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III. Abstract

Background

Gastro-oesophageal reflux disease (GORD) is a prevalent disease, affecting up to 20% of the 

western population. In up to 10% of these patients Barrett’s Oesophagus (BO) will exist. This 

nietaplastic epithelium carries a risk of developing into oesophageal adenocarcinoma (OAC). BO 

and OAC have a negligible hereditary component; they are environmental diseases with GORD 

representing the most significant risk factor for both. The refluxate of GORD is predominantly 

comprised of acid and bile acids (BAs). The acid component of GORD has been successftilly 

targeted pharmacologically. Despite this, the incidence of BO and OAC has risen steadily over the 

last three decades. BAs remain the untreated component. Research has shown that BAs are pro- 

inflammatory, pro-apoptotic and carcinogenic molecules. Increasing exposure o f the oesophagus to 

BAs correlates with an increasing risk of erosive oesophagitis, BO and OAC. Epidemiological 

studies have confirmed BAs as carcinogens in the oesophagus. Thus, there is a need for a safe and 

effective therapeutic which targets BA-induced toxicity in the oesophagus.

Ursodeoxycholic acid (UDCA) has been shown to modulate the inflammatory, apoptotic and 

carcinogenic effects o f hydrophobic BAs such as deoxycholic acid (DCA). UDCA can attenuate 

the pro-inflammatory and pro-apoptotic mechanisms (COX-2, ROS, etc) induced by BAs. UDCA 

has also been demonstrated to activate the glucocorticoid receptor (GR) -  a potent anti

inflammatory transcription factor. The UDCA-GR interaction appears to induce /ra?j5-repression 

without significantly inducing /ra«5-activation. GR mediated tra«5-repression inhibits the functions 

o f pro-inflammatory transcription factors such as NF-kB and AP-1. rran.y-activation is thought to 

be responsible for the undesirable effects associated with the GR.

Specific Objectives

The objective o f this PhD was to investigate whether UDCA may be of therapeutic use in the 

modulation o f BA-induced inflammation and apoptosis and in the oesophagus.

Results

Inflammation and apoptosis induced by BAs are activated through similar pathways. Modulation of 

BA-induced apoptosis may therefore also reflect modulation of inflammation in normal squamous 

epithelium and vice versa. We demonstrate that UDCA exerts less cellular toxicity than DCA in the 

HET-IA cell hne representing normal squamous epithelium. DCA induces both apoptosis and 

autophagy. Pre-treatment, but not co-treatment, with UDCA reduces levels of DCA-induced 

apoptosis (levels of cleaved PARP and mitochondrial depolarisation), but does not reduce the total 

amount of DCA-induced cell death (as determined by an MTT and a nuclear count assay). Our



findings are most consistent with UDCA pre-treatment reducing levels o f apoptosis but at the 

expense o f increasing levels o f necrosis.

From data identified in research regarding the effect of DCA and UDCA on cell death, we 

identified that DCA induces a loss o f adhesion in the HET-IA cell line. We confirmed that DCA 

induces a reversible loss of adherence in a dose dependent fashion. Loss o f adhesion appeared 

predominantly specific for the extracellular matrix protein vitronectin. Consistent with this finding, 

a reversible reduction in the surface expression of integrin ay (ITGAV) was induced by DCA. This 

is mediated through impaired endocytic recycling. These findings are mediated discreetly of 

apoptosis. Confirming the in vivo validity o f these findings, the fluorescent intensity of ITGAV at 

the inter-cellular junctions o f explanted oesophageal tissue was reduced by exposure to DCA. QH 

cells (representing BO) resisted the effect o f DCA on cell detachment and ITGAV. UDCA neither 

reduced nor enhanced the effects of DCA on cell adhesion or ITGAV expression, suggesting that it 

does not modulate this pathway. These findings suggest a new mechanism through which BAs can 

increase the risk o f erosive oesophagitis and BO in GORD patients. They also suggest a previously 

unidentified pathway which could be targeted in a prophylactic or therapeutic fashion.

In the final part of this research, we investigated the gene role of UDCA and the GR in modulating 

oesophageal inflammation. GORD-induced chronic inflammation is a crucial driver of oesophageal 

carcinogenesis. We demonstrate that the GR is expressed throughout the normal-BO-OAC 

sequence. However, the GR is expressed at a much greater level in squamous epithelium than in 

BO. UDCA induces nuclear translocation o f the GR in oesophageal cell lines without inducing 

/ra;;5-activation. Using micro-array based experiments we demonstrate that UDCA induces a gene 

expression profile discrete from both DCA and Dexamethasone (Dex), but which also exhibits 

similarities to both. This suggests that this hydrophilic BA has both properties to activate the GR as 

well as exerting effects similar to the hydrophobic DCA. As UDCA shares structural similarities to 

DCA and Dex, it may exert structure-fiinction properties of both. The genes most up-regulated by 

UDCA were those associated with ER stress suggesting that this BA has the potential to be pro- 

apoptotic in the oesophageal cell line HET-IA. Yet the magnitude o f the ER stress gene induction 

was significantly lower than that induced by DCA. These findings suggest that UDCA not only 

exerts less cytotoxicity than DCA, but also has the potential to modulate the GR in the HET-IA 

cell line.

Conclusion

UDCA pre-treatment reduces apoptosis, but not total cell death, induced by DCA in the HET-IA 

cell line. UDCA can modulate the GR in oesophageal cell lines. The expression of this 

transcription factor in limited in the oesophagus, potentially allowing preferential targeting of 

squamous epithelium above that of BO. UDCA treatment induces a gene expression profile which

vi



has similarities to both DCA and Dex. Therefore, UDCA administration could reduce inflammation 

in the oesophagus through displacement of hydrophobic BAs and potentially through activation of 

the GR. The novel finding that DCA mediates a reduction in adhesion in oesophageal cells suggests 

a new pathway which could be targeted therapeutically to treat GORD.
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1.1. Summary of Research Background

Reflux o f gastric contents into the oesophagus is a physiological event that most frequently occurs 

after eating. As a result, 20% of the western population admit to symptoms of heartburn or 

regurgitation when questioned. Yet the majority o f these individuals are never given the diagnosis 

of gastro-oesophageal reflux disease (GORD) and never develop complications from their reflux.

5-10% of the general population will have either frequent or severe reflux symptoms, impairing 

their quality o f life. 10% of these patients will develop Barrett’s Oesophagus (BO), a premalignant 

condition o f the oesophagus. Depending on the degree o f dysplasia present in BO (none, low grade 

or high grade), this metaplastic transformation carries a risk o f developing oesophageal 

adenocarcinoma (OAC) 30 -  400 fold above that seen in the general population. Overall, just under 

0.5% of individuals with BO will develop OAC each year making in the greatest risk factor for 

developing this cancer. However, predicting which GORD patients will progress to BO or OAC is 

impossible. American surveillance data has shown that the incidence BO is rising and the incidence 

of OAC in the western world has consistently increased by over ten percent per year during the last 

thirty years. Despite known risk factors and a known precursor lesion, OAC has the most rapidly 

increasing incidence of any cancer worldwide and a previously rare disease with a dismal prognosis 

is now becoming a major health concern.

Figure 1-1: Macroscopic images (upper row) and haematoxylin and eosin stained biopsy samples 
(lower row) of normal squamous epithelium (A), Barrett’s oesophagus (B) and oesophageal 
adenocarcinoma (C). Normal oesophageal epithelium is characterized by a stratified squamous 
phenotype (A). BO is characterized by columnar epithelium with mucin producing goblet cells (B). 
Adenocarcinoma is characterized by columnar epithelium in a tubulo-papillary architecture.

5



Classically, it was thought that acid reflux was the predominant aetiological factor for both BO and 

OAC. However, two clinical factors have led to a reappraisal of this theory. Firstly, effective acid 

suppressing medications such as H2 receptor antagonists (H2RA) and proton pump inhibitors 

(PPIs) have failed to halt the rising incidence o f these diseases. In fact, there is no clinical evidence 

that the use o f PPIs reduce the risk of developing OAC in the setting o f BO. Secondly, once 

pathological reflux disease begins it can continue to disrupt the protective mechanisms of the 

oesophagus and perpetuate the disease despite adequate acid suppression. These findings have led 

to a re-evaluation o f other reflux constituents in the pathogenesis of BO and OAC.

The majority o f reflux episodes consist o f mixed refluxate o f gastric and duodenal components, 

rather than acid alone. Hydrochloric acid, pepsin and nitrogenous products (from partially digested 

food) comprise the gastric refluxate and bile acids (BAs) and pancreatic digestive enzymes 

comprise the duodenal component. These chemicals have the potential to cause cellular damage 

and many have mutagenic potential. Acid has been proven to be a significant aetiological factor in 

oesophageal inflammation and carcinogenesis but evidence is now accumulating that BAs have a 

major role in these pathways both independently and synergistically with acid.

While the role of BAs in oesophageal disease has not been universally accepted there is a growing 

volume of research indicating that they are pathological in every aspect o f GORD. Clinical studies 

have demonstrated that BAs propagate the mechanical damage that results in reflux. Higher 

concentrations of BAs have been identified in the oesophagi of patients with BO or OAC than in 

healthy controls or GORD patients. Molecular research has shown BAs to be carcinogenic through 

both mutagenic and signalling mechanisms. Animal models have demonstrated that BAs are 

carcinogenic in-vivo and that BAs are essential prerequisites for the development o f BO while acid 

(H"̂ ) is not. Epidemiological studies have shown that BAs in oesophageal refluxate are independent 

risk factors for both BO and OAC. Taken all-together, this epidemiological, clinical and molecular 

research has demonstrated that BAs are a significant aetiological factor in the development of both 

BO and OAC.

PPIs have failed to prevent the rising incidence o f BO and OAC and so another pharmacological 

therapy is needed to prevent or inhibit the progression o f BO. UrsodeoxychoUc acid (UDCA) has 

been shown to attenuate the toxic effects o f hydrophobic BAs in the liver and in the colon. 

Consequently, it could potentially offer a therapeutic agent for the treatment o f GORD; one that 

could safely be given to as large a cohort o f society as PPIs in order to enhance our empiric 

treatment of a highly prevalent disease.
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1.2. Gastro-Oesophageal Reflux Disease, Barrett’s Oesophagus and 
Oesophageal Adenocarcinoma

1.2.1. Gastro-Oesophageal Reflux Disease

GORD is defined as “reflux of gastric contents into the oesophagus leading to oesophagitis, reflux 

symptoms sufficient to impair quality of life, or risk o f long-term complications” [1]. By this 

definition, GORD is thought to affect 5 -  20% of the world’s population and to result in 

considerable work related illness and impaired quality o f life [2-3]. Among western populations, 

25% of individuals report having heartburn at least once a month, 12% at least once per week, and 

5% describe daily symptoms. In other geographical areas, the prevalence is thought to be lower [4]. 

These estimates suggest that GORD has a much higher prevalence in western society; a suggestion 

that reflects the higher incidence o f GORD complications in this region.

The relationship between reflux episodes and symptoms is complicated, resulting from a balance 

between exposure to noxious stimuli (such as acid or bile) and visceral sensitivity that is unique for 

each individual. Patients with minimal chemical or volume reflux may have severe symptoms and 

patients with severe reflux may be asymptomatic. This was well demonstrated in a random sample 

o f the Swedish adult population where reflux symptoms were reported by 40% but oesophagitis 

was diagnosed in only 16%. However, among those with oesophagitis, 37% had no reflux 

symptoms [5]. Because of this complexity, predicting the severity of disease and the risk o f future 

complications from reported symptoms is impossible.

Prior to the advent o f PPIs, the identification of oesophagitis during upper gastrointestinal 

endoscopy was highly specific (90-95%) for GORD but only had a sensitivity o f 50% [4]. 

Currently, the sensitivity is lower as the use of PPIs has significantly reduced the incidence of 

oesophagitis. Inflammation on histological examination is seen in one-third of individuals who are 

symptomatic but who have normal endoscopic examination. The other two-thirds will have reflux 

symptoms but no macroscopic or microscopic evidence o f pathological reflux or inflammation [6].

Whether symptomatic patients have oesophagitis or normal mucosa on endoscopy, the majority 

will be treated pharmacologically. Treatment is long-term and usually with a PPI but symptomatic 

benefit is often limited [4]. In patients with reflux symptoms without oesophagitis only one-third 

will symptomatically improve on therapy [7]. Similarly, in patients with oesophagitis, therapy may 

only resolve the symptoms in 30-40% [7]. Even when oesophagitis patients are fully compliant 

with prescribed PPI treatment, 50% will continue to have pathological levels of acid reflux. A 

higher percentage will continue to have BA reflux. Despite acid suppression therapy, GORD 

patients are often still at risk of complications such as BO and OAC. This may be because of the
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ongoing BA exposure and PPIs may in fact be enhancing the carcinogenic potential of these 

molecules by raising the pH of the refluxate (See Section 1.4.2).

1.2.2. Barrett’s Oesophagus

As a result of longstanding GORD, the squamous epithelium lining the distal oesophagus can 

undergo a phenotypic change which makes the oesophagus less susceptible to reflux induced 

damage. This transformation is most frequently (-90% ) into BO or “incomplete intestinal 

metaplasia” where a villous and glandular epithelium, similar to that seen in the small intestine, 

develops [4, 8]. Muhiple unproven theories exist as to the origin o f this metaplasia but all theories 

agree that the GORD induced mucosal damage must occur to a significant depth so that atypical 

“regeneration” may begin. The first theory suggests that Barrett’s cells arise from metaplastic 

transformation of stem cells present in the basal layer of the oesophageal epithelium. The second 

suggests that Barrett’s cells arise from the columnar cells present in the oesophageal glands. The 

most recent theory hypothesises that the origin o f BO is in residual embryological stem cells which 

are held in stasis in the aduh epithelium [9-13]. No theory has, to date, been convincingly proven.

Studies estimate the overall prevalence o f BO at 2.3% among people symptomatic with GORD and 

1.2% in asymptomatic patients [5]. It is uncommonly detected in patients younger than 50 years but 

above this age threshold it is present in 1 - 2% of patients referred for endoscopy [4]. However, 

these figures are imprecise and recent data suggests that the incidence of BO is rising in the 

western world [14], Both epidemiological and animal studies suggest that acid reflux and duodeno- 

gastroesophageal reflux (DGOR) are the most significant risk factors for developing BO [8, 11, 15- 

22] and molecular research has shown that BAs may be more toxic at higher pH. Consequently, the 

widespread use o f PPIs may be both helping and harming GORD patients.

Over time, BO may progress to the development o f low (LGD) and high grade dysplasia (HGD) 

with consequent development o f OAC. The incidence of LGD, HGD, and OAC in BO is estimated 

at 4 percent, 1 percent, and 0.5 percent per year in patients with BO. LGD is estimated to progress 

to HGD or OAC in 10-28% of patients over a five year period and among patients with HGD, the 

incidence of OAC may be as high as 59% over the same period [8]. This accounts for a 30 -  400 

fold increase in risk of OAC above the general population [8, 23-24]. Because no current 

pharmacological therapy can sufficiently inhibit progression of BO, it has until recently been 

standard clinical practice to recommend an oesophagectomy in the setting o f confirmed persistent 

HGD. Newer therapies such as radiofrequency ablation or cryotherapy are now offering localised 

therapy to treat Barrett’s dysplasia. However, the long term success rate of these therapies have yet



to be proven and issues such as buried BO (the presence o f residual BO beneath squamous 

epithelium) are o f concern [25-26].

1.2.3. Oesophageal Adenocarcinoma

The lifetime risk for oesophageal adenocarcinoma is estimated to be 0.8% for men and 0.3% for 

women with an overall incidence in the US of 4.8 per 100,000 persons per year. However, in the 

western world the last few decades have seen increases in the incidence of this disease of over 

450% in Caucasian males and 50% in black males. This increase has occurred at the same time as 

the incidence of squamous cell carcinoma of the oesophagus has decreased (Figure 1-2) [27-29].
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Figure 1-2: The yearly incidence of OAC relative to its incidence in 1975 (Thick black line) and 
the relative increase in incidence of other cancers (melanoma - dashed line and prostate -  thin 
black line). NIH: http://www.cancernetgov (Accessed 24'*' July 2011).

What is striking about OAC, other than the incidence data, is the predominance of environmental 

risk factors; genetics seem to exert little influence (a fact that is strongly supported by the rapidly 

changing incidence of disease). Three large population studies have shown no relationship between 

a family history o f intestinal cancers and OAC [30-32] and while a rare hereditary form o f BO and 

OAC exists, it is highly exceptional [31], Among the environmental risk factors for OAC, BO and 

longstanding GORD appear to be the most significant. 60% of OAC arises in the presence o f BO, a 

finding which would be expected in <1% of asymptomatic individuals and only 3-7%  of patients 

with reflux symptoms and no BO [33], In addition, more frequent, more severe, and longer-lasting 

symptoms o f reflux are associated with a greater risk of OAC. However, 40% of patients who



develop OAC do not have BO and the severity and duration of reflux symptoms are similar in OAC 

cases with and without BO [8]. This highlights the significant independent role of GORD in the 

pathogenesis o f OAC. Recently, DGOR was identified as a risk factor for OAC independently of 

BO and acid reflux, potentially explaining some of the risk associated with GORD despite acid 

suppression therapies [15], Obesity (independently o f GORD), age and a smoking history account 

for the majority o f the remaining risk [33-38],

Despite known risk factors, fewer than 5% of patients are known to have BO before they are 

diagnosed with OAC, primarily because of the high prevalence of reflux symptoms and the poor 

correlation between symptoms and complications. As a result, 50% of OAC patients have either 

unresectable tumours or radiographically visible metastases at diagnosis [39-40]. The five-year 

survival rate exceeds 95 percent for operatively managed stage 0 disease but for more advanced 

disease, the prognosis is poor with five year survival ranging from 10 to 25% [23]. Patients with 

metastatic (stage IV) disease have a median survival o f less than one year.

However, while OAC has a dire prognosis, even for an obese, smoking, aging male with severe 

reflux for many years (all the significant risk factors), the absolute risk remains low (1 in 600 

population per year). Even the absolute risk o f developing OAC in the setting of Barrett’s is small 

in the absence of any dysplastic change (1 in 200 population per year). As only 2-3% of patients 

with BO die from OAC, and as the overall life expectancy is no different to age and gender 

matched members o f the general population, the current epidemiology does not justify screening 

[40]. Yet, OAC represents a disease which occurs as a result o f  potentially modifiable 

environmental factors. Thus the incidence o f OAC should be amenable to environmental or 

pharmacological modulation. However, while PPIs target acid production, weight reduction can be 

achieved and smoking can be ceased, no treatment is available to modify the risk o f BAs in the 

oesophagus.

1.3. The Pathology of Gastro-Oesophageal Reflux Disease 

1.3.1. The Pathogenesis of GORD

The oesophagus is primarily designed for the unidirectional passage o f masticated material and 

fluid. Peristaltic waves, the intrinsic lower oesophageal sphincter (LES) and external pressure from 

the diaphragmatic crus synergise to prevent the reflux o f gastric contents back into the oesophagus.
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However, despite these mechanical barriers, reflux is a component o f health [41], All individuals 

have episodes o f reflux into the oesophagus with the majority occurring within hours of eating.

It is impaired function o f the LES that is thought to be the primary underlying pathology which 

results in physiological refluxate becoming pathological. 87% of physiological reflux episodes 

occur during transient lower oesophageal sphincter relaxation (TLESR) but only one third of 

TLESRs are associated with reflux episodes. Compared with healthy individuals, people with 

GORD do not have more TLESRs, but either initially have, or as a result o f reflux develop, 

structural changes at the gastro-oesophageal junction which include a reduction in LES tone and a 

shortening o f oesophagus [40, 42], This results in an increased proportion of TLESRs being 

associated with reflux of gastric contents, and the oesophagus more frequently being exposed to 

refluxate [5, 6, 9, 10].

Reflux also affects the mechanical function of the oesophagus above the level o f the LES resulting 

in defective clearance from the oesophagus. In healthy individuals reflux provokes an increase in 

oesophageal tone proximally which inhibits retrograde reflux and initiates peristalsis. In patients 

with GORD, an increase in oesophageal tone during reflux episodes is less common, there is a 

longer period until peristalsis is initiated and there is reduced amplitude and frequency o f the 

peristaltic waves. This results in delayed clearance of the refluxate from the oesophagus [41, 43- 

45]. As these mechanical impairments become more pronounced, GORD becomes more 

established [4, 40].

The majority o f refluxate contains a mixture of gastric and duodenal components; both of which 

have the potential to damage the oesophagus. The gastric components include and pepsin and 

the duodenal components include BAs and duodenal proteases. Pre-epithelial, epithelial and post- 

epithelial defences contribute to protecting the oesophagus from these stimuli (Figure 1-3). 

However, given enough time or a high enough concentration, any noxious stimuli in the 

oesophageal lumen can overcome these protective mechanisms, either in isolation or through 

synergistic mechanisms [11]. At this stage, mucosal damage, inflammation, ulceration or 

haemorrhage may occur.

Hydrogen ions attack the apical membrane of squamous cells but the epithelium is resistant to 

penetration unless the pH is <2. At this pH the ionic gradient can drive H^ into the squamous cells 

but even then, Na^/H^ pumps clear H"" back into oesophageal lumen. BAs damage the oesophageal 

mucus layer allowing H^ direct contact with the squamous cells as well as increasing H^ 

permeability into the cells by damaging the cellular membrane. The H”" toxicity is further 

propagated when adhesion molecules between cells are damaged by proteases such as trypsin and 

pepsin. When this happens, the baso-lateral membranes which are less resistant to H^ become 

exposed, the Na"/H* pumps are overwhelmed and cellular toxicity and genetic damage occurs. If
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the Na" /̂H  ̂ pumps are successful in protecting cells, rebound alkalinisation can lead to cellular 

hyper-proliferation [11] which potentially propagates any mutagenic damage. BAs may 

independently result in mucosal damage as well. In their unconjugated or non-ionic form they can 

traverse the cellular membrane resulting in mitochondria damage, the release o f free oxygen and 

nitrogen radicals and genetic damage. This may be of particular concern when rebound 

alkalinisation and epithelial proliferation occurs.
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Figure 1-3: Protective mechanisms of the oesophageal mucosa against GORD induced injury. 
From Guillem; Digestive Diseases and Science: 2005.

Synergy between the gastric and duodenal components of refluxate exacerbates the epithelial 

damage induced by GORD. Bile refluxate alone does not usually result in mucosal damage and 

acid alone only usually causes it to a limited extent. Impaired mechanical function of the 

oesophagus is also more profound in cases o f mixed type refluxate. Overall, patients with 

significant and prolonged mixed reflux have more severe mucosal and mechanical damage as well 

as a higher chance o f developing complications as a result of GORD [42].

1.3.2. Duodenogastro-Oesophageal Reflux

It is only in the last two decades, as acid suppression therapy has failed to eliminate the sequelae of 

GORD that interest in oesophageal BA toxicity increased. With the development o f new 

technologies capable of documenting BA in the oesophagus, mixed reflux (gastric and duodenal 

contents) was identified as the most common form o f reflux event in the oesophagus. Subsequently, 

it was identified that increasing concentrations of BAs in the oesophagus were associated with a 

greater risk of inflammatory, metaplastic and neoplastic complications.
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Initial investigations of mixed duodenogastro-oesophageal refluxate using aspiration technology 

and chromatographic analysis demonstrated the presence o f bile in the oesophagi o f healthy 

subjects as well as in patients with oesophageal disease [18, 20-22], The majority of bile reflux 

occurred in the postprandial state both in healthy controls and in patients with reflux disease, a 

situation analogous to acid reflux. BA concentrations reached levels of almost 200|.iMol in the 

majority of patients with BO or severe oesophagitis and increasing levels of bile in the oesophagus 

(in DGOR alone or mixed reflux) correlated with more severe oesophageal disease (Table 1-1) 

[21-22], This research identified that glycine conjugated forms of cholic acid, chenodeoxycholic 

and deoxycholic acids were the most common BAs in the refluxate. This composition reflected that 

seen in bile where the glycine conjugates are three times more common than taurine [20],

Barrftz's
Grct/p Normal Minimal Erosiiv otsophagiis/stricniK

Primary bile acids
Cholic acid 0 (0 -8 ) 0 (0-99)* 34 (0-150)* 25 (0-126)*
Taurocholic acid 0 (0-8) 7(0-67)* 21 (0-198)* 39 (4-131)t
Glycocholic acid 0 (0-6) 7 (0-102)* 21 (0-88)* 27 (0-95)*

Secondary bile acids
Deox\'choUc acid 0 (0 -3 ) 0 (0-7) 2 (0-230)t 0 (0-282)t
Taurodcox^^cholic acid 0 (0- 0) 0 (0-0) 0 (0-157)1 5.5 (0 410)t
Glycodeoxy'cholic acid 0 (0 -0 ) 0 (0-47) 2.5 (0-285)* 0 (0-72)
Taurolidiocholic acid 0 (0-0) 0 (0-0) 0 (0-0) 6 (0-482)J

Total bile acid concentration 0(0 -16) 14 (0-257)* 124 (6-1020)t 181 (30-820)t
Oesophageal pH

"u time pH<4 2.1 (0.9-12.1) 2.7 (1.3-5.9) 5.1 (3.6-12.1) 22.3 (10.0-46.0)4:
DeMeester acid score 11.1 (7.5-25.6) 12.5 (8.8-20.4) 20.2 (13,7-36.0)4: 43,3 (30.6-83.0)t

*p<0.05 versus normal; fp<0.05 versus normal and niinimal; ^p<0.05 versus normal, minimaU and erosive (Alann-Whimey U test) 
0 = less than tiie limit of sensitivity (0.25 Mniol'l).

Table 1-1: Oesophageal pH and bile acid concentrations (nMol, median and inter-quartile range) 
in the oesophagus in health and disease. Nehra; Gut 1999.

The development and validation of Bilitec™, a spectrophotometric method of identifying bilirubin 

in the oesophagus, increased our understanding o f DGOR through greater ease o f use and patient 

acceptance. Bilirubin measurement represents an indirect measurement of duodenal reflux into the 

oesophagus but correlates well with the presence o f pancreatic enzymes and is regarded as 

representative of DGOR [46], However, spectrophotometric assessment o f DGOR has some 

limitations including a low sampling frequency and data loss due to meal artefacts [47-50], Of 

particular concern is that the instrument underestimates bile reflux by at least 30% in an acidic 

medium (pH < 3,5) because of a shift in the bilirubin absorption wavelength as a result of 

dimerisation at this pH,

Spectrophotometric analysis with simultaneous pH monitoring confirmed that acid and bile reflux 

correlate well and that mixed reflux (pH <4 and absorbance > 0.14) accounts for the majority of



episodes, corroborating earlier aspiration data [51]. One study o f 402 subjects demonstrated that 

60% of patients with abnormal reflux had mixed profiles, 30% had acid reflux only and 13% had 

bile reflux only [42]. Another study demonstrated that among GORD patients, mixed reflux 

occurred in over 50%> (31/53). In this group 70% of mixed refluxers had BO compared to 20% of 

acid refluxers and conversely, only 20% of mixed refluxers had normal oesophagus compared to 

50% of acid refluxers. The same study reinforced that BA exposure increases across the spectrum 

of reflux disease, being higher in patients with OAC or BO than in patients with GORD alone [19- 

22]. The median BA exposure time per day in healthy individuals was 0.1% and in patients with 

Barrett’s was 15%.

Further reinforcing the role of BAs in oesophageal disease are spectrophotometric studies 

performed on patients in the intensive care unit. In this cohort, one third develop gastric or 

oesophageal ulceration in the absence o f medical hardware and despite adequate prophylactic acid 

suppression by intravenous PPI therapy. The use of Bilitec demonstrated significant bile reflux in 

these oesophagi [52],

Spectrophotometric studies have also given us insight as to why patients on PPIs may still have 

symptoms and are still at risk o f developing GORD complications. Among GORD patients whose 

symptoms have not responded to PPI therapy, combined bile and pH monitoring has demonstrated 

that acid and bile reflux, in isolation or combined, continues in a significant proportion. Patients 

with persistent oesophagitis are more likely to have bile reflux or mixed reflux than acid reflux 

alone [53-54]. This may explain why GORD patients continue to develop complications despite 

“adequate” treatment with PPIs. This hypothesis is reinforced by evidence that post gastrectomy 

patients may still develop BO despite the absence o f gastric acid. However, among these patients 

the degree of oesophageal mucosal injury may be minimal highlighting the role of acid-bile 

synergy in oesophageal inflammation [17, 55].

While these clinical studies have demonstrated that BAs are toxic in isolation, a decade of 

combined pH and bilirubin monitoring has now confirmed the association between increasing 

DGOR and the risk of BO and OAC at an epidemiological level. A recent multivariate analysis of 

over four hundred patients identified DGOR as an independent risk factor for both oesophagitis and 

BO. Interestingly though, only acid exposure was a predictive factor for severity o f oesophagitis. 

This suggests that the association of DGOR with oesophagitis might reflect a threshold factor 

rather than a progressively increasing quantitative factor [15].

Finally, in animal models, it has been shown that surgically induced pathological BA exposure is 

significantly more likely to result in the genesis of columnar lined oesophagus and adenocarcinoma 

than acid exposure in the presence or absence of a tumour promoter [56-59]. This research also 

demonstrated that BAs were carcinogens and not simply tumour promoters. Reinforcing the
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hypothesis that acid suppression may enhance the toxicity o f BAs, in the presence of a tumour 

promoter acid protected against BA induced OAC in a rat model [58],

1.4. Molecular Aspects of Bile Acids and Bile Acid Pathology

1.4.1. Bile Salt Physiology

Bile salts are synthesised in hepatocytes as primary BAs (cholic acid and chenodeoxycholic acid) 

and are subsequently conjugated with either glycine or taurine and then secreted into the hepatic 

collecting systems. They are either transiently stored in the gallbladder or secreted into the 

intestinal lumen to perform their physiological functions. The majority of BAs are reabsorbed in 

the terminal ileum but some progress to the colon. Here bacterial metabolism can de-conjugate or 

de-hydroxylate the BAs. Further reabsorption occurs in the colon so that <3% of BAs are excreted 

in the faeces.

Classically, BAs were regarded as having two essential functions; facilitating lipid and fat soluble 

vitamin absorption and excretion of bilirubin and cholesterol. However, identification o f nuclear 

steroid receptors (NSR), G-protein coupled transmembrane receptors and membrane transporters 

whose primary ligands are BAs has shown us that BAs have a role in lipid homeostasis, endocrine 

signalling and trophic effects on intestinal epithelial cells [60-65]. None of these functions appear 

to physiologically relevant to the oesophagus. The expression o f the transmembrane G-protein 

coupled receptor TGR5/M-BAR appears to be highest on intestinal endocrine cells and it has been 

postulated that it may play a role in the release of glucagon, cholecystokinin or other paracrine 

mediators [61, 66-70]. The BA transmembrane transporter appears to be predominantly expressed 

in the ileum and liver suggesting that they facilitate transport of BAs through the enterohepatic 

cycle. Neither TGR5 or the BA transporter is expressed in the oesophagus [71].

1.4.2. The Physico-Chemical Properties of Bile Acids

The complex chemical properties of BAs make these molecules difficult to study. The difficulty for 

researchers lies in mimicking the refluxate that exists in vivo during mixed reflux events. In 

physiological systems a BA can exist in a number of forms; an insoluble protonated acid, a simple 

soluble protonated acid or its anion, a simple micelle, a constituent of a mixed micelle or, as an 

insoluble salt. Each form exerts a different toxicity profile but the form in which an individual BA
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exists depends on its solubility, concentration, the influence o f other amphipathic molecules and 

the local pH (Figure 1-4) [72], Early experiments investigating the injurious effects of various 

duodenal components on rabbit oesophageal mucosa demonstrated this effectively [73-74].
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Figure 1-4: The toxic potential of gastric and duodenal refluxate is dependent on the local 
environment during a reflux episode. Mucosal injury is represented by the heavyset boxes.

Concentration, ionisation and phase can all be influenced by factors such as pH, the presence of 

other BAs or amphipathic molecules or lipids. In the oesophagus, refluxate pH is a primary 

determinant of the BA toxicity (Figure 1-^). In general the higher the pH of the solution, the more 

ionised the BAs will become. While more likely to form micelles at high pH, they are less likely to 

traverse cellular membranes in their ionised form. Conversely at low pH, most BAs are protonated 

and can traverse cellular membranes. At the extreme end of the spectrum, when the pH is <2 it is 

thought that BAs form complexes (possibly dimers) and irreversibly precipitate out o f solution, 

negating their toxicity.

BA solubility depends on conjugation, hydroxylation, pH and temperature. Taurine conjugated 

BAs are strong acids freely soluble in water in either their ionised or un-ionised form [19]. 

Unconjugated and glycine conjugated BAs are poorly soluble in water. However, their solubility 

increases as the number of hydroxyl groups in the BA rises from one to three; the saturation 

concentration of UDCA in water is 9nMol/L, o f deoxycholic acid (DCA) is 28|xMol/L and of 

cholic acid (CA) is 283)xMol/L [75]. Concentrations rise until the critical micellar concentration 

(CMC, the lowest concentration o f BAs at which micelles will begin to form) is reached and 

micelles begin to form. After this point, further BAs become incorporated into micelles, while the 

concentration of monomeric BAs remains constant. As a result, above this concentration, BAs
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exhibit both detergent and signalling effects. Estimated values for the CMCs for different BAs in 

isolation are shown in (Table 1-2) [75],

Bile Acid CMC (mMol/L)

CA 11

TCA 6

GCA 10

CDCA 4

DCA 3

Table 1-2: The critical m icellar concentrations for a num ber o f bile acids. Fini: J Lipid Res; 1987

In general, hydrophobic BAs have lower CMCs. However, all CMCs are influenced by the 

presence of other amphipathic or lipophilic molecules and the concentration and type of 

surrounding cations (H" or C a "  for example). In fact, the CMC may be reduced to half its 

monomeric value in the presence o f lipophilic or amphipathic molecules [12]. In vivo, mixed 

micelles contain multiple BAs, phosphotidylcholines (a major amphipathic species), partly ionised 

fatty acids and monoglycerides. All o f these contributing factors are thought to lower the in vivo 

CMC to a level much lower than that estimated based on chemical research.

The concentration of hydrogen ions (pH) in any solution also affects the solubility and CMC of 

individual bile acids. As a result of conjugation, the dissociation constants (pKa), reflecting the 

strength o f the acids (and their pH dependent solubility), are estimated range from 3.79 to 5.03 at 

25 degrees Celsius in water [76]. Unfortunately, the pKa o f most BAs were derived before an 

understanding o f micellar aggregates and maxima concentrations was refined. As a result, different 

pKa are reported in the literature for the same BAs. However, as the pH rises, a greater proportion 

o f BAs become ionised and at a certain pH the anion concentration will pass the CMC. This pH 

value is the critical micellar pH (CMpH) and is defined as the lowest pH which ensures a 

sufficiently high concentration of the ionised form to create micelles. However, if the pH falls too 

low, conjugated BAs are likely to precipitate from the solution in the protonated form. Despite this, 

micelles are reasonably resistant to rapid pH changes; the presence of both charged and uncharged 

groups existing within the micelle provides stability and rapid pH changes do not immediately 

result in disaggregation of the micelles or precipitation o f these molecules.
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When the concentration and pH effects are viewed together, we see that the CMC must be lower 

than the solubility for the given BA at a given pH value. For glycine or taurine conjugates, this is 

not a problem at intestinal pH (6-8) or in aqueous solutions. Unconjugated acids with less ionic 

potential have much lower solubility and as a result are only found in very low concentrations (< 

2% of the total BA pool) where they exist as monomers in solution or as components o f mixed 

micelles.

While these factors make in vivo estimation of BA toxicity difficult to evaluate, we can at least 

evaluate whether BAs are predominantly protonated or ionised at pHs that exist in the oesophagus 

during refluxate episodes. At concentrations below the CMC, this will determine the predominant 

toxicity o f the BAs as protonated BAs are more likely to have the potential to traverse the cell 

membrane than the ionised BAs (Table 1-3) [77].

Bile acid in refluxate pH

POIIV 4 > = 5

CA(pKa 5 .02) Protonated Protonated Ionised

TCA(pKa 1.4) Ionised Ionised Ionised

GCA(pKa 3 .88) Protonated Ionised Ionised

DCA (pKa 5 . 0 2 ) Protonated Protonated Ionised

TDCA(pKa 1.4) Ionised Ionised Ionised

GDCA(pKa 3 .88) Protonated Ionised Ionised

Table 1—3: Protonatioii state of different bile acids at various pH. Fini: J Lipid Res; 1987

As a result o f the complex chemical and phase properties of BAs (and the different toxicities 

exerted by each), small experimental alterations may have profound effects on experimental 

findings. Endless variations o f these are possible to generate for experiments, but in vivo, these are 

likely to vary from minute to minute. This makes in vitro imitation o f DGOR and mixed reflux 

difficult.

1.4.3. Cell Death; Apoptosis, Necrosis and Autophagy

Cell death occurs in one of three ways: apoptosis, necrosis or autophagy. BAs may induce all three. 

At low concentrations hydrophobic BAs induce apoptosis [78-80] while at higher doses, they can 

induce necrosis.[81-83]. At concentrations which induce apoptosis, BAs have been similarly shown 

to induce autophagy [84].
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1.4.3.1. Apoptosis

Apoptosis is a process of programmed cell death designed to prevent the uncontrolled release o f 

intracellular components. It can be triggered by any stimulus which tells the cell to activate 

apoptotic machinery. The activation of this machinery may occur through an intrinsic pathway, an 

extrinsic pathway, or an endoplasmic reticulum (ER) stress pathway.

The intrinsic or mitochondrial pathway of apoptosis may be triggered by several forms of 

intracellular stress, including oxidative stress and DNA damage, all of which may be caused by 

BAs.[85-88] These signals converge on the mitochondria and result in membrane permeabilization 

and depolarization.[89-91] This results in the release of apoptogenic proteins such as cytochrome c, 

second mitochondria-derived activator of caspases (Smac) and apoptosis-inducing factor (AIF), 

amongst others. These activate the cysteinyl aspartate-specific proteases (caspases). Initiator 

caspases which are activated first (e.g. caspase-8 or 9) activate effector caspases (e.g., caspase-3 or 

7), which cleave a wide array o f cellular substrates resulting in cell death.[92-93] Two major 

pathways have been proposed for release of caspase activating proteins from mitochondria. The 

first is the opening o f the mitochondrial permeability transition (MPT) pore on the inner 

mitochondrial membrane which results in mitochondrial depolarization. This may occur in 

response to exposures such as Ca^^, inorganic phosphate, alkaline pH, or reactive oxygen species 

(ROS). The second is associated with the formation o f specific release channels in the outer 

mitochondria membrane by members o f the B-cell lymphoma-2 (Bcl-2) family of proteins. Pro- 

apoptotic members (Bax, Bak and Bad) form oligomeric complexes within the outer mitochondrial 

membrane, allowing mitochondrial depolarization and the subsequent release of cytochrome c. 

However, this pathway is balanced by anti-apoptotic Bcl-2 family members such as Bcl-2 which 

inhibit the function of pro-apoptotic members through unclear mechanisms..[89-91, 94-95].

The extrinsic apoptotic pathway or “classical death receptor pathway” is initiated by trans

membrane death receptors. These include the TNF family of receptors including TNF-Rl and R2, 

TRAIL and FAS.[96] Activation of these receptors results in recruitment and activation o f caspase 

8 which in turn activates the effector caspases. [92-93] Caspase 8 may also cleave the Bcl-2 family 

member Bid to release an active truncated fragment, which activates the mitochondrial apoptotic 

pathway.[97-99]

The ER pathway occurs as a result of chronic ER stress leading to disordered cellular homeostasis 

and protein misfolding which activates the unfolded protein response. This results in activation of 

members o f the Bcl-2 family which act on the mitochondria. The concomitant release o f ER 

calcium accentuates the subsequent activation of pro-apoptotic cascade.[ 100-101] BAs can rapidly 

induce ER stress genes suggesting that they may induce ER stress.[102-103] Furthermore, it has 

been postulated that the detergent activity o f DCA can, via phospholipase C activation and inositol
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triphosphate, promote from the ER, which can result in the activation of caspases and the 

induction of apoptosis. The release o f Ca^^ may be further enhanced by the ionophore ability of 

DCA.[104]

Whichever pathway activates apoptosis, the biochemical processes result in characteristic 

morphological changes prior to death. These changes include membrane blebbing, cell shrinkage, 

fragmentation of the nuclei, chromatin condensation, and chromosomal DNA fragmentation.

1.4.3.2. Necrosis

Necrosis is a form of un-programmed traumatic cell death in which intra-cellular components are 

released from the dying cell in an uncontrolled manner [105]. This may occur either because the 

insult was too acute to allow activation of the apoptotic machinery or because the insult was too 

great to allow the energy dependent processes necessary for apoptosis to occur. Therefore, it is 

similar insults which induce either apoptosis or necrosis and the severity or intensity o f the insult 

which determines the outcome.

Similar to apoptosis, necrosis has a specific morphological pattern, albeit one that is more diverse 

that that seen in apoptosis. These features include early cell membrane permeablalisation, dilation 

o f organelles, ribosomal dissociation from the E and nuclear disintegration [105-106].

1.4.3.3. Autophagy

Autophagy is a process where the cells own components are degraded through the cells own 

lysosomal machinery [107]. It is a mechanism through which a starving cell promotes survival by 

the reallocation of nutrients from non-essential to essential processes. The most common form of 

autophagy involves the formation of a bi-layer membrane around a targeted region o f the cell to 

form an autophagosome. This isolates the contents from the cytoplasm. The resultant vesicle fuses 

with a lysosome, to form an autophagolysosome in which the contents are degraded.

Autophagy can be driving by a number o f stimuli including starvation, cellular detachment, cell 

damage and repair, infection or as a mechanism o f cell death. In the case of starvation or cellular 

detachment, autophagy leads eventually to apoptosis.

During autophagy, autophagolysosomes can be identified by staining for the protein Microtubule 

associated protein 1 light chain 3 (LC3). However, it is important to determine between activation 

o f autophagy and failure o f protease function which can lead to an accumulation of LC3 suggestive 

o f autophagy. This will be further explained in subsequent chapters .
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1.4.4. Bile Acid Induced Inflammation and Pathology in the Oesophagus

The squamous epithelium o f the oesophagus lacks sufficient protective mechanisms to deal with 

recurrent exposure to BAs such as that seen in GORD. As a result, BAs can injure oesophageal 

cells through membranous and intracellular mechanisms, resulting in inflammatory mucosal 

damage and carcinogenic consequences.

At the level of the cell membrane, BAs may cause damage through detergent mechanisms or 

through inappropriate cell signalling. At concentrations above the CMC, BAs solubilise cell 

membranes, resulting in the release of membrane phospholipids and cholesterol and the generation 

o f reactive ion species [108-109]. However, this mechanism is unlikely to explain the majority of 

BA toxicity in the oesophagus. BAs concentrations in the oesophagus rarely reach the CMC, and 

animal studies have shown significant mucosal barrier disruption occurs at concentrations below 

the level at which membrane solubilization occurs [110-111]. One particularly interesting finding is 

the presence o f dilated intercellular spaces (DIS) between epithelial cells o f the oesophagus when 

reflux occurs, even non-erosive reflux [112-113]. This could potentially allow refluxate to 

penetrate deeper into the mucosa, allowing access to the basal layer stem cells, enhancing the risk 

o f mutagenic change in these cells.

At concentrations below the CMC, lipophilic BAs can incorporate themselves into the 

phospholipid bilayer of the cell membrane resulting in increased membrane fluidity and potentially 

causing alterations in cellular interactions and exosomal and endosomal fimctions [114-115]. These 

lipophilic BAs in the phospholipid bilayer can also interact with the intramembranous region of 

transmembrane receptors, causing inappropriate activation or deactivation and dysregulation of cell 

signalling. The Ras and the Mitogen Activated Protein Kinase (MAPK) pathways have been shown 

to be activated in this fashion [116-118].

Some BAs may traverse the cell membrane, where they can activate inflammatory pathways or 

exert mutagenic effects. Unconjugated BAs, which are usually protonated, may cross the cell 

membrane with relative ease as a result o f their lipophilic properties. Conjugated BAs however 

(which account for the vast majority of the circulating pool), are predominantly ionised and cannot 

readily traverse membranes without a membrane transporter. However, the state of protonation of 

BAs, and thus the ability to traverse the cellular membrane, is heavily influenced by pH; unionized 

(protonated) forms predominate at acidic pH for taurine-conjugated BAs (pKa 1.9) and at neutral 

pH for unconjugated BAs (pKa 5.1). Once BAs are internalised, they become ionised and trapped 

inside the cells [119-120] where increasing intracellular concentrations have been shown to 

correlate with increasing mucosal damage [110-111].

Through these mechanisms, BAs can induce inflammatory, apoptotic and carcinogenic influence in 

oesophageal cells. The carcinogenic potential of BAs has been demonstrated to work through both
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mutagenic and non-genotoxic mechanisms. Mutagenesis appears to resuh from the generation o f 

rcactive ions as well as direct BA genotoxicity. The non-genomic carcinogenic effects are mediated 

through gene expression aheration affected by epigenetic modulation as well as stimulation of 

inflammatory and pro-oncogenic proteins [121].

DCA has been shown to induce oxidative stress and genotoxicity in oesophageal cell lines through 

the generation of reactive oxygen species (ROS) [86], In non-oesophageal cell lines, BAs have 

been shown to also generate reactive nitrogen species (RNS) [66], The detergent effect o f BAs 

releases arachadonic acid which is acted on by cyclooxygenase or lipoxygenase to release ROS 

during the formation o f prostaglandins and leukotrienes. At levels insufficient to damage cellular 

membranes, intracellular BAs induce ROS through mitochondrial damage-induced leakage. ROS 

cause oxidative DNA damage and replication errors but also inactivate mismatch repair 

mechanisms potentiating this damage [66]. The p53 mutation, found in one third of BO and over 

ninety percent of OAC, frequently occurs as a result o f oxidative damage and suggests that ROS 

are a hkely carcinogen in OAC [122-123].

Significant genotoxicity has been demonstrated in HET-IA cells (representing normal oesophageal 

epithelium) exposed to BAs at pH 7. This was measured by the comet assay testing for DNA strand 

breaks. The same effect was seen at pH 4 without BAs, but no further toxicity was seen when BAs 

and low pH were used in combination. Over shorter exposure times, more similar to that seen in 

most episodes of reflux, DNA damage occurred without significant loss of cellular viability [88], 

Significant chromosomal damage has also been seen with BAs. In the OE33 cell line (OAC) and 

KYSE30 (squamous cell carcinoma (SqCCa)) DCA at 50)iMol in neutral pH induced the formation 

o f micronuclei, indicating genotoxicity. Other BAs (taurocholic acid (TCA), glycocholic acid 

(GCA), taurodeoxycholic acid (TDCA) and glycodeoxycholic acid (GDCA)) had no effects, 

presumably because these are predominantly ionised at neutral pH. In acidic pH DCA again 

increased numbers of micronuclei but only at higher concentrations [86].

Some of the strongest evidence for the role of BAs in the molecular genesis o f BO comes from 

research relating to caudal-related homeobox transcription factors 1 and 2 (CDX 1 and 2). These 

factors are thought to be regulators of differentiation necessary for the appropriate generation of 

intestinal mucosa. CDX-2 has been shown to be present in all cases of BO and in some cases of 

reflux oesophagitis [124]. Validated microarray studies have demonstrated that upregulation of 

CDX2 results in the expression o f proteins more associated with intestinal mucosa and the 

suppression of proteins associated with squamous epithelium [121, 125-127], BA exposure can 

independently induce upregulation of CDX2 in oesophageal cells in a dose and time dependent 

fashion through upregulation o f pro-inflammatory signalling such as NF-kB [128-130]. In animal 

studies, low pH or BAs upregulate CDX2 after prolonged exposure [121, 125], In normal
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oesophageal cells exposed to pulsed low pH, a BA cocktail, or both, the CDX2 promoter can be 

demethylated and the expression o f CDX mRNA can increase significantly as a result. This effect 

is attenuated in the presence of a methylating agent [121, 128-129],

BAs can also exert carcinogenic properties through inappropriate activation of other pro- 

inflammatory and pro-oncogenic signalling pathways. Chenodeoxycholic acid (CDCA) and its 

conjugates can stimulate cyclo-oxygenase-2 (COX-2) expression in SqCCa cells and as the pH 

changes from 7.3 to 6.5 the toxicity increases, consistent with the pH approaching CDCA’s pKa 

and a greater proportion o f molecules becoming protonated. Interestingly, inhibitors of the inositol- 

phophate-3 (IP3) kinase pathway and the MAPK/ERK pathway inhibited the increase in COX-2 

levels, suggesting that this effect may be mediated through BA interactions at the membrane rather 

than the genetic level [131]. The activation of receptors by BAs via intra-membranous interaction 

has been demonstrated in a variety o f cell lines outside o f the oesophagus [116-118].

At the transcriptional level, work using 0E21 (SqCCa), OE33 (OAC) and TE-7 (OAC) cell lines 

demonstrated that C-myc is upregulated in the presence of both low pH and BAs but not when 

either is present in isolation. C-myc is a proto-oncogene that has been shown to be upregulated in 

50% of BO and in 90% of OAC [132]. NF-kB and interleukin-8 (IL-8) are also upregulated in 

OE33 cells exposed to BAs. This has been demonstrated using array studies (validated using RT- 

PCR) and through the measurement o f NF-kB dependent genes [85, 133]. Other genes associated 

with BO have been shown to be altered by exposure to BAs (DCA), however, no validation was 

performed on these [133].

Once BO has been established the expression of numerous inflammatory mediators such as NF-kB, 

interleukin-6 (IL-6), IL-8 and COX-2 becomes constitutive [133-136]. However proliferative 

signalling is also upregulated in a predictable pattern. P-Catenin concentration is frequently raised 

resulting in increased levels o f c-myc and cyclin D. These proteins are involved in the final steps in 

a number o f pathways including the Ras/Raf/MAPK pathway which prevents the APC gene from 

inhibiting cellular proliferation [132-133, 137-138]. Loss of the control o f cellular proliferation 

may be further compounded by the reduction in Transforming Growth Factor p (TGF-P) signalling 

[139]. Reflecting this, there is an increase in proliferative markers including Proliferating Cell 

Nuclear Antigen (PCNA) and Ki-67. p53 may be switched off early in BO, possibly due to 

increased levels o f anterior gradient 2 protein, which compounds further oxidative DNA damage 

occurring as a result o f  ongoing H^ and BA exposure [86, 122, 140-143], A number of these 

signalling pathways are ones ahered by BAs,

While the research described above suggests that BAs are a component of the inflammation- 

metaplasia-carcinoma sequence in the oesophagus, there are a number of confounding factors 

which must be taken into account:
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• BAs are a heterogeneous group of moieties which are present in varying concentrations, 

phases, conjugations and ionisation potentials in DGOR. This makes research into the 

effects o f reflux components, either as individual components or synergistically, difficult to 

perform, difficult to compare and difficult to translate into clinical research as innumerable 

variations of refluxate constituents exist, each of which may exert a level of toxicity from 

none to gross.

• Extrapolation from and corroboration with intestinal cell lines derived from outside o f the 

oesophagus may not be feasible as the oesophageal epithelium is squamous where the 

remainder o f the intestinal epithelium is columnar.

• Animal models differ from humans significantly and may not be a valid representation. 

While the animal forms o f BAs promote mutagenesis and carcinogenesis in the intestinal 

tract, the composition and concentration o f BAs in the refluxate and the reflux events 

themselves are rarely similar to that seen in humans [51,66].

These factors combine to make the literature relating to GORD, BO and OAC difficult to interpret.

1.5. The Protective Role of Ursodeoxycholic Acid

UDCA is a secondary BA derived from CDCA through bacterial action in the colon. In healthy 

physiology UDCA and its conjugates (GUDCA and TUDCA) comprise roughly 2% of the 

circulating BA pool [144-145]. It differs from CDCA in that the hydroxyl group in the seven 

position is in the p conformation, rendering UDCA more hydrophilic than other BAs. Whether as a 

result o f this, or otherwise, UDCA has a significantly less potent toxicity profile than other BAs.

While remaining an amphipathic molecule capable of forming micelles, UDCA lacks the 

aggressive cellular toxicity o f other BAs. In humans and in vitro models, UDCA at concentrations 

o f up to 500 p,Mol displays little potential for cell-membrane damage or the destruction of 

subcellular organelles [146-147]. However, above 500|.iMol UDCA becomes toxic to human cells 

in a fashion similar to other BAs.

Surprisingly UDCA has been shown to have anti-apoptotic, anti-inflammatory and 

immunomodulatory effects on various cell and tissue types. In particular, it been shown to abrogate 

the inflammatory and genotoxic effect o f other BAs. It has demonstrated some therapeutic effect in 

treating cholestatic diseases of the liver such as primary biliary cirrhosis (PBC) and primary
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sclerosing cholangitis (PSC). There is also clinical and animal evidence to suggest that UDCA may 

inhibit the adenoma-carcinoma sequence in both healthy and chronically inflamed colonic mucosa 

[148-150],

W hen first used to treat cholestatic liver diseases, it was thought that the therapeutic effect was 

exerted through a choleresis and through displacement o f  more hepatotoxic BAs from the 

circulating pool. Oral adm inistration o f  supplementary UDCA (8-lOmg/Kg) results in competitive 

displacement o f  hydrophobic BA from the circulating BA pool and results in UDCA levels rising 

to almost 50% o f the total biliary BA concentration. This most likely occurs through competitive 

displacement o f  hydrophobic BAs from BA transporters in the terminal ileum [151-153].

However, it is now accepted that the therapeutic effects are also mediated through pathways that 

promote cell survival and m odulate inflammatory responses. Research primarily using hepatic and 

colonic cell-lines, reflecting tissues in which BAs are known to induce pathology, have 

demonstrated that UDCA may have a role in reducing BA induced inflammation and mutagenicity 

by preventing the generation o f  ROS and RNS [154-156]. Furthermore, UDCA can prevent 

apoptosis through modulation o f mitochondrial depolarisation, pro-apoptotic signalling and pro

survival signalling [156-158]. These functions appear to be mediated through a variety o f  both 

intra- and extra-cellular pathways including membrane effects, cell signalling, receptor activation 

and transcriptional activity (Figure 1-5).
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Figure 1-5: Tlie toxic effects of DCA and UDCA on cellular function (Solid Red and Black lines) 
and the established mechanisms of UDCA’s cyto-protective properties (Dashed Black lines). Each of 
these may have variable contribution in different BA-induced disorders.
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The anti-apoptotic effects o f UDCA are medicated through both the intrinsic and extrinsic 

apoptotic pathways. Toxic BA exposure can activate the intrinsic mitochondrial pathway of 

apoptosis through oxidative stress, DNA damage, and protein misfolding. Initiation o f this pathway 

resuhs in mitochondrial membrane depolarization through either opening of the mitochondrial 

permeability transition pore (MPT) on the inner mitochondrial membrane or by formation of 

specific release channels in the outer mitochondria membrane. Depolarization results in the release 

of apoptogenic proteins which activate the cysteinyl aspartate-specific proteases (Caspases). These 

cleave a wide array of cellular substrates and consequently cause cell death [159-160]. UDCA can 

inhibit both MPT opening and release channel formation, reducing BA induced “intrinsic” 

apoptosis [161-162]. The extrinsic pathway of apoptosis is activated through membranous “death 

receptors” . UDCA has been shown to partially inhibit this pathway, possibly by its direct effects at 

the mitochondrial membrane [98].

UDCA may also inhibit apoptosis through mechanisms other than direct interaction with the 

mitochondria. In hepatocytes, UDCA can activate the MAPK pathway survival signal. In human 

colon cancer cells UDCA has been shown to inhibit DCA induced apoptosis through modulation of 

Epidermal Growth Factor Receptor (EGFR)/Raf-1/ERK signalling in a fashion that is not overcome 

with increasing DCA concentrations [116]. In primary rat hepatocytes UDCA activates the 

phosphoinositide-3-kinase (PI3K) survival pathway which protects against mitochondrial 

controlled apoptosis [163]. UDCA prevents apoptosis through inhibiting p53 induced transcription 

o f Bax but the mechanism through which this works currently remains unknown [164].

The anti-inflammatory effects seen with UDCA appear to result from two different processes. One 

is through modulation o f the pro-inflammatory signalling mechanisms that are upregulated by cell 

stress such as that caused by BAs. Experiments on hepatic and colonic cell hnes have shown that 

UDCA can modulate many o f the signalling pathways that BAs upregulate in the oesophagus. 

DCA has been shown to increase the expression of COX-2 in colonic cell lines through the 

ras/MAPK-p38 dependent pathway. UDCA inhibits this [117, 165]. In hepatic cell lines, UDCA 

induces production o f anti-oxidants, potentially mitigating BA damage occurring as a result of ROS 

production [154-155], and UDCA itself does not appear to induce significant upregulation of ROS 

[68]. UDCA has been shown to inhibit Nuclear Factor k  Light Chain Enhancer o f Activated B 

Cells (NF-kB) and Activator Protein 1 (AP-1) DNA binding and the upregulation o f NF-kB 

dependent genes in colonic cell lines [166]. Interestingly, in this paper, the same results were seen 

in OE33 cells, an oesophageal cell line.

The second potential anti-inflammatory mechanism of UDCA is activation of the glucocorticoid 

receptor (GR). This may also prevent cellular apoptosis. UDCA can promote GR/chaperone
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dissociation at a site outside o f the normal ligand binding domain, inducing nuclear translocation 

[167-168], The interaction appears to enhance the ?ra;75-repressive and inhibitory attributes of the 

GR without resulting in significant ?ra«5-activation [116, 167, 169-171]. Both cell line and animal 

models have demonstrated that the UDCA-GR interaction can inhibits apoptosis and suppress pro- 

inflammatory signalling such as Interferon-y (IFN-y) induced HLA-DRA gene expression and NF- 

kB  function, although not as effectively as glucocorticoids (GCs) [167, 172].

These experiments provide the basis for a hypothesis regarding the potential therapeutic role of 

UDCA in the oesophagus, where BAs have been shown to be pro-inflammatory and genotoxic. 

However, the majority o f experiments have either used cells o f hepatic or colonic origin or cell 

lines unrelated to the human gastrointestinal tract (C0S7, CV-1 and HeLa [169], Rat Hepatoc>1;es 

[167], IMl and CHO [171], and T98G human glioblastoma cell line [173]) to study UDCA 

mediated cell signalling and the interaction between UDCA and the GR. Furthermore, all of the 

experiments studying the UDCA-GR interaction have either used plasmid over-expression of the 

GR or artificial reporter constructs to assess response to treatment. Whether these findings will 

translate to oesophageal cell lines or tissue has yet to be seen.

Despite the lack of molecular research regarding the effects of UDCA on oesophageal cells, one 

small clinical trial has been undertaken to assess the potential therapeutic benefit o f UDCA in the 

oesophagus. In a cross-over trial design, Bozicas et al treated a group o f BO patients with either a 

PPI or with a PPI in conjunction with UDCA in an attempt to prevent progression to dysplasia or 

OAC. While the trial showed no benefit of UDCA administration, it was underpowered (n=l 1) and 

probably o f too short a duration to demonstrate benefit (t = 6 months on UDCA) [151]. Irrespective 

of this trial, the effect, or lack, o f UDCA in preventing progression in BO would not imply that it 

could not prevent progression of normal mucosa to BO.
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1.6. Summary

GORD represents a highly prevalent disease in western society with complex symptomatology, 

potentially lethal complications and, currently, poor treatment outcomes. While PPIs have 

dramatically altered the natural history o f inflammatory GORD complications such as oesophagitis, 

ulcerations or strictures, they have failed to impact on the incidence o f BO or OAC.

Research and therapeutic strategies have, until now, been targeted at preventing damage induced by 

acid. However, BAs have been identified as both synergistic and independent aetiological agents in 

the generation of BO and OAC. Repetitive exposure to a variety o f forms of acid and bile reflux 

over a prolonged period is likely to result in either recurrent acute cellular destruction and healthy 

proliferative recovery or, the development o f apoptosis resistant cells with genetic and protein 

alterations and a high carcinogenic potential.

The role o f H^ in the genesis of BO and OAC has been well studied; however, the role o f BAs in 

this process is still a relatively novel concept. Evidence is accumulating supporting this hypothesis 

as a result of clinical, epidemiological, animal and molecular studies.

At the clinical level it has been demonstrated that:

• Acid suppression fails to inhibit the genesis o f BO and OAC in vivo,

•  BAs are a major components o f human oesophageal refluxate,

• DGOR continues when acid refluxate has been neutralised,

•  Greater exposure o f the oesophagus to mixed reflux and DGOR correlates with increasing 

mechanical impairment o f oesophageal ftinction, increasing severity of inflammatory 

mucosal damage and the a higher likelihood of BO, and,

• Epidemiological studies have shown that DGOR is an independent risk factor for 

oesophagitis, BO and OAC.

Basic scientific research has shown that BAs:

• Are essential for metaplastic transformation of the oesophagus and that this effect is 

enhanced through the simultaneous exposure of acid,

• Have carcinogenic potential through mutagenic mechanisms, and,

• Induce the expression of pro-inflammatory and stress genes which over a prolonged period 

are likely to have a role in oesophageal mutagenesis and carcinogenesis.
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Despite the precise aetiology o f BO remaining unclear, molecular, clinical and epidemiological 

evidence has associated BAs with the pathogenesis of GORD and with a greater risk of developing 

BO and OAC. While acceptance of the toxic role o f BAs in the genesis of BO and OAC remains 

controversial, the evidence is accumulating.

However, our therapeutic agents for targeting DGOR are limited. Our best therapy for GORD, 

including DGOR, remains the PPIs, but the absence of low pH is not sufficient to prevent 

development of BO or progression to OAC. Nor do we have sensitive or specific biomarkers to 

identify which GORD patients are at risk of developing these complications. Furthermore, the high 

prevalence of GORD and the relatively low risk o f progression to complications or death from this 

disease means that screening for BO and OAC is not cost-effective.

There is crucial need to identify a cost effective and safe prophylactic agent that could be given to 

all GORD patients to reduce the incidence of BO and the risk o f progression to OAC. Targeting 

BA toxicity, early in the course of GORD, may be a potential way to prevent these complications 

as well as reducing the symptomatic burden o f the disease in general.

UDCA has been shown to ameliorate the inflammatory and apoptotic effects o f more toxic BAs in 

the biliary system and large intestine. It protects against apoptosis medicated by both the “intrinsic” 

mitochondrial and the “extrinsic” death receptor pathways. It down-regulates the activity of 

signalling pathways such as AKT and MAPK and can inhibit pro-inflammatory transcription 

factors such as NF-kB and AP-1. Molecular research has shown these pathways to be active in the 

oesophagus and this suggests UDCA may have a beneficial effect in preventing BA toxicity in the 

oesophagus. The few published studies relating to the effects of UDCA on cell signalling in 

oesophageal cells support this hypothesis.

If UDCA is shown to provide anti-inflammatory signalling through the GR in the oesophagus, it 

potentially offers an anti-apoptotic or anti-inflammatory drug without the systemic GC side effects 

that are thought to result from genomic ;ra«5-activation [168-169]. If UDCA attenuates the 

genotoxic effects of more toxic BAs, either through suppression o f chronic inflammatory 

carcinogenic signalling or through direct mitigation of mutagenicity, then it may be of use both in 

the treatment of GORD and possibly in the prevention of BO and OAC.

