a 96-well plate (20 000 cells per well) for stimulation. 

G D F 1 5  and LIF at various concentrations and time points w ere added. M TT  

cell proliferation assay was used to asses cell viability. M T T  (lO pl) reagent 

w as added to each well and left in the dark for 2 hours. A  purple precipitate 

becam e visible. Detergent reagent (lOOpl) was added to the well to lyse the  

cells and extract purple salts and the well was left in dark again for 2 hours.
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The absorbance was then recorded at 570 nm in a plate reader (Versa Max, 

Molecular diagnostics, Kent, UK).

2.8 Bile acid stimulation

Cells were detached from the flask using trypsin after they reached 80% 

confluency. Cells were exposed to bile acids in a 96-well plate (20 000 cells 

per well in Media). Deoxycholic acid (DCA) in DMSO solution (molecular 

weight 392.58) was added to the wells according to protocol. Cells were 

treated with DCA various concentrations and time points and then analyzed 

for DUSP mRNA levels using real time RT-PCR.

2.9 RNA extraction from cell lines

RNA was used to extract RNA from the cell lines using the Rneasy Plus Mini 

Kit (Qiagen, West Sussex,UK). Cells were lysed using Lysis buffer (350pl). 

The lysate was transferred to a gDNA Eliminator spin column to ensure the 

removal of genomic DNA. This column was centrifuged at 10 000 rpm for 30 

seconds and the flow through was further purified with 70% ethanol (350ijl). 

This mixture of 700 pi was transferred to an Rneasy spin column and 

centrifuged at 10 000 rpm for 15 seconds. The flow through was discarded. 

Wash buffer RW1 (700|jl) was added and centrifuged at 10 000 rpm for 15 

seconds. The flow through was again discarded. A volume of 500 pi of RPE
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buffer was added and again centrifuged at 10000 rpm for 15 seconds. The 

flow through was discarded. Buffer RPE (SOOpI) was added but this time 

centrifuged for 2 min at 10 000 rpm. RNA was eluted in RNAase free water 

(30 pl) which was pipetted directly onto the silica membrane and centrifuged 

for 1 minute at 10 000 rpm. Subsequent real time RT-PCR experiments were 

carried out as previously described.

2.10 Immunostaining

Cells exposed to GDF 15 at various time points and concentrations cells 

were fixed with methanol (lOOpI) over 30 min at -20°C. After each of the 

following steps, cells were washed three times with PBS. Cells were 

permealized using 0.5% TritonX in PBS for 15 minutes at room temperature. 

Cells were blocked with 3% BSA for 30 minutes (Albumine bovine serum 

>96% Sigma Aldrich). Primary antibody specific to Smad 1,2,3 (mouse 

monoclonal IgG 200pgram/mliter, Santa Cruz Biotechnology) was used at 

dilution of 1/200 in 3% BSA and added for 60 min. Secondary antibody 

(Goat-antimouse 488 ALEXA FLUOR®, Invitrogen diluted 1/500 in BSA 3%) 

and Hoechst (diluted 1/1000 in BSA 3%) were added for 60 min and kept in 

darkness. The INCell Analyzer 1000 (GE Healthcare) was used for picture 

acquisition and high content analysis.
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2.11 Transfection of OE33 cells with GDF15 small interfering RNA

Cells were transfected with siRNAs using DharmaFECT1,2,3,4 (Dharmacon). 

Solutions of siRNA and transfection reagant were prepared separately in 

serum and antibiotic free media and left for 10 minutes. The solutions were 

then combined for 20 minutes to allow the formation of transfection 

complexes. Antibiotic and serum free Media was added to the mixture to 

achieve a total volume of 100 pi using a 96-well plate. The reaction was 

allowed to continue for 48 hours and the plates were ready for analysis after 

another 24 hours in complete media.

2.12 Sample collection for microarray analysis and RNA extraction.

Oesophageal biopsies were obtained following informed consent from 

patients attending the endoscopy unit at St.James’s Hospital, Dublin. Ethical 

approval was granted by the research and ethics committee (The Adelaide 

and Meath Hospital, Dublin incorporating The National Children's Hospital, 

Tallaght, Dublin 24 and St. James's Hospital, James’s Street, Dublin 8). 

Histologically normal oesophageal (n=3), duodenal (n=3) and colonic 

biopsies (n=3) from 6 patients (mean age 60.5, 4 female and 2 male) were 

collected. Samples were stored at 4°C in RUAIater® for 24 hours prior to 

storage at -20°C. The clinical samples were homogenised in TriReagant as 

previously described. The quality of the RNA was determined by RNA
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integrity nunnber (RIN value) evaluation using the Agilent RNA 6000 Nano 

Kit® in conjunction with the Bioanalyser RNA module (Agilent).The analysis 

showed a RIN mean value 8.8 and a concentration by nanodrop of mean 

value 1024 ng/ul indicative of high quality and concentrated RNA.

2.13 Inter-array comparison of gene-expression data

Conversion and hybridization of cRNA was performed by Almacgroup 

Sciences in Craigavon Northern Ireland UK. Informatic and statistical 

analysis was performed using Genespring™ (Agilent). Data acquisition and 

.cel file generation was performed by GCOS followed by normalization by 

robust multichip average in Genespring™ software. Genes flagged as absent 

at all time points and genes beneath a two-fold expression change were 

identified and removed from subsequent statistical analysis. Statistical 

significance was then applied using non-parametric Mann Whitney Mests 

generating filtered lists with high probability of alteration in gene expression. 

Gene expression evaluation was performed using normal squamous tissue 

and comparing with duodenal tissue and with colonic tissue resulting in two 

gene lists. These lists were then compared utilising Venn diagram 

comparisons to highlight genes shared by duodenal and colonic tissue that 

displayed statistically significant expression differences when compared to 

oesophageal tissue. Previously published gene expression microarray 

studies of BO and OAC were utilized to underline the intestinal molecular
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component of these diseases (OstrowskI et al., 2007, Kimchi et al., 2005). 

Statistical re-analysis of the raw data from these studies using the method 

described here was carried out. Hierarchical clustering of both genes and 

samples was performed utilizing Genespring™ (Agilent) using Euclidian 

distance and merging similar branches in gene clustering to reduce 

dimensionality.

2.14 Systems biology

Gene networking model interpretation of the data was performed using 

Ingenuity Pathway Analysis (IPA). IPA analyzes molecular interactions, gene 

associations and gene regulation to create pathways and networks. Further 

tools used for analysis were Database for Annotation, Visualization and 

Integrated Discovery (DAVID) and (Protein ANalysis THrough Evolutionary 

Relationships) PANTHER. PANTHER was specifically used to establish a list 

of transcription factors deriving from intestinal genes in BO. The specific list 

of transcription factors underwent another core analysis by IPA. Further 

search for TF promoter interactions was then performed using Genomatix 

Matlnspector (http;//www.genomatix.de/).
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3 The expression of bile acid responsive genes in Barrett’s oesophagus 

and oesophageal adenocarcinoma

3.1 Introduction

Bile acids (BA) are an important component in the development of BO and 

subsequent carcinogenesis. It has been shown that deoxycholic acid (DCA), 

an unconjugated secondary bile acid, can cause DNA damage in colonic and 

oesophageal cell lines (Glinghammar et al., 2002, Jenkins et al., 2007). 

Animal models demonstrate that BAs have the potential to induce 

tumourigenesis (Reddy et al., 1977). DCA can induce signaling in 

oesophageal cell lines through activation of the mitogen-activated protein 

kinase family (Im and Martinez, 2004) but also through NF-kappaB. 

Physiological levels of DCA (100-300 microM) were able to activate NF- 

kappaB in OE33 cells (oesophageal cancer cell line). Also an induction of 

NF-kappaB transcriptional target genes was noticed. Particularly the 

expression of IkappaB and the inflammatory cytokine IL-8 was measured 

with real time PCR in OE33 cells. Exposure of OE33 cells to pyrrolidine 

dithiocarbamate (PDTC), a selective NF-kappaB inhibitor, lead to a 

suppression of IkappaB and IL-8. This leads to the conclusion that DCA 

signals through NF-kappaB in OE33 cells (Jenkins et al., 2004). Recent work 

from our laboratory using gene expression microarray technology examined 

the influence of BAs in normal squamous cell mucosa and cancer cell lines
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and demonstrated that over 30% of the genes altered in genomic studies of 

BO and OAC may be regulated by bile acids (Duggan et al., 2010). In our 

genomic study (Duggan et al., 2010) comparison of two cell types (normal 

squamous and oesophageal adenocarcinoma) and their transcriptional 

response to DCA stimulation was performed. Previously published 

microarray data of BO and OAC was used to compare highlighted bile-acid 

regulated genes in vivo (Kimchi et al., 2005, Ostrowski et al., 2007). This 

approach has produced a large amount of functional genomic data and 

highlighted possible bile acid regulated candidate genes. Fig 3.1 shows the 

distribution of altered genes in the various cell lines. 16% of genes in HetIA 

(normal squamous cell line) and 9% in SKGT4 (adenocarcinoma cell line) 

show alteration in expression when treated with bile acids. Another 7% of 

genes are altered in both cell lines amounting to around 30% of genes 

modulated by bile acids. Genes significantly altered in BO and OAC tissue 

and additionally modulated by bile acid exposure in oesophageal cells were 

identified by a combined microarray and informatic approach. The approach 

to the microarray data included the selection of genes for further validation. 

The chosen genes required a minimum of 2-fold change in expression (up or 

down regulation) by comparison to normal tissue or resting cells in the case 

of bile acid exposure. Another emphasis was on genes and gene groups 

which could form a possible network of interaction in the pathogenesis of BO 

and OAC. This was to be identified by systems biology approach. This 

method utilizes knowledge garnered from external publications charting
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gene-gene interactions and bringing these data together to create novel 

putative interactions and associations. This approach has the potential to 

highlight possible pathv^ays and interactions of newly identified genes with 

previously known ones or even create entirely novel networks of gene 

interaction in the pathogenesis of BO and OAC. This chapter will aim to 

validate and examine the expression levels of bile acid regulated genes, as 

suggested by these genomic studies in a BO patient cohort and in cell line 

models. Possible interaction with known genes in BO and OAC will be 

examined informatically.
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Shared, 
202 Genes, 

7%

HET-1a SP, 
495 genes, 

16%

SKGT4 SP, 
257 Genes, 

9%

Not bile acid regulated 
2057 genes,

68%

Fig 3.1 Bile acid regulated genes in the oesophagus 16% of genes in a 
normal squamous cell line (Het1A) are BA regulated. 9% o f genes show 
alteration when treated with bile acids in a cancer cell line (SKGT4). 7% of 
genes are altered in both cell lines resulting in 30% of genes modulated by 
bile acids. 68% o f the genes in both adecarcinoma and normal oesophageal 
cell line are not bile acid regulated. It is plausible that bile acid regulated 
genes may influence the intracellular bile acid uptake and through this 
mechanism induce metaplastic changes. Some of these genes were chosen 
for validation in a Patient cohort.
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Results:

3.2 Patient cohort and RNA quality:

Patients attending the endoscopy unit at St. James’s Hospital were recruited 

and underwent oesophagogastroduodenoscopy (OGD) after informed 

consent. Biopsies were obtained for analysis (BO (n=17), normal 

oesophagus (n=14)). The endoscopic diagnosis in all cases was confirmed 

histologically. RNA was extracted using RNAeasy Minelute KIT and gene 

expression analyzed by real time RT-PCR as described in the method 

section. The patient profile is shown on table 2.1 in the method section. 

Tissue biopsies were taken and processed as outlined in the method section

2.2 and 2.3. The quality and quantity of the tissue derived RNA was 

determined in each sample prior to real time RT-PCR to ensure the validity of 

the results. The quality of the RNA was evaluated by RNA integrity number 

(RIN value) with the Agilent RNA 6000 Nano Kit®. The analysis showed a 

RIN mean value of 8.6 and a concentration by nanodrop of mean value 1179 

ng/ul indicative of high quality and concentrated RNA in the processed 

samples. Total RNA was transcribed to complementary DNA with 

RETROscript RT-PCR kit set in 384-well reaction plates and run in the ABI 

Prism 7900HT real time thermocycler. Fold inductions were calculated using 

the ^ C t method. GAPDH expression was used as the denominator and the 

control group as a cohort for comparison of gene expression. Non-parametric
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Mann Whitney statistical testing suitable for real time gene expression data 

was performed in Graphpad™.

3.3 CDX2 as an internal control

The role of CDX2 at the centre of bile acid-promoted intestinal transformation 

of normal oesophagus to BO and OAC has been discussed in the general 

introduction. CDX2 was chosen as a positive internal control as it is a well 

characterized intestinal type transcription factor up-regulated in BO when 

compared with normal oesophagus (Eda et al., 2003, Moons et al., 2004). 

CDX2 mRNA in the cohort of BO patients was greatly up regulated by 1815 

fold change (FC -1815; p-value <0.0001***) when compared with the patients 

with normal oesophagus as shown in Fig 3.2. This demonstrated that the 

chosen BO cohort showed expression changes consistent with established 

literature. GAPDh was denominator and significance was defined by Mann 

Whitney statistical analysis. (Kheirelseid et al., 2010)

A group from Galway/Ireland has shown that B2M and PPIA have more 

accurately normalized real time PCR data in colorectal cancer than GAPDH 

(Kheirelseid et al., 2010). However GAPDH has been proven to accurately 

normalize real time PCR in BO and OAC (Konturek et al., 2004).
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Fig 3.2 Up regulation of CDX2 mRNA expression in BO CDX2 is one of 
the most noted transcription factors associated with intestinal transformation 
o f normal oesophagus to BO and OAC. CDX2 expression levels were 
measured in the patient cohort group and compared with levels in the control 
cohort. CDX2 mRNA in the cohort o f BO patients ivas greatly up regulated by 
1815 fold change (FC -1815;p-value <0.0001***) when compared with the 
patients with normal oesophagus as shown above.
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3.4 Transcription factors and lipid homeostatic regulators (ROR)-alpha 

fatty acid binding protein (FABP1), MAFF and NR4A1

Following validation of the BO cohort it was now possible to proceed with the 

gene expression analysis of novel bile acid regulated genes in BO. Lipid 

homeostatic regulators such as the transcription factor retinoic orphan 

receptor (RORA)-alpha and fatty acid binding protein (FABP1) were 

suggested to be altered in BO samples and regulated by bile acids according 

to our genomic data (Duggan et al., 2010). ROR-alpha is a member of the 

nuclear receptor super family and also known as NR1F1. ROR-alpha is 

known as a negative regulator of inflammation and stress response (Delerive 

et al., 2001). It has been shown that ROR-alpha regulates the metabolism of 

BAs in the liver. ROR-alpha shows an oscillatory pattern of expression during 

circadian rhythm. Gene expression profiling in wild type and knockout mice 

was performed and the analyses showed that ROR-alpha influences the 

expression of a number of genes. ROR alpha seems vital in the regulation of 

genes encoding a number of enzymes, including several hydroxysteroid 

dehydrogenases, cytochrome P450 enzymes, and sulfotransferases (Kang et 

al., 2007). FABP1 is a bile acid binding protein and has been shown to 

reduce the concentration of BAs ex vivo. FABP can bind BAs and may 

prevent BAs from reaching a cell toxic concentration (Thumser and Wilton, 

1996). It is conceivable that FABP1 may be able to reduce the amount of 

BAs in BO as well and therefore reduce the toxicity of these compounds as
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seen in the study above. Figure 3.3 demonstrates the mRNA down regulation 

of RORA and over expression of FABP1 in the BO Patient cohort. (FC 

6.1;p<0.005). FABP1 was highly up regulated (FC 99x103; p<0.0001) in the 

BO cohort in comparison with normal squamous cell mucosa.
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Fig 3.3 Expression levels of RORA and FABP1 ROR-alpha is a negative 
regulator of inflammation and stress response (Delerive, Monte et al. 2001) 
and regulates the metabolism of BAs in the liver (Kang, Angers et al. 2007). 
FABP1 is a bile acid binding protein and has the ability to reduce the 
concentration of BAs (Thumser and Wilton 1996). RORA was significantly 
down regulated when compared with normal cohort (FC 6.1;p<0.005). 
FABP1 i/i/as extremely up regulated (FC 99x103; p<0.0001) in the BO cohort 
in comparison with normal squamous cell mucosa.
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MAFF is a transcription factor whose expression, in a similar fashion to 

RORA, can be regulated by oxidative stress (Crawford et al., 1996, Massrieh 

et al., 2006). Within this group of transcription factors regulating 

inflammation, stress response and apoptosis is also NR4A1. NR4A1 has 

been associated with Nf-kappaB inhibition and may regulate inflammation, 

cell differentiation and apoptosis via this pathway (Diatchenko et al., 2005). 