However, our understanding o f the genomic, transcriptional and proteomic mechanisms of action 

o f this molecule in the oesophagus is limited.
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1.7. Research Aims

The role o f BAs in inflammatory and neoplastic diseases in the oesophagus has been conclusively 

proven. There is a large body of scientific literature regarding the ability of UDCA to mediate anti- 

apoptotic effects and to reduce carcinogenic effects o f hydrophobic BAs such as DC A.

Therefore, the aims o f this research were:

• To investigate whether UDCA can modulate apoptosis and cell death in the oesophageal 

cell line HET-IA. Inflammation and apoptosis induced by BAs are closely related. 

Therefore modulation of one is likely to reflect modulation o f the other.

• To investigate the role of DCA in modulating cell adhesion in the HET-IA cell line. Loss 

of adhesion is likely to contribute to the risk of erosions and ulcerations in the oesophagus 

as well as the risk o f re-epithelialisation with BO. The role of DCA in reducing adhesion 

research strand occurred during experiments investigating the role of UDCA in modulating 

DCA-induced apoptosis.

• To investigate expression of the GR in the oesophagus and to determine whether UDCA 

can modulate this transcription factor in this tissue.

• To identify the complete profile of genes modulated by UDCA in oesophageal cells using 

gene array technology and to compare them to:

o the gene profile modulated by DCA and Dexamethasone 

o genes known to be involved in the normal-BO-OAC sequence

Experimental Approach

1. The first part o f this research investigated whether UDCA ccould modulate DCA-induced 

apoptosis and cell death in the oesophageal cell line HET-IA representing normal 

oesophageal epithelium. High content analysis tools (InCell Technology, nuclear counts, 

nuclear area analysis and MTT assays) were used to screen four BA concentrations (0,
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lOOfiM, SOOjiM and 500p,M) at three time-points (four, eight and twenty-four hours) in 

order to determine whether UDCA can attenuate the cytotoxic effects o f DCA. Subsequent 

investigations as to the mechanism o f cell death were performed using Western blotting 

and flow cytometry.

2. In the second part of this research the role of DCA in modulating adhesion in oesophageal 

cells was investigated. General and specific adhesion assays were used to demonstrate that 

DCA induced a loss of adhesion in HET-IA cell lines. Re-adhesion and Western Blotting 

was used to demonstrate that modulation of adhesion occurred independently of apoptosis. 

Flow cytometry and immunofluorescent techniques were used to investigate the effect of 

DCA on the surface expression of a variety of integrins. Immunofluorescent staining of 

paraffin embedded explanted oesophageal biopsies was used to investigate whether DCA 

modulated the expression of integrins in-vivo.

3. In the third part o f this research, the expression of the GR in oesophageal cell lines was 

characterised using Western blotting and real-time PCR. GR expression was confirmed in 

vivo by immunohistochemical staining o f paraffin embedded oesophageal biopsy samples. 

The ability o f UDCA to modulate the GR in oesophageal cell lines was investigated using 

high content analysis techniques (InCell), trans-activation and trans-repression assays.

4. The final part o f this research investigated the gene expression profile induced by UDCA, 

DCA and Dexamethasone in oesophageal cells. The HET-IA cell line (representing 

undifferentiated normal oesophageal squamous cells) and the OE33 cell line (derived from 

OAC which had arisen from BO) were used as the cellular models. Gene expression 

profiles were determined using micro-array technology. Comparison between the profiles 

induced by UDCA and Dexamethasone, and UDCA and DCA elucidated similarities in the 

effects of these different cholesterol-based compounds in oesophageal cells. Comparison 

was also performed with a gene array already performed in the Institute of Molecular 

Medicine, TCD, which has identified a cohort of genes involved in the normal-BO-OAC 

sequence. RT-PCR was used to validate genes of interest identified during the array 

analysis. In theory, these were genes associated with inflammation, endoplasmic reticulum 

stress and apoptosis.
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Chapter 2.

2. Ursodeoxycholic Acid Reduces Deoxycholic Acid 

Induced Apoptosis, but not Total Cell Death, in an 

Oesophageal Cell Line
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2.1. Introduction

BAs are amphipathic derivatives of cholesterol synthesised in hepatocytes, secreted into the 

intestine and recycled to the liver through the entero-hepatic cycle. The polar nature of these 

molecules that confers the ability to form physiologically essential detergent micelles also 

potentiates their role as highly pathological entities. Consequently, the concentration and 

conjugation of BAs are tightly regulated [63-64, 174-178]. However, experimental models have 

demonstrated that significant cellular toxicity also occurs at concentrations below that at which 

BAs form micelles. The complex physico-chemical properties of BAs in conjunction with the 

inherently labile conditions o f the intestine in vivo, makes BA toxicity in healthy physiology 

difficult to predict [72]. In dysregulated BA physiology, or pathological situations where high 

concentrations o f BAs exist in the liver or intestine, BA-induced toxicity is almost guaranteed. This 

may be mediated through inflammation [131, 133], inappropriate cell signalling [116-118, 132], 

carcinogenesis [66, 85-86, 88, 133], or cell death [179-183].

In the oesophagus in vivo, levels o f apoptosis correlate with the severity o f oesophagitis [184]. 

While this is likely to occur as a result of low pH and BAs in DGOR, BAs have been shown to 

induce apoptosis in oesophageal cell lines and in cultures of primary oesophageal epithelial cells 

[185-186]. Rat models have been used to demonstrate that BAs induce significant levels of 

apoptosis in the oesophagus of rats who had undergone an oesophagoduodenostomy. In this group, 

glutathione levels were increased and the authors suggested that apoptosis and the consequent 

oesophagitis may be mediated by free radicals (ROS and RNS) [187]. The ability o f BAs to induce 

free radicals in oesophageal cell lines has been demonstrated elsewhere [85-86, 188]. Althoug other 

forms of cell death have not been studied in vivo, these findings suggest that BAs induce either 

inflammation or apoptosis, possibly in a dose dependent fashion. As BO cells are more resistant to 

apoptosis, it is likely that selective pressure induced by DGOR allows BO to develop at the 

expense o f apoptosis sensitive squamous epithelium. Therefore, modulation o f BA-induced 

apoptosis may also reflect modulation o f inflammation in normal squamous epithelium.

2.1.1. Bile Acids Induce Apoptosis Through Multiple Mechanisms.

At high concentrations hydrophobic BAs have been shown to induce necrosis [81-83]. At lower 

concentrations they appear to induce apoptosis through activation of three pathways: the intrinsic 

pathway, the extrinsic pathway, and the endoplasmic reticulum (ER) stress pathways [78-80].
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The intrinsic pathway of apoptosis is triggered by several forms o f intracellular stress, including 

oxidative stress and DNA damage [85-88]. These signals converge on the mitochondria, where 

they induce membrane permeabilization and depolarization [89-91]. This occurs through the 

opening o f the MPT on the irmer mitochondrial membrane or through formation o f specific release 

channels in the outer mitochondrial membrane by members o f the B-cell Iymphoma-2 (Bcl-2) 

family o f proteins. Loss of the mitochondrial membrane potential causes the release o f apoptogenic 

proteins which activate the initiator caspases such as caspase-8 or 9. These subsequently activate 

effector caspases (e.g., caspase-3 or 7), which cleave a wide array o f cellular substrates resulting in 

cell death [92-93].

The extrinsic apoptotic pathway is initiated by trans-membrane death receptors. These include the 

Tumour Necrosis Factor (TNF) family o f receptors including TNF-Rl and R2, TRAIL and Fas 

[96]. Activation o f these receptors results in recruitment and activation o f caspase 8 which in turn 

activates the effector caspases [92-93]. Caspase 8 may also cleave the Bcl-2 family member Bid to 

release an active truncated fragment, which activates the mitochondrial apoptotic pathway [97-99].

The ER pathway of apoptosis is activated through chronic cellular stress leading to disordered 

cellular homeostasis and protein misfolding. This activates the unfolded protein response which 

results in activation of pro-apoptotic members of the Bcl-2 family. The concomitant release of ER 

calcium accentuates the subsequent activation o f pro-apoptotic cascades [100-101]. BAs can 

rapidly induce ER stress genes suggesting that they may induce ER stress [102-103]. Furthermore, 

it has been postulated that the detergent activity of DCA can, via phospholipase C activation and 

inositol triphosphate, promote Ca"̂  ̂ release from the ER, which can result in the activation of 

caspases and the induction of apoptosis [ 104].

2.1.2. UDCA Modulates the Apoptotic Pathways Activated by Hydrophobic 

Bile Acids In Vitro

Despite significant pathology associated with BAs, few therapeutic agents are available to 

modulate these diseases. UDCA has been used therapeutically in the western world for last three 

decades to treat cholestatic diseases of the liver such as PBC. Apoptosis of hepatocytes and biliary 

epithelial cells is well documented in these diseases and the role of UDCA as an anti-apoptotic 

agent in vitro has been demonstrated by numerous groups [189-193]. The anti-apoptotic effects of 

UDCA can be modulated through four primary mechanisms: protection of the mitochondria, 

inhibition of pro-apoptotic signalling, activation o f pro-survival signalling, and activation of the 

GR.
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2.1.2.1. UDCA Modulates Mitochondrial Depolarisation Induced by DCA

Modulation of mitochondrial mediated apoptosis by UDCA has been shown to occur through at 

least three distinct mechanisms: inhibition of the MPT, modulation o f the Bcl-2 family of proteins 

and through maintaining functional oxidative phosphorylation in the presence o f BAs.

2.1.2.1.1. UDCA Modulates the Mitochondrial Permeability Transition Pore

Initial studies by Botla et al and Rodriguez et al regarding BA-induced mitochondrial apoptosis 

demonstrated that exposure of primary rat hepatocytes to DCA resulted in a dose and time 

dependent increase in apoptosis [82, 156, 194], This research identified MPT formation as a 

mechanism through which hydrophobic BAs induced apoptosis. UDCA, in isolation, did not induce 

apoptosis. Pre-treatment of cells with UDCA (from 5 to 60 minutes) inhibited MPT activation, 

reduced mitochondrial swelling and depolarisation, and reduced the release o f cytochrome c 

induced by Phenylarsinine Oxide (PhAsO, an MPT inducer) and hydrophobic BAs. The induction 

of apoptosis by agents other than BAs (TGF-p, okadaic acid, Anti-Fas antibody) was found to be 

similarly targeted by UDCA [194-196]. The protective effect of UDCA was concentration 

dependent up to a critical threshold of 500uM [194-195]. Interestingly, UDCA prevented 

hydrophobic BA-induced apoptosis to a greater extent than cyclosporin A (CyA, an MPT inhibitor) 

suggesting that this molecule modulated apoptosis through mechanisms other than just modulation 

of the MPT [82, 156, 194], Finally, it was demonstrated that other hydrophilic BAs, such as 

hyocholic acid, failed to exhibit similar protective effects suggesting that the cyto-protective effects 

were specific to UDCA [81-82, 156, 197].

2.1.2.1.2. UDCA Induces Alteration in the Expression of the Bcl-2 Family of Proteins

It was subsequently identified that UDCA also modulates the expression of the Bcl-2 family of 

proteins. However, this data less consistently and less convincingly demonstrates the anti-apoptotic 

benefit o f UDCA. Rodriguez et al demonstrated that in hepatocytes isolated from Sprague-Dawley 

rats fed chow supplemented with DCA, UDCA or the combination, Bcl-XL (an anti-apoptotic 

member o f the Bcl-2 family) expression was increased by both UDCA and UDCA/DCA feeding. 

However, expression o f Bad (a pro-apoptotic Bcl-2 family member) was seen to increase two-fold 

after exposure to DCA but five-fold after exposure to the combination of UDCA and DCA. Levels 

of expression o f Bax and Bcl-2 remained unchanged. Within isolated mitochondrial fractions levels 

of these proteins were similarly variable [156]. In a similar experiment, modulation of the Bcl-2 

proteins by UDCA was similarly demonstrated by Oyama et al. However, in this model there were 

no changes in the levels o f Bcl-XL, Bcl-Xs or Bcl-2 [198]. In cell culture UDCA prevented 

upregulation o f Bax induced by DCA, okadaic acid or TGF-p [156, 194-196].
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Despite these in vitro findings, studies of primary human hepatocytes have failed to demonstrate 

alterations in Bcl-2 expression on exposure to UDCA [199]. Even if the in vitro results were 

consistent, in Bax-t- cells DCA still induced apoptosis and UDCA pre-treatment still reduced BA- 

induced apoptosis [200], This suggests that the magnitude o f Bcl-2 family alterations in UDCA 

mediated cytoprotection is limited. Furthermore, BA-induced apoptosis still occurs rapidly in the 

presence o f a protein synthesis inhibitor (cyclohexamide) suggesting that protein synthesis is not 

necessary for DCA induced apoptosis [201].

2.1.2.1.3. UDCA May Prevent BA Induced Dysfunction of Oxidative Phosphorylation

BAs also induce mitochondrial depolarization through inhibition of oxidative phosphorylation. 

DCA, CDCA and lithocholic acid (LCA) have been shown to impair the function of complexes I, 

III and rV of the electron transport chain while the function of complex II remains unaffected. 

Consequently, these BAs have consistently been shown to inliibit state-3 mitochondrial respiration 

(adenosine di-phosphate (ADP)-stimulated oxygen consumption) in a dose-dependent marmer and 

may increase state-4 respiration (the oxygen consumption by isolated mitochondria using a 

particular substrate in the absence of ADP and poisons or inhibitors) [81, 197, 202], This results in 

a reduction in intra-cellular adenosine tri-phosphate (ATP), failure of ATP-dependent Ca^^ 

homeostasis and consequently, cell death [81, 203-204],

In isolation, UDCA concentrations less than ]00)iM do not appear to impair oxidative metabolism 

but higher doses (300)iM) result in effects similar to other BAs: decreased state-3 oxidation rates 

and respiratory control ratios (the ratio o f state-3: state-4 respiration) o f numerous respiratory 

substrates. However, low dose UDCA (30|iM) demonstrated protective effects in the setting o f BA 

exposure, inhibiting the CDCA- or LCA-induced reduction in state-3 oxidation [83, 202]. 

Conversely, 300|iM UDCA in combination with CDCA or LCA demonstrated greater impairment 

of state-3 respiration, greater ATP depletion and increased levels o f cytochrome c release than the 

individual BAs in isolation. Correspondingly, the combination treatment resulted in greater cellular 

death [83, 197].

The loss of UDCA cyto-protection at higher concentrations suggests a dose related phenomenon. 

However, in similar experiments also using rat hepatocytes, lower dose combinations o f UDCA 

and CDCA (50uM each) resulted in enhanced cell death over either in isolation, as determined by 

LDH assay. Interestingly, in the co-treatment experiment, reduced levels o f apoptosis were seen in 

a nuclear morphology-based assay. The apoptotic markers caspase-9 and PARP cleavage were 

similarly lower in the UDCA/CDCA co-treated group than in the CDCA treated group. Necrotic 

cell death was felt to account for the discordance in findings and the authors hypothesised that 

UDCA-enhanced mitochondrial respiratory dysfunction could prohibit ATP-dependent caspases 

from exerting their functional effects, switching apoptosis to necrosis and therefore reducing the
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levels o f apoptotic markers [203], However the switch into necrosis was speculation and the 

authors made no reference to other forms o f cell death (i.e. autophagy) in their research.

2.1.2.2. Inhibition of Pro-Apoptotic Death Receptor Signalling (Fas) by UDCA

Pro-apoptotic death receptors are members o f the TNF family of cell membrane receptors. 

Regarding BAs, the most studied is the Fas Receptor (FasR, CD95). FasR activation occurs in vivo 

through the interaction of Fas ligand (FasL) with trimerized membranous FasR [98, 205]. When 

stimulated, this activates the activator caspases -8 and -10 resuhing in the activation of executioner 

caspases. In the majority o f cells, including hepatocytes, amplification o f this pro-apoptotic death 

receptor signal by mitochondria is needed to induce apoptosis [206]. The cleavage of Bid by 

caspase 8 is one mechanism through which mitochondrial recruitment occurs [96, 207-209].

Research regarding the role o f mitochondria in BA-induced apoptosis suggested that FasR was 

utilized in the process [79, 158]. BA stimulation (CDCA, glycol-chenodeoxycholic acid (GCDCA) 

and DCA) can result in the oligomerization and activation o f FasR in the absence of exogenous 

FasL resulting in caspase-8 activation, mitochondrial depolarization and subsequently apoptosis 

[79, 158, 210], The absence o f FasR, or the presence o f a dominant negative (DN) Fadd or DN c- 

Flip-s (downstream mediators o f FasR function) abolished BA-induced apoptosis to baseline levels 

in certain cell lines, even in the presence o f pro-apoptotic signalling modifications [79, 158, 210]. 

However, higher DCA concentrations still induced apoptosis, suggesting that apoptosis also occurs 

in a death receptor independent mechanism [79, 211].

UDCA modulates both BA and FasL-induced FasR-mediated apoptosis. It can reduce anti-Fas- 

antibody (a surrogate activator of FasR) induced apoptosis in hepatocytes by over 80% [194]. 

Treatment with UDCA (<100|iM), TUDCA (<400|.iM), and surprisingly tauro-chenodeoxycholic 

acid (TCDCA, <200p,M), also inhibited apoptosis induced by co-culture of hepatocytes with mouse 

fibroblasts expressing trimerized FasL (a more physiological stimulus), although to a lesser 

magnitude than that seen with FasR antibodies [157]. In these experiments [157, 180], UDCA did 

not affect the levels of FasR expression or trimerisation although other authors have demonstrated 

significantly increased membrane expression of FasR in response to GCDCA in cells containing 

BA transporters [212-213].

In other studies using cells expressing a BA transporter, GCDCA was capable o f inducing Fas 

induced activation of caspase 8 and the subsequent release o f cytochrome c, while TCDCA was 

not. However, inhibition o f PI3K resuUed in TCDCA activating apoptotic and mitochondrial 

machinery. This suggests that TCDCA simultaneously stimulates pro-survival mechanisms which 

overcome the pro-apoptotic FasR signalling [214-215] (See Section 2.1.3).
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In contrast to these in vitro findings, in a rat model fed UDCA supplemented chow, there was no 

reduction in apoptosis after hepatoc>'tes were isolated and exposed to fibroblasts expressing 

trimerized FasL. Whether this suggests that the protective effects o f UDCA are transient or whether 

cytoprotection will not work in vivo remains unclear. While FasR is not indispensable for inducing 

BA-induced apoptosis, the presence of a functioning receptor greatly enhances BA induced 

apoptosis in a fashion that is not only mediated by 5/t/-induced mitochondrial depolarization, but 

also byp53 [79, 84,211,216],

2.1.2.3. Inhibition of Intra-Cellular Pro-Apoptotic Signalling (p53)

Activation of the pro-apoptotic transcription factor p53 occurs as a result of cellular stress or DNA 

damage, both o f which may be BA-induced. Once activated, it modulates both the intrinsic and 

extrinsic pathways o f apoptosis at multiple levels. Mitochondrial depolarisation induced by p53 can 

be inhibited by CyA suggesting MPT activation. Pro-apoptotic p53 signalling is also mediated 

through direct activation and increased expression o f members o f the Bcl-2 family including Bax, 

Bid, Puma and Noxa. The extrinsic apoptotic pathway is modulated by p53 through increased 

expression of death receptors concurrently with increased expression of their activating ligands 

[217-219].

When TGF-P is used as an apoptotic stimulus UDCA and TUDCA pre-treatment can reduce p53- 

mediated expression o f Bax, caspase activation and the magnitude of the apoptotic response. The 

mechanisms for this were varied. UDCA inhibited nuclear translocation of p53 and DNA binding 

by preventing the dissociation o f mdm-2 from p53 [164]. Pre-treatment also inhibited E2F 

mediated increases in p53 expression seen after TGF-P exposure [196].

Fewer studies have investigated the role of this molecule in BA-induced apoptosis and conflicting 

evidence exists regarding the effects of BAs on p53 expression or subcellular localization [84, 181, 

199].

2.1.3. UDCA Activates Pro-Survival Signalling Which Overcome Pro-

Apoptotic Signals

Pro-survival signalling mechanisms which are activated by UDCA and which modulate apoptosis 

have been extensively studied. Both hydrophobic and hydrophilic BAs activate EGFR through 

intra-membranous activation o f the receptor [79, 158]. This results in downstream signalling 

through the p42/44 MAPK (Ras-Raf-MEK-ERK), p38 MAPK, and PI3K dependent (Akt- 

mammalian Target o f Rapamycin (mTOR) and -Protein kinase C (PKC)) pathways [154, 220-226]. 

These pathways can promote cell survival and proliferation. Activation o f the JNK MAPK
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signalling pathway is less consistently demonstrated although it has been shown in some models to 

occur through FasR or TGR5 [215, 227-228].

The p42/44 survival pathway is activated by BAs in cells o f hepatic and colonic origin [79, 116, 

158, 220-221, 226, 229]. Low doses of DC A, CDCA and UDCA that had little effect on apoptosis 

induced significant apoptosis after inhibition of M EKl/2 or ERK or in the presence o f a DN ERK 

[158, 221], Surprisingly, in the presence o f the M EKl/2 inhibitor PD98059 DCA increased the 

level of apoptosis from 3% to 20%, but UDCA increased levels of apoptosis to 55%. 

Corresponding increases in caspase levels and PARP cleavage suggested that this was apoptosis 

mediated death [158]. Interestingly, fiinctional EGFR has been shown to be involved in FasR 

activation and the FasR has been shown to activate the p42/44 pathway [215, 230].

Other authors have shown ERK over-expression reduced the levels of apoptosis seen with DCA 

stimulation [221] and that ERK 1/2 inhibition (U0126) resulted in a similar loss o f cytoprotection 

in the presence of TUDCA [226]. Similar pro-survival effects have been seen with the p38 pathway 

where inhibition of p38 by SB203580 in hepatocytes abrogated the protective effect of TUDCA 

[221,226],

Activation of the PI3K (and the downstream Akt and PKC) pathway by EGFR is similarly 

modulated by BAs and influences UDCA mediated cytoprotection. Akt activates NF-kB and 

phosphorylates Bad, preventing it from inactivating the anti-apoptotic proteins Bcl-2 and Bcl-XL 

[231]. PI3K-mediated activation of PKC enzymes, particularly PKC^, promoted cell sui'vival and 

proliferation [232], However, PI3K activation by BAs appears specific, with TCDCA, but not 

GCDCA, resulting in activation. Furthermore, downstream signalling of PI3K by BAs appears 

selective; TCDCA activates PI3K but not Akt [223]. However, expression o f constitutively active 

PI3K prevented BA induced apoptosis and PI3K inhibition enhanced the apoptotic potential of BAs 

in rat hepatocytes, but to a lesser magnitude than inhibition of ERK [79, 158, 223].

In colonic epithelial cell lines (HCT116) different observations regarding EGFR have been 

reported. Perhaps the greatest is that inhibition o f EGFR with ZD1839, an EGFR tyrosine kinase 

inhibitor, prevented DCA-induced apoptosis suggesting that pro-apoptotic signalling is mediated 

through this receptor in this model, possibly through the FasR as discussed above. UDCA itself 

failed to activate EGFR in the colonic system but pre-treatment still inhibited DCA-induced EGFR 

activation and the downstream ERK and AP-1 activation [116]. Interestingly though, in the 

HCTl 16 cell line, both UDCA and DCA activated Akt in a PI3K dependent fashion [225]. UDCA 

pre-treatment prevented DCA-induced apoptosis and reduced the levels o f caspase -3, -8, -9 and 

cleaved PARP. However, UDCA mediated cytoprotection was only apparent after a minimum of 

10 hours pre-treatment and was transient with levels o f DCA induced apoptosis being equal after 

18 hours whether UDCA pre-treatment had been administered or not. Similar findings have been
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reported elsewhere [233], The anti-apoptotic effect was abolished with a DN Akt and inhibition of 

PI3K again transformed UDCA into a cytotoxic agent in its own right [225],

2.1.4. UDCA Exerts an Anti-Apoptotic Effect through the Glucocorticoid 

Receptor

The GR is an NSR involved in modulating inflammation, growth, development, metabolism and 

apoptosis [234-235], Activation of this receptor can inhibit the function of pro-inflammatory and 

pro-apoptotic transcription factors such as AP-1 and NF-kB through a process called trans- 

repression [173, 236-238]. UDCA stimulation induces nuclear translocation of the GR and can 

induce ?ra«5-repression although the mechanism of GR-UDCA interaction remains unclear [168- 

169, 171, 239],

The anti-apoptotic effects of UDCA have been shown to be modulated partially through the GR. In 

studying the protective effects of UDCA in reducing TGF-p induced apoptosis, Sola et al 

demonstrated that UDCA induced nuclear translocation of the GR and prevented TGF-p induced 

suppression of GR expression at both the mRNA and protein level [239], Small Interfering RNA 

(SiRNA) mediated knockdown of the GR reduced the protective effects o f UDCA. Furthermore, 

GR knockdown prevented the increased levels o f E2F induced by TGF-p stimulation, as well as the 

E2F suppression seen with UDCA in isolation as was discussed above in section 2.1.2.3 [196, 239]. 

However, whether this transcription factor has a role in the UDCA mediated modulation of BA- 

induced apoptosis has not been investigated.

2.1.5. Summary

BAs are amphipathic cholesterol derivatives with a potentially high level o f toxicity. However, the 

toxicity is dependent on the individual BA and the specific tissue [185, 216]. Consequently, these 

molecules have been implicated in the aetiology of a variety o f inflammatory, metabolic and 

neoplastic diseases. In the oesophagus apoptosis has been shown to increase with increasing 

severity o f oesophagitis and in oesophageal cell lines BAs have been shown to induce significant 

levels o f apoptosis [184-187].

The majority of the scientific literature suggests that UDCA mediates a reduction in both basal and 

stimulated levels of apoptosis in cell models of disease. The mechanisms through which UDCA has 

been shown to reduce apoptosis are diverse and include mitochondrial protection, activation of pro

survival signalling, modulation of p53 signalling and activation o f the GR. These pathways appear 

to be activated simultaneously and to interact extensively with each other.
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However, any potential anti-apoptotic effect offered by UDCA is complex and is influenced by 

numerous factors. The protection offered by UDCA may be dependent on a certain minimum 

duration o f pre-treatment. Some research has demonstrated that co-treatment is sufficient to exert 

protection while other research has demonstrated that ten hours pre-treatment with UDCA prior to 

DCA alone is required to exert protection. Some research has demonstrated a pro-apoptotic effect 

of UDCA at low concentrations and it is generally agreed that UDCA is pro-apoptotic at high 

concentrations. This may be the case in our series of experiments in the HET-IA cell line where 

there was a reduction in proliferation without an apparent alteration in cell cycle progression. 

However, protective effects are not simply dependent on concentration and duration o f pre

treatment. For example, UDCA co-treatment may actually increase the intracellular concentration 

of a hydrophobic BA in vivo while still exerting a protective effects [82, 194].

While the majority of the published scientific literature suggests that UDCA is a non-specific 

inliibitor o f apoptosis, the potential anti-apoptotic effects of UDCA can be difficult to elicit and are 

not guaranteed. In the majority o f research demonstrating either effect (beneficial of harmful) of 

UDCA, numerous complementary models have often been used to investigate the mechanism of 

cell death, making the conclusions difficult to dismiss.
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2.2. Aims

BAs have been demonstrated to have a role in the aetiology o f oesophagitis, BO and OAC. They 

have been demonstrated to be pro-inflammatory and pro-apoptotic in oesophageal tissues. Despite 

their documented pathology, no therapeutic agents exist to modulate their toxicity in the 

oesophagus.

UDCA offers a potential candidate to modulate BA toxicity in the oesophagus. As apoptosis is 

often induced by inflammatory pathways and inflammation can occur as a result o f the activation 

of apoptotic machinery, UDCA could potentially target both pathways. Despite this, no research to 

date has investigated the therapeutic potential of UDCA in modulating BA-induced cell death in 

the oesophagus.

Thus, the aims of this chapter were:

• To investigate the toxicity profiles of UDCA and DC A in the HET-IA oesophageal cell 

line.

• To investigate whether UDCA could modulate DC A induced cell death in the oesophageal 

cell line HET-1A and,

• To determine a concentration range at which UDCA may exert protective effects,

• To determine the optimal temporal treatment strategy to elicit an anti-apoptotic effect of 

UDCA in oesophageal cell lines,

• To determine the mechanism through which UDCA exerts any potential anti-apoptotic 

effects.

• To validate any in vitro findings in explanted oesophageal tissue.
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2.3. Methods

2.3.1. Cell Lines, Culture and the Quantification of Cell Concentrations

2.3.1.1. Cell lines and culture

The H E T -IA  [240], HCT116 [241] and HUH-7 [242-243] cell lines were used for these 

experiments. These cell lines represent normal squamous epithelium  o f  the oesophagus, colonic  

adenocarcinoma and human hepatoma cells respectively. The origin o f  these cells and the rationale 

for their use is explained in Section 9.1.1. Cells were grown in appropriate media: Bronchial 

Epithelium Basal M edium (BEBM , Lonza, Allendale, NJ, U SA ), M cC oy’s 5A Medium (Gibco, 

Billings, MT, U SA ) and D ulbecco’s M odified Eagle Medium (DM EM , Gibco, B illings, MT, U SA ) 

respectively. Cells were cultured in cell culture flasks at 37°C in 5% CO 2 until 80-90%  confluent. 

To passage cells, the cells were washed tw ice in buffered salt solutions (Hanks Buffered Salt 

Solutions (H BSS, Sigma, St. Louis, MO, U SA ) or phosphate buffered saline (PBS, Sigma, St. 

Louis, MO, U SA )), trypsinised in 0.05%  trypsin containing ED T A  (Gibco, Billings, MT, U SA ) for 

3-5 minutes until cells detached from plastic, harvested with either soybean trypsin inhibitor (SBTI, 

Gibco, B illings, MT, U SA ) or com plete medium (containing 10% foetal ca lf serum (PCS), Gibco, 

Billings, MT, U SA ) and subsequently centrifuged for 3 minutes at 1 lOOrpm. The supernatant was 

discarded and the cell pellet loosened by gentle agitation. The cells were either re-seeded in a fresh 

cell culture flask or counted in order to seed cells for experimental use.

2.3.1.2. Cell Counting

Cell concentrations were determined using a bright-line haem ocytom eter (Hausser Scientific, 

Horsham, P.A., U SA ) in conjunction with the exclusion dye 0.4%  trypan blue (Sigm a, St. Louis, 

MO, U SA ) to exclude non-viable cells. 20p.L o f  medium containing cells was diluted in 180p,L 

trypan blue and m ixed w ell. The m ixed cell suspension was injected into the haemocytometer 

underneath the cover slip. The volum e o f  fluid under each 4X 4 counting chamber was 0.1 mm^. The 

number o f  cells was calculated as average / mm^ X  10 (dilution in trypan blue) X  10'* (overall 

m ultiplication factor: X I 0^).

2.3.2. Proliferation and Viability Assays

Proliferation o f  a cell population represents a balance between two com peting factors: cell 

replication and cell death [244]. If the rate o f  replication exceeds that o f  cell death the number o f
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cells will increase, and if the rate of cell death exceeds replication the cell population will decrease. 

While replication occurs solely through mitosis in the case of somatic eukaryotic cells, cell death 

may occur through apoptosis, necrosis or autophagy [245-246], each with its own characterised 

molecular and macroscopic phenotype [106]. For example, necrosis is associated with cellular 

swelling and disruption o f the plasma membrane in the early phases, while in apoptosis 

morphological changes including nuclear condensation and membrane blebbing occur. However, 

clear cut morphological changes are often only seen in the late stages of cell death and 

interpretation of these changes is highly operator dependent [105, 247]. If a stimulus modifies the 

rate of either mitosis or death, a change in the rate of proliferation will occur relative to that o f 

untreated cells. Consequently, techniques which quantify viable cell number directly or through 

other mechanisms such as metabolic activity represent a simple tool for screening the effects of 

numerous chemicals on cell populations. However, each is subject to biases and limitations.

2.3.2.1. Immunofluorescent Nuclear Counting and Nuclear Area Estimation

2.3.2.1.1. Background

Nuclear count, representing cell count, is a crude technique in an era when numerous mechanisms 

of cell death are understood and in which molecular tools allow detailed investigation of stages and 

mechanisms of cell death [247], However, automated nuclear counts offer a facile way o f screening 

large numbers of treatments to develop an understanding both temporal and relative toxicology. 

The simplicity of this assay overcomes the potential pitfall of trying to analyse the morphological 

features associated with different forms o f cell death.

Despite the positive aspects o f this simple technique, inherent deficits also exist. Nuclear counts do 

not differentiate between healthy and dying cells. Furthermore the fraction of dead or dying cells 

may be underestimated as these cells often lose adherence and are removed during the staining 

process. Conversely, the fraction o f healthy cells may also be underestimated as healthy cells may 

also be lost during processing

Despite these caveats, we reasoned that given the relatively long doubling time of HET-IA cells 

and HUH-7 cells (32-48 hours and 47-51 hours respectively), simple cell counts would represent a 

method of assessing BA toxicity and total cell death, whether through apoptosis, necrosis or 

autophagy [240, 242-243, 248]. The faster doubling time of the HCT-116 cell line (21 hours) meant 

that proliferation would represent a greater variance within this system [241],

2.3.2.1.2. Experimental Methods

For growth curves, HET-IA cells were seeded at a density of 7.5 X 10  ̂ cells/200|iL in a Nunc 96- 

well plate. Cells were allowed to adhere to the well base overnight. The medium was replaced with
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complete fresh medium containing 0, 100n,M, 300nM or 500|iM concentrations o f DCA or UDCA 

(Sigma, St. Louis, MO, USA). At each treatment time-point, half the medium was removed and 

replaced with 8% paraformaldehyde (PFA) in PBS at 37°C. After 15 minutes at 37°C, the media 

and PFA were aspirated and the cells were gently washed with PBS. Nuclei were stained with 

1:2000 Hoechst 33342 (Invitrogen, Carlsbad, CA, USA) for 15 minutes at room temperature (RT) 

and then washed twice with PBS at RT. Using the GE InCell Analyser 1000 (GE Healthcare, 

Wauwatosa, WI, USA) the number of cells, based on the number of nuclei in four lOX 

magnification fields per well were counted and the values averaged. All treatments were performed 

in duplicate wells and each experiment was performed at least three times.

To investigate the effects of UDCA on DCA induced cell death, cells were seeded at 7.5 X 10  ̂

cells per well in a Nunc 96-well plate and left to adhere overnight. At the appropriate time point 

prior to DCA treatment (0, 4 or 18 hours), all media was replaced with fresh complete medium 

containing 100, 300 or 500p,M UDCA. Wells not requiring pre-treatment had media removed and 

replaced with fresh media. l^M  staurosporine (STS) was used as a positive control to induce 

apoptosis and cell death. At tO, after the pre-treatment duration, the media was aspirated and 

replaced with media containing 0, 100, 300 or 500nM DCA, alone or in combination with 

appropriate concentrations of UDCA, to establish matrices o f UDCA pre-treatment and DCA 

treatment concentrations. For nuclear counting, cell were stained and imaged as described above 

(Figure 2-1). This provided information on cell number as well as nuclear geometry. Cell counts 

were normalised to the untreated control for each time-point. Again, all treatments were performed 

in duplicate wells and each experiment was performed at least three times.

Prior to performing the BA experiments, the effects of various concentrations of dimethyl 

sulphoxide (DMSO, Sigma, St. Louis, MO, USA), reflecting the vehicle concentrations for each of 

the BA concentrations, on cell survival was investigated. DMSO itself can be toxic to cell lines and 

so it was necessary to estimate the contribution o f this to the toxicity seen with BAs. This 

demonstrated that only at concentrations of 0.20% and 0.32% DMSO (V/V), equivalent to a total 

BA concentration of 600|iM or above, did DMSO induce a significant reduction in viability (to 

62% and 60% respectively) relative to untreated cells (Figure 2-2).
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Figure 2-1: Images of HET-IA (A) and HCT116 (B) cells used to determine cell counts after BA 
treatment. Cells were seeded and treated with BAs as described above. After fixing and staining, images 
were acquired using the InCell 1000. Cell counts were performed using the GE InCell Analysis Software. 
Red; Phalloidin (Actin stain), Blue: Hoechst (Nuclear Stain).
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Viability of HET-1A Cells Relative to Untreated 
After 24 Hours DMSO Treatment 

as Determined by Nuclear Count Assay
*

DMSO Concentration

Figure 2-2: The effect of various concentrations of DMSO on nuclear count after 24 hours 
treatment. High concentrations o f DMSO (0.2% and 0.32%) reduce cell viability as determined by a 
nuclear count assay. Cells were seeded in 96-well plates at a concentration o f 7.5 X 10  ̂cells per well and 
allowed to adhere for 24 hours. The medium was then replaced with fresh complete medium containing 
DMSO. After 24 hours the cells were fixed with 4% PFA for 15 minutes. The nuclei were stained with 
Hoechst and images were acquired using the GE InCell Analyser 1000. The number o f  cells, based on the 
number o f  nuclei in four lOX magnification fields per well were counted and the values averaged. Data is 
represented as Mean and SEM of N = 3. * denotes ANOVA p < 0.05.
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2 3 .2 .2. MTT Assay

2.3.2.2.1. Background

The MTT assay is a colorimetric assay measuring the activity o f an enzyme which converts 3-(4,5- 

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide to purple water-insoluble formazan [249], 

The addition of a DMSO allows solubilization of the water insoluble formazan. Quantification is 

achieved by measuring absorbance at a wavelength o f 570nM in a spectrophotometer. The assay 

was initially designed to assess cellular proliferation but it has now become accepted as a measure 

of cell viability and is frequently used as a screening tool to assess the cytotoxicity o f compounds.

Again however, this simple assay is subject to functional issues. Firstly, agents which effect 

mitochondrial function can reduce conversion o f MTT to formazan. When first designed, the site of 

MTT reduction was thought to solely be within the mitochondria. As such, the assay was thought to 

assess the activity o f mitochondrial dehydrogenases, reflecting mitochondrial function and thus the 

number o f viable cells. Consequently, factors affecting the mitochondrial function, such as medium 

overconsumption or cellular over-confluence, were thought to have significant effects on this assay. 

More recent research suggests that greater than half o f MTT is reduced within the cytosol or in 

cellular compartments other than the mitochondria [250-251]. Therefore, agents toxic to the 

mitochondria bias the results, but to not completely invalidate them. Similarly to the nuclear count 

assay, we reasoned that MTT conversion would be a reasonable representation o f cell death given 

the short duration of treatment and the relatively slow proliferative rate the cell lines used in this 

research.

2.3.2.2.2. Experimental Method

Cells were seeded at a density o f 7.5 X 10  ̂cells/200uL of media in a Nunc 96-well plate. The cells 

were allowed to adhere overnight. All media was gently removed and fresh media added containing 

the appropriate concentration o f UDCA for pre-treatment. Wells not requiring pre-treatment had 

media removed and replaced with fresh media. After the pre-treatment duration, all media was 

again removed gently and replaced with fresh media with supplements and BAs (DCA and /or 

UDCA) as in the nuclear count experiments. Three hours prior to the designated time-point, 20uL 

o f 2.5mg/mL MTT (Sigma, St. Louis, MO, USA) was added to each well to allow sufficient 

conversion of the fomazan salt prior to the end o f the experiment. At each time-point, all media 

was removed gently and the cells and crystals were dissolved by the addition o f lOOuL of DMSO. 

The plates were gently agitated for 30mins to allow complete dissolution o f formazan crystals and 

subsequently the absorbance at 570nM was read using a BioTek ELxSOO absorbance micro-plate 

reader (BioTek, Winooski, VT, USA). Background absorbance estimated in wells containing
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DM s o  alone was subtracted from the readings and all measurements were normalised to the 

untreated control for the time-point.

Again, prior to performing the BA experiments, the effects o f various concentrations of DMSO, 

reflecting the vehicle concentrations for each of the BA concentrations, on cell survival were 

investigated. This demonstrated that at no concentration did DMSO significantly reduce the 

viability o f HET-1A cells after 24 hours exposure (Figure 2-3).
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Figure 2-3: The effect of various concentrations of DMSO on M TT conversion after 24 hours 
treatm ent. No concentration o f DMSO studied significantly reduced viability as determined by an MTT 
assay. Cells were seeded in 96-well plates at a concentration o f 7.5 X 10  ̂ cells per well and allowed to 
adhere for 24 hours. The medium was then replaced with fresh complete medium containing DMSO. 
Three hours before the end o f the treatment, (after 21 hours treatment) 20ul o f 2.5mg/ml MTT was added 
to each well. After 24 hours the medium was gently aspirated and the formazan crystals dissolved in 
DMSO. Absorbance at 570nM was determined using a plate reader and values normalized to untreated 
cells. Data is represented as Mean and SEM o fN  = 3.
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2.3.3. Cell Cycle Analysis

2.3.3.1. Background

The rate o f  cellu lar proliferation  is partially  determ ined  by how  fast cells progress through a m itotic 

cycle. R esting o r quiescent cells reside in the GO phase o f  the cell cycle until induced to progress 

through G l ,  S and M  phases by grow th factors, cyclins or m itogens. Each phase is characterised  by 

predictable localisation o f  subcellu lar structures, the activation  o f  m itotic m achinery  and the 

relative num ber o f  chrom osom es. In order to produce tw o daughter cells, the quantity  o f  D N A  

doubles during the S phase as the strands are replicated. W hen dup lication  is com plete, the cell is 

tetraploid, contain ing  tw ice as m uch D N A  as a d ip lo id  cell.

A ssum ing that the cells in culture contain 44 autosom es and tw o sex chrom osom es, the cells in 

GO/Gl phase are diplo id , cells in the M phase are tetrap lo id  and cells in the S phase contain  a 

quantity  o f  D N A  varying betw een  diploidy and tetraploidy. T hus, the intensity  o f  D N A  stain ing in 

a dip loid  cell should  be h a lf  that o f  a tetraploid cell. For hypo-d ip lo id  or hyper-dip loid  cells the 

theory o f  relative fluorescence still holds true (F igure 2- ^ ) .

Thus, staining o f  D N A  and the m easurem ent o f  the relative in tensity  o f  D N A  staining in a 

population o f  cells allow s estim ation o f  the proportion  in each phase o f  the cell cycle. In rapidly 

dividing cells, the analysis o f  cell cycle can be enhanced through cell cycle synchronisation  in the 

population o f  cells, through grow th factor restriction o f  pharm acological m ethods. H ow ever, in our 

experim ents, due to  the slow  proliferative rate o f  the cells, this technique w as not em ployed and 

unsynchronised populations w ere studied.
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Figure 2—4: Representation of DNA histogram acquired during flow 
cytometric analysis of ceil cycle.
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2.3.3.2. Experimental Methodology

HET-IA cells were seeded at a concentration of 2 X 10  ̂ in Nunc 6-well plates and allowed to 

adhere overnight. Media was replaced with fresh complete BEBM containing no BA, 300^M 

UDCA or 300^M DCA. After twenty-four or forty-eight hours the media was removed and 

discarded. Cells were enzymatically detached using trypsin-EDTA. The cells were collected and 

spun at llOOrpm for 3 minutes. The cells were resuspended in 0.5mls PBS and the suspension 

added to 4.5mls o f 70% ethanol on ice. The cells were maintained in the fixative/permeabalizer for 

2 hours. To stain the DNA, the ethanol suspension was spun at 1 lOOrpm to pellet the cells. The 

ethanol supernatant was removed and the cells re-suspended in 5mls PBS. This was re-spun at 1100 

rpm for 5 minutes. The supernatant was removed and the cells were resuspended in propidium 

iodide containing RNAse (BD Biosciences, Franklin Lakes, NJ, USA) for 30 minutes at 37°C. The 

cells were washed and the intensity area determined using flow cytometry (Beckman Coulter Cyan 

ADP 9 Colour, Brea, CA, USA). DNA intensity histograms were analysed using PCS Express (De 

Novo Software, CA, USA).

2.3.4. Flow Cytometric Determination of Mitochondrial Membrane Potential 

2.3.4.I. Background

Oxidative Phosphorylation and the production o f ATP, the major source of energy for energy 

dependent cellular processes, occur in the mitochondria. The generation o f an electric potential 

between the inner and outer mitochondrial space occurs as a result of hydrogen ion transport. This 

in turn allows the formation of energy rich phosphate bonds in ATP. This provides energy to drive 

cellular processes.

Disruption o f the mitochondrial membrane potential induces apoptosis or necrosis and occurs in 

response to apoptotic stimulation. DCA and other BAs have been shown to induce the MPT, 

resulting in a reduction in mitochondrial membrane potential and the initiation of apoptosis. UDCA 

has been shown to attenuate this in a fashion similar to cyclosporin A, an MPT inhibitor [82, 252].

Tetramethylrhodamine methyl ester (TMRM) is a cell permeable dye which accumulates in 

mitochondria. Although at high concentrations, it may be toxic to mitochondrial respiration, at low 

concentration, it selectively stains mitochondria proportionally to the mitochondrial membrane 

potential.
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2 3 .4.2 . Experimental Method

HET-1A cells were seeded at a density of 2x10^ cells per well in a Nunc 6-well plate and allowed 

to adhere overnight. The cells were treated for 4 hours with BAs, vehicle, or PhAsO as a positive 

control. 30 minutes prior to the end of the treatment period, TMRM (Invitrogen, Carlsbad, CA, 

USA) was added to each well to give a final concentration o f lOOnM. Simultaneously, the 

fluorescent exclusion dye Hoechst 33358 (Invitrogen, Carlsbad, CA, USA) was added to give a 

final dilution of 1:2000. At the end of the treatment period, the medium and detached cells were 

aspirated, placed in tubes for flow cytometry spun at 1500rpm for 5 minutes to pellet the cells. 

Concurrently, the adherent cells were enzymatically detached using trypsin-EDTA. When the cells 

were detached, the trypsin was neutralised with SBTI and the enzymatically detached cells added 

to the pelleted cells in the flow cytometry tube. Data was acquired using a Beckman Coulter Cyan 

flow cytometer, and cells which stained positive for Hoechst 33358 (dead cells) were excluded 

from the analysis.

2.3.5. Flow cytometric Analysis of Quantity and Mechanism of Cell Death.

2.3.5.1. Background

Numerous flow cytometry methods have been optimised to investigate the mechanism of cell 

death. Phosphatidylserine is a phospholipid component located on the inner side of the cell 

membrane in healthy cells. Early in apoptosis this loses its membrane polarity and is found on the 

external side o f the membrane. It is regarded as an early marker o f apoptosis. Annexin V (AV), an 

endogenous protein, binds to and can be used to identify phosphatidylserine [253]. Exclusion dyes 

such as Hoechst 33358 or Propidium Iodide (PI) are excluded from cells that have an intact and 

functional plasma membrane. In late apoptosis or necrosis the membrane becomes unable to 

exclude these dyes from the cell and they bind to DNA. Combining staining for phosphatidylserine 

(using AV) and an exclusion dye allows differentiation of early apoptosis, late apoptosis and 

necrosis. However, detergents, such as BAs, or proteases such as trypsin have the potential to 

damage the cellular membrane potentially resulting in false positive results from this assay.

A potentially more sensitive method for determining apoptosis alone is the terminal 

deoxynucleotidyl transferase nick-end labelling (TUNEL) method [254-255]. A late feature of 

apoptosis is the cleavage of DNA into 300kD fragments and subsequently into 50kD fragments. 

This occurs as a result of caspase dependent activation o f nucleases. Labelling these DNA breaks 

using FITC labelled-deoxyuridine triphosphate (dUTP) and terminal deoxynucleotidyl transferase 

(TdT) allows fluorescent identification of these DNA breaks. However, in cells that have suffered 

severe DNA damage false positives may occur. This method appears not to be as susceptible to
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detergent effects as other assays and more accurately reflects apoptosis rather than apoptosis in 

combination with necrosis [256-258],

2.3.S.2. Experimental method

Cells were seeded at a density of 2 X 10  ̂cells per well in a Nunc six well plate. Cells were allowed 

to adhere overnight. The media was aspirated gently and replaced with fresh media or fresh media 

with UDCA to pre-treat. After pre-treatment period, the media was aspirated gently and replaced 

with media containing DCA, UDCA or a combination of the two. After treatment, the media was 

aspirated gently and stored. 0.5mL of 0.05% Trypsin EDTA was added to each well and the plate 

was incubated at 37°C until the cells were no longer adherent to the plate (2-3 mins). The cells 

were aspirated and added to the previously removed supernatant. The wells were washed with PBS 

and this was also added to the supernatant. The trypsin was neutralised with 0.5mL o f SBTI.

2.3.5.2.1. Annexin V -  Propidium Iodide Method

The cells were spun at 300g for 5 minutes, the supernatant removed from the pellet by gentle 

aspiration and the cells re-suspended in ImL of PBS. The cells were again centrifiiged at 300g for 5 

minutes. The cells were re-suspended in 1 OOuL of annexin V binding buffer. 5uL o f Annexin V 

(AV, IQ Products, Groningen, Netherlands) was added to each lOOuL of cell suspension and the 

cells were incubated for 15 mins on ice in the dark. Subsequently the cells were washed and 1:1000 

PI (Sigma, St. Louis, MO, USA) added just prior to flow cytometric analysis (Beckman Coulter 

Cyan ADP 9 Colour, Brea, CA, USA).

2.3.5.2.2. Terminal Deoxynucleotidyl Transferase Nick-End Labelling - Propidium Iodide 

Method

Cells were fixed and stained according to the instructions provided for the Apo-Direct kit (BD 

Biosciences, Franklin Lakes, NJ, USA). Briefly, cells were suspended in ImL 1% PFA on ice for 

one hour. The suspension was centrifuged at 300g for 5 minutes. The cells were washed twice in 

5mL o f PBS. The cells were re-suspended in ImL of ice cold 70% ethanol and were stored 

overnight at -20°C until staining. The cells were centrifuged at 300g for 5 mins and re-suspended in 

ImL wash buffer. This step was repeated again. The cells were incubated for 1 hour at 37°C with 

DNA labelling solution (containing reaction buffer, TdT enzyme and FITC-dUTP). The cells were 

spun and rinsed twice with rinse buffer. The pellet was re-suspended in 0.3mL o f PI-RNAse 

staining buffer and incubated for 30 minutes in the dark. Cell staining was analysed by flow 

cytometry (Beckman Coulter Cyan ADP 9 Colour, Brea, CA, USA).
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2.3.6. Analysis of Poly ADP Ribose Polymerase (PARP) and LC3 cleavage by 

Western blotting

2.3.6.1. Poly ADP Ribose Polymerase (PARP)

Located in the cell nucleus, the primary function of PARP is to identify and target repair machinery 

to single strand DNA breaks. Activation occurs in response to multiple inducers of DNA damage. 

Inactivation is performed through cleavage by caspase-3 or caspase-7 resulting in the formation of 

cleavage products o f 85kDa and 24kDa molecular weights. The 24kDa product contains the DNA 

biding domain of the enzyme which can still bind to DNA damage sites, preventing the binding of 

un-cleaved PARP and the initiation o f further repair attempts. During apoptosis, the activation of 

high levels o f caspases results in the formation of large quantities of cleaved PARP, of which the 

85kDa fraction is readily detectible.

1 3 .6.1. LC-3

Microtubule associated protein 1 light chain 3 (LC3) is a marker of autophagy. The identification 

of a mechanism o f cell death independent o f apoptosis and necrosis led to the identification of 

autophagy, a process in which cellular components undergo auto-degradation. During autophagy, 

double membrane structures engulf organelles, to form autophagosomes, and subsequently fuse 

with lysosomes, to form the autophagolysosomes in which the organelle is degraded. This process 

may be used by any cell to induce cell death or to promote survival through the recycling of 

subcellular components to repair essential cellular processes or to provide energy.

During autophagy, cytoplasmic LC3-I (18kDa) is recruited to the autophagolysosome and 

undergoes cleavage near the c-tenninal end resulting in the formation o f a 16kDa fraction. Thus by 

monitoring the conversion o f LC3-1 to LC3-II it is possible to monitor the induction of autophagy. 

However, interpretation o f LC3 conversion is difficult as the relative levels o f LC3-I and LC3-II 

depend on both recruitment and degradation of the protein. Thus, for appropriate interpretation, the 

lysosomal protease inhibitor pepstatin A (Sigma, St. Louis, MO, USA) is used to prevent 

degradation. This allows an understanding o f the relative contribution o f recruitment and 

degradation to the process o f LC3-I and LC3-II level alteration.

2.3.6.3. Experimental Method

Protein expression was determined using Western blotting (A complete protocol is available in 

Appendix 4). Cells were seeded in 6-well plates and allowed to adhere and grow until 80-90% 

confluent. The cells were stimulated with BAs or controls for appropriate durations. At the end of 

the stimulation, the media was aspirated, placed in a centrifuge tube and spun at lOOrpm for five 

minutes to pellet the detached cells. The pellet was gently disaggregated by flicking. To both the
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centrifuged cells and the plate wells, 40uL of Radioimmunoprecipitation assay (RIPA) buffer 

containing fresh protcase inhibitors (PMSF, Leupeptin, and Sodium Orthovanadate (Sigma, St. 

Louis, MO, USA)) was added and the cells incubated on ice for 30 minutes. The lysed cells were 

collected and pooled in the respective centrifuge tube, after which the lysate was sonicated to 

ensure complete cellular disruption and to fiirther lyse nuclear fragments remaining in the lysis 

buffer.

Quantification o f the protein concentration in the lysate was performed using the Pierce BCA 

Protein Assay Kit (Thermo Fischer Scientific, Waltham, MA, USA).

After quantification of concentration, equal concentrations of protein were diluted to 20uL volume 

with dH20. 7uL of 4X Llamelli Buffer was added and the lysate boiled at 95°C for 5 minutes. The 

tube was then cooled on ice and centrifuged to collect the evaporated fluid. 25uL of each sample 

was loaded into SDS-PAGE electrophoresis gels. Due to the significantly different MWs of the 

protein studied, a 10% gel was used for the PARP immunoblots, and a 15% gel for the LC-3 

immunoblots. 10% gels were run for 60 minutes and 15% gels for 30 minutes at 200 volts and 40 

millamps using a Consort E865 electrophoresis power supply (Consort, Tumhout, Belgium). The 

protein was subsequently transferred to PVDF membrane using a semi-dry technique. For high 

MW proteins 60 minutes transfer was used and for low MW proteins, 30 minutes.

After transfer, the membrane was blocked for 60 minutes in 5% dried milk powder in 0.1% TBST. 

The membrane was then incubated in 5% dried milk powder in TBST containing primary antibody 

at a concentration o f 1:1000 with gentle agitation overnight at 4°C. Mouse-anti-human PARP 

antibody was supplied by Promega (Madison, WI, USA) and mouse anti-human LC3 by Nanotools 

(Clone 5F10, Nanotools, Teningen, Germany). After primary incubation, the membrane was 

washed 3 times for 5 minutes in 0.1% TBST to remove residual primary antibody. The membrane 

was then incubated with 1:2000 HRP linked secondary antibody in 5% dried milk powder for 60 

minutes at RT. The membrane was washed 3 times for 5 minutes in TBST and then incubated with 

4-Iodophenylboronic Acid (4-IBPA) based ECL. Western blots were developed using the Agfa 

Curex CP 1000 (Agfa, Mortsel, Belgium).

2.3.7. Determination of Oesophageal Explant Viability by Lactate 

Dehydrogenase Estimation

2.3.7.I. Background

Lactate dehydrogenase (LDH) is an enzyme present at high concentrations in the cytosolic 

compartment of all cells. LDH that is released into medium suggests a loss of cell membrane
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integrity. This usually occurs during cell death, whether occurring through apoptosis or necrosis. 

Therefore an estimation of the released LDH relative to intracellular LDH can be used as a means 

to estimate cytotoxicity induced by various stimuli.

Released LDH is used to catalyze the reduction of NAD^ to NADH and H"̂  by oxidation of lactate 

to pyruvate. Subsequently, diaphorase uses the formed NADH and H^ to catalyze the reduction of a 

tetrazolium salt (INT) to formazan. The absorbance of this salt at 490-520nM is read using a 

microplate reader. Correlation with a standard curve is required to estimate the actual LDH 

concentration present in a sample.

2 3 .1.2. Experimental Method

An LDH Cytotoxicity Assay Kit (Cayman Chemicals, Ann Arbor, MN, USA) was used to 

determine LDH release from oesophageal tissue explants after exposure to BAs.

With the patient’s consent, biopsies were acquired during gastroscopy from the endoscopy 

department in St James Hospital. Ethics approval had previously been provided by the hospital 

ethics committee. 6 biopsies were taken from each of five patients, who were undergoing 

gastroscopy for non-oesophageal indications including coeliac screening, investigation of 

abdominal pain, etc. Biopsies were taken only from patients with macroscopically normal 

oesophagi. The samples were placed in medium and incubated at 37°C for 4 hours. Each individual 

explant sample was then exposed to complete medium, or medium containing 0.2% DMSO, 

300^,M UDCA, 300|iM DCA, the combination of 300p,M UDCA and 300|iM DCA or 300|iM 

UDCA pre-treatment prior to 300|xM DCA.

After 24 hours stimulation, lOO^L of supernatant was aspirated and the tissue in the remaining 

medium was mechanically homogenised, triton-X added to a final concentration of 0.1% and the 

explant cells sonicated to release all of the intracellular LDH.

LDH concentrations in the lOO îL supernatant pre- and post-tissue disruption were established 

using the LDH cytotoxicity Kit and an estimate o f the proportion of total LDH released by BA 

treatment was determined.

2.3.8. Statistics

For parametrically distributed data statistical analysis was performed using Analysis o f Variance 

(ANOVA). Post-hoc analysis to determine significance between treatments was performed using 

Dunnett’s test for normalised data and Tukey’s test for non normalised data. For the MTT and 

nuclear count data, a two way ANOVA was used to investigate the influence o f both time and BA 

concentration on cell viability. In all cases, a two-tailed a of < 0.05 was considered significant.
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For comparisons between the nuclear count and MTT assays Bland-Altman plots were used. 

Comparison between two methods designed to measure the same parameter will often lead to a 

high degree of correlation (using Pearson’s Correlation coefficient or the Coefficient of 

Determination) and a small amount of variance by virtue of the bias that high measurements in one 

assay will correlate with high measurements in another assay and low measurements will correlate 

with low measurements. This inherent bias can lead to overestimation of the similarity of two 

techniques. What is more important to understand in comparing assays is an understanding of any 

constant or predictable bias between the two assays and the variability between the two reported 

results. Ideally, two genuinely similar assays should demonstrate minimal constant bias and limited 

variance.

The Bland-Altman plot provides a graphic representation of these factors [259-260]. In the Bland- 

Altman Plot used in this research, the mean results of two assays ([A+B]/2) is plotted on the x  axis 

and the absolute difference between the assays ([A-B]) is plotted on the y  axis. Using the mean 

value of the assays provides an estimate of the real absolute value by assuming that neither assay is 

precisely correct in its measurement. The mean difference between the assays and the mean 

difference +/- 2SD of the difference between the assays (limits of agreement of the assays) are 

plotted against the y  axis. This allows direct visualisation of the mean difference, the variance of 

the difference between the two systems and whether there is a change in the variance between the 

systems at different mean measurements.
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2.4. Results

2.4.1. Ursodeoxycholic Acid Reduces the Toxic Effects of Deoxycholic Acid in 

HUH-7 Cells Consistent with the Published Scientific Literature.

One of the most extensively researched and established effects of UDCA is that of preventing 

apoptosis in hepatocytes. The anti-apoptotic properties o f UDCA have been demonstrated in 

attenuating the apoptotic effects of not only hydrophobic BAs but also other toxic chemicals such 

as ethanol and okadaic acid and apoptosis inducers such as TGF-p. However, the protective effect 

is not ubiquitous, and frequently the experimental design is poorly specified. Researchers have 

simultaneously exposed cells to UDCA and DCA and demonstrated protective effects, while others 

have found that pre-treatment is needed to elicit this effect. Research in colonocytes has fiirther 

clouded the issue, demonstrating that different durations o f pre-treatment may be needed to illicit 

protective effects [116, 225].

To establish that the anti-apoptotic model was reproducible in our laboratory we first investigated 

whether UDCA could prevent cell death induced by the hydrophobic BA DCA in HUH-7 cells. 

Cells were treated with various doses o f DCA and UDCA, alone or in combination, with or without 

UDCA pre-treatment. After 48 hours, a nuclear count assay demonstrated that 100|xM DCA had 

reduced the normalised nuclear count to 58.76% (95% Cl: 20.11% to 97.41%, p < 0.05) and 

300)j,M DCA to 42.26% (95% Cl: 25.95% to 58.58%, p < 0.01) relative to untreated cells (Figure 

2-5A). Both short duration (four hours) and long duration (eighteen hours) pre-treatment with 

300).iM UDCA prior to 100)iM DCA prevented a reduction in nuclear count below that of the 

untreated control (80.86%, 95% Cl: 32.03% to 129.07% and 86.28%, 95% Cl: 41.47% to 131.10% 

respectively). 4 hours pre-treatment with UDCA prior to 48 hours exposure to 300|jM DCA again 

reduced the toxicity of DCA.

In view of confusion in the literature regarding whether UDCA treatment is continued in 

conjunction with an apoptotic stimulus, we also treated HUH-7 cells with a combination of UDCA 

and DCA. 300|iM UDCA pre-treatment followed by co-treatment of cells with UDCA and either 

100).iM or 300(.ilVI DCA did not consistently demonstrate a beneficial effect. 300nM UDCA in 

conjunction with 100)xM DCA increased the reduction in nuclear count above that of 100|.iM DCA 

alone, to 42.26% (95% Cl: 25.95% to 58.58%). This enhanced toxicity was seen with all 

combinations, except 4 hours 300fiM UDCA pre-treatment followed by co-treatment with 100p.M 

DCA. This combination demonstrated a non-significant reduction in the toxicity of 100p,M DCA 

(mean diff 12.26 ± 16.69, p = 0.440).
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A similar pattern was seen in the MTT assay after 48 hours treatment with lOOuM DCA, with co- 

treatment enhancing the toxicity above that o f DCA treatment, however, no salvage of cell death 

induced by either 100 or 300|iM DCA was identified (Figure 2-5B).

Finally, in order to confirm that a reduction in apoptosis was accounting for the reduction in cell 

death we performed immunoblots to examine the relative expression of cleaved PARP in the 

300)j,M DCA treatment group. Compared to 300)iM DCA, there was lower expression cleaved 

PARP in the 300)xM UDCA pre-treatment group but greater expression in the 300).iM co-treatment 

group suggesting that pre-treatment was reducing and co-treatment enhancing the levels o f 

apoptosis (Figure 2-6).

These findings were consistent with the published literature regarding the effect o f UDCA in 

reducing apoptosis and total cell death.
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Figure 2-5: The effect of UDCA in modulating DCA induced cell death in the HUH-7 cell line.
HUH-7 cells were treated with a DCA in isolation or in combination with UDCA, with or without UDCA 
pre-treatment, for 48 hours. At this time, cells were either fixed and stained with Hoechst for nuclear 
counts (A), or treated with MTT (B), in order to determine the relative viabilities. The number o f  cells 
was normalised to those untreated. Mean results and SEM o f N=4. Comparative analysis was performed 
using one-way ANOVA. * denotes p < 0.05, ** p < 0.01 and *** p < 0.001 compared to untreated cells.
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immunoblotting for cleaved PARP was performed. A representative example o f the three replicates is 
shown above (A) with its associated densitometry (B).
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2.4.2. DCA and UDCA Reduce Proliferation in the HET-IA Cell Line Without 

Altering Cell Cycle Progression

2.4.2.1. DCA and UDCA Inhibit HET-IA Proliferation in a Dose and Time 

Dependent Fashion

We next established the toxicity profile of DCA and UDCA in the HET-IA cell line using a 

nuclear count assay (Figure 2-7). This demonstrated that in our system HET-IA cells were 

proliferating with a doubling time of 23.5 +/- 4 hours. 100|iM UDCA repressed the doubling time 

to 28.8 hours and 300|oM completely inhibited proliferation. 500|iM UDCA and DCA at 100, 300 

or 500 |jM  concentrations resulted in a reduction in cell viability to a level below that of the initial 

seeding density. After 12 hours exposure, 500|j,M DCA had significantly reduced cell numbers 

below that of the untreated group. By 24 hours, cell counts in all treatments except for 100|j,M 

UDCA were significantly reduced below that of the untreated cells.

The finding that UDCA at low doses (300nM) was itself inducing a reduction in viability was 

surprising. High doses of this BA have been documented as toxic but the threshold for toxicity in 

numerous cell lines is considered to be above 500|iM. However, at lower concentrations, UDCA 

has been shown to induce cell cycle arrest. Therefore, we next investigated whether 300|iM UDCA, 

which was completely abolishing proliferation, was inducing cell cycle arrest.
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Figure 2-7: DCA and UDCA reduce the proliferation of HET-1 A cells in a dose and time 
dependent fashion. HET-IA cells were seeded at a density of 7.5 X 10^ cells/well in a Nunc 96 well 
plate and allowed to adhere overnight. The medium was replaced with complete fresh medium containing 
BAs. At each time-point the cells were fixed with PFA, and the nuclei were subsequently stained with 
Hoechst. Using GE InCell Analyser, the nuclei, representing cells, in four lOX magnification fields were 
counted. The number o f cells was normalised to the 0 hour time-point. The graph shows mean and SEM 
o f N=3. Comparative analysis was performed using two-way ANOVA. ** denotes p < 0.01 and *** 
denotes p < 0.001 relative to untreated cells.

66



2.4.2.2. Neither UDCA nor DCA Effect Cell Cycle Progression in the HET-IA Cell 

Line.

300|.iM is a frequently used concentration of UDCA in cell culture based research. This 

concentration is generally not considered toxic, but in our models had completely inhibited 

proliferation of the HET-IA cell line. Due to the slow proliferative rate, it was not felt to be 

possible to synchronise the cell culture as over 24 hours would have been needed in the presence of 

a pharmacological inhibitor of cell cycle or through serum starvation. Consequently, 

unsynchronised cell populations were used to investigate the effects of BAs in modulating the 

HET-IA cell cycle.

The experiment demonstrated that 300|.iM UDCA had no significant effect on the proportion of 

cells in GO/Gl, S or G2/M phase of the DNA histogram after 24 or 48 hours treatment (Table 2-1). 

This suggested that the reduction in viability seen with UDCA nuclear count assay was due to cell 

death rather than interference with cell cycle progression. DCA similarly had no effect on cell cycle 

progression at 24 hours. After 48 hours exposure, DCA appeared to induce a reduction in S phase 

and an increase in 0 2  phase of the cell cycle. However, these results must be interpreted with 

significant caution as high levels o f cell death led to poor quality DNA histograms with poor 

definition o f cell cycle phase by the analysis software.
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G1 Phase
SEM

SPhase

SEM

G2 Phase
SEMMean Mean Mean

24 Hours Untreated 39.5 4.9 51.6 1.4 8.9 5.1

UDCA 43.2 7.8 45.5 8.4 11.4 2.8
DCA 37.7 4.8 54.6 3.2 7.7 2.3

48 Hours Untreated 31.9 3.3 59.7 7.1 8.4 4.0
UDCA 46.1 4.3 48.9 3.2 5.0 1.2

DCA 47.9 14.3 26.7 10.7 *25.4 9.9

Table 2-1: The percentage of H E T -IA  cells in GO/Gl, S and G2/M  phase of the cell cycle after 
treatm ent with 300fiM UDCA or 300nM  DC A. Cells were seeded at 2 X 10  ̂cells in a Nunc 6 well 
plate and allowed to adhere overnight. The medium was replaced with medium containing BAs. At the 
relevant time points the media was removed and discarded, and the cells enzymatically detached from the 
cell base. The cells were stained with PI containing RNAse. DNA histograms were acquired using a 
Beckman Coulter flow cytometry. Mean results and SEM of N=3. Data was analyzed using one way 
ANOVA. * denotes p < 0.05 compared to untreated time-point control.
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2.4.3. The Lethal Effects of the Hydrophobic Bile Acid DCA are not 

Attenuated by Pre-Treatment or Co-Treatment with the Hydrophilic 

BA UDCA in the Oesophageal Cell Line HET-IA

Having established a model of protection in the HUH-7 cell line consistent with that published in 

the scientific literature, and explored proliferation and cell cycle alteration in the HET-IA cell line 

in response to BAs, we next undertook to research whether UDCA could modulate the lethal effect 

of DCA in HET-IA cells. This was in order to determine whether the demonstrated protective 

effects of UDCA in mesothelial cell lines (HUH-7) and columnar epithelium of the GI tract 

(HCT116) would extend to the squamous epithelium of the oesophagus. While research in cell 

lines representing hepatocytes, colonocytes and other tissues has demonstrated that UDCA can 

attenuate apoptosis induced by hydrophobic BAs, and DCA in particular, the majority of research 

has investigated a reduction in apoptosis rather than an absolute reduction in viability. Only 

infrequently have researchers used LDH assays or MTT assays to investigate the effect o f UDCA 

in modulating cell death induced by hydrophobic BAs. The effects of UDCA in modulating the 

effects of DCA in the oesophagus or in oesophageal cells have not been investigated to date.

To investigate whether UDCA could modulate the toxic effect of DCA in the HET-IA cell line we 

used two complementary assays: nuclear counts and MTT assays. Based on the results of the 

proliferation assay, two short duration time-points (4 and 8 hours) and one long time-point (24 

hours) were used to investigate the potential protective effects. As the protective effects of UDCA 

in some cell lines have been shown to be overcome at high concentrations, treatments matrices 

were established using all combinations of 0|iM, 100)iM, 300)iM and 500|j.M of UDCA and DCA. 

However, investigation o f the protective effects of UDCA was further complicated by the fact that 

the literature is often unclear as to whether UDCA treatment should be continued during 

hydrophobic BA treatment. Consequently, the following experiments were performed for each of 

the matrices:

•  No pre-treatment prior to UDCA and DCA co-treatment

•  Four hours UDCA pre-treatment prior to DCA treatment

•  Four hours UDCA pre-treatment prior to UDCA and DCA co-treatment, and,

•  Eighteen hours UDCA pre-treatment prior to DCA treatment or UDCA and DCA co

treatment. Smaller matrices were performed for these conditions given our findings that 

UDCA was itself reducing proliferation in the HET-IA cell lines and the finding in the 

HUH-7 cell line that pre-treatment followed by co-treatment was significantly reducing 

cell counts.
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The experiments were simuhaneously performed in the colorectal cell line HCT116 as this 

represents an epithelial cell line in which UDCA has been previously, although not consistently, 

been shown demonstrate protective effects against DCA-induced apoptosis [116, 182, 201, 225],

In each experiment, in both assays, and in both the HET-IA and the HCT116 cell lines, DCA 

induced a reduction in viability in a dose and time dependent fashion (both ANOVA p < 0.001).

Figure 2-8 and Figure 2-9 demonstrate the effect of 4 hours UDCA pre-treatment prior to DCA 

stimulation in nuclear count and MTT assays in the HET-IA cell line. Figure 2-10 and Figure 2-11 

demonstrate the same experiment in the HCTl 16 cell line. In the HET-IA cell line, the viability for 

100p,M, 300|xM and SOÔ IVI DCA in the nuclear count assay, relative to untreated cells, after 24 

hours exposure was 62.3% (SEM 2.6%, p < 0.001), 42.8% (SEM 5.2%, p < 0.001) and 8.03% 

(SEM 1.9%, p < 0.001) respectively. In the MTT assay, the viability was 68.3% (SEM 5.4%, p < 

0.05), 44.0% (SEM 7.2%, p < 0.001) and 14.5% (SEM 6.2%, p < 0.001) respectively. 500fiM DCA 

induced a significant reduction in viability after 4 hours in the nuclear count but not in the MTT 

assay.

For UDCA, the respective viability relative to untreated cell was 88.5% (SEM 3.5%, NS), 59.1% 

(SEM 4.2%, p < 0.001) and 27.47% (SEM 5.5%, p < 0.001) in the nuclear count assay and 103.8% 

(SEM 4.4%, NS), 97.6% (SEM 5.4%, NS) and 90.27% (SEM 4.8%, NS) in the MTT assay. Similar 

to DCA, 500|iM UDCA induced a significant reduction in viability after 4 hours in the nuclear 

count but not in the MTT assay. The reduction in viability seen at the lower concentrations of 

UDCA was such that it could represent either a reduction in proliferation or a small increase in cell 

death. As cell cycle alterations had been out-ruled in earlier experiments, it appears likely that this 

reduction in viability is a consequence of cell death.

DCA exerted a similar effect in the HCT-116 cell line although the magnitude of the reduction in 

viability was less profound (Figure 2-10 and Figure 2-11).

300|,iM and 500|iM DCA UDCA pre-treatment prior to DCA consistently reduced the cell viability 

below that o f DCA alone in the nuclear count assay (p < 0.001) but had no significant effect in the 

MTT assay. In the nuclear count assay 100|xM UDCA did not significantly reduce viability below 

that of DCA alone but neither did it enhance survival.

In none of the other experimental designs did UDCA protect against DCA induced cell death (See 

Appendix 1). Neither co-treatment of UDCA with DCA nor four or eighteen hours UDCA pre

treatment prior to DCA or combination treatment attenuated the DCA induced reduction in cell 

viability. In the nuclear count assays UDCA pre-treatment consistently reduced counts to a level 

below that o f DCA, while in the MTT assay, only 18 hours pre-treatment enhanced the toxicity. In
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the HCTl 16 cell line only 500)oM UDCA enhanced the toxicity of DCA in the nuclear count assay. 

In the MTT assay, no significant differences were seen.

The relatively minor toxicity o f UDCA alone is likely to account for a proportion o f the observed 

decline in viable cells. This factor must be always be taken into account for the 500|oM 

concentration which independently exerts a notable reduction in viability at 4 and 8 hours. 

However, for 100 and 300)iM UDCA this appears to be a significant factor only in cells pre-treated 

for 18 hours. Consistent with this hypothesis, there is a significant generalised reduction in viability 

between cells pre-treated for 4 hours and 18 hours with UDCA in both the HET-1 A and the 

HCTl 16 cell line. Using Bland-Altman plots to explore the difference, we found that in the nuclear 

count experiment, the values in the 18 hours pre-treatment were on average 11.4% lower than in 

the 4 hour pre-treatment experiments (one-sample t-test p < 0.001, 95% Cl o f diff: -5.8% to - 

17.1%). In the MTT assay, the reduction was 20.1% (p < 0.0001, 95% Cl o f diff: 15.6% to 26.4%,

Figure 2-12). In the HCTl 16 cell line, the nuclear count demonstrated a reduction o f 16.7% (p < 

0.0001, 95% Cl of the diff: 11.1% to 22.2%) and the MTT a reduction o f 20.9% (p < 0.0001, 95% 

Cl o f the diff: -15.0% to -26.8%) (See Appendix 1). Despite similar absolute differences, again it 

was noted that the nuclear count assay demonstrated significantly lower values than those seen in 

the MTT assay.

These finding taken together demonstrate that UDCA has no effect in ameliorating the total toxicity 

of DCA in HET-1 A cells. In fact, UDCA may enhance the toxicity o f the hydrophobic BA at high 

doses. At lower doses, a discrepancy exists between the MTT and nuclear counts assays. That the 

longer duration pre-treatment significantly reduced the overall viability as demonstrated by the 

comparative Bland-Altman plots, confirmed the finding of earlier experiments that UDCA 

inhibited proliferation in the HET-1 A cell line.
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Figure 2-8: The effect of DCA treatment on HET-IA cell viability after four hours UDCA pre- 
treatment as determined by a nuclear count assay normalised to untreated cells. DCA induced a 
time (A) and dose (B) dependent reduction in viability. UDCA stimulation reduced viability but to a 
lesser degree than DCA (C). 0.32% DMSO vehicle, equivalent to the highest vehicle concentration used, 
and the positive control STS reduced viability at 24 hours only (D). UDCA pre-treatment prior to DCA 
reduced nuclear count below that o f DCA alone at all concentrations studied (E - G). Results are mean 
and SEM o f N=3. Analysis was performed using two-way ANOVA. */f denotes p < 0.05, * * /tt  denotes 
p < 0.01 and denotes p < 0.001 compared to untreated cells. * = relative to untreated and t  =
relative to DCA alone.
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Figure 2-9: The effect of DCA treatment on HET-IA cell viability after four hours UDCA pre- 
treatment as determined by an MTT assay normalised to untreated cells. DCA induced a time (A) 
and dose (B) dependent reduction in viability. UDCA stimulation reduced viability but to a lesser degree 
than DCA (C). 0.32% DMSO vehicle, equivalent to the highest vehicle concentration used, and the 
positive control STS reduced viability at 24 hours only (D). UDCA pre-treatment prior to DCA reduced 
nuclear count below that o f  DCA alone at all concentrations studied (E - G). Results are mean and SEM 
of N=3. Analysis was performed using two-way ANOVA. */f denotes p < 0.05, * * /tt  denotes p < 0.01 
and denotes p < 0.001 compared to untreated cells. * = relative to untreated and f  = relative to
DCA alone.
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Figure 2-10: The effect of DCA treatment on HCT116 cell viability after four hours UDCA pre- 
treatment as determined by a nuclear count assay normalised to untreated cells. DCA induced a 
time (A) and dose (B) dependent reduction in viability. UDCA stimulation reduced viability but to a 
lesser degree than DCA (C). 0.32% DMSO vehicle, equivalent to the highest vehicle concentration used, 
and the positive control STS reduced viability at 24 hours only (D). UDCA pre-treatment prior to DCA 
reduced nuclear count below that o f  DCA alone at all concentrations studied (E - G). Results are mean 
and SEM o f N=3. Analysis was performed using two-way ANOVA. */f denotes p < 0.05, * * /tt  denotes 
p < 0.01 and denotes p < 0.001 compared to untreated cells. * = relative to untreated and t  =
relative to DCA alone.
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Figure 2-11: The effect of DCA treatment on HCT116 cell viability after four hours UDCA pre
treatment as determined by an MTT assay normalised to untreated cells. DCA induced a time (A) 
and dose (B) dependent reduction in viability. UDCA stimulation reduced viability but to a lesser degree 
than DCA (C). 0.32% DMSO vehicle, equivalent to the highest vehicle concentration used, and the 
positive control STS reduced viability at 24 hours only (D). UDCA pre-treatment prior to DCA reduced 
nuclear count below that of DCA alone at all concentrations studied (E - G). Results are mean and SEM 
of N=3. Analysis was performed using two-way ANOVA. */f denotes p < 0.05, * * /tt  denotes p < 0.01 
and denotes p < 0.001 compared to untreated cells. * = relative to untreated and t  = relative to
DCA alone.
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Figure 2-12: Bland-AItman plots of the differences between the 4 hour pre-treated matrices and the 
18 hour pre-treated matrices for nuclear counts (A) and MTT assays (B). In both assays, the values 
in the 4 hour pre-treatment group are consistently higher than in the 18 hour pre-treatment group.
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2.4.4. UDCA Pre-Treatment, but not Co-Treatment, Reduces the Levels of 

Cleaved Poly-ADP-Rlbose Polymerase (PARP)

The MTT and nuclear count assays has provided an estimate of cell viability but had not 

investigated the mechanism through which cells were dying. Concurrently with the MTT and 

nuclear count assays immunoblotting was performed to detect cleaved PARP, a marker of 

apoptosis (as discussed in Section 2.3.6). DCA was first demonstrated to induce PARP cleavage in 

a dose dependent manner (Figure 2 -1 3A). After 4 hours stimulation, 300 and 500|j,M DCA induced 

the expression of cleaved PARP, suggesting that DCA was inducing apoptosis.

We next investigated whether UDCA could modulate the cleavage of PARP induced by 300|.iM 

DCA exposure. Co-treatment increased the levels of cleaved PARP above that seen with DCA 

alone (Figure 2 -1 3B). However, pre-treatment reduced the level of expression o f cleaved PARP 

below that induced by DCA, suggesting a reduction in the levels of apoptosis induced by DCA 

(Figure 2 -13C). This was a surprising finding given the increased reduction in nuclear count seen 

with UDCA pre-treatment prior to DCA exposure. It suggested that cells exposed to UDCA prior to 

DCA were dying through a mechanism other than apoptosis.
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2.4.5. UDCA Pre-Treatment does not Reduce the Magnitude of Mitochondrial 

Depolarisation Induced by DCA.

DCA has been demonstrated to induce mitochondrial depolarisation through activation of the MPT. 

Depolarization of mitochondria resuhs in apoptosis or necrosis depending on the severity o f the 

mitochondrial dysfunction. With increasing mitochondrial dysfunction, there is thought to be an 

inability to provide sufficient energy to complete the energy-dependent apoptotic processes and 

thus secondary necrosis occurs.

We next investigated whether DCA induced mitochondrial depolarization in the HET-IA cell line. 

300)iM DCA induced significant mitochondrial depolarization after four hours stimulation (Figure 

2-14). Similar to the findings with PARP cleavage, UDCA pre-treatment reduced the level of 

mitochondrial depolarization, although not significantly (p = 0.053), while co-treatment enhanced 

the percentage of cells with mitochondrial depolarization. This suggested that either UDCA pre

treatment prior to DCA protected against mitochondrial depolarization and potentially against 

apoptosis, or that UDCA pre-treatment resulted in necrosis and a greater number of cells were 

excluded from the analysis, thus biasing the result downwards.

79



Percentage of HET-1A Cells 
with Depolarised Mitochondria
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Figure 2-14: M itochondrial depolarization induced 
by DCA in the H E T -IA  cell line is not significantly 
m odulated by UDCA pre-treatm ent. Cells were 
treated with BAs as described. 30 minutes prior to the 
end o f the experiment TMRM was added to each 
treatment well. Fluorescent intensity was determined 
using a Beckman Coulter flow cytometer, and the 
percentage o f cells with depolarized mitochondria was 
identified. Phenylarsinine Oxide was used as a positive 
control to depolarize mitochondria. Data Shown 
represents Mean and SEM o f N = 4. *** denotes p < 
0.001 compared to untreated cells. The p value for the 
difference between DCA and the four hours UDCA pre
treatment prior to DCA was 0.053. Scatterplots 
represent forward scatter (FS) and side scatter (SS) and 
TMRM fluorescent intensity histograms.
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2.4.6. UDCA does not Reduce the Magnitude o f Apoptosis Induced by DCA 

Exposure

The enhanced loss o f viability in the HET-IA cell line induced by UDCA in the nuclear count 

assays was at odds with the findings that UDCA pre-treatment prior to DCA reduced expression of 

cleaved PARP, and trended toward a reduction in mitochondrial depolarization induced by DCA. 

However, the value of multiple assays in investigating apoptosis has recently been highlighted 

[247]. Although, the PARP and TMRM experiments had suggested that cells may be dying through 

a mechanism other than apoptosis, it was necessary to confirm these findings regarding the 

reduction in apoptosis prior to assuming that UDCA was altering the mechanism o f cell death 

induced by DCA. Precedent for this exists as research has suggested that UDCA may switch 

apoptosis to necrosis in epithelial and hepatocyte models [203]. To further elucidate how UDCA 

was modulating DCA induced cell death, the following assays were used:

• Nuclear area, representing the nuclear condensation which occurs during the late phase of 

apoptosis, following BA treatment was measured. In this case, re-analysis of the high 

content analysis of nuclear count data was performed.

• TUNEL-PI based flow cytometry.

• AV-PI based flow cytometry to differentiate apoptosis from necrosis.

2.4.6.I. UDCA does not Prevent Nuclear Condensation Induced by DCA 

Exposure.

Nuclear area analysis was performed using data previously acquired in the nuclear count assays. In 

the co-treatment experiment, general linear model ANOVA demonstrated that nuclear area was 

significantly reduced with time (p < 0.001), DCA concentration (p < 0.001) and UDCA 

concentration (p < 0.001, Figure 2-15A), The individual effect of 100, 300 and 500|iM DCA was 

to reduce nuclear area by 5.19%, 15.25% and 22.02% respectively. The equivalent concentrations 

o f UDCA reduced nuclear area by 1.48% (p=0.85), 4.11% (p<0.001), and 4.58% (p<0.001) 

respectively. These findings were consistent with the nuclear count assay, the MTT assay and the 

PARP blots in that UDCA and DCA individually reduced viability and induced apoptosis.

In the 4 hours UDCA pre-treatment prior to DCA exposure experiment, nuclear area was reduced 

significantly with increasing time (P < 0.0001) and DCA concentration (P < 0.001, Figure 2-15B). 

100, 300 and 500|xM DCA reduced nuclear area, compared to untreated cells, by 4.5% (p<0.001), 

7.5% (p<0.001) and 13.3% (p<0.001) respectively. However in this experiment, the effect of
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UDCA was not found to be significant (p = 0.683). Similarly in the 18 hours pre-treatment prior to 

DCA exposure, UDCA had no significant effect on nuclear area (p = 0.287, Appendix 1). These 

findings suggest that UDCA appears to enhance the toxicity o f DCA when used in combination, 

but has minimal toxic effect when used to pre-treat prior to DCA stimulation.

Similar resuhs regarding time and DCA concentration were found in HCT116 cell line (Appendix 

1). However, in these experiments, UDCA stimulation never had a significant effect on nuclear 

area.

Nuclear area analysis is however subject to significant bias by virtue o f the fact that it only assesses 

cells still attached to the well base. Dead or dying cells which have lost adherence prior to, or 

during, the fixing and staining process are excluded, resulting in lower estimates o f toxicity. In an 

attempt to overcome this, we next investigated apoptosis induced by 300|.iM DCA in the HET-IA 

cell line using TUNEL / PI based flow cytometry.
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Figure 2-15: The effect of UDCA and DCA co-treatment (A) and 4 hours UDCA pre-treatment 
prior to DCA (B) on the nuclear area of HET-1 A cells. The GE InCell analyser was used to investigate 
the mean area o f Hoechst stained nuclei after BA treatment. Mean and SEM of N=3. Comparative 
analysis was performed using general linear model ANOVA. * denotes p < 0.05 and *** denotes p < 
0.001 compared to untreated cells.
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2.4.6.2. UDCA does not Reduce DCA-Induced Apoptosis as Determined by 

TUNEL Based Flow Cytometry

Similar to nuclear area analysis, the TUNEL assay detects only late apoptotic events (as discussed 

in section 2.3.5). However, as both attached and detached cells are included in the analysis, 

TUNEL is a more robust experimental model for analysing apoptosis. However, we first 

investigated whether DCA or UDCA could induce an increase in TUNEL positive cells after 4, 8 or 

12 hours exposure (Figure 2 -16A). While 8 hours DCA stimulation demonstrated an increase in 

TUNEL positive cells, this increase was not significant (Mean diff 6.0%, 95% Cl o f diff; 8.8% to - 

20.7%) due to the large variance at this time-point. After 12 hours DCA exposure the percentage of 

TUNEL positive cells increased ft'om 4.9% (95% Cl: 3.4% to 6.4%) to 21.8% (95% Cl: 16.0% to 

27.5%, Mean Diff 18.8%, 95% Cl of diff: 5.6%> to 32.0%, p < 0.01). In this system an increase in 

TUNEL positive cells was also seen with UDCA treatment although this failed to reach 

significance (Mean diff 3.3%, 95% Cl o f diff: 16.5% to -9.9%).

As only the 12 hour time-point demonstrated a significant increase in the number o f TUNEL 

positive cells in the time-course study, we investigated whether UDCA could modulate the effect 

of DCA after this duration of exposure (Figure 2-16B). Baseline levels of TUNEL positive cells 

were 6.6% (95% Cl: 0.04% to 12.7%). DCA again significantly increased the rate of apoptosis to 

28.4% (Mean diff 21.9%, 95% Cl o f Diff: 0.8% to 42.9%, p < 0.05) while UDCA itself increased 

levels of apoptosis to 15.6% (95% Cl: 9.4% to 21.8%, NS from untreated). UDCA pre-treatment 

prior to DCA had no effect in reducing DCA-induced apoptosis (Mean diff. ft'om DCA -0.3%, 95% 

Cl o f diff -25.8 to 25.3, p = NS). Interestingly UDCA prior to co-treatment slightly reduced levels 

o f apoptosis to 17.9% (Mean diff ft’om DCA 10.6%, 95% Cl of the diff: -17.1% to 38.1%, p = NS). 

However, this was also not significantly different from untreated (Mean diff from untreated 11.3%, 

95% Cl of d iff 12.3% to 34.9%).

These findings further confounded an understanding as to how UDCA was modulating DCA 

induced cell death. While co-treatment increased cleavage of PARP after 12 hours exposure, in the 

TUNEL assay, co-treatment reduced the proportion of TUNEL positive cells, although not 

significantly below that of DCA alone. Furthermore, UDCA pre-treatment prior to DCA had 

reduced PARP cleavage, but had no effect on the proportion of TUNEL positive cells.

These varying results failed to clarify the mechanism of cell death induced by DCA. Consequently, 

AV / PI based flow cytometry was used to further attempt to clarify the effect of UDCA in 

modulating DCA induced apoptosis and cell death in HET-1A cells.
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Figure 2-16: UDCA does not reduce apoptosis induced by DCA as determ ined by TUNEL based 
flow cytom etry. A) The effect o f 300|iM DCA and 300|xM UDCA at 4, 8 and 12 hour time-points. The 
representative scattergraphs demonstrate the 12 hour time-point. B) The effect o f  UDCA in modulating 
DCA induced TUNEL positivity after 12 hours treatment. After BA stimulation, at the relevant time 
points, the media was removed spun at ISOOrpm to pellet the detached cells. The remaining cells were 
enzymatically detached from the cell base and pooled with the detached cells. All cells were stained with 
TUNEL and PL Mean and SEM of N=3. Data was analyzed using one way ANOVA. * denotes p < 0.05, 
** denoted p < 0.01 and *** denotes p < 0.005 relative to untreated cells. Scatterplots represent forward 
scatter (FS) and side scatter (SS) and, PI Log Vs. FITC-dUTP Log.
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2.4.6.3. UDCA does not significantly alter the mechanism of DCA-induced cell

death as determined by Annexin V / PI Based Flow Cytometry.

Phosphatidylserine is located on the internal plasma membrane in healthy cells. However, early in 

the apoptotic programme, it becomes expressed on the external plasma membrane. AV binds to 

phosphatidylserine in a Ca^^ dependent manner and thus when cells are positive for this marker, 

they are considered to be in an early apoptotic phase. PI can only enter cells to bind to DNA in 

those cells in which plasma membrane integrity has been lost. Thus, PI positivity represents a late 

apoptotic or necrotic marker.

A time-course study o f the effects o f 300|iM DCA and 300|j,M UDCA on cell death in HET-IA 

cells demonstrated a high background level o f cell death with 22.6% (95% Cl: 11.0% to 32.2%) of 

untreated cells demonstrating positivity for PI, AV, or both (Figure 2-17). There was no significant 

increase in cell death at 4 or 8 hours exposure, similar to the findings in the TUNEL assay, the 

nuclear count assay and the MTT assay. Treatment with 300)iM DCA was only seen to 

significantly increase the number o f AV and/or PI positive cells to 32.8% (95% Cl: 27.6% to 

38.0%) after 12 hours exposure. Individually however, there was no significant increase in the level 

of early apoptosis (AV + only), late apoptosis (AV + / PI +) or necrosis (PI + only).

At the 12 hour time-point only (Figure 2-18), the number of AV and/or PI positive cells was found 

to increase significantly from 17.4% (95% Cl: 9.9% to 24.8%) to 41.9% (95% Cl: 33.1% to 50.7%, 

Mean Diff 18.2%, p < 0.001). 300^i,M UDCA in isolation had no significant effect on levels cell 

death. Neither UDCA pre-treatment prior to DCA or co-treatment altered the proportion of dying 

cells from that seen with DCA alone. In this model, DCA only significantly increased the 

proportion of necrotic cells. Conversely, co-treatment significantly reduced this back to baseline 

levels. However, co-treatment instead increased the levels of early apoptotic (p < 0.05) and late 

apoptotic cells (p = NS) above that o f baseline. UDCA pre-treatment prior to DCA significantly 

increased the percentage of necrotic cells but did not significantly increase the proportion of early 

or late apoptotic cells.
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Figure 2-17: DCA induces a significant increase in cell death  after 12 hours exposure as 
determ ined by AV / PI based flow cytometry. After 300|.iM BA stimulation, at the relevant time 
points, the media was removed spun at ISOOrpm to pellet the detached cells. The remaining cells were 
enzymatically detached from the cell base and pooled with the detached cells. All cells were stained with 
AV and PI. Mean and SEM of N=3. Data was analyzed using one way ANOVA. ** denotes p < 0.01 
compared to untreated cells. Scatterplots demonstrate FITC-AV Log Vs. PI Log.
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Figure 2—18: UDCA does not reduce apoptosis induced by DCA as determined by AV/PI based flow 
cytometry. After 300|.iM BA stimulation, at the relevant time points, the media was removed and spun at 
1500rpm to pellet the detached cells. The remaining cells were enzymatically detached from the cell base 
and pooled with the detached cells. All cells were stained with AV and PI. Mean and SEM of N=3. Data 
was analyzed using one way ANOVA. * denotes p < 0.05, ** denoted p < 0.01 and *** denotes p < 0.005 
relative to untreated cells.



2.4.7. DCA Stimulation Increases Autophagy in HET-IA Cells

DC A stimulation induces apoptosis in HET-IA. However, modulation of apoptosis by UDCA had 

proven unpredictable. In the majority o f assays, UDCA co-treatment appeared to significantly 

enhance the toxic effects of DCA. Experimental results had provided contradictory findings 

regarding the effect of UDCA pre-treatment in modulating DCA induced apoptosis and cell death. 

While some markers of DCA-induced apoptosis (cleaved PARP and TMRM) were reduced by 

UDCA pre-treatment, the nuclear count assay and the AV / PI analysis suggested that total cell 

death was being increased by this treatment strategy. These findings taken together suggested that 

UDCA pre-treatment was enhancing cell death, while possibly reducing levels of apoptosis in cells 

exposed to DCA.

However, given the lack of consistent results regarding a reduction in apoptosis, the role of 

autophagy, a potential third mechanism o f cell death, in this system was investigated by visualising 

processing o f the microtubule associated protein LC3 by Western blotting. The rationale for this 

has been explained in Section 2.3.6.

We first investigated the role of DCA and UDCA in inducing autophagy. Cells were treated with 

DCA, UDCA, DMSO equivalent, or rapamycin (a positive control for autophagy) for four hours 

and then 5|ig/ml of the lysosomal protease inhibitor pepstatin was added and the cells incubated for 

a further four hours. The pepstatin control is used to differentiate autophagy from failed lysosomal 

degradation in the autophagolysosome. This experiment demonstrated that DCA increased levels of 

LC3-II above that of untreated in the HET-IA cells. Pepstatin ftirther enhanced the levels of LC3-II 

suggesting that this was indeed autophagy (Figure 2 -19A).

We next investigated the effects of increasing concentrations of DCA on inducing autophagy. This 

demonstrated a consistent induction of LC3-II by 100 and 300|xM DCA. 500)xM DCA induced an 

increase in LC3-1I expression which was intermittently greater than that seen with 300|.iM (Figure 

2 -1 9B).

Co-treatment and 4 hours pre-treatment experiments were again repeated to investigate the effects 

o f UDCA in modulating DCA induced autophagy. In the co-treatment experiment, the addition of 

UDCA to DCA had an unpredictable effect on the conversion o f LC3-I to LC3-II, with 

unpredictable increases or reductions in seen at each time-point around the DCA level (Figure 2 -  

19C).

Interestingly, UDCA pre-treatment consistently reduced the induction of LC3-II after 4 hours 

stimulation, but by 12 hours, had increased the levels (Figure 2 -1 9D).
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2.4.8. 300^M Bile Acids have no Toxic Effect on Biopsy Explants of Healthy 

Oesophageal Tissue.

Finally, to investigate the effects of BAs on human oesophageal tissue, we used explanted 

oesophageal tissue. With the patient’s consent, biopsies were acquired during gastroscopy from the 

endoscopy department in St James Hospital. Ethics approval had previously been provided by the 

hospital ethics committee. 6 biopsies were taken from each o f five patients, who were undergoing 

gastroscopy for non-oesophageal indications including coeliac screening, investigation of 

abdominal pain, etc. Biopsies were taken only from patients with macroscopically normal 

oesophagi. The samples were placed in medium and incubated at 37°C for 4 hours. An individual 

explant sample was then exposed to complete medium, or BAs in isolation or combination as in 

previous experiments. After 24 hours 100(iL of supernatant was aspirated and the tissue in the 

remaining medium was mechanically homogenised, triton-X added to a final concentration of 0.1% 

and the cells sonicated to release all o f the intracellular LDH.

Comparison of the proportion o f LDH released compared to total LDH demonstrated no significant 

difference the untreated cells and any BA treatments (Figure 2-20). This suggested that at these 

concentrations, BAs exert no significant toxicity on explanted tissue.
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After 24 Hours Bile AcidTreatment
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Figure 2-20: LDH release from  oesophageal explants after 24 hours trea tm ent with various bile 
acids. Explanted oesophageal biopsy samples were cultured in medium 199 with BAs, with or without 
UDCA pre- or co-treatment. After 24 hours lOO^L o f medium was aspirated prior to the disruption o f the 
explant to release the intracellular LDH. The ratio o f the released to total LDH was calculated. Results 
represent mean and SEM o f N = 5.
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2.5. Discussion

BO represents the greatest risk factor for OAC [33, 38]. However, Httle is understood about the 

transformation of normal squamous oesophageal epithelium into BO. Three primary hypotheses 

exist as to the aetiology of this pre-malignant epithelium [11]. The first is that BAs and low pH 

damage DNA, causing mutagenic change in the basal epithelial stem cells resulting in a metaplastic 

transformation of the squamous epithelium into columnar epithelium [261-263], The second 

hypothesis suggests that columnar epithelium of the oesophageal glands re-epithelise the 

oesophageal basement membrane from which the squamous epithelium has been denuded as a 

result of chemical or mechanical stress [264-266], The final and most recent hypothesis is that 

Barrett’s epithelium arises from embryological stem cells which remain quiescent in the 

oesophageal epithelium until they can re-adhere to the basement membrane. Once adherent, this 

cellular population proliferation and expands to form BO [13], The one feature common to the 

three hypotheses is that there must be substantial erosion of the squamous epithelium of the 

oesophagus to allow re-epithelialisation with columnar epithelium.

Both low pH and BAs in oesophageal refluxate have been shown to be toxic to squamous 

oesophageal epithelial cells, through the induction of inflammation, apoptosis and necrosis [187- 

188, 267]. Increasing volume of reflux in the oesophagus has been shown to correlate with the 

more severe disease phenotype and increasing levels o f apoptosis in the oesophagus are seen in 

increasingly severe oesophageal disease [20-22]. Hydrophobic BAs such as DCA induce apoptosis 

through numerous mechanisms including mitochondrial dysfunction, generation of reactive oxygen 

and nitrogen species, DNA damage and through indirect activation of membrane death receptors. 

Both mitochondrial depolarisation and direct effects of BAs on the cell membrane release reactive 

ion species into the cytoplasm [82, 85-86, 156, 194-195]. Therefore inflammation and apoptosis are 

closely linked entities which occur in response to BAs. Thus, modulation of apoptosis is likely to 

also represent modulation of inflammation in the oesophagus.

Reducing BA-induced inflammation and apoptosis in the oesophagus could therefore prevent 

erosive oesophagitis and protect against re-epithelisation o f the oesophagus with BO. UDCA has 

been shown to modulate BA-induced apoptosis in numerous cell lines. The most well established 

of these is hepatocytes [162]. UDCA protects mitochondria from depolarisation by inhibiting 

activation o f the MPT, and prevents against the generation o f free radicals [82, 116, 156-157, 194- 

195, 225], Therefore UDCA is likely to attenuate BA-induced inflammation as well as apoptosis. 

Consequently the aim of the research in this chapter was to identify whether UDCA could 

modulate DCA induced cell death in the oesophageal cell line HET-1 A.
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Our initial findings using the HUH-7 hepatoma cell line mimicked results previously demonstrated 

in the literature. UDCA pre-treatment, but not co-treatment, not only reduced the cleavage of 

PARP in HUH-7 cells, but also reduced cell death as determined by a nuclear count assay. These 

findings, although not exact replications o f previously performed experiments, verified the 

protective effects of UDCA in a hepatocellular cell line. However, experiments regarding the 

modulation o f DCA-induced cell death by UDCA in the oesophageal cell line HET-IA produced 

more complex results.

Both DC A and UDCA inhibited proliferation o f the HET-IA cell line as determined by nuclear 

count assay, although DCA had a significantly more profound effect than UDCA. As neither DCA 

nor UDCA induced cell cycle arrest in HET-IA cells (although this has previously been shown to 

occur in hepatocytes and colonocytes in response to UDCA [182, 199, 268-269]), it suggested that 

the reduction in cellular proliferation induced by both BAs was due to an increase in cell death.

The ability of UDCA to modulate DCA-induced cell death was next investigated using MTT and 

nuclear count assays as they represented simple high-throughput assays to investigate multiple pre

treatment, co-treatment, concentration and time-point experimental designs. In the majority of the 

experiments, concentration matrices were established ranging from 0 to 500 i^mol of DCA and 

UDCA. In none of the experimental designs investigated or experimental technique used did 

UDCA reduce DCA-induced cell death in the HET-IA cell line. Even at the lower concentrations 

of DCA, no protective benefit was identified. In fact, in the nuclear count assays, UDCA appeared 

to synergistically enhance DCA toxicity. However, the validity of this particular result is 

questionable as demonstrated in Chapter 3. Therefore, UDCA does not reduce the magnitude of 

cell death induced by DCA in the oesophageal cell line HET-IA.

However, neither the nuclear count nor MTT assay was capable of elucidating the mechanism of 

cell death: apoptosis, necrosis, or autophagy. This was investigated using multiple techniques as 

recommended by Galluzzi et al [247]. Research presented in this chapter suggests that UDCA pre

treatment was capable of reducing markers of apoptosis such as mitochondrial depolarisation and 

PARP cleavage in the HET-IA cell line. This has been demonstrated by other authors in different 

cell lines [82, 156, 194-195, 225]. Co-treatment increased both the cleavage of PARP and the 

magnitude of mitochondrial depolarisation above that seen with DCA alone.

Other markers o f apoptosis induced by DCA including nuclear condensation, DNA fragmentation 

and phosphatidylserine expression were not reduced by UDCA pre-treatment. However, the 

specificity of the TUNEL assay in differentiating between apoptosis, necrosis and autophagy has 

been questioned, especially as apoptosis converts to secondary necrosis in vitro. Similar arguments 

have been made regarding AV/PI based flow cytometry [256, 270-272]. A reduction in TUNEL or 

AV/PI positive cells may therefore not have been identified even though there was a reduction in
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apoptosis. The identification that STS was inducing “necrosis” (AV-, PI+) in this assay adds 

credence to this argument.

As PARP cleavage was the most specific marker o f apoptosis used in this research it suggests that 

UDCA pre-treatment is reducing DCA-induced apoptosis in the HET-IA cell line. However, as 

measures o f total cell death (i.e. including apoptosis, autophagy and necrosis) are unaffected by this 

treatment strategy, it suggests that other mechanisms o f cell death are being upregulated while 

apoptosis is downregulated.

DCA induced autophagy in a dose dependent fashion in the HET-1A cell line. The effect o f UDCA 

in modulating DCA-induced autophagy was erratic. UDCA co-treatment unpredictably modulated 

levels o f LC3 conversion. However, pre-treatment consistently reduced the levels of LC3-II below 

that induced by DCA alone at four hours but increased levels of LC3-II above that of DCA after 12 

hours treatment.

Taken together, the findings presented in this chapter suggest that UDCA pre-treatment is likely to 

result in a reduction in DCA-induced apoptosis and autophagy in the HET-1 A cell line, but at the 

expense o f an increase in necrosis. The induction of necrosis by DCA, in the presence or absence 

of UDCA, has been demonstrated by other authors. Utanahora et al and Benz et al demonstrated 

that after prolonged o f exposure to UDCA, or with high concentrations of UDCA, markers of 

apoptosis decreased while cell death increased. They suggested that an increase in necrosis could 

account for both of these phenomena [179, 233]. Similarly, in the setting o f BA treatment, 

concentrations of UDCA shown to be protective by some authors have been demonstrated to be 

toxic to the mitochondria by others. An increase in mitochondrial toxicity has been hypothesised to 

result in an energy deficit of such magnitude that that the energy dependent apoptotic pathway 

cannot be executed [203-204, 273]. It is suggested that this may switch apoptosis into necrosis.

However, the concentrations o f BAs used to treat the HET-1 A cell line, while physiologically 

plausible, had no effect on the viability of oesophageal explants. Therefore, we cannot say with 

certainty what the effect o f a reduction in apoptosis may have on oesophageal cell survival in vivo. 

The identification that UDCA pre-treatment reduced DCA-induced mitochondrial depolarisation 

suggests this strategy may reduce the quantity o f ROS and RNS induced by BA exposure. If this 

were to occur in oesophageal tissue, it could potentially reduce the pro-inflammatory signalling 

induced by these agents. Failing this, the toxicity exerted by UDCA in this research was 

consistently less than that exerted by DCA. Therefore, displacement o f hydrophobic BAs by oral 

administration of UDCA could potentially reduce the magnitude of the inflammatory and apoptotic 

effects o f DGOR, resulting in a reduction in the risk o f erosive oesophagitis and BO.
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2.6. Conclusions

The aims o f this chapter were:

• To investigate the toxicity profiles of UDCA and DCA in the oesophageal cell line HET- 

IA

• To investigate whether UDCA could modulate DCA-induced cell death in the oesophageal 

cell line HET-IA

• To determine a concentration range at which UDCA may exert protective effects

• To determine the optimal temporal treatment strategy to elicit an anti-apoptotic effect of 

UDCA in oesophageal cell lines

• To determine the mechanism through which UDCA exerts any potential anti-apoptotic 

effects

• To validate any findings in oesophageal explants

In concordance with the published literature we demonstrated that DCA induced cell death in a 

dose and time dependent fashion. Interestingly, we also identified that UDCA resulted in a 

reduction in proliferation in the HET-IA cell line in a dose and time dependent fashion. This 

occurred without an alteration in cell cycle progression suggesting that UDCA was inducing cell 

death in a dose dependent fashion.

We next investigated whether UDCA could attenuate DCA-induced cell death in the HET-IA cell 

line. Short duration UDCA pre-treatment (4 hours) reduced markers of DCA-induced apoptosis. It 

also transiently reduced autophagy in this cell line. Co-treatment increased markers o f apoptosis. 

However, general markers of cell survival (viability, proliferation and cell death) did not 

demonstrate that UDCA induced a reduction in DCA-induced cell death. The most likely 

explanation for this is that DCA induces apoptosis, necrosis and autophagy in the HET-IA cell line 

and that UDCA treatment alters the mechanism o f DCA-induced cell death, rather than reducing it. 

As prolonged (twenty-four hours) exposure of explanted tissue to 300(j,M DCA had no significant 

effect on viability, whether these in-vitro findings will translate to the in-vivo setting remains 

unknown.
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Chapter 3.

3. Deoxycholic Acid Modulates Cell Adhesion in a 

Mechanism Discreet From Apoptosis
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3.1. Introduction

3.1.1. Cell Adhesion

Cell adhesion to extra-cellular matrix (EMC) proteins and to other cells is required for the 

maintenance of functional tissue in the human body. This is facilitated by multiple families of 

adhesion molecules (cadherins, selectins, the immunoglobulin superfamily and integrins) which 

allow inter-cellular binding and adhesion to basement membranes. Without this variety o f cell 

adhesion molecules organogenesis during embryological development, tissue repair, proliferation 

and cell survival would not be possible [274-276]. Adhesion to ECM proteins is mediated primarily 

through hetero-dimeric proteins called integrins, comprised of one a and one |3 subunit [274, 277- 

279]. Expression of the more restricted subunit of a hetero-dimeric pair determines the total 

number o f complete integrin units expressed on a cell surface [280-282]. Eighteen identified a 

subunits and eight p subunit variably interact and have been identified as foiming at least 24 

hetero-dimers which demonstrate different specificity for ECM proteins [283]. Both subunits 

contribute to the specificity of the hetero-dimeric pair, but the specificity o f each hetero-dimeric 

integrin pair is low and they often bind to multiple ECM proteins. For example, only eight integrin 

heterodimers have been shown to bind to the arginine-glycine-aspartate (ROD) protein motif 

sequence found on the ECM proteins such as fibronectin, vitronectin and some collagens [284- 

285]. Similarly, multiple integrin heterodimers can bind to the same ECM protein. For example, 

integrins including avPs, avPs, agPi and, anbP3 can bind to the ECM protein vitronectin with varying 

affinity [286].

3.1.2. Integrin-Mediated Cell Attachment and Pro-Survival Signalling

The overall strength of interaction between integrins and ECM proteins or other cells is termed 

avidity and is influenced by integrin affinity and valency [287]. Affinity represents the strength of 

interaction between a single integrin heterodimer and a ligand and is influenced by the 

conformational shape o f an integrin [287-289]. Three predominant affinity states are thought to 

exist for each integrin heterodimer: a low affinity inactive state, a partially conformationally active 

state and high affinity active state [287]. This has been particularly well demonstrated using 

electron microscopy of the avp3 integrin [290], Transition between these states is determined by 

cytoplasmic signalling (“inside-ouf’ signalling) including concentrations o f divalent cations 

(calcium, magnesium and manganese), interaction with adaptor proteins and cytoskeletal proteins 

(talins, kindlins and filamins) and through interaction with kinases (such as Focal Adhesion Kinase
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(FAK) and Integrin Linked Kinase) [287-288, 291], “Outside-in” signalling, induced through 

integrin binding to ligand, may also affect integrin affinity. Valency represents the cell surface 

receptor density or diffusivity. Higher densities o f integrin heterodimer expression strengthen the 

interaction between integrins and ligands. This can be modulated by total integrin expression, the 

clustering o f integrins into micro-clusters or focal adhesion complexes (FACs), or the ability of 

integrins to diffuse around a membrane to strengthen the cell ligand interaction [287-288],

Binding of integrins to ligands produces “outside-in” signalling, activating pro-survival signalling. 

While the cytoplasmic domain of integrins is not equipped with enzymatic machinery, it interacts 

with numerous adaptor proteins and enzymes (such as FAK or Src) which activate downstream 

pathways such as MAPK [278-279, 292]. These are primarily activated at FACs. Without survival 

signalling appropriate to a specific cell type, apoptosis is induced in order to prevent re-adhesion 

and growth o f a particular cell type in an incorrect tissue or location. In neoplastic cells, 

dysregulation o f adhesion signalling is often seen, allowing escape from this mechanism of 

apoptosis induction. For example, while integrin ay (ITGAV) has infrequently been seen in 

epithelial cells, its upregulation has been shown to play a role in metastasis o f neoplasia arising 

from these cells [293-296]. It also has a demonstrated role in neoplastic angiogenesis [297]. 

Classically, attachment o f cells was thought to be essential for survival [298-299]. However, the 

loss of cell adhesion to basement membrane ECMs does not irreversibly induce apoptosis. Cells 

which have reduced adherence or which have detached have been shown to upregulate 

autophagocytic pathways to promote survival until they can either re-adhere, or until a sufficient 

amount o f time has passed, at which stage apoptosis is induced [300-301].

3.1.3. Integrin-Mediated Cell Detachment

Detachment o f cells is an complex procedure, which has been best characterised in leukocytes due 

to their highly dynamic migratory function. Detachment of cells may occur through either 

controlled release of ligand by the integrin, through “ripping” in which the integrin, still attached to 

the ligand, is released from the cells, or through enzymatic degradation of the ligand [302].

Conformational shape change of the integrins modulates its affinity for ligand and can result in 

detachment o f integrin from ECM. This is again mediated by the presence of divalent ions such as 

calcium, and also by direct (although poorly characterised) intracellular signalling [302-304]. As 

affinity is reduced, mechanical stresses on the cell can overcome the integrin-ligand force and 

result in separation of the two proteins. However, if  the integrins are still in a high affinity state 

mechanical forces may result in a controlled or uncontrolled release of the integrin from the cell. In 

the controlled mechanism the integrin is detached from the structural components at the
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cytoplasmic level. In the uncontrolled mechanism, the integrin is tom away from the cell. In both, 

an integrin trail is left behind migrating cells [302].

While both epithelial and mesenchymal cells synthesise and secrete ECM proteins, they also 

produce and secrete matrix metal loproteinases (MMP) which degrade ECM proteins and have a 

role in invasion and metastasis [305-306]. Degradation o f the ligand results in separation o f the cell 

fi'om the ECM. After ECM proteins are fi'agmented by MMPs, FACs disassemble, and the integrin 

hetero-dimers are endocytosed with ECM fragments. During this process, the two are separated and 

the integrins are re-expressed after endocytotic recycling [302, 307].

3.1.4. The Endocytic Recycling Pathway

Removal o f a receptor from the cell surface occurs through the formation of membrane pits 

frequently associated with either clathrin or caveolin -  proteins which mediate endocytosis. The 

pits bud to form intracellular vesicles called early endosomes. This usually occurs in response to 

receptor activation. In order to reduce pressure on protein synthesis machinery, the majority of 

these receptors are recycled to the cell surface rather than being degraded [308-309]. Depending on 

the environmental conditions, this may either occur through a fast or slow endosomal loop [310]. 

These recycling loops are modulated by Rab proteins, a family of Guanosine-5’-Triphosphateases 

(GTPases) which modulate membrane trafficking, vesicle formation and movement, and membrane 

fusion. In the fast loop, endosomes are cycled rapidly in a Rab4 dependent fashion, close to the 

plasma membrane to a different part of the cell membrane where they are re-expressed on the cell 

surface. In the long loop, the endosomes are trafficked in a Rabl 1 dependent fashion through the 

peri-nuclear recycling compartment (PNRC) prior to being re-packaged and again transferred to the 

cell membrane [308-310]. Alternately, the endosomal contents may either reside in storage vesicles 

ready for membrane expression or may be targeted for lysosomal degradation (

Figure 3-1).

Endocytosis of integrins can occur through either clathrin dependent or independent mechanisms 

[311]. Determination of which o f these energy dependent mechanisms of invagination and 

endocytosis an integrin will enter into is primarily dependent on which receptors the integrin is in 

close proximity to. For instance, ITGAV is internalised in a clathrin dependent mechanism when it 

is in close association with EGFR but through a clathrin independent mechanism when in 

association with fibronectin [307, 312-313].
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Figure 3 -1 : A representation o f the endocytotic integrin recycling pathway. During integrin 
recycling internalization can occur through either a ciathrin dependent, caveolae dependent or a ciathrin 
and caveolar independent mechanism. Early endosom es express Rab5 and then Rab4 if  they cycle via the 
short (fast) sub-m em branous loop, or R abl 1 if  they cycle via the long (slow) loop which passes through 
the PNRC. Otherwise integrins may either be stored internally or lysosomally degraded (Rab7 
associated).

3.1.5. Integrin Expression within the Oesophagus

Within the oesophagus, the expression o f  integrins has been poorly characterised. Integrin aa, 0 3 , 

Qft, and ttv have been demonstrated as present throughout the oesophageal epithelium, with the 

greatest expression seen in the basal cell layers [262, 314]. The expression o f  these integrins varies 

throughout the normal-BO-OAC sequence. For example, ITGAV has been shown to be highly  

expressed in SqCCa o f  the oesophagus [315]. However, in squamous epithelium the expression o f  

ITGAV has been less consistently demonstrated; studies have demonstrated conflicting results 

regarding the expression o f  this m olecule [262, 314, 316]. However, the apparent upregulation o f  

this integrin in tumours and in the associated angiogenesis has led to the clinical trials investigating  

the use o f  ITGAV inhibitors as therapeutic agents to treat oesophageal neoplasia [297, 317-318].
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3.2. Aims

Increasing exposure of the oesophagus to BAs has been shown to correlate with the risk o f erosive 

oesophagitis, BO and OAC [18, 20-21], Despite the lack o f a definitive aetiology regarding BO the 

general consensus is that significant denudation o f the squamous epithelium is required to allow re- 

epithelialisation with BO [11]. The toxicity of BAs and low pH has been thought to be the primary 

mechanism regarding the erosions seen in erosive reflux disease. The addition o f the proteases 

trypsin and pepsin is thought to perpetuate the toxicity o f the refiuxate. Yet interestingly, BAs have 

been shown to inhibit protease function [319].

While researching cell death induced by DCA in the HET-1A cell line, and its potential modulation 

by UDCA, a predictable discordance was identified between the results generated by the MTT and 

nuclear count assays (See Section 3.4.1). If this discrepancy were simply due to the washing and 

staining processes involved in the nuclear count assay, then the discrepancy would have been 

constant between treatments, especially at the earlier time-points when viability was relatively 

unaffected.

Given the predictable discrepancy between the MTT and the cell count assay, we hypothesised that 

DCA and UDCA were inducing a reduction in adherence in the HET-1 A cell line. A reduction in 

integrin expression, induced by BAs, could reduce adhesion of oesophageal squamous epithelium 

to the ECM proteins in the basement membrane.

Thus the aims of this chapter were:

• To characterise the effect of BAs (with particular focus on DCA) on the adherence of 

HET-1 A oesophageal cells to ECM components,

• To investigate whether any BA-mediated loss of adhesion was due to alterations in the 

expression or function of a broad range of adhesion molecules or was specific to a certain 

subset,

• To investigate whether any BA-mediated loss of adhesion was occurring as a resuh of 

apoptosis, or whether it was occurring through a specific mechanism independent of cell 

death, and,

• To investigate the potential validity of this hypothesis in-vivo.
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3.3. Methods

3.3.1. Cell Lines and Culture

The HET-IA [240], QH [320], SKGT-4 [321], HCT116 [241], and HUH-7 [242-243] cell lines 

were used for these experiments. These lines represent normal squamous epithelium o f the 

oesophagus, non-dysplastic BO, Barrett’s derived OAC, colonic adenocarcinoma and human 

hepatoma cells respectively. The origin o f these cells and the rationale for their use is explained in 

Section 9.1.1. QH cells were grown in BEBM with supplements and 5% PCS and SKGT-4 cells 

were grown in RPMI 1640 with 10% PCS. The media used for other cell lines and the culture 

methodology have previously been explained (Section 2.3.1).

3.3.2. Time lapse Live Cell Light Microscopy

3.3.2.L Background

Time-lapse live cell microscopy allows repeated imaging o f specific cell populations to evaluate 

dynamic changes over a prolonged period o f time without manipulation or environmental alteration 

o f the experimental setup. The use o f fixed cell imaging to evaluate cell death is limited by the 

morphological changes induced by the fixing and staining process, the disintegration of dead cells 

and the removal of dead or dying cells which have lost adherence. However, the absence of 

fluorescent labelling limits the study to morphological assessments only.

3.3.2.2. Experimental Methodology

Cells were seeded at 7.5 X 10  ̂ cells / well in a Nunc-96 well plate and left to adhere overnight. At 

tO the media was aspirated and replaced with media containing individual BAs. Time lapse live cell 

imaging was performed using the IncuCyte live cell imaging system (Essen Biosystems, Ann 

Arbour, MI) with images taken every 30 minutes for a 24 hour period.

3.3.3. Adherence Assays

3.3.3.L Background

Adherence o f cells to a basement requires the binding o f membrane based proteins to a ligand. 

After initial contact, the adhesive strength is reinforced by spreading o f the cell on the basement
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enhancing the contact area between the cell and the structure to which it is attached [274], Thus 

spherical cells in media transition to polygonal adherent cells in cell culture. The strength of 

adherence of a cell to a basement membrane is determined by the expression o f a variety of cell 

adhesion molecules on the cell surface and the presence o f ECM ligands appropriate to the 

expressed cell adhesion molecules.

3.3.3.2. Experimental Method

3.3.3.2.1. General Adherence Assay

Cells were allowed to grow to 80-90% confluence in cell culture flasks (approximately 48 hours 

after seeding). The cells were then dissociated from the flasks by gentle scraping. The cells were 

collected, centrifuged at 1100 rpm for 5 minutes, the supernatant discarded and the cells re

suspended in complete medium. To determine the ability o f cells to adhere to plastic (broad 

adhesive capacity), the cells were seeded at 3 X 10'' cells per well in 100|iL of medium in black 

Nunc 96-well plates. 100|xL of medium containing BAs was added to each well. Cells were 

allowed to adhere for two hours. The medium was gently aspirated and the wells gently washed 

twice with PBS. lOOfiL of medium containing 2.5)iM Calcein AM (Biotium, Hayward, CA, USA) 

was added to each well and the plate incubated in the dark for one hour at 37°C. Calcein AM is a 

cell permeable non-fluorescent compound. In live cells Calcein AM is hydrolyzed by esterase into 

a green fluorescent anion which is trapped intra-cellularly. The green fluorescence was read using a 

Victor luminometer (Perkin Elmer, Waltham, MA, USA).

Demonstration of the relationship between Calcein AM concentration and HET-IA cell count is 

shown in

Figure 3-2. This demonstrated that at a constant cell number there was a linear relationship 

between Calcein AM concentration and fluorescence up to a concentration o f 5|iM. Similarly, 

using a constant concentration o f Calcein AM, there was an adequately linear concentration 

between cell number and fluorescence.

3.3.3.2.2. Adherence to Specific ECM Proteins

To measure the adherence of cells to specific ECMs, cell adhesion was determined as per the 

protocol of the Millicoat™ ECM screening kit (Millipore, Billerica, MA, USA). Briefly, ECM 

proteins were rehydrated and cells were seeded and treated as described above. Cells were left to 

adhere for two hours. The media was gently aspirated and the plate washed three times with PBS 

containing Ca^^ and Mg^^. 100|.iL of 0.2% crystal violet (Sigma, St. Louis, MO, USA) in 10% 

ethanol was added to each well and left to incubate for 5 minutes at RT. The stain was gently
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aspirated and the wells washed gently three times with PBS. 100|j,L o f solubilization buffer (50/50 

mixture of 0.1 M NaH2P0, pH 4.5 and 50% ethanol) was added to each well and the plate gently 

shaken at room temperature for 10 minutes, until the cell-bound stain was completely solubilized. 

The absorbance at 570nM was determined using a BioTek ELxSOO absorbance microplate reader 

(BioTek, Winooski, VT, USA).
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Fluorescence of Calcein AM at 
Various Concentrations with 30,000 HET1A cells
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Figure 3 -2 : The relationship between Calcein AM and H E T -IA  cell num ber per well. The
fluorescence o f Calcein AM demonstrated a linear relationship with increasing concentration up to a 
concentration of 5|.iM (A). Fluorescence of Calcein AM demonstrated an approximately linear 
relationship with HET-IA  cell number per well, although in fact a quadratic curve demonstrated a 
slightly better fit (B). Data shown represents mean and SEM of N=2.

107



3.3.4. Detachment and Re-Adherence Assays

3.3.4.1. Background

Detachment of cells from a basement membrane occurs through a variety of mechanisms, some 

controlled and others un-controlled [302-304]. Apoptosis and cell death is known to induce a loss 

o f adherence o f cells. DCA had been shown to induce a loss of adhesion in the HET-1A cell line in 

a dose dependent fashion. However, it had also been shown to induce cell death in a dose and time 

dependent fashion. Thus we next investigated whether cells which had detached in response to 

DCA were capable o f re-adherence and spreading after removal o f the DCA stimulus.

3.3.4.2. Experimental Method

The ability of detached cells to re-adhere to plastic was measured using an MTT assay (See Section 

2.3.2.2). Cells were seeded at 2x10^ cells per well in 12-well plates and allowed to adhere 

overnight. The cells were treated for two hours with DCA or vehicle control. After treatment the 

medium was aspirated and the wells washed twice with the aspirated medium to ensure capture of 

all detached cells. The well was then washed twice with fresh medium to dilute out the DCA or 

vehicle control. 1ml o f fresh medium was then placed in the wells. The aspirated supernatant was 

spun at 1 SOOrpm for 4 minutes to pellet the cells. The pellet washed twice with fresh warm medium 

to dilute out the DCA or vehicle control. The pellet was re-suspended in 1ml o f fresh medium and 

the cells replaced in an unused well in the 12-well plate. After 24 hours, images were acquired to 

demonstrate re-adherence and cell spreading on the plastic surface. Subsequently 100|iL of 

2.5mg/mL MTT added to each well and two hours later, the medium was gently aspirated and the 

formazan crystals dissolved in 200(.iL DMSO. 100|a,L o f DMSO was aspirated and placed in a 96- 

well plate and the absorbance at 570nM read using a plate reader.

3.3.5. Analysis o f Cell Surface Integrin Expression Using Flow Cytometry 

3.3.5.1. Background

The role of integrins and the mechanisms through which surface expression o f these molecules is 

modulated has been explained above (Section 3.1). in order to investigate the expression o f integrin 

sub-families on the epithelial cell line HET-1 A in the presence or absence o f BAs, flow cytometry 

o f immunofluorescently stained cells was used. Live cells were un-fixed and un-permeabilised so 

that only surface integrins were immunofluorescently labelled.
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3.3.S.2. Experimental Method

Cells were seeded in T25 cell culture flasks and allowed to grow until 89-90% confluent. The 

media was gently removed and replaced with media containing the sodium sahs o f DCA or UDCA 

(Sigma, St. Louis, MO, USA and EMD Chemicals, Gibbstown, NJ, USA respectively) or vehicle 

control (DMSO). The cells were incubated for 2 hours at 37°C. The cells were dissociated by 

gentle scraping. All cells were collected and centrifuged at 1 lOOrpm for 5 minutes at 4°C and the 

supernatant discarded. Blocking was performed in ImL of a 50/50 mixture o f FBS and wash buffer 

(2% FBS in PBS) for 5 minutes at 4°C. The cells were centrifuged and washed in wash buffer 

twice at 4°C. The supernatant was gently aspirated, leaving 100|,iL of wash buffer. Anti-integrin 

antibody (as a 4, as/ ae; BD Biosciences, Franklin Lakes, NJ, USA, â ; Merck, Whitehouse Station, 

NJ, USA, and Santa Cruz Biotechnology Inc, Santa Cruz, Ca, USA) was added and the cells re

suspended by vortexing. The cells were left to incubate for 30 minutes in the dark at RT at 4°C. 

ImL o f wash buffer was added, the cells centrifuged and the wash step repeated. For antibodies 

directly labelled with fluorophore, the cells were re-suspended in 300^L wash buffer and analysed 

using flow cytometry. For those antibodies not directly labelled, the cells were incubated with 

(1:500) Alexa Fluor fluorescent secondary antibodies (Invitrogen, Carlsbad, CA, USA) for 30 

minutes in the dark at 4°C. Cells were then washed and centrifuged twice, re-suspended in 300|iL 

wash buffer and analysed using flow cytometry (Beckman Coulter Cyan ADP 9 Colour, Brea, CA, 

USA).

Comparison of the intensity data was undertaken using two methods. The first was direct statistical 

comparison of the mean intensity values. The second is comparison of the percentage difference in 

intensity histograms. These two complementary methods were used to demonstrate the robustness 

of the data.