Real time RT-PCR in the Patient cohort comparing BO with squamous cell 

mucosa of both MAFF and NR4A1 did not show any statistically significant 

up or down regulation.
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Fig.3.4 Expression levels of MAFF and NR4A1 These two transcription 
factors are regulated by oxidative stress (Crawford, Leahy et at. 1996; 
Massrieh, Derjuga et al. 2006) and can influence inflammation, stress 
response and apoptosis. NR4A1 has been associated with Nf-kappaB 
inhibition and may regulate inflammation, cell differentiation and apoptosis 
via this pathway (Diatchenko, Romanov et al. 2005). mRNA expression 
levels of the two transcription factors MAFF and NR4A1 did not show any 
statistical significance between the normal and BO patient cohort.
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3.5 Dual specificity protein phosphatase subfamily (DUSP) 

expression levels in BO

The levels of DUSPs were highlighted as altered in BO through the genomic 

studies and additionally may be regulated by bile acid exposure. Members of 

the dual specificity protein phosphatase subfamily (DUSP) are regulators of 

cell survival, differentiation and growth. They form a rather heterogeneous 

group sharing the ability to dephosphorylate phosphotyrosine and 

phosphoserine residues on mitogen-activated protein kinases (MAPKs), and 

are also called as MAPK phosphatases (MKPs) (Patterson et al., 2009, 

Jeffrey et al., 2007). There are more than 60 genes encoding DUSPs. 

DUSPs are characterized by a common structure, comprising a C-terminal 

catalytic domain and an N-terminal non-catalytic domain. A subgroup of 

DUSPs, the mitogen-activated protein kinase-specific phosphatases, show 

distinctive examples of induction and specificity for some MAPKs and 

attenuate MAPK-dependent signalling (Zhang et al., 2010). Gene networking 

analysis placed this group in close correlation with the ERK-MAPK kinase 

pathway, reflective of their multiple functions (Jeffrey et al., 2007). This 

signalling pathway is important in activation of transcription factors and 

various cytokines and they play an important role in multiple inflammatory 

conditions and cancer. The ERK pathway is central in transferring a cell 

signal to the nucleus and inducing transcription factors. Epidermal growth 

factor binds to its receptor and activates Ras, a GTPase (Kolch, 2000). As a
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second step c-Raf, a kinase, is activated and binds to Ras (Bernards, 2003). 

After this Raf can activate MEK by phosphorylation of two serine residues. 

MEK itself then leads to phosphorylation and activation of ERK (MARK) 

(Yung et al., 1997). Activated ERK regulates gene expression by directly 

phosphorylating and modulating transcription factors (Davie and Spencer, 

2001). Some DUSPs are acting as an inhibitor of this pathway. DUSP1 for 

example dephosphorylates and controls the activity of MAP-kinases. 

Comparison of wild type and DUSP1(-/-) mice showed that in the knockout 

mice inflammatory cytokines IL-6, tumor-necrosis factor (TNF) and 

cyclooxygenase-2 (C0X2) expression were enhanced in bone marrow- 

derived macrophages (BMMs). DUSP1 is an important negative regulator of 

the acute inflammatory response by limiting p38 MAPK through 

dephosphorylation (Korhonen et al., 2011).
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Fig.3.5 ERK pathway The extra cellular signal is transmitted to ERK via a 
Ras-GTP complex which phophorylates Raf. Raf again activates MEK 
through phosphorylation. Activated MEK phophorylates ERK twice and ERK 
can regulate cell signalling through induction of transcription factors and 
inflammatory cytokines. These can activate some members of the DUSP 
family which act as an inhibitor of ERK through dephosphorylation.
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This pathway is activated by acid and BAs and its disruption is a frequent 

observation in the development of OAC (Souza et al., 2002, Sommerer et al., 

2004). Givant-Horwitz et al demonstrated that members of the DUSP family 

were able to act as inhibitors of the ERK-MAPK pathway. The expression 

and phosphorylation of all three MAP-kinases (ERK, c-Jun amino-terminal 

kinase (JNK), and high-osmolarity glycerol response kinase (p38)) in 

malignant pleural effusions in ovarian cancer correlates with a better 

prognosis. DUSP2 is a true negative regulator of MAPK signalling. The 

analysis of malignant pleural effusion in ovarian cancer showed that high 

levels of mRNA gene expression of DUSP2 was correlated with a worse 

overall survival compared to low expression (Givant-Horwitz et al., 2004). 

DUSP6 acts as a regulator in small cell lung cancer and its knockdown 

results in ERK activation. DUSP6 has been demonstrated as a tumor 

suppressor and is seen as a natural terminator of MAPK signal transduction 

(Zhang et al., 2010). It is plausible that members of the DUSP family may 

interact in the same way in the oesophagus. DUSP1 (FC 2.2;p<0.015) was 

up regulated in the patient cohort sample when compared with the normal 

cohort (see Fig 3.6 a). Even more significantly, DUSP6 (FC 49.1;p<0.0001) 

was up regulated (see Fig 3.6 b). Down regulation of DUSP5 (FC 

50.5;p<0.001) was also confirmed (see Fig 3.6 c). The validation of this 

important group in a BO cohort raises the possibility that DUSPs may interact 

in the oesophagus, possibly inactivating the ERK pathway. Acid exposure 

activates the MAPK pathway in BO and may promote carcinogenesis (Souza
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et al., 2002, Souza et al., 2000). However, bile salt exposure increases 

proliferation through p38 and ERK MARK pathways in a non-neoplastic 

Barrett's cell line as well (Jaiswal et al., 2006). The activation of these 

pathways and possible impact of DUSRs is more in detail in the discussion 

part of this chapter.
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Fig. 3.6 mRNA expression levels of DUSP 1,5 and 6 Members of the dual 
specificity protein phosphatase subfamily (DUSP) can be activated by bile 
acids and inhibit the ERK-MAPK pathway. One of their members, DUSP6, 
has been named as a tumor suppressor in NSCLC through this pathway. 
DUSP1 (FC 2.2;p<0.015) and DUSP6 (FC 49.1 ;p<0.0001) were up regulated 
in the BO cohort (see a and b). DUSP5 (FC 50.5;p<0.001) ivas down 
regulated (see c).
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3.6 Systems biology analysis of the DUSP members 1,5&6

Utilization of system biology software allows for putative functional 

interpretation of the biological significance of altered genes. This is achieved 

through examination of gene-gene interactions ie. attempting to connect 

apparently unrelated genes through short path interactions. The microarray 

data from bile acid stimulation of oesophageal cell lines is utilized in this 

approach. The dataset comprising of bile acid altered genes, up or down 

regulated, is analyzed. The genes are grouped according to their expression 

levels but more importantly to possible groups of interaction. The informatic 

programme has access to previous publications of the genes and can create 

novel interaction networks. Primarily unrelated appearing genes can be 

connected through this approach, providing a new insight in possible links 

leading to further research and experiments. Gene networking analysis 

charts can show gene-gene interactions and provide information relating to 

pathways driving signalling events. The interaction of DUSPs with ERK- 

mediated signalling as mentioned above is shown in figure 3.7. The 

connection of DUSP 1,5&6 with ERK in the center is well known and 

obviously picked up by this analysis which adds confidence in this approach. 

However, other connections and possible pathways of interaction are seen. 

Retinoic acids for example are within this network. It is known that JNK, a 

serine-threonine kinase, that plays a critical role in the regulation of cell 

growth and differentiation in non small cell lung cancer (NSCLC), is
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suppressed by all-trans-retinoic acid (t-RA), a ligand for retinoic acid nuclear 

receptors (RARs), in normal human bronchial epithelial cells. T-RA inhibits 

serum-induced JNK activity by blocking mitogen-activated protein (MAP) 

kinase. This effect is phosphatase dependent and shows an increase in the

expression levels of the DUSP1 (Lee et al., 1999).
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Fig 3.7 System biology analysis of DUSP 1,5 and 6 Gene networking 
analysis charts show gene-gene interactions and can present information 
linl<ing genes to pathways resulting in signalling events. Possible interactions 
of DUSP’s with ERK-mediated signalling are highlighted. DUSP6 is a direct 
negative regulator of ERK in lung cancer (Zhang, Kobayashi et al. 2010). 
DUSP1 seems to be an activator of ERK pathway as obsen/ed in an 
epithelial cell line (Casteel, Nielsen et al. 2010). Specific interaction of 
DUSP5 with ERK was seen by a group from Dundee/Scotland. DUSP5 
appears to be a direct inactivator of ERK in mammalian cells and can 
regulate transcription through this pathway (Mandl, Slack et al. 2005). It is 
conceivable that DUSP 1,5 and 6 may interact in the same way in the 
oesophagus and promote metaplastic and neoplastic changes.
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3.7 Regulation of DUSP 1,5 and 6 by deoxycholic acid (DCA) in a normal 

oesophageal (HET1A) and cancer cell line (OE33)

The findings from the microarray studies suggested that members of the 

DUSP family are bile acid regulated (Duggan et al., 2010), As a second step 

the influence of DCA on expression levels of DUSPs in normal oesophageal 

(Het1A) and oesophageal cancer cell lines (OE33) was examined. Het1A and 

OE33 cells were cultured and maintained as per the method section. Cells 

(0.5x10®) were seeded in 12 well plates 24 hours prior to exposure to bile 

acids. Culture media was removed and replaced with blank media containing 

DCA at the required concentrations (50-300 pm) without growth factors or 

FCS and incubated over 24 hours. RNA was extracted at multiple time points 

throughout the experiment and real time RT-PCR, again according to the 

method section. DCA exposure resulted in significant alterations in the 

mRNA expression levels of DUSP 1, 5 and 6. The outcome of 6 hour DCA 

treatment with various concentrations (100-500 pmolar) on both OE33 and 

HetIA  cells is demonstrated in figure 3.8. The x-axis demonstrates from left 

to right the OE33 cells (yellow) and H etia  cells (green) exposed to 100-500 

pmolar DCA. OE-R and Het-R are the resting control cells which were left in 

medium and did not receive any DCA exposure. DCA treatment results in 

significant down regulation of DUSP1 in both OE33 and HetIA  cell lines 

(p=0.0008**; p<0.0001*** respectively). DUSP5 and DUSP6 are both up 

regulated at 100-300 pmolar (p=0.0008***; p<0.0001***) in OE33 cells. Both
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are significantly down regulated at 500 pmolar DCA (p=0.0008***: 

p=0.0005***) in the same cancer cell line.
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Fig 3.8 6 hour treatment of HET1A and OE33 cells with DCA DCA
treatment leads to significant down regulation of DUSP1 in both cell lines 
(HET1A (green) and OE33 (yellow)). DUSP5 is up regulated at 300 pmolar 
(p=0.0008***) and down regulated at 500 pmolar DCA treatment 
(p=0.0027**) in OE33 cells. DCA exposure leads to a highly significant up 
regulation of DUSP6 (p<0.0001***) at 100 pmolar in OE33 cells and again 
down regulation at 500 pmolar.
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The effect of 300 [jmolar DCA treatment of OE33 and Het1A cells at various 

time points is shown in the next figure (3.9). The time points are shown on 

the x-axis left to right 2-24 h. OE33 cells are illustrated in yellow and Het1A 

cells in green. OER and HetR are the non-treated resting cells which are the 

negative control. DUSP1 mRNA levels are highly up regulated in OE33 cells 

when exposed to 300 pmolar DCA at 24h (p<0.0001***). DUSP5 levels 

respond in a comparable way with up regulation in OE33 cells after 24 h 

(p<0.0001***). DUSP6 shows the most significant results. Like the other 

examined DUSP members 1 and 5 higher levels of DUSP6 mRNA are seen 

in OE33 cells but in this case with a huge log fold change of 528 at 24h 

(p<0.0001***). It is noticeable that DUSP5 is decreased in the tissue biopsy 

but shows a significant increase after DCA stimulation in the cell line. This 

may be due to the fact that biopsies contain epithelial cells and stroma, both 

which may contribute to the expression profile of DUSP’s. Another difference 

is that the tissue biopsies are from BO i.e. IM in comparison to the 

adenocarcinoma cell line OE33. It is possible that DUSP5 is decreased in BO 

but shows over expression in OAC. Biopsies from cancer tissue for RT-PCR 

were not at hand to validate this possibility.
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Fig 3.9 Treatment with 300 ymoiar DCA at various time points The time 
points are shown on the x-axis left to right 2-24 h. OER and HetR are the non 
treated negative control cells. Exposure of OE33 cells to 300 pmolar DCA 
results in an up-regulation of DUSP1,5 and 6 mRNA levels at 24h. In contrast 
the same treatment of Het1A cells shows a significant down regulation of all 
the examined DUSP members.
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3.8 Cytokines and growth factors such as leukemia inhibitory factor 

(LIF), GDF15, IGFBP7, ESM1 and CXCL14

Our microarray data suggested alteration of cytokines and growth factors in 

BO. Expression patterns of cytokines in human oesophageal cancer cell lines 

showed significant up regulation of LIF (Oka et al., 1995). This finding 

already suggested that LIF may play a part in the development of OAC. The 

influence of LIF in other cancers such as colonic tumors has been examined. 

A French group has shown that LIF has the ability to assist in vivo tumor 

growth in colonic cancer cells (Burg et al., 1995). Like LIF, IGFBP7 has been 

associated with colonic cancer as well. A role as a tumor suppressor was 

described in previous publications (Ruan et a!., 2006, Lin et al., 2007) and it 

is believed that IGFBP7 may interact through inhibition of the BRAF 

oncogene-ERK signaling pathway (Wajapeyee et al., 2008). The importance 

of ERK signaling in the development of OAC is well documented, and 

mutations of the BRAF oncogene are seen in this context as well (Sommerer 

et al., 2004, Onwuegbusi et al., 2007). GDF15 belongs to the TGF-beta 

super family, and other members of this group like TGF-beta and BMP4 are 

linked with BO and OAC (Milano et al., 2007, Mendelson et al., 2011). 

GDF15 is also known as an inflammatory cytokine with increased levels seen 

after liver injury (Hsiao et al., 2000). GDF15 levels are also raised after bile 

duct injury (Koniaris, 2003) and subsequent microarray studies have shown 

that this gene may be bile acid regulated (Duggan et al., 2010). ESM1 is a
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secreted protein regulated by cytokines. ESM1 is expressed in human lung 

and kidney and it may play a role in endothelium-dependent disorders 

(Lassalle et al., 1996). It has been described as an inflammatory marker in 

sepsis but links to non-small cell lung and hepatocellular cancer were also 

seen. The over expression of ESM1 in non-small cell lung cancer probably 

represents a response of tumoral endothelium to proangiogenic stimulation. 