3.3,6. Visualization of ITGAV Expression in Human Oesophageal Tissue 

Using Immunofluorescence Microscopy

3.3.6.I. Experimental Method
In order to determine in-vivo expression in ITGAV in oesophageal tissues (Rat and Human), 

immunofluoreseent staining was performed on 4-|o,m formalin-fixed, paraffin-embedded tissue 

sections. A full protocol is available in Appendix 4. Paraffin embedded samples of squamous 

epithelium (N=12), BO (N=9), OAC (N=3) and SqCCa (N=2) were kindly provided by the 

Departments of Surgery and Histopathology in St James’ Hospital. Paraffin embedded rat 

oesophagi were kindly provided by Dr James Murphy from work he had previously performed 

[322]. To investigate the effects o f BAs on human oesophageal tissue, biopsies of healthy
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squamous oesophageal tissue was acquired, with the patient’s consent, during gastroscopy in the 

endoscopy department in St James Hospital. Ethics had previously been approved by the hospital 

ethics committee. Six biopsies were taken from each o f five patients, placed in medium containing 

no DCA, 300)iM DCA or SOO îM DCA and incubated at 37°C for 2 hours. These were 

subsequently fixed and embedded in paraffin blocks.

Prior to staining, each slide was de-paraffmized and rehydrated by sequential immersion in xylene 

( 2 X 5  minutes) 100% ethanol ( 2 X 5  minutes), 70% ethanol ( 2 X 5  minutes), and distilled water (2 

X 5 minutes). Antigen retrieval to unmask protein epitopes altered during formalin fixation and 

paraffin embedding was performed using a sodium citrate based heat retrieval method in which 

rehydrated sections were treated for 10 minutes in sodium citrate buffer in a low-pressure pressure- 

cooker. After 10 minutes, the sections were transferred to fresh warm sodium citrate buffer and 

allowed to cool to RT (30 minutes). The sections were transferred to 0.1% PBST. Blocking was 

performed with 5% normal goat serum (Sigma, St. Louis, MO, USA) in PBS for one hour at RT. 

The tissue was then incubated with primary antibody (anti-ITGAV, 1:100. BD Biosciences) 

overnight at 4°C in a humidity chamber. The tissue was washed twice for 5 minutes in baths of 

PBST and was then incubated with secondary antibody (1:500, Alexa fluor 488 Goat Anti-Mouse, 

Invitrogen) and Hoechst (1:2000, Hoechst 44432, Invitrogen) in PBS for one hour at RT in a 

humidity chamber. The tissue was washed twice for 5 minutes in baths o f PBST to remove excess 

secondary antibody. Finally, coverslips were mounted using aqueous mounting medium (Sigma, St. 

Louis, MO, USA). Images were acquired using a Zeiss LSM510 laser confocal microscope using a 

63X oil immersion objective.

3.3.7. Analysis of Levels of Expression of ITGAV, Cleaved PARP and LC3 by 

Western Blotting.

3.3.7.1. Experimental Method

The experimental methodology for performing Western blotting for cleaved PARP and LC3 has 

been explained previously in section 2.3.6 and a full protocol is presented in Appendix 4.

For ITGAV, the same experimental protocol was used, except that cells were incubated with mouse 

anti-human ITGAV (1:500, Santa Cruz Biotechnology Inc, Santa Cruz, Ca, USA) overnight at 4°C.
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3.3.8. Visualisation of Rab5 and R a b ll and Co-Localization with ITGAV in 

HET-IA Cells using Immunofluorescent Microscopy

3.3.8.1. Background

Endocytic recycling loops are modulated by Rab GTPases. These proteins modulate membrane 

trafficking, vesicle formation and movement, and membrane fusion. Early endosomes represent the 

earliest definitive vesicles seen after budding of an invaginated pit from the cell membrane. Early 

endosomes are associated with Rab5. In the fast recycling loop endosomes are cycled rapidly in a 

Rab4 dependent fashion. In the long loop, the endosomes are trafficked in a R ab ll dependent 

fashion through the PNRC prior to being re-packaged and again transferred to the cell membrane. 

Endosomal vesicles targeted for lysosomal degradation are associated with Rab7 [308-310], For 

this research, we chose to study whether ITGAV associated with Rab5 or R ab ll. Co-localization 

would suggest that ITGAV was undergoing endocytic recycling.

3.3.5.2. Experimental method

A full immunofluorescent staining protocol is available in Appendix 4. Glass bottomed Matrix 96- 

well plates (Thermo Fischer Scientific, Waltham, MA, USA) were treated with 50|iL poly-l-lysine 

(Sigma, St. Louis, MO, USA) for one hour at 37 °C. Coating of wells with this positively charged 

homopolymer allows greater adherence of cells to the glass plate. After 30 minutes at 37°C the 

poly-l-lysine was removed and the wells washed twice with 200|xL PBS. HET-IA cells were 

seeded at a density of 5X10Vwell and allowed to adhere overnight. After treatment with BAs, 

fixation was perfonned with 4% PFA for 15 minutes at 37°. The cells were then permeabilized 

with 0.1% PBST for 5 minutes at RT and then washed twice with 200|.iL PBS. Blocking was 

performed for 30 minutes at RT with 5% bovine serum albumin (BSA) in PBS. Cells were 

incubated with rabbit anti-Rab5 (1:100, Santa Cruz Biotechnology Inc, Santa Cruz, Ca, USA), 

rabbit anti-Rabl 1 antibody (1:100, Zymed Laboratories, San Francisco, CA, USA) or a rabbit IgG 

isotype control (1:100, Zymed Laboratories, San Francisco, CA, USA) for one hour at RT. The 

cells were washed twice with 200|,iL PBS. The cells were then incubated with AlexaFluor-586- 

conjugated anti-rabbit secondary antibody (1:500, Invitrogen, Carlsbad, CA, USA) for 60 minutes 

at RT. The cells were washed twice with 200)iL PBS and incubated with mouse anti-ITGAV 

(1:100 BD Biosciences, Franklin Lakes, NJ, USA) or non-specific mouse IgG antibody (1:100, 

Zymed Laboratories, San Francisco, CA, USA) for 60 minutes at RT and then washed twice with 

200)iL PBS. Cells were then incubated with AlexaFluor-488-conjugated anti-mouse secondary 

antibody (1:500, Invitrogen, Carlsbad, CA, USA) for 60 minutes at RT. Finally, nuclei were 

labelled with Hoechst 33342 (1:2000, Invitrogen, Carlsbad, CA, USA) for 15 minutes at RT.
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Images were acquired using a Zeiss LSM510 laser confocal microscope using a 63X oil immersion 

objective.

For analysis of Rab5 or R a b ll vesicle morphology, the GE InCell was used. After image 

acquisition, vesicle size and number were determined using GE InCell Analyser algorithms 

(granularity and sub-cellular organelles) optimized for the Rab staining.

112



3.4. Results

3.4.1. DCA Stimulation Rapidly Induces a Loss of Adhesion in A Dose 

Dependent Fashion, Hours Prior to the Onset of Apoptosis.

While UDCA failed to inhibit DCA-induced apoptosis in the HET-IA cell line, the significant 

discordance between the MTT and the nuclear count assays remained o f concern. Investigation of 

the difference using Bland-Altman plots demonstrated mean differences in the HET-1A cell line of 

2.6% (95% Cl o f Diff: -2.0% to 7.1%, p = 0.265), -29.0% (95% Cl of Diff: -21.3% to -36.7%, p < 

0.0001) and -19.1% (95% Cl of Diff; -12.0% to -26.3%, p < 0.0001) in the co-treatment, and the 

four and eighteen hour UDCA pre-treatment experiments respectively (Figure 3-3A). In the 

HCT116 cell line the values were -8.4% (p < 0.05), -20.7% (p < 0.0001) and -21.9% (p < 0.0001) 

respectively (Figure 3-3A  and Appendix 2). However, the Bland-Altman plots demonstrated a 

large amount of variance in the system without a predictable pattern.

Further evaluation o f the difference between the assays demonstrated that the greatest discrepancy 

in the HET-1 A cell line was at early time-points. At these time-points there appeared to be a greater 

difference with increasing concentrations of DCA and UDCA (Figure 3-3B). This suggested that 

there was a predictable discrepancy between the two assays, which was not seen in the Bland- 

Altman plots. Using multiple linear regression, we next demonstrated that the discrepancy could be 

modelled. For the UDCA pre-treatment prior to DCA experiments in the HET-1 A line, the 

discrepancy between the two assays could be predicted using the following equation (where the 

difference was the percentage difference between the remaining viable cells (Based on the MTT 

assay):

Difference = 6.29 - 0.227*Time - 0 .117*UDCA - 0.0543*DCA

R  ̂= 76.7%, SD = 14.263.

Ln this model, the effect of time was not significant (p = 0.345), however, the effects o f DCA and 

UDCA were both significantly influencing the difference between the assays (p < 0.001 for both).

When the absolute values were modelled, time was an inversely proportional predictor and DCA 

lost its significance predicting the difference between the nuclear count and the MTT assay. 

However, when the 24 hour time-point was removed from the analysis the effect of DCA again 

became significant. This likely represents the fact that at higher concentrations o f DCA at longer 

exposure time-points, there is too little absolute difference between the normalised nuclear count 

and the MTT values as a consequence of the majority of cells having died.
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The difference between the nuclear counts and the MTT assay could be similarly modelled for the 

HTC116cell line:

Difference = 26.9 - 1,56*Time - 0.0246*UDCA - 0.0769*DCA 

R  ̂= 69.7%, SD = 14.148.
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Figure 3-3: Difference between viability as estimated by the cell count and the MTT assay is 
greatest at higher BA concentrations and at earlier time-points in the four hour pre-treatment 
experiment. The mean normalised viability of the MTT experiments for each treatment was subtracted 
from the same treatment normalised viability as measured by the nuclear count. Data represents the 
difference between the mean values of the three experiments. The Bland-Altman plots demonstrate that 
HET-IA cells exhibit a wide variety o f viabilities while the HCT116 cell line remains viable in the 
majority o f  time-points and treatments. However, the Bland-Altman plots demonstrated a large limit of 
agreement between the two assays as demonstrated by the red dashed lines marking +/- 2SD from the 
mean difference. Plotting the difference between the assays against treatment and time demonstrated a 
predictable pattern in the HET-IA cell line with difference being predicted by DCA concentration, 
UDCA concentration and time.
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We hypothesised that the predictable discrepancy reflected a loss of adherence in the cells after BA 

treatment resuhing in a greater loss of cells during the fixing and staining process for the nuclear 

count assay. Had the discrepancy only been due to the greater number of washing steps in the 

nuclear count assay, we hypothesised that the difference between the assays would have been a 

similar proportion of viable cells after all treatments.

To investigate this further we performed live cell imaging of the HET-IA and HCTl 16 cell lines 

exposed to 300p,M UDCA or DCA (Figure 3-4, Figure 3-5, and Figure 3-6). This demonstrated 

that DCA induced a rounded phenotype in the HET-1A cell line that was seen within after less than 

120 minutes of exposure. In the HCTl 16 cell line, no noticeable phenotypic changes occurred until 

8 to 12 hours after exposure to DCA. Apoptotic features did not occur in either cell line until hours 

after the development of this rounded phenotype. UDCA had no significant effect on cell 

morphology at up to 24 hours.
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SOOpM UDCA 300pM DCAUntreated

Figure 3-4: Live Cell Imaging of HET-1 A Cells during Exposure to 300nM DCA or 300nlVl UDCA 
demonstrated a rounded phenotype in the 300nlVl DCA treated cells beginning minutes after 
exposure. Cells were seeded at 7.5 X 10  ̂cells / well in a Nunc-96 well plate and left to adhere overnight. 
At tO the media replaced with media containing 300|iM DCA or 300nM UDCA. Time lapse live cell 
imaging was performed every 30 minutes for a 24 hours period using the IncuCyte live cell imaging 
system.
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U ntreated  300|jM UDCA 300|jM DCA

Figure 3-5: Live Cell Im aging of HET-1 A Cells D uring Exposure to 300nM DCA or 300nM  UDCA 
for 24 Hours. Cells were seeded at 7.5 X 10  ̂ cells / well in a Nunc-96 well plate and left to adhere 
overnight. At tO the media replaced with media containing 300|iM DCA or 300|iM UDCA. Time lapse 
live cell imaging was performed every 30 minutes for a 24 hours period using the IncuCyte live cell 
imaging system.
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Figure 3 -6 : Live Cell Imaging of HCT116 Cells D uring Exposure to 300nM DCA or 300nlM UDCA 
for 24 Hours. Cells were seeded at 7.5 X 10  ̂ cells / well in a Nunc-96 well plate and left to adhere 
overnight. At tO the media replaced with media containing 300|iM DCA or SOOuM UDCA. Time lapse 
live cell imaging was performed every 30 minutes for a 24 hours period using the IncuCyte live cell 
imaging system.
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3.4.2. DCA, but not UDCA, Induces a Loss of Adherence, Which is Modulated 

Distinctly from Apoptosis

3.4.2.1. DCA, but not UDCA Prevents Adhesion of HET-IA Cells to a Plastic 

Surface in a Dose Dependent Fashion

To investigate whether the BAs were indeed modulating adhesion in a dose dependant fashion, 

adhesion assays were performed on uncoated plastic surfaces. DCA prevented adhesion in a dose 

dependent fashion (ANOVA p < 0.001, Figure 3 -7A). UDCA in combination with DCA did not 

enhance or reduce the effect o f DCA on adhesion. In isolation, UDCA itself had no effect on 

adhesion at concentrations o f up to 600|xM, although low dose UDCA appeared to increase the 

adherence in a non significant marmer at lower concentrations. At a concentration of 37.5|xM 

UDCA, p = 0.08.
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A dherence of HET-1A Cells to an Uncoated Plate 
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Figure 3-7: DCA (A) but not UDCA (B) treatment reduces the adherence of HET-IA cells to 
uncoated plastic. In combined treatments 300(iM UDCA does not modulate the loss of adherence 
induced by 300nM DCA. Cells were non-enzymatically dissociated from growth flasks and seeded at 3 
X 10"* cells per well in medium containing BAs. Two hours later the media was aspirated, the wells 
washed three times gently with PBS. 2.5nM Calcein AM in fresh medium was added and one hour later, 
the fluorescence was read at ^ = 535nM. Mean and SEM for N=4. * denotes p < 0.05 and ** denotes p < 
0.01 when compared to the untreated control.
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3.4.2.2. DCA Induces a Detachment of Adherent HET-IA Cells but These Cells 

are Capable of Re-adhering.

Previous authors have suggested that the loss of adherence which occurs in the setting of BA 

exposure is a consequence of the activation o f apoptotic machinery and represents an irreversible 

process along the pathway to cell death. To determine whether this was the case in the DCA- 

induced loss of adherence, we investigated whether DCA could induce detachment o f attached cells 

and if so, whether cells which had lost adherence were capable o f surviving and re-adhering when 

the BA stimulation was removed.

As per previous experiments regarding viability in HET-IA cells treated with DCA, increasing 

concentrations of DCA induced greater amounts of cell death. Two hours exposure to lOOn-M, 

300nM and 500^iM of DCA reduced total viability to 101.5% (95% Cl 77.2% to 125.8%), 67.5% 

(95% Cl 50.5% to 84.5%, p < 0.01) and 41% (95% Cl 20.3% to 61.7%, p < 0.001) respectively 

(Figure 3-8A). DMSO induced no significant reduction in viability. O f the remaining viable cells, 

10.6% (95% Cl 0.5% to 20.8%) o f untreated and 15.0% (95% Cl 4.2% to 68.2%) o f DMSO-treated 

had been moved to the new well as a result of the experimental process. When treated with DCA 

this increased to 20.6% (95% Cl -3.7% to 45.0%), 33.9% (95% Cl -0.1% to 67.93%) and 43.9% 

(95% Cl 10.9% to 76.9%, p < 0.001 relative to untreated moved) for 100, 300 and 500|iM 

respectively (Figure 3-8B).

Imaging demonstrated that the majority o f cells that had detached had re-adhered to the well base 

during the 24 hours after treatment. A phenotype consistent with apoptotic cells was seen in both 

treated and untreated wells, and not solely in those cells which had been become detached (and 

subsequently re-adhered) after DCA treatment (Figure 3-8C).

These findings suggest that while DCA is inducing cell death in a dose dependent fashion, at least 

some of the detached cells are capable of surviving and re-adhering. The increasing percentage of 

viable cells present in the supernatant seeded well are concordant with the adherence data from 

previous experiments (Figure 3 -7A) but also suggests that while the magnitude of cell death 

increased in both the unmoved and moved cells with increasing concentrations o f DCA, some of 

these cells are capable o f surviving, re-adhering and proliferating again.
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Percentage of Viable HET-1A Cells In Original 
and Re-seeded Wells 

24 Hours After Two Hours Treatment with DCA
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Figure 3-8: DCA induces detachment of adherent HET-IA cells in a dose dependent fashion and a 
proportion of these detached cells can re-adhere. DCA induced a dose dependent reduction in cell 
viability (A). DCA also induced a dose-dependent detachment o f  cells from the uncoated plastic, and 
these cells were capable o f re-adherence and spreading after removal o f the DCA stimulus (A, B and C). 
Apoptotic cells were present in all wells (C, arrowheads). Cells were seeded at in 12-well plate and 
allowed to adhere overnight. After treatment for two hours with DCA or vehicle control the medium and 
detached cells were aspirated. Residual cells were washed twice and 1ml o f  fresh medium was placed in 
the wells. The originally aspirated medium was spun to pellet the cells. The treatment medium was 
aspirated and the pellet washed twice with fresh warm medium. The pellet was re-suspended in 1ml of 
medium and the cells placed in a clean well in the 12 well plate. After 24 hours, images were acquired 
and subsequently lOOuL o f 2.5mg/mL MTT added to each well. After two hours the medium was gently 
aspirated and formazan crystals dissolved in 200[iL DMSO. The absorbance at 570nM read using a plate 
reader. * and ** denote p < 0,01 and 0.001 respectively.

123



3.4.3. DCA Induces a Specific Loss of Adhesion to the ECM Proteins 

Vitronectin and Laminin in HET-IA Cells

We next investigated whether the reduction in adhesion was specific for any ECM protein. Using 

plates pre-coated with ECM proteins, we repeated the adhesion assay. The binding of untreated 

HET-IA cells to the ECM proteins was relatively homogeneous except for binding to vitronectin 

which demonstrated approximately 70% of the adhesion o f the other ECM proteins (p < 0.05). 

DMSO vehicle (0.2%) itself induced a significant reduction in adherence to fibronectin and a non

significant reduction to other ECM proteins (Figure 3-9A).

With DCA stimulation, a loss of adherence o f 23%, 20% and 9% (relative to DMSO control) was 

seen to collagen I, collage IV and fibronectin but these failed to reach significance. A reduction of 

14.3% to laminin (95% Cl of diff 27.2% to 1.4%, p < 0.05) and 88% to vitronectin (95% Cl o f diff 

122.3% to 53.6%, p < 0.001) was seen with 300p.M DCA (Figure 3-9B).

UDCA in isolation significantly increased adherence above that of DMSO control on fibronectin 

(22.7%, 95% Cl o f d iff  43.1% to 2.3%, p < 0.05) but this increase failed to reach significance on 

the other ECM proteins (greater adherence o f 11.6%, 23.3%>, 2.4% and 22.8% respectively). On 

vitronectin UDCA reduced the loss of adherence induced by DCA (p < 0.01) although on all other 

ECM proteins, the reduction in adherence was less in the UDCA and DCA co-treatment than in 

DCA alone.

These findings suggested that there was indeed a reduction in adherence which was not mediated 

solely through an induction of apoptotic machinery. Furthermore, these findings suggested that 

UDCA may be able to modulate the DCA-induced loss of adherence, at least on vitronectin.
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A Relative Adherance of Untreated and DMSO 
Treated HET-1ACells to Various ECM Proteins
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Figure 3 -9 : Adherence of H E T -IA  cells to the ECM  proteins vitronectin and lam inin is reduced by 
DCA treatm ent. Adherence o f HEX-1A cells to ECM proteins is equivocal except for a lower level o f 
adherence to vitronectin, and 0.2% DMSO results in a minor loss o f adherence to all ECM proteins but 
specifically to Fibronectin (A). Relative to DMSO, 300|^M DCA stimulation results in a reduction in 
adherence to vitronectin and 300|,iM UDCA increases adherence to fibronectin (B). UDCA reduced Cells 
were seeded at 3 X 10“' cells per well in medium containing BAs. Two hours later the media was 
aspirated, the wells washed gently three times with PBS. The remaining cells were stained with crystal 
violet for 5 minutes and then washed with PBS. The cells were dissolved and the absorbance from each 
well read at 540nM. Mean and SEM for N=3. * denotes p < 0.05. ** denotes p < 0.01 and *** denotes p 
< 0.001 when compared to DMSO control.
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3.4.4. Integrin ay, the Vitronectin Receptor is Present on HET-IA Cells and is 

Expressed on a Variety of Oesophageal Tissues

Binding of cells to ECM proteins is mediated through a variety o f trans-membrane proteins, the 

most important of which are the integrins. While the binding of integrin heterodimers to ECM 

proteins is promiscuous, the affinity o f specific integrins may be greater for some specific ECMs 

than others. ITGAV demonstrates significant affinity for vitronectin. As the greatest reduction in 

adhesion was seen on vitronectin, we next chose to investigate whether this protein (ITGAV) was 

expressed in HET-1A cells and in human oesophageal tissue.

Western Blotting for the 125kDa protein ITGAV demonstrated its presence in a variety o f cell lines 

representing the normal - BO - OAC sequence. The greatest level of expression was seen in the QH 

cell line representing BO (Figure 3-10).

Next, using immunofluorescent staining of endoscopically acquired samples of normal squamous 

epithelium, BO and OAC, we demonstrated that ITGAV is expressed in human tissue (N=6). 

SqCCa of the oesophagus was used as a positive control (N=2) for ITGAV as this cancer has 

demonstrated significant expression of this protein [316] (Figure 3-11). In the normal squamous 

epithelium, ITGAV is expressed on the cell membrane but with the greatest expression being seen 

in the basal layers of the epithelium. The expression of ITGAV in SqCCa was similarly located 

diffusely around the cell membrane. In BO ITGAV was predominantly expressed on the basal 

surface of the epithelial cells. In OAC ITGAV was often similarly polarised toward one side o f the 

cells.
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Figure 3-10: ITGAV is expressed in cell lines representing normal -  BO -  OAC sequence. The 
expression of ITGAV is greatest in QH Cells representing BO. Untreated cells were lysed in RIPA 
buffer and Western blotting performed using a mouse anti-human ITGAV antibody (BD Biosciences). A 
representative blot is shown (A). Densitometry was performed on the blots and the mean and SEM of 
N=3 is shown (B). * denotes p < 0.05.
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Com posite Brightfield ITGAV H oechst

Figure 3-11; Immunofluorescent staining demonstrates that ITGAV is expressed in oesophageal 
squamous epithelium, Barrett’s Oesophagus, oesophageal adenocarcinoma, and squamous cell 
carcinoma of the oesophagus. 4nM paraffin embedded tissue sections were de-paraffinized and 
rehydrated and antigen retrieval performed using a heat based sodium citrate technique. Staining was 
performed using mouse anti-human ITGAV (BD Biosciences) and a FITC labelled anti-mouse secondary. 
A non-specific mouse IgG was used as a negative control. Images were acquired using a Zeiss LCM 510 
confocal microscope. Squamous cell carcinoma o f the oesophagus was used as a positive control.
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3.4.5. DCA, but not Other BAs, Reversibly Modulates the Surface Expression 

of Integrin ay on HET-IA Cells

3.4.5.1. Stimulation with DCA, but not other BAs, Results in a Reduction in the 

Surface Expression of ITGAV on HET-IA Cells

We next investigated whether DCA was modulating the cell surface expression o f ITGAV. We first 

assessed whether DCA altered the surface expression o f ITGAV on HET-IA cells using 

immunofluorescent staining for ITGAV (SC-9969, P2W7 clone, Santa Cruz Biotechnology Inc, 

Santa Cruz, Ca, USA) and flow cytometry. DCA reduced surface expression in a dose dependent 

fashion after two hours exposure. 100, 300 and 500|iM DCA reduced the median surface 

expression of ITGAV by 2.8% (95% Cl of Diff: -11.72 to 17.25), 24.2% (95% Cl o f Diff; 9.753 to 

38.72) and 33.2% (95% Cl of Diff: 18.72 to 47.69) respectively (Figure 3-12). This corresponded 

to a differences between the ITGAV histograms of 2.2% (95% Cl of Diff: -7.509 to 11.87), 14.4% 

(95% Cl o f Diff: 4.551 to 23.93) and 24.6% (95% Cl o f Diff: 14.95 to 34.33) respectively. These 

findings were confirmed using a second antibody directed against a second epitope on the extra

cellular domain of ITGAV (17E6 clone, Merck, Whitehouse Station, NJ, USA, data not shown). 

This suggests that the reduction in ITGAV staining is a reduction in surface expression o f ITGAV 

rather than a conformational shape change of the integrin which could prevent the antibody binding 

to a specific epitope.

These findings were further confirmed using immunofluorescent staining and imaging. Cells were 

seeded and allowed to adhere to a 96-well plate and subsequently treated with BA or vehicle for 

two hours. After treatment, wells were either permeabilised (for measurement o f total cellular 

ITGAV expression) or left un-permeabilised (for measurement o f cell surface ITGAV expression) 

prior to staining. Images were acquired using GE InCell 1000 technology and analysis of ITGAV 

intensity performed using InCell analysis software. Similar to the data acquired using flow 

cytometry, 300|xM DCA, but not UDCA, reduced ITGAV expression in the un-permeabilised cells 

(Figure 3-13). The reduction in intensity was less than that seen in the flow cytometry experiments. 

One possibility for this is that cells which had detached due to a reduction in adhesion molecules 

may have been lost during the staining process. Consequently, there is likely to be an upward bias 

in the reduction in intensity seen in the InCell as compared to the flow cytometric quantification. 

Cells which had been permeabilised demonstrated approximately 40% greater intensity than un- 

permeabilised cells and BA treatment induced no alterations in mean cellular intensity.

We next investigated whether other BAs could induce a reduction in ITGAV. Cells were treated 

with 300|,iM of DCA, taurochenodeoxycholic acid (TCDCA) or UDCA. Exposure o f adherent cells 

to UDCA or TCDCA did not demonstrate a significant reduction in median ITGAV intensity as
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determined using flow cytometry (Figure 3-14). The respective reductions in median intensity 

were 43.0% (95% Cl: 21.5 to 64.6 %, p<0.05 relative to untreated), 3.8%> (95% Cl: -17.8% to 

25.3%, p = NS) and -0.3 (95% Cl: -21.9 to 21.2%, p = NS). The difference in ITGAV intensity 

histograms, compared to DMSO vehicle were 32.1% (95% Cl: 21.3% to 42.8%, p < 0.001), 3.3% 

(95% Cl: -7.4% to 14.1%, p = NS) and 1.9% (95% Cl: -8.9 to 12.6%, p = NS) for 300^M DCA, 

TCDCA and UDCA.

3.4.5.2. A Decrease in pH Does Not Affect the Surface Expression of ITGAV on 

HET-IA Cells Either Alone or in Conjunction with DCA

As the predominant exposure o f the oesophagus to BAs occurs in conjunction with acid, we next 

lowered the pH of the medium to 7 using HCl. HET-IA cells exposed to normal medium or 

medium at pH 7, with or without 300)j,M DCA. The lower pH had no effect on the surface 

expression of ITGAV either alone or in conjunction with 300|iM DCA (Figure 3 -15A).

3.4.5.3. The Apoptosis Inducer Staurosporine does not Reduce Surface Expression 

of ITGAV in HET-IA Cells

We next treated cells with IjiM STS for two hours in order to induce apoptosis. Apoptosis did not 

reduce the surface expression o f ITGAV (Figure 3-15B), adding fiirther strength to the hypothesis 

that detachment and apoptosis are discretely mediated entities.

3.4.5.4. The DCA Induced Reduction in Surface Expression of ITGAV in HET-IA 

Cells is not a Result of a Reduction in Total cellular Expression of the 

Integrin

Finally, to confirm high content analysis (InCell) data that that there was no reduction in total 

cellular expression of ITGAV in response to DCA (Figure 3-13), western blotting was used. 

Combined lysates of adherent and detached cells, after treatment with DCA, UDCA or the 

combination, demonstrated no difference in total ITGAV expression (Figure 3 -16A).

There was also no difference in total ITGAV expression between adherent and detached cells. This 

was despite a significant increase in the expression in cleaved PARP (suggesting apoptosis) in the 

DCA-treated detached cells and an increase in LC3-II (suggesting autophagy) in DCA-treated non

detached cells (Figure 3 -16B).
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Figure 3-12: DCA stimulation reduces the surface expression of ITGAV on HET-1 A cells in a dose 
dependent fashion. Cells were seeded at 2 x 10  ̂cells per well in a Nunc 6-well plate and left to adhere 
overnight. After treatment for two hours with DCA, the cells were mechanically detached from the well 
base using a cell scraper and placed in a flow cytometry tube and incubated. Cells were stained using 
1:100 ITGAV for 30 minutes at 4°C and then with a 1:500 FITC labeled anti-mouse secondary (Santa 
Cruz). Intensity readings were acquired using a Beckman Coulter Cyan Flow Cytometer. Mean and SEM 
of N = 3. * denotes p < 0.05, ** denotes p < 0.01 and *** denotes p < 0.001. Identical findings were 
found with the 17E6 clone anti-ITGAV antibody (Merck).
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Intensity of ITGAV on Permeaballsed 
and Unpermeaballsed HET-1ACelis
■ I  Perm eabalised CD Unpermeabalised

*

Treatment

Figure 3-13: ITGAV intensity in H E T -IA  cells is reduced in un-perm eabilised cells but not in 
perm eabilised cells after BA trea tm en t. Cells were seeded at 2 x lO"* cells per well and allowed to 
adhere overnight. The cells were treated with BAs for two hours and then fixed with 4% PFA. After 
fixation, the cells in half the treated wells were permeabilised using 0.1% PBST. The cells were then 
blocked with 5% BSA for 30 minutes and stained with 1:250 anti-ITGAV antibody (Santa-Cruz) for 1 
hour and the 1:500 FITC labelled anti-mouse secondary antibody. Images were acquired using GE InCell 
1000 and cell ITGAV intensity analysed using GE InCell analyser software. * and ** denote p < 0.05 
and 0.01 respectively.
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Figure 3-14: DCA, but not other hydrophobic and hydrophilic BAs, reduces the surface expression 
of ITGAV. Cells were seeded at 2 x 10  ̂cells per well in a Nunc 6-well plate and left to adhere overnight. 
After treatment for two hours with BAs, the cells were mechanically detached from the well base using a 
cell scraper and placed in a flow cytometry tube. Cells were stained using 1:100 mouse anti-human 
ITGAV (Santa-Cruz) for 30 minutes at 4°C and then with a 1:500 FITC labeled anti-mouse secondary. 
Intensity readings were acquired using a Beckman Coulter Cyan Flow Cytometer. Mean and SEM o f N = 
3. ** denotes p < 0.01, *** / $$$ denote p < 0.001. $$$ = relative to 0.1% DMSO.
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Figure 3-15: The effect of DCA and low pH  (A) and STS (B) on the surface expression of ITGAV in 
the H E T -IA  cell line. Cells were exposed to chemicals (STS, DCA, medium at pH 7 or DCA in medium 
at a pH o f 7) for two hours. Cells were subsequently detached and stained using a mouse anti-human 
ITGAV antibody (Santa Cruz). Intensity was measured using flow cytometry. Data represents mean and 
SEM o f N = 3. * denotes p < 0.05 relative to DMSO control.
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Figure 3-16: Bile acid treatm ent does not reduce total cellular expression of ITGAV. Cells treated 
with 300nM DCA, SOOuM UDCA or vehicle for two hours showed no difference in expression of 
ITGAV (A). ITGAV protein is not differentially expressed between the attached and detached cells (B) 
despite differential expression o f the apoptotic and autophagocytic proteins cleaved PARP and LC3. 
Representative examples o f three experiments are shown.

135



3.4.5.S. After Removal of the DCA Stimulus the Expression of Integrin ay Returns 

to Baseline Levels

Cells exposed to DCA, especially those which had detached, had demonstrated an increased 

expression of cleaved PARP, suggestive of increased levels of apoptosis (Figure 2-13 and Figure 

3-16B). However, at least some o f these cells were capable of re-adherence and survival (Figure 3 -  

8). These findings demonstrated that o f the detached cells, some were not undergoing apoptosis, 

suggesting that ITGAV expression was being modulated independently of apoptosis. Therefore we 

next investigated whether the surface expression o f ITGAV would return to baseline after removal 

of the DCA stimulus.

Cells were treated with 300|j,M DCA for two hours to induce a reduction in the surface expression 

of ITGAV. The media and detached cells were removed and the remaining attached cells were 

washed twice with fresh media in order to dilute out the DCA. The detached cells were spun at 

ISOOrpm for 5 minutes to pellet the cells. The DCA containing medium was aspirated and the cells 

washed twice fresh warmed media. The cells were re-suspended in fresh complete medium and 

replaced in the original well. After a variable recovery period the cells were mechanically detached, 

stained for ITGAV and expression determined using flow cytometry (Figure 3-17).

DCA stimulation of HET-1A cells resulted in a reduction in the surface expression o f ITGAV as 

previously demonstrated. After six hours recovery, there was an increase in surface expression of 

ITGAV above that of the DCA treated cells and by twelve hours, the surface expression had almost 

returned to baseline untreated levels.
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Change in Median ITGAV Intensity in HET-1A 
Cells After Withdrawl of DCA Stimulus

-  Q  100

Treatment

Figure 3-17: The surface expression of ITGAV on H E T -IA  cells re tu rns to baseline after rem oval
of the DCA stimulus. HET-1A cells were treated with 300nM DCA for two hours and then washed with 
fresh complete medium to remove the DCA. After a variable recovery period ( 2 - 1 2  hours), the cells 
were detached and stained with mouse anti-human ITGAV (Santa Cruz) and fluorescent intensity 
determined using flow cytometry. Results are mean and SEM o f N=3. * denotes p < 0.05 and ** denotes 
P < 0 .0 1 .
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3.4.6. DCA Induces a Reduction in the Surface Expression of the Alpha 

Integrins 4, 5 and V, but not 3 or 4, on HET-IA Cells Which is not 

Attenuated by UDCA

As DCA had almost exclusively prevented adherence to vitronectin and had been shown to 

modulate the surface expression if  ITGAV, we next investigated whether the effect was specific to 

ITGAV and whether any DCA-induced alterations in surface expression could be modulated by 

UDCA. H ET-IA  cells were treated for 2 hours with 300^M  DCA, UDCA or a combination o f  the 

two and stained using PE-labelled antibodies directed against integrins as, and ae and a

mouse anti ITGAV antibody (Santa Cruz) in combination with a FTIC labelled secondary antibody 

(Invitrogen) to stain for ITGAV. The median intensities o f  integrin and did not change 

significantly (7.0%, 95% Cl o f Diff: -11.33 to 25.31 and -8.6%, 95% Cl o f  Diff: -36.35 to 19.06). 

The median intensities o f  a$ and ae and were reduced by 29.3% (95% Cl o f  Diff: 16.3% to 

42.3%, p < 0.001 relative to DM SO vehicle control), 28.1% (95% Cl o f Diff: 18.7 to 37.4, p < 

0.001) and 32.6% (95% Cl o f  Diff: 18.5% to 46.6, p < 0.001). 300^M  UDCA had no effect on the 

surface expression o f  the integrins either in isolation or in conjunction with DCA (Figure 3-18, 

Figure 3-19, and Figure 3-20).

There was no significant difference between the reductions in surface expression o f  as and and 

ttv. Despite a similar reduction in these three integrins, it is only ITGAV that has a specific affinity 

for the ECM vitronectin. However, integrin as exhibits specificity for other RGD containing ECM 

proteins and aa exhibits a specificity for laminin [283, 286]. Adhesion to the ECM  protein laminin 

had been slightly, and significantly, reduced after DCA treatment as demonstrated in Figure 3-9.
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Figure 3 -1 8 : The surface expression o f Integrins 0 5 , and ay , but not 0 3  or 0 4 , is reduced by 
treatm ent with D C A . U DCA has no effect on surface expression in isolation or in com bination with  
DCA. H E T -IA  cells were treated with 300^M  DCA, 300)iM UDCA or a com bination o f  the two. The 
cells were detached and fluorescently stained for the relative a  integrins. Intensity was determ ined using 
flow cytometry. A representative set o f  histograms from 3 experim ents is shown.
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Figure 3-19: The changes in median fluorescent intensity in integrins Oj, 0 4 , 0 5 , and â , and Oy after 
treatment with 300nM  D C A , U D C A  or a combination of the two. Mean and SEM for N = 6 . * denotes 
p < 0.05. * *  denotes p < 0.01 and * * *  / $$$ denotes p < 0.001. $$$ demonstrates significance when 
compared to DM SO control.
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Figure 3-20: Difference between intensity histograms o f integrins â , 0 4 , â , and and Oy after 
treatment with SOOfiM DCA, UDCA or a combination o f the two. Mean and SEM for N=6 . * denotes 
p < 0.05. **  denotes p < 0.01 and * **  / $$$ denotes p < 0.001. $$$ demonstrates significance when 
compared to DMSO control.
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3.4.7. ITGAV Co-localises with Rab5 and R ab ll Positive Vesicles.

A reduction in the surface expression o f ITGAV without a reduction in the total levels o f ITGAV 

suggested that the integrin was being internalised. Endocytotic recycling o f integrins is a well 

documented phenomenon. Endocytic recycling of integrin as, ae and ITGAV has been 

demonstrated to occur through the long endosomal recycling loop. Therefore, to investigate 

whether internalisation and recycling accounted for the reduction in surface expression, we next 

attempted co-staining of ITGAV with Rab5 and R ab ll (Figure 3-21). In HET-IA cells, ITGAV 

co-localized with both Rab5 (an early endosomal marker) and Rabl 1 (a late endosomal marker in 

the long recycling loop) suggesting that it is undergoing endocytic recycling.

3.4.8. DCA Treatment Impairs Endosomal Processing as Determined by Rab5 

and R ab ll Morphology

We next investigated the effect of DCA stimulation on endosomal function. Alterations in the 

morphology of Rab5 and R ab ll positive vesicles have been shown to correlate with endosomal 

maturation. Changes in mean vesicle size can be associated with hyper-activation or dysfunction of 

endosomal trafficking [323-324], As demonstrated by Rink et al, endosomal processing has been 

identified as a dynamic process involving fusion of numerous small endosomes into larger 

vesicular structures which migrate towards the cell centre. Interestingly fusion of vesicles is only 

transiently associated with an increase in Rab intensity. Excess Rab appears to dissociate from the 

vesicular structure to maintain a steady surface density of this GTPase [323]. During this process 

Rab GTPases dissociate from the vesicles and are replaced by other Rab GTPases. Different Rabs 

are associated with different stages o f the endocytic recycling pathways. For example, Rab5 is 

associated with early endosomes, Rab 11 with late endosomes and Rab7 with endosomes targeted 

for lysosomal degradation.

After serum starvation for one hour and subsequent treatment o f HET-IA cells with DMSO or 

DCA immunofluorescent staining for Rab5 and Rabl 1 was performed. High content analysis using 

InCell Technology demonstrated findings consistent with DCA impairing endosomal processing 

(Figure 3-22). DMSO treatment reduced the number of Rab vesicles and increased the mean 

vesicular size. These findings could be consistent with the reactivation o f endocytosis after serum 

starvation with fusion of endocytosed vesicles into larger structures [323-324]. Conversely, DCA 

treatment increased the number o f Rab5 and R ab ll positive vesicles but reduced the mean 

vesicular size relative to DMSO. The increase in the number of R ab ll positive vesicles 

corresponded with an increase in the total vesicular area, despite a reduction in mean vesicular size, 

perhaps suggesting a genuine increase in the number o f late endocytotic vesicles. For Rab5, there
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was an increase in the number o f vesicles but with a reduction in the vesicular size and no 

alteration in total vesicular area. These findings suggest that after DCA treatment endosomes are 

failing to fuse into larger endosomes.

Surprisingly, despite the alterations in vesicular size and number, the mean vesicular intensity 

remained constant consistent with the work published by Rink et al (see above) [323], As 

impairment of Rab function would have prevented dissociation of Rabs from the vesicular surface, 

this finding might suggest that impaired endosomal functioning seen with DCA is not a 

consequence of either reduced cellular GTP or direct Rab GTPase impairment
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R a b l l

R a b l l

Figure 3-21: ITCAV co-localises with RabS and R a b ll in untreated ceils in the HET-IA cell line.
HET-IA cells were seeded at a density of 3X10'* cells per well in a chamber slide coated with poly-L- 
lysine to prevent cell detachment. Cells were fixed with 4% PFA and stained with ITGAV (BD 
Biosciences) and either RabS (Santa Cruz) or R ab ll (Zymed Laboratories) antibodies. Images were 
acquired using a Zeiss 510 confocal microscope. Images are representative o f  three experiments. (A) 
Separated channels and composite image and (B) higher power composite image o f  (A). White arrows 
demonstrate co-localisation o f Rab and ITGAV.
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Figure 3-22: DCA treatment results morphological changes in RabS and R a b ll positive vesicles 
consistent with a dysfunction in endocytic recycling. Cells were treated with 300nM DCA or 0.1% 
DMSO. At the relative time-point cells were fixed with 4% PFA and co-stained with ITGAV and either 
anti-Rab5 or anti-Rabl 1 antibody. Data shown (A) is mean and SEM o f N=3. * denotes p < 0.05 and *** 
denotes p < 0.001. A representative set o f Rab staining images acquired during high content analysis are 
shown (B).
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3.4.9. DCA Reduces the Expression of ITGAV in Oesophageal Tissue Explants 

Exposed to DCA

In order to determine whether our in vitro experiments would translate to the in vivo setting, we 

used tissue explants to investigate whether DCA induced a reduction in the expression of ITGAV. 

Biopsy samples exposed to DCA for two hours were fixed and paraffin embedded. Images were 

acquired using a Zeiss 510 confocal microscope and the mean fluorescent intensity in the green 

channel determined using the Zeiss software. Analysis demonstrated a reduction in the mean 

intensity o f ITGAV staining after 500^M DCA treatment although this failed to reach statistical 

significance (p=0.056, Figure 3-23).

3.4.10.ITGAV is Upregulated in Peri-Ulcerated Regions of Rat Oesophagus 

which have Undergone Oesophago-jejunostomies

To ftjrther investigate the effects o f BAs in the in-vivo setting we next stained the oesophagi of rats 

which had been exposed to high levels o f oesophageal refluxate. Previously in this department, a 

rat model was established in order to attempt to generate an animal model o f BA reflux in order to 

generate BO [322]. Oesophago-jejunostomies were established and although no BO was generated, 

severe hyperkeratinisation and ulceration was seen in the surgery group. Rats which had not been 

surgically altered were used as a control group.

In healthy non-surgically ahered oesophagus the expression o f ITGAV was higher in the proximal 

oesophagus than in the distal. This may represent a higher level o f BA exposure in the distal 

oesophagus, although this remains hypothetical.

Within the surgically altered group, the expression of ITGAV was increased in the peri-ulcerated 

areas but not increased in hyper-keratinised areas (Figure 3-24). This might suggest increased 

expression of ITGAV in response to a wound, although again this remains speculation.
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Untreated 300nM DCA 500^M DCA

Mean Intensity of ITGAV Fluorescence 
In Explanted Oesophageal Tissue Exposed to DCA

U ntreated 300^M DCA SOO^M DCA

Treatment and Cone.

Figure 3-23: DCA stimulation of oesophageal tissue explants results in a reduction in the mean 
intensity of immunofluorescent ITGAV staining. Tissue explants were exposed to DCA for two hours, 
fixed and embedded. 4^M thick slices were cut, deparaffinised, and stained with primary anti-ITGAV 
antibody and subsequently alexafluor 488 secondary antibody. Images were acquired using a Zeiss 510 
confocal microscope. Images are representative of five samples. Data represents mean and SEM of N=5. 
Intensity measurements represent the mean of the median intensities of ITGAV immunofluorescence.
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H y p e rl.e ra tin iz e d P e r i-U k e r

Mean Fluorescent Intensity 
in the Upper and Lower Oesophagus 
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Figure 3-24: The intensity of ITGAV staining is higher in the upper oesophagus of anatomically 
unaltered rats than the lower oesophagus (A), however expression on ITGAV is higher in the peri- 
ulcerated area of the oesophagus relative to normal (B). Paraffin embedded oesophagus from rats with 
unaltered anatomy and oesophago-jejunostomies was stained for ITGAV. Eight unaltered rats and eight 
surgically altered rats oesophagus survived the staining process and was available for imaging. Images 
were acquired using a Zeiss 510 confocal microscope. Intensity measurements represent the mean 
intensities o f ITGAV immunofluorescence. * and ** denote p < 0.05 and < 0.01 respectively.
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3.4.1 l.In the QH Cell Line Cell Death Occurs Without Inducing a Loss of 

Adhesion and Surface Expression of ITGAV is Unaffected by DCA 

Treatment.

DCA exposure had induced a loss o f  adhesion and reduction in the surface expression o f integrins 

in HET-1 A cells and squamous oesophageal epithelium. W e hypothesised that in-vivo, this could 

not only promote a loss o f adhesion, but also a reduction in integrin mediated pro-survival 

signalling in normal oesophageal tissue. This could increase the risk o f erosive oesophagitis and 

ulceration and therefore the risk o f  re-epithelialisation with Barrett’s epithelium. Consequently, we 

hypothesised that BO would be more resistant to detachment and the alterations in the surface 

expression o f  integrins.

To investigate this, we repeated the detachment assay, flow cytometric assessment o f  surface 

expression o f  ITGAV and immune-blotting for total ITGAV protein expression in the QH cell line 

representing BO.

The viability o f  QH cells was reduced in a dose dependent fashion after two hours exposure to 

DCA, similar to that seen in the H ET-IA  cell line (Figure 3-8). However, in the QH cell line, 

either no cells detached, or, cells which did detach were not capable o f re-attachment and survival 

(Figure 3-25).

Sim ilar to the HET-1 A cell line, DCA treatment did not induce a change in the total expression of 

ITGAV protein. However, in the QH cell line flow cytometric assessment o f  the surface expression 

o f  ITGAV demonstrated that 300iiM DCA did not alter surface expression o f ITGAV (Figure 3 -  

26).
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Percentage of Viable QH Cells 
in Original and Re-seeded Well 24 Hours 

After 2 Hours Treatment with DCA
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QH Cells were seeded at 2x10^ cells per well in 12-well plates and allowed to adhere overnight. The cells 
were treated for two hours with DCA or vehicle control. After treatment the medium was aspirated and 
the wells washed twice with the medium. The well was washed twice with fresh medium and 1ml o f fresh 
medium was placed in the wells. The supernatant and cells were spun at 1 SOOrpm for 4 minutes to pellet 
the cells. The treatment medium was aspirated and the pellet washed twice with fresh warm medium. The 
pellet was re-suspended in 1ml o f medium and the cells replaced in a clean well in the 12-well plate. 
After 24 hours, images were acquired and lOOuL of 2.5mg/mL MTT added to each well. After two hours 
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3.5. Discussion

The hypothesis researched in this chapter was that DCA was inducing a loss of adhesion o f HET- 

lA  cells. This premise was derived from viability experiments presented in Chapter 2 (Section 

2.4.3) and Appendix 1. In these experiments viability as determined by a nuclear count assay was 

consistently lower than viability as assessed by an MTT assay. As the experimental method for 

nuclear counting involved a greater number of wash steps than the experimental method for the 

MTT assay, we hypothesised that adhesive strength in HET-IA cells may be reduced by DCA 

treatment. Re-analysis of the nuclear count and MTT assays demonstrated that that the discrepancy 

between the two assays was proportional to BA concentration at any given time-point. This 

difference was predictable and could be modelled using multiple linear regression techniques (See 

Section 3.4.1 and Appendix 2).

Consistent with the hypothesis, live cell imaging demonstrated that cells were “rounding up” after 

exposure to DCA. This rounded phenotype was identified hours prior to the identification of an 

apoptotic phenotype (membrane blebbing, nuclear fragmentation, etc). UDCA had little visible 

effect on cellular morphology. Strengthening the hypothesis that this phenotype was related to 

detacliment, an adhesion assay demonstrated that DCA, but not UDCA, reduced adhesion to 

uncoated plastic in a dose dependent fashion after only two hours exposure (Figure 3-7). However, 

attachment and detachment are differently modulated processes. Therefore, we further 

demonstrated that DCA could induce detachment o f adherent HET-1A cells (Figure 3-8).

However, these experiments did not exclude apoptosis as the sole cause of impaired adhesion. 

Certainly, these processes are closely linked. Apoptosis can result in cell detachment and prolonged 

detachment o f cells has been shown to induce apoptosis in a phenomenon called anoikis [325]. 

However, prior to the irreversible activation of apoptosis in detached cells, autophagy has been 

shown to be upregulated, and this is postulated to be in an attempt to promote cell survival until 

attachment is re-established [300].

In our experiments DCA treatment of HET-1 A cells activated different cell death pathways 

depending on whether the cells remained attached or had detached from the well base. LC3-II was 

increased in DCA treated cells which were still attached to the well base, while significant levels of 

cleaved PARP were only identified in DCA treated cells which had detached (Figure 3-16). 

Although theoretically LC3-II levels should have been greater in the detached cells, it may be that 

the any increase in LC3-II upregulation in the detached (but not apoptotic) cells is overwhelmed by 

cells which have undergone apoptosis prior to detachment in response to DCA. However, despite 

the large increase in levels of cleaved PARP in the detached DCA-treated HET-1 A cells, at least
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som e o f  these cells were capable o f  re-adhering and growing. Although increasing doses o f  DCA  

reduced viability, higher concentrations o f  DCA were also associated with a greater proportion o f  

surviving cells having detached and re-adhered (Figure 3 -8 ). These findings suggested that DCA  

treatment was inducing two processes in a dose dependent fashion: cell death and a reversible cell 

detachment.

Strengthening our hypothesis that that detachment and apoptosis in response to D C A  are discreetly  

regulated entities in H E T -IA  cells was the selective loss o f  adhesion to ECM proteins and the 

selective reduction in the surface expression o f  ITGAV, integrin as and a6. Although integrin-ECM  

interactions are poorly selective, certain integrins demonstrate higher affinity for certain ECM  

proteins [284-285]. In particular, ITGAV is relatively selective for the ECM protein vitronectin 

[285-286]. Consistent with the reduction in adhesion to vitronectin, the surface expression o f  

ITGAV was reduced in a dose dependent fashion in response to D C A  (Figure 3 -9  and Figure 3 -  

12). That a second antibody directed against a second epitope o f  the ITGAV protein (17E6, Merck) 

demonstrated a similar reduction in median fluorescent intensity after D C A  exposure demonstrated 

that this was a reduction in surface expression rather than a conformational shape change reducing 

the affinity o f  ITGAV for vitronectin [287-288]. The finding that the surface expression o f  ITGAV  

returned to baseline levels after withdrawal o f  the DCA stimulus strengthened the experimental 

finding that re-adherence o f  detached cells could occur after removal o f  DCA.

A  small but significant reduction was also seen to the ECM protein laminin and consistent with this 

was a reduction in the surface expression o f  integrin ag, a laminin receptor [285-286]. It is likely  

that the reduction in adhesion to laminin was less than to vitronectin after D C A  treatment because 

adhesion to laminin is mediated through a greater number o f  integrin heterodimers than the relative 

specificity o f  ITGAV for vitronectin [283, 286]. Indeed, integrin as, an integrin which did not 

demonstrate a reduction in surface expression in response to DCA, also binds to laminin.

Research suggests that in some cell lines ITGAV, integrin as and a& undergo endocytic recycling  

via the PNRC, w hile integrin and tt4 do not [326], ITGAV has been shown to be recycled  

through both and fast endocytic loops [327-331]. Therefore, w e next investigated whether 

endocytosis was involved in the DCA-induced reduction in surface expression o f  integrins in the 

H E T -IA  cell line. ITGAV co-localised  with Rab5 and R a b ll positive vesicles suggesting that the 

protein was undergoing endocytic recycling. After serum starvation, a greater number o f  smaller 

Rab5 and Rabl 1 positive vesicles were seen with DCA stimulation than with DM SO  vehicle  

control. In the DM SO  treated cells the number o f  Rab vesicles decreased and the vesicular size  

increased consistent with an upregulation o f  endocytosis after serum free medium was replaced 

with com plete medium containing DM SO [323], Although indirect evidence, these findings 

suggest that endosomal processing is being impaired by D C A  treatment. However, as mean
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vesicular intensity remains constant, this suggests that impaired processing is not as a result o f  Rab 

dysfunction or an reduction in GTP energy [323].

W hile not investigated in this research, it is also possible that alterations in cell membrane 

cholesterol could be influencing endocytototic recycling. BAs are known to incorporate themselves 

into the phospholipid bi-layer o f  the cell membrane resulting in cholesterol depletion, increased 

membrane fluidity and alterations in cell signalling [114-115, 332]. However, cholesterol depletion 

inhibits vesicular internalisation during endocytosis, without inhibiting extem alisation [333], and 

impairs Rab GTPase dependent endocytic recycling [334]. Therefore, this mechanism would be 

expected to increase the expression o f  surface receptors rather than reducing them.

Finally, in this research we dem onstrated that vitronectin is expressed throughout the normal-BO- 

OAC sequence. In BO and OAC ITGAV demonstrated polarisation toward the basal region o f the 

cells consistent with its function o f  binding to the basement membrane. In squamous epithelium 

and SqCCa ITGAV was located diffusely around the cell membrane although there appeared to be 

greater expression in the basal layers. The published literature has contradictory findings regarding 

the expression o f  this integrin in normal oesophageal epithelium [314, 316], although the 

expression o f ITGAV on SqCCa has not been challenged [316]. W hile integrins predominantly 

mediate cell-ECM  adhesion, they also have a role in intercellular adhesion both indirectly [335] 

and directly [336], In the epiderm is the role o f  integrin a2 and a j in cell-cell adhesion has been 

particularly well demonstrated [336-339]. Potentially ITGAV could have a direct role in cell-cell 

adhesion in the oesophagus, a structure sharing a similar embryological origin to skin. This may 

explain the diffuse localisation o f ITGAV seen in squamous epithelium.

The expression o f vitronectin in the oesophagus was not investigated in this research, nor is it 

published in the literature. The low level o f specificity o f integrins for ECM and the identification 

that DCA modulated a num ber o f  integrins made the documentation o f  specific ECM proteins 

unnecessary in this hypothesis.

Ln order to validate the in-vitro findings we used a rat model and human oesophageal explants in 

conjunction with immunofluorescent staining for ITGAV. The fluorescent intensity o f  ITGAV was 

slightly higher in the upper than in the lower oesophagus o f  rats with unaltered gastro-intestinal 

anatomy. If  our findings are valid, this may reflect a greater exposure o f the lower oesophagus to 

BAs, which reduces the surface expression o f  ITGAV. We next used a rat model in which 

oesophago-jejunostomies had been performed to investigate the expression o f  ITGAV in epithelial 

cells exposed to high levels o f  BAs. In this model, designed to induce a BO equivalent, only 

ulcerations and hyperkeratinisation occurred [322]. An increase, rather than a decrease, in the 

expression o f ITGAV was identified in these areas. W hile this was contradictory to our in-vitro 

findings, it could reflect a healing response in which integrin expression is upregulated in order to
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allow cell migration into a wound. Upregulation of ITGAV has been demonstrated in response to 

wounds in skin and brain tissue [340-341], We therefore used a tissue explant model to further 

investigate our hypothesis. Explanted healthy oesophageal tissue demonstrated a non-significant 

dose dependent reduction in the median fluorescent intensity o f ITGAV after two hours treatment 

with DCA (Figure 3-23). This suggested that our in-vitro findings have an in-vivo correlation.

Further adding to the hypothesis that integrin modulation by BAs may have a role in the genesis of 

erosive oesophagitis and BO is the higher expression o f ITGAV in BO and the failure of DCA to 

reduce expression of ITGAV in the QH cell line. BO is thought to represent an adaptive 

mechanism to protect the oesophagus from oesophageal refluxate. It is more resistant to the 

inflammatory effects of BAs. That DCA failed to induce detachment o f QH cells from uncoated 

plastic and failed to decrease surface expression of ITGAV despite inducing apoptosis, adds fiirther 

evidence that BO is more resistant to the detrimental effects o f BAs in refluxate.

Finally, while the statistical model o f detachment had suggested that UDCA had a role in inducing 

loss o f adhesion, UDCA failed to induce a significant reduction in the expression of any of the 

studied integrins. Furthermore, although UDCA co-treatment reduced the DCA-induced loss of 

adhesion to the ECM vitronectin (Figure 3-9), it failed to modulate the reduction in surface 

expression of ITGAV (Figure 3-19). Therefore these findings remain unexplained. They may be 

modulated through upregulation of expression of adhesion molecules which were not studied in 

this research.

The modulation of cell surface integrin expression by BAs, but not acid, is a novel finding. Cell 

attachment to ECM is necessary for survival [298, 301, 325]. The binding o f integrins to ligand 

stimulates pro-survival signalling [278, 342]. Without adherence, cells undergo apoptosis [298, 

342]. Therefore, a reduction in surface expression o f integrins is likely to reduce activation of pro

survival signalling as well as reducing the adhesive force of cells in the oesophagus.

Compounding this potential reduction in mechanical strength and pro-survival signalling is the 

potential for a reduction in integrin expression to perpetuate the direct toxicity caused by GORD. 

Dilated intercellular spaces (DIS) have been identified in patients with GORD after acid or BA 

exposure [112-113, 343]. The presence o f DIS between epithelial cells after exposure of the 

oesophagus to DGOR is hypothesised to allow refluxate to penetrate deeper into the mucosa. When 

this occurs, baso-lateral membranes which are less resistant to become exposed, NaVH"" pumps 

are overwhelmed and inflammatory cellular toxicity and genetic damage occurs. Even if  the NaVH^ 

pumps are successful in protecting cells, rebound alkalinisation can lead to cellular hyper

proliferation [11]. Greater penetration of acid and BAs into the oesophageal epithelium may also 

allow access to the basal layer stem cells, enhancing the risk o f mutagenic change in these cells. As 

discussed in Chapter 1 and Chapter 2, some authors suggests that mutagenic changes in basal stem
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cells are the origin o f  Barrett’s cells. Furthermore, integrin expression has a role in stem cell 

differentiation [344].
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3.6. Conclusion

The aims o f this chapter were:

• To characterise the effect o f BAs (with particular focus on DC A) on the adherence of 

HET-1A oesophageal cells to ECM components,

• To investigate whether any BA-mediated loss of adhesion was due to alterations in the 

expression or function of a broad range of adhesion molecules or was specific to a certain 

subset,

• To investigate whether any BA-mediated loss of adhesion was occurring as a result of 

apoptosis, or whether it was occurring through a specific mechanism independent of cell 

death, and,

• To investigate the potential validity of this hypothesis in-vivo.

The identification that DCA mediates a loss of adhesion o f HET-1 A cells, in a fashion that appears 

to be regulated discreetly from apoptosis, is an unreported phenomenon. Integrins play a crucial 

role in cell survival by maintaining adherence and through “outside-in” signalling. A reduction in 

the surface expression o f integrins is therefore likely to have an effect on epithelial cell survival in 

the setting o f GORD.

The identification of ITGAV in normal oesophageal tissue and throughout the normal-BO -OAC 

sequence is also a novel scientific finding. That explanted oesophageal tissue demonstrated a 

reduction in ITGAV expression suggests that the in vitro work is likely to have an in vivo 

correlation. The finding that ITGAV was modulated in HET-IA cells but not in QH cells suggests 

that the Barrett’s cell line is resistant to this effect. This, and the greater expression of ITGAV in 

BO cells suggest another mechanism by which BO could demonstrate a greater resistance to the 

inflammatory and erosive effects of longstanding GORD.

However, the finding that UDCA did not modulate the DCA-induced reduction in surface 

expression of integrins or modulate the loss of adhesion suggests that it is unlikely to have a 

protective role in this setting.

These findings suggest that integrin modulation may have a role in the propagation o f erosive 

oesophagitis and in the genesis o f BO. This could potentially be targeted as a therapeutic strategy 

to treat GORD and reduce the risk of BO.
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Chapter 4.

4. UDCA Induces a Discrete Gene Signature Which Has 

Limited Concordance With DCA or Dex
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4.1. Introduction

4.1.1. Nuclear Steroid Receptors

The NSRs comprise a diverse family of receptors including the GR, mineralocorticoid, androgen, 

progesterone (PR) and oestrogen receptors (ER) along with the vitamin D and the “orphan steroid” 

receptors including the retinoic acid receptor (RXR) and other N Rl receptors (Famesoid X 

receptor (FXR), PXR, LXR, PPAR, etc). NSRs exert their function in the presence of hormones 

(and other ligands) and are partially responsible for growth, development, homeostasis and 

metabolism o f an organism.

The majority of inactive forms of the NSRs are located in the cellular cytoplasm as monomeric 

molecules associated with receptor-associated chaperone proteins. The ER and PR are exceptions 

to this rule as they are predominantly located in the nucleus at all times [345]. Chaperones for the 

cytosolic receptors comprise a diffuse group including heat shock proteins (e.g. Hsp90, Hsp70 and 

Hsp40), co-chaperones (Hip, Hop), and immunophilins (FKJBP59, CYP40). They maintain the 

cytoplasmic NSR in an inactive confoniiation, but are also required for proper protein folding 

allowing a stable conformational complex competent to bind NSR ligands [346-347]. Ligand 

binding results in dissociation of chaperone proteins, unmasking the nuclear transport signal and 

dimerisation of NSRs. All are necessary for interaction of the receptor with DNA.

Classically NSRs were solely regarded as ligand dependent transcription factors, exerting their 

effects exclusively through direct DNA interaction, the “slow genomic” effects. The classical slow 

genomic effect depends on diffusion of the ligand through the cellular membrane, binding of a 

ligand to a cytosolic NSR, and translocation of the complex to DNA in the nucleus [348]. In the 

slow genomic pathways, binding o f the receptor to DNA can either activate transcriptional 

machinery (/ra/75-activation) or prevent the binding of other transcription factors to the DNA 

preventing transcription (direct ?ra«5-repression). Furthermore direct interaction o f the GR with 

other transcription factors (AP-1 or NF-kB) in the nucleus inhibits the transcription induced by 

these entities (indirect ?ra«5-repression). Thus gene transcription may either be up or down- 

regulated by NSR activation [348].

However, it has also been demonstrated that NSR hormone ligands themselves may exert effects 

through rapid non-genomic pathways such as transmembrane receptors and secondary signalling 

pathways. Natural steroids such as the oestrogens or hydrocortisone have been shown to activate 

specific trans-membrane receptors by induction of a conformational shape changes or receptor 

dimerisation [348]. Other molecules, classically regarded as NSR ligands, can exert rapid effects
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through incorporation into cellular membranes (phospholipids bi-layers) resulting in increased 

membrane fluidity.