ESM1 seems also to be a prognostic factor in HCC. Immunohistochemical 

detection of ESM1 was done on samples from 100 patients with HCC. ESM1 

was expressed in the endothelium of HCC tissue, but was not expressed in 

pericarcinomatous and normal liver tissue. Analysis showed that ESM1 is an 

independent prognostic marker for survival in HCC and a significant factor to 

predict the prognosis of HCC patients after curative hepatectomy 

(Scherpereel et a!., 2006, Grigoriu et al., 2006, Huang et al., 2009). The 

chemokine CXCL14 also showed elevated levels in the microarray study and 

has been linked with head and neck squamous cell carcinoma. In this context 

it appears that CXCL14 in oral floor carcinoma can decrease the settlement 

pace of the cells and suppress their proliferation in vivo (Maehata et al., 

2010, Ito eta l., 2010).

These findings made the validation of this group of secreted cytokines and 

growth factors in a BO cohort potentially very interesting. Fig 3.9 

demonstrates the results of mRNA expression levels of LIF, GDF15 and 

IGFBP7. Figure 3.10a shows the significant up regulation of leukemia 

inhibitory factor (LIF,FC 50.7; p<0.0001***) in the BO cohort when compared
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with the normal patient cohort. Higher levels of growth and differentiation 

factor (GDF15,FC 106.5p<0.0001***) were seen in this validation (figure 

3.10b). Increased IGFBP7 mRNA levels were observed as well (PC 3.6; 

p=0.0026) but only moderate (figure 3.10c). The other two mentioned 

markers ESM1 and CXCL14 did not show any alteration in the BO group 

when compared with the normal controls (figure 3.11).
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Fig 3.10 mRNA expression levels of LIF, GDF15 and IGFBP7 Leukemia 
inhibitory factor (LIF,FC 50.7; p<0.0001***) was over expressed in the BO 
patient group when compared with the normal patients (a). Elevated mRNA 
levels of growth and differentiation factor (GDF15,FC 106.5p<0.0001 were 
noticed (b). IGFBP7 mRNA ivas raised (FC 3.6; p=0.0026) as well (c).
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Fig. 3.11 mRNA expression levels of CXCL14 and ESM1 ESM1 has been 
described as an inflammatory marker and has been linked to small cell lung 
and hepatocellular cancer. CXCL14 also showed elevated levels in the bile 
acid microarray study and has been linked with head and neck squamous 
cell carcinoma. However neither of the examined markers did show any 
significant up or down regulation in BO.
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3.9 Gene networking analysis of LIF

Gene networking analysis can provide new insight in the possible interaction 

of these novel markers with previous known genes. Probable interaction of 

LIF with transcription factors known to regulate bile acid homeostasis is 

shown in figure 3.12. F0XA2, also known as hepatocyte nuclear factor 

HNF3b, is a transcription factor which is important in the embryogenic 

development of the lung and oesophagus (Crisera et al., 1999). Multiple 

publications have shown a synergistic interaction of F0XA2 with LIF through 

WNT signalling and this pathway could be relevant in the oesophagus as well 

(Dunlap et al., 2011). S0X2 is a transcription factor regulating embryonic 

development and gene expression in the stomach. Elevated levels of S0X2 

have been seen in squamous cell carcinoma of the oesophagus (Long and 

Hornick, 2009, Maier et al., 2011). LIF signalling appears to activate S0X2 in 

embryonic stem cells (Niwa et al., 2009, Trouillas et al., 2009, Potdar and 

D'Souza, 2010). The interaction of LIF with these two transcription factors is 

analyzed in more detail in the discussion section of this chapter.
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Fig 3.12 Gene network analysis of LIF This figure illustrates possible 
relations of LIF with the transcription factors F0XA2 and S0X2. F0XA2 is a 
transchption factor important in the embryogenic development o f the lung 
and oesophagus (Crisera, Connelly et al. 1999). A synergistic interaction of 
F0XA2 with LIF through WNT signalling is known, which could be relevant in 
the oesophagus as well (Dunlap, Filant et al. 2011). Raised levels o f S0X2 
mRNA have been published in squamous cell carcinoma o f the oesophagus 
(Long and Hornick 2009; Maier, Wilbertz et al. 2011).
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3.10 Summary of validated genes

A novel group of bile acid regulated genes was validated in a BO patient 

cohort. Table 3.1 gives a summary of examined genes. Members of the 

DUSP family, cytokines, growth factors and lipid homeostatic factors were 

identified. CDX2 was used as an internal positive control to confirm that the 

chosen patient and control cohort was a representative one. TRB3 has been 

validated previously (Duggan et al., 2010). ESM1, CXCL14, MAFF and 

NR4A1 were all altered in the BA microarray study and highlighted in the 

mentioned publication. However no significantly different levels of mRNA 

expression levels were seen in the patient cohort compared with normal 

patients. The microarray data is from oesophageal cell lines (normal and 

cancer) and only resembles in vitro work. A patient and control cohort has to 

be seen as a “gold standard” when it comes to validating gene expression 

levels. As previously discussed, ESM1, CXCL14, MAFF and NR4A1 have 

been shown to be involved in other inflammatory and cancer processes. 

Their expression levels in oesophageal cell lines are altered by BAs. 

However, the failed validation in a patient cohort suggests that they have no 

major role in the development of BO and OAC. It is possible that the 

discussed pathways, where these genes are active in other diseases, are not 

activated or do not play a major role in BO and OAC. It is also possible that 

expression levels of these genes are altered in OAC but not in Barrett’s 

metaplasia. It is also conceivable that these genes are altered in selected
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patients, for example long segment BO in comparison to short segment BO. 

This differentiation was not done in the patient cohort.

Altered Gene groups in BE upregulated downregulated not altered

Dual specificity protein 
phosphatase subfamily 
(DUSP)

DUSP 1,6 DUSP 5

Secreted cytokines and 
growth factors

LIF,GDF15
IGFBP7

Lipid homeostatic regulators FABP1 ROR-alpha

CDX2 TRB3 ESM1, 
CXCL14, 
MAFF. NR4A1

Table 3.1 Table of validated genes In red are the up regulated genes, in 
green down regulated and blue those genes without alteration of mRNA gene 
expression levels. Members of the DUSP family 1,5,6, cytokines, growth 
factors and lipid homeostatic factors were validated in a patient cohort. 
ESM1, CXCL14, MAFF and NR4A1 were all altered in the BA microarray 
study and published (Duggan, Behan et al. 2010). However no different 
levels of mRNA were seen in the Patient cohort compared with normal 
squamous cell mucosa in these genes. TRB3 has been validated and 
published in Carcinogenesis in 2010 (Duggan, Behan et al. 2010).
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Examined Genes Levels in BO Levels in cancer 
cell line

DUSPl up-regulated up-regulated

DUSP5 down-regulated up-regulated

DUSP6 up-regulated up-regulated

LIF up-regulated up-regulated

GDFIS up-regulated up-regulated

IGFBP7 up-regulated down-regulated

FABPl up-regulated down-regulated

RORA down-regulated up-regulated

MAFF not altered up-regulated

TRIB3 down-regulated down-regulated

ESMl not altered up-regulated

CXCL14 not altered up-regulated

NR4A1 not altered up-regulated

Table 3.2 Comparison of gene expression levels between BO and 
cancer cell line (SKGT4) As the table shows levels (up or down regulation) 
of the validated genes varied between the BO samples and their expression 
levels in the oesophageal cancer cell line (SKGT4). This may be due to the 
fact that different types of cells (IM versus cancer) are compared. The effect 
of epithelial cells and stroma within tissue biopsies and their influence on 
gene expression levels cannot be calculated. Cell line work does not have 
this interference as stroma, epithelial and inflammatory cells are missing.
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3.11 Discussion

Building on gene expression microarray work from our laboratory, we have 

validated the altered expression of a novel group of bile acid regulated genes 

in a BO cohort. The list of validated genes includes lipid homeostatic 

regulators such as the transcription factor retinoic orphan receptor (ROR)- 

alpha and fatty acid binding protein (FABP1), members of the dual specificity 

protein phosphatase subfamily (DUSP 1,5,6) and numerous secreted 

cytokines and growth factors (LIF,GDF15 and IGFBP7). RORA has been 

shown to negatively interfere with the NF-kappaB signalling pathway by 

reducing p65 translocation (Delerive et al., 2001). This seems to be an 

important pathway in the inflammatory response and the authors of this 

particular study concluded that RORA might be a potential target in the 

management of chronic inflammatory illnesses. NF-kappaB controls 

transcription and is connected with cancer and inflammatory processes. The 

induction of NF-kappaB by bile acids and low pH has already been 

demonstrated (Abdel-Latif, O'Riordan et al. 2004). Abdel-Latif further 

demonstrated that it is present in almost half of their BO cohort and almost 

2/3 of their tumor cases. NF-kappaB can also activate CDX2, a very 

important intestinal transcription factor in BO, in the presence of bile acids 

(Hu, Jones et al. 2007; Hu, Williams et al. 2007). It is certainly conceivable 

that RORA might have an impact in the oesophagus through this pathway as 

well. It is possible that the validated down regulation of RORA in BO might
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lead to an induction of NF-kappB and CDX2. An involvement of RORA in the 

oesophagus specifically in GORD or BO has not yet been described. 

However, a correlation of colon cancer and RORA has been established. Wnt 

family members have different roles in development and disease. A ROR- 

alpha dependant inhibition of canonical Wnt signalling in colon cancer has 

been shown. Phosphorylation of RORalpha is Wnt5a/PKCalpha-dependent. 

There is a strong correlation of reduced phosphorylation of RORalpha in 

colorectal cancer and RORalpha seems to mediate transrepression of the 

Wnt target genes in colon cancer (Kim et al., 2008). It was also shown that 

melatonin enhances IL-2 via the RORA receptor in Jurkat cells (Guerrero et 

al., 2000). Building on these findings, a subsequent study demonstrated that 

the RORA receptor may be involved in the antitumor action of melatonin in 

colonic cancer (Winczyk et al., 2002). If and how RORA and its receptor are 

involved in the development of BO and subsequent progression to OAC 

through this pathway in the oesophagus needs to be elucidated.

The FABP1 gene encodes the protein with the same name in the liver and is 

involved in lipid metabolism by binding to BAs (Weiss, 1977, Schroeder et al., 

1993). Building on the knowledge that FABP1 leads to growth promotion in 

normal hepatocytes the same effect was shown on malignant hepatoma 

cells. FABP non expressing hepatoma cell lines were compared with FABP 

expressing cell lines. FABP expressing hepatoma cell lines showed an 

increased rate of DNA synthesis and growth in cell number after 72 hr (Keler
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and Sorof, 1993). Gene expression levels, utilizing RT-PCR, and 

immunohistochemical staining were used to study the levels of FABP and 

vascular endothelial growth factor (VEGF) in HCC in surgical specimens. 

Both FABP and VEGF expression levels were up regulated in these samples. 

This suggests that FABP assists the growth of blood vessels in HCC (Dong 

et al., 2007). The expression levels of FABP1 in the liver seem to be 

regulated by the transcription factors HNFSp and C/EBPa. Over expression 

of HNF3P and C/EBPa induces the transcription and as a result increases 

the protein levels of FABP1 in HepG2 cells (liver hepatocellular cells), while 

knockdown of HNF3(3 and C/EBPa has the opposite effect (Wu et al., 2011). 

Increased levels of FABP1 have been seen in prostate cancer cells and it 

has even been proposed as a possible marker for an aggressive form of this 

illness (Das et al., 2001). FABP1 is seen in high levels in colorectal cancer 

and can also predict cancer differentiation (Lawrie et al., 2004). FABP1 has 

not been previously described in the progression of BO and OAC but high 

levels are associated in gastric metaplasia and carcinoma (Hashimoto et al., 

2004). As it is highly expressed in gastric cancer it could even be used as a 

marker however, its levels are not associated with progression and 

prognosis. Obviously this is a very interesting finding as we observe the 

same progression from intestinal metaplasia to adenocarcinoma in the BO- 

OAC sequence.

The role of TGF-beta in BO was already discussed and its over expression is 

associated with advanced stages of OAC (von Rahden et al., 2006). An
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animal study was able to demonstrate that TGF-beta1 deficient mice had 

much lower levels of FABP1 not only in the liver but also in the proximal 

intestine (Fontaine et al., 1996, Poirier et al., 1997). Therefore, the interaction 

of both over expressed TGF-beta and FABP1 in the oesophagus would 

certainly be worth exploring. A possible synergistic effect could be in the 

signalling pathway of the TGF-beta super family. The role of the TGF-beta 

super family in the pathogenesis of BO and OAC has already been outlined 

in the general introduction. BMPs are implicated in the development of BO 

through SMAD signalling and the induction of an intestinal phenotype through 

this pathway (Milano et al., 2007). A possible connection between FABP1 

and this signalling pathway was highlighted in an animal study. BMP 

signalling in the proximal intestine in mice was inhibited using regulatory 

elements of the FABP1 gene (Batts et al., 2006). It would be very interesting 

to explore the role of FABP1 in the important SMAD signalling pathway in the 

oesophagus.

Members of the DUSP family are regulators of cell survival, differentiation 

and growth. They can both dephosphorylate tyrosine and serine-threonine 

residues. Significant up regulation of the members DUSP1,6 and down 

regulation of DUSP5 was demonstrated in the BO cohort comparing it with 

the normal patients. DUSP 1,5 and 6 seem to be regulated by DCA as well, 

as being seen in a normal oesophageal cell (HetIA) and an oesophageal 

cancer cell (Oe33) line. Treatment of Oe33 cells with DCA for 24 h leads to a 

statistically significant up regulation of all three DUSP members 1,5,6,
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whereas it leads to down regulation in the Het1a cells. It appears that DUSP 

1 and 6 are bile acid induced and show raised levels in BO and in Oe33 cells. 

DUSP 5 is down regulated in BO but inducible by DCA in Oe33 cells. It would 

be interesting to validate these raised levels in OAC tissue samples which 

unfortunately were not available in this study. Gene networking analysis with 

IPA placed all these three members (DUSP 1,5,6) in close correlation with 

extracellular-signal-regulated kinase (ERK)-metabolism. Interestingly, 

members of the retinoic receptor group are within this network as well. The 

possible impact of validated RORA in the development of BO has already 

been discussed. A possible connection for all these genes could be the ERK- 

MAPK pathway. It has been established that DUSP’s are able to influence 

cancer and development through this pathway as shown in Figure 3.5 

(Bermudez et al., 2010). Members of the MAPK-family p38, c-Jun N-terminal 

kinase (JNK), and ERK have the ability to induce the production of cytokines 

and inflammatory mediators. DUSPs are able to act as modulators of MAPK- 

signalling in this inflammatory cascade (Lang et al., 2006). DUSP 1 for 

example, is a vital negative regulator of inflammatory response. It regulates 

p38 and JNK pathways and has the ability to influence cytokine production 

(Cornell et al., 2010). The same study further demonstrated that DUSP 4 has 

a vital role in inflammatory response in sepsis. DUSP4 lacking mice had 

reduced levels of tumor necrosis factor alpha (TNF-alpha), interleukin-1 beta 

(IL-lbeta) and IL- 4 and 6 after endotoxin challenge (Cornell et al., 2010). It 

has been shown that BO expresses higher levels of IL-6. Samples from the
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duodenum, BO, and normal oesophagus were evaluated using cytokine 

protein array, ELISA, real-time PCR, and immunohistochemistry. The study 

concluded that BO patients had higher levels of IL-6 compared with the other 

tissue types, allowing the suggestion of a potential role in the pathogenesis of 

BO (Dvorakova et al., 2004). It is conceivable the members of the DUSP 

family may interact as negative regulators of inflammatory cytokines through 

the MAPK-ERK pathway.