4.1.2. The Glucocorticoid Receptor

Similar to other NSRs, the GR has a conserved DNA binding domain (DBD) and ligand binding 

domain (LBD). The N-terminal domain is called “activation function-1” and contains components 

that are responsible for activation o f target genes. It is this area that is thought to interact with the 

components of the basal transcription machinery and other transcription factors. The central part of 

the receptor constitutes the DBD and the nuclear localization signal. The C-terminal portion o f the 

receptor includes the LBD and the sequences necessary for Hsp90 binding, nuclear translocation 

and receptor dimerisation. The very COOH terminal portion o f the receptor, “activation function- 

2”, serves as a molecular switch that recruits co-activator proteins and activates the transcription of 

target genes when flipped into the active conformation by hormone binding [349],

Two predominant subtypes of the GR (a and P) are coded for by alternate splicing of the GR gene 

[350-351]. The two forms differ by a length o f 50 amino acids at the C terminal end and by 

differing in their last 12 amino acids. GRp lacks the ligand binding domain formed by the C 

terminal end of the protein. It is constitutively present in the nucleus and is thought to be a 

dominant negative transcription factor, antagonizing the effects of GRa. Pujols et al demonstrated 

that the dominant translational pathway appears to be for GRa with both RNA and protein levels of 

GR a  being up to 300-400 fold higher than GR p. However, the relative expression of these two 

molecules varies greatly among cell type [352]. Relative expression of the subtypes influences the 

effects produced by GR activation. Fruchter et al demonstrated that at ratios of 1:1 and 1:10 (GR a 

: GR P), GRp impairs activity of GRa in a dose dependent fashion [353]. Consistent with these 

findings, over-expression o f GRp has been demonstrated in steroid resistant phenotypes of disease 

(asthma and ulcerative colitis) [352].

In addition to the transcriptional variation specific to different isoforms, current research suggests 

that the precise genomic effects of GRs are modulated in a fashion dependent on the particular 

ligand with which the receptor interacts. Furthermore, the effects resulting from a particular ligand 

receptor interaction may be cell type specific as a consequence o f alternative initiator sites for NSR 

genes existing in different cell types [354-355]. For instance, the GR is involved in induction or 

prevention of apoptosis depending on cell type. Diametrically opposing effects such as this are 

thought to be due to differing expression patterns o f co-modulators for NSR that are tissue specific, 

affecting the promotion or inhibition o f apoptosis-related genes in different ways in different 

tissues [356].
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NSR activation may also occur in the absence o f  a direct ligand. For example, The GR is 

promiscuous with regards the number o f  interactions that may cause translocation or activation. 

Aside from direct agonists, ligand-independent activation o f  GR may occur as a result of, or be 

influenced by, cell cycle [357-358], tyrosine phosphorylation including the p38-M APK pathway 

[359-360], heat or chemical stress [361], phosphatase treatment [362-363], immunophilin ligands 

[364] or depletion o f ATP [365],

However, the GR also exerts influence through activation or inhibition o f other transcription 

factors: ?ra«5-activation and ?ra«5-repression respectively (Figure 4—1) [236, 348]. Possible 

mechanisms for direct genetic /ra«5-repression include binding to or recruiting nuclear receptor co

repressors, direct repression o f co-activator complexes and effects on RNA polymerase II 

phosphorylation [350]. However, it is felt that a significant proportion o f ?ra«5-repression is 

influenced indirectly through interference with transcription factors such as AP-1 and N F-kB, 

which are potent mediators o f  inflammatory genes [236].

As a result o f  the variety o f isoforms expressed, the number o f ligands which can bind the GR, the 

multiple mechanisms o f  GR activation, the wide variety o f  cells in which the GR is expressed and 

the different initiator sites for the GR, predicting the likely gene expression profile o f  the GR is 

difficult. It has been estimated that the GR directly influences approximately one hundred genes 

directly including both a generally modulated group o f genes as well as a cell specific genes. 

Consequently, it is impossible to predict the response at a translational or proteomic level to the GR 

in the majority o f cell types [350, 354, 366-367].
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Figure 4 -1 : M echanism s through which the GR exerts genom ic effects. A) Direct ?ra«5-activation 
resulting in gene transcription, B) direct fra«5-repression inhibiting the tm scriptional ability o f  other 
transcription factors and C) indirect ?ra«.9-repression o f  other transcription factors (e.g. AP-1 and N F-kB).

4.1.3. Expression and Physiology of the GR in Human Tissues

Quantitative RNA Polymerase Chain Reaction (PCR) has demonstrated the presence of the GR 

diffusely throughout the body [368]. This expression profile reflects the physiological dysfunction 

encountered in conditions of glucocorticoid deficiency or excess. In clinical usage, it is felt that the 

profound immunosuppressive properties of the GR are unlikely to be exerted through the direct 

interaction of the GR with a small number of anti-inflammatory genes [351], Rather, the 

immunosuppressive effects are thought to be medicated through GR ?ra«5-repression. Conversely, 

the majority of the “unwanted” (adverse) effects of GCs are thought to be mediated through GR 

/ra«5-activation.

Within the intestine limited investigation has been performed into the presence and effects of the 

GR. Two studies suggest that within the GI tract, GR expression varies significantly [368-369]. 

Lien et al used immunohistochemistry to evaluate the expression of GRa in intestinal cells.



Glandular epithelia such as gastric or colorectal epithelium did not demonstrate GR expression. 

Only low levels o f expression were seen in the small intestinal and bile duct epithelium. However, 

strong expression was seen in hepatocytes and in pancreatic islet cells. Similarly, strong expression 

was seen in squamous epithelium of the oesophagus. Real Time-PCR (RT-PCR) confirmed that 

GRa alpha was the predominant form o f the receptor in intestinal cells.

GCs are used extensively in clinical practice, predominantly for their profound immunosuppressive 

properties. GCs suppresses inflammation through effects on both the local tissue and inflammatory 

cells. However, their frequent use is associated with a multitude of side effects which manifest 

throughout the body. GC pathology may also result from an endogenous deficiency (Addison’s 

disease) or excess (Cushing’s disease) of GCs. These diseases manifest as a diffuse physiological 

phenotype mediated through GC action on numerous organ systems and metabolic functions.

4.1.4, Inflammation in the Oesophagus

Chronic inflammation is a risk factor for carcinogenesis within the gastrointestinal tract [370-372] 

as well as for the propagation of tumours [373]. GORD, and DGOR in particular, has been shown 

to upregulate inflammatory modulators in the oesophagus (For a comprehensive overview see 

section 1.4.4). BAs have been shown to upregulate ROS and RNS through induction of 

mitochondrial damage as well as through the release o f arachadonic acid from the cell membrane 

[66, 86]. The potential production of ROS via the release of arachadonic acid may be further 

compounded by the ability of BAs to upregulate COX-2 expression [131]. Mutations in the p53 

gene, which have been identified in one third of BO cases and over ninety percent o f OAC, 

frequently occur as a result of oxidative damage suggesting that ROS are a likely carcinogen in 

OAC [122-123].

At the transcriptional level, the pro-inflammatory mediators NF-kB and lL-8 have been 

demonstrated to be upregulated by BAs in the OE33 cell line [85, 133]. Once BO is established, the 

expression o f pro-inflammatory mediators such as NF-kB, lL-6, IL-8 and COX-2 becomes 

constitutive [133-136]. A more comprehensive review of inflammation in the oesophagus is 

presented in Chapter 1.

As the transcriptional effects of NF-kB can be modulated by the GR, it is possible that activation of 

the GR in the oesophagus could be used to modulate GORD induced inflammation in this tissue.

165



4.1.5. UDCA and the Glucocorticoid Receptor

BAs have recently been shown to be primary ligands for the orphan nuclear receptors PXR, LXR 

and FXR suggesting a hormonal fiinction. Through interaction with these receptors, they can affect 

the production and metabolism of BAs and influence cholesterol metabolism [64], Interestingly, 

these receptors are activated by BAs at the micromolar level. This is a thousand-fold higher 

concentration than that needed for natural ligands to physiologically activate the classic steroid 

receptors GR, ER, PR, etc. However, this micromolar concentration reflects the physiological 

concentration of BAs seen in the intestine (and occasionally elsewhere) [62-63]. Yet in order to 

activate these receptors, BAs must be able to enter a cell; unconjugated BAs can do so without a 

membrane transporter but conjugated BAs need membranous BA transporters which have only 

been shown to be present on ileal enterocytes or hepatocytes within the intestinal tract [63]. As 

such, the location of these transporters further reflects the homeostatic functions o f the receptors.

UDCA in particular has been shown to modulate a variety of NSR activities. This secondary BA 

can activate PXR to upregulate CYP3A4 and while it neither binds nor activates FXR, it can inhibit 

receptor activation by more hydrophobic BA species [64, 374-375].

In the absence of specific GR ligands UDCA can interact with the GR and induce nuclear 

localization. Similar to Dex, the UDCA-GR interaction promotes dissociation o f hsp90 from the 

GR which induces translocation [167]. It appears however that UDCA neither specifically binds to 

the LBD of the GR nor interferes with the specific interaction between Dex and the GR. Through 

sequential and progressive deletion of the C-terminal region o f GR, which contains the receptor’s 

LBD, it has been shown that at a point where UDCA still maintains its properties, Dex can no 

longer induce hsp90/GR dissociation, GR translocation or gene regulation [167, 169].

UDCA transforms the GR into a DNA binding species that binds to glucocorticoid response 

elements but the resultant effects are poorly characterized. Despite the ability of UDCA to induce 

translocation of the GR in a fashion similar to GCs, the gene expression profiles o f the two ligand- 

receptor complexes differ greatly [169]. For example, the ;ra«5-activational potential of the GR 

may only be stimulated to induce expression of genes by Dex and not by UDCA [167, 171]. Where 

similarities exist, UDCA appears to be much less efficacious than Dex: UDCA only significantly 

promotes nuclear translocation of the GR in the absence o f Dex, this only occurs at fold 

concentrations of UDCA over Dex, nuclear translocation is much slower with UDCA and the 

?ra«5-activational potential o f UDCA activated GR is much lower than that of Dex [167, 169, 171- 

172].

Supporting this theory is work undertaken by Miura et al. In their paper, they studied the 

interaction of the GR with DNA (after treatment with either Dex or UDCA) by studying the nuclear 

localization of TIF2, a co-activator for NSR that results in upregulation of DNA transcription.
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Exposure to Dex resulted in co-localization o f the GR with TIF2 in discreet foci within the nucleus. 

UDCA induced GR translocation but resulted in a diffuse nuclear pattern of the GR; one which did 

not overlap with the TIF2 foci. The two different distribution patterns within the nuclei suggest that 

UDCA-GR complex associates with different protein structures than the Dex-GR complex. If this 

is true, then it is unlikely that the UDCA-GR complex will have the same activation profile as the 

dex-GR complex [167, 169],

However, there are also direct interactions between the Dex-GR complex and other transcription 

factors which can inhibit the genetic effects of these molecules. r7-a«5-repressive effects o f the GR 

are largely considered to be due to protein-protein interactions between GR and other inducible 

transcription factors (e.g., AP-1 and NF-KB) rather than direct genomic effects [169, 172-173]. It 

has been shown that UDCA suppresses NF-kB-dependent transcription and the subsequent 

cytokine expression through direct interaction of the GR and NF-kB; in particular, via interaction 

with the p65 subunit [169-170].

While the precise mechanisms of the interaction between UDCA and the GR have not been 

satisfactorily elucidated, it presents a possible explanation for the anti-inflammatory properties of 

UDCA.
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4.2. Aims

The anti-inflammatory effects exhibited by UDCA appear to resuh from two different processes. 

One is through modulation of pro-inflammatory signalling mechanisms that are upregulated by cell 

stress such as that caused by BAs. Experiments on hepatic and colonic cell lines have shown that 

UDCA can modulate many of the signalling pathways that BAs are known to upregulate in the 

oesophagus. For example, DCA has been shown to increase the expression of COX-2 in colonic 

cell lines through the ras/MAPK-p38 dependent pathway. UDCA inhibits this [117, 165],

The second potential anti-inflammatory mechanism of UDCA is activation of the GR. UDCA has 

been shown to inhibit NF-kB and AP-1 DNA binding and the upregulation of NF-kB dependent 

genes in colonic cell lines [166]. The ability o f UDCA to induce indirect GR ?ra«5-repression may 

explain this. However, the UDCA-GR interaction appears to enhance the /ra;w-repressive attributes 

of the GR without resulting in significant /ra/j5-activation [116, 167, 169-171]. Both cell line and 

animal models have demonstrated that the UDCA-GR interaction can inhibit apoptosis and 

suppress pro-inflammatory signalling such as IFN-y induced HLA-DRA gene expression and NF- 

kB function, although not as effectively as GCs [167, 172]. Yet UDCA does not induce trans- 

activation [376]. This suggests that UDCA could be a GR activator with the ability to discriminate 

between /ra«5-activation and /ran^-repression

Thus, the aims o f this chapter were to:

• Investigate the expression o f the GR in oesophageal tissues to determine whether this 

receptor could be used as a selective modulator o f inflammation in the oesophagus.

• To investigate whether UDCA could be used to modulate GR translocation, trans- 

activation and ?ra/25-repression in oesophageal cell lines expressing the GR.

• To investigate similarities between the mRNA expression profiles induced by UDCA and 

Dex using microarray technology. As discussed above, expression profiles vary 

dramatically between cells lines and may be affected through not only direct interaction of 

the GR with DNA, but also through interaction with other transcription factors.

• To investigate similarities or dissimilarities between UDCA and DCA with regard to 

regulation o f gene expression. While UDCA is a hydrophilic BA with a distinctly different 

inflammatory profile from DCA, it remains a BA with proven toxicity. Thus it seemed 

rational to investigate whether similarities existed between the two molecules with regards 

gene modulation.
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4.3. Methods

4.3.1. Cell Lines and Culture

The HET-1A[240], QH,[320] SKGT-4,[377] OE33,[378] HCT116,[241] and HUH-7[242-243] cell 

lines were used for these experiments. These lines represent normal squamous epithelium of the 

oesophagus, non-dysplastic BO, OAC, OAC, colonic adenocarcinoma and human hepatoma cells 

respectively. The origin of these cells and the rationale for their use is explained in Section 9.1.1. 

The media used and the cuhure methodology have previously been explained (Sections 2.3.1 and 

3.3.1).

4.3.2. Analysis of Glucocorticoid Receptor Expression by Western Blotting in 

Oesophageal Cells

4.3.2.1. Background

GR expression varies greatly throughout the human body. In order to investigate the potential use 

o f UDCA in modulating inflammation via the GR in the oesophagus, it was first necessary to 

investigate whether this transcription factor was expressed in the cell lines to be studied. The HUH- 

7 cell line was used as a positive control [379].

4.3.2.2. Experimental Method

Cells were grown to 80-90% confluence in T25 cell culture flasks. Cells were lysed in RIPA buffer 

containing 2% SDS, with protease inhibitors, for 30 minutes on ice. A high concentration o f SDS 

was used to ensure adequate lysis o f the nuclear membrane. The lysate was aspirated and placed in 

a centrifuge tube prior to being sonicated briefly to ensure complete disruption of the lysate. 

Protein concentration was quantified using Pierce BCA kit (Thermo Fischer Scientific, Waltham, 

MA, USA). Lysates were loaded at approximately 20ug of protein per lane and run through a 10% 

SDS-PAGE gel. Subsequently the protein was transferred to PVDF membrane using a semi-dry 

transfer technique. After transfer, the membrane was blocked for 1 hour in 5% Marvel in TBST. 

The membrane was washed three times for 5 minutes with 0.1% TBST and then incubated with 

mouse anti-GR antibody (1:2000, BD Biosciences, Franklin Lakes, NJ, USA) in 5% marvel 

overnight at 4°C. The membrane was washed three times for 5 minutes in TBST and incubated 

with anti-mouse HRP-linked antibody (1:2000) for one hour at RT. Chemiluminescence was
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performed with 4-IBPA. After development the membrane was stripped using Sodium Hydroxide 

and re-probed for p-actin as a loading control (See Appendix 4 for full methodology).

4.3.3. Analysis of Glucocorticoid Receptor mRNA Expression in Oesophageal 

Cells by RT-PCR

4.3.3.1. Background

Two predominant isoforms of GR exist: a  and p. GRp is considered a dominant negative form of 

the GR and high levels o f expression can impair the function of GRa. Thus it was necessary to 

determine the relative expression of GRa and GRp in cells to be studied.

Taqman PCR probes were used to identify the relative expression of GR mRNA in the cell lines 

studied. These probes consist of a fluorophore attached to the 5’-end o f the oligonucleotide probe 

and a quencher at the 3’-end. The quencher molecule quenches the fluorescence emitted by the 

fluorophore. While the fluorophore and quencher are in close proximity, the fluorescence of the 

fluorophore in inhibited. These probes are designed to anneal to a specific DNA region (the target 

gene) amplified by a specific set of primers. However, as Taq polymerase extends the primer, 

synthesising the complementary strand, the 5' to 3' exonuclease activity of the polymerase degrades 

the annealed probe. This releases the fluorophore from the TaqMan probe, separating it from the 

quencher, allowing the fluorophore to fluoresce. Therefore, the fluorescence detected in the real

time PCR thermal cycler is directly proportional to the fluorophore released, and the amount o f 

DNA template present in the PCR. As a result of the 5’ to 3’ direction of Taq DNA polymerase, the 

Taqman probes are often biases toward the 5’ end o f the cDNA strand.

4.3.3.2. Experimental Method

Cells were grown to 80 -  90% confluence in 6 well plates. mRNA was isolated using the Quiagen 

RNeasy Plus Mini Kit (Qiagen, Hilden, Germany). mRNA concentration was quantified using the 

NanoDrop 8000 (Thermo Scientific, Wilmington, DE, USA) and then equalization was performed 

by dilution with RNase-free water. Complementary DNA (cDNA) was generated using the 

Retroscript Kit (Applied Biosystems/Ambion, Austin, TX, USA). 4.5|iL o f cDNA was added to 

5|iL of TaqMan Mastermix (Applied Biosystems, Carlsbad, CA, USA) and 0.5|.iL o f primer. A 

PCR primer for total GR expression (Hs00353740_ml, Applied Biosystems, Carlsbad, CA, USA) 

and a primer specific to GRp (Applied Biosystems, Carlsbad, CA, USA) were used for this 

experiment. Real-time PCR was performed using the Applied Biosystems 7900HT Fast Real-Time
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PCR System  (Applied Biosystem s, Carlsbad, CA, U SA ). GAPDH was used as the housekeeping  

gene in order to determine AACT values. A  full protocol is provided in Appendix 4.

4.3.4. Immunohistochemical Staining of GR in Paraffin Embedded 

Oesophageal Biopsies.

4.3.4.1. Background

To validate the expression o f  the GR in cell lines, D A B (3,3'-Diam inobenzidine) 

immunohistochemical staining o f  paraffin embedded biopsy samples was used. D A B is a derivative 

o f  benzidine which is oxidized by H 2O 2 in the presence o f  haem oglobin to give a dark brown 

colour. This can be visualized using light microscopy. However, unlike immunofluorescent 

staining, D A B does not follow  the Beer-Lambert law meaning that the intensity o f  the stain does 

not predictably correlate with the with the amount o f  protein present in the tissue.

4.3.4.2. Experimental Method

Paraffin embedded tissue o f  samples representing normal squamous epithelium, BO, OAC and 

SqCCa o f  the oesophagus was kindly provided by the department o f  pathology, St Jam es’s 

Hospital, Dublin 8, under ethics pem iission granted by the St Jam es’s Ethics Committee. 4p,M 

thick sections were cut from the blocks. Deparaffinisation and dewaxing was performed by 

sequential passage o f  the sections through xylene (5 minutes X  2), 100% ethanol (5 minutes X  2), 

70% ethanol (5 minutes X 2), and distilled water (5 minutes X  2). Antigen retrieval was then 

performed by incubation in sodium citrate at pH 6 for ten minutes in a low-pressure pressure 

cooker. The slides were allowed to cool to RT in fresh sodium citrate and then transferred to 0.1%  

PBST.

B locking and staining were performed using the Vectastain ABC elite kit and the avidin biotin 

blocking kit. Briefly, endogenous peroxidise was quenched for 30 min in 0.3% H 2O2 . and washed  

tw ice in 0.1% PBST for 5 minutes. The sections were incubated with avidin for 15 minutes and 

biotin for 15 minutes. The slides were blocked for 30 min with diluted horse serum in a humidity 

chamber. Excess serum was removed by blotting the slide on a piece o f  tissue paper. Sections were 

incubated for 60 min with m ouse anti-GR antibody (1:250, B D  B iosciences, Franklin Lakes, NJ, 

U SA ) in a humidity chamber and then washed tw ice with 0.1% PBST for 5 minutes. Sections were 

incubated with diluted biotinylated secondary antibody solution for another 30 minutes in a 

humidity chamber, and again washed tw ice with 0.1% PBST for 5 minutes. Slides were then 

incubated with the VECTASTAIN® Elite ABC reagent for 30 min and washed tw ice with 0.1%  

PBST for 5 minutes. Sections were incubated in a DA B peroxidase substrate solution, until the
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desired stain intensity developed. The slides were then rinsed in tap water, counterstained with 

haematoxylin and coverslips mounted using the Fluoromount aqueous mounting medium (Sigma, 

St. Louis, MO, USA). Images were acquired at 20X magnification using the Scan-Scope Digital 

Imager (Aperio, Vista, CA, USA). Individual staining is demonstrated in Figure 4-2.

For scoring o f GR expression in oesophageal epithelium, an IHC scale was used. This is based on 

IHC scores used by pathology labs to quantify immunohistochemical staining of tissue sections 

[380-381], The percentage of cells expressing GR was classified on a scale from 0 - 4  where 0 

represents 0% of cells expressing the protein, 1 represents occasional cells, 2 represents 10%, 3 

represents 10-50% and 4 represents >50%. The average intensity o f staining was classified as 0 (no 

stain) -  3 (strong). Multiplication o f the two factors resulted in an overall score o f 0 -  12 for each 

section (Figure 4—5).
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Figure 4 -2 ; Optim ization o f  im m unohistochem ical staining for the GR in oesophageal tissue.
SqCCa o f the oesophagus was used as a positive control. Staining of sequential sections of the paraffin 
block demonstrates staining with Haematoxylin only, non specific staining with Dab Only (no primary 
antibody) and the Mouse IgG isotype control, and specific staining o f the tissue with complete staining.
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4.3.5. Nuclear Translocation of the Glucocorticoid Receptor

4.3.5.I. Background

Nuclear translocation o f the GR is necessary for this transcription factor to exert its genomic 

effects. While UDCA has been shown to induce nuclear translocation o f the GR in a mechanism 

distinct from GCs, it was necessary to determine whether UDCA could induce GR translocation in 

the cell lines to be studied. Furthermore, it was necessary to determine the concentrations o f UDCA 

which could translocate the GR and the time-course o f any translocation.

To establish a model of translocation, we first optimised a high content analysis method using PFA 

fixed HET-IA, QH and SKGT-4 cells which had been treated with Dex for 2 hours. Cells were 

immunofluorescently stained for the GR and the nucleus (Figure 4—3). Images were acquired using 

the InCell Analyzer 1000 (GE Healthcare, Wauwatosa, WI, USA). Analysis was performed by 

determining nuclear and cytoplasmic intensity o f the GR stain using InCell Analysis software. To 

establish the validity o f our model and its ability to determine differences in the 

NucleariCytoplasmic (N:C) ratio we calculated the z-factor for each o f these optimization 

experiments.

In high-content analysis, it is necessary to establish whether the quality of an assay is sufficient to 

differentiate genuine results from variance in the system. One method of assessing this is the z- 

factor. It is calculated as follows,

where op is the SD of the positive control (lOOnM Dex), on is the SD o f the negative control 

(untreated cells), up is the mean o f the positive control and |o,n is the mean of the negative control.

suggest an excellent assay. Values o f 0 to 0.5 are o f marginal use and less than 0 suggests that the

optimization assay, the z-factors for HET-IA cells, QH cells and SKGT-4 cells were 0.91, 0.55 and 

0.42 respectively. This suggested that the assay was capable o f being used for high content 

analysis.

4.3.5.2. Experimental Method

Cells were seeded into 96 well plates at concentrations appropriate to the cell line and allowed to 

adhere. 24 hours later, media was replaced with serum free RPMI for the SKGT-4 cell line and 

with BEBM medium containing 1% FBS without supplements for the HET-IA and QH cell lines.

Z-factors cannot exceed the value o f 1. A value o f 1 suggests an ideal assay. Between 0.5 and 1.0

overlap between the positive and negative controls is too great for the assay to be useful. In our
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After overnight serum starvation the cells were treated with various concentrations of UDCA or 

DCA in serum free medium. At the appropriate time-points cells were fixed in 4% PFA for 15 

minutes at 37°C. The PFA was then aspirated and the cells washed in PBS. The cells were then 

permeabilised using 0.1% triton in PBS for 5 minutes. After this, blocking was performed with 3% 

BSA (Sigma, St. Louis, MO, USA) in PBS for 30 minutes at RT. The BSA was aspirated and the 

cells incubated with mouse anti-GR antibody (1:1000, BD Biosciences, Franklin Lakes, NJ, USA) 

in PBS for one hour at RT. The cells were washed three times with PBS and incubated with goat 

anti-mouse Alexa Fluor 488 (Invitrogen, Carlsbad, CA, USA) for one hour. The cells were washed 

three times and incubated with Hoechst 33258 (Invitrogen, Carlsbad, CA, USA) and TRITC- 

phalloidin (Sigma, St. Louis, MO, USA) for 15 minutes at RT. The cells were washed three times 

with 200p.L PBS, finally leaving 200|iL PBS in each well. Image acquisition was performed using 

the InCell Analyzer 1000 and analysis performed using InCell Analysis software (GE Healthcare, 

Wauwatosa, WI, USA).
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Figure 4-3: Optimization of a high content assay for nuclear translocation of the CR demonstrates 
that Dex (a positive control) induces translocation of the GR to the Nucleus. A) Graph 
Demonstrating the alterations in nuclear and cytoplasmic GR intensity and nuclearxytoplasmic ratios in 
response to Dex stimulation. *** denotes P < 0.001. B) Images acquired using the GE InCell 1000. 
Hoechst; Blue. GR; Green, Phalloidin; Red.
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4.3.6. GR 7>fln5-activation Assay

4.3.6.1. Background

7ra«5-activation by the GR is a marker that the GR has not only been translocated to the nucleus 

but also suggests that the receptor has dimerised and is capable o f binding to DNA and activating 

transcriptional machinery. To investigate this, the Cignal GRE Reporter Kit (SA Biosciences 

Corporation, Frederick, MD, USA) was used. A firefly luciferase reporter gene under the control of 

a minimal CMV promoter and tandem repeats of the glucocorticoid transcriptional response 

element (GRE) is transfected into cultured cells. Binding of the GR to the GRE results in activation 

o f transcriptional machinery and transcription o f the luciferase construct. A constitutively 

expressed Renilla luciferase acts as internal control for normalizing transfection efficiencies.

4.3.6.2. Experimental Method

HET-IA and SKGT-4 cells were transiently transfected with a mixture of the inducible 

glucocorticoid responsive firefly luciferase reporter and constitutively expressing renilla constmct 

(40:1). A reverse transfection procedure was optimized using Fugene HD (Roche, Schweiz, 

Germany) as a transfection reagent at a ratio of 4:1 (Fugene HD: DNA). DNA and fugene HD were 

diluted in OptiMem (Invitrogen, Carlsbad, CA, USA) and this mixture was added to 96-well plates 

to give lOOng DNA per well. 1.5 x 10'' cells in 200)liI o f medium was added to this mixture. After 

24 h the media was changed to fresh media. 24 hours later, the cells were treated with UDCA, 

DCA or Dexamethasone for 16 h. After 16 h the cells were lysed using 50|il of passive lysis buffer 

(Promega Corporation, Madison, USA) and incubated at RT for 15 min. The lysates were then 

assayed for firefly and renilla luciferase activity (Promega Dual-Luciferase Reporter Assay System, 

Promega Corporation, Madison, USA) using a Victor Perkin Elmer luminometer.
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4.3.7. Microarray Data Experiment and Analysis.

4.3.7.I. Background

Two predominant classes of gene expression microarray exist: complementary DNA (cDNA) 

arrays and oligonucleotide arrays. Microarrays represent a tool for comparative (cDNA) or 

quantitative (oligonucleotide) analysis of gene expression profiles. Oligonucleotide arrays comprise 

probes of 20-25mers, which in the case of Affymetrix technology, are synthesised in situ by 

photolithography onto silicon wafers. Although these probesets are much shorter than those in 

spotted cDNA arrays, the greater number of probesets in oligonucleotide arrays allows sufficient 

reproducibility to enable accurate comparison o f expression levels between experiments. This 

provides a data set which can be used to investigate gene expression profiles induced by numerous 

treatments and at numerous time-points.

In oligonucleotide array experiments, mRNA is first extracted from experimental cells. After 

assessment and confirmation o f RNA quality, the mRNA is amplified by PCR and labelled with 

biotin, which will subsequently allow the attachment of a fluorescent marker. The RNA is then 

cleaved into shorter segments. The labelled and cleaved RNA is then washed over the chip for 14 

to 16 hours to allow hybridization, the binding o f RNA to its complementary DNA probe. The 

chips are washed to remove excess RNA which has not bound to a probe, the biotin conjugated 

RNA labelled with a fluorescent marker (usually streptavidin phycoerythrin (PE) conjugate) and 

the fluorescent intensity each probe set is measured.

The probe sets on Affymetrix Genechip microarrays are designed to hybridize within the 3' end o f a 

transcript. This is because during the preparation of amplified RNA, cDNA or complementary 

RNA, the generation of these oligonucleotide strands is preformed from the 3’ to the 5’ end o f the 

string. This means that the expression o f genes which are only partially amplified, transcribed, or 

reverse transcribed, will be less likely to be biased downward by virtue of the preparatory steps. 

For housekeeping genes, additional probe sets are included in the array that that specifically 

hybridize in the 5' region and middle portion o f the genes transcript. This is in order to allow better 

data normalisation across the genechips. This also allows the ratio o f signal intensities from the 3' 

probe set to be compared with those from the 5' probe set to calculate the 3V5' ratio. This ratio is 

used to assess the integrity of the input RNA and the efficiency o f first strand cDNA synthesis 

and/or amplification by in vitro transcription.

The Affymetrix Genechip Human Genome U133A Plus 2.0 was used for these experiments. This 

oligonucleotide microarray is comprised of 1.3million unique oligonucleotide sequences which 

represent approximately 47,000 gene transcripts and variants derived from GenBank, dbEST and 

RefSeq and refined through comparison with other database sets. Eleven pairs of oligonucleotide
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probes are used to measure the transcription of each sequence represented and this reflects 

approximately 39,000 human genes.

4.3.7.2, Experimental Method

For the micro-array experiment, HET-IA, OE33 and HCT116 cells were grown to 80-90% 

confluence in T25 cell culture flasks. This ensured that all cell lines were in a proliferative stage of 

growth. The cells were washed twice with fresh medium with no supplements and then treated with 

0.06% DMSO (vehicle control), 200).iM UDCA, lOOnM Dex (containing 0.06% DMSO) or 200|xM 

DCA and incubated at 37°C for 12 hours. After treatment the medium was removed and RNA 

isolated using a RNeasy Plus Minikit (Quiagen, Germantown, MD, USA).

For quality control, RNA concentration was determined using the Nanodrop 8000 (NanoDrop 

products, Wilmington, DE, USA). Integrity was assessed RNA Nano Chip Assay and the Agilent 

Bioanalyser (Agilent Technologies, Santa Clara, CA, USA). The RNA Integrity Number (RIN) 

provides a numeric determination of the quality of the RNA in a sample based on ribosomal RNA 

integrity. Samples are classified with a number from 1 to 10. A RIN of 1 represents almost 

completely degraded RNA while a RIN of 10 suggests almost perfectly intact RNA. This allows 

direct comparison of the quality of numerous samples for analysis (See Appendix 3).

Twenty-four Affymetrix U133A Plus 2.0 genechips were used in this experiment. Technical 

duplicates were processed for each o f the treatments (DMSO, UDCA, DCA or Dex) in each of the 

cell lines (HET-IA, OE33 and HCT116). Microarray processing was performed by the Core 

facility in the Conway Institute, University College Dublin, Dublin 4.

43.7.3. Analysis

Microarray datasets provide large gene lists. In the case of the U133 Plus 2.0 array, 47,000 

transcript probes code for 37,000 thousand genes. Refining these lists for data mining and 

comparative analysis is necessary. Quality control and basic data analysis was performed using 

GeneSpring GX 11.5 (Agilent Technologies, Santa Clara, CA, USA).

Prior to comparisons, refining o f data sets was required. Three factors were considered when 

refining our data sets:

• The fluorescence of a probe set (reflecting whether a gene was expressed or not), and 

whether a gene was expressed at a high or low level,

• the magnitude of change in gene expression (fold change) induced by treatment relative to 

the control group (vehicle control), and,
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• reproducibility of the measurement (statistical measure of the fold change difference 

relative to DMSO vehicle as determined by t-tests or ANOVA).

To determine whether a gene was expressed, and at what level o f expression, the intensity o f the 

signal was evaluated. In general, intensity levels ranged from 4 to 30,000 across the array sets. A 

minimum cut-off intensity level of 100 in two of the four samples being analysed was used to 

remove mRNA that was not considered to be expressed. Specifying that a intensity level o f 100 

was only required in one of the two sample pairs enhanced the probability that genes with low 

expression profiles with significant increases, or genes with significant expression that were greatly 

downregulated, would not be excluded from the analysis. This cut-off was chosen by repeated 

preliminary analysis of the data. Genes with low levels of expression are more susceptible to 

intrinsic variation which can result in large fold changes and significance during further analysis. 

This can result in false positive changes and statistical changes where the gene is in fact either not 

expressed or the absolute magnitude o f this change is minor. At the chosen threshold o f 100, 

approximately 35% of genes were excluded from each dataset.

We next used a minimum fold change o f 1.5 from DMSO vehicle control to further refine the data 

sets to genes which were modulated by treatment. This cut-off was chosen for two reasons. Firstly, 

it represents a lower level of real fold change that is genuinely detectable using RT-PCR [382-383], 

Secondly, in the cells stimulated by Dex or UDCA, the magnitude o f the fold changes observed 

was minor compared to that seen with DCA. Few of the probe-sets demonstrated a greater than 

two-fold difference from DMSO after treatment (Figure 8-3, p273). Therefore, in order to identify 

genes whose expression was altered by stimulation with UDCA or Dex treatment, the minimum 

fold change to be studied was chosen as 1.5. Statistical analysis (described below) was used to 

reduce the number of false positives generated by this technique.

Finally, the reproducibility of the measurement was investigated using statistical analysis (t-tests). 

In our experiment, using technical replicates, this analysis represented an analysis of the 

reproducibility of the array technology rather than an analysis of the change induced by treatment. 

This experimental methodology was chosen as a result of our experience during pilot experiments 

using RT-PCR to investigate the effects of DCA and UDCA treatment on the HET-IA cell line. 

While similar effects were seen between experiments, statistical significance was frequently lost. 

This was because the high sensitivity of RT-PCR in determining changes in gene expression led to 

large variance between experimental replicates.

Using t-tests (comparing treated replicates with DMSO vehicle control replicates), multiple 

significance levels (a = 0.05, 0.01 and 0.005) were used to investigate the validity o f the genes 

identified during expression level and fold change analysis of the micro-array data. A cut-off o f a  < 

0.01 was initially chosen. This was felt to be appropriate to reduce the number o f false positives
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generated by a less stringent cut-off (a < 0.05), and to reduce the false negatives excluded by too 

stringent a cut-off (a < 0.005). This cut-off subsequently had to be lowered to < 0.05 because it was 

found to exclude all genes in some cell lines and in some experiments. False discovery rate 

correction was not used for two reasons. Firstly, because of the relatively few genes which 

demonstrated altered expression in the UDCA and Dex groups after the first two filtering step, 

especially in the OE33 and HCTl 16 cell lines. Secondly, the limited numbers of replicates used in 

this experiment (N=2) meant that only genes which were likely to be significantly altered in both 

replicates would be identified by the t-tests, thus reducing the false positive rate.

To determine whether particular genes were similarly or differently regulated by treatments, two 

analysis methods were used; direct comparisons of genes similarly up- and down-regulated by 

specific stimulation and clustering analysis. Direct comparisons of gene lists were performed using 

Venn diagrams to elucidate subgroups of genes similarly or dissimilarly modulated by different 

treatments.

Clustering was performed using an unsupervised technique: hierarchical Euclidian clustering 

methods based on average fold changes. This technique clusters genes into similarly regulated 

patterns of genes or patterns of treatments allowing an easily interpreted visual aid for data mining. 

Simultaneous clustering of both genes and treatment or cell line was performed to investigate 

similarities.

Ingenuity Pathway Analysis (IPA, Redwood City, CA, USA) was used to find associations between 

genes modulated by UDCA and Dex which were associated with the GR in the literature. IPA is a 

software package which allows identification o f relationships between chemicals, proteins, genes, 

and cellular processes by searching through a repository o f information which has been extracted 

from the currently published literature.

4.3.7.4. Array Validation

From these analyses, gene lists were constructed and genes chosen for validation. Validation was 

performed using RT-PCR technology. HET-IA cells were grown to 80 -  90 % confluence, were 

washed with serum free medium, and treated with 0.06% DMSO (vehicle control), 200^M UDCA, 

lOOnM Dex (containing 0.06% DMSO) or 200|xM DCA and incubated at 37°C for 12 hours.

After treatment, RNA was isolated using the Qiagen RNeasy Plus Mini Kit (Quiagen, 

Germantown, MD, USA). Normalisation, cDNA generation, and RT-PCR was performed as 

described above (Section 0) using the following Taqman primers (provided by Applied 

Biosystems):

• CTTN Hs00193322_ml

• STAM2 Hs00195241_ml
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• CITED2

• CRIMl

• PRKDC

• SERPINEl

• v-SKI

• PHACTR3

• BIRC3

• N0TCH2

• GR(NR3C1)

• IL-8

• ACTB

• ATF3

• CXCL14

• DDIT3

• GDF15

• TRIB3

Hs01897804_sl

Hs00212750_ml

Hs00179161_ml

Hs01126606_ml

Hs00161707_ml

Hs00294903_ml

Hs00154109_ml

Hs00225747_ml

Hs00353740_ml

Hs00174103_ml

Hs99999903_ml

Hs00231069_ml

Hs01557413_ml

Hs01090850_ml

Hs00171132_ml

Hs01082394 ml

GAPDH (Hs99999905_ml) was used as a housekeeping gene. A full protocol is provided in 

Appendix 4.

The rationale for the choice of these genes is explained in detail in section 4.4.4.5



4.4. Results

4.4.1. Glucocorticoid Receptor a, but not GRp, is Expressed in Oesophageal 

Cell Lines representing the Normal - BO - OAC Sequence

Using Western blotting it was demonstrated that the GR is expressed in the HET-1 A, QH, SKGT-4 

and OE33 cell lines representing normal oesophageal mucosa, BO and OAC (Figure 4-4). A lower 

level o f expression was seen in the HCT116 cell line relative to the oesophageal cell lines. These 

findings were consistent with previously published data suggesting that the GR is significantly 

expressed in oesophageal epithelium but not in colonic epithelium. However, the same paper 

suggested that the level o f expression in OAC is negligible whereas it was readily demonstrated in 

both the SKGT-4 and OE33 cell lines [369].

Using RT-PCR, the expression of total GR and GRp, an endogenous dominant negative GR, was 

investigated in the same cell lines (Figure 4-4). Total GR expression was similar in HET-1 A, 

SKGT-4 and OE33 cells. However, mRNA expression was significantly lower in the QH and 

HCTl 16 cell lines relative to the HET-1 A cell line. GRp mRNA expression was only intermittently 

detected close to 40 PCR cycles. This suggested that the GR isoform expressed in these cell lines 

was predominantly GRa. The mean cycle number that the GAPDH control was expressed at was 

20.8 (at a threshold of 0.2) in the HET-1 A cel! line and total GR at 26.4 cycles. As GRp mRNA 

was only intermittently detected at around 40 cycles, this suggests that the relative expression of 

GRa was at least 5000 fold that of GRp in these cell lines. For this reason, the expression of GRP is 

not shown in Figure 4-4.

In paraffin embedded tissue the GR was consistently demonstrated in squamous epithelium but 

only intermittently in Barrett’s epithelium (Figure 4-5). Within squamous epithelium the strongest 

expression was seen in the basal layers of the epithelium and within the oesophageal glands. BO 

was readily identified by the columnar cells and glandular structure in which the epithelium 

contains numerous mucin producing goblet cells. While the epithelium in BO stained poorly for 

GR, in the sub-epithelium numerous cells stained positive for GR. These may reflect inflammatory 

cell infiltrate associated with BO [384]. Only necrotic tissue was recovered from the OAC samples 

provided and only two SqCCa samples (positive controls) survived processing or were not 

comprised solely of necrotic tissue. Within these two samples, GR was expressed within the 

tumour islands but not within tissue outside of this. Similar findings to BO were identified within 

colonic epithelium (glandular epithelium with no goblet cells); no GR was detected in the columnar 

epithelium but was visible in the sub-epithelial layers. Using IHC scoring of the squamous 

epithelium and BO samples, the expression of GR in squamous epithelium was demonstrated to be 

significantly greater than in BO (Figure 4-5, discussed in section 4.3.4).
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These findings suggest that a modulator o f the GR may be able to target normal squamous 

epithelium of the oesophagus without exerting an anti-inflammatory effect in BO.
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Figure 4-4: The expression of GR in oesophageal and colonic epithelium as determined by Western 
blotting (A) and RT-PCR (B). Untreated Cells were lysed in RIPA buffer containing 2% SDS. Protein 
samples were normalised and expression probed with mouse anti-GR antibody. Subsequently, the 
membrane was stripped and re-probed for P-Actin. Densitometry was performed on a representative 
example o f three experiments (Shown above (A)). For the RT-PCR, untreated cell lysates were lysed and 
mRNA isolated using the Qiagen RNeasy Mini Kit Plus. cDNA was generated using a reverse 
transcription method. Primers were supplied by Applied Biosystems. Real time PCR was performed 
using Applied Biosystems 7900HT Fast Real-Time PCR System. Mean and SEM of n = 3 is shown and * 
and *** denote p < 0.05 and < 0.001 respectively.
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Figure 4-5: IHC staining of oesophageal and colonic tissue demonstrating expression of CR in 
squamous epithelium and squamous cell cancer of the oesophagus but not in BO or colonic 
epithelium. Columnar epithelium is readily visible in the BO and the colonic samples. Mucin producing 
goblet cells are readily visible in the BO sample but not in the colonic epithelium. Paraffin embedded 
tissue was deparaffmised and rehydrated. Only two samples o f SqCCa and one sample o f colonic 
epithelium survived processing or were fit for imaging. Semi-quantitative scoring (B) o f squamous 
epithelium (N=12) and BO (N=9) was performed using an IHC score. Data is represented as median and 
inter-quartile range. Comparison was performed using Mann-Whitney U Test and *** represents p < 
0 .001 .
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4.4.2. UDCA Stimulation Induces Nuclear Translocation of the GR

U sing im munofluorescent staining for the GR and high content analysis w e next established a 

m odel that was capable o f  identifying nuclear translocation o f  the GR in response to D ex (see  

section 4 .3 .5). Subsequently, w e indentified that U D C A  could translocate the GR to the nucleus in 

a time and dose dependent fashion in the H ET-IA , QH, SKGT-4, OE33 and HCT116 cell lines 

(Figure 4—6 , Figure 4—7 and Figure 4—8)

In the dose-response experiments, the EC 50 o f  UDC A  was 336 in HETIA cells (R^ =  0.82), 

2977nM  in QH cells (R^ = 0.03), 500nM  in SKGT-4 cells (R^ = 0.85) and 223nM  in H CT116 cells  

(R^ = 0.18). The maximum concentration o f  UDCA used (lOOOfiM) exhibited 36%, 17%, 48%, and 

117% the efficacy o f  lOOnM dexam ethasone in the HET-1 A, QH, SKGT-4 and H CTl 16 cell lines 

respectively (all p < 0.05 relative to untreated control). The EC 50 and potency o f  U D C A  in the 

OE33 cell line after two hours stimulation could not be determined. Given the poor correlation o f  

translocation in the QH, OE33 and H C Tl 16 cell lines (R^ = 0.03, 0.05 and 0.18 respectively), the 

values calculated for the EC50 and efficacy must be interpreted with caution. N ote that the values 

quoted for the R  ̂ differ slightly from the graphs shown in Figure 4—6. This is because to calculate 

the EC50 o f  the dose response curve, values were normalised to the maximum concentration o f  

UDC A  used (1000|iM ) rather than to 10OnM Dex.

In the tim ecourse experiment, the relative potency o f  eight hours exposure to 300|iM  U DCA, 

relative to lOOnM Dex, was 35.7%, 36.5% , 25.5% , 12.6% and 50.9%  in the HET-1 A, QH, SKGT4, 

OE33 and HCT116 cell lines respectively (all p < 0.05 relative to untreated control). Non-linear 

regression and curve fitting was much better in the timecourse experiment than in the 2  hour dose 

response experiment. The respective R  ̂ for the non-linear regression were 0.49, 0.57, 0.50, 0.64  

and 0.45 suggesting a moderate to good fitting o f  the data. This may reflect that UDC A  takes 

longer to induce nuclear translocation in the QH, OE33 and H C Tl 16 cell lines than in the HET-1 A  

or the SKGT-4 cell lines.

W e next investigated whether DC A  w ould exert the same effect as U D C A  in translocating the GR 

to the nucleus (Figure 4 -9 , Figure 4—10 and Figure 4 -1 1 ). Cells were treated as per the U D C A  

translocation assay in the H E T -IA  and SKGT-4 cell lines. In the H E T -IA  cell line DCA failed to 

translocate the GR to the nucleus. W ithin the SKGT-4 cell line, the GR translocated the GR to the 

nucleus with almost the same efficacy as U D C A . The logECso for GR translocation in the SKGT-4 

Cell line in response to DCA was 2 .77 + /- 0 .06 with an R  ̂o f  0.71. The efficacy o f  the translocation 

induced by 1000).iM DCA was 89.1% relative to 1000|xM U D C A . In the H E T -IA  cell line, the 

EC 50 for the log(dose)-response curve and the efficacy relative to D ex were not calculated as the R  ̂

was 0.08.
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The abihty o f DCA to translocate the GR to the nucleus in SKGT-4 cells but not HET-1A cells was 

an interesting finding and may suggest that DCA is itself capable of translocating the GR to the 

nucleus in a fashion similar to UDCA in cells which are more resistant to DCA induced cell death.
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Figure 4-6: UDCA is capable of inducing nuclear transiocation of the GR in a dose and time 
dependent fashion in the HET-IA (A, B), QH (C, D), OE33 (E, F), SKGT-4 (G, H) and HCT116 (I, 
J) cell lines. Cells were seeded and left to adhere overnight. Subsequently the medium was replaced with 
serum free medium for the OE33, SKGT-4 and HCTl 16 cells and with medium containing 1% FBS for 
the HET-1A and QH cell lines. After overnight serum starvation the cells were treated with BAs in serum 
free medium. At appropriate time-points the cells were fixed in 4% PFA, The cells were incubated anti- 
GR antibody, Hoechst 33258 and phalloidin. Image acquisition was performed using the InCell Analyzer 
1000 and analysis performed using InCell Analysis software. Transiocation is expressed relative to 
transiocation induced by lOOnM Dex. Non-linear regression o f N:C ratio was performed with GraphPad 
Prism using a log(dose)-normalised response for the dose response experiment and a sigmoidal variable 
slope model for the timecourse model. Figures G, H, I and J are found on the next page.
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Figure 4-6 Continued: UDCA is capable of inducing nuclear translocation of the GR in a dose and 
time dependent fashion in the HET-IA (A, B), QH (C, D), OE33 (E, F), SKGT-4 (G, H) and 
H CT116(I, J) cell lines.
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Nucle i  Actiii  GR C o m p o s i t e

Figure 4-7: UDCA is capable of inducing translocating the GR to the nucleus in a dose dependent 
fashion. Images are o f the HET-IA cell line. Cells were seeded and left to adhere overnight. 
Subsequently the medium was replaced with medium containing 1% FBS. After overnight serum 
starvation the cells were treated with appropriate concentrations o f UDCA in serum free medium. After 
two hours the cells were fixed in 4% PFA, The cells were permeabilised and stained with anti-GR 
antibody (Green), Hoechst 33258 (Blue) and phalloidin (Red). Image acquisition was performed using 
the InCell Analyzer 1000. Two hours treatment with lOOnM Dex was used as a positive control for 
translocation.
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Nuclei Actin GR C o m p o s i t e

Figure 4-8: UDCA is capable of inducing translocating the GR to the nucleus in a time dependent 
fashion. Image shown are those o f the HET-IA  cell line. Cells were seeded and left to adhere overnight. 
Subsequently the medium was replaced with serum free medium for the SKGT-4 cell lines and with 
medium containing 1% FBS for the HET-1A and QH cell lines. After overnight serum starvation the cells 
were treated with 300|iM UDCA in serum free medium. At appropriate time-points the cells were fixed 
in 4% PFA, The cells were incubated anti-GR antibody (Green), Hoechst 33258 (Blue) and phalloidin 
(Red). Image acquisition was performed using the InCell Analyzer 1000. Two hours treatment with 
lOOnM Dex was used as a positive control for translocation.
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Figure 4-9: DCA translocates the GR to the nucleus in the SKGT-4 cell line (B) but not the HET- 
lA  cell line (A). Cells were seeded and left to adhere overnight. Subsequently the medium was replaced 
with serum free medium for the SKGT-4 cell line and with medium containing 1% FBS for the HET-IA 
cell line. After overnight serum starvation the cells were treated with appropriate concentrations o f DCA 
in serum free medium. At appropriate time-points the cells were fixed in 4% PFA, The cells were 
incubated anti-GR antibody (Green), Hoechst 33258 (Blue) and phalloidin (Red). Image acquisition was 
performed using the InCell Analyzer 1000 and analysis performed using InCell Analysis software. Two 
hours treatment with lOOnM Dex was used as a positive control for transiocation. Transiocation is 
expressed relative to maximal transiocation seen with lOOO^M UDCA. Non-linear regression o f N:C 
ratio was performed with GraphPad Prism using a log(Dose)-normalised response for the dose response 
experiment and a sigmoidal variable slope model for the timecourse model.
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Figure 4-10: DCA does not induce nuclear translocation of the GR in a dose or time dependent 
fashion in HET-IA cells. Cells were seeded and left to adhere overnight. Subsequently the medium was 
replaced with medium containing 1% FBS. After overnight serum starvation the cells were treated with 
DCA in serum Iree medium. At appropriate time-points the cells were fixed in 4% PFA, The cells were 
incubated anti-GR antibody (Green), Hoechst 33258 (Blue) and phalloidin (Red). Image acquisition was 
performed using the InCell Analyzer 1000. Two hours treatment with lOOnM Dex was used as a positive 
control for translocation.
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Figure 4-11: DCA induces nuclear translocation of the GR in a dose and time dependent fashion in 
SKGT-4 cells. Cells were seeded and left to adhere overnight. Subsequently the medium was replaced 
with serum ft-ee medium. After overnight serum starvation the cells were treated with DCA in serum fi-ee 
medium. At appropriate time-points the cells were fixed in 4% PFA, The cells were incubated anti-GR 
antibody (Green), Hoechst 33258 (Blue) and phalloidin (Red). Image acquisition was performed using 
the InCell Analyzer 1000. Two hours treatment with lOOnM Dex was used as a positive control for 
translocation.
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4.4.3. Stimulation of HET-1A and SKGT-4 Cells with UDCA Does Not Result 

in 7raws-Activation of the GR.

We next investigated whether translocation o f the GR in response to UDCA or DC A resulted in 

/■ra«5-activation. T’rawj'-activation o f the GR, resulting in transcription o f GRE dependent genes, is 

thought to account for the majority of unwanted side effects associated with GC treatment.

In this model, a GRE dependent luciferase construct was reverse transfected into the HET-1 A and 

SKGT-4 cell lines. After overnight treatment with DCA, UDCA or Dex, neither SOO îM UDCA nor 

DCA induced an increase in the expression of the GRE dependent luciferase construct while Dex 

did so significantly (Figure 4-12).

In the SKGT-4 cell line, it is difficult to determine the significance o f this resuh. DCA stimulation 

had resulted in GR translocation in a fashion similar to UDCA. As no difference was seen between 

the UDCA and DCA treatments, it is not possible to determine from this experiment whether DCA 

is activating the GR in a fashion similar to UDCA, including the failure to /rara-activate the GR, or 

not.

The absence of UDCA induced ?ra«5-activation has been shown previously in our lab. However, it 

has previously been shown that UDCA exerts a ?ra«5-repressive effect with equal efficacy to Dex 

[376]. This would have been a more crucial experiment to investigate whether DCA was exerting a 

similar effect to UDCA in modulating the GR. However, in previous experiments in this lab it was 

necessary to investigate trans-repression in the HEK293 cell line as IL-8 is constitutively over

expressed in OAC cell lines making ?ra«5-repression induced by DCA difficult to investigate in the 

SKGT-4 cell line.
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Figure 4-12: N either UDCA nor DCA results in GR fra/is-activation in H E T -IA  (A) or SKGT-4 (B) 
cell lines. Cells were seeded and reverse transfected with a GRE luciferase construct. After 24 hours the 
medium was replaced with fresh medium. 24 Hours later the cells were treated with UDCA, DCA or 
dexamethasone for 16 hours. After treatment the cells were lysed with a passive lysis buffer and the 
intensity o f  the firefly and renilla luciferase activity determined using a Dual-Luciferase Reporter Assay 
system (Promega). Results were normalised to untreated cells. Data is Mean and SEM of N=3 and ** 
denotes p < 0.01 relative to untreated control.
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4.4.4. The Genes Expression Profile Induced by UDCA Shares Similarities 

With Those Induced by Dexamethasone and DCA

Having demonstrated that the expression of the GR was greater in normal squamous epithelium 

than in BO, we hypothesised that UDCA may be a useful therapeutic for modulating inflammatory 

oesophageal disease prior to the genesis o f BO, or selectively modulating inflammation in 

squamous epithelium without enhancing the survival o f established BO. Oral administration of 

hydrophilic UDCA alters the endogenous BA pool, displacing more hydrophobic (more toxic) BAs 

and greatly increasing the proportion o f the GR-modulating agent UDCA. Thus, both modulation 

o f the BA pool and modulation o f the GR by UDCA could conceivably reduce GORD induced 

inflammation and the risk of BO and OAC.

The transcriptional effects of the GR differ depending on the ligand used, and the cell type being 

stimulated, hi our translocation experiments, UDCA had induced the most consistent translocation 

of the GR in the HET-IA cell line (Figure 4—6). Despite exhibiting a similar quantity o f GR, 

UDCA had a less potent effect in inducing GR translocation in the OE33 cell line. Finally, in the 

HCTl 16 cell line a smaller quantity o f GR was expressed but UDCA demonstrated greater efficacy 

at translocating the GR in this cell line compared to the HET-IA cell line. Even in the absence of 

translocation, it is conceivable that UDCA could potentially mediate a GR response in any o f the 

cell lines because of the potential to exert indirect ;ra«5-repression. Thus, micro-array technology 

was used to perform a comparative investigation regarding the effects of UDCA and Dex. 

However, UDCA is a BA, albeit one with a lower toxicity profile than its more hydrophobic family 

members and thus, in this experiment, we also chose to compare the gene expression profile 

induced by UDCA with that induced by DCA.

HET-IA cells, OE33 cells and HCTl 16 cells were treated with 200(j.M DCA, 200|.iM UDCA or 

lOOnM Dex for 12 hours in serum free medium. The 200(iM concentration o f BAs was chosen as it 

induced very little detachment o f HET-IA cells (as demonstrated in chapter 3) and would be 

predicted to induce a relatively low level o f cell death (as demonstrated in chapter 2), yet induced 

GR translocation. At this time-point, the cells were lysed and RNA isolated for the micro-array 

analysis. The concentration and integrity o f RNA was assessed prior to processing (See Appendix 

3). The Micro-arrays were processed by the Core Facility in the Conway Institute in University 

College Dublin using the Affymetrix Human U133 Plus 2.0 gene expression chip.

4.4.4.1. Refinement of Array Data

Refinement of the data (as described in section 4.3.7) reduced the number of genes for analysis 

(Table 4-1). The number o f genes with significantly altered expression was greater with DCA
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treatment than with UDCA or Dex treatment in all three cell lines (Table 4-1 and Appendix 3). 

While DCA modulated similar numbers o f genes in the three cell lines, UDCA modulated a 

significantly greater number of genes in the HET-1A cell line than in the OE33 or HCTl 16 cells. 

Dex modulated a similar number o f genes in the HET-1 A and OE33 cell lines but a negligible 

number of genes in the HCTl 16 cell line. These results were partially predictable. The markedly 

lower levels of GR expression in the HCTl 16 cells explains the low number of gene modulated by 

Dex, and perhaps UDCA, in this cell line (Figure 4—4 and Figure 4—5). However, we expected to 

see a greater number o f genes modulated by Dex and UDCA in the HET-1 A cell line than in the 

OE33 cell line. This was because UDCA had not appeared to exert the same potency in 

translocating the GR to the nucleus in the translocation experiments (Figure 4-6).
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T im e 12 H ours

C ell L ine H E T -IA O E 33 H C T 116

Treatment UDCA Dex DCA UDCA Dex DCA UDCA Dex DCA

Genes Present on 
Array 54,675 54,675 54,675 54,675 54,675 54,675 54,675 54,675 54,675

Genes with intensity > 
100 in at least one pair 
of probe samples

21,171 22,775 24,466 19,725 20,427 22,046 19,233 19,095 19,402

Genes with 1.5 fold 
difference in 
expression from 
DMSO vehicle control

3,668 2,183 7,417 363 1,629 4,281 96 227 4,528

Genes with a < 0.01 848 416 4,112 147 565 3,068 6 46 1,599

Genes with a < 0.05 2,396 1,470 6 , 689 298 1,312 4,116 37 121 3,604

Table 4—1: The effect of data refinement on the absolute numbers of genes regulated by 200fiM 
UDCA, lOOnM Dex and 200nM DCA in the HET-IA, OE33 and HCT116 cell lines after twelve 
hours treatment. Cells were treated for twelve hours. RNA was isolated and an oligonucleotide 
microarray analysis performed. Data refinement was performed by 1) Filtering by intensity > 100 in pair 
of samples being investigated (vehicle or treatment), 2) A fold change > 1.5 relative to 0.6% DMSO 
vehicle and 3) Statistical analysis with ANOVA with a < 0.01 or a < 0.05.
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4.4.4.2. UDCA Shares Greater Similarities With Dex and DCA than DCA Does 

With Dex

To investigate similarities in gene expression changes between experimental treatments, gene lists 

were first compared using Venn diagrams of up and downregulated genes. Subsequently, 

hierarchical clustering was performed. Lists of the 25 most up or downregulated genes are 

presented in Appendix 3 for each treatment and each cell line.

4.4.4.2.I. Similarities in Gene Expression in the HET-IA Cell Line Induced by UDCA, Dex 

or DCA Treatment

In the HET-IA cell line UDCA upregulated the expression o f 647 genes after twelve hours 

treatment at a significance level of 0.01 (Figure 4-13). The corresponding number o f down

regulated genes was 201. For Dex, 291 genes were upregulated after twelve hours treatment and 

125 genes were down-regulated. In the DCA group, 2057 and 2055 genes were up and 

downregulated respectively.

However, the number of genes similarly modulated by UDCA and Dex was much more restricted. 

Only 97 genes were similarly upregulated by UDCA and Dex although 33 of these were similarly 

upregulated by DCA, leaving a specific group o f 64 genes upregulated similarly by UDCA and 

Dex. This corresponded to 21.9% (64/291) of the genes upregulated by Dex after twelve hours 

being modulated by UDCA and 9.9% (64/647) o f genes upregulated by UDCA being similarly 

modulated by Dex. Regarding downregulated genes, 31 genes were similarly regulated by UDCA 

and Dex although 13 of these were similarly downregulated by DCA. This left a specific group of 

18 genes downregulated similarly by UDCA and Dex. This corresponded to 14.6% (18/125) of the 

genes downregulated by Dex after twelve hours being modulated by UDCA and 9.4% (18/201) of 

genes upregulated by UDCA being modulated by Dex.

The comparison of genes similarly modulated by DCA and UDCA resulted in greater overlap 

between the two datasets. 250 genes were similarly upregulated by DCA and UDCA although 33 of 

these were similarly upregulated by Dex, leaving 217 genes specific to DCA and UDCA alone. 

This corresponded to 33.6% (217/647) o f genes upregulated by UDCA being similarly upregulated 

by DCA, and 10.7% (217/2057) of genes upregulated by DCA being similarly upregulated by 

UDCA. For downregulated genes 86 genes were similarly downregulated by UDCA and DCA 

although 13 o f these were similarly downregulated by Dex. This left 73 genes which were 

specifically downregulated by DCA and UDCA. This corresponded to 36.1% (73/201) of genes 

downregulated by UDCA being similarly downregulated by DCA and only 3.5% (73/2055) of 

genes downregulated by DCA being similarly downregulated by UDCA.
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The final comparison performed was between DCA and Dex. In theory there should have been very 

little overlap between theses datasets. 54 genes were similarly upregulated by DCA and Dex 

although 33 of these were also upregulated by UDCA. 30 genes were similarly downregulated by 

DCA and Dex although 13 of these were similarly downregulated by UDCA. This correlated to 

7.1% (21/291) of genes upregulated by Dex being similarly modulated by DCA and 1.0% 

(21/2057) genes upregulated by DCA being modulated similarly modulated by Dex. Among the 

downregulated genes 13.1% (17/125) of genes modulated by Dex were similarly modulated by 

DCA and 0.8% (17/2055) of genes modulated by DCA being similarly modulated by Dex.

These findings suggested that there was a greater similarity between Dex and UDCA and between 

UDCA and DCA than there was between Dex and DCA. The percentage of genes similarly 

modulated by UDCA and DCA was slightly greater than the percentage of genes similarly 

modulated by UDCA and Dex. However, the high percentage of Dex modulated genes similarly 

modulated by DCA was of concern as this unexpected. This could potentially reflect either 

activation of stress pathways which in turn are activating the GR indirectly, or it could simply 

reflect the large magnitude of difference in gene numbers between the two groups, resulting in 

statistical error. At the chosen a of 0.01 we would expect a false positive rate of 1%, equating to 20 

genes upregulated by DCA and 20 genes which were downregulated. These figures correspond 

with our findings between the DCA and Dex groups. In reality it probably reflects a combination of 

the two sources of error.

However, while an a < 0.01 was used in the HET-1 A line initially, the number of genes modulated 

by UDCA and Dex in the OE33 and HCTl 16 at an a < 0.01 was small (see below). In fact, in the 

HCTl 16 cell line, no genes were found to be significantly modulated by Dex or UDCA. This may 

represent the relative deficiency of GR in this cell line. Thus, we also investigated the overlapping 

gene lists in the HET-1 A cell line at a < 0.05 (Figure 4—14), in order to allow comparison of results 

with the OE33 and HCTl 16 cell lines.

At this cut-off, among the upregulated genes:

• 35.0% (401/1146) of genes upregulated by Dex were similarly modulated by UDCA and

21.6% (401/1858) of genes modulated by UDCA were similarly modulated by Dex.

• 30.2% (561/1858) of genes upregulated by UDCA were similarly modulated by DCA and

17.1% (561/3285) of genes modulated by DCA were similarly modulated by UDCA.

• Only 1.7% (58/3285) of genes upregulated by DCA were similarly modulated by Dex and 

5.1% (58/1146) of genes modulated by Dex were similarly modulated by DCA.
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Among the downregulated genes:

• 17.3% (56/324) of genes modulated by Dex were similarly modulated by UDCA and 

10.4% (56/538) of genes modulated by UDCA were similarly modulated by Dex.