ERK itself plays an important role in the development of BO and OAC. Acid 

exposure to oesophageal cancer cell lines activates the mitogen-activated 

protein kinase (MAPK) pathway. Higher activities of ERK and p38 are seen 

as well and it is believed that they regulate cell growth and apoptosis. This 

pathway also seems activated in BO (Souza et al., 2002). Building on these 

cell line experiments further studies confirmed these findings in patient 

samples. The Institute of Pathology in Leipzig Germany was able to 

demonstrate that the disruption of the ERK-MAP kinase pathway was an 

early and frequent observation in the development of OAC (Sommerer et al., 

2004). Not only acid exposure but also the influence of BAs seems to be a 

factor in the activation of this important ERK-MAPK pathway. Just like the 

DUSPs, ERK and MAPKs seem to be regulated by BAs as well. Jaiswal et al 

were able to demonstrate that BAs activated ERK and p38 in a similar 

manner to acid. It was shown that BAs had a proliferative and antiapoptotic 

effect on an oesophageal cancer cell line by activation of ERK-MAPK. Their 

conclusion was that BAs might have an influence in the progression to OAC
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through this pathway by inducing proliferation and decreasing apoptosis 

(Jaiswal et al., 2006).

Statins are well known drugs used in lowering cholesterol especially in 

patients with coronary heart disease. Their protective effect is however not 

only through lowering lipid levels, but also an anti-inflammatory component. 

This anti-inflammatory effect makes them interesting for various other 

diseases and conditions as well, where acute and chronic inflammation plays 

a role. Statins have been implicated causing microscopic colitis although the 

evidence is not unquestionable. Studies have shown that statins might be 

able to inhibit inflammation through the ERK pathway. Therefore an inhibition 

of this pathway by using statins in OAC cell lines was elucidated as well. 

Statins were able to induce an inhibition of proliferation and apoptosis in OAC 

cell lines. The hypothesis was that this effect was most likely through the 

inhibition of the ERK pathway through statins (Smith et al., 1993).

Ovarian serous borderline tumors (SBT) act as their name suggest, 

borderline in their potential as a malignant tumor. Although they show 

different degrees of atypia their behaviour in regards of invasion is rather 

benign. Sieben et al investigated which factors might be involved in this latent 

type of activity. Firstly, they worked out that the ERK-MAPK pathway was 

activated and crucial in this type of tumors. But they were also able to 

demonstrate DUSP 4 as an opposite suppressor of this pathway. They 

concluded that DUSP 4 may be one of the key factors in controlling the rather 

benign behaviour of these tumors (Sieben et al., 2005). The ERK-MAPK
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signalling seems to play an important role in non-small-cell lung cancers 

(NSCLC) as well. A group from Cleveland examined the role of DUSP 6 in 

this context. High levels of DUSP 6 expression correlated with low ERK 

activation. DUSP 6 knockdown with SiRNA led to a significant increase of 

ERK and regulation of cell proliferation and apoptosis. They concluded that 

DUSP 6 is functioning as a tumor suppressor in NSCLC through the ERK- 

MAPK pathway (Zhang et al., 2010).

To summarize, there is firstly strong evidence that the ERK-MAPK pathway is 

up regulated in BO and OAC and seems to be of major importance in this 

and various other cancers. Secondly, members of the DUSP family have 

been shown to actively interact in this pathway as a tumor suppressor and 

regulate proliferation and apoptosis. Inflammatory cytokines and transcription 

factors play an important role, not only in the inflammatory response in the 

oesophagus, but also in its transformation to BO and OAC. It is possible that 

DUSPs are involved as well. DUSPs are known true negative regulators of 

the MAPK pathway through dephophorylation of ERK. It is more than likely 

that the elevated expression levels in BO are an indicator that the MAPK- 

ERK cascade in the oesophagus is regulated by DUSPs. It would be very 

interesting to validate their expression levels in OAC and find out which effect 

gene silencing of DUSPs would have in the inflammatory and 

transformational response in the oesophagus.
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This validation has also shown higher levels of IGFBP7 mRNA in BO when 

compared with normal oesophageal tissue. IGFBP7 has been associated 

with various cancers in the past. A potential tumor suppressor role in 

colorectal cancer was highlighted (Ruan et a!., 2006). Subsequent studies 

confirmed this finding of involvement of IGFBP7 in colon cancer (Ruan et a!., 

2007, Lin et al., 2007). Further studies tried to elucidate in which pathways 

IGBP7 may interact in this involvement. It was determined that the BRAF 

oncogene induces apoptosis in human fibroblasts and melanocytes. The 

BRAF oncogene is interacting through ERK signalling, a very important 

pathway not only in BO and OAC as discussed. The authors were able to 

conclude that IGFBP7 was able to inhibit this BRAF-ERK signalling and 

reduce proliferation in cancer cells (Wajapeyee et al., 2008). MAPK and 

IGFBP7 seemed to be linked in the aetiology of astrocytomas as well. They 

were able to identify IGFBP7 as one of the candidate genes being part of this 

MAPK related gene senescence (Jacob et al., 2011). It would be worthwhile 

to investigate if and to what extent over expressed IGFBP7 may interact with 

the ERK-MAPK pathway in the oesophagus. A second possible mechanism 

of IGFBP7 interaction was examined by a group from Ontario/Canada. Up 

regulation of IGFBP7 mRNA in Glioblastoma was established. Interestingly, 

the authors were able to work out that IGFBP7 induced angiogenesis in 

these cells by modulating Smad2 dependant TGF-beta signalling (Pen et al., 

2008). The importance of the TGF dependant Smad-signalling pathway in 

BO and OAC was already emphasized. This is obviously another signalling
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cascade through which IGFBP7 may interact in BO and OAC, as seen in 

Glioblastoma cells.

Levels of mRNA for both LIF and GDF15 are elevated in BO compared with 

normal oesophageal tissue. As they are both growth factors their effect on 

normal oesophageal cells (Het1A) was examined. Both LIF and GDF15 had 

no effect on Het1A growth in a range from 10ng/ml to 1000 pg/ml. GDF15 

however is very important in BO and its effect on SMAD signalling will be 

discussed in the next chapter.

The use of gene networking analysis (IPA) is again able to highlight possible 

interactions of LIF with other genes and pathways. This analysis placed LIF 

in close relationship with the transcription factor F0XA2 and S0X2. A group 

from Japan examined the effect of WNT5a in the carcinogenesis of 

melanoma, breast, pancreatic, and gastric cancer, especially in view of 

invasion and metastatic potential. They were able to establish multiple ways 

of interaction, but interestingly linking WNT with Smad-TGF-beta signalling. It 

was also found that members of the FOX family including F0XA2 were 

involved in this signalling pathway (Katoh, 2009). F0XA2 is essential in the 

formation of endometrial glands (Jeong et al., 2010). This study was also 

able to show that loss of LIF in this process leads to gland loss and that 

these two genes/proteins have a synergistic effect. Dunlap et al again 

highlighted this dualism of LIF and F0XA2 in uterine gland morphogenesis. 

They were able to determine that loss of one member of the mentioned WNT 

family, WNT7a, inhibits uterine gland morphogenesis by loss of LIF and

98



F0XA2 (Dunlap et a!., 2011). It is certainly worth exploring to which extent 

LIF works together with F0XA2 in BO and their effect on the glandular 

formation in intestinal metaplasia.

IPA also highlighted the interaction of LIF with S0X2. S0X2 has been 

associated with squamous cell carcinoma of the oesophagus (Maier et al., 

2011, Long and Hornick, 2009). A rat model showed similar expression 

patterns of transcription factors to humans when comparing multilayered 

epithelium, a presumed precursor in intestinal metaplasia, including S0X2 

(Chen et al., 2008). LIF signalling in embryonic stem cells has been 

examined and it has been established that LIF activates S0X2 in these cells 

(Niwa et al., 2009, Trouillas et al., 2009). These findings of LIF induced 

activation of S0X2 were reproduced in mesenchymal stem cells (Potdar and 

D'Souza, 2010). Certainly these studies might hint towards an interaction of 

S0X2 by LIF in the oesophagus, but this needs to be determined yet. This is 

an example how systems biology and utilization of informatic tools can help 

in finding new associations. Over expression of LIF is validated in microarray 

and real-time PCR. The connection with S0X2 however, is not obvious. 

Established interaction in other tissue types and diseases opens new insights 

in the way LIF may interact in the oesophagus.

This part of the study was able to validate a novel group of BA regulated 

genes altered in BO. Possible interactions with other genes and pathways 

have been discussed and functional experiments showed possible ways of
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interaction. This list undoubtedly opens up the prospect of future functional 

work in determining the signaling potential of some of these candidate genes.
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Chapter 4
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4 GDF15 and its role in BO by activating the Smad transcriptional 

pathway leading to cell differentiation and transformation

4.1 Introduction

GDF15, also known as MIC-1, is a member of the transforming growth factor 

beta superfamily (TGF-P). Early publications described it as a macrophage 

inhibitory cytokine, hence the initial name MIC (Bootcov et al., 1997). It 

showed structural similarities to TGF-P with a long pro-peptide separated 

from the mature protein by a protease. Cysteine residues and their spacing 

are preserved in GDF15 and TGF-beta. These residues are essential for the 

secretion of a fully active and mature protein (Fairlie et a!., 2001). In addition, 

two other sequences conserved in many TGF-(3 superfamily proteins, 

DLGW-W and PCCVP, are both present within GDF15 at the expected 

positions. This indicates that GDF15 is a TGF-(3 superfamily protein (Bootcov 

et al., 1997). A German group confirmed these findings and published that 

GDF15 was identical to MIC and belonging to the TGF-beta superfamily 

(Strelau et al., 2000). Further studies linked GDF15, as its alias MIC 

suggests, with inhibition of macrophage activation (Fairlie et al., 1999). 

Subsequent studies found that GDF15 was over expressed in liver injury 

(Hsiao et al., 2000) and raised questions about its role as an inflammatory 

cytokine. Raised levels were also seen in the serum of pregnant women and 

it was speculated that it might suppress maternal inflammation in the uterus
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(Moore et al., 2000). Microarray studies from our laboratory have shown that 

GDF15 might be bile acid regulated (Duggan et al., 2010). This hypothesis is 

certainly strengthened by the fact that GDF15 is over expressed in bile duct 

injury (Koniaris, 2003). The authors speculated that GDF15 might also be 

involved in formation of biliary tumors as well. This hypothesis was later 

confirmed when GDP 15 was described as a marker in pancreatic and 

ampullary cancers. Elevated serum levels of GDF15 were measured in 

patients as well as increased GDF15 mRNA levels in cancer cell lines 

(Koopmann et al., 2004). One of the first studies linking GDF15 with cancer 

found over expression in prostate cancer. Gene expression levels of almost 

9000 genes in malignant and normal tissue were measured. It was 

determined that GDF15, while low or absent in normal tissue, was highly over 

expressed in cancer (Welsh et al., 2001). This finding was confirmed in 

cancer types such as ovarian, oral squamous cell, glioblastoma, breast and 

colon cancer and is now well documented (Staff et al., 2010, Zhang et al., 

2009, Strelau et al., 2008). There is documented proapoptotic and anti- 

tumorigenic ability of GDF15 in various cancer cell lines. In the case of 

glioblastoma cell lines no decrease in proliferation or reproducible effects on 

invasiveness were noticed (Strelau et al., 2000). In a study relating to the 

invasiveness of gastric cancer cells, the authors hypothesized that this tumor 

cell invasion might be regulated through induction of activation of MARK (Lee 

et al., 2003). A further study confirmed these findings by detecting that 

GDF15 was able to phosphorylate ERK 1/2 in human breast and gastric
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cancer cell lines. GDF15 induces the transactivation of ErbB2 (Human 

Epidermal growth factor Receptor 2). Selective silencing of ErbB2 with Sl- 

RNA reduces the GDF15 induced invasiveness of these cancer cells (Kim et 

al., 2008). Finally a Korean group demonstrated up regulation and secretion 

of GDF15 in gastric cancers by real time RT-PCR and Western blot (Baek et 

al., 2009).

A functional interaction with ERK was also independently detected in a study 

in neurons where GDF15 was able to prevent apoptosis through inhibition of 

activated ERK (Subramaniam et al., 2003). This, in the context of GDF15 and 

8 0  is a very interesting finding. It has been shown that acid activates the 

ERK mediated MARK pathway and regulates apoptosis and cell growth in 

oesophageal cancer cell lines (Souza et al., 2000). The disruption of this 

ERK-MAPK pathway was an early and regular observation in the 

development of OAC (Sommerer et al., 2004). The Importance of the MAPK- 

ERK pathway in BO was already discussed In correlation with the DUSP 

family In Chapter 3.

Ischemic heart disease and heart failure are both correlated with 

inflammatory responses at the heart. It Is therefore not surprising that GDF 

15, an inflammatory cytokine, is a known prognostic marker in acute coronary 

syndrome and heart failure (Anand et al., 2010, Bonaca et al., 2010, 

Hochholzer et al., 2010, Wang et al., 2010). GDF15 further has a protective 

function after ischemic injury at the heart (Kempf et al., 2006) and also has 

an antihypertrophic effect (Xu et al., 2006). Interestingly this study was able
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to link these GDF15 effects to the SMAD signaling pathway consistent with 

its membership of the TGF family. It was demonstrated that GDF15 could 

activate SMAD2,3 and SMAD 6,7. SMAD 2 induced cardiac hypertrophic 

changes and SMAD 6&7 as suppressors of this pathway, reversed it. Other 

members of the TGF-beta superfamily, signaling through the Smad pathway, 

have been shown to be involved in the pathogenesis of BO and OAC. BMP4, 

uniquely expressed in BO, induces changes to a Barrett’s type epithelium in 

oesophageal squamous cells. These changes are promoted through the 

Smad1,5,8 signaling pathway (Milano et al., 2007). Disruption of TGF-beta 

signaling in oesophageal cancer cell lines leads to loss of Smad4 activation. 

Transfection of oesophageal cancer cells with Smad4 cDNA leads to 

inhibition of proliferation in these cells (Onwuegbusi et al., 2006). As 

GDF15’s role in the SMAD signaling pathway has been seen in the heart, it is 

also an interesting hypothesis that it may interact in the same way in the 

oesophagus.

The general introduction has already outlined the importance of the SMAD 

pathway in BO activated by TGF-P and BMP4 (see chapter 1.8). So far, 

GDF15 has not been described as over expressed in BO or OAC and the 

mechanism whereby GDF15 might impact in SMAD signaling is not known. 

Given the structural similarities between GDF15 with TGF-p and BMPs it was 

an obvious step to further examine its role in this context.

The aim of this chapter was firstly to validate the over expression of GDF15 

from the microarray data using real time RT-PCR in the patient cohort. In a
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second step the aim was to examine its potential in SMAD signaling and 

possible impact in the pathogenesis of BO in normal oesophageal and 

oesophageal cancer cell lines. The downstream genes regulated by GDF15 

through the SMAD-pathway and the effect of SiRNA knockdown was also 

investigated.