• 41.6% (224/538) of genes downregulated by UDCA were similarly modulated by DCA but 

only 6.6% (224/3404) of genes modulated by DCA were similarly modulated by UDCA.

• Only 1.5% (50/3404) o f genes downregulated by DCA were similarly modulated by Dex 

but 15.4% (50/324) of genes downregulated by DCA were similarly modulated by Dex.
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Figure 4-13: Absolute numbers of genes upregulated (A) and downregulated (B) by UDCA, Dex 
and DCA in the HET-IA cell lines after twelve hours treatment at a < 0.01. Cells were treated for 
twelve hours. RNA was isolated and an oligonucleotide microarray analysis performed. After data 
refinement (Filtered as intensity > 100 in at least one set o f replicates (treatment or control), Fold change 
>1.5 relative to DMSO vehicle and a  < 0.01), the resulting lists o f genes upregulated and downregulated 
by treatment were compared using Venn diagrams.
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Figure 4-14: Absolute numbers of genes upregulated (A) and downregulated (B) by UDCA, Dex 
and DCA in the HET-IA cell lines after twelve hours treatment a < 0.05. Cells were treated for 
twelve hours with the respective treatment. RNA was isolated and an oligonucleotide microarray analysis 
performed. After data refinement (Filtered as intensity > 100 in at least one set of replicates (treatment or 
control), Fold change >1.5 relative to DMSO vehicle and a < 0.05), the resulting lists o f genes 
upregulated and downregulated by treatment were compared using Venn diagrams.
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We next used hierarchical clustering to further investigate similarities between UDCA, Dex and 

DCA (Figure 4-15). Hierarchical clustering was performed using a Euclidian approach based on 

the averages of the data at a cut-off of a  < 0.05. Clustering was simultaneously performed on both 

the genes and the treatments. This revealed that there was a large set of commonly upregulated 

genes and a smaller set of downregulated genes between the three treatments. DCA clustered 

independently o f Dex and UDCA. UDCA and Dex clustered together. This suggested that the 

similarity between these two treatments was greater than the similarity between UDCA and DCA.

Interestingly, from among the gene clusters, a group similarly upregulated by DCA and UDCA was 

identified. At the bottom of the heatmap, (shown in Figure 4—16) genes including INHBE, GDF15, 

DDIT, TRIB3, ATF3, CHACl, MAFF and STC2 were clustered. These genes represent a group of 

genes which are upregulated when the function o f the ER is disrupted. This results in dysregulated 

protein synthesis and increased protein degradation. The adaptive response to the increased stress 

placed on the cell by the accumulation of mis-folded proteins is called the unfolded protein 

response [385]. Activation o f ER stress proteins has been shown to enhance the activity o f NF-kB 

and increase expression of IL-8. Prolonged ER stress, can result in apoptosis through unknown 

mechanisms [386]. These proteins have previously been identified as modulated by DCA but not 

by UDCA [103,387].

Using IPA, the list of genes similarly modulated by Dex and UDCA in the HET-IA cell line (559 

upregulated probesets and 103 downregulated) were investigated for direct relationships with the 

GR (Figure 4-17). Only 16 genes were found to be directly associated with the GR in the literature.
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Figure 4-15: Heatmap of clustered genes produced through hierarchical clustering using Euclidian 
averages of probeset intensities after treatment of HET-IA cells with DCA, UDCA or Dex for 12 
hours (p < 0.05). Clustering was performed using GeneSpring. DCA clusters independently o f Dex or 
UDCA.
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Figure 4-16: Genes associated with ER stress are similarly modulated by DCA and UDCA in the 
HET-IA cell line. Heatmap o f clustered genes produced through hierarchical clustering using Euclidian 
averages o f treatment of HET-1A cells with DCA, UDCA or Dex for 12 hours (p < 0.05). Clustering was 
performed using GeneSpring. DCA clusters independently o f Dex or UDCA but there are similarities 
between UDCA and DCA.
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Figure 4-17: Genes modulated by both UDCA and Dex in the HET-IA cell line which are 
associated with the GR as determined using IPA. From among the 662 genes similarly modulated by 
UDCA and Dex using an a  < 0.05 in the HET-IA cell line, 16 were found to directly interact with the 
GR. Colouring represents mRNA regulation by UDCA and Dex. Red represents upregulated and green 
downregulated.



4.4A.2.2. Similarities in the Modulation of Gene Expression Induced by UDCA, Dex or 

DCA Treatment in the OE33 Cell Line

Within the OE33 cell line, UDCA upregulated 172 genes and downregulated 126 genes when a cut

off of a < 0.05 was used. The respective numbers for Dex were 878 and 434 and for DCA were 

1957 and 2159 (Figure 4—18). From among these, only 18 genes were selectively upregulated by 

both UDCA and Dex and 7 downregulated. This corresponded to 2.1% (18/878) of genes 

upregulated by Dex being modulated by UDCA and 10.5% (18/172) of genes upregulated by 

UDCA being modulated by Dex. 1.6% of genes downregulated by Dex were modulated by UDCA 

and 5.6% of genes downregulated by UDCA were modulated by Dex.

84 genes were selectively upregulated by both UDCA and DCA and 63 selectively downregulated 

by the two. This corresponded to 48.8% (84/172) of genes upregulated by UDCA being modulated 

by DCA and 4.3% (84/1957) of genes modulated by DCA being modulated by UDCA. 

Correspondingly, 50.0% (63/126) of genes downregulated by UDCA being modulated by DCA and 

2.9% (63/2159) of genes modulated by DCA were similarly modulated by UDCA.

105 genes were similarly and selectively upregulated by DCA and Dex and 30 downregulated. This 

corresponded to 12.0% (105/878) of genes modulated by Dex being similarly upregulated by DCA 

and 5.4% (105/1957) of DCA modulated genes being similarly upregulated by Dex. 6.9% (30/434) 

of genes modulated by Dex were similarly downregulated by DCA and 1.4% (30/2159) of DCA 

modulated genes being downregulated by Dex. Interestingly, IL-8 was downregulated by UDCA 

and Dex treatment in this cell lines whereas in the HET-IA and HCT116 cell lines, IL-8 mRNA 

expression was upregulated by UDCA.

Clustering demonstrated that UDCA and Dex clustered independently of DCA (Figure 4-19). 

However, again despite the clustering, in this cell line the greatest percentage of overlapping genes 

was seen between DCA and UDCA rather than between UDCA and Dex as discussed above 

(Figure 4—18).
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Figure 4-18: Absolute numbers of genes upregulated (A) and downregulated (B) by UDCA, Dex 
and DCA in the OE33 cell lines after twelve hours treatment at a < 0.05 (A and B) and a < 0.01 (C).
Cells were treated for twelve hours with the respective stimulus. RNA was isolated and an 
oligonucleotide microarray analysis performed. After data refinement (Filtered as intensity > 100 in 2/4 
samples, Fold change >1.5 relative to DMSO vehicle and a < 0.05), the resulting lists o f genes 
upregulated and downregulated by treatment were compared using Venn diagrams.
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Figure 4-19: Heatmap of clustered genes produced through hierarchical clustering using Euclidian 
averages of probeset intensities after treatment of OE33 cells with DCA, UDCA or Dex for 12 hours 
(p < 0.05). Clustering was performed using GeneSpring. DCA clusters independently o f  Dex and UDCA.
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4.4A.2.3. Similarities in Gene Expression in the HCTl 16 Cell Line Induced by UDCA, Dex 

or DC A Treatment

Finally, in the HCTl 16 cell lines the response to treatment was exceptionally limited in the UDCA 

and the Dex groups, even at a cut-off of a  < 0.05 (Figure 4-20). This result was predictable for the 

Dex treated cells due to the relative paucity o f GR expressed in this cell line. The deficit of genes 

modulated by UDCA could suggest that either this BA modulated its effects predominantly through 

the GR or that this cell line is more resistant to gene modulation by this hydrophilic BA. Only 14 

genes were upregulated and 23 genes downregulated by UDCA, 14 and 107 by Dex. The DC A 

treatment group demonstrated similar numbers to the responses seen in the HET-1A and the OE33 

cell lines, with 1423 genes being upregulated and 2181 genes being downregulated. In this 

experimental model no genes were identified as being commonly modulated by all three treatments 

and no genes were commonly modulated by Dex and UDCA. However the majority of genes 

upregulated by UDCA were also modulated by DCA (71.4%, 10/14) and similarly in the 

downregulated genes (65.2%, 15/23). Again, 14.2% (2/14) o f genes upregulated by Dex were also 

modulated by DCA but Dex only modulated 0.1% (2/1423) of genes modulated by DCA. For the 

down regulated genes, the numbers were 12.1% (13/107) and 0.6% (13/2181).

Unsurprisingly, DCA clustered independently o f UDCA and Dex (Figure 4-21). However, this 

may simply represent the paucity of genes significantly modulated by the latter two in this cell line.

The lists of genes modulated by the three treatments are shown in Appendix 3.
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Figure 4-20: Absolute numbers of genes upregulated (A) and downregulated (B) by UDCA, Dex 
and DCA in the HCT116 cell lines after twelve hours treatment at a < 0.05 and a < 0.01 (C). Cells 
were treated for twelve hours. RNA was isolated and an oligonucleotide microarray analysis performed. 
After data refinement (Filtered as intensity > 100 in 2/4 samples, Fold change >1.5 relative to DMSO 
vehicle and a < 0.05), the resulting lists o f  genes upregulated and downregulated by treatment were 
compared using Venn diagrams.
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Figure 4-21: Heatmap of clustered genes produced through hierarchical clustering using Euclidian 
averages of probeset intensities after treatment of HCT116 cells with DCA, UDCA or Dex for 12 
hours (p < 0.05). Clustering was performed using GeneSpring. DCA clusters independently o f Dex or 
UDCA.
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4.4.4.3. Similarities in Gene Expression Modulated By UDCA, Dex or DCA 

between the HET-IA, OE33 and HCTl 16 ceil lines

The microarray experiment was designed to allow the identification of a set o f core genes 

modulated similarly in the three cell lines by UDCA, Dex or DCA. Consequently we next 

investigated similarities between treatments among the three cell lines (Figure 4—22, Figure 4-23 

and Figure 4-24). The cell line with the greatest sensitivity to the treatments was the HET-IA cell 

line and the treatment which modulated the greatest number of genes was consistently DCA. 

However while DCA modulated a similar number o f genes in the three cell lines, UDCA and Dex 

only modulated a small number of genes in the HCTl 16 cell line even when the cut-off o f a  < 0.05 

was used. Lists o f the genes with the greatest alteration in expression in response to treatment, in 

the three cell lines, are presented in Table 4-2  and Appendix 3.

Analysis demonstrated that UDCA similarly upregulated no probesets in all three cell lines and 

downregulated only one (Figure 4—22). However, this probeset is uncharacterised, representing no 

known gene. Dex only similarly upregulated two probesets in the three cell lines and 

downregulated 13 (Figure 4—23). DCA upregulated 308 genes across the three cell lines and 

downregulated 299 (Figure 4—24). For UDCA treatment, the OE33 and HCTl 16 cell lines clustered 

together suggesting greater similarity. However, given the paucity o f GR in the HCTl 16 cell line 

and the low number of genes modulated by UDCA in both the HCTl 16 and OE33 cell lines, the 

clustering may simply represent the greater sensitivity o f the HET-IA cell line to UDCA. For Dex, 

the HET-IA and OE33 cell lines clustered closer together, although the dendritic tree suggested 

that the gene expression profiles of the three cell lines were quite similar. This may represent the 

closer embryological origin o f these two cell lines suggesting that they have a greater similarity 

regarding tissue specific GREs and adaptor proteins. However, it may also represent the relative 

paucity of the GR in the HCTl 16 cell line relative to the other two.

For DCA treatment the greatest similarity was seen between HET-IA and HCTl 16 cell lines. The 

ER stress genes shown to be upregulated by DCA in the HET-IA cell line were similarly 

modulated by DCA in the HCTl 16 cell line. However in the OE33 cell line these genes were 

differentially regulated (Figure 4—25).

When the HCT116 cell line was excluded from the analysis (because o f the small number of genes 

modulated by UDCA and Dex in this cell line), 14 and 5 genes were similarly up- and down

regulated by UDCA in the HET-IA and OE33 cell lines. For Dex the respective numbers o f genes 

were 131 and 32. For DCA 705 and 602 genes were similarly up- and down-regulated in the HET- 

IA and OE33 cell lines.

Genes similarly modulated by UDCA and Dex in the three cell lines are shown in Table 4—2.

216



C£>

U
X

CO
CO
UJ
O J -

UJ
X

B Up-Regulated
HET-1A OE33

HCT1K

Down-Regulated
HET-1A ___   OE33

HCT1K

Figure 4-22: Heatmap of clustered genes after 12 hours treatment with UDCA (p < 0.05) in the 
HET-IA, OE33 and HCT116 cell lines. Clustering was performed in GeneSpring using hierarchical 
clustering o f the Euclidian averages o f probeset intensities. The cell lines derived from cancers (OE33 
and HCT1I6) clustered independently of the HET-IA cell line (A). The greatest numbers of modulated 
genes were seen in the HET-IA cell line (B). ER stress genes were only upregulated by UDCA in the 
HET-IA cell line (C).
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Figure 4-23: Heatmap of clustered genes after 12 hours treatment with Dex (p < 0.05) in the HET- 
IA, OE33 and HCTl 16 cell lines. Clustering was performed in GeneSpring using hierarchical clustering 
o f Euclidian averages o f probeset intensities. The cell lines derived from cancers (OE33 and HCTl 16) 
clustered independently o f the HET-IA cell line although all three cell lines demonstrated greater 
similarity then was seen with UDCA or DCA treatment (A). The greatest numbers o f modulated genes 
were seen in the HET-IA cell line (B). Fewer genes were modulated by Dex treatment in the HCTl 16 
cell line than in other cell lines consistent with the relatively lower expression o f the GR in this cell line.
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Upregulated by UDCA in: Genes

HET-1 A, OE3 3 and HCT116 No Genes

HET-IA and OE33 EGRl, LGALS8, NRPl, TFPI, SLC30A1, RPL37A, CTTN. KLHL24,

TMEM135, C5orf41, SLC16A6, ATP 11B 

HET-IA and HCTl 16 BHLHE40, INSIGl, DHRS3, PER2, SCD, TMEM22, TMEM39A, C2orOO

OE33 and HCT! 16 EGRl

D ownregulated by UDCA in: Genes

HET-IA, OE33 and HCTl 16 

HET-IA and OE33 

HET-IA and HCTl 16 

OE33 and HCTl 16

No Genes

FEN1,SAE1,UHRF1, ASF18

GJAl, CENPE, AHNAK, MKI67, TG0LN2, FAM13B, AKAP12, ENAH 

No Genes

Upregulated by Dex in:

HET-IA, OE33and HCTl 16 

HET-IA and OE33

HET-IA and HCTl 16 

OE33 and HCTl 16

Genes

AFFY_LysX_5_at, AFFY_LysX_3_at

SGKI, SERPINA3, RGS2, ITGB2, NEBL, MB, STX8, H0XB7, TMEM5, 
CSTA XRCC4, RNASE4, PEXIIA, LAMP3, ZNF673, ZNF165, ACYP2, 
MED6, BNIPl, TSC22D3, CASP4, EIF4E2, APOLl, SMAGP, NAPG, B1RC3. 
CFLAR, TACC2, HOPX, TPM4, LARP7, GPX7, BRAP, LOCI00134128, LIAS, 
MTERFD2, EXOSC2, ARPPI9, AGA, CD58, RAB3I, MAPKSPl, SNAP29, 
INTS12, CCDC53, CHCHD7, ATAD4, NOLI2, HCFC2, HSPCI59, ZNF669, 
CI7orf48, MRT04, USEl, KLHL24, KRCCl, TMLHE, SCMLl, C llorH , 
CCNDBPI, C lSorO l, SNHG12, SNHGI2, REX02, INF2, Cllorf58, LZIC, 
CI2orf45, ZFAND2A, DMKN, CYP2R1, C9or01, FAM27E3, PHACTR3. 
MFSD8, CARDS, SNHG9, CCDCI25, ZSWIM7, NAGS, C13orfl, STK32C, 
Cl lo rn , TTC17, PHF20, AASDH, TMEM15IA, DAZAP2, TAFIB, 
LOCI 00130506, SDR16C5, hCG_181549l, C6orn30, RFESD, BODIL. 
ZNF182, DCP2, SEPSECS, TIPRL, CI0orf76

METTL7A, UNC84A, KBTBD3, IMMPIL, SPTLCl 

No Genes

Downregulated by Dex in:

HET-IA, OE33 and HCTl 16 

HET-IA and OE33

HET-IA and HCTl 16

OE33 and HCTl 16

Genes

ACTB. SAEl, PPP5C, STIPl, KLF22, RHBDD2

AP2M1, PKM2, SFRSl, LLGLl, TRAF4, RPL37A, ATP6V0E1, CYP2D6, 

WDTCl, EML4, SGPPl, C19orf22, MVK, NRID2, YIFIB, ZNF598, 

LOCI00129380, CTNNDI

PPP2R1A, SCD, PLD3, DCTNl, TMED2, HPCALl, TM7SF2, MAP2K2, 

MVK, HNRNPUL2, UNC93B1, UCKLI, JAKl, APHIA, LMNA, LAPTM4B 

TMED2, GULP 1, MED 18

Table 4 -2 : Lists o f genes sim ilarly regulated by UDCA and Dex in the cell lines H E T -IA , OE33 and 
H C T l 16. Lists were generated from the Venn diagram s o f  overlapping probesets as described above. 
Genes with bold underlined font represent some genes which were subsequently chosen for validation 
experiments.
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Figure 4-24: Heatmap of clustered genes after 12 hours treatment with DCA (p < 0.05) in the HET- 
IA, OE33 and HCT116 cell lines. Clustering was performed in GeneSpring by hierarchical clustering 
using Euclidian averages o f probeset intensities. The HCT116 and HET-IA clustered independently of 
the OE33 cell line (A). The greatest numbers o f modulated genes were seen in the HET-IA cell line (B).

220



SLC7An
o:a3
C9<yflS0

I7^ ! G ]

n p ^ a :

eazAi
t c p u l :

►lAFF

PPPIP15A
PPPlPlSA

VEGPA

T P I B 3
DDIT3 I I I  H
T R I B 3

C M A f l

5LC7A11
SIC7A11

CD <
■

o LU
X X

CO
CO
LUo

Figure 4-25: ER stress genes classically associated with DCA stimulation demonstrated differential 
regulation in the OE33 cell line. Genes which are classically associated with DCA stimulation include 
ER stress genes (ATF3, DD1T2, MAFF, TR1B3, etc) and inflammatory genes (lL-8). Similar modulation 
o f the ER stress genes was seen in the HET-1A and the HCTl 16 cell lines but not in the OE33 cell line. 
IL-8 was upregulated by DCA in all three cell lines.
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Finally, the 25 array probesets with the most altered level of expression (up and down regulated) 

were compared between treatments and across the cell lines (Appendix 3). IL-8 was the only gene 

consistently upregulated in all three cell lines by DCA treatment. Six genes were similarly 

modulated in the HET-IA and the HCT116 cell lines. These were IL-8, EG Rl, TRIB3, STC2, 

DDIT3 and CHACl and accounted for 11/25 and 8/25 probesets in the HET-IA and HCTl 16 cell 

lines respectively. No probesets were similarly downregulated by DCA in the three cell lines. 

Interestingly, eight genes were similarly modulated by DCA and UDCA in the HET-IA cell lines. 

These were INHBE, CDF 15, CHACl, SLC7A11, DDR2, DDIT3, STC2, ATF3 and TRIB3. Many 

o f these genes are associated with ER stress and were identified in the clustering algorithms as 

demonstrated in Figure 4-15. The only gene similarly regulated in this analysis by UDCA and Dex 

in the HET-IA cell line was SI OOP. This gene has recently been identified as a GC modulated gene 

[388],

4.4.4.4. Simultaneous Clustering Analysis of Cell lines and Treatments

Finally, clustering analysis o f genes modulated by UDCA, Dex or DCA treatment in the HET-IA, 

OE33 and HCTl 16 cell lines was performed simultaneously. This analysis was based on the 

filtered data of mRNA expression, with 1.5 fold difference from the expression in DMSO treated 

cells , and at a < 0.05 based on a paired t-test. Analysis demonstrated that DCA treatment in the 

HET-IA and the HCTl 16 cell line clustered independently o f all other treatments. DCA treatment 

in the OE33 cell line clustered in a group with all other treatments. Within the branch o f the 

dendritic tree containing the majority o f treatments, UDCA and Dex in the HET-IA and the 

HCTl 16 cell line clustered closely to each other. UDCA treatment in the OE33 cell line clustered 

slightly more closely with the UDCA and Dex treatment in the HCTl 16 cell line than it did with 

Dex treatment in the OE33 cell line (Figure 4—26A).

These findings suggest that UDCA and Dex share a greater similarity with each other within a cell 

line than between cell lines. This finding was consistent with the analysis presented in sections 

4.4.4.2 and 4.4.4.3. However, while DCA modulated gene expression differently in the OE33 cell 

line than it does in the HET-IA or the HCT116 cell line, UDCA similarly regulated a number o f 

genes associated with DCA (Figure 4—26B).
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Figure 4 -26: Heatm ap o f clustered genes after 12 hours treatm ent with UDCA, Dex or DCA (p < 
0.05) in cell lines HET-1 A, OE33 and HCT116 cell lines. A) Global clustering o f  Cell lines and 
treatments was perform ed in GeneSpring by hierarchical clustering using Euclidian averages o f  probeset 
intensities. B) ER stress genes classically associated with DCA stim ulation dem onstrate sim ilar 
regulation by UDCA in the HET-1 A cell line.
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4.4.4.S. Validation of the Microarray

Analysis o f the array demonstrated that UDCA and Dex had significant overlap in the HET-IA cell 

line. However the gene expression profile of UDCA had also significantly overlapped with that of 

DCA. Consistent with the expression o f the GR in the cell lines, the number o f genes modulated by 

UDCA or Dex in the HCTl 16 cell line was significantly smaller than in the HET-IA or the OE33 

cell lines suggesting the possibility that UDCA may indeed be modulating gene expression through 

the GR (See Table 4—1). Validation o f a panel o f the genes modulated by UDCA, Dex and DCA 

was next undertaken using real time PCR of cDNA isolated in experiments performed 

independently o f the microarray.

Genes to validate using PCR were chosen from the array data by three methods. Firstly the absolute 

change in gene expression induced by the treatments was studied (Appendix 3). In conjunction 

with this the significance of the change was assessed. Finally, genes were chosen for validation 

after performing a literature review. These genes were either involved in carcinogenesis, 

inflammation or ER stress and related to an established role in epithelial tumours (oesophageal or 

otherwise) or were related to the research described in earlier chapters. Further explanation of the 

rationale for choosing these genes and their function will be discussed below.

The following genes were chosen to be validated:

• Phosphatase and Actin Regulator 3 (PHACTR3)

• v-ski Sarcoma Viral Oncogene Homolog (avian), (SKI)

• Serpin Peptidase Inhibitor, Clade E (SERPINEl)

• Protein Kinase, DNA-Activates, Catalytic Subunit (PRKDC)

• Cysteine Rich Transmembrane BMP Regulator 1 (chordin-like) (CRIM l)

• Cbp/p300-interacting transactivator 2 (CITED2)

• Signal Transducing Adaptor Molecule 2 (STAM2)

• Cortactin (CTTN)

• Baculoviral lAP repeat-containing protein 3 (BIRC1)

• NOTCH, Drosophilia, Homolog of, 2 (NOTCH 2)

• Nuclear Receptor Subfamily 3, Group C, Member 1 (NR3C1, Glucocorticoid Receptor)

• Interleukin-8 (IL-8)

• Actin Beta (ACTB)

• Activating Transcription Factor 3 (ATF3)

• Chemokine, CXC Motif, Ligand 14 (CXCL14)

• DNA Damage Inducible Transcript 3 (DDIT3)

• Growth/Differentiation Factor 15 (GDF15)
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• Tribbles, Drosophila, Homolog of, 3 (TRJB3)

As each of these genes was studied for all three treatments, this equated to 54 genes investigated 

for validation of the array.

4.4.4.5.1. Phosphatase and Actin Regulator 3 (PHACTR3)

PHACTR3 is expressed primarily in the brain in healthy tissues. However, upregulation of this 

protein has been identified in breast and lung cancers [389]. The protein contains a protein 

phosphatase 1 (PP1) binding sequence. PP1 is involved in numerous metabolic functions including 

glycogen metabolism, neuronal signalling, and actin cytoskeleton organization [390-392].

While little is known about this gene, its neuronal location and established role in glycogen 

metabolism suggest that it could have an association with the GR. PHACTR3 was identified as the 

gene with greatest increase in expression induced by Dex. Confirmation of the alteration in 

expression levels was seen with PCR (Appendix 3, Figure 4-27A).

4.4.4.5.2. v-ski Sarcoma Viral Oncogene Homolog (avian), (SKI)

TGFp treatment of cells induces growth inhibition, differentiation, and apoptosis. TGF(31 induces 

phosphorylation and nuclear translocation of SMAD3, where SMAD3 associates with the nuclear 

proto-oncogene protein SKI. Association disrupts the formation o f a functional complex between 

the co-mediator SMADs (Co-SMADs) and R-SMADs, repressing TGFp, activin, and bone 

morphogenetic protein responses.

Over-expression of SKI makes cells resistant to the growth-inhibitory effects o f TGFpl [393]. In 

humans, over-expression of SKI has been seen in colorectal cancer although correlation with 

prognosis or invasiveness is disputed [394-395]. In the upper GI tract, over-expression of SKI has 

been demonstrated in diffuse gastric cancer. In SqCCa of the oesophagus, increased expression of 

c-SKI correlates with a greater depth of invasion and poorer survival [396-398]. Over-expression of 

SKI promotes the ability o f TGFp to upregulate the expression o f SERPINEl, a molecule identified 

as modulated in our array data (see section below). Interestingly, a reduction in the expression of 

SKI may also be associated with carcinogenesis. The loss of a copy of c-ski increased proliferative 

capacity of mouse embryonic fibroblasts increases susceptibility to tumorigenesis [399], Reduced 

expression of SKI induced by potent TGFp signalling is thought to promote invasiveness and 

tumour metastases [400-401].

In the normal-BO-OAC sequence, high levels of SKI have been demonstrated in BO but not in 

normal, dysplastic BO or OAC [402].
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The array data suggested a wide variance in expression of SKI after treatment with DCA, UDCA or 

Dex. Vahdation however, suggested that DCA and UDCA significantly reduced the expression of 

SKI in HET-1A cells while Dex had no significant effect (Figure 4-27B).

4.4.4.5.3. Serpin Peptidase Inhibitor, Clade E (SERPINEl, plasminogen activator inhibitor 1)

SERPINEl (also known as Plasminogen Activator Inhibitor Type 1, PAI-1) is a serine protease 

inhibitor which was classically thought to be solely involved in thrombosis and haemostasis. It is 

the principal inhibitor of urokinase (uPA) and tissue plasminogen activator (tPA), the activators of 

plasminogen and hence the principal inhibitor o f fibrinolysis. More recently, SERPINEl has been 

shown to be involved in metastasis and invasion in cancer and higher levels o f protein expression 

in tumours is associated with a poorer prognosis [403-404].

SERPINEl modulates urokinase receptor (uPAR) and integrin mediated cell attachment to the 

ECM. Vitronectin appears to be the primary ECM protein through which SERPINEl modulates 

cell adhesion [405]. SERPINEl binds to vitronectin at a site which overlaps with the binding site 

for the uPAR and which is just adjacent to the RGD motif for integrin attachment [406-407]. 

Integrins and uPAR interact significantly to mediate both attachment to vitronectin and the surface 

expression of each other [408-409]. As a result o f its higher affinity for vitronectin, SERPINEl 

competitively inhibits the binding o f uPAR and integrins to vitronectin [405, 410]. Furthermore, it 

can induce detachment o f integrins and uPAR which are already bound to vitronectin [410-412], 

Although loss of association between the cell adhesion molecules and ECM proteins results in 

internalisation of both receptors (in an endocytotic manner mediated by the low-density lipoprotein 

receptors), cell detachment does not occur as a resuh of internalization [408, 411].

The array data suggested that SERPINEl was upregulated by all three treatments while the PCR 

validation demonstrated that only DCA and Dex exerted this effect (Figure 4-27C). The greater 

upregulation of SERPINEl by DCA may suggest a possible mechanism as to why DCA promoted 

HET-1 A cell detachment as described in Chapter 3.

4.4.4.5.4. Protein Kinase, DNA-Activates, Catalytic Subunit (PRKDC)

PRKDC is a serine/threonine protein kinase required for the repair of double-stranded DNA breaks 

and for immunoglobulin recombination in lymphocytes. Cells defective in PRKDC are 

hypersensitive to killing by ionizing radiation due to an inability to repair double-stranded breaks 

effectively [413]. PRKDC phosphorylates several transcription factors, suggesting that it functions 

in cell homeostasis by modulating transcription. PRKDC has been shown to phosphorylate p53 

impairing the ability of MDM2 to inhibit p53-dependent ^/'a/j^-activation [414].

In colorectal cancer PRKDC levels are increased [415]. In the oesophagus, PRKDC expression has 

been researched as a potential marker o f sensitivity to radiation. Although levels of expression of
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PRKDC correlate with sensitivity to radiation in oesophageal cell lines in vitro, PRKDC has been 

shown to be heterogeneously expressed in oesophageal cancer [416-417]. Consequently, it is not 

felt to be a good predictor of potential response to treatment.

Array data suggested that UDCA and Dex downregulated expression o f PRKDC mRNA. However, 

PCR demonstrated the opposite effect. DCA downregulated mRNA levels of PRKDC while UDCA 

and Dex had no effect (Figure 4—27D).

4.4.4.5.5. Cysteine Rich Transniembrane BMP Regulator 1 (chordin-like) (CRIM l)

The CRIMl gene encodes a type I transmembrane protein containing six cysteine-rich repeat 

domains and an insulin-like growth factor-binding domain. It is thought to play a role in 

embryogenesis and tissue development though interactions with members o f the TGF(3 family, such 

as bone morphogenetic proteins [418-419]. However, it also appears to play a role in angiogenesis 

[420]. Array data suggested that DCA significantly upregulated expression of CRIMl mRNA 

while UDCA and Dex downregulated the expression. PCR demonstrated that no treatment exerted 

a significant effect on expression of CRIMl mRNA expression (Figure 4-27E).

4.4.4.5.6. Cbp/p300-lnteracting Transactivator 2 (CITED2)

CITED2 is a protein which is classically associated with congenital cardiac defects. [421] However, 

this protein has also been demonstrated to variably influence apoptosis. It induces apoptosis in 

response to butyric acid in colonocytes and in response to TNFa in macrophages but inhibits 

apoptosis in response to cisplatin [422-425]. Furthermore, it has been shown to potentiate 

neoplastic invasion through upregulation of matrix metalloproteinases [426-427]. CITED2 has also 

been demonstrated to be a negative feedback regulator of NF-kB [425]. It also inhibits trans

activation o f HIFlA-induced genes by competing with binding of H IFla to p300-CHl [428].

Data from the microarray suggested that DCA and UDCA were likely to down regulate this gene. 

However, DCA significantly increased mRNA expression while UDCA reduced expression. Dex 

exerted no significant effect in either the array or in the PCR validation (Figure 4-27F).

4.4.4.5.7. Signal Transducing Adaptor Molecule 2 (STAM2)

STAM2 is an adaptor protein involved in the downstream signalling and processing o f growth 

factor and cytokine receptors [429]. It acts downstream o f JAK kinases and is phosphorylated in 

response to tyrosine kinase receptor activation potentiating the effects of cytokine signalling [429- 

431]. However, STAMs also have a role in the processing o f endosomes. Functional STAM2 is 

required for functional endocytosis, lysosomal degradation and receptor down-regulation [432- 

434]. This adaptor protein interacts with hepatocyte growth factor-regulated substrate located on 

the cytoplasmic surface o f early endosomes and is involved in the sorting of ubiquitinated proteins
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for lysosomal degradation [432], It is also involved in ER to golgi trafficking highlighting a role of 

this protein in the endocytic recycling process. Over-expression o f STAMs results in golgi 

fragmentation, a phenomenon which has previously been demonstrated in our laboratory to occur 

in response to DCA [435-436].

Array data suggested that DCA should upregulate expression of STAM2 mRNA while the effects 

o f UDCA and Dex were varied. PCR demonstrated that both DCA and UDCA upregulated 

expression o f STAM2 mRNA (Figure 4-27G). This could provide a further insight as to the 

mechanism behind DCA inducing golgi fragmentation as well as a potential explanation for the 

reduction in surface expression of ITGAV demonstrated in chapter 3.

4.4.4.5.8. Cortactin (CTTN)

CTTN is a protein that localizes within membrane ruffles in cultured cells [437-438]. It has been 

shown to be involved in actin polymerisation and to interact with Src and the GTPase Dynamin in 

clathrin coated pits [437-441], Consequently, it is felt to exert a role in cell migration and 

endocytosis. Amplification o f the 1 l ql 3 region has been demonstrated in breast and head and neck 

cancers with upregulation of CTTN being frequently identified as a consequence. In cells with 

l l q l 3  amplification, excessive post-translational modification o f CTTN is seen in response to 

EGFR stimulation. This results in localisation o f the protein to cell-matrix attachment sites, 

implying that CTTN may have a role in the modulation of cellular adhesion [442-443]. It has also 

been identified as a modulator of neoplastic invasion [444-445]. In cancers o f the gastrointestinal 

tract including colorectal, gastric and squamous cell cancer of the oesophagus, CTTN has been 

shown to be a predictor of tumour aggressiveness and risk o f recurrence post resection [446-449]. 

Although CTTN over-expression has been associated with a number o f adenocarcinomas (Breast, 

stomach, colon) its role and presence in BO and OAC have not been investigated.

Analysis of array data had suggested that UDCA may induce an upregulation o f this gene. 

However, this was not verified in the PCR validation (Figure 4-27H).

4.4.4.5.9. Baculoviral LAP repeat-containing protein 3 (BIRCl)

BIRC3 (also known as cIAP2) is a member of the inhibitor of apoptosis family of proteins. BIRC3 

has been shown to interfere with the expression of TNF receptor associated factors and the 

activation o f caspases [450-452]. The protein has been shown to be upregulated in response to 

cellular detachment, delaying the onset o f anoikis [301]. While Dex significantly upregulated 

expression o f BIRC3, as demonstrated previously in the literature in breast, ovarian and lung cells, 

neither UDCA nor DCA stimulation elicited this effect [453-455]. This may be because, in our 

experimental design of the array study, detached cells were discarded and thus excluded from the 

analysis (Figure 4-271).
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4.4.4.5.10. Notch, Drosophila, Homolog of, 2 (NOTCH 2)

N0TCH2 is a type 1 trans-membrane protein involved in embryogenesis and organogenesis. 

Mouse models have demonstrated its particular role in cardiac and liver development. NOTCH- 

ligand interactions can result in the activation in one of three signalling mechanisms. The classical 

mechanism involves repression o f transcription o f tissue specific transcription factors, inhibiting 

differentiation and maintaining the pluripotency of stem cells. However, in conjunction with 

different ligands, NOTCH signalling can induce cell differentiation or augment NF-kB signalling 

[456].

In the gastrointestinal tract, N0TCH2 expression correlates with progression through the 

metaplasia carcinoma sequence in the stomach [457]. However, in colonic tumours, NOTCHl 

expression correlates with poor prognosis while N0TCH2 expression correlated with a better 

prognosis [458]. Within the oesophagus NOTCHl and N0TCH2 have been shown to be expressed 

in the basal cell layer in mice. Here, they are thought to maintain the balance between stem cells 

and progenitor cells [456]. Hypothetically, disruption o f N0TCH2 signalling could have a role in 

the genesis of BO by allowing erroneous differentiation o f oesophageal stem cells.

Array data suggested that UDCA and Dex should reduce expression of N0TCH2 mRNA. 

However, PCR validation failed to confirm this finding (Figure 4-27J).

4.4.4.5.11. Nuclear Receptor Subfamily 3, Group C, Member 1 (NR3C1,GR)

The expression and function of the GR (NR3C1) has been discussed extensively elsewhere (See 

Sections 4.1.2 and 4.1.3). Array data and PCR validation confirmed that DCA upregulated 

expression of GR mRNA (Figure 4-27K).

4.4.4.5.12. Interleukin-8 (IL-8)

IL-8 is a chemokine produced by macrophages and other cell types including epithelial cells. The 

protein encoded by this gene is a member o f the CXC chemokine family. This chemokine is one of 

the major mediators of a localised inflammatory response. It functions as a chemo-attractant, and is 

also a potent angiogenic factor. Its primary function is to recruit neutrophils to a site of 

inflammation.

Upregulation of IL-8 in the oesophagus has been demonstrated to occur in response to BA and low 

pH exposure [133, 459]. Increasing levels are seen across the normal-BO-OAC sequence with 

constitutive expression being seen in OAC [135].

Consistent with previously published data, DCA significantly upregulated levels o f IL-8 mRNA 

(Figure 4—27L). However, UDCA and Dex had no effect of the expression o f IL-8 mRNA.
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4.4.4.5.13. Actin Beta (ACTB)

Localization o f beta-actin mRNA to sites of active actin polymerization modulates cell migration 

during embryogenesis, differentiation, and possibly carcinogenesis.

DCA significantly reduced the expression of ACTB in both the microarray and PCR experiments. 

However, while the array data suggested that UDCA and Dex had a similar effect in reduction the 

expression of ACTB mRNA, PCR suggested that DCA downregulated, UDCA upregulated and 

Dex had no effect on the expression o f this gene (Figure 4-27M).

4.4.4.5.14. Activating Transcription Factor 3 (ATF3)

Activating transcription factor 3 is a member o f the cAMP Responsive Element-Binding (CREB) 

protein family o f transcription factors. Two isoforms of this gene exist. The larger isoform 

represses transcription of genes with ATF binding elements by stabilizing the binding of inhibitory 

cofactors at the promoter region. The shorter isoform lacks the ability to dimerise and to bind to 

DNA. It is thought to stimulate transcription by sequestering inhibitory co-factors away from the 

promoter. The two isofonns antagonize each other’s actions and therefore changes in the relative 

expression o f the isoforms regulate transcription o f ATF3 target genes [460]. In mice, the A tfi 

promoter is closely localized to the Nf-Kb promoter region. AtO appears to antagonise the 

transcriptional signalling of Nf-k'b and toll-like receptors [461].

Transcription of the ATF3 gene has been shown to occur in response to low pH [462]. Microarray 

data suggested that DCA and UDCA upregulated the expression o f ATF3 mRNA while Dex had no 

effect on the expression. PCR demonstrated that DCA upregulated mRNA expression to 70 times 

the level of vehicle control. UDCA upregulated the expression to five times the expression of 

vehicle (Figure 4—27N).

4.4.4.5.15. Chemokine, CXC Motif, Ligand 14, (CXCL14)

CXCL14 is constitutively expressed at high levels in many normal tissues including intestinal 

lamina propria and is thought to be primarily produced by fibroblasts [463]. However, it is reduced 

or absent from most neoplastic tissues [464-465]. In the presence o f prostaglandin E2, CXCL14 is 

chemotactic for monocytes but apparently not for lymphocytes, dendritic cells, macrophages, and 

neutrophils. CXCL14 also inhibits angiogenesis, possibly as a result o f its ability to block 

endothelial cell chemotaxis [466].

CXCL14 has previously been shown to be modulated in response to DCA in HET-1A cells but not 

in a cell line representing an oesophageal adenocarcinoma (SKGT-4) [387]. In the array data all 

treatments were seen to down regulate expression o f CXCL14, while PCR validation demonstrated
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that DCA and UDCA downregulated expression CXCL14 mRNA while Dex had no significant 

effect (Figure 4—270).

4.4.4.5.16. DNA Damage-Inducible Transcript 3 (DDIT3 / CHOP)

DDIT3 acts as a dominant-negative inhibitor of the transcription factors C/EBP and LAP by 

forming heterodimers incapable of binding DNA [467]. DDIT3 activation occurs in response to ER 

stress induced by the unfolded protein response. DDIT3 deletion protects cells from ER stress by 

decreasing ER protein load and changing redox conditions [468]. It has been shown to bind to 

ATF3, forming a heterodimer incapable o f binding DNA, thus allowing transcription of stress 

genes [469]. ATF3 is also capable of suppressing DDIT3 transcription [470].

PCR experiments validated that DCA and UDCA upregulated DDIT3 expression while Dex had no 

significant effect (Figure 4-27P).

4.4.4.5.17. Growth/Differentiation Factor 15 (GDF15)

GDF15 is a protein belonging to the TGF-P family which has a role in regulating inflammation and 

apoptosis. GDF15 has been shown to inhibit polymorphonuclear leukocyte adhesion and 

transmigration by inhibiting p2 integrin function through interference with activation of the small 

GTPase Rapl and by directly activating the small GTPase Cdc42 [471]. Interestingly p2 integrin 

gene expression was upregulated by both UDCA and Dex in the HET-IA cell line in the micro

array (Figure 4—17, Table 4-2 and Appendix 3). GDF15 functions as an anti-inflammatory 

cytokine by directly interfering with chemokine signalling, and also appears to be a modulator of 

inflammation and cancer [472],

In the same paper that demonstrated that CXCL14 was upregulated in response to DCA, GDF15 

was identified as similarly upregulated by DCA [387]. Array data suggested that DCA upregulated 

to expression o f 100 times that of vehicle while UDCA increased the expression to 15 times that of 

vehicle. PCR demonstrated that DCA and UDCA upregulated the expression to approximately 200 

and 34 times the expression seen in vehicle treatment respectively (Figure 4-27Q).

4.4.4.5.18. Tribbles, Drosophila, Homolog of, 3 (TRIB3)

TRIB3 is a negative regulator o f NF-kB which exerts its effects through phosphorylation o f the p65 

subunit o f NF-kB. This sensitizes cells to death receptor induced apoptosis [473]. It also inhibits 

the activity of API and AKTl [474-475]. Expression has been shown to be upregulated by NF-kB. 

DCA and UDCA significantly increased the expression o f TRIB3 mRNA while Dex had no 

significant effect (Figure 4—27R).
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Figure 4-27: Expression levels of mRNA as determ ined by m icroarray  probesets and as validated
by PCR. Array data (Left) presents various numbers o f  data points as determined by the number of 
probesets representing each gene on the Affymetrix Human U133 Plus 2 gene expression chip. Intensity 
expression varied unpredictably between probesets. The expression o f the probesets is plotted but no 
averaging or statistical representation is presented. The raw data o f intensity measurements is presented 
in Appendix 3. PCR validation data (Right) o f the genes chosen for validation is expressed as mean +/- 
95% Cl (N = 5) so that bars not crossing the line at Y=1 are considered statistically significant.
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Table 4-3: An overview of changes in mRNA expression induced by DCA, UDCA or Dex in the 
microarray experiment (MA) and the changes identified using RT-PCR (PCR). Coloured boxes 
indicate genes in which there was correlation between the two techniques. 37/54 gene sets demonstrated 
similar findings between the micro-array and PCR validation.
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4AA.6. Interpretation of the Array Validation

Cluster analysis of the microarray data had suggested that UDCA and Dex may be similarly 

modulating gene expression in the HET-1A cell line. Interestingly though, the similarities between 

gene lists appeared much greater between DCA and UDCA (Appendix 3). In order to validate the 

findings of the microarray data, genes were identified which could validate and further elucidate 

our findings. Significant similarity was identified between the array data and the PCR validation 

(Table 4—3). In fact, overall 37/54 genes (69%) validated. However this was primarily between 

DCA and UDCA.

The majority of genes identified as similarly modulated by DCA and UDCA in the array were 

similarly altered by UDCA and DCA in the validation data. These genes were primarily chosen 

from lists o f the top 25 genes modulated by UDCA or DCA (Appendix 3). Interestingly, the 

majority o f these genes can be associated with ER stress and apoptosis. ATF3, DDIT3, TRIB3, 

CXCL14 are all associated with ER stress [476-478]. DDIT3 may itself potentiate ER stress 

through a reduction in BCL-2 (increasing ROS) [479] and inducing TRIB3-mediated ER-induced 

cell death [480-481]. Interestingly, while GDF15 is also regarded as a marker of ER stress, levels 

of apoptosis are not affected by absence of this protein [482]. Furthermore, ER stress can 

upregulate expression of IL-8 [483].

In the array analysis UDCA and Dex had appeared to exhibit significant overlap in gene expression 

profiles and to cluster together. During the validation this did not appear to be the case; genes 

modulated by Dex were not similarly modulated by UDCA and vice versa. It is possible that 

UDCA and Dex clustered together in the array analysis simply because DCA clustered 

independently due to the greater fold changes in gene expression induced by this chemical. For the 

converse reason, the relatively small change in mRNA expression induced by UDCA and Dex, 

similarities between these two treatments may have been difficult to demonstrate (See Figure 8-3, 

Appendix 3).

Differences between the microarray data and the PCR data may also have occurred as a result of 

the different biases inherent to each o f these technologies. The microarray data sets are biased 

toward representing the 3’ end o f the oligonucleotide string (see Section 4.3.7) while the Taqman 

probes are biased toward the 5’ end o f any cDNA because of the 5’ to 3 ’ nature o f Taq polymerase 

(See Section 0). This means that different gene transcripts may be identified in only one of the 

technologies used, rather than in both, leading to different results. For the same reason, the 

different preparation steps used in the two experimental techniques prior to quantification are also 

likely to bias the resuhs obtained by the two technologies. Yet the PCR data is, on balance, more
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likely to be an accurate representation of the real alteration in gene expression for any specific gene 

transcript.

Finally, the differences between the array data and the PCR validation may also have been a 

consequence of the genes chosen for validation. Unfortunately, two of the most promising genes 

for validation (SAE-1 and SI OOP) did not have PCR primers available at the time the research was 

performed. Custom designed probes were not used due to time limitations.
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4.4.5. UDCA Pre-Treatment Inhibits DCA-Induced Expression of IL-8

Finally, as the aim of this research was to investigate whether UDCA could modulate the 

inflammatory effects of DCA at a transcriptional level, we investigated whether UDCA pre

treatment could modulate IL-8 mRNA upregulation in response to DCA treatment.

Tra/j^-repressive effects o f the GR are largely considered to be due to protein-protein interactions 

between GR and other inducible transcription factors (e.g., AP-1 and NF-KB) rather than direct 

genomic effects. It has been shown that UDCA suppresses NF-kB-dependent transcription and the 

subsequent cytokine expression through direct interaction of the GR and NF-kB; in particular, via 

interaction with the p65 subunit. IL-8 (an NF-kB dependent gene) was chosen as a representative 

pro-inflammatory gene, involved in the normal-BO-OAC sequence transition, which was 

significantly upregulated in the micro-array and PCR data.

HET-IA cells were treated with SOO^M DCA, with or without UDCA pre-treatment, and the 

expression of IL-8 niRNA was normalised to DMSO vehicle for each tinie-point studied. DCA 

induced a much greater upregulation of IL-8 mRNA expression than UDCA after 6 and 8 hours 

treatment. Four hours UDCA pre-treatment prior to DCA exposure significantly reduced the 

expression of IL-8 mRNA induced by DCA at the 6 and 8 hour time-point (Figure 4—28). This 

duration o f pre-treatment was chosen because it had been shown to reduce apoptosis in the HET- 

IA cell line in earlier work.

This finding suggests that UDCA can modulate DCA induced gene expression in the HET-IA cell 

line. However, this finding would need to be validated further (including with GR knockdown) 

prior to generalising the finding.

239



IL-8 mRNA Expression in Response to DCA, 
With or Withour UDCA Pre-Treatment

□  UDCA
30n

c
o

« w
(A S
(1) Qk.
Q . O 
X

L U  0 )  
> 
JS
d>

a:

20 -

10 -

DCA □  UDCA PRE DCA

n j l * l  n l

*** *
I— I— I

I

*** *
I— I— I

Duration of Treatment

Figure 4—28: Four hours UDCA pre-treatment prior to DCA exposure in HET-IA cells reduced 
DCA induced expression of IL-8 mRNA. HET-IA cells were grown until 80 -  90 % confluent. Cells 
were either pre-treated with UDCA in fresh media or with fresh media alone for 4 hours. At T = 0, cells 
were exposed to DCA, UDCA or DMSO for 2, 4,6 or 8 hours. At the relevant time-point, the cells were 
lysed, RNA extracted and cDNA generated for RT-PCR. RT-PCR was per-formed using performed using 
Applied Biosystems 7900HT Fast Real-Time PCR System. Data represents Mean and SEM of N=5. * 
denotes p < 0.05 and *** denotes p < 0.001.
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4.5. Discussion

The aetiological association between chronic inflammation and carcinogenesis has been established 

[370, 372], In the oesophagus, inflammation occurs in response to the refluxate o f  gastric and 

duodenal contents. At the m olecular level, both high concentrations o f  ions and BAs have been 

shown to activate pro-inflammatory pathways and generate ROS and RNS [85, 87, 133, 136, 462], 

In-vivo, increasing exposure o f the oesophagus to refluxate correlates with the degree o f 

inflammatory cell infiltrate as well as the risk o f developing BO and OAC [18, 21, 51, 187].

UDCA has been shown to activate the GR through a mechanism distinct from GCs [169, 171]. 

Activation o f  the GR by UDCA appears to dissociate ?ra7J5 -activation and //-an^-repression; it 

/ra« 5 -represses with the same efficacy as Dex without inducing /ra/J5 -activation to the same extent 

[376]. Thus UDCA is a dissociated steroid compound with the ability to exert anti-inflam m atory 

effects without inducing the side effects associated with the use o f  GCs. Consequently, the aim o f 

this research was to investigate the potential role o f UDCA in modulating the GR in the 

oesophagus and to investigate the potential o f  this compound to act in a fashion similar to Dex.

To investigate this, we first examined the expression o f  the GR in oesophageal cell lines 

representing normal epithelium, BO and OAC. All cell lines expressed GR. The lowest level o f 

expression was seen in the HCTl 16 cell line representing colorectal cancer. The GR present in all 

ceil lines was determined to be GRa. The expression o f  the GR in-vivo was then investigated using 

immunohistochemical staining o f paraffin embedded biopsies o f normal squamous epithelium, BO, 

OAC, SqCCa o f the oesophagus and normal colonic epithelium. The expression o f the GR in 

squamous epithelium has already been demonstrated [369]. However, the identification o f the 

relative absence o f GR in BO is a novel finding. It suggests that activation o f the GR in non

neoplastic oesophageal tissue may preferentially target normal squamous epithelium rather than 

metaplastic BO. This could be used as a mechanistic strategy to selectively protect normal 

epithelium while treating BO.

We next investigated the ability o f  UDCA to induce translocation o f the GR to the nucleus. UDCA 

was found to consistently induce translocation o f  the GR in cell lines representing the normal-BO- 

OAC sequence. In the H E T -IA  cell line, the EC 5 0  for translocation was 336|xM. The efficacy o f 

GR translocation after eight hours stimulation with 300|.iM UDCA (relative to lOOnM Dex, a dose 

chosen to induce maximal GR translocation) varied considerably between the cell lines. In the 

H E T-IA  cell line the efficacy was 36%. In the QH, SKGT-4, OE33 and H C Tl 16 cell lines, the 

relative efficacies were 37%, 26%, 13% and 51% respectively.

Interestingly, DCA induced nuclear translocation o f the GR in the SKGT-4 cell line. The efficacy 

o f DC A induced translocation was almost identical to that o f  UDCA. To date the ability o f  DCA to
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induce nuclear translocation has not been reported. It is possible that DCA could induce GR 

translocation through a mechanism similar to UDCA, or that this could simply represent a stress 

reaction [361, 484-486]. While it was initially suggested that UDCA was the only BA with which 

exerted anti-apoptotic effects, it was recently demonstrated that pre-treatment with low dose 

hydrophobic BAs could protect against apoptosis induced by subsequent exposure to high dose 

hydrophobic BAs [229]. As the GR has been demonstrated to be involved in eliciting the protective 

effects of UDCA, it may also be that DCA could be exerting an anti-apoptotic effect through this 

mechanism [167, 239].

The ability of UDCA and DCA to induce /ra/25-activation was next investigated. DCA was 

included in this experiment because it had demonstrated the ability to induce GR translocation in 

the SKGT-4 cell line. Neither prolonged UDCA nor prolonged DCA treatment induced trans- 

activation in the HET-IA or the SKGT-4 cell line. Thus, despite UDCA inducing translocation of 

the GR, trans-activation did not occur, consistent with previously published research [376]. While 

the ability of UDCA to ^rawi'-repress the effects of transcription factors such as KF-kB and AP-1 

has previously been demonstrated, this effect was not investigated in this research. Confirmation 

that UDCA can induce ;;-a«5-repression in oesophageal cell lines will be necessary in future 

experiments. However, the use o f a standard IL-8 or NF-kB ;ra«.v-repression assay is precluded in 

OAC cell lines due to their high constitutive NF-kB activity. An AP-1 /ran^-repression assay may 

be of use in future experiments to demonstrate the /ra/z^-repressive ability o f UDCA in oesophageal 

cell lines. Perhaps more interesting will be the investigation as to whether DCA induces trans- 

repression in the SKGT-4 cell line in a manner similar to Dex or UDCA.

Finally, we investigated similarities between the niRNA expression profiles induced by UDCA, 

Dex and DCA. The HET-IA cell line was the primary cell line we wished to investigate it order to 

determine whether UDCA could reduce inflammation in normal squamous epithelium. The 

identification of an anti-inflammatory role, mediated through the GR, in a tissue which expressed 

the GR would suggest that UDCA could be used to prevent inflammation, thus conceivably 

reducing the toxicity o f GORD in the oesophagus.

The GR has been shown to directly modulate the expression o f a core set of approximately 100 

genes. However, these appear to vary among different tissues and when different GR ligands are 

used [236, 354, 366-367, 487]. For this reason, the OE33 cell line was chosen for the micro-array 

experiment because of its embryologically similar origin to the HET-IA cell lines (i.e. 

oesophageal). Thus, this should have allowed a core “oesophageal” set o f GR modulated genes 

induced by Dex, and possibly UDCA, to be identified. The HCTl 16 cell line was chosen because is 

represented a cell line in which the expression of the GR was low.
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The HET-IA and OE33 cell lines demonstrated that over 100 genes were similarly modulated by 

Dex. This was consistent with previously published literature[236, 487]. Definition o f this core set 

o f genes should also have allowed investigation into whether any o f this core set were similarly 

modulated by UDCA. Similarities between UDCA and Dex within a single cell line were greater 

than similarities o f the treatments between the cell lines. The two compounds similarly upregulated 

559 probesets and downregulated 103 in the HET-IA cell line. Using IP A, 16 o f the genes were 

found to be directly associated with the GR. However, the genes similarly upregulated and 

downregulated by UDCA and Dex (e.g. SERPINEl, PRKDC, ACTB and NOTCH) did not validate 

with RT-PCR. This may simply represent the greater variance seen in the multiple RT-PCR 

experiments compared with the technical replicates of the array. In the OE33 cell line 42 probesets 

were similarly upregulated by UDCA and Dex and 12 were downregulated. Only one gene was 

similarly regulated by UDCA and Dex in the HET-IA and OE33 cell line (KLHL24).

In the HCT116 cell line no genes were similarly modulated by UDCA and Dex. The paucity of 

genes modulated by UDCA and Dex in the HCTl 16 cell line may be because of the low level of 

GR expression in this cell line. It could possible also be because of a low number of GREs in this 

cell line. As the GR is not expressed in normal colonic epithelium the HCTl 16 cell line may not be 

designed for stimulation by GCs. Identification of a set o f genes modulated by UDCA in the 

(relative) absence of the GR (i.e. in the HCTl 16 cell line), and comparison with genes modulated 

in the presence o f the GR would hypothetically have allowed differentiation between UDCA- 

mediated GR effects and UDCA effects not mediated through the GR. However, the paucity of 

genes modulated by UDCA in this cell line precluded this analysis.

Although UDCA and Dex demonstrated significant overlap in gene expression profiles in the HET- 

lA  cell line, UDCA and DCA also exhibited significant similarities. DCA similarly upregulated 

30.2% of those genes upregulated by UDCA and downregulated 41.6%. Clustering analysis of the 

array data sets consistently demonstrated that ER stress and inflammatory genes were similarly 

regulated by these two BAs. Validation of the array confirmed these findings. This finding may 

explain why UDCA reduced proliferation (and likely induced cell death) in the HET-IA cell line as 

demonstrated in Chapter 2. However, the relative toxicity of DCA is much greater than that of 

UDCA, as exhibited by the much lower levels o f stress or inflammatory gene expression (e.g. 

ATF3, GDF15, IL-8) induced by UDCA. However numerous other genes were similarly regulated 

by the two BAs. One possibility is that the two BAs could also be similarly activating other 

pathways such as the BA dependent orphan nuclear receptors.

Therefore, UDCA, although inducing a discrete set of genes, demonstrated some similarity with 

gene expression profiles induced by both Dex and DCA. This was most noticeable in the HET-IA 

cell line (Table 4-4and Table 4—5). As the structure o f UDCA exhibits similarities with both Dex
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and DCA, its ability to modulate genes in a fashion similar to both DCA and Dex may reflect that 

UDCA exhibits structure-function effects of both. Adding validity to this hypothesis is that the 

overlap between DCA and Dex was smaller than between the other comparison groups. DCA 

consistently modulated approximately 10% of genes modulated by Dex and Dex consistently 

modulated less than 5% of genes whose expression was altered by DCA.

Percentage of Genes Modulated by DCA or Dex similarly modulated

by UDCA

HET-IA OE33 HCT116

Up Down Up Down Up Down

DCA 17.1 6.6 4.3 2.9 <1 <1

Dex 35.0 17.3 2.1 1.6 0 0

Table 4-4: Percentage of genes modulated by DCA or Dex which are similarly modulated by UDCA.

Percentage of Genes Modulated by UDCA Similarly Modulated by Dex

or DCA

HET-IA OE33 HCT116

Up Down Up Down Up Down

30.2 41.6 48.8 50 71.4 65.2

21.6 10.4 10.5 5.6 0 0

Table 4-5: Percentage of genes modulated by UDCA which are similarly modulated by Dex or DCA

Within the HET-IA cell line there was as much similarity between UDCA and Dex as there was 

between UDCA and DCA. However, RT-PCR demonstrated that similarities between UDCA and 

DCA were more likely to validate than similarities between UDCA and Dex. In fact, no genes 

similarly modulated by UDCA and Dex in the micro-array validated using RT-PCR. Numerous 

reasons could potentially explain this. It could reflect the smaller fold changes in gene expression 

seen with UDCA and Dex being more difficult to validate (Figure 8.3 in Appendix 3). Another 

possible explanation for the different expression profiles induced by UDCA and Dex is that UDCA 

simulated GR may not interact with DNA in the same way as GC-stimulated OR. Miura et al 

demonstrated that GC-stimulated GR co-localized with TIF2 (a co-activator for NSR that results in 

upregulation of DNA transcription) in the nucleus. However, in UDCA-stimulated cells GR
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translocation occurred but induced a diffuse nuclear pattern o f  the GR; one which did not overlap 

with the TIF2 foci. This suggests that the GC-GR and the U D C A -G R  com plexes associate with 

different nuclear protein structures. Therefore, it is unlikely that the U D C A -G R  com plex w ill have 

a genetic profile identical to that o f  the D ex-G R  com plex [167, 169]. Yet similarities are also likely  

to exist. The gene SI OOP was identified as one o f  the genes m ost upregulated by both U D C A  and 

Dex. This gene is regarded as GR dependent [388]. H owever, this gene was also upregulated by 

DCA undermining that it is necessarily upregulated by a selective U D C A -G R  interaction.

A  final reason for the poor validation o f  genes similarly modulated by U D C A  and D ex may have 

been the experimental design. In the absence o f  a pro-inflammatory stimulant, U D C A  and D ex may 

not have had a chance to exert a significant ?7-a«5-repressive effect via the GR. A s /ra/z^-repression 

is thought to be the predominant mechanism through which U D C A  mediates its GR effects, we  

may not have identified this using our current experimental design, thus w e may have failed to 

identify a significant similarity between U D C A  and D ex. U D C A  was certainly able to prevent the 

upregulation o f  lL -8  induced by DCA.

The research in this chapter needs further work to be undertaken in the future. Firstly, 

demonstration o f  the rran^-repressive potential o f  U D C A  and D C A  in oesophageal cell lines needs 

to be demonstrated. Next, further exploration o f  the similarities between U D C A  and D ex needs to 

be pursued. The genes chosen to validate the micro-array data demonstrated that the individual 

effects o f  Dex and U D C A  in the H E T -IA  cell line were reliable. H owever, the genes chosen to 

investigate genes similarly modulated by D ex and U D C A  failed to validate using RT-PCR. It 

would certainly be interesting to validate SA E l and SI OOP as these were two o f  the biggest hits 

identified as modulated by both D ex and U D C A  in the micro-array.

Finally, functional work needs to be pursued. In particular, the finding that D C A  up-regulates 

STAM 2 and SERPINEl could be o f  interest to pursue. The roles o f  these genes (modulating 

ITGAV and endocytic recycling) suggest that they may influence cell adhesion. STAM 2 is required 

for endocytic recycling and lysosom al degradation. High levels o f  STAM 2 expression induce 

fragmentation o f  the golgi apparatus [432-435]. ITGAV, integrin 05 and ae have all been shown to 

be recycled through a long endocytic recycling loop through the PNRC and the golgi apparatus 

[331, 488] and fragmentation o f  the organelle has been identified in the colonic cell line HCTl 16 

after exposure to D C A  [436]. SERPINEl reduces the surface expression o f  ITGAV and the 

adhesion o f  ITGAV to vitronectin [406-407, 410-412]. Although SERPINEl upregulation does not 

explain the reduction in the surface expression o f  integrins as and it is certainly worthy o f  further 

study. Therefore, investigation o f  these genes could potentially flirther elucidate the mechanism  

through which DCA induces cell detachment (Chapter 3).
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4.6. Conclusion

The aims o f this chapter were to:

• Investigate the expression of the GR in oesophageal tissues,

• To investigate whether UDCA could be used to activate the GR, and,

• To investigate similarities between the mRNA expression profiles induced by UDCA and

Dex and UDCA and DCA.

This research has demonstrated that UDCA modulates the GR in oesophageal cells. The 

identification that the GR is expressed in squamous epithelium but not BO suggests that targeting 

this receptor could provide a therapy which targets squamous epithelium but not BO. This research 

certainly demonstrates that in the absence of GR, Dex (and possibly UDCA) exerts little effect on 

gene expression, as exhibited by the HCT116 cell line. Thus modulation o f the GR could be 

potentially be used to reduce inflammatory pathways in squamous epithelium, either reducing the 

risk o f generating BO or protecting squamous epithelium from collateral damage while targeting 

BO for ablation.

The mRNA expression profile induced by UDCA is distinct from that induced by DCA or Dex. 

However, there are significant overlaps in the expressed gene profile o f UDCA and Dex and 

UDCA and DCA. DCA and Dex demonstrate less similarity between gene expression profiles. The 

physical structure o f UDCA (having similarities to both DCA and Dex) may explain this finding. It 

also suggests that the overlap in gene expression profiles between UDCA and DCA and UDCA and 

Dex is probably real. Therefore, UDCA may be able to modulate the GR in oesophageal cells. 

However, further validation and fimctional work will need to be undertaken in order to confirm this 

hypothesis.

Even if no further similarities between UDCA and Dex were validated in future experiments, 

UDCA does exerts less cellular stress than DCA (as demonstrated by the up-regulation o f ER stress 

genes and pro-inflammatory genes). Therefore, oesophageal inflammation could possibly be 

reduced through displacement of DCA from the circulating BA pool by the oral administration of 

UDCA.
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Chapter 5.

5. Discussion of Research and Conclusions
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GORD is a prevalent disease in the western world. Up to 20% of the western population will 

complain of symptoms of sufficient severity to impact their quality o f life [2-3], In up to 10% of 

these patients BO will exist [5, 16], This metaplastic epithelium protects the oesophagus against 

erosive oesophagitis and the risk of ulcers or inflammatory peptic strictures. However, it carries a 

risk of developing into OAC. The most current estimates place the risk at less than 0.5% per year 

among those with no dysplasia or LGD [489-491].

Interestingly the hereditary genetic component to these diseases is negligible [30-32]. Apart from 

gender, BO and OAC are archetypal environmental diseases with obesity, smoking and GORD 

being the predominant aetiological risk factors [8, 15, 33-38]. Smoking and obesity can addressed 

through behaviour modification, albeit with varying success. GORD remains only partially treated. 

The refluxate of GORD is predominantly comprised o f acid and BAs [18, 20]. PPIs and H2RAs 

have effectively targeted the acid component of GORD and have successfully reduced the 

incidence o f erosions, ulcerations and strictures and in the oesophagus [492]. However despite the 

success in reducing these non-nialignant complications, the incidence of BO and OAC has risen 

steadily over the last three decades [14, 27-28].

BAs present in refluxate remain the untreated component o f GORD. Increasing exposure of the 

oesophagus to BAs has been shown to correlate with an increasing risk of erosive oesophagitis, BO 

and OAC [18, 20-21]. Retrospective epidemiological studies, perfomied after the advent of tools to 

assess oesophageal BA exposure, have confirmed the independent role of BAs in the aetiology of 

OAC [15]. Research has shown these amphipathic molecules are pro-inflammatory, carcinogenic 

molecules. Even when acid is adequately suppressed by the administration of PPIs, significant 

levels of DGOR can continue and this puts GORD patients at risk of developing metaplastic and 

neoplastic complications [53-54].

5.1. The Role of BAs in Inflammation and Carcinogenesis in the 

Oesophagus

BAs have been identified as pro-inflammatory molecules in numerous diseases. The most well 

known are cholestatic diseases of the liver. In these diseases BAs have been shown to up-regulate 

inflammatory and apoptotic pathways. Similarly, in the oesophagus, exposure to BAs can resuh in 

significant pathology. High concentrations of BAs in the oesophagus result in micelles which have 

detergent properties and destroy cell membranes. Even at concentrations below the CMC, BAs 

damage the cell membrane, releasing phospholipids, cholesterol and arachadonic acid which results 

in the generation of ROS and RNS [108-111]. Individual protonated BAs may traverse the cell 

membrane, where they are then ionised and become trapped intracellularly. Increasing
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concentrations o f intracellular BA have been shown to correlate with increasing mucosal damage 

[110-111, 119-120], Once intracellular, BAs activate inflammatory pathways or exert mutagenic 

effects [66, 86, 121], BAs induce mitochondrial depolarization which generates ROS independently 

o f their effects on the cell membrane [156, 195], They can also upregulate expression of COX-2 

which, as a by product o f its function, produces ROS [131], IL-8, NF-kB and downstream NF-kB 

dependent genes have also been shown to be induced in oesophageal cells exposed to BAs [85, 

133],

Through the inflammatory mechanisms described above, BAs are also carcinogenic. The 

production of ROS induces oxidative DNA damage and replication errors as well as inhibiting the 

function of mismatch repair mechanisms [66], The p53 mutation, found in over 90% of OAC, 

frequently occurs as a result of oxidative damage and highlights that inflammation and ROS are 

likely carcinogens in OAC [122-123], Genotoxicity has also been demonstrated in HET-IA cells 

during short duration BA exposure, without a reduction in viability [88], and chromosomal damage 

has been identified in the OE33 and KYSE30 cell lines in response to BAs [86],

Animal models have demonstrated that BA exposure is significantly more likely to result in the 

genesis of columnar lined oesophagus and adenocarcinoma than acid exposure in the presence or 

absence of a tumour promoter [56-59], In humans, the independent role of BAs in the aetiology of 

BO is well demonstrated by the finding that post-gastrectomy patients, whose oesophagi are not 

exposed to acid, may still develop BO even though there is minimal inflammatory injury to the 

oesophageal mucosal [17, 55],

O f particular concern is that highly efficacious acid suppression therapy, which significantly 

reduces the inflammatory consequences o f GORD, may be compounding the toxicity of BAs. In 

animal models, acid has been shown to protect against BA-induced OAC in the presence of a 

tumour promoter [58], Hypothetically, this finding could partially explain the increasing incidence 

of OAC during last three decades [493].

5.2. The Need for a New Therapeutic for the Treatment of GORD.

Strategies to prevent the rising incidence of OAC are limited. PPIs target the acid component o f 

reflux but have failed to impact on the rising incidence of OAC. No therapeutic agent currently 

exists to counter the inflammatory and carcinogenic potential o f BAs. O f more concem, the 

carcinogenic potential of BAs may be propagated by the use o f PPIs.

Therefore, in a highly prevalent environmental disease (GORD) which carries a moderate risk o f 

developing metaplastic complication (BO) and a low but definite risk o f a neoplastic consequence 

(OAC), a significant risk factor remains untreated.
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Furthermore, screening GORD patients for BO and OAC appears ineffective in reducing mortality. 

Firstly, symptomatology and the risk of oesophagitis, BO and OAC remain poorly correlated [5]. 

Secondly, while the risk of developing OAC in the setting o f BO is 100 times that of the general 

population, there is no definite reduction in life expectancy or increase in mortality associated with 

BO [494]. Therefore, screening for BO and OAC is arguably neither cost effective nor beneficial to 

the patient. This presents a significant dilemma for clinicians. The prognosis of OAC is dismal and 

therefore PPIs are prescribed and screening for OAC is often undertaken in the setting o f biopsy 

proven BO.

There is a need for a safe and effective therapeutic which targets BA-induced inflammation in the 

oesophagus. Ideally, this therapeutic could be safely prescribed in conjunction with PPIs to a large 

cohort o f the population at the onset of GORD symptoms. This strategy could potentially be used 

to empirically in this prevalent disease to lower the risk o f a developing a metaplastic or neoplastic 

complication.

5.3. UDCA

UDCA has been shown to modulate the inflammatory, apoptotic and carcinogenic effects of BAs 

such as DCA. There appear to be two predominant mechanisms through which UDCA is 

hypothesised to exert its effects.

The first is through attenuation of the pro-inflammatory signalling mechanisms that are upregulated 

by cell stress such as that caused by BAs. In-vitro, UDCA has been shown to reduce the generation 

o f ROS induced by BAs, protect mitochondria from depolarization induced by BAs and, reduce the 

mutagenicity of BAs [116-117, 156-157, 165, 179, 194-195, 225, 495-496]. UDCA has also been 

shown to directly inhibit DCA-induced expression o f COX-2 [117, 165] and to induce the 

production of anti-oxidants, potentially mitigating BA-induced ROS production [154-155] without 

up-regulating ROS itself [68].

The second potential anti-inflammatory mechanism of UDCA is activation of the GR [168-169, 

171, 376]. The interaction appears to enhance the /ra«5-repressive and inhibitory attributes of the 

GR without resulting in significant trans-aciivalion [116, 167, 169-171]. GR mediated Trans- 

repression inhibits the ftinctions of pro-inflammatory transcription factors such as NF-kB and AP- 

1. The activity of these transcription factors is reduced by UDCA [166]. This could not only reduce 

inflammation, but could also hypothetically prevent cellular apoptosis [167-168].

Yet, despite a large volume o f literature suggesting an in vitro anti-inflammatory and anti-apoptotic 

role for UDCA, the findings are not ubiquitous. Some authors have argued that UDCA is pro- 

apoptotic or may synergise with other BAs to induce mitochondrial damage and cell death [197,
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203-204, 269, 497-498]. Perhaps more concerning is that since this PhD was undertaken there has 

been an increase in the published literature regarding the null or harmful effects of UDCA in vivo. 

A Cochrane review published in 2009 concluded that UDCA did not increase life expectancy or 

reduce the risk o f HCC in patients with PBC [499]. Two papers, similarly published since the 

beginning o f this research, have suggested that high dose UDCA may even be harmful. The first 

suggests no benefit with treatment and an increase in the number o f severe adverse events in 

patients receiving high dose UDCA for the treatment of PSC [500], The second suggested an 

increase in the rate o f colorectal cancer in ulcerative colitis patients who have PSC and who are 

receiving UDCA [501]. These findings highlight the potential danger of UDCA at high doses. 

Despite these concerning findings, low to moderate dose UDCA remains one o f the accepted 

therapeutics for cholestatic hepatic disease and it thought to be o f significant benefit in specific 

subsets of patients [502-503].

Therefore, based on in-vitro and previous in-vivo data, the hypothesis investigated in this PhD was 

that UDCA may be o f therapeutic use in the modulation of BA induced inflammation and apoptosis 

and in the oesophagus.

5.4. UDCA Reduces DCA-Induced Apoptosis but does not Reduce 

the Total Magnitude of DCA-Induced Cell Death

BAs induce both inflammation and apoptosis in the oesophagus [15]. Greater exposure of the 

oesophagus to refluxate has been shown to correlate with a more severe inflammatory phenotype 

[20-22] and increasing levels of apoptosis are seen in increasingly severe inflammatory 

oesophageal disease [184]. Significant levels o f apoptosis have been demonstrated in the oesophagi 

o f rats who had undergone an oesophagoduodenostomy demonstrating that BAs can induce this 

phenotype in the absence of acid [187]. Furthermore, in this model, glutathione levels in the 

oesophageal cells were increased, suggesting that apoptosis, and the resulting oesophagitis, are 

mediated by ROS and RNS [187]. The ability o f BAs to induce free radicals in oesophageal cell 

lines has been demonstrated [85-86, 188]. Therefore, modulation o f BA-induced apoptosis is likely 

to reflect modulation of inflammation in normal squamous epithelium and vice versa.

In the first part of this research we investigated the role o f UDCA in modulating cell death induced 

by DC A in the oesophageal cell line HET-IA. UDCA at low doses inhibited cellular proliferation 

while higher doses induced cell death. Consistent with the published literature, the magnitude of 

this effect was much less than that seen with DCA exposure. Although 300|j,M UDCA did not 

induce PARP cleavage in subsequent experiments, the micro-array experiment demonstrated that 

UDCA was inducing the expression o f numerous ER-stress genes (GDF-15, TRIB3, DDIT3, etc) in
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a fashion very similar to DCA. Thus, UDCA in this cell line may be pro-apoptotic independently of 

DCA, albeit at a much lower level.

UDCA pre-treatment (but not co-treatment) reduced PARP cleavage and mitochondrial 

depolarisation induced by DCA. PARP cleavage was the most specific marker of apoptosis used in 

this research and this demonstrates that UDCA pre-treatment is reducing apoptosis in these cell 

lines. Co-treatment o f DCA with UDCA led to increased levels of these apoptotic markers above 

that o f DCA alone. Other markers o f “apoptosis” (TUNEL and AV/Pl based flow cytometry) were 

not influenced by UDCA pre- or co-treatment. However, these are less specific markers of 

apoptosis; the validity of both assays for differentiating apoptosis from necrosis and autophagy has 

been questioned [256, 272]. These findings argue that UDCA pre-treatment, but not co-treatment, 

is reducing apoptosis in the oesophageal cell line HET-IA.

The demonstration that autophagy was induced by DCA added fiirther complexity to the analysis of 

this data. Similar to the findings seen with PARP, DCA increased LC3-I1 expression in a fashion 

consistent with autophagy. Co-treatment with UDCA unpredictably modulated the upregulation of 

LC3-II while UDCA pre-treatment consistently reduced LC3-II expression after four hours DCA 

stimulation but increased it after twelve hours. This may suggest that UDCA pre-treatment at least 

transiently protects against autophagy.

However, UDCA did not attenuate the reduction in cell viability induced by DCA in any of five 

experimental setups, at any of nine concentration combinations investigated, or at any o f the three 

time-points investigated. In MTT assays UDCA demonstrated a null effect, neither enhancing nor 

reducing DCA-induced cell death. In the nuclear count assay UDCA appeared to enhance DCA- 

induced cell death, although this result was called into question by the subsequent finding that BAs 

modulate adhesion in the HET-IA cell line.

Taken together, the findings presented in this research suggest that UDCA pre-treatment is likely to 

induce a reduction in DCA-induced apoptosis and autophagy, but at the expense of an increase in 

necrosis. To further this research, it would be interesting to repeat the explant experiments using 

higher concentrations o f BAs in order to determine whether UDCA could protect against DCA- 

induced cell death in explanted human tissue. Expression of cleaved PARP, in combination with 

explant viability, could be used to determine the mechanism of cell death being induced by the 

different treatment strategies.

Based on this research, it is unknown if UDCA would be beneficial in modulating the 

inflammatory and apoptotic phenotype induced by DGOR in vivo. Ahhough the concentrations of 

BAs used in this oesophageal research had little effect on the viability of explanted human tissue, 

the toxicity exerted by UDCA in vitro is consistently less than that exerted by DCA. Therefore, 

displacement of hydrophobic BAs by oral administration o f UDCA could potentially reduce the
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magnitude of the inflammatory and carcinogenic effects of DGOR. The finding that UDCA pre

treatment attenuated DCA-induced mitochondrial depolarisation infers that there would be a 

reduction in the quantity of ROS and RNS induced by BA exposure. Consequently, there is likely 

to be a reduction in pro-inflammatory signalling. As such, it can be argued that UDCA could act as 

a chemo-preventative agent protecting against BO and OAC. However, if  the findings presented 

here did translate to the in vivo setting, it is unknown what effect a switch from apoptosis to 

necrosis would cause. Any reduction in apoptosis (and pro-inflammatory signalling) could be 

counteracted by pro-inflammatory effects of necrosis in the oesophagus.

5.5. DCA Modulates Adhesion Molecules

Based on data identified in research regarding the effect of DCA and UDCA on cell death in the 

HET-IA cell line, we hypothesised that both DCA and UDCA were inducing a loss of adhesion. 

We confirmed that DCA induces a loss of adherence in a dose dependent fashion and that cells 

which had become detached are capable o f re-adhering to uncoated plastic. Loss of adhesion 

appeared predominantly specific for the ECM protein vitronectin although a smaller significant loss 

of adherence was seen to the ECM protein laminin. Consistent with these findings, there was a 

reduction in the surface expression o f ITGAV and the integrins as and Oe. ITGAV has specificity 

for vitronectin and Integrin is a laminin receptor. Surface expression o f ITGAV returned to 

baseline levels twelve hours after the removal of the DCA stimulus consistent with the finding that 

detached cells were capable of re-adherence. Strengthening the hypothesis was the finding that 

ITGAV fluorescent intensity at the inter-cellular junctions of explanted oesophageal tissue was 

almost significantly reduced by exposure to DCA.

These findings were however identified at the same concentrations o f DCA that were inducing cell 

death and up-regulating markers o f apoptosis. As the process of cell death, especially apoptosis, 

induces a loss of adherence, it was important to demonstrate that these two effects were discrete 

entities. The finding that detached cells were capable o f re-adhering, that loss o f adhesion was 

specific to certain ECM proteins, and that the surface expression of only a subgroup o f integrins 

(appropriate to the ECM proteins with reduced HET-IA adherence) were modulated by DCA 

argues that the loss of adhesion is not a primarily mediated by cell death.

While not directly conclusive as a mechanism through which DCA reduces the surface expression 

of ITGAV, we demonstrated that ITGAV co-localises with Rab5 and R ab ll. Consistent our 

findings, ITGAV, integrin as and a& have all been shown to be recycled through a long (Rab 11) 

endocytic recycling loop through the PNRC and the golgi apparatus [331, 488]. DCA treatment 

induced an alteration in Rab vesicle morphology consistent with impaired endocytosis. As integrins
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are dynamic molecules on the cell surface constantly undergoing endocytic recycling, impairment 

o f this process could hypothetically result in a reduction in the surface expression of these 

molecules. Interestingly our findings did not suggest that the impairment of endocytic recycling 

was due to impaired function of Rab GTPases.

The micro-array experiment suggested further possible mechanisms through with DCA may be 

inducing a loss of adhesion in the HET-1A cell line. One o f the most interesting findings from this 

was that DCA significantly up regulated the expression of SERPINEl mRNA. This protein is 

known to specifically modulate the adhesion of ITGAV to vitronectin [406-407, 410-412]. 

Although this does not explain the reduction in the surface expression of integrins as and as, is 

certainly worthy o f further study. STAM2 mRNA expression was also significantly up regulated by 

DCA exposure. STAM2 is required for functional endocytosis, lysosomal degradation and receptor 

down-regulation [432-434]. Excess levels of this protein have been shown to induce fragmentation 

o f the Golgi apparatus [435]. Fragmentation o f this organelle has been identified in the colonic cell 

line HCTl 16 after exposure to DCA through a mechanism involving PKCt| [436].

These novel findings may hold significant relevance regarding the pathophysiology o f erosive 

oesophagitis and BO. Not only is a loss o f adhesion molecules likely to reduce the adhesive 

strength of squamous cells and to reduce pro-survival (“outside-in”) signalling, it may also increase 

the susceptibility o f oesophageal cells to acid reflux. toxicity associated with refiuxate is known 

to be propagated when adhesion molecules between cells are damaged by proteases such as trypsin 

and pepsin [11]. Furthermore, the presence o f DIS between epithelial cells after exposure of the 

oesophagus to DOOR has been well documented and this is hypothesised to allow refiuxate to 

penetrate deeper into the mucosa. [112-113]. The greater penetration o f acid and BAs into the 

oesophageal epithelium, will not only allow stimulation o f nociceptors, worsening the symptoms o f 

GORD, but also allows refiuxate access to the basal layer stem cells, enhancing the risk of 

mutagenic change in these cells, possibly increasing the risk o f BO.

As we have demonstrated that DCA modulates the surface expression o f adhesion molecules, this 

could potentially represent a new mechanism by which DCA propagates the erosive and mutagenic 

properties of GORD. That QH cells resisted the effect o f DCA on cell detachment and ITGAV 

surface expression adds ftirther strength to the hypothesis that DCA-induced reduction in the 

surface expression of cell adhesion molecules may be involved in the pathogenesis of BO. 

However, despite suggestions that UDCA was independently modulating a loss o f adhesion, and 

could attenuate the DCA-mediated reduction in adherence to vitronectin in the HET-1 A cell line, 

we could find no evidence of this in adhesion assays to uncoated plastic or in studies of surface 

expression o f the integrins. Thus, UDCA neither reduced nor enhanced the effects of DCA.
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To further this research, demonstration of the reduction in surface expression of ITGAV in more 

oesophageal cell lines is needed. The HEEpiC cell line (Human Esophageal Epithelial Cell, a 

primary oesophageal cell line), would represent an ideal starting point to begin validating this 

work. In-vivo validation that GORD reduces ITGAV could be pursued using explanted tissue from 

patients with GORD. However, the finding that ITGAV is up-regulated in peri-ulcerated regions o f 

rat oesophagus suggests that non ulcerated areas of the oesophagus would have to be targeted for 

this research. Investigation in to the role of SERPINEl over-expression in this model could be 

undertaken by repeating the adhesion assays after siRNA knockdown of SERPINEl or 

pharmacological inhibition o f the protein using PAI-039 (tiplaxtinin). If this were to have a role 

this model, it could potentially be targeted as a treatment strategy to reduce symptoms of GORD as 

well as the metaplastic and neoplastic risk associated with this disease.

5.6. UDCA Induces a Discrete Gene Signature Which Has Limited 

Concordance With DCA or Dex

While UDCA had not reduced the magnitude o f DCA-induced cell death or detachment in the 

HET-IA cell line, it appeared to reduce apoptosis. Although it is likely that multiple mechanisms 

o f cell death were being induced by these treatments, the finding that pre-treatment with UDCA 

could reduce DCA-induced levels of FAR? cleavage and mitochondrial depolarization suggested 

that UDCA could exert some of the anti-inflammatory and anti-apoptotic effects in the HET-IA 

cell line that are published in the literature.

We first demonstrated that the GR was present in a variety o f oesophageal cell lines representing 

the normal-BO-OAC sequence and UDCA was capable o f modulating the GR in these cell lines. 

Consistent with the published literature, UDCA only induced nuclear translocation of the GR at 

fold concentrations o f UDCA over Dex, nuclear translocation was much slower with UDCA, and 

the /ra«5-activational potential of UDCA activated GR is much lower than that of Dex [167, 169, 

171-172].

One of the most interesting findings identified in this research was the novel finding that the GR 

was strongly expressed in the squamous epithelium of the oesophagus but not in BO. This finding 

demonstrated that a key target needed for UDCA to induce an anti-inflammatory effect was present 

in squamous epithelium of the oesophagus. The absence of this anti-inflammatory transcription 

factor in BO suggests that any GR-mediated effects are unlikely to affect BO to a significant 

degree. Consequently administration o f UDCA to patients with GORD could enhance the survival 

o f DGOR-stressed squamous epithelium. This could attenuate the selective pressure induced by 

GORD to favour the presence of BO in the oesophagus above squamous epithelium. If this
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hypothesis were true, administration of UDCA to patients with GORD could potentially reduce the 

incidence and prevalence of BO in the GORD population. Similarly, the administration of UDCA 

to patients with BO, whether dysplastic or not, who are undergoing ablative therapy may enhance 

survival of squamous epithelium over that of Barrett’s epithelium. This could potentially facilitate 

more aggressive therapy to ablate BO while protecting squamous epithelium from collateral 

damage. Furthermore, the presence of a GR ligand in the oesophagus during these therapies could 

potentially reduce the risk o f post therapy complications including fibrotic (post-inflammatory) 

strictures.

In the final part o f this research, we investigated the gene expression profile induced by UDCA and 

similarities between it and the gene expression profiles induced by Dex and DC A. The HET-IA 

cell line was the most sensitive to UDCA. Interestingly, the genes with most altered expression 

after UDCA treatment in the HET-IA cell line were those associated with ER stress. However, the 

upregulation of these ER stress genes by UDCA was much lower than the change induced by DC A. 

This finding was consistent with the low level of cytotoxicity demonstrated by UDCA in 

proliferation and viability assays.

Consistent with the published literature, Dex similarly altered the expression o f approximately 100 

genes in the HET-IA and OE33 cell lines. It is estimated that this number of genes represents a 

core set modulated by this transcription factor in any given tissue [487]. UDCA and Dex 

simultaneously modulated a number of genes associated with the GR in both the HET-IA and 

OE33 cell lines. In the HET-IA cell line, UDCA induced further alterations in the expression of 

genes known to be associated with GR (e.g. SI OOP). These findings suggest that UDCA is indeed 

modulating the GR.

Although UDCA induced a gene expression profile discrete to that of DCA or Dex, similarities 

between all three treatments also existed. While only a subset of genes induced by each treatment 

were similarly modulated by other treatments, the similarity between Dex and UDCA appeared as 

great as the similarity between DCA and UDCA. While similarities existed between DCA and Dex, 

it was to a much lesser extent than the similarities between the other treatments. One explanation 

for this may be that UDCA represents a molecule with structural similarities to both DCA and Dex 

and as such exerts some structure-function effects o f both.

To develop this research, further validation o f genes similarly modulated by UDCA and Dex needs 

to be undertaken. Subsequently, we would examine whether UDCA could modulate the pro- 

inflammatory genes similar to the reduction we have demonstrated in IL-8 upregulation (i.e. those 

upregulated by DCA). If UDCA were to modulate these genes in a fashion similar to how it is 

modulating IL-8, knockdown of the GR using SiRNA technology could elucidate whether this 

effect was being mediated through this transcription factor. Finally, an animal model of BA reflux
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could be used to further validate this cohort o f genes, potentially demonstrating that that UDCA 

could modulate BA-induced inflammation in the oesophagus in vivo.

5.7. Conclusion

Despite three decades of clinical use, the role of UDCA as a therapeutic in BA mediated 

inflammatory diseases is still controversial. While in-vitro data suggests that UDCA could 

potentially be a therapeutic agent to modulate diseases in which BAs induce pathology, in-vivo the 

role of this molecule remains unproven.

The aim of this PhD was to begin investigating whether UDCA could be used to modulate 

inflammation and cell death in the oesophagus. Our findings suggest that this molecule may have 

this potential. At the least, displacement of hydrophobic BAs by oral administration is likely to 

reduce ER stress induced by DGOR. However, micro-array data suggests that UDCA shares 

similarities in its gene expression profile with Dex. This suggests that it may have a role as an anti

inflammatory molecule as well. Therefore, it could potentially be used as a chemo-preventative to 

reduce the inflammatory consequences o f reflux in patients with GORD.

An unexpected finding was also identified in this research; that DCA could modulate adhesion in 

an oesophageal cell line. This previously unidentified finding suggests a further mechanism 

through which BAs could mediate erosive oesophagitis and increase the risk of re-epithelialisation 

o f the oesophagus with BO. Targeting this therapeutically in patients with GORD symptoms or 

those with erosive oesophagitis could hypothetically not only reduce symptoms of GORD (by 

reducing permeation of GORD deep into the oesophageal epithelial layers where nociceptive 

receptors are present), but could also reduce the risk of generating BO, thereby reducing the risk of 

OAC.
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This appendix contains supplemental data for chapter 2: “The Effect o f Ursodeoxycholic Acid in 

Modulating Deoxycholic Acid Induced Apoptosis and Cell Death in an Oesophageal Cell Line”. 

These experiments were undertaken in order to determine whether UDCA could modulate cell 

death in the HET-1A cell line representing normal oesophageal epithelium.

Figures 6.1 to 6.20 demonstrate the following experiments in both the HET-1 A and the HCT116 

cell lines:

• No UDCA pre-treatment prior to UDCA and DCA co-treatment

• Eighteen hours UDCA pre-treatment prior to DCA treatment

• Four hours UDCA pre-treatment prior to UDCA and DCA co-treatment,

• Four and Eighteen hours UDCA pre-treatment prior to UDCA and DCA co-treatment.

In none o f the experimental designs did UDCA protect against DCA induced cell death.

Figures 6.21 to 6.24 demonstrate that longer duration pre-treatment (18 hours vs. 4 hours) reduces 

viability in the HCT-16 cell line and demonstrates the nuclear area analysis experiments not 

presented in chapter 2.
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Figure 6 -1 : The effect o f DCA and UDCA co-treatm ent, with no pre-treatm ent, in the H E T-IA  cell 
line as determ ined by a nuclear count assay norm alised to untreated cells. DCA induced a time (A) 
and dose (B) dependent reduction in viability. UDCA stimulation reduced viability but to a lesser degree 
than DCA (C). 0.32%  DM SO vehicle (equivalent to the highest vehicle concentration used) and the 
positive control staurosporine reduced viability at 24 hours only (D). UDCA pre-treatm ent prior to DCA 
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Figure 6—4: The effect of DCA and UDCA co-treatment, with no pre-treatment, in the HCT116 cell 
line as determined by an MTT assay normalised to untreated cells. DCA induced a time (A) and dose 
(B) dependent reduction in viability. UDCA stimulation reduced viability but to a lesser degree than 
DCA (C). 0.32% DMSO vehicle, equivalent to the highest vehicle concentration used, and the positive 
control staurosporine, reduced viability at 24 hours only (D). UDCA pre-treatment prior to DCA reduced 
nuclear count below that o f DCA alone at all concentrations studied (E - G). Results are mean and SEM 
of N=3. Analysis was performed using two-way ANOVA. */f denotes p < 0.05, * * /tt  denotes p < 0.01 
and denotes p < 0.001, * = relative to untreated (A, C, D) or relative to different DCA
concentration (B) and t  = relative to DCA alone (E -  G).
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Figure 6-5: Tlie effect of DCA, UDCA and 18 liours UDCA pre-treatment prior to DCA treatment 
in HET-IA cells as determined by a nuclear count assay normalised to untreated ceils. DCA
induced a time (A) and dose (B) dependent reduction in viability. UDCA stimulation reduced viability 
but to a lesser degree than DCA when treated for 24 hours (C) or for 18 hours pre-treatment followed by 
another 24 hours treatment (D). UDCA pre-treatment prior to DCA reduced nuclear count below that o f 
DCA alone at all concentrations studied (E - G). The effect o f  0.32% DMSO vehicle (equivalent to the 
highest vehicle concentration used) and the positive control staurosporine (H). Results are mean and SEM 
o f N=3. Analysis was performed using two-way ANOVA. */f denotes p < 0.05, * * /tt  denotes p < 0.01 
and denotes p < 0.001, * = relative to untreated (A, C, D, H) or different concentration of DCA
(B) and t  = relative to DCA alone (E -  G).
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Figure 6-6: The effect o f DCA, UDCA and 18 hours UDCA pre-treatment prior to DCA treatment 
in HET-IA cells as determined by an MTT assay normalised to untreated cells. DCA induced a time 
(A) and dose (B) dependent reduction in viability. UDCA stimulation reduced viability but to a lesser 
degree than DCA when treated for 24 hours (C) or for 18 hours pre-treatment followed by another 24 
hours treatment (D). UDCA pre-treatment prior to DCA reduced nuclear count below that o f DCA alone 
at all concentrations studied (E - G). The effect o f 0.32% DMSO vehicle, equivalent to the highest 
vehicle concentration used, and the positive control staurosporine (H). Results are mean and SEM of 
N=3. Analysis was performed using two-way ANOVA. */f denotes p < 0.05, * * /ft denotes p < 0.01 and 

denotes p < 0.001, * = relative to untreated (A, C, D, H) or different concentration o f DCA (B) 
and t  = relative to DCA alone (E -  G).

268



B
DCA T rea tm en t of HCT116 Cells

T>

C3
O

«tt

1 0 0 mM DCA 

3 0 0 mM DCA 

SOOuM DCA

OCA T reatm ent o f HCT 116 Cells

00 H o u rs  04  H o u rs  08 H o u rs  24  H o u rs  

T ime (H o u rs )

■ IOOmM OCA  

A 300(iM  DCA 

•  SOO^M DCA

UDCA T reatm en t of HCT116 Cells

....
' J

00 H ours 04 Hour* 08 H ours 24 H ours 

T im e (H o u rs )

lOOtiM UDCA 

300^M  UDCA 

SOO^M UDCA

C o n tlneous  UDCA T rea tm en t of HCT 116 Cells
1

J J .
i  " 100...................................................... 'M ........... -*
9  £  '  T

■ => 
-  S

i -

lOOjiM UDCA 

- 3 0 0 mMUDCA  

SOOmMUOCA

00 Hours 04 Hours 08 H ours 24 Hours 

T im e (H o u rs )

18 H ours UDCA Pre-treatm ent 
Prior to  lOOfiM DCA

lOO^M UDCA 
Pre lO O jiM  DCA

300tiM  UDCA 
Pre  lOOtiM DCA

SOO^M UDCA 
Pre lO O uM  DCA

04 Hours 06 Hours 24 Hours 

T im e (H o u rs)

18 H ours UDCA Pre-treatm ent 
Prior to 300 DCA

•  100-

Time (H o u rs )

lOOuM UDCA 
P re  300  nM DCA

300  UDCA 
Pr-e 300  nM DCA

SOO^M UDCA 
P re  300^M  DCA

H
18 H ours UDCA P re-treatm ent 

P rior to  500 DCA

S  «  100-
o  g 

« 3

T im e (H o u rs)

100 mM UDCA 
P re  500nM  DCA

3 0 0 mM UDCA 
P re  SOO^U DCA

SOO^M IK3CA 
P re  SOO^M OCA

S tau ro sp o rin e  an d  DMSO T reatm ent 
o f HCT116 Cells

S «  100- 
o g o  -

3
z

ST S

DMSO (0.16% )

Figure 6-7: The effect of DCA, UDCA and 18 hours UDCA pre-treatment prior to DCA treatment 
in HCT116 cells as determined by a nuclear count assay normalised to untreated cells. DCA
induced a time (A) and dose (B) dependent reduction in viability. UDCA stimulation reduced viability 
but to a lesser degree than DCA when treated for 24 hours (C) or for 18 hours pre-treatment followed by 
another 24 hours treatment (D). UDCA pre-treatment prior to DCA reduced nuclear count below that of 
DCA alone at all concentrations studied (E - G). The effect o f 0.32% DMSO vehicle, equivalent to the 
highest vehicle concentration used, and the positive control staurosporine (H). Results are mean and SEM 
of N=3. Analysis was performed using two-way ANOVA. */f denotes p < 0.05, * * /ft denotes p < 0.01 
and denotes p < 0.001, * = relative to untreated (A, C, D, H) or different concentration o f DCA
(B) and t  = relative to DCA alone (E -  G).
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Figure 6-8: The effect of DCA, UDCA and 18 hours UDCA pre-treatment prior to DCA treatment 
in HCT116 cells as determined by an MTT assay normalised to untreated cells. DCA induced a time 
(A) and dose (B) dependent reduction in viability. UDCA stimulation reduced viability but to a lesser 
degree than DCA when treated for 24 hours (C) or for 18 hours pre-treatment followed by another 24 
hours treatment (D). UDCA pre-treatment prior to DCA reduced nuclear count below that o f DCA alone 
at all concentrations studied (E - G). The effect o f 0.32% DMSO vehicle, equivalent to the highest 
vehicle concentration used, and the positive control staurosporine (H). Results are mean and SEM of 
N=3. Analysis was performed using two-way ANOVA. */f denotes p < 0.05, * * /tt  denotes p < 0.01 and 

denotes p < 0.001, * = relative to untreated (A, C, D, H) or different concentration o f DCA (B) 
and t  = relative to DCA alone (E -  G).
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Figure 6-9: Tlie effect of DCA, UDCA and 4 iiours UDCA pre-treatment prior to co-treatment in 
HET-IA cells as determined by a nuclear count assay normalised to untreated cells. DCA induced a 
time and dose dependent reduction in viability (A). 4 hours UDCA pre-treatment followed co-treatment 
reduced nuclear count below that o f  DCA alone at all concentrations studied (B - D).Mean results and 
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Figure 6-10: The effect of DCA, UDCA and 4 hours UDCA pre-treatment prior to co-treatment in 
HET-IA cells as determined by an MTT assay normalised to untreated cells. DCA induced a time 
and dose dependent reduction in viability (A). In this assay 4 hours UDCA pre-treatment followed co- 
treatment did not reduce viability below that o f DCA alone (B - D). Mean results and SEM of N=3. 
Comparative analysis was performed using two-way ANOVA. * denotes p < 0.05, ** denotes p < 0.01 
and *** denotes p < 0.001 compared to untreated cells (A).
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Figure 6-11: The effect o f DCA, UDCA and 4 hours UDCA pre-treatm ent prior to co-treatm ent in 
HCT116 cells as determ ined by a nuclear count assay norm alised to untreated cells. DCA induced a 
time and dose dependent reduction in nuclear count (A). In this assay 4 hours UDCA pre-treatm ent 
followed co-treatment did not significantly reduce viability below that o f  DCA alone (B - D). Mean 
results and SEM o f  N=3. Com parative analysis was perform ed using tw o-way ANOVA. ** denotes p < 
0.01 compared to untreated cells (A).
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Figure 6-12: The effect of DCA, UDCA and 4 hours UDCA pre-treatment prior to co-treatment in 
HCT116 cells as determined by an MTT assay normalised to untreated cells. DCA induced a time 
and dose dependent reduction in viability (A). In this assay 4 hours UDCA pre-treatment followed co
treatment did not reduce viability below that o f  DCA alone (B - D). Mean results and SEM o f N=3. 
Comparative analysis was performed using two-way ANOVA. ** denotes p < 0.01 and *** denotes p < 
0.001 compared to untreated cells (A).
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Figure 6-13: The effect of DCA, UDCA and 18 hours SOOfilVI UDCA pre-treatment prior to co
treatment with various doses of DCA in HET-IA cells as determined by a nuclear count assay 
normalised to untreated cells. Mean results and SEM of N=3. Comparative analysis was performed 
using two-way ANOVA. */t denotes p < 0.05, * * /ft denotes p < 0.01 and denotes p < 0.001, *
= relative to untreated (A) and t  = relative to DCA alone (B -  D).
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Figure 6-14: The effect of DCA, UDCA and 18 hours of various concentrations of UDCA pre
treatment prior to co-treatment with 300nM DCA in HET-IA Cells as determined by a nuclear 
count assay normalised to untreated cells. Mean results and SEM of N=3. Comparative analysis was 
performed using two-way ANOVA. */f denotes p < 0.05, * * /ft denotes p < 0.01 and denotes p
< 0.001, * = relative to untreated (A) and f  = relative to DCA alone (B).
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Figure 6-15: The effect of DCA, UDCA and 18 hours 300nlVl UDCA pre-treatment prior to co
treatment with various doses of DCA in HET-IA cells as determined by an MTT assay normalised 
to untreated cells. Mean results and SEM of N=3. Comparative analysis was performed using two-way 
ANOVA. */t denotes p < 0.05, * * /tt  denotes p < 0.01 and denotes p < 0.001, * = relative to
untreated (A) and t  = relative to DCA alone (B -  D).
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Figure 6-16: The effect of DCA, UDCA and 18 hours of various concentrations of UDCA pre
treatment prior to co-treatment with 300pM DCA in HET-IA Cells as determined by an MTT 
assay normalised to untreated cells. Mean results and SEM o f N=3. Comparative analysis was 
performed using two-way ANOVA. * * /tt  denotes p < 0.01 and denotes p < 0.001, * = relative
to untreated (A) and t  = relative to DCA alone (B).
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Figure 6-17; The effect of DCA, UDCA and 18 hours 300fiM UDCA pre-treatment prior to co
treatment with various doses of DCA in HCT116 cells as determined by a nuclear count assay 
normalised to untreated cells. Mean results and SEM o f N=3. Comparative analysis was performed 
using two-way ANOVA. *** denotes p < 0.001 relative to untreated cells (A).
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Figure 6-18: The effect of DCA, UDCA and 18 hours of various concentrations of UDCA pre
treatment prior to co-treatment with 300(iM DCA in HCT116 cells as Determined by a nuclear 
count assay normalised to untreated cells. Mean results and SEM of N=3. Comparative analysis was 
performed using two-way ANOVA. * * /tt  denotes p < 0.01 and *** denotes p < 0.001, * = relative to 
untreated (A) and t  = relative to DCA alone (B).
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DCA T reatm ent of HCT116 Cells

i s

00 Hours 04 Hours 08 Hours 

T iim  (H ours)

B 18 Hours 300^M  UDCA Pre-treatm ent 
Prior to Co-Treatm ent with 100 DCA

lOOjiM DCA

SOOmM D C A

D M SO
(0 .32% ) i s

04 Hours 08 Hours 

Time (H ours)

300 mMUOCA 

IOOmM DCA 

- a  300 )iM U D C A  
P re  lO O nM D C A

18 Hours 300^M  UDCA Pre-treatm ent 
Prior to  CO‘T reatm ent with 300 DCA

i  2

00 Hours 04 Hours OS Hours 

Time (H ours)

18 Hours 300pM  UDCA Pre-treatm ent 
Prior to Co-Treatm ent with 500^M  DCA

3 0 0  UDCA 

30 0 ^ M  DCA 

300(iM  UDCA 
P re  3 0 0  jiM DCA i s

El

-m -  300m M U D C A  

500^MDCA 
-O 300hMUOCA 

P re  5 0 0  mM DCA

00 Hours 04 Hours 08 Hours 

Time (H ours)

Figure 6-19: The effect o f DCA, UDCA and 18 hours SOOfiM UDCA pre-treatment prior to co- 
treatment with various doses of DCA in HCT116 cells as determined by an MTT assay normalised 
to untreated cells. Mean results and SEM of N=3. Comparative analysis was performed using two-way 
ANOVA. * denotes p < 0.05 relative to untreated (A).
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Figure 6-20: The effect of DCA, UDCA and 18 hours UDCA pre-treatment prior to co-treatment in 
HCT116 cells as determined by an MTT assay normalised to untreated cells. Mean results and SEM 
of N=3. Comparative analysis was performed using two-way ANOVA. ***denotes p < 0.001 compared 
to untreated cells (A) and t  denotes p < 0.05 relative to DCA alone (B).
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Bland-Altman Plot of the Nuclear Counts 
of 4 Hours UDCA Pre-Treatment Vs. 18 Hours UDCA 
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Figure 6-21: Bland-Altman plots o f the differences between the 4 hour pre-treated matrices and 
the 18 hour-pre-treated m atrices for cell counts (A) and M TT assays (B) in the HCT116 cell line.
Both demonstrate that the 4 hour pre-treatment exhibits higher values on average than the 18 hour pre
treat. The mean difference for the cell count was 11.4% (p < 0.001, 95% Cl o f the difference: -5.8% to - 
17.1%) and the MTT 20.1% (p < 0.0001, 95% Cl o f the difference: 15.6% to 26.4%).
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Nuclear Area in HET-1 A Cells After 
18 Hours UDCA Pretreatment and 

Subsequent Exposure to DCA
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Figure 6-22: The effect of UDCA and DCA and 18 hours UDCA pre-treatment prior to DCA on 
the nuclear area of HET-1 A cells. Mean results and SEM of N=3. Comparative analysis was performed 
using general linear model ANOVA. * denotes p < 0.05, ** denotes p < 0.01 and *** denotes p < 0.001 
compared to untreated cells.
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Nuclear Area in HCT116 Cells After 
Co-Treatment with UDCA and DCA
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Figure 6-23: The effect of UDCA and DCA co-treatment (A) and 4 hours UDCA pre-treatment 
prior to DCA (B) on the nuclear area of HCT116 cells. Mean results and SEM of N=3. Comparative 
analysis was performed using general linear model ANOVA. * denotes p < 0.05 and *** denotes p < 
0.001 compared to untreated cells.
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Nuclear Area in HCT116 Cells After 
18 Hours UDCA Pretreatment and 

Subsequent Exposure to DCA
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Figure 6-24: The effect of UDCA and DCA and 18 hours UDCA pre-treatment prior to DCA on 
the nuclear area of HCT116 cells. Mean results and SEM of N=3. Comparative analysis was performed 
using general linear model ANOVA. * denotes p < 0.05 and *** denotes p < 0.001 compared to untreated 
cells.
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This appendix contains supplemental data from chapter 3 “Deoxycholic Acid Modulates Cell 

Adhesion in a Mechanism Discreet From Apoptosis”

7.1. List of Figures

Figure 7-1: Difference between viability as estimated by the cell count and the MTT assay is 

greatest at higher BA concentrations and at earlier time-points in the co-treatment experiment.. 286

Figure 7-2; Difference between viability as estimated by the cell count and the MTT assay is 

greatest at higher BA concentrations and at earlier time-points in the 18 hour pre-treatment 

experiment.....................................................................................................................................................287
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Bland-Altman Plot of the Normalised MTT 
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Figure 7-1: Difference between viability as estimated by the cell count and the MTT assay is 
greatest at higher BA concentrations and at earlier time-points in the co-treatment experiment. The
mean normalised viability of the MTT experiments for each treatment was subtracted from the same 
treatment normalised viability as measured by the nuclear count. Data represents the difference between 
the mean values o f the three experiments. The Bland-Altman plots demonstrate that HET-1A cells exhibit 
a wide variety o f viabilities while the HCTl 16 cell line remains viable in the majority o f time-points and 
treatments. However, the Bland-Altman plots demonstrated a large limit o f agreement between the two 
assays as demonstrated by the red dashed lines marking +/- 2SD from the mean difference. Plotting the 
difference between the assays against treatment and time demonstrated a predictable pattern in the HET - 
1A cell line with difference being predicted by DCA concentration, UDCA concentration and time.
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Figure 7-2; Difference between viability as estimated by the cell count and the MTT assay is 
greatest at higher BA concentrations and at earlier time-points in the 18 hour pre-treatment 
experiment. The mean normalised viability of the MTT experiments for each treatment was subtracted 
from the same treatment normalised viability as measured by the nuclear count. Data represents the 
difference between the mean values o f the three experiments. The Bland-Altman plots demonstrate that 
HET-1 A cells exhibit a wide variety o f viabilities while the HCT116 cell line remains viable in the 
majority o f  time-points and treatments. However, the Bland-Altman plots demonstrated a large limit o f 
agreement between the two assays as demonstrated by the red dashed lines marking +/- 2SD from the 
mean difference. Plotting the difference between the assays against treatment and time demonstrated a 
predictable pattern in the HET-1 A cell line with difference being predicted by DCA concentration, 
UDCA concentration and time.
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8. Appendix 3. Supplemental Data from Chapter 4.
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8.3. Quality and Quantity of mRNA Used for the Micro-Array 
Experiment

To assess the quahty of RNA isolated from the HET-IA, OE33 and HCT116 cell lines after 

treatment with DMSO, UDCA, Dex or DCA RINs were determined using Integrity was assessed 

RNA Nano Chip Assay and the Agilent Bioanalyser (Agilent Technologies, Santa Clara, CA, 

USA). The technique has been described in section 4.3.7.

For quality control, RNA concentration was determined using the NanoDrop 8000 (NanoDrop 

products, Wilmington, DE, USA).

The data shown demonstrates a representative control RNA ladder and RINs and RNA

concentrations as determined during quality control assessments (Figure 8 -land  Figure 8-2).

[MIJ

25 2D0 500 lOOD 2CD0 [n t]

Control Ladder for the RNA Nano Chip Assay

Figure 8-1: Example of Control RNA ladder used to determine RINs for each RNA sample.
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8.4. Microarray Probesets Remaining after Data Refinement

Refinement o f the microarray data reduced the numbers of probesets for subsequent comparative 

analysis. The data shown in Figure 8-3 represents the probesets remaining after data refinement as 

described in section 4.3.7. Briefly, Probesets were exclude is intensity was less than 100 in both 

sets. Afterwards, probesets were refined to probesets with a fold expression 1.5 above that of 

DMSO and to an a  < 0.05 relative to DMSO.

The largest fold changes relative to DMSO were seen with DCA treatment.

296



M
or

rr
al

iz
eJ

 
Ir

t^
ns

ity
 

va
lj

is

rs

A

0

■>

•1

/■
■ fj

>> >>

A

T i « ‘ , i l m » n l  l i o  C o n t r o l

%
"O.

%

K> Figure 8-3: M icro-array  probesets available for analysis after da ta  refinem ent



8.5. Genes with the Largest Alterations in Expression induced by 
UDCA, Dex or DCA.

Table 8-1, Table 8-2 and Table 8-3 demonstrate the 25 genes with the greatest alteration in 

expression in response to UDCA, Dex or DCA treatment after 12 hours treatment.

Numerous o f the probesets in the Dex treated cells demonstrate no known associated genes.
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G enes Upregulated by LDCA
HET-IA OE33 HCT116

Gene Log Fold Change p-value Gene Log Fold Change p-ualue Gene Log Fold Change p-value
INHBE 28.57738 5.64E-04 PDK4 2.906856 0.005736 EGR1 1.760259 0.025458
GDF15 14.53383 0.004143 PCDH7 2.815429 0.006305 BHLHE40 1.724636 0.04334
SLC7A11 9.018328 7.27E-04 2.631741 0.004647 DHRS3 1.721233 0.013S19
CHAC1 8.537502 0.001837 MIR21 2.561889 9.17E-04 IL3 1.700345 0.001586
SLC7A11 7.691288 0.001248 2.477765 0.008443 SCD 1.603246 0.044433
IL21R 7.13435 0.004931 HWRWPD 2.452153 0.011758 DNAJB9 1.574159 0.029231
FU 35024 5.636633 0.011018 FBX032 2.40607 0.011475 TMEM22 1.567012 0.021439

5.300021 0.001128 GALNT5 2.371763 0.002241 TMEM39A 1.561481 0.004556
DDR2 5.270354 0.0038 BACH2 2.35751 0.013413 C4off34 1.539655 0.02437
NR1H3 5.163504 0.015702 CBX3 2.356507 0.019534 PER2 1.51985 0.019951
STC2 5.139133 0.001293 KLHL24 2.305211 0.044501 C2orf30 1.516776 0.037345
ATF3 4.930477 0.011322 MT1F 2.304414 0.014478 INSIG1 1.513806 0.006646
STC2 4.597278 0.006463 E1F1 2.288215 4.70E-04 SCD 1.5137 0.004407
PSAT1 4.271223 3.e8E-05 SLC16A6 2.283062 0.005275 DDIT4 1.512023 0.031382
S100P 4.204333 0.008613 2.179002 0.046844
SLC16A6 4.142852 0.005675 SLC16A6 2.103109 0.049825
TRIB3 4.132659 0.002033 SLC2A12 2.08079 0.012638
FGF21 4.049981 0.012816 GEM 2.043877 0.006953
LOCH8189 3.931408 0.006126 2.039864 0.013143
NUPR1 3.928657 0.004877 2.032353 0.013985
EAF2 3.853143 0.013633 GALNT5 2.031253 0.002012
LOC645638 3.854245 1.19E-04 FNBP4 2.014482 2.59E-04
NRP1 3.827377 0.024526 KLHL24 1.935723 0.011718
CEBPG 3.808169 0.010485 FBX032 1.988312 0.023353

3.781105 0.006237 0PW3 1.376587 0.010026

G enes Dounregulated by LUCA
HET-IA OE33 HCT116

Gene Log Fold Change p-value Gene Log Fold Change p-value Gene Log Fold Change p-value
MALATl 5.02265 0.041466 CCWE2 2.972812 0.011435 pcrvjx 1.852869 0.027338
MALATl 4.369186 0.043904 2.455261 0.001023 FAM13B 1.831038 0.017671
CXCL14 3.739844 0.005681 RRM2 2.403292 5.51E-04 PDLIM5 1.804374 0.002362
MALATl 3.695185 0.047748 MCM10 2.238239 0.013337 CEMPF 1.744431 0.014856
MALATl 3.535326 0.026571 IL3 2.035639 0.012671 PDLIM5 1.715008 0.02401
CXCL14 3.235661 0.014858 P0LE2 2.027306 0.002874 GJA1 1.703376 0.023746
MBML1 3.232083 0.035456 MCM10 2.021179 0.016643 1.703353 0.029413
ASPM 3.212945 0.028822 RRM2 1.396508 0.002159 SMHG7 1.692133 0.033501
ACTB 3.16667 0.001004 MCM10 1.98462 0.012155 MKI67 1.674157 0.029173
EPPK1 2.860454 0.001452 FABP5 1.969767 0.001037 1.644101 0.0306
TRERF1 2.839141 0.032933 TYMS 1.951205 6.76E-04 TWRC6C 1.616345 0.039055
ATP8B3 2.733437 0.036521 ILIA 1.931991 0.006731 C14orf159 1.603332 0.015657
FAM13B 2.567017 0.022166 TYMS 1.927494 0.002232 TG0LN2 1.607213 0.008665
MKI67 2.524823 0.001163 HELLS 1.916053 0.012335 NFYB 1.605123 0.03373

2.506263 0.015959 GIWS2 1.900356 0.002011 MKI67 1.564763 0.017635
BCLAF1 2.505465 0.021216 CDC7 1.90028 0.016482 AHMAK 1.550337 0.015947

2.457832 0.001033 IL8 1.835976 0.003446 BRCC3 1.548316 0.021619
SLC16A3 2.443127 0.001303 CENPK 1.831121 0.034608 1.543266 0.035191
IRS1 2.441736 0.019113 HELLS 1.813827 0.008744 AKAP12 1.545505 0.03329

2.432611 0.004354 CHAC2 1.311564 0.001366 CEMPE 1.524091 0.046919
DHRS2 2.373299 0.001524 DTL 1.810494 5.31E-04 EPPK1 1.524051 0.024367
SPEN 2.338734 0.01225 FENl 1.794846 0.005556 1.52364 0.041155
SAEl 2.330665 0.004215 UNG 1.793907 8.76E-04 ENAH 1.512356 0.027313
CENPE 2.32033 0.001742 MCM2 1.790359 0.002483
AHWAK 2.320161 0.001434 AK2 1.779379 0.021113

Table 8—1: List of 25 Probesets with the greatest upregulation or down-regulation in response to 
UDCA. Unnamed genes are probesets with no known corresponding gene.
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Genes Upregulated by Dex
HET-IA OE33 HCT116

Gene Log Fold Change p-value G ene Log Fold Change p-value Gene Log Fold Change p-value
S100P 7.101088 8.38E-04 3.948284 9.37E-04 2.273459 0.044384
PHACTR3 4.601025 0.003893 KLF9 3.610304 0.001104 2.050048 0.023968
CALCA 4.204984 0.010485 3.559813 9.54E-04 1.887336 0.003279
LCN2 4.17973 6.57E-04 PERI 3.379381 0.003709 UNC84A 1.770207 0.007465

4.17175 0.001011 GCWT3 3.19592 5.12E-04 UGCGL2 1.758202 0.047259
CSTA 4.04405 0.003175 IL8R 3.160652 5.88E-04 IWG3 1.624699 0.022351

3.952877 6.13E-04 3.061797 9.72E-04 METTL7A 1.593115 0.019529
MGC16075 3.S11789 0.007119 FKBP5 3.02924 0.002749 IMMP1L 1.580958 4.40E-04

3.457513 0.00195 AHNAK2 3.015992 0.041902 KBTBD3 1.570351 0.003727
LAMP3 3.411414 0.007594 PHACTR3 3.009652 0.003435 SPTLC1 1.554881 0.046301

3.330888 0.012732 CCL20 2.940656 0.020665 1.548234 0.038071

3.277921 0.007716 2.845813 9.30E-04 1.539873 0.013002

2.815258 5.91E-04 AWGPTL4 2.836928 0.008188 HINT3 1.518083 0.005595
GWG12 2.747888 0.040542 B0D1L 2.792421 0.038808 ATP5S 1.502527 1.88E-04

2.690582 0.006357 CAMK2N1 2.787324 0.003575

2.65056S 0.003649 ZFR 2.752288 0.049511
SLC7A3 2.599834 0.010693 FKBP5 2.748078 0.00317
BIRC3 2.59848 0.003044 PPFIBP1 2.694422 0.030441

2.395709 0.01152 PDE9A 2.59959 0.001863

2.39179 0.015395 2.537583 0.005341

2.387252 0.035057 SLC01B3 2.511362 0.001012

2.36536 0.00955 MIR21 2.493584 0.001628
FKBP11 2.34794 0.006532 PTPN12 2.486485 0.002219
MAOA 2.341528 0.010004 ANGPT2 2.484795 0.003161

2.336688 0.003459 PILRB 2.481615 0.005123

Genes Downregulated by Dex
HET-IA OE33 HCT116

Gene Log Fold Change p-value G ene Log Fold Change p-value Gene Log Fold Change p-value
5.284109 0.016843 RPL37A 6.019538 0.012577 6.242496 7.18E-04

4.741802 0.028639 5.778359 0.002283 5.914123 3.80E-04

4.678569 0.013635 5.212382 9.11E-04 5.335531 4.04E-04

4.594721 0.010745 4.854082 8.83E-04 5.219642 2.20E-04

4.316375 5.54E-04 4.839591 0.001175 5,116818 0.002427

4.265136 0.033699 4.745367 0.006404 4.323034 3.55E-04

4.008457 0.023997 4.642927 0.008958 TMED2 3.112157 0.028897
4 3.504505 0.005629 ATP6V0E1 4.314965 0.00516 ACTB 3.027622 0.0262

3.378768 0.004717 RPL38 3.778504 0.010934 KIF22 2.83665 0.014975

3.30769 0.014648 ACSL4 3.255538 0.021437 TMED2 2.774409 0.048238

3.263014 0.007648 3.156609 0.010301 STIPl 2.702576 0.025826
RPL37A 3.251434 0.040395 YIF1B 3.123508 0.010175 SNAP23 2.269673 0.007008
ACTB 3.197373 0.002445 3.001652 0.009039 DCAKD 2.254533 0.007732

1 ///
3.03073 0.008711 ADK 2.961416 0.00545 RHBDD2 2.205557 0.021873

LOC10027221 3.020559 8.78E-04 RPL38 2.837855 0.010103 MED18 2.178259 0.003922

2.99271 0.009474 TMEFF2 2.853598 0.030683 ADAMIO 2.083417 0.043514
EIF2C1 2.743094 0.017001 GLS 2.845208 0.012335 ADAM9 2.081111 0.025055
C0L12A1 2.646975 5.83E-04 TMED2 2.793558 0.04476 HWRNPHl 2.0363 0.009856
DLEU2 2.593592 2.95E-04 2.788655 0.014233 P P P 5C 2.026812 0.00238
6 2.5594 0.007498 RAP2C 2.714724 0.021642 SAE1 2.011452 0.01822
ZFAWD6 2.5431 0.01234 2.676178 0.0071 RAB5A 1.986325 0.040116
RHBDD2 2.535879 0.004106 ITGB5 2.64817 5.03E-04 ACTB 1.97889 0.032169

2.525105 0.007324 CEP97 2.522333 0.011026 PPP2R1A 1.957436 0.041977
CXCL14 2.502464 0.009343 UBLCP1 2.50167 0.011357 M0SPD1 1.932184 0.014434

2.462309 0.011989 P SP H 2.476602 0.009229 CYP51A1 1.839677 0.0254

Table 8-2: List of 25 Probesets with the greatest upregulation or down-regulation in response to 
Dex. Unnamed eenes are orobesets with no known corresDondine eene.
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G enes Upregulated by DCA
HET-IA OE33 HCT116

G ene Log Fold Change p-value G ene Log Fold Change p-value Gene Log Fold Change p-value
GDF15 95.48182 7.43E-04 CD 69 18.67936 1.30E-04 C9orF150 28.01333 5.23E-04

irvJHBE 36.27743 3.17E-04 IL8 15.19477 1.56E-04 R G S4 21.67074 2.26E-04

M A FF 35.07697 0.001167 13.73873 0.003409 RG S4 19.8328 0.002356

IL8 34.58135 0.004547 WR4A2 12.17557 6.02E-04 IL3 13.08334 0.006032

A TF3 25.0075 7.70E-04 WR4A2 11.81169 9.78E-04 C12orf33 13.73937 3.72E-04

EGR1 19.59727 0.019069 BCL2A1 11.57141 6.62E-04 IL3 14.56391 7.43E-04

PTX3 18.01726 8,41E-06 S 0 D 2 10.96877 0.002036 SER PIN El 14.27533 1.86E-05

TRIB3 15.39548 6.09E-04 10.75607 5.8eE-04 SLC7A11 13.68913 0.002105

EGR1 M.74083 0.001905 ICAMl 10.72313 2.45E-04 CXCL3 11.82042 0.002039

STC 2 14.59773 3.06E-04 F B X 032 9.957809 1.71E-04 U P P l 11.30781 4.31E-04

DDIT3 14.54132 9.13E-04 KLHL24 9.686928 0.001121 SLC7A11 10.73363 0.001657

EGR1 14.49067 4.62E-04 IWSIGl 9.560369 5.78E-05 SER PIN El 10.73298 4.32E-04

14.41066 0.001231 irv JS IG l 9.491711 4.83E-04 SLC7A11 10.12814 0.001461

CHAC1 13.37115 4.43E-05 TCP11L2 8.50314 4.00E-05 TRIB3 9.42966 0.002112

SLC7A11 12.90347 2.90E-04 IL8 3.426155 0.003493 RG S4 8.41406 4.02E-04

SLC3A2 12.20838 3.74E-04 ICAM l 7.366524 1.33E-04 TRIB3 8.14103 4.87E-04

SLC7A11 12.08852 0.00109 KLHL24 7.770437 0.001291 DDIT3 7.7683S6 0.002219

UNC5B 12.07043 4.17E-04 N R4A2 7.679032 9.32E-04 SLFW5 7.207128 0.012343

IL6 11.85883 4.51E-04 UBD 7.580849 3.39E-04 CXCL2 7.U42403 0.005103

GADD45A 11.25095 3.63E-04 GEM 7.330222 0.001277 C H A C l 8.831035 0.002438

F 0 X J3 11.23941 9.51E-05 KLHL24 7.091074 0.006164 SLFN5 6.552124 0.003806

DDR2 10.96104 6.11E-04 INSIGl 6.814323 1.31E-04 6.548163 0.003027

STC2 10.33817 4.34E-05 ZAK 6.889375 4.97E-04 STC 2 6.413821 4.87E-04

TRIB3 10.61385 1.44E-04 TM 4SF1 6.21724 4.89E-04 EG Rl 6.205336 0.001536

D U SP6 10.49339 6.45E-04 KLHL24 6.183865 0.00327 ELL2 6.166528 0.009768

1L8 10.17713 3.09E-04 HBP1 6.119176 0.013335 NT5E S.123558 0.001583

G enes Downregulated by DCA
HET-IA OE33 HCT116

Gene Log Fold Change p-value G ene Log Fold Change p-value G ene Log Fold Change p-value
CXCR4 26.95041 0.001292 FAM43A 7.138311 7.33E-04 SGX4 3.918746 0.001626
CXCL14 10.51623 0.001401 FAM13B 5.707318 0.002879 S0X4 7.724889 0.006647
CXCL14 3.141305 l.llE-04 ALDH1L2 5.63393 0.022187 KANK2 7.228088 3.00E-04
CXCR4 8.977453 0.003048 5.600324 2.07E-04 CCNE2 7.048328 0.008153
CGLlAl 3.61316 7.03E-04 5.400554 0.004387 6.373243 0.004327
CXCR4 8.413798 0.003439 MGC16385 5.367833 0.001338 DKK4 6.773997 0.009636
TMEM19 3.37767 0.001729 CCWE2 5.252843 0.008014 HSPA2 6.731787 0.0473
TMEM107 7.513113 0.006527 MAT2A 5.159547 3.69E-04 S0X4 6.703837 6.43E-04
REEP1 7.347687 0.005319 DUSP6 5.108868 3.67E-04 6.364396 0.008717
NEURLIB 7.168158 2.59E-04 C5orf54 5.046314 0.0114 CCNE2 6.349454 0.004522

6.939158 0.001261 RWF170 4.720758 0.001688 GJAl 6.267131 4.90E-05

MARCKSL1 6.910674 0.001224 P H 0S P H 02 4.65157 5.49E-04 5.719539 0.00918
TMEM19 6.90449 0.002758 □USP8 4.651476 6.12E-04 G PRC5B 5.660633 4.38E-05
TMEM107 6.871235 0.004324 THBD 4.564087 4.32E-05 DSGEPLl 5.596333 7.49E-04
ADM 6.778385 2.36E-05 C7orf40 4.506939 8.73E-04 PPW Dl 5.49113 0.009531
GASl 6.763722 0.004684 PHACTR3 4.50633 1.46E-04 SGX4 5.326847 0.01088
WAN0S1 6.639301 0.004979 LOC723630 4.499136 3.05E-04 ClorJ93 5.244075 0.00548

COLIAl 6.576711 0.005842 DUSP6 4.434277 3.53E-04 EL0VL6 5.234448 8.73E-04

S0X2 6.5073 0.007989 ZNF302 4.473359 0.0021 5.135356 0.027077

6.39081 0.004608 THBD 4.424262 7.21E-04 5,112232 0.006358

6.33403 0.041376 C7orF36 4.353573 0.001668 ADAM19 5.101102 9.65E-04

6.067531 0.011024 CD3EAP 4.356203 1.02E-04 5.033004 0.011353
PDK3 5.958356 0.002013 4.353033 0.004902 FBX09 4.33303 0.001138
RCAW3 5.336233 7.82E-04 CDC7 4.230674 0.005356 FGF13 4.870637 0.00419
CXXC5 5.817663 1.49E-04 FBX03 4.278653 4.28E-04 4.86473 0.001136

Table 8-3: List of 25 Probesets with the greatest upregulation or down-regulation in response to 
DCA. Unnamed genes are probesets with no known corresponding gene.
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8.6. Overlapping Gene Profiles Induced by Treatment with UDCA, 
Dex and DCA.