Results:

4.2 Validation of GDF15 in a Patient cohort

As previously described in method section 2.1, a patient cohort for validation 

was recruited. The first aim was to validate over expression of GDF15 in BO 

when compared with normal oesophagus. The results of this validation with 

real time RT-PCR are shown in Figure 4.1. A highly significant over 

expression of GDF15, in comparison to normal oesophageal tissue, is 

observed (p<0.0001).
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Fig 4.1 Validation of GDF15 mRNA levels in BO compared with normal 
oesophagus cohort Result o f the validation o f GDF15 with real time RT- 
PCR. A greatly significant over expression of GDF15 mRNA in comparison to 
normal oesophageal biopsies is seen (p<0.0001).
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4.3 Smad activation by GDF15 in Het1A cells

The next target was to exannine the role of GDF15 in the Smad signaling 

cascade in the oesophagus. As previous publications have demonstrated 

that TGF-(3 can induce Smad activation in oesophageal cells this was chosen 

as an internal positive control (Onwuegbusi et al., 2007). The first aim was to 

reproduce this Smad translocation into the nucleus by TGF-p, in a normal 

oesophageal cell line (HET1A). Het1A cells were stimulated with recombinant 

human GDP 15 as outlined in the method section. Smad activation into the 

nucleus was measured with immunostaining. Images were recorded with an 

InCell High Content Analyzer, which allows visualisation, measurement and 

statistical analysis.

GDP 15 activated Smad 1,2,3 translocation to the nucleus in a normal 

oesophageal cell line, HET1A. It shows resting H etia  cells on the left hand 

side (figure 4.2a). Stained Smad 1,2,3 is green and mainly in the cytoplasm 

of the cell. The nucleus itself contains very little activated Smad 1,2,3 and 

remains red. The image on the right hand (figure 4.2b) is taken after GDP15 

stimulation. Smad 1,2,3 is activated and translocated into the nucleus. The 

nucleus is now highlighted bright yellow. Experiments showed that 

stimulation of HetIA  cells with GDP15 and TGP-(3 led to a measurable Smad

1.2.3 activation. One hour stimulation at a dose of 5 and 10 ng/ml 

concentration of GDP15 were performed. TGP-(3 was used as a positive 

control at a concentration of 5 ng/ml. In both GDP15 (red) and TGP-p 

(green), at a concentration of 5 ng/ml, a statistically significant increase of
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nuclear intensity of Smad 1,2,3 activation (y-axis) was observed when 

compared with resting cells (purple). GDF15 at a concentration of 10 ng/ml 

showed no statistical significance in this experiment (Fig 4.2). This was the 

first indication that GDF15 might be signaling in a dose dependant manner.

j*

Smad activation

1 h stimulation

Fig 4.2 GDF15 and TGF-P stimulation of HET1A cells GDF 15 induces 
Smad translocation into the nucleus. The nucleus highlights bright yellow in 
stimulated HETIa cells (b) when compared with resting cells (a). TGF- /3, 
used as an internal control, and GDF15 at 5ng/ml showed statistically 
significant nuclear Smad 1,2,3 translocation.
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4.4 Dose and time dependant Smad activation by GDF15 in I-IET1A 
cells

Het1A cells were stimulated with GDF15 to establish the most effective dose 

of Smad 1,2,3 activation. Concentrations of GDF15 ranged from 10 pg/ml to 

40 ng/ml (Fig 4.3c) and over various time points ranging from 15 minutes to 

24 hours (Fig 4.3d) (shades of purple). TGF-(3 was used as a positive control 

(yellow). Resting cells are shown in green as the control group. Smad 1,2,3 

nuclear intensity was measured in the InCell analyzer and showing on the y 

axis. Stimulation of HetIA cells with GDF15 at 5 ng/ml showed the highest 

nuclear intensity and was highly significant (p<0.0001***, Mann-Whitney t- 

test). Stimulation of Het1A cells over one hour at with GDF15 at 5 ng/ml 

showed the highest nuclear intensity. Fig 4.3a shows resting Het1A cells with 

low nuclear Smad 1,2,3 activity (red nucleus) in comparison to stimulated 

cells with yellow nucleus (Fig 4.3b).
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Nuclear Smad trans loca tion
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Fig 4.3 Dose and time dependant simulation of HET1A cells with GDF15
Het1a cells stimulated with GDF15 at 5 ng/ml over 1 hour proved the most 
effective dose (p<0.0001***, Mann-Whitney t-test). The concentration of 
GDF 15 ranged from 10 pg/ml to 40 ng/ml (Fig 4.3c), time points ranged from 
15 min to 24h (Fig. 4.3d). TGF-P ivas used as a positive control (yellow). 
Resting HetIA cells are shown in figure 4.3a and stimulated cells in figure 
4.3b (pictures taken from the InCell Analyzer).
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4.5 Levels of GDF15 mRNA in oesophageal cancer cell lines

The next aim was to examine levels of GDF15 mRNA in oesophageal cancer 

cell lines (OE33,SKGT4) using real time RT-PCR. Only OE33 cells showed 

significantly higher levels of GDF15 mRNA when compared with a normal 

oesophageal cell line (Het1A). Resting SKGT4, which is also an oesophageal 

cancer cell line, also expressed more GDF15 but its levels did not reach 

statistical significance although this may be a Type 2 error (n=3). GDF15 

levels in SKGT4 were not significantly up regulated (shown in green). OE33 

cells showed a statistically significant up regulation of GDF15 mRNA levels 

when compared with Hetia resting cells (yellow) (p=0.019**). OE33 cells 

were therefore chosen for further experimentation. The OE33 oesophageal 

cancer cell line derived from a poorly differentiated OAC with a background 

of BO from a Caucasian female patient (Rockett et al., 1997). SKGT4 is also 

a well established human oesophageal Barrett’s adenocarcinoma cell line 

(Hoque et al., 2005).
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Fig 4.4 Basal levels GDF15 levels in oesophageal cancel cell lines
GDF15 levels in SKGT4 (oesophageal cancer cell line) was not up regulated 
(shown in green). Oe33 cells showed a statistically significant up regulation 
of GDF15 nnRNA levels when compared with Het1a resting cells (yellow) 
(p=0.019**). As a consequence, the Oe33 cell line was chosen for further 
experiments.
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4.6 GDF15 stimulation of OE33 cells

OE33 cells were stimulated with 5 ng/ml GDF15 over 1 hour and nuclear 

intensity measured. Stimulation of HET1A cells with 5 ng/ml GDF15 was 

used as an internal control where a significant increase in Smad 1,2,3 

nuclear activity was observed (P<0.0003) (pale pink column 1+2). The same 

stimulation was performed on OE33 cells with various cell/well 

concentrations. The different cell densities are shown in columns 3+4 (5000 

cells/96-well),5+6 (10000 cells/96-well) and 7+8 (20000 cells/96-well). 

Analysis showed that stimulation of OE33 cells does not lead to any further 

increase in translocated Smad 1,2,3 at any of these concentrations. Images 

taken from the InCell Analyzer are shown in Figure 4.5, the measured results 

in Fig. 4.6.
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Fig 4.5 Stimulation of OE33 cells with GDF15 Oe33 cells were stimulated 
with GDF15 and nuclear intensity was measured. Fig 4.6a shows 
unstimulated and Fig 4.6b GDF15 stimulated OE33 cells. No significant 
difference in Smad 1,2,3 intensity, which highlights yellow in the nucleus, is 
seen.
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Smad translocation in Het1a and O e33 cells 
after 1 h stimulation with G D F 15

700

if)
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Fig 4.6 Stimulation of OE33 cells with GDF15 Oe33 cells were stimulated 
with 5 ng/ml GDF 15 over 1 hour and nuclear intensity was measured in 
resting cells in comparison. Analysis showed that stimulation of OE33 cells 
(various cell densities 5000-20000/well) does not lead to any further increase 
in translocated Smad into the nucleus.
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4.7 Comparison of activated Smad in resting and GDF15 stimulated 

HET1A cells and OE33 cells

Despite the fact that stimulation of OE33 cells with GDF15 does not lead to 

any increase in activated Smad 1,2,3 it was clear that the cancer cell line had 

higher basal Smad 1,2,3 levels than HET1A cells (Fig. 4.7 and 4.8). Levels of 

activated nuclear Smad 1,2,3 were compared in both resting and stimulated 

HET1A and OE33 cells. OE33 cells showed greatly elevated levels of 

activated nuclear Smad 1,2,3 when compared with HET1A cells (column 

2+4) (p<0.0001***) (Fig 4.8). The Columns 1+3 show the levels of activated 

nuclear Smad in resting and GDF15 stimulated Hetia cells. Fig 4.7 shows 

images taken from the InCell Analyzer with HetIA  cells (a) and OE33 cells 

(b).
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a b

Fig 4.7 Smad 1,2,3 levels in OE33 and HET1A Incell Analyzer OE33 cells 
showed higher levels of activated Smad 1,2,3. when compared with Het1a 
cells. Fig 4.8a shows unstimulated HET1A cells and 4.8b unstimulated OE33 
cells. It is obvious to the naked eye that Smad 1,2,3 levels, highlighted in 
bright yellow in the nucleus are much higher in the OE33 cells.
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Smad translocation in Het1a and Oe33 cells 
after 1 h stimulation with GDF-15 / 5 ng/ml

700
p<0.0001

E 550

Fig 4.8 Comparison of Smad levels in OE33 and HET1A In both, resting 
controls and GDF15 stimulated, Oe33 cells showed greatly elevated levels of 
activated Smad (column 3+4) (p<0.0001***) when compared with Het1a 
cells. The Columns 1+2 show the levels o f activated nuclear Smad in resting 
and GDF15 stimulated Het1a cells.
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4.8 The effect of GDF15 on target genes of the Smad pathway

Smad translocation to the nucleus can lead to transcription and expression of 

target genes. The effect of GDF15 stimulation of Het1A cells on some of 

these genes was examined. The aim was to determine if target genes of the 

Smad pathway were altered by this stimulation. Levels of gene induction by 

GDF15 in HET1A cells were measured using real time RT-PCR. mRNA 

levels of the various genes were measured at time points 2,4,8,12 and 24 

hours. GDF15 stimulation led to a statistically significant down regulation of 

ID4, HES1, JAG1 and SKI levels after 24 hours. The same phenomenon was 

observed for SKIL, SMURF2 and SMAD4. SMAD7 was the only target gene 

found to be up regulated by this stimulation. This up regulation by 3 fold did 

not reach any statistical significance however this could be a type II error due 

to relatively small sample number (n=3). The respective p-values are shown 

on the two figures 4.8 and 4.9.
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Fig 4.9 Target genes of the Smad pathway I Smad translocation into the 
nucleus leads to transcription and activation of target genes. Resting cells 
are outlined in yellow and GDF15 stimulated Het1a cells are green. mRNA 
levels of the various genes were measured at time points 2,4,8,12 and 24 
hours. Significant down regulation in mRNA levels of ID4, HES1, JAG1 and 
SKI were observed as shown above.
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Fig 4.10 Target genes of the Smad pathway II mRNA levels for SKIL, 
SMURF2 and SMAD4 in Het1a cells were examined and also showed 
significant alteration at 24 hours. SMAD7 ivas the only target gene found to 
be up regulated by this stimulation. However this up regulation by 3 fold did 
not reach statistical significance.
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4.9 Treatment of OE33 cells with GDF15 SiRNa

SIRNA knockdown assays are used to examine the effect when a gene is 

silenced. Further experiments concentrated on the effect of GDF15 siRNA on 

OE33 cells, as these have proven to have the highest amount of GDF15 

mRNA. Knockdown of GDF15 in OE33 cells might lead to a significant 

reduction of activated Smad in the cell nucleus. It was, however not possible 

to establish a working assay. Small interfering RNAs (siRNAs) (siGENOME- 

SMARTpool; Medical Supply Company, Dublin, Ireland) were transfected into 

cell lines using DharmaFECT 1,2,3,4 (Dharmacon) siRNA transfection 

reagent. The control siRNA used were a non-targeting negative control 

(Cscr). The non-targeting siRNA already had a non-specific toxic effect on 

the OE33 cells. This was significant and could be measured on a MTT cell 

viability assay and on Smad staining of treated OE33 cells as well. An 

immunostaining assay (a) and a MTT cell viability assay (b) demonstrate 

these findings (figure 4.11).

R stands for resting control cells, Cscr is the non-targeting siRNA. (Cscr) 

alone causes a non-specific cell death. This leads to a non-specific reduction 

in the nuclear intensity of Smad (left graph) and cell viability on a MTT assay 

(right graph).
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Smad translocation after 
siRNA knockdown of GDF15

MTT cell viability assay after 
SiRNA treatment of Oe33 cells

P<0,01

P<0 005
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Fig 4.11 GDF15 gene silencing attempt Two cell concentrations 5000 and 
10000/well were chosen for carrying out this experiment. R (resting cells), 
non-targeting (Cscr) and GDF (siTox). The non-targeting siRNA reagent 
alone (Cscr) causes a non-specific cell death. This leads to a reduction in the 
nuclear intensity of Smad (a) and cell viability on a MTT assay (b). It was not 
possible to overcome this non-specific toxic effect of the gene silencing 
assay on Oe33 cells..
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4.10 Discussion

Microarray studies have shown that GDF15 it was over expressed in BO 

(Duggan et al., 2010). This work has validated its over expression in BO in a 

Patient cohort. GDF15 is known to be an inflammatory cytokine (Hsiao et al., 

2000) and also known to increase iron absorption in inflammatory anaemic 

conditions (Theurl et al., 2010). Various other studies have shown a clear link 

of GDF15 as an inflammatory marker in lung, kidney and prostate injury 

(Taoka et al., 2004, Zimmers et al., 2005, Taniguchi et al., 2009). The next 

figure shows its possible signalling pathway. It signals through the TGF 

receptor activating Smad 2/3 (Xu et al., 2006). This ERK mediated process 

leads to a complex with Smad4. This complex translocates into the nucleus 

and stimulates expression of target genes (Fig. 4.12)
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Transcription factors, Cytokines

Inflammation, cancer

Fig. 4.12 GDF15 and the Smad signalling pathway In signalling through a 
cell membrane receptor Smad 2/3 is activated. This ERK mediated process 
leads to a complex with Smad 4 and translocates into the nucleus where 
transcription factors are regulated. Smad? and Smurf2 are inhibitors of this 
pathway. P38 is activated as well and regulates inflammation.
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This involvement in the important ERK mediated Smad-signalling pathway 

could be the link to inflammation and cancer and this could certainly be also 

the case in the oesophagus. Plasma levels of GDF15 correlated with 

systemic inflammation in gastric and oesophageal cancer patients (Skipworth 

et al., 2010) but a direct association as a possible independent marker for IM 

and possibly subsequent cancer has not been made. Another link to 

inflammatory conditions was seen in the heart. EP4 knockout mice develop 

dilated cardiomyopathy. Gene expression profiling showed that over 150 

genes were altered in these mice. These included genes regulating 

inflammation. Again, as in the prostate, early over expression of GDF15 was 

detected being a marker for this disease (Harding et al., 2010). These 

findings of GDF15 as a marker for cardiac injury were confirmed in further 

studies linking it with acute and chronic ischemic heart disease. In the acute 

setting ischemic heart disease is a highly inflammatory active disease 

(Eggers et al., 2010). Given its obvious influence in inflammation and cancer 

in many organs a study from 2010 examined GDFIS’s role in all cause 

mortality. The authors were able to demonstrate in a Swedish male cohort 

(aged 35-80) that GDF15 plasma levels were a predictor for all cause 

mortality (Wiklund et al., 2010).

As a member of the TGF super family it is not unexpected that GDF15 

signals through the same pathway. In the general introduction, it was already 

outlined how important the SMAD pathway is in TGF-P and BMP4 signalling 

in BO. The link between GDF15 and Smad signalling was already shown in
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the  cardiac conditions (Xu et a!., 2006). Further studies confirmed th ese  

findings and supported the hypothesis that GDF15 might be  signalling 

through this pathway and have antiapoptotic and hypertrophic effects on 

cardiomyocytes (Heger et al., 2010). GDF15-Smad signalling w as  also seen  

in osteoclast differentiation. GDF15 se e m s  to inhibit this differentiation by 

Sm ad and p38 signalling (see  Fig 4.12) (Vanhara et al., 2009).

This work has  shown for the first time that GDF15 is over exp ressed  in BO 

and leads to Sm ad 1,2,3 activation in a normal oesophagea l cell line 

(HetIA). GDF15 levels a re  significantly higher in an o esophagea l cancer cell 

line (OE33) when com pared with HetIA cells. Greatly e levated levels of 

activated Sm ad 1,2,3 in the nucleus are  seen  in OE33 cells a s  well. 

Certainly this may be due  to other modulators of Sm ad 1,2,3 activation as  

well, for exam ple TGF-(3 and BMP4. But GDF15 is definitely a novel mediator 

within this cascad e ,  which leads to transcription and subsequently  cell 

transformation a s  seen  in the  GORD-BO-OAC sequence . The definite 

importance of GDF15 triggered Sm ad activation in OE33 cells could be 

proved after its silencing and su b seq u en t  nuclear Sm ad 1,2,3 levels. The 

aim to establish a working GDF15 SiRna knockdown a ssa y  was 

unsuccessful. The non-targeting siRNA caused  a  non-specific cell death. All 

the  four Dharmafect reagen ts  (1,2,3,4) at various concentrations were used 

with similar results. Therefore, a t this stage, it remains debatab le  if GDF15 

knockdown will lead to significant reduction of Sm ad signalling, a s  the other 

mediators of this pathway (TGF-P and BMP4) will remain active.
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Examination of possible target genes produced significant results in 

stimulated HET1A cells. It appears that 24 hours after stimulation with 

GDF15, target genes are altered. Activators in the Smad cascade like 

SMAD4 are down regulated. SMURF2, a known inhibitor of this pathway, is 

also down-regulated and SMAD7, another inhibitor, is up regulated (see 

figure 4.9, 4.10 and 4.13). Stimulation of HET1A cells has shown down 

regulation of ID4, HES1 and SKI. TGF-triggered Smad and p38 activation in 

smooth muscle cells leads to over expression of HES1. This mechanism has 

been shown to promote the transcription of smooth muscle differentiation 

genes (Kennard et al., 2008). Inhibitors of differentiation (Id) are active during 

embryogenesis. They can suppress gene transcription. BMPs, belonging to 

the TGF-beta superfamily, can regulate Id expression in these tissues. It has 

been shown that BMP activated Smad signalling can lead to down regulation 

of ID4 (Hogg et al., 2010). TGF-P can induce a reduction of SKI protein. This 

mechanism is correlated with SMAD3/4 activation in human melanoma cells 

(Javelaud et al., 2011).

Over expression of GDF15 in BO and OE33 cancer cell line and its potential 

to activate Smad 1,2,3 in HetIA  cells is clearly demonstrated in this work. 

This GDF15 activation of Smad 1,2,3 activates complexes with Smad4 and 

translocates into the nucleus. The importance of this activated complex in 

transcription has been seen and published in various studies. The link 

between TGF-P and Smad signalling was seen over ten years ago 

(Massaous and Hata, 1997), and further studies established its link with lung
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epithelium, keratinocytes, glioblastoma colorectal and pancreatic cancer 

(Piek et al., 1999, Shimizu et al., 1998, Nakao et al., 1997). Further studies 

established the close correlation of the Smads with the TGF beta super 

family (Hill, 1999, Wrana and Attisano, 2000). This included Smad signalling 

in the oesophagus, induced by TGF-(3 and BMP4 as previously outlined.

It is however clear, given the previous findings with BMP4 and TGF-P, that 

GDF15 is not the only activator and it is more than conceivable that these 

members of the same super family work hand in hand in this pathway of 

transcription. Smad signalling is established as a critical one in the 

development of cancer (Rooke and Crosier, 2001) and many cancers seem 

to gain a resistance to the grov\/th inhibitory effect of these factors. In 

pancreatic cancer, for example, TGF-p dependant Smad4 signalling seems 

to be inactivated, which leads to cell proliferation (Jonson et al., 2001). 

Subsequent studies have recognized this correlation as well, and described 

TGF-beta activated Smad4 as a tumour suppressor in colorectal cancer (De 

Bosscher et al., 2004). As much as the loss can lead to cancer, 

reinstatement of the TGF-p Smad signalling pathway can even reduce 

tumorigenicity, as shown in lung cancer cell lines (Anumanthan et al., 2005). 

Given the previous publications and results of this work, it is more than 

conceivable that this pathway plays a crucial role in the development of OAC, 

and GDF15 is an important part of this puzzle.
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Chapter 5
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5 Use of a combined microarray and informatics approach to define a 

novel Intestinal signature of gene expression In Barrett’s oesophagus 

and oesophageal adenocarcinoma

5.1 Introduction

Barrett’s oesophagus (BO) is an acquired condition characterized by 

metaplastic replacement of the normal squamous epithelium of the lower 

oesophagus by a columnar epithelium of an intestinal nature (Flejou, 2005). 

Mucosal changes resemble those typically observed in the normal intestine 

(Nl). The molecular pathways are only poorly understood and this chapter 

aimed to examine and discover novel markers in this intestinal 

transformation. A number of intestinal markers are found in BO and include 

villin, specific mucins (Arul et al., 2000), CDX2 (Kazumori et al., 2006, 

Morrow et al., 2009) and CDX1 (Stairs et al., 2008, Wong et al., 2005). But 

only a few genes are so far known to be involved in this transformational 

cascade and given the complexity, these can only be the tip of the iceberg. 

As transcription factors are in the centre of any cell differentiation and 

transformation a special focus is on this group. CDX-2 represents a single 

transcription factor and it is likely that multiple transcription factors are 

implicated in normal intestinal development and intestinal metaplasia. The 

ultimate aim would be to define a genetic intestinal signature which 

predisposes to metaplasia. This would certainly predominantly involve
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transcription factors (TF). As a further step it would be of crucial interest to 

examine to what extent these markers of an intestinal phenotype are actually 

lost or maintained during oesophageal carcinogenesis. Hence, the aim of this 

chapter was to identify differentially expressed genes in the normal intestine 

which are not usually seen in the normal oesophagus. The second step was 

to determine to what extent these genes were expressed in BO and OAC. 

The hypothesis is that this gene group would form an intestinal signature 

which could help to identify the functional changes associated with intestinal 

metaplasia and OAC. The aim was to define this signature through a 

combined expression microarray and bio-informatics approach using normal 

squamous cell mucosa of the oesophagus and comparing the derived 

signature with signatures from normal, small and large bowel mucosa, hence 

producing a genetic informatic “intestinal informatics filter”. Previously 

published microarray studies by Ostrowski et al (Ostrowski et al., 2007) and 

Kimchi et al (Hennig et al., 2008a, Kimchi et al., 2005)) have determined a 

specific genetic signature of BO and OAC in comparison with normal 

squamous cell mucosa of the oesophagus. The newly developed intestinal 

informatics filter was applied to both datasets of BO and OAC to identify a 

specific intestinal genetic signature in both conditions. In further definition of 

genes of functional interest, the focus was on the identification of 

transcription factors as a gene group within this intestinal signature, likely to 

be crucial in cell differentiation. The principle idea of the intestinal filter is 

illustrated in figure 5.1. The filter is developed from microarray data obtained
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from normal oesophageal and intestinal tissue. Cross comparison between 

the oesophagus and intestinal genes produces a specific genetic signature 

exclusive to the intestine. Published microarray data from Ostrowski et a! is 

used, and applying the newly developed informatics intestinal filter, these 

data are further divided into an intestinal and non-intestinal signature. 

According to the data from Ostrowski et al 2796 genes were differentially 

expressed in BO when compared with normal oesophagus. The informatics 

intestinal filter was applied and separated this group into intestinal and non- 

intestinal subgroups. The hypothesis is that the driving factors derive from 

the intestinal group, and further focus was on these genes and their possible 

contribution in the progression of BO.
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Gene expression data (Ostrowski et a!) 
2796 genes with altered 

expression in BO

Intestinal 
Gene Filter

Genes of putative 
non-intestinal originGenes of putative 

^ intestinal origitv

OAC

Fig 5.1 Development of an informatics intestinal filter The principle idea 
o f the intestinal filter is to separate an identified pool o f genes into an 
intestinal and non-intestinal type. Previous microarray data from Ostrowski et 
al is used and “filtered” using the newly developed informatics intestinal filter 
2796 genes were differentially expressed in BO when compared with normal 
oesophagus according to Ostrowski data. Applying the filter separated this 
gene list further into an intestinal and non-intestinal subgroup. The 
hypothesis and special focus is on the intestinal group and its possible 
influence in the progression of BO.
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Results:

5.2 Development of intestinal informatics gene filter for Barrett’s 

oesophagus

Total RNA was extracted from histologically confirmed normal oesophageal 

(n=3), colonic (n=3) and duodenal tissues (n=3) as per the methods section. 

Gene expression array analysis was performed on these RNA samples 

utilising Affymetrix HG-U133+2 microarray chips and Mann-Whitney T-testing 

for statistical significance. Cross comparison allows identifying genes which 

are solely expressed in the intestine but not in the normal oesophagus. The 

aim was to create an informatic gene filter which would allow identifying 

genes differentially expressed in the oesophagus when compared with the 

intestine and then examining their presence in BO and OAC.
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Oesophageal 
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Colonic
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Gene expression microarray analysis 
T-TEST p>0.05 + FDR

Intestinal gene list filter

Fig. 5.2 Creation of the intestinal informatics filter This figure illustrates 
the principles in the creation o f the informatics intestinal filter Biopsies are 
taken from the oesophagus (n=3), duodenum (n=3) and colon (n=3). 
Endoscopy and histopathology confirmed the presence o f normal mucosa in 
all o f the cases. Cross comparison between normal oesophageal and 
intestinal (duodenum and colon combined) is performed. Statistically 
significant genes, using Mann-Whitney T-testing as outlined in methods 
section, are filtered and create the group o f intestinal genes. This group 
defines our informatics intestinal filter and is used for further selection of 
genes in BO.
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In total 54675 genes were analyzed and filtered. Cross comparisons between 

oesophageal samples and other tissues demonstrated that 7933 

(oesophagus and duodenum compared) and 6317 (oesophagus and colon 

compared) genes were differentially expressed in duodenal and colonic 

samples utilizing Mann-Whitney T-testing as outlined in methods section. 

Comparing duodenal and colonic samples compared with oesophageal 

samples, the analysis produced a list of 4975 genes which were differentially 

expressed. This ultimately defined the intestinal informatics filter composed 

of 4975 genes differentially expressed in the Nl when compared with the 

oesophagus.
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Intestinal gene filter
Composed o f4975 genes of 

intestinal origin

Fig 5.3 Cross comparison between oesophagus and intestine to 
develop intestinal filter A total number of 54675 genes were analyzed on 
the microarray chip. Cross comparisons using a venn diagram between 
duodenal and colonic samples combined with oesophageal samples, the 
analysis produced a list of 4975 genes which were differentially expressed in 
the intestine. This ultimately defined the intestinal informatics filter composed 
of 4975 genes.
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Obviously, at this stage, the validity and capability in identifying intestinal 

genes of the produced informatics intestinal filter needs to be questioned. 

Previous publications have shown that many markers like Villin, GC-C, 

MUC2, MUC3, CDX1,2 can induce an intestinal phenotype (Arul et al., 2000, 

Kazumori et al., 2006, Morrow et al., 2009, Stairs et al., 2008, Wong et a!., 

2005, Wang et al., 2009a). These genes are defining an intestinal phenotype. 

The newly developed informatics intestinal filter was able to identify them as 

of intestinal origin in our analysis. The expression profile for Villin, GC-C, 

MUC2, MUC3, CDX1,2 in the oesophagus, duodenum and colon are shown 

in figure 5.4. Over expression (red) of these genes is confirmed in colon and 

duodenum comparing with the lower expression levels in the oesophagus 

(green) as a non-intestinal tissue. This emphasises the validity of the newly 

developed and applied filter.
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Fig 5.4 Presence of intestinal factors within the intestinal filter
Publications have shown that many markers like Villin, GC-C, MUC2, MUC3, 
CDX1,2 are necessary in inducing an intestinal phenotype. The novel 
informatics intestinal filter was able to recognize these genes as o f intestinal 
origin. This figure illustrates the expression profile for Villin, GC-C, MUC2, 
MUC3, CDX1,2 in the oesophagus, duodenum and colon. Over expression 
(red) o f these genes is established in colon and duodenum comparing with 
the lower expression levels in the oesophagus (green). This proves that the 
newly developed and applied filter is valid in identifying intestinal genes.
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5.3 Re-analysis of previously published gene expression microarray 

data sets

The Gene expression omnibus database was utilized to obtain data sets of 

oesophageal carcinogenesis (KImchi et al, GDS1321) and data was 

requested from the authors of other non-data based studies. Reanalysis of 

these data sets, performed on HG U133 2.0 (Ostrowski et al., 2007) and 

HGU133A (KimchI) (Hennig et al., 2008a, Kimchi et al., 2005) was performed 

as previously outlined. Non-parametric ^-testing showed altered expression of 

2796 Genes in BO from the data set at p<0.05 with a Bonferroni FDR. Similar 

statistical testing demonstrated that 4460 Genes in OAC were differentially 

expressed in comparison with normal squamous cell mucosa of the 

oesophagus. The cross comparison between normal oesophagus (middle 

circle), BO (upper circle) and OAC (lower circle) Is shown in the next figure 

(5.5). The approach was similar to the one producing the informatics 

intestinal filter. In this case though, the Identified gene group consists of 

those genes differentially expressed In the normal oesophagus when 

compared with the other two conditions (BO and OAC). Both of these 

approaches resulted in similar gene lists to the original studies from which 

these data sets were sourced, except for larger gene numbers due to less 

stringent statistical filtering. The newly developed informatics intestinal filter 

was then applied to these lists to distinguish an intestinal signature within 

them.
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Fig 5.5 Cross comparison between normal oesophagus and BO & OAC
This figure shows the cross comparison between normal oesophagus, BO 
and OAC. Non-parametric t-testing showed altered expression o f 2796 
Genes in BO from the data set at p<0.05 with a Bonferroni FDR. Similar 
statistical testing demonstrated that 4460 Genes in OAC were differentially 
expressed in comparison with normal squamous cell mucosa of the 
oesophagus.

143



5.4 Application of a genomic intestinal informatics filter defines the 

intestinal signature of BO

The next step was the application of the novel intestinal informatics filter to 

the BO study of Ostrowski et al. Again cross comparison using a venn 

diagram was used to divide the BO group into one of an intestinal and one of 

a non-intestinal signature. A total of 4975 genes were used, as defined by the 

informatics intestinal filter. This filtered out 1454 genes of potentially intestinal 

signature from the total of 2976 genes altered in BO. The remaining 1342 

genes were defined as of non-intestinal origin according to the novel filter.
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Fig 5.6 Novel list of intestinal genes with altered expression in BO
This figure shows the application of the informatics intestinal filter to the BO 
data of Ostrowski et al. Cross comparison utilizing a venn diagram was 
performed to split the BO group into an intestinal signature and one o f a non- 
intestinal signature. The informatics intestinal filter separated the BO data set 
into 1454 genes o f intestinal signature out o f a total o f 2976 genes. The 
remaining 1342 genes were grouped as o f non-intestinal origin according to 
the novel filter
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By applying the informatic gene filter to the Barrett’s patient microarray data 

from the study of Ostrowski et al (Ostrowski et al., 2007) a distinct intestinal 

signature for BO was shown. Table 5.1 shows the distribution of the genes. 