This section provides lists of Genes upregulated and downregulated by UDCA, Dex or DCA alone 

or simultaneously by either two or three treatments.

Table 8 ^ ,  Table 8-5, Table 8-6 and Table 8-7 demonstrate lists o f the 25 genes/probesets with the 

largest alterations in expression of mRNA in the HET-1A cell line.

Table 8-8, Table 8-9, Table 8-10 and Table 8-11 demonstrate lists of the 25 genes/probesets with 

the largest alterations in expression o f mRNA in the OE33 cell line.

Table 8-12, Table 8-13, Table 8-14 and Table 8-15 demonstrate lists of the 25 genes/probesets 

with the largest alterations in expression o f mRNA in the HCTl 16 cell line.
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UpreguLated Genes in the HET-IA Cell Line
UDCA D ex DCA UDCA and Dex

L O G L O G

L O G L O G LO G CH.\NGE GRANGE

G I M PRO BE ID C H .t\G E GIXE PRO BE ID CH.A.NCE GE.VE PROBE ID C H .\>G E GENE PROBE ID LT)CA Dex

23S953_at 1.7S PH.A.CTR3 227949_at 2.202 ILS 202859_x_at 5.111 CSTA 20497 l_at 1.^1 2.016

241745_al 1.769 CALCA 217561_at 2.072 EGRl 227404_s_at 4.293 DPH5 224060_5_at 1.595 0.976

CTTN 214073_at 1.721 LCN2 212531_at 2.063 PTX3 2C6157_at 4.171 BCL2L13 223664_x_at 1.559 0.729

\T I1 A 235923_at 1.632 GNG12 222S34_s_al 1.45S EGRl 201693_i_at 3.8S2 AFFX-r2-Bs-lya-5_at 1.553 2.061

SIRT5 2191S5_at 1.617 BIRC3 21053S_5_al 1.37S IL6 205207_al 3.543 SEPSECS 231730_at 1.537 1.115

ZNFS46 1569157_3_at 1.593 1557029_at 1.255 FOXJ3 217310_s_at 3.49 AFFX-f2 -B s-lys-M_at 1.535 1.79

LOC3S7723 229323_at 1.J39 156S643_a_at 1.224 K.8 211506_s_at 3.347 AFFX-r2-B s-phs-5_al 1.515 1.406

^\•DR7S 1554141_s_it 1.496 CREM 230511_at 1.218 PPP1R15A 3702S_at 3.317 ■iTCxe 217785_s_at 1.511 0.957

SDSL 22S274_at 1.4S3 SGKl 201739_at 1.184 DU5P6 208891_at 3.244 AFFX-L\-5X-5_at 1.49 1.983

h i s t i h : b g 2103S7_at 1.476 24252 l_at 1.151 C..\RS 24C983_5_at 3.239 TR K Tl 223814_at 1.462 0.997

D Es'N D lA 219763_at 1.429 KBTBD3 223777_at 1.134 RAB39B 23S695_s_al 3.195 235373_at 1.45 1.081

S iF 6 4 3 207219_at 1.384 F K B P ll 219117_s_al l . l l S SEC24D 202375_at 3.181 FKBPIA 210187_at 1.425 0.626

M PZLl 210087_»_it 1.365 R.4RRES1 206392_!_at 1.11 PPP1R15A 202014_al 3.132 222376_at 1.406 1.04S

LOC:^30S31 23Si29_at 1.347 .AASDH 235435_at 1.109 MAFF 205193_at 3.085 AFFX-LysX-M_at 1.4 1.713

NF2 217150_i_at 1.341 MUTED 226543_at 1.096 SLC04C1 222071_s_at 3.054 TMEM116 227172_at 1.395 0.597

DCTN'5 209231_5_al 1.33 AFFX-PheX-3_at 1.088 1569362_at 2.95 AFFX-Ph5X-5_at 1.38 1.26

TOR7S 1554140_al 1.314 FCFl 219927_at 1.085 PHC3 23S693_at 2.909 C12orf45 226349_at 1.3^8 0.763

STAM2 215044_s_jt 1.302 SSH2 1554114_s_at 1.077 ARAF 230652_at 2.827 AFFX-f 2 -B 5-ph»-^ I_at 1.375 1.16

FBX04 223493_at 1.297 M ETTL7A 207761_s_at 1.065 ENAH 1553672_at 2.802 CAB39L 225914_s_at 1.369 0.716

IMPACT 22269S_s_at 1.296 IP6K3 23 1 P 9 _ a t 1.061 CREB5 229228_al 2.'?98 237065_s_at 1.35 1.108

22643 S_al 1.26 LOC100134 213747_at 1.042 DUSP5 20945 7_at 2.763 C20orf7 227160_3_i I 1.343 09 9 7

C 17or09 220058_at 1.259 KXAAn04 22907S_s_at 1.031 PHLDAl 225842_at 2.754 C llo rf71 222743_5_al 1.341 0.62

LOCS1691 208107_s_at 1.257 KIAA1704 226429_at 1.022 FRY 214319_it 2.742 SEPSECS 1553167_a_at 1.33 0.983

LOC31691 215215_s_at 1.248 C6orf35 218453_s_at I.OIS 237593_at 2.731 C6orf52 236504_s_at 1.317 1.073

USP45 22444 l_s_at 1.24 TEPP 240119_at 1,015 E T \’5 230102_al 2.73 DUS4L 205761_s_at 1.312 0.741

Table 8 ^ :  Genes UD-regulated bv UDCA. Dex. DCA or both UDCA and Dex in the H E T-IA  Cell Line
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VpreguLated Genes in the HET-IA Cell Line
UDCA and DCA DCA and Dex LDCA and Dex and DCA

LOG LOG LOG LOG LOG LOG LOG

CHANGE CH.\NGE CH.\NGE CH.\.NGE CH.\NGE CH.\NGE CH.\NGE

GI>T PROBE ID IT)CA DCA GE.NE PROBE ID ID C A DCA GENE PROBE ID ID C A Dex DCA

INHBE 210587_it 4.337 5.181 C5orf26 225698_it 2.836 0.794 SlOOP 20435 l_at 2.072 2.828 2.261

GDF15 221577_x_il 3.867 6.577 NEDD9 202149_jt 2.708 1.163 NX1>R1 209230_5_at 1.974 0.998 2.567

SLC7A11 20992 l_ it 3.173 3.69 235556_jt 2.43 0.685 EAF2 219551_at 1.948 0.675 2.02

CHACl 219270_it 3.102 3.741 FSTPl 228250_it 2.316 0.85 LOC645638 229566_at 1.946 1.135 1.303

SLC7A11 21767S_it 2.943 3.596 SNHG12 223774_it 2.298 0.94 228661_5_it 1 919 0.887 1.271

E.21R 22165S_i_it 2.835 2.578 C7orf40 225699_it 1.954 0.593 FBX022 219638_it 1.82 0.764 1.624

FLJ35024 1558212_it 2.51 1.83 m s 206295_it 1.938 0.76S 230527_at 1.814 1.143 1.689

243S13_2t 2.406 1.769 SNHG12 223773_!_jt 1.912 0.636 .4SNS 205047_s_at 1.706 0.716 2.049

DDBC 225442_it 2.393 3.454 AKKRDl 206029_it 1.809 0.694 NAPG 210048_at 1.684 0.935 1.254

DDIT5 2093S3_it 2.368 3.862 CHD2 1554014_it 1.737 0.683 CLIP4 219944_at 1.664 0.616 1.362

STC2 203439_5_it 2.362 3.868 CHD2 1554015_a_; 1.734 0.629 GOSR2 210009_s_it 1.657 0.951 0.657

ATF3 202672_s_it 2.316 4.644 MTPAP 229676_at 1.661 0.992 SELI 1555274_a_; 1.656 0.676 2.064

STC2 20343S_it 2.201 3.438 NUPLl 204435_at 1.575 0.797 C14orf50 237654_at 1.548 0.659 0.766

PSATl 220S92_s_it 2.095 2.93 Sep-13 1569973_at 1.531 0.656 TXNL4B 22274S_s_at 1.522 1.077 1.159

SLC16A6 230748_it 2.051 2.195 CLXl 238509_at 1.527 0.676 DNAJC18 227166_at 1.521 0.675 1.068

TEIB3 21S145_it 2.047 3.944 ATFl 1565269_s_; 1.523 0.761 LIPTl 205571_at 1.52 0.987 1.271

FGF21 221433_it 2.018 1.03 BTGl 200920_5_at 1.469 0.812 C12orf4 218374_s_at 1.497 0.64 1.351

LCX:14S1S9 235191_at 1.975 2.259 ESKPl 225846_at 1.459 0.722 ?TK2 241453_at 1.489 1.006 0.699

NE?1 210510_j_it 1.936 0.729 TXNDC9 1554047_at 1.308 0693 SHMT2 214095_at 1.488 0.657 1.941

CEBPG 204203_it 1.929 2.706 \L4P2 225540_at 1.306 0.638 RHEBLl 1570253_a_; 1.487 0.899 1.128

PLACl 219702_it 1.896 2.661 231576_at 1.255 1.736 0.4SL 205660_at 1.473 0.69 2.156

AGBL5 23S8S9_it 1.888 1.049 USP53 230083_at 1.219 0.651 LOC399959 225381_at 1.469 0.702 1.361

SCD 2U162_x_ii 1.875 1.834 SLC25A37 222528_i_at 1.136 0.898 EIF5 208290_j_at 1.437 0.728 2.27

LIPG 219181_jt 1.859 2.677 22178S_at 1.12 0.641 RWDD2A 213555_at 1.435 0.861 1.243

CTH 206085_s_it 1.843 3.007 UGCG 20488 l_s_at 1.109 0.603 ET\'5 203349_s_at 1.417 0.806 3.243

Table 8-5: Genes Up-regulated by UDCA and DCA, DCA and Dex, or All Three of UDCA, Dex and DCA in the HET-1 A Cell Line



Down-regulated Genes in the HET-IA Cell Line
UDCA Dex DCA UDCA and Dex

LOG LOG

LOG LOG LOG CH.\NGE CH.\.NGE

GE>T PROBE m CR \.N G I GI>T PKOBZ ID CH.\>GE GEM PROBE ID CH.\.NGE GENE PROBE ID ID C A De.x

IvIALATl 223S40_x_al -2.127 NCRNAOOOS 2349S9_it -1.SC9 COLlAl 1556499_s_: -3.107 ACTB AFFX-HSAC -1.663 -1.677

MALATl 155S67S_s_: -1.SS6 C0L12A1 231S79_at -1.404 TMEM19 226860_at -3.067 SPE>; 201996_s_at -1.226 -1.29

MALAX 1 224567_x_al -1.S22 LOC100190‘ 235060_at -1.356 TMEM107 224496_5_at -2.909 SAEl 155561S_s_i -1.221 -0.917

MBNLl 201151_s_st -1.692 ZF.AND6 239757_at -1.347 REEPl 204364_s_al -2.877 230746_s_at -1.181 -0.599

M1009S_5_: -1.326 ANKHDl 233292_s_at -1.162 TMEN119 229126_at -2.78S HL'\\X1 236294_it -1.148 -0.686

BCLAFl 2010S3_5_at -1.325 231205_at -1.151 TMEM107 224495_at -2.781 ARIDIB 225181_at -1.131 -0.739

PAPOLA 212720_at -1.213 ACTBL3 210926_at -1.147 X.4N0S1 228523_at -2.731 NDEl 222625_s_at -1.106 -0.722

PKP2 207717_5_it -1.203 Clorfl99 225786_al -1.116 SOX2 22803S_at -2.702 224549_x_al -1.096 -1.134

CITED2 209357_at -1.1S3 NAPA 20S751_at -1.057 1554007_al -2.676 EIF2C1 222576_s_at -1.045 -1.456

TE.4D1 214600_at -1.179 HNKNPM 224373_s_at -1.035 242127_at -2.601 PEGIO 212092_at -1.024 -0.948

PaiC T R 2 244774_at -1.147 237895_il -1.025 ?DK3 20634S_i_at -2.575 RHBDD2 232053_x_al -0.941 -1.342

IRSl 242979_at -1.144 244753_it -1.023 CXXC5 224516_s_at -2.54 LAPTM4B 1354679_a_: -0.938 -1.062

LGALSS 2CS935_s_at -1.132 241460_at -1,01 OLFMl 213131_al -2.538 ENOl 217294_i_at -0.91 -0.679

Clor:63 209006_»_it -1.121 FLNA 213746_i_at -1.009 TME.M14A 218477_at -2.494 LMNA 1554600_s_i -0.904 -0.785

CDCA2 236957_at -1.0S7 SFXNl 232055_al -0.999 REEPl 204365_s_at -2.489 KIF22 216969_s_at -0.884 -0.S83

VGLL3 220327_it -1.055 LOC64129S 1557987_at -0.978 WRB 202749_at -2.465 BCL9L 228065_at -0.884 -0.719

2136S6_at -1.04S CRIMl 22S496_i_at -0.973 ANKRD36B 220940_at -2.443 UCKLl 232675_s_at -0.8S3 -0.924

WSBl 210561_s_at -I.OIS 232134_at -0.973 Clorf93 231S35_at -2.437 RPL37A 214C41_x_al -0.882 -1.701

H r.‘E?3 235122_at -1.005 CD24 20S650_s_at -0.952 TXNIP 201010_s_ai -2.434 N0TCH2 212377_5_at -0.S7S -0.762

P T P N ll 209S95_a! -0.985 PPJCDC 20S694_at -0.95 TNTAIPSLl 227420_at -2.411 SPTBNl 2C0672_x_il -0.S6 -1.045

BCLAFl 2010S4_s_at -0.981 230C99_at -0.943 CTHRCl 2256Sl_at -2.407 APHIA 1554417_s_: -0.842 -0.65

IQGAPl 210840_s_at -0.944 ZBTB20 23530S_at -0.933 RHOB 212099_at -2.383 ACTB AFFX-HSAC -0.S15 -1.016

SERPtN-B? 209723_at -0.924 IRSl 235392_at -0.932 FLJ90757 1566557_at -2.342 LI.INA 203411_5_at -0.8 -0.627

PRPF4B 211090_5_at -0.921 FASN 21221S_5_it -0.929 CXXC5 233955_x_al -2.334 AKAP12 227529_s_al -0.8 -0.792

ERCl 1563947_a_; -0.92 23933 l_ it -0.922 BR13BP 231810_at -2.32 N n u io 212372_at -0.796 -0.665

Table 8-6: Genes Down-regulated by UDCA, Dex, DCA or both UDCA and Dex in the HET-IA Cell Line
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Down-regulated Genes in the HET-IA Cell Line
ID C A  a n d  DCA DCA an d  Dex UDCA a n d  Dex a n d  DC.\

LOG LOG LOG LOG LOG LOG LOG

CH.\NG I CHANGE CHANGE CHANCE CH.V.CE CH-i-NGE CH.\.XGE

GEM PROBE ID IIDCA DCA GLNE PROBE ID LDCA DCA GE.M PROBE ID UDCA Dex DCA

KL\LAT1 226675_5_at -2.328 -0.722 242471_at -1.706 -2.106 CXCL14 222484_s_it -1.903 -1.323 -9.142

ASPM 23223 S_il -1.684 -1.68 1559391_i_i -1.581 -0.79 CXCL14 218002_s_at -1.694 -1.068 -10.52

EPPKl 232164_j_at -1.516 -2.16 DLEU2 155682l_x_ -1.375 -1.955 TKERFl 238520_at -1.505 -0.625 -4.913

ATP8B3 1554704_it -1.453 -0.967 217482_at -1.336 -1.268 MKI67 212020_s_at -1.336 -1.112 -2.235

FAM13B 21S518_it -1.36 -0.815 242121_at -1.3 -1.93'J 242890_at -1.297 -0.882 -2.751

IRSl 23S933_it -1.283 -0.641 232889_at -1.215 -1.594 SLC16.AJ 202855_j_at -1.289 -0.977 -1.937

2134S4_at -1.283 -0.959 ATP6V0E1 214149_5_at -1.171 -0.801 -■\HN-AK 211986_at -1.214 -0.834 -1.909

DHRS2 214079_jt -1.25 -2.061 LOC727820 227383_at -1.153 -1.194 244354_it -1.137 -0.655 -2.101

CENPE 205046_at -1.214 -l.S ll 232541_it -1.049 -11 FUS 1565717_s_i -1.131 -0.624 -1.58

TNRC6B 23S46S_al -1.161 -1.019 217164_at -1.04 -1 884 230085_at -1.114 -0.651 -4.576

MKI67 212023_j_at -1.16 -1.138 LOC649305 1568780_at -1 -1.354 1559156_at -1.105 -1.756 -4.137

ADM 202912_ai -1.156 -2.761 LARPl 212193_._it -0.973 -0.702 S0X4 201417_it -1.054 -0.811 -2.057

ATAD4 219127_at -1.143 -1.057 ST0X2 231969_it -0.939 -1.029 HE>K2 225368_at -1.035 -0.692 -1.847

ZFHX4 241700_at -1.13S -1.236 240247_at -0.908 -0.992 GNAI2 201040_at -1.028 -0.925 -2.066

NEURLIB 225355_a( -1.132 -2.842 GFRAl 227550_at -0.888 -0.89 SFRSl 201742_x_al -0.997 -1.127 -1.782

LBH 221011_»_at -1.128 -1.905 AP2M1 200613_it -0 855 -0.672 DAPKl 203139_at -0.98 -0.693 -1.646

MXD4 21077S_s_at -1.105 -1.751 238142_at -0.839 -0.992 CHD4 201183_s_at -0.949 -0.662 -1.856

NDRG2 214279_»_at -1 096 -1.119 N0TCH2NX 214722_at -0.827 -0.815 NIDI 202007_it -0.946 -0.598 -1.794

MIDI 203637_»_at -1.091 -1.189 COLlAl 202310_i_at -0.82 -2.717 FAT3 236029_at -0.918 -0.815 -2.647

NR2F2 209120_it -1.085 -1.662 AHNAK2 212992_at -0.816 -1.336 STRBP 229513_at -0.918 -0.967 -3.477

CXCR4 209201_x_al -1.083 -3.074 SFPQ 22176S_at -0.815 -0.785 MSI2 22523 8_at -0.894 -0.688 -1.804

CXCR4 211919_s_at -1.083 -3.166 SFRS4 242837_at -0.803 -0.665 GYSl 201673_s_at -0.879 -0.641 -3.194

ZNF431 1336060_a_: -1.081 -1.935 156343l_x_ -0.801 -0.69 222111_at -0.868 -0.589 -1.558

MKI67 212021_s_at -1.06 -0.649 PKM2 201251_at -0.795 -0.814 241726_at -0.867 -0.934 -2.552

NOSl 239132_at -1.056 -1.683 MLEC 200617_at -0.778 -0.679 DIDOl 227335_at -0.853 -0.785 -2.067

Table 8-7: Genes Down-regulated by UDCA and DCA, DCA and Dex, or All Three of UDCA, Dex and DCA in the HET-IA Cell Line
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L‘p-regulated Genes in the OE33 Cell Line
LDCA Dex DCA L'DCA and Dex

L O G

L O G L O G L O G CH.\.N'GE

G I.M P R O B I ID C H .\N 'G I G IN I PROBE ID C H .i.\G E GE.M PROBE ID CH.\NGE G E M PROBE m -XGE LDCA Dex

M T IF 213629_x_il 1.2044 KLF9 203542_j_it 1.85212 CD69 209795_at 4.223373 MIR21 224917_al 1.357208 1.318221

242343_x_al 1.028473 FKBP5 224840_it 1.598956 ILS 211506_5_at 3.925503 GOLGA8A 2C8793_x_ai 0.945499 1.005712

23S142_at 1.023577 AHNAK2 155837S_j_^ 1.592633 240655_at 3.78541S KCRNA0008 224566_at 0.905756 0.906363

EGRl 201693_i_at 0.940273 PHACTR3 227949_it 1.589597 NR4A2 216248_5_at 3.605917 PCBP2 213517_at 0.869764 0.619707

IL IR L I :07526_s_at 0.907689 ANGPTL4 223333_5_jt 1.504329 NR4A2 204622_x_al 3.562143 LO C 10012Sn555392_at 0.857322 0.^33251

S\"N‘E1 209447_at 0.858993 BODIL 235009_at 1.481516 BCL2A1 2056Sl_at 3.532492 PILRB 22532 l_5_at 0.824823 1.311279

RALGPS: 232112_at C.854SS3 CAliIK2Nl 228302_x_ai 1.478881 S0D2 215078_at 3.45533 N4BP2L2 221859_at 0.781968 0.613046

EGRl 201694_5_at 0.819627 ZFR 213286_it 1.46063 1569362_at 3.427079 1558154_at 0.753844 1.003376

EGRl 227404_5_at 0.794443 FKBP5 224856_at 1.458422 ICAMl 20263S_s_at 3.423461 156C297_at 0.745499 0.V87465

SLC30A1 212907_it 0.79115 PPFIB Pl 214374_s_it 1.429976 nsSIGl 201626_at 3.257066 BRWD2 229694_at 0.714249 0.704356

z n f ; o7 1556035_i_j 0.7S0427 PDE9A 205593_s_it 1.37S2S4 EsSIGl 201627_s_at 3.246668 G.-\RT 230C97_at 0.697614 0.785671

241991_it 0.770761 SLC01B3 206354_it 1.32847 TCP11L2 1553861_al 3.037996 LOC100132S 1557996_at 0.693023 0.79089

OPN3 224392_s_it 0.761956 PTPN12 216915_s_at 1.314107 E.8 202S59_K_al 3.074874 CAPR1N2 218456_at 0.683593 0.869284

MERTK 20602S_3_it 0.75S536 -4NGPT2 205572_at 1.313127 ICANIl 202637_s_at 2.99395 C17orf91 214696_at 0.681917 0.797053

C17orf4; 23S295_at 0.749486 ESCOl 235645_at 1.290149 NR4A2 20462 l_5_at 2.940936 P .^ P C IL 226670_=_at 0.660001 0.996325

LOC65349S 209403_it 0.739141 RGS2 202388_it 1.222179 G.ABBRl 1. 205890_s_at 2.92236 NCRS'AOOOS 224565_at 0.64423 0.640317

T?M 1 23S6SS_at 0.739113 242389_a[ 1.22181 KLHL24 242088_at 2.826004 DLGl 230229_at 0.594076 0.6112

N4BP2L2 21474S_jt 0.730946 BATF 205965_al 1.216566 INSIGl 201625_s_at 2.76857 TRIO 209013_x_al 0.586605 0.751649

POLR2J2 1552621_at 0.70976 FRMD3 230645_at 1.204571 ZAK 1555259_at 2.737552

ZNF207 22S157_at 0.708745 TP53I3 210609_s_at 1.200215 TM4SF1 215033_at 2.636274

M T IF 217165_x_al 0.695555 ANGPTL4 221009_5_at 1.187156 H BPl 207361_at 2.613338

RALGPS2 24245 S_at 0.693039 HRASLS2 221122_at 1.179702 ID2 ■. ID2B 213931_at 2.60348

M T IX 20S581_x_il 0.67707 TSC22D3 208763_s_2t 1.173144 NFKBLA. 201502_s_at 2.529199

■nffiB 22S716_it 0.676367 241359_it 1.144642 LATS2 230348_at 2.522531

204326_x_al 0.675656 SAAl 208607_j_at 1.133628 C iT lB l 20243 7_s_al 2.519429

Table 8-8: Genes Up-regulated by UDCA, Dex, DCA or both UDCA and Dex in the OE33 Cell Line



Up-reguiated Genes iu the OE33 Cell Line
UDCA and DCA DCA and Dex UDCA and Dex and DCA

LOG LOG LOG LOG LOG LOG LOG

CH.\NGE c a \N G i CH.\>'GE CH-^NGE CH.\>GE CH.A^GE CILA>CE

C IM P R O B im ID C A DCA GEM PROBE ID UDCA D ei GE>T PROBE m UDCA D « DCA

PDK4 225207_at 1.53946 1.604618 PERI 202861_it 1.756759 2.367165 CBX3 1555920_ai 1.23665 0.874934 0.946256

PCDH7 22S640_jt 1.493355 0.804563 GCNT3 219503_it 1.676231 1.382505 241769_at 1.123663 0.325913 1.785404

22216S_3t 1.396017 1.70102 CCL20 205476_at 1.55613S 2.300337 KLHL24 221985_at 0.996912 0.772915 2.957996

225328_jt 1.30904 2.589723 YPEL2 229060_it 1.145941 1.457746 235094_at 0.973238 0.697749 0.739155

HNRNPD 213339_it 1.294049 2.242589 KLF9 203543_s_at 1.079119 0.836403 TSC22D4 1554501_at 0.932701 0.794222 1.345353

FBX032 223803_at 1.266679 3.315328 CEBPD 203973_j_at 1.068766 0.772054 CFLAR 239629_at 0.S62647 0.36359 0.71668

GALKT5 2371S3_at 1.24596 1.212583 PTGER4 204S97_at 1.059459 1.054S23 232290_at 0.S4S011 0.721871 1.694942

BACH2 221234_j_jt 1.237264 1.624724 ATXNl 20323 l_s_il 1.017349 0.8060S2 PRDMl 228964_at 0.825294 0.608843 2.456161

KLHL24 2219S6_s_at 1.204399 3.276039 RBKI39 227223_it 0.966757 0.884467 IL6R 205945_at 0.79479 1.660222 1.422236

EIFl 212225_it 1.194223 0.9931S9 ABHD2 228490_at 0.95602 1.741167 SPG7 230835_al 0.79145 0.619343 1.355565

SLC16A6 23074S_at 1.19097 1.083354 MALATl 22455S_s_at 0.943647 1.1067S HNRNPL 221860_at 0.739909 0.794687 0.871212

SLC16A6 20703S_at 1.076634 0.853336 WASF2 224563_at 0.908115 0.751648 GABAR.4PL 211458_!_at 0.739624 0.700032 2.301925

SLC2A12 244353_s_at 1.057132 1.197057 ?ER1 36329_at 0.337347 1.491372 EDNl 222802_at 0.730526 0.767525 2.103601

GEM 204472_al 1.031309 2.873857 IL6R 226333_at 0.36765 1.15059 229434_at 0.729535 0.591591 1.076246

GALNT5 240390_at 1.02237 1.563623 EDNl 218995_5_at 0.846284 1.455035 UFMl 242669_at 0.726543 0.632758 0.S02504

FNBP4 212232_at 1.010409 0.925169 C6orfl06 20545 7_al 0.839607 0.710422 RNA5E4 213397_x_al 0.724068 0.631598 1.701171

FBX032 241763_»_at 0.991544 1.333345 SEC14L1 202032_5_at 0.832579 0.849168 242725_at 0.720244 0.651346 0.316774

0PN3 219032_x_al 0.983011 0.S72532 BIRC3 210538_s_at 0.820484 1.715526 217513_at 0.711565 0.598106 0.623021

CTTN 2147S2_it 0.982285 1.920446 ATXN3 205415_i_at 0.314446 0.72117 .iN7CRD12 212236_at 0.692795 0.890642 1.099796

225239_il 0.981303 2.268057 MKI67 212022_»_at 0.81251 0.593071 SNHG12 228990_at 0.661636 0.369661 0.325913

CTTN 214073_at 0.9S0101 1.23658S TUBB2A 204141_at 0.306351 0.761931 TBRGl 226318_at 0.638737 0.755754 0.722405

TP53INP1 225912_at 0.97919 1.336748 AKPP19 214553_s_at 0.790537 0.814298 CDKNIC 213343_at 0.636337 0.690597 0.7S3939

GRHL3 232116_at 0.967065 1.406993 239223_at 0.788865 0.712873 RUFi'3 213939_5_at 0.621047 0.600977 1.039393

SERPINB9 242814_at 0.93193 1.553589 ZBTB46 227329_at 0.7840 73 1.258017 CCNL2 222999_i_at 0.616175 0.821469 0.741031

LGALSS 210732_j_at 0.91819S 0.933735 ABHD2 225337_at 0.776728 0.96^256

U )
o
00

Table 8-9: Genes Up-regulated by UDCA and DCA, DCA and Dex, or All Three of UDCA, Dex and DCA in the OE33 Cell Line
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Down-regulated Genes in the OE33 Cell Line
UDCA Dex DCA UDCA and Dex

L O G L O G

L O G L O G L O G CHA.NGE CH.\> 'GE

GE>T PRO B E ID C H .\> G E GE>T PROBE ID CH.\NGE GENE PROBE ID C H .\> G E GENE PROBE ID LD C A Dex

FAB?5 202345_s_at -0.97S02 RPL37A 214041_x_al -2.53965 FAM43A 227410_at -2.8357 ILS 211506_s_at -1.02552 -0.66661

Ti^MS 2025S9_at -0.96437 ATP6V0E1 214149_s_at -2.10935 FAM13B 218518_at -2.51281 ILS 202S59_r._al -0.92294 -1.25993

IL IA 21011S_s_it -0.950«9 RPL38 221943_x_al -1.91782 .y .D H lL 2 231202_at -2.49569 CENPK 222348_at -0.37273 -1.22235

T O .IS 1554696_3_: -0.94S73 ACSL4 202422_j_at -1.7029 242140_at -2.48551 LSM5 202904_s_at -0.74134 -0.63886

HELLS 227350_it -0.93S14 217211_at -1.65838 232569_a» -2.43311 S.4E1 1555618_5_i -0.70122 -0.76354

HELLS 223556_at -0.S5904 YIFIB 231211_s_at -1.64317 MGC163S5 1552330_at -2.42434 -\LAD2L1 203362_s_al -0.64976 -1.05053

m c m : 202107_s_at -0.S4025 213S13_x_al -1.58576 NUT2A 200768_5_at -2.36724 H?S3 231121_at -0.61931 -0.94336

AK2 212174_4t -0 .8317S ADK 204120_s_it -1.56629 DUSP6 2CS392_>_at -2.353

SPC25 209S91_at -0.S2397 KPL38 20202 8_s_at -1.53 C3off54 220770_i_at -2.33523

CDCA7 22442S_s_at -0.80736 TM EIT2 224321_at -1.51278 KNF170 226104_at -2.23902

242S90_at -0.77302 GLS 221510_s_at -1.50853 PH 0SPH 02 230434_at -2.21772

AK2 205996_s_al -0.76642 TJ.IED2 2C4426_at -1.4821 DUSP6 208891_at -2.21769

DLEU2 216370_x_il -0.75627 216246_at -1.47957 THBD 203SS'7_s_at -2.19033

L’N C iB 226S99_at -0.7464 R..!l?2C 218668_>_at -1.44081 PHACTR3 227949_al -2.17197

SCMLl 21S793_s_at -0.74429 214001_x_al -1.42017 LOC729680 22S977_at -2.16965

SUBl 221727_at -0.7433 ITGB5 214021_x_al -1.405 DCSP6 208893_s_al -2.16483

MCM6 201930_at -0.74104 CEP97 23591 S_x_al -1.33476 ZNF302 218490_s_at -2.16345

SNRPAl 206055_s_at -0.73824 A T E l 225497_at -1.29145 THBD 203888_al -2.14544

PTGS2 20474S_at -0.7377 KUNSCl 220945_x_ai -1.2908 C7on36 223433_at -2.12385

DNA2 213647_at -0.73603 PRKA.A1 225984_at -1.24222 CD3EA? 205264_at -2.12307

SMEK2 222270_at -0.73421 KL4.A0776 212633_at -1.22732 2364S9_at -2.12202

PC IFl 222044_at -0.73295 ITGBS 226189_at -1.1945 FBX09 1566509_s_! -2.09716

CHEKl 23S075_at -0.71411 SLM02 217S51_s_at -1.19266 C17orfS6 221621_at -2,06575

N A PIL I 1556121_at -0.70967 RP2 205191_it -1.19108 SN.AJ2 213139_at -2.04067

DHFR 202532_s_at -0.70504 EIFIAX 201016_at -1.18741 TMEM177 218897_at -2.03759

Table 8-10: Genes Down-regulated by UDCA, Dex, DCA or both UDCA and Dex in the OE33 Cell Line



Down-regulatcd Genes in the OE33 Cell Line
LDCA and DCA DCA and Dex LDCA and Dex and DCA

L O G L O G LO G L O G L O G L O G L O G

CH .V SG I CHANGE CH .\N CE C H .\.\G E CH .\N G E CH-iNGE CH.\.N'GE

CIXt PR O B Z n) ID C A DCA G IM PROBE ID DCA Dex GENE PROBE ID LDCA Dex DCA

CCN'E2 205034_il -1.57183 -2.3931 UBLCPl 243916_x_ii -1.322S9 -0.6362'? ACN9 21898 l_at -0.74829 -1.14134 -0.77689

213930_it -1.29588 -1.2188 B3GALNT1 211379_x_ii -1.07563 -2.01086 TTF2 ;04407_at -0.69419 -0.96334 -1.21671

RRM2 201S90_it -1.26501 -0.79802 TUBEl 22618 l_ j t -1.04579 -1.21165 G..\RT 210005_at -0.6S58S -0.64839 -1.10682

MCMIO 222962_j_it -1.16236 -1.60049 0TUD6B 222825_it -1.02444 -0.9024 ?S?H 205194_at -0.63034 -1.30836 -1.5405

P0L E 2 205909_it -1.01992 -1.61911 PACRGL 235554_x_il -1.00379 -2.02979 P0L E3 208828_al -0.6209 -0.65357 -0.72922

MCMIO 22065 l_ j_a t -1.0152 -1.2049 PHF6 225501_at -1.00466 -0.79804

RRM2 2 0 9 7 7 3 _ w t -0.99748 -0.81571 DBRl 234295_at -0.91543 -1.73405

MCMIO 223570_it -0.98886 -1.20414 rrsjDi DO *-
• -0.91489 -0.81515

GINS2 221521_j_jl -0.92627 -0.73478 ZNF468 214751_il -0.90811 -1.04976

CDC7 204510_il -0.92621 -2.09784 C5orf44 236526_x_jl -0.8682 -0.91463

CHAC2 235117_at -0.85724 -1.63036 KLHL20 204176_at -0.84603 -0.81687

DTL 2 1 S 5 8 5 _ w t -0.85638 -0.63136 ABHD3 213017_jt -0.8414 -0.635

FEN l 20476S_s_at -0.84386 -0.71197 PHLDAl 218000_5_a[ -0.83891 -1.15981

UNG 202330_s_at -0.84311 -1.06685 TR1B3 1555788_i_; -0.80436 -0.72534

C7orf40 225699_at -0.81845 -2.17215 MANEA 219003_5_st -0.74595 -0.91621

FEN l 204767_s_at -0.79489 -0.7301 C10oif97 218297_at -0.72847 -1.34371

LUC7L 1557067_5_! -0.78412 -1.31117 ALG13 yj OQ o 00 1 -0.70604 -0.93383

C lorf53 155S508_a_; -0.76771 -0.85023 PHLDAl 217996_at -0.70142 -0.73751

PCNA 201202_it -0.76654 -0.67261 LPARl 204036_at -0.68293 -0.71086

AK2 212175_s_it -0.75852 -0.78504 ALGIO 1552306_at -0.67385 -1.73443

KRRl 203203_s_at -0.74195 -0.77582 PHLDAl 217997_it -0.67375 -2.02024

228955_jt -0.7339 -1.17849 CSGALNAC" 21SS71_x_ar -0.6496 -0.76636

LOC10012 9( 236075_s_at -0.72573 -0.74524 1558S01_it -0.64157 -1.74451

UHRFl 225655_it -0.72266 -1.58986 RAD51.AP1 204146_it -0.61603 -0.63794

SFRS7 201129_it -0.72261 -1.43104 NIPSNAP3A 22443 6_j_at -0.60444 -1.40725

b le 8 - l l : Genes Down-regulated by UDCA and DCA, DCA and D e\, or All Three of UDCA, Dex and DCA in the OE33 Cell L



Up-regulated Genes in the HCT116 Cell Line
LTDCA Dex DCA

L O G L O G L O G

GE>T PROBE ID CH-tNGE G E M PROBE ID CH-Vs'GE GENE PROBE ID C H .\> G E

DHRS3 2024Sl_at 1.721233 AFFX-LysX- 2.273459 C9orfl50 227443_jt 23.01939

SCD 211162_x_al 1.603246 .^UTX-LysX- 2.05C04S RGS4 20433 7_ai 21.67074

K S IG l 201625_5_it 1.313S06 239302_s_at 1.8S7336 RGS4 20433S_s_at 19.SS2S

SCD 21170S_5_at 1.5137 L^'CS4A 214169_i[ 1.770207 ILS 211506_3_at 19.03394

UGCGL2 235749_2t 1.753202 C12orf39 229773_jt 13.73937

ING3 231S63_it 1.624699 SERPIKEl 202627_5_3t 14.275S3

M ETTL7A 207761_5_at 1.593115 SLC7A11 217673_at 13.6391S

IM M PIL 230556_it 1.53095S CXCL3 207S50_at 11.32042

KBTBD3 22S777_at 1.570351 U ? ? l 203234_at 11.30761

1569114_at 1.54S234 SLC7A11 20752S_s_at 10.73369

235429_it 1.539S7S SERPINEl 202623_s_at 10.73293

ATP5S 213995_it 1.502527 SLC7A11 20992 l_at 10.12614

TRffi3 15557SS_a_; 9.42966

RGS4 204339_i_at S.41406

TRIB3 213145_at 3.14103

D D IT 3 . : M 2093S3_at 7.763336

SLFN5 1553055_a_; 7.207123

CXCL2 209774_x_il 7.042403

CHACl 219270_at 6.331035

SLFN5 155707S_at 6.552124

24222S_al 6.543169

STC2 203439_s_at 6.419S21

EGRl 201693_5_at 6.205386

ELL2 214446_at 6.166528

NT5E 1553994_at 6.12355S

L7DCA and Dex

G I M PROBE ID

L O G  L O G

CH .\N G E C H .\.\G E  

LD C A  D ex

Table 8-12: Genes Up-regulated by UDCA, Dex, DCA or both UDCA and Dex in the HCT116 Cell Line



Up-regulated Genes in the HCT116 Cell Line
UDCA and DCA DCA and Dex LT)CA and Dex and DCA

LOG LOG LOG LOG LOG LOG LOG

CH.\NGE CH.\>GE CH.\.NGE CR\NGE C H .\>G I CH.\.\GE CH.VNCE

GI.M PROBE ID UDCA DCA GENT PROBE ID LDCA DCA GE>T PROBE ID UDCA Dex DCA

EGRl 227404_5_it 1.760259 4.184574

BHLHE40 201170_»_it 1.724636 5.437502

IL8 202859_x_al 1.700345 14.56391

DNAJB9 202842_3_2t 1.574159 3.243553

TMEM22 219569_5_it 1.567012 2.270718

TMEK09A 222690_!_it 1.561481 2.523274

C4orf34 224990_at 1.539655 2.920692

PER2 20525 l_at 1.51985 3.129193

C2«f30 22462S_at 1.516776 1.503106

DDIT4 2028S7_5_at 1.512023 5.074414

SPTLCl

HINT3

1554053_it 

223697 at

1.554SS1

1.5180S3

3.96379

1.516992

Table 8—13: Genes Up-regulated by UDCA and DCA, DCA and Dex, or All Three of UDCA, Dex and DCA in the HCT116 Cell Line



Down-regulated Genes in the HCT116 Cell Line
UDCA Dex DCA

LOG LOG LOG

GENI PROBE ID CH.\.VGE GENI PROBE ID CH.\NGE GEM PROBE ID CH-VsGE

CENPF 209172_s_it -1.74443 TMED2 20442 6_it -3.11216 S0X4 201416_at -9.91S75

SNHG7 229050_s_at -1.69214 ACTB X00351_5_a -3.02762 S0X4 213668_s_at -■7.72489

TNTICSC 222S20_at -1.61635 KIF22 216969_i_it -2.S3665 KANK2 21841S_s_at -7.22809

t g o l n ; 212043_at -1.60721 •n.IED2 20442 7_s_at -2.77441 CCNE2 211814_3_at -;^.C4833

AHNAK 2119S6_at -1.3i039 STIPl 212009_s_at -2.70258 238956_at -6.S7324

235612_at -1.54S27 SNAP23 2 14544_s_at -2.26967 DKK4 206619_a[ -6.779

A K A ?i; 227529_s_at -1.54551 RHBDD2 232053_x_il -2.20556 HSPA2 21153S_5_at -6.73179

EXAH 22S310_it -1.51236 MEDIS 219730_it -2.17S26 S0X4 201417_at -6.70384

ADAMIC 214S95_s_it -2.0S342 236219_at -6.3644

.yjANB 1555326_i_; -2.08111 CCNE2 205034_at -6.34945

PPP5C 201979_s_at -2.026S1 227533_at -5.71954

SAEl 1555618_s_: -2.01145 GPRC5B 203632_j_al -5.6607

R-iB5A 206113_s_it -1.98632 OSGEPLl 230032_at -5.59639

ACTB X00351_M -1.97839 PPU D l 213483_at -5,49113

PPP2R1A 200695_it -1.95744 S0X4 201418_i_at -5.32685

MOSPDl 1557455_s_: -1.93218 Clorf93 231S35_al -5.24403

C'iT51Al 216607_i_at -1.S8968 EL0M 6 227491_at -5.23445

JAKl 1552610_i_: -1.86333 228717_at -5.13536

UCKLl 232675_s_at -1.85269 220915_i_at -5.11223

CCNG2 211559_s_at -1.84694 ADAM19 209765_at -5.1011

LAPTM4B 1554679_a_; -1.84477 228479_al -5.033

DCTNl o o D
O -1.83286 FBX09 2129S7_at -4.93803

PICALM 215236_s_at -1.82176 FGFIS 231382_at -4.37064

RPAP3 1557934_j_i -1.7931 228955_at -4.36479

ECT2 234992_x_ai -1.7S76 C5orfl3 201310_j_at -4.85005

UDCA and Dex

GE.M PROBE ID

LOG LOG

CH.\NGE CH.\NGE 

ID C A  D ei

Table 8-14: Genes Down-regulated by UDCA, Dex, DCA or both UDCA and Dex in the HCT116 Cell Line



Down-regulated Genes in the HCT116 Cell Line
UDCA and DCA DCA and Dex UDCA and Dex and DC.A,

LOG LOG LOG LOG LOG LOG LOG

CH.\.NGE CH.\.\GE C a\N G E CRINGE CH.\>GE CH.VSGE CH.\.\GE

GE.M PROBE m ID C A DCA GE>T PROBE ID ID C A DCA GE.M PROBE ID ID C A  D ei DCA

PCNX 229287_at -1.85287 -3.69782 DCAKD 221224_i_it -2.25453 -1.61248

FAM13B 21S jlS _ it -1.83104 -3.02074 HNRNPHl 213470_i_it -2.0363 -1.6327

PDLD.I5 2136S4_s_it -1.80437 -2.99582 M\'K 215649_j_it -1.88777 -1.80291

PDLBI5 221?94_it -1.71501 -2.88634 NDRG2 214279_s_it -1.87385 -2.93286

GJAl 201667_it -1.70338 -6.26713 M\T> 203027_s_il -1.85539 -2.08275

237435_at -1.70336 -2.62888 TFDPl 204147_s_it -1.75407 -1.65667

M ia67 212023_t_at -1.67416 -3.1237 RBBP4 217301_x_»l -1.57424 -1.81549

22S959_it -1.6441 -2.49443 SLC37A4 217289_s_it -1.56976 -1.50163

C14<,rfl59 218298_i_2t -1.60933 -3.1127 NT5DC2 218051_i_it -1.56445 -1.68785

NTi'B 21S129_i_at -1.60512 -1.56566 Ci"B5B 201633_s_it -1.546 -2.21204

MKI67 212021_s_it -1.56476 -1.76056 TM7SF2 210130_s_jt -1.52263 -2.21547

BRCC3 231913_j_at -1.54892 -1.55681 RETSAT 1566472_s_: -1.51536 -1.63219

CENPE 205046_jt -1.52409 -2.44457 HMG20B 209113_s_it -1.50997 -1.51506

EPPKl 232165_at

242S90_at

-1.52405

-1.52364

-2.70307

-2.72812

Table 8-15: Genes Down-regulated by UDCA and DCA, DCA and Dex, or All Three of UDCA, Dex and DCA in the HCT116 Cell Line



8.7. Intensity Values of Probeset Pairs for Genes Chosen for 
Validation
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Probeset Gene

P rob eset 1 PHACTR3

P rob eset 1 SKI 

P rob eset 2 SKI

P rob eset 1 SERPINE1 

P robeset 2 SERPINE1

P rob eset 1 PRKDC 

P robeset 2 PRKDC

P rob eset 1 CRIM1 

P robeset 2 CRIM1 

P rob eset 3 CRIM1

P rob eset 1 CITED2 

P robeset 2 CITED2 

P rob eset 3 CITED2

Probeset 1 STAM2 

P rob eset 2 STAM2 

P rob eset 3 STAM2 

P rob eset 4 STAM2

Table 8-l<

Inte n s it>' p-A’alu e
Control DCA

172.65 61.66 0.003

195.98 59.6

1000.4 646.37 0.021

1020.75 723.28

120.69 217.69 0.326

161.04 156.8

258.75 474.13 0.043

275.78 390.23

155.93 226.04 0.079

170.24 198.5

2209.84 1921.36 0.702

2034.99 2187.25

828.74 928.15 0.585

832.45 811

1948.98 2921.6 0.028

1904.16 3467.84

1488.12 2822.44 0.03

1727.01 2546.12

1047.39 1409.75 0.023

943.72 1482.27

323.23 279.99 0.117

389.15 245.47

1254.91 767.91 0.031

1159.24 863.74

129.12 143.75 0.252

134.8 135.75

846.09 1019.25 0.029

733.67 338

242.48 384.72 0.013

251.5 353.59

518.68 550.47 0.379

500.63 514.14

156.53 173.98 0.675

142.38 142.59

Intensit>-________ p-Value
Control UDCA

135.97 78.8 0.03

156.28 90.35

801.76 509.56 0.002

836.18 511.1

100.51 100.13 0.981

124.48 123.93

187 395.71 0.015

210.98 357.97

115.04 160.21 0.037

128.44 161.5

1854.89 951.26 0.111

1718.25 1322.4

632.12 549.47 0.041

881.9 535.18

1921.55 981.32 0.053

1718.9 1219.91

1151.2 666.07 0,079

1285.38 863.36

332.97 415.71 0.162

791.75 644.12

270.56 148.07 0.02

308.17 165.99

935.71 352.03 0.038

946.48 488.05

109.17 141.58 0.431

113.37 111.13

54.41 115.55 0.065

75.04 117.05

628.3 491.94 0.788

613.93 963.75

174.53 525.8 0.031

190.63 364.56

339.03 347.58 0.469

363.78 326.22

Intensity' p-Value
Control Dex

154.04 657.33 0.004

159.82 792.84

116.21 225.21 0.038

145.14 242.51

930.38 681.71 0.012

977.61 640.21

253.18 466.15 0,013

275.39 526.22

128.88 226.16 0.033

150.48 258.52

2222.03 1245.66 0.035

2052.27 980.37

693.06 362.24 0.006

724,21 395.51

1450.88 1180.76 0.054

1582.37 1044.34

1050.4 695.08 0.118

884.77 499.98

2165.5 1251.26 0.035

2150.26 965.68

360.78 429.77 0.54

421.45 400.87

1093.42 1047.23 0.522

998.74 928.46

131.58 117.3 0.522

108.64 164.21

639.9 802.14 0.753

653.13 584.15

201.96 286.21 0.067

223.36 345.61

417.12 513.51 0.042

427.96 481.46

129.02 109.64 0.121

118.9 98.6

: Micro-Array Intensity Values for Probeset Pairs of Validation Genes
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Probeset Gene Intensity* p-Value Intensity'
Control DCA

p-Value Intensity*
Control UDCA

p-Value
Control Dex

P r o b e se t  1 CTTN

P r o b e se t  2 CTTN

P r o b e se t  3 CTTN

P r o b e se t  4 CTTN

312.59 278.92

235.09 277.78

215.68 301.95

235.09 264.43

97.97

112.71

158.04

139.35

1879.14 1166.56

1904.85 1193.51

0.103

0.067

168.86 657

191.79 535.82

238.03 359.28

231.65 369.31

1584.06 1054.76

1616.83 1070.64

0.01

0.002

1741.47 1432.02

1806.1 1411.56

180.4 264.87

191.86 325.49

274,23

290.16

322.71

349.21

0.008

0.051

P r o b e se t  1 BIRC3 413.83 271.19

414.53 218.5

0.039 341.45 254.78

355.78 289.41

0.065 382.27 1067.08

419.42 1014.51

0.003

P r o b e se t  1 NOTCH2

P r o b e se t  2 N 0TC H 2

P r o b e se t  3 NOTCH2

P r o b e se l 4 NOTCH2

424.17

397.11

1607.68

444

409

1615.17

0.549

1580.99 1537.28

1789.05 1823.09

1697 1670.45

107.99 139.18

131.9 140.47

0.254

1492.59 843.83

1415.53 876.53

337.11 200.45

288.62 188.58

1438.08 685.23

1387.6 862.45

0.004 1697.6 964.93

1599.75 964,49

382.63

339.43

212.79

216.16

1558.87 957.76

1572.84 890,64

0.003

0.013

P r o b e se t  1 NR3C1

P r o b e se t  2 NR3C1

P r o b e se t  3 NR3C1

P r o b e se t  4 NR3C1

2877,08

2749,07

1887.88

1830.13

3340.21

3309.44

737.2

760.19

3873.47

3535.06

3390.36

3278.27

4421.3

4172.64

1007.25

893.05

0.033

0.002

2882.26 1893.34

2911.8 2151.28

631.85 780.04

609.36 587,71

2455,54 1615.75

2342.22 1781.46

1444.32 1008.62

1440.81 1182.22

0,603

0.073

3322.96 2520.71

3273.3 2514

741,83 721.37

751.71 833.65

3013.51 2206.67 

2883.13 2197.82

1692.71 1427.13

1659.64 1319.49

0.039

P r o b e se t  1 IL8

P r o b e se t  2 IL8

29.38 730.69

19.48 935.4

365,5 

344

0.005

35.81

33.9

Table 8-17: Micro-Array Intensity Values for Probeset Pairs of Validation Genes
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Probeset Gene Intensity'________p-Value Intensity-________p-^'alue Intensity-_______ p-\'alue

Probeset 1 ACTB 

P robeset 2 ACTB 

P robeset 3 ACTB 

P robeset 4 ACTB 

P rob eset 5 ACTB 

Probeset 6 ACTB

P rob eset 1 ATF3 

P robeset 2 ATF3

P robeset 1 CXCL14 

P robeset 2 CXCL14

Probeset 1 DOIT3

P rob eset 1 GDF15

P robeset 1 TRIB3 

P robeset 2 TR1B3

Table 8

Control DCA Control L*DCA Control Dex

U02e,95

13590.98

14434.18

14094.52

18081.14

17374.81

19905.97

13346.63

19624.59

18914.55

19462.91

18938.87

11707.77

10976.7

11851.09

11057.81

12975.84

13821.74

15075.44

15092.65

14328.05

14977.25

14611.11

15237.17

0.032

0.01

12600.28

11801.07 

13095.99 

12563.78

15976.8 

15773

17914.88

16981.92

17354.2

17180.13

17287.39

17181.76

3788.94 

3913.61

7336.52

7247.95 

11669.56 

12916.34 

14677.83 

14366.41 

14647.02 

14073.38

14812.2

14107.62

0.001

0.012

0.019

14524.66 

14115.8

14347.23

14186.28

16825.42

16554.46

16825.42

16554.46

18907.67 

18034.44 

18729.08 

18177.96

4735.21

4235.31

7070.17

7039.26

12575.85

11177.92

12575.85

11177.92 

15140.19 

15120.8

15433.73

15260.28

0.002

0.029

0.029

0.014

0.007

76.07 2067.19

90.93 2092.48

662.78 

710.99

125.43

103.47

0.003

64.37

74.92

405.47

295.04

0.012 78.86 118.32

88.74 148.3

0.069

7277.27

7694.11

6044.14

5835.92

773.63

654.44

659.7

639.77

0.001 6629.36

7042.78

5362.72

5535.48

2432.88

1833.03

1607.79

1320.09

7674.1 3485.77

8105.74 4058.24

6207.29 2261.45

6167.96 2703.46

0.012

230.94 4133.41

254.12 3782.09

208.01 1145.22

166.4 805.82

211.68

176.96

220.99

238,43

90.54 7362.83

71.77 8042.82

75.29 1108.28

59.48 860.1

0.004 109.61 135.83

97.96 175.48

0.104

357.6 5084.18

348.09 5803.03

107.95

108.75

1182.74

1118.14

0.001 276.98

284.4

64.65

57.36

1088.53

1235.95

136.62

121.08

0.002 283.29

283.15

304.21

340.39

0.151

18: Micro-Array Intensity Values for Probeset Pairs of Validation Genes
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Appendix 4.

9. Appendix 4: Protocols, Reagents and Equipment 

Used
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This appendix presents the protocols for cell culture and passage, Western Blotting, 

immunofluorescent staining of cell lines and paraffin embedded tissue, DAB staining o f paraffin 

embedded tissue and a protocol for RT-PCR.

The Western blotting protocols were provided by Dr Michael Freely and are reproduced with 

permission.

9.1. Cell Lines, Cell Culture and Cell Passage

9.1.1. Cell l ines

Multiple cell lines were used for this research. Each has been described in the relevant chapter in 

the methods section. The rationale for their use has been explained in specific experimental 

sections.

For the majority of experiments investigating the effects of DCA and UDCA on oesophageal 

epithelium, the HET-IA [240] cell line was used. This cell line, derived from the oesophagus o f a 

25 year old black male represents the only cell line available for study of oesophageal squamous 

epithelium. One primary cell line exists to study squamous epithelium of the oesophagus however 

its ability to propagate and passage is limited and therefore it is only used for validation 

experiments when required. It was not used in this research. Although the protective role of UDCA 

has been well established in hepatocellular and colorectal cell lines, these are distinctly different 

from the oesophagus. The oesophageal epithelium is squamous where the rest of the GI tract is 

columnar epithelium. The hepatic cells are o f mesenchymal origin where the oesophageal cells are 

epithelial in origin. Thus, in order to strengthen our findings, it was necessary to use cell lines in 

which UDCA had an established protective role.

The HUH-7 [242-243] cell line was chosen as is represents a model in which the protective effects 

o f UDCA have been most frequently demonstrated and validated. In this research it was used to 

demonstrate that the techniques used were capable of reproducing the findings o f other 

laboratories. It also acted as a positive control for the expression of the GR.
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The HCTl 16 [241] cell line was used because it represented an epithelial cell line derived from the 

gastro-intestinal tract and one in which the protective effects o f  TJDCA have been demonstrated, 

although with less reproducibility than the HUH-7 cell line.

The origin o f other cell lines used in this research are shown below (See. They were used as 

positive controls or for direct comparisons in different experiments to highlight the differences 

between cell lines o f  different embryological origins.

Cell Line O rigin Im m ortilized M edium

H ET-IA Healthy oesophagus o f a 25year 

old black male

Yes (SV40) BEBM with supplements

H C T l 16 Adult male colorectal 

adenocarcinoma

No McCoy’s 5A medium with 10% 

FCS

HUH-7 Adult male (Japanese), well 

differentiated hepatocellular 

carcinoma

No Dulbecco's minimal essential 

medium with 10% FCS

SKGT-4 Male, OAC derived from BO No RPMI1640 with 10% FCS.

OE33 Female, OAC derived from BO No RPM11640 with 10% FCS.

KYSE410 Adult male (Japanese) poorly 

differentiated squamous cell 

carcinoma o f the oesophagus

No RPMI1640 with 10% FCS.

QH Adult male, Non-dysplastic BO Yes (hTERT) BEBM with supplements and 

10% FCS

Table 9-1: Cell Lines used in this research, Their origin and G row th M edium.
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9.1.2. Cell Culture and Cell Passage

a) Warm medium, trypsin, soybean trypsin inhibitor, PBS and HBSS in the water-bath at 

37°C incubator for at least 30 min prior to doing cell culture

b) Clean out the laminar airflow hood with 70% IMS prior to working. Wipe all surfaces. 

Spray all surfaces of bottles/pipettes/ flasks etc to avoid bringing contamination into the 

hood. Also spray your gloves. Clean white Labcoat must be worn at all times when using 

the Hood.

Protocol

a) Examine the flask of cultured cells under the inverted microscope to check for 

contamination, cell density, etc. Cells should be split at no greater that 80 -  90% confluent.

b) Remove the old (spent) media.

c) Wash the monolayer with twice with 3mls PBS (SKGT4, OE33, HUH-7 and HCTl 16) or 

HBSS (HET-IA and QH). Let the PBS sit on the cells for at least 30 seconds during each 

wash to remove as much extracellular proteins as possible.

d) Remove the PBS or HBSS and add 1 ml of 0.25%> w/v trypsin solution (IX) (SKGT4, 

OE33, HUH-7 and HCTl 16) or trypsin/HBSS (HET-1A and QH).

e) Incubate for ~3 minutes, then check flask under inverted microscope to make sure cells are 

detached from the bottom o f the flask.

f) Add 5mls of complete medium (SKGT4, OE33, HUH-7 and HCTl 16) or 1ml soybean 

trypsin inhibitor (HET-1 A and QH) to inhibit trypsin. The PCS in the medium contains 

trypsin inhibitor.

g) Transfer the cell suspension to a sterile 15 ml conical centrifuge tube.

h) Spin the cells down at 1,100 rpm for 3 minutes in a tabletop centrifuge.

i) Discard the supernatant carefully, so as not to disturb the cell pellet. Break up the pellet by 

tapping the tube.

j) Re-suspend the cells in ~5mls o f fresh complete media.

k) Count cells for seeding, or split cells by adding 1ml (depending on splitting ratio*) of 

suspended cells to new flask containing 10 ml of fresh medium.

1) Replace the flask in the incubator.
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9.1.3. Freezing Cells for Storage

a) Follow protocol for splitting cells up to step i.

b) Re-suspend the cells in pre-warmed freezing mix (FCS + 5% DMSO) by adding drop-wise 

to the broken up pellet

o A T25 is frozen down to 1 cryovial (add 1 ml freezing mix and put into 1 cryovial)

o A T75cm flask can be frozen down into 3 cryovials (add 3mls o f freezing mix then 

aliquot 1 ml into each cryovial).

o A T 175 can be frozen down to 6 or 7 cryovials (add 6 or 7mls freezing mix and 

aliquot 1 ml into cryovial).
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9 .2 , Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) (based on 

the Atto gel electrophoresis system)

©Michael Freeley, Dept, of Biochemistry, RCSI, Dublin. Written: 9”' August 2005

(a) Rinse electrophoresis plates with ethanol.

(b) Attach rubber gaskets to notched plates, add the plain glass plate and fasten the green clips 

to each side.

(c) Add a comb between the plates and mark the glass 1 cm down from the bottom of the 

comb.

Remove comb and prepare acrylamide resolvmg gel in the following order as shown (the 

above resolving gel is enough for two complete gel plates).

Component Volume

10% Gel 15% Gel

dH20 7.9 ml 4.6 ml

30 % Acrylamide 6.7 ml 10.0 ml

1.5M Tris-HCl (pH 8.8) 5.0 ml 5.0 ml

1 0% w /v  SDS 200 |il 200 )il

10 % w/v APS 200 ^1 200 fil

TEMED 8 III 8 ^1

(d) Quickly mix the resolving gel solution and pour between the glass plates up to the 1 cm 

mark.

(e) Overlay the resolving gel with 1 ml o f isopropanol.

(f) Allow the gel to set for approximately 40 minutes at RT.

(g) Remove isopropanol and wash the top of the gel with dH20.

(h) Remove any excess water with paper towel.

(i) Prepare stacking gel in the following order as shown.
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Component Volume

dH20 3.4 ml

30 % Acrylamide 0.83 ml

1.0 M Tris-HCl (pH 6.8) 0.63 ml

10% w /vSD S 50 ^1

10% w /vA PS 50 ^1

TEMED 5 )j,l

(j) Mix the stacking gel quickly and pipette between glass plates until solution reaches the top 

of the plate.

(k) Add combs (be careful to exclude any air bubbles from stacking gel).

(1) Allow stacking gel to set for approximately 40 minutes at RT.

(m) Remove the green clips and rubber gaskets and place the glass plates into the

electrophoresis rig (the shorter, notched glass plates should be facing each other on the 

inside of the electrophoresis rig). Fasten the plates with the clear plastic holders.

(n) Prepare IX SDS-PAGE running buffer (= 80mls of 5X SDS-PAGE running buffer and 

320mls dH20) and pour the running buffer into the electrophoresis rig and between the 

glass plates in the centre of the electrophoresis rig.

(o) Remove combs carefully (you can mark the bottom of wells with a marker before you 

remove the combs as it makes them easier to see), straighten any crooked wells with a gel-

loading tip and wash each well by pipetting up and down.

(p) Load protein samples (approx 20)il) and molecular weight markers (approx 5 -  10 ul) (both 

of these must be boiled previously for 5mins) into the wells.

(q) Attach the leads and run gel at 200V and 40mAmps until the blue dye reaches the bottom 

the gel (approximately 1.5 hours).
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Solutions required

30 % Acrylamide (Sigma catalogue A3699)

Store at 4°C

10 % w/v Ammonium Persulphate (10 % APS) (Sigma catalogue A3678)

Dissolve O.lg APS in 1 ml dH20 

Store at 4°C

10 % APS must be prepared fresh weekly!

1.5 M Tris-HCl (pH 8.8) (Sigma catalogue T-1503)

Dissolve 90.825g Trizma in 400 ml dH20 

Adjust pH to 8.8 with HCl and add dH20 to 500 ml 

Store at RT

1.0 M Tris-HCl (pH 6.8) (Sigma catalogue T-1503)

Dissolve 60.55g Trizma in 400 ml dH20 

Adjust pH to 6.8 with HCl and add dH20 to 500 ml 

Store at room temperature

10 % w/v SDS (Sigma catalogue L-5750)

Dissolve lOg o f SDS in 100 ml dH20

Wear a face mask when weighing out as the powder creates lots o f  dust and is toxic (Consult 
MSDS)

TEMED (Sigma catalogue T-9281)

Store in the fume-hood as TEMED is pungent. Add TEMED to the resolving/stacking gel in the 
fiime-hood

Isopropanol (Sigma catalogue 19516)

Store in the flime-hood or in solvent cupboard
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5X SDS-PAGE running buffer

15.1 g TRIZM A (Sigma catalogue T-1503)

94 g Glycine (Sigma catalogue G-8898)

50 mis o f 10 % w/v SDS 

CIH2O to 1 litre

Dilute to IX  before use with dH20 (=80 mis o f  5X buffer and 320 mis dH20)

M olecular weight markers (Sigma catalogue SDS-6H)

Reconstitute powder with SDS-PAGE sample buffer according to the instructions and aliquot 5-10 
uL into tubes and store at -20 degrees.

SDS-PAGE sample buffer (IX )

Combine: 1 .51gT rizm a

20 ml Glycerol 

35 ml dH20

Adjust the pH to 6.8 with HCl and then add:

4g SDS powder (Sigma catalogue L-5750) {Caution when weighing'.)

0.002g bromophenol blue (Sigma catalogue B-0126)

Add distilled water to 180ml. Store at room temperature