The top part of the table shows that out of a total number of around 22.000 

genes 2796 were altered in BO when compared with normal oesophagus 

(1681 up and 1115 down regulated). The middle part demonstrates out of a 

total of around 55.000 genes 4975 were included into the informatics 

intestinal filter when comparing normal oesophagus with the intestine. The 

bottom part of the table displays the results when the novel informatics 

intestinal filter is applied to the BO microarray data. Out of a total number of 

2796 genes differentially expressed in BO, 1454 are identified as of an 

intestinal signature (721 up and 733 down regulated). 1342 are recognized 

as of putative non-intestinal origin (805 up and 537 down regulated).
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Barrett's arrays 

NrmI V BO

Tt Genes 

P>0.05

Up-regulated

Down-regulated

22,000

2796

1681

1115

Intestinal filter 

OES V COL+DUO

Tt Genes 55,000

P>0.05 4975

Filtered Barrett's data

Tt Genes 2796

Tt Intestinal 1454

Up-regulated 721

Down-regulated 733

Tt Non-intestinal 1342

Up-regulated 805

Down-regulated 537

Table 5.1 Breakdown of genes altered in BO divided by intestinal filter
This table illustrates that out of a total number of around 22.000 genes 2796 
were altered in BO when compared with normal oesophagus (1681 up and 
1115 down regulated). Out of a total of around 55.000 genes 4975 were 
included into the informatics intestinal filter when comparing normal 
oesophagus with the intestine. Out of a total number of 2796 genes 
differentially expressed in BO, 1454 are identified as of an intestinal signature 
(721 up and 733 down regulated). 1342 are identified as of putative non- 
intestinal origin (805 up and 537 down regulated).

147



5.5 A novel group of transcription factors with the intestinal filter

Transcription factors (TF) in conjunction with secreted factors play the most 

prominent role in the differentiation pathways of many cell types. The 

importance of TFs like CDX 1 and 2 in the development of BO has been 

discussed in the introduction. However, they can not be the only players in 

this transformation to a different cell type as seen in BO. A special interest 

lay in the identification and characterization of such TFs identified by the 

informatics intestinal filter. Thus, utilizing the genomic filter, 74 transcription 

factors in BO were highlighted using PANTHER (Protein ANalysis Through 

Evolutionary Relationships) from within the intestinal signature. The heat map 

of the 74 TFs resulting from the search in PANTHER is shown in figure 5.7. 

Their expression levels in BO are shown on the left and their levels in the 

normal oesophagus on the right. Red stands for over expression and green 

for lower gene expression levels when comparing the two cell types. Known 

markers of intestinal differentiation are within this group, showing high mRNA 

levels in BO like for example CDX1 and GATA6 and lower expression levels 

for RARG, RORA and loss of PITX1 (Lord et al., 2005) . The presence of 

these known markers associated with BO within this list adds further 

confidence in the interpretation of this approach.
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Barrett’ s Squamous

Fig 5.7 Heatmap of transcription factors PANTHER is a tool which can be used to 
separate a number o f genes into functions and families. Thus 74 transcription 
factors in BO were highlighted from within the intestinal signature. The heat map of 
the 74 TFs resulting from this search and their expression levels are shown. Red 
stands for over expression and green for lower levels o f mRNA. Known markers of 
intestinal differentiation are within this group showing high mRNA levels in BO of 
GATA6 and lower expression levels for RARG and RORA. The presence o f these 
known markers associated with BO within this list adds further confidence in the 
interpretation o f this approach, like also increased levels o f CDX1 and loss o f PITX1 
(Lord, Brabender et al. 2005).
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Gene networking analysis with IPA allows the pursuit of associations 

between known intestinal transcription factors and those newly identified 

through this filter. IPA again highlighted possible interactions and pathways 

of GATA6 and CDX1 with NR5A2, SMAD6 and F0XA2. The statistically 

significant top gene network placing NR5A2 and F0XA2 in the centre 

interacting with GATA6 and CDX1 is shown in figure 5.8. This network 

contained the bulk of the TPs defined (n=26), with the remaining TFs spread 

throughout an additional 13 networks with no distinct core of interactions. 

NR5A2 is an orphan receptor and has its role in cell development, bile acid 

homeostasis and steroidogenesis (Fayard et al., 2004, Miyamoto et al., 2010, 

Lee et al., 1976). These are all potentially critical components of developing 

an intestinal phenotype in the oesophagus. F0XA2 is important in 

differentiation and progress of hepatocytes. This effect can be seen in many 

other tissues as well and is believed to be regulated through sonic hedgehog 

(SHH) signalling (Mavromatakis et al., 2010). It is suggested that SHH 

signalling is a critical component of the communication between stromal cells 

and squamous oesophageal epithelium. Therefore these two transcription 

factors in the centre of this network may play a critical role in the 

development of BO and subsequent OAC.
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Fig 5.8 Gene networking analysis with IP A IP A allows one to pursue novel 
associations between known and novel intestinal transcription factors 
detected through the informatics intestinal filter IPA shows possible 
interactions and pathways of GATA6 and CDX1 with NR5A2 and F0XA2 
which are in the centre of this network. This top network has the bulk of the 
TFs (n=26). Transcnption factors in the centre of this network may play a 
critical role in the development of BO and subsequent OAC.
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5.6 Matching promoter binding sites in TFs

The Genomatix Matlnspector was utilized to further interrogate these novel 

associations highlighted by IPA by looking at matching promoter binding 

sites. The promoter region is the part of a gene crucial for its expression 

levels. Different TFs sharing a promoter binding site might interact and lead 

through co activation to transcription of the same gene and pathway. The 

Genomatix Matlnspector established that known intestinal markers such as 

CDX1 shared promoter region binding sites with NR5A2 and GATA6 further 

increasing the likelihood of potential interaction between these transcription 

factors. Further genes sharing promoter binding sites are S0X2 with NR5A2 

and CDX1 with GATA6 (both intestinal factors). Interestingly MAFF is within 

the intestinal group of TFs and also shares promoter binding regions with 

S0X2. However, also highlighted in miroarray studies as BA regulated, its 

validation in the patient cohort as described in chapter 3 failed to show any 

alteration in BO.
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HNFlGan NR5A2 m m il2,NF PPARG m ISL1 lAFF GATA6 S0K2 IP63 ilS I l£F2c GTF2IRD' IEAD1
HNF4Gamma NR2PSF NR2F FKIm m ra m m m 6ATANRra KXK KKK ra KKK ra
flR5A2 NR2FSF m m R IS F m m m m GATASF SORYSFm KKK ra KKK m
F0KA2 NR2FPKIm m m m m m m ra ra m KKK ra KKK XXK

HOKAl m m m m m m m m ffl ra m ra ra KKK m
il2,NF m R)(RPSFm m m m m m ra ra KXK ra ra KKK m
PPARG m m m m m m m m ra ra KKK ra ra KXK ra
m m m m m m m m m HNF1CD ra KKK ra ra K X X ra
ISL1 m m m m m m m m ra ra KKK ra ra K X X ra
iPF m m m m m m m m ra SORYAPKKK ra ra KKK ra

GAIA6 GAIAfI? GAIASPn m m m HNF1CDm m ra KKK ra ra KXK TEAFGA'
m m O TSF m m m m m m M A P m KKK ra ra KKK ra
1 3 m m m m m m m m m ra ra ra ra KKK ra
ilS I m m m m m m m m m ra m KKK ra KXK ra
iF2c m m m m m m m m m m m KKK KKK KXX KKX

GIF2IRD1m m m m m m m m m ra m KKK ra KKK ra
IEAD1 m m m m m m m m m BFGA m KKK KKK ra X X X

Table 5.2 Matching promoter binding sites. Different TFs can share a 
promoter binding site. They might interact and coactivate transcription of the 
same gene. The Genomatix Matlnspector established that known intestinal 
markers like CDX1 shared promoter region binding sites with NR5A2 and 
GATA6 (highlighted in yellow). This increases the likelihood of potential 
interaction between these transcription factors. NR5A2 also shared the same 
promoter region with S0X2. CDX1 and GATA6, both intestinal markers, also 
share the promoter region.
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5.7 Validation of TFs in a patient cohort

A group of genes was selected from the 74 TFs for validation in a Barrett’s 

patient cohort as highlighted by the informatics intestinal filter and IPA. This 

was to further strengthen the validity of the newly developed informatics 

intestinal filter. The fold changes of the genes are shown on the y-axis. 

Validation confirmed the up regulation of NR5A2 (FC 17.85;p=0.0002), 

F0XA2 (FC 141.62;p=0.001) and SMAD6 (FC 11.27;p=0.001). ARNTL2 was 

confirmed to be down regulated in our patient group (FC 

2.180126;p=0.0058). All these four genes were within the highlighted top 

network in IPA.
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Fig 5.9 Validation of intestinal TFs in a patient cohort Significant up 
regulation of NR5A2 (P=0.0002***) and F0XA2 (p=0.001**) ivas confirmed in 
the BO cohort when compared with the normal oesophagus. SMAD6, a 
known suppressor of the TGF-beta super family induced Smad activation, 
was also chosen and validated (p=0.001**). ARNTL2 is involved in the 
circadian rhythm and its mRNA levels are lower in BO (p=0.0058**). All these 
four genes were within the highlighted top network in IPA. Their expression 
levels in the microarray data were the same in the validation in regard of up 
or down regulation.
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5.8 Intestinal genes in oesophageal adenocarcinoma (OAC)

Finally, examination of intestinal genes in OAC gene expression microarray 

datasets provided a further breakdown of the contribution of intestinal 

metaplasia in cancer (Kimchi et al). Interestingly, of the genes with altered 

expression in BO and OAC the greatest representation was provided from 

genes within the intestinal signature. 819 genes (57%) from the intestinal 

signature of BO still displayed altered expression in OAC. Conversely, only 

421 genes (31%) with altered expression in BO, not defined as a component 

of the intestinal signature, displayed altered expression in OAC. This again 

strengthens the hypothesis that the driving factors in the progression of BO to 

OAC may be provided from the intestinal factors with altered expression in 

BO.
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Fig 5.10 Intestinal genes in OAC Of the total o f 1454 genes of intestinal 
origin in BO, 819 (57%) were still presen/ed in OAC. In comparison only 635 
(43%) were not altered. Of the 1342 genes of non-intestinal origin only 421 
(31%) were altered in OAC. The majority ie 921 genes (69%) were not 
altered in OAC anymore. This again strengthens the hypothesis that the 
driving factors in the development o f BO and OAC originate from an intestinal 
phenotype.
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Of the 74 TFs defined from the intestinal signature the majority of 47 (63%) 

were still altered in OAC. This included those genes validated in the BO 

patient cohort NR5A2, GATA6, F0XA2 and ARNTL2. These genes were also 

in the top network highlighted as per IPA. Therefore this newly developed 

informatics intestinal filter is able to define the intestinal signature of Barrett’s 

associated adenocarcinoma and highlights potential candidate genes 

involved not only in BO but also in oesophageal cancer development.
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5.9 Discussion

This chapter has utilized an informatics approach to identify an intestinal 

gene signature associated with Barrett’s oesophagus. Differentially 

expressed genes in the Nl compared with the normal oesophagus were 

identified and a distinct intestinal signature in this gene group was generated. 

An intestinal informatics filter to identify genes as of an intestinal type in BO 

was developed. Its validity was confirmed by the presence of known genes 

associated with intestinal metaplasia such as CDX1&2, Villin, GC-C, MUC2 

and MUC3 (Mizoshita et al., 2009, Ye and Kaestner, 2009, Leforestier et al., 

2009, Burjonrappa et al., 2007, Sellers et al., 2008, Eutamene et al., 2010, 

van der Sluis et al., 2008). This filter was then further used to identify a group 

of 74 TFs of an intestinal phenotype in BO. Validation of a subset of these 

transcription factors in a Patient cohort further strengthened the hypothesis of 

this approach.

The process leading to the development of oesophageal cancer is associated 

with gain of intestinal identity (Colleypriest et al., 2010). This is also mirrored 

at a molecular level where major intestinal transcription factors such as 

CDX1 and CDX2 are expressed in the oesophagus during transformation to 

BO. It is currently unclear to what extent expression of an intestinal 

phenotype directly contributes to the process of progression from normal 

oesophagus to IM and OAC. Transcription factors are key regulators of 

cellular homeostasis and identity. It is hypothesized that intestinal factors
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within BO may contribute to carcinogenesis. However, other than CDX2 no 

additional intestinal factors have been defined in BO. This chapter highlighted 

an intestinal gene signature for BO containing 74 transcription factors. Some 

of these TFs have previously been linked with the pathogenesis of BO 

(PITX1 and CDX1) again confirming the validity of this filter and the 

generated intestinal signature (Lord et al., 2005, Kazumori et al., 2009, Stairs 

et al., 2008, Wong et al., 2005, Haveri et al., 2008). However, this study also 

attempted to link these transcription factors with the intestinal component of 

BO and OAC.

Building upon these known markers (GATA6, CDX1 and PITX) a further 

analysis of these 74 transcription factors was able to show novel associations 

between these factors using informatics tools and gene networking analyses. 

NR5A2 known as liver receptor homology 1 (LRH-1) and F0XA2 (hepatocyte 

nuclear factor 3P HNF3B) are associated with many of the interactions 

between the TFs. These TFs are in the centre of a significant gene network 

defined by IPA linking to known BO associated TFs such as CDX1 and 

GATA6. NR5A2 is an orphan receptor involved in development, bile acid 

homeostasis and steroid genesis, potentially critical components of an 

intestinal phenotype (Fayard et al., 2004, Miyamoto et al., 2010, Lee et al., 

1976). The expression levels of both NR5A2 and F0XA2 were validated in 

an independent cohort of BO patients showing a good level of agreement 

with the gene expression microarray data of Ostrowski et al and Kimchi et al 

and the newly developed informatics intestinal filter. Recent studies have
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implicated NR5A2 in the co-ordination of local immune responses and 

intestinal cell renewal, both critical in the development of cancer (Fernandez- 

Marcos et al., 2010). Members of the FOXA (F0XA1 and F0XA2) family are 

important in differentiation and development of hepatocytes in addition to 

many other tissues through regulation of sonic hedgehog (SHH) signalling 

(Mavromatakis et al., 2010). It is suggested that SHH signalling is a critical 

component of the communication between stromal cells and squamous 

oesophageal epithelium. This regulatory pathway may play an important role 

in the cell transformation as seen in BO as well.

The increased SMAD6 mRNA expression levels in BO validated in this study 

may highlight a complex inter-relationship between TGF (3 and BMP family 

member signalling in the context of intestinal metaplasia of the oesophagus. 

Milano et al demonstrated that expression of SHH in murine oesophageal 

cells resulted in stromal expression of BMP4, putatively responsible for 

induction CDX2 expression in the oesophagus (Milano et al., 2007). SMAD 

signalling plays an important role in communicating the cellular response to 

TGF-(3, bone morphogenic protein (BMP) and growth and differentiation 

factor (GDF) family signalling as shown in previous chapters and various 

publications (Vanhara et al., 2009, Onwuegbusi et al., 2007, Milano et al., 

2007). It has been suggested that SMAD signalling contributes to the 

induction of CDX2 observed in gastric cancer (Barros et al., 2008) and is 

hypothesized to mediate BMP4 induced CDX2 expression in BO. It is 

suggested that SMAD signalling is disrupted in BO leading to TGF-P
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unresponsiveness resulting in continued cell growth. Increased phospho- 

SMAD1/5/8 has been observed in BO without effects on basal SMAD4 

expression (Milano et a!., 2007). However, little attention has been paid to 

SMAD family member expression patterns in BO. SMAD6 differs from the 

rest of its family members structurally and associates with TGF p type I, BMP 

type IB receptors and is capable of inhibiting BMPR-IA induced SMAD1 

phosphorylation (Imamura et al., 1997, Zwijsen et al., 2000).

Examination of oesophageal cancer tissue microarray data (Kimchi et al) 

using the BO intestinal signature further defined the expression of intestinal 

factors in OAC. The progression to BO is defined by a genetically intestinal 

phenotype and the hypothesis is that the same would apply to its associated 

OAC. The analysis demonstrated that 819 out of the 1454 genes of an 

intestinal phenotype in BO were still altered in OAC. In comparison only 421 

of 1342 genes of non-intestinal phenotype in BO were altered in OAC. This 

means that 56% of the intestinal signature genes are still present in OAC 

whereas only 31% of the BO non-intestinal signature genes are present in 

the same condition. The fact that the majority of intestinal genes are 

preserved in OAC further underlines the role of intestinal-type factors in 

oesophageal carcinogenesis.

Additional informatics work examining the expression of intestinal TFs in 

OAC found similar results. It determined that a majority of 47 of the original 

74 intestinal signature TFs were still altered in OAC. Strikingly, F0XA2, 

GATA6, NR5A2 and ARNTL2 were still found to be up regulated in OAC
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tissue microarray data, in addition to BO tissue. The importance of these TFs 

was highlighted as they were placed in the centre of the top network in BO 

defined by IPA analysis. Subsequent validation of expression levels in real 

time RT-PCR in a patient cohort further strengthened these findings. This 

suggests implications not only for the development of BO but also OAC in the 

oesophagus. Examination of intestinal type TFs in Barrett’s associated 

adenocarcinoma has highlighted further potential implications for these TFs 

in carcinogenesis. Nine of the top ten statistically significant TFs altered in 

OAC are of an intestinal phenotype (PITX1, ZBTB5, RORA, YAP1, RARG, 

GATA6, IFI35, F0XA2 and DTX4) and have direct relationships with cancer 

development. This finding may give further weight to the concept that 

intestinal gene expression may contribute to carcinogenesis in the 

oesophagus. Expression of PITX1/BFT and RARG has been utilized in linear 

discriminant bio-marker analysis (LDA) of BO and OAC tissue types 

(Brabender et al., 2005). Brabender et al demonstrated that a significant 

down regulation of PITX1 observed in BO/OAC progression could be utilized 

to distinguish tissue type in conjunction with other markers. PITX1 loss could 

be defined through the intestinal filter to be a potential factor of oesophageal 

origin. This study potentially defined the loss of PITX1 as a direct component 

of oesophageal identity during development of intestinal metaplasia.

This chapter has created a novel genomic intestinal informatics filter for use 

in the analysis of oesophageal gene expression microarray data. The 

presence of known intestinal markers within this gene filter allows confidence
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in the interpretation of this approach. This filter was then applied to BO 

patient microarray data from the study of Ostrowski et al and OAC patient 

microarray data from the study of Kimchi et al demonstrating a distinct 

intestinal signature for BO and OAC. This signature contained known 

markers of intestinal metaplasia but allows novel inference of other genes as 

components of the intestinal programme within oesophageal carcinogenesis. 

This chapter for the first time demonstrated a significant up regulation of 

components of the intestinal signature, F0XA2, NR5A2 and SMAD6 in BO 

and further highlighted their up regulation in OAC. Regulation of 

differentiation with respect to BO is thought to be induced by CDX family of 

transcription factors. Using the intestinal informatics filter developed above 

numerous other transcription factors with potential to impact upon 

development of BO and OAC are identified. Further work should concentrate 

on the interactions between these transcription factors and their contribution 

to Barrett’s associated adenocarcinoma.
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Chapter 6
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6 General discussion

Reflux symptoms are very common. A majority of people experience 

episodes of reflux and estimated up to 20% would have these symptoms on 

a weekly basis (Dent et al., 2005). Refluxoesophagitis (RO) detected on 

endoscopy is a benign disease which can be treated effectively with proton 

pump inhibitors (PPI) and In a small minority, surgery is considered (Nissen’s 

fundoplicaton) (Nissen and Rossetti, 1962). When treated effectively with 

PPIs the inflammatory changes heal up and the areas are again resurfaced 

with normal squamous cell mucosa. PPIs are also proven to prevent 

secondary inflammatory complications like stricturing (Freston et al., 1995). 

This is however not the case for Barrett’s oesophagus (BO). Treatment with 

PPIs does not lead to eradication of BO and reepitheliaziation with squamous 

cell mucosa. Therefore, different more aggressive methods like thermo 

ablation were introduced (Van Laethem et al., 1998). BO is certainly more 

resistant to the gastric refluxate than normal squamous cell mucosa but once 

present the reduction of the gastric acid does not seem to reverse these 

changes. Multiple cases of BO evolving after total gastrectomy hold up this 

finding (Sandvik and Halvorsen, 1988, Tada et al., 1990). It is therefore very 

likely that factors other than acid can also induce BO, representing an 

irreversible stand alone complication of GORD. The difference between 

GORD and BO is also appreciated in endoscopic surveillance. Surveillance 

endoscopy is, unlike for GORD, recommended for BO to prevent the
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progression to OAC. The irreversibility by PPIs seen in BO also applies to its 

connplicatlons LGD, HGD and OAC as well. But the current screening method 

in endoscopy is blunt and treats all BO patients the same way unless they 

develop dysplastic changes. Firstly, as many patients are asymptomatic, we 

miss these in surveillance altogether. According to Sampliner et al almost 

40% of their Patients with BO lacked symptoms of reflux disease (Sampliner, 

2005). Once enrolled in a screening program all patients undergo the same 

repetitive endoscopy and biopsy unless they show dysplastic changes. It is 

known that patients with stable BO and only IM on biopsies will only have a 

small likelihood of further progression; however there is no consensus in 

recommending a more differentiated surveillance strategy. The risk of 

progressing to OAC in BO is up to 2% depending on the source (Sampliner, 

2005, Eckardt et al., 2001, Conio et al., 2003). There is though a 30-fold 

increased risk of OAC in patients with BO when compared with the general 

population (Van der Veen et al., 1989). Patients are very often overestimating 

their cancer risk which leads to unnecessary anxiety. Gastroenterologists 

have to examine and perform surveillance on 99 Patients to detect the one 

which will progress to an aggressive cancer. This makes the importance for a 

more differentiated approach to this disease quite clear. Accepting the 

irreversible status of BO and lack of response to acid depletion makes the 

importance of other factors leading to the development of BO obvious. One 

of these other factors are bile acids. It is nowadays well accepted that BAs 

are an important culprit in the development of BO. Novel bile acid regulated
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genetic markers in the development of BO were highlighted in our microarray 

studies (Duggan et al., 2010). Building up on this microarray work, a 

representative BO patient cohort was recruited. A novel group of BA 

regulated genes was validated in BO when compared with a normal patient 

cohort utilizing real time RT-PCR. This strengthened the findings from the 

previously performed microarray data. DUSP 1,5 and 6 amongst many other 

genes were altered in the BO cohort. Variation of mRNA expression levels of 

DUSPs in normal oesophageal (Hetia) and cancer cell lines (Oe33) when 

treated with DCA were shown in experiments. This underlines the hypothesis 

that BAs are able to regulate gene expression levels in the oesophagus, and 

through this induce an intestinal phenotype as seen in BO. GDF15 is a 

member of the TGF-beta super family. The TGF-beta super family and its 

members TGF beta and BMP4 are important in the development of BO and 

signal through the important Smad pathway (Derynck et al., 1998, Milano et 

a!., 2007). Firstly the over expression of BA regulated GDF15 was confirmed 

in a patient cohort. As previous studies suggested GDF15 induced Smad 

activation in other organs, GDF15 can also induce Smad translocation into 

the nucleus in a normal oesophageal cell line (Het1A). GDF15 levels and 

subsequently nuclear Smad is elevated in an oesophageal cancer cell line 

(Oe33). Certainly GDF15 appears to be a novel mediator over expressed in 

BO and signalling through the Smad pathway. Any factor leading to the 

progression from GORD to BO results in a change of the mucosa to an 

intestinal phenotype. The normal squamous cell mucosa is replaced by an
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intestinal type columnar mucosa with goblet cells. Therefore it is crucial to 

determine the driving genetic factors in this cell transformation. Patient 

biopsies from normal oesophagus and normal intestine (colon, duodenum 

combined) were obtained. Microarray gene expression analysis and cross 

comparison was performed. A unique genetic signature for the intestine when 

compared with the normal oesophagus was found. This determined a group 

of genes defining the newly developed informatics intestinal filter. Previous 

microarray studies from BO and OAC patients were reanalyzed and filtered 

by the new informatics intestinal filter (Hennig et al., 2008b, Kimchi et al., 

2005, Ostrowski et al., 2007). This generated a novel and valid group of 

intestinal type genes altered in BO and OAC. Specific interest within this 

group was in transcription factors, main drivers of cell transformation. A novel 

group of 74 genes was created including those previously known in the 

development of BO. Validation of some of these novel genes in a BO patient 

cohort reaffirmed the validity of the new informatics intestinal filter.

In summary, the development of BO and OAC is a complex process with 

many external agents (acid, bile acids) facilitating this process. Many genetic 

markers, some bile acid regulated, are strongly involved. Pathways, for 

example Smad signalling, are activated and regulate cell transformation 

through transcription factors. BO consists of a histological but also genetic 

intestinal phenotype. This work was able to shed some light on all of the 

above mentioned aspects in this cellular transformation. Some of the newly 

detected markers were followed up and possible ways of interaction and
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signalling highlighted. Many more markers are mentioned and certainly 

remain the target for further work in the understanding of Barrett’s 

oesophagus and cancer.
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7 Appendix

7.1 The influence of the growth factors LIF and GDF15 on HET1A cells

LIF and GDF 15 are both known growth factors with influence on cell 

proliferation. The next focus was on their influence on cell growth in 

oesophageal cell lines. Het1A cells were cultured in media and prepared for 

splitting and experiments as described in the method section. The first aim 

was to establish an optimum seeding number of cells per 96 well-plate in 

terms of growth. Cell growth and viability was measured with an MTT cell 

assay as per method section. Figure 7.1 illustrates different cell numbers per 

96 well-plate. It shows that at a number of 10000 cells/well a plateau is 

already reached after 48 h. This is not desired, as growth acceleration or 

inhibition can not be evaluated if there is no space for the cells to grow any 

further. 1000 cells/well seems to be a good number here but the other two 

figures show particular problems seen with this low number. Figures (b) and 

(c) show very protracted or even lack of growth in numbers less than 

10000/well. A certain initial density of cells is needed to start the growth and 

proliferation of cells. But in figure (b) apoptosis is observed at a cell density of 

25000 and 50000 (first two columns) with decreasing number on the MTT 

assay. Figure (c) highlights another problem with the high cell density. Very 

high and implausible appearing numbers of density are measured at 24h and 

then decreasing at 48 h to slowly increase at 72h. This is due to the
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phenomenon of cell clumping. Het1A cells form cell clumps in high density 

numbers and this leads to wrong measurements on the MTT assay.

HET growth
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Fig. 7.1 HET1A cell growth rates The first aim was to determine the optimum 
number of cells per 96 well for the experiments. Figure (a) demonstrates the growth 
o f 1000-10000 cell numbers per 96 well. 1000-5000 cells/well seem to be a good 
number in this figure. However repeated experiments, as shown in figures b and c, 
resulted in very slow or even missing growth at these numbers. Higher 
concentrations show problems in growth and measurement. Apoptosis is observed 
in a cell density 25000 and 50000 (first two columns in figure b) with decreasing 
number on the MTT assay. Very high and implausible appearing numbers of density 
are measured at 24h and then decreasing at 48 h to slowly increase at 72h on 
columns 5&6 in figure c. HetIA  cells form cell clumps in high density numbers 
leading to wrong measurements on the MTT assay.
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Finally a working MTT assay with a positive control was established. GDF15 

is a member of the TGF-beta super family. Previous studies suggested that 

TGF-beta itself might lead to a growth arrest in normal oesophageal cell 

lines. However this assay did not show any effect of both GDF15 and TGF- 

beta on growth rates. Figure (a) illustrates that there is no effect of TGF-beta 

at 1ng/ml, 5ng/ml and 10 ng/ml on growth of Het1a cells when compared with 

a normal untreated cell line (column 1). Epidermal growth factor (EGF) was 

introduced as an internal positive control. EGF promotes growth of HET1A 

cells after 72 hours. Again TGFbeta at 10 ng/ml and GDF15 ranging from 

1ng to 10 ng/ml has no effect on cell proliferation of Het1A cells (Fig 7.2).

174



HET growth TGF Beta

■  HET24h
■  HET48h 
□  HET72h

HET GDF 15 with add free media

P*0.0008 ■  HET24h
■  HET48h 
□  HET72h

Fig 7.2 HET1A cell growth assay with positive control EGF Publications 
have shown that TGF-beta can cause growth arrest in normal oesophageal 
cell lines. In this assay no influence o f TGFbeta from 1ng to 10 ng/ml was 
seen (a). Epidermal growth factor (EGF) was used as an internal positive 
control. Figure (b) shows the ability o f EGF to promote growth of HET1A cells 
after 72 hours (p=0.0008**). TGF-beta at 10 ng/ml and GDF15 used in a 
concentration from Ing  to 10 ng/ml have both no influence on cell 
proliferation o fH e tIA  cells.
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After the optimization work the two growth factors LIF and GDF15 were 

tested for their potential in cell growth at various concentrations. A number of 

around 5000 cells per 96 well-plate were deemed as an optimum. An MTT- 

assay, measuring the effect of LIF and GDF15 in various concentrations over 

3 days on a normal oesophageal cell line, was used. Figure 7.3 illustrates the 

findings of GDF15 stimulation of Het1A cells. GDF15 stimulation in various 

concentrations from 1000 ng/ml to 1 pg/ml (x-axis) is performed and the 

effect on cell growth is measured after 24-48 and 72 hours. A control Het1A 

cell colony at the very right of the x-axis is not stimulated with GDF15. No 

significant effect of GDF15 on growth arrest or acceleration is noticed.
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Fig 7.3 The effect of GDF15 on cell growth of HET1 a cells A 3 day MTT- 
assay measured cell viability and density at 24-48 and 72 hours. GDF15 
stimulation in different concentrations (x-axis) from 1000ng/ml to 1 pg/ml is 
performed. No significant effect o f GDF 15 on growth, be it arrest or 
acceleration is seen.
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LIF was also tested for its potential on cell growth. Again a number of 5000 

cells per 96 well-plate were chosen for this experiment. Cell density and 

viability were measured on the same MTT assay. Figure 7.4 shows HET1A 

cells treated with LIF in various concentrations (x-axis) from 1000 ng/ml to 1 

pg/ml. The effect on cell growth was measured after 24-48 and 72 hours. 

Similar to GDF15, LIF did not show any effect on growth promotion and 

apoptosis.
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Fig 7.4 The effect of LIF on cell growth of HET1 a Het1A cells were treated 
with LIF in various concentrations (x-axis) from 1000 ng/ml to 1 pg/ml. The 
effect on cell growth was measured after 24-48 and 72 hours. LIF stimulation 
of Het1 a cells did not show any effect on growth acceleration or arrest.
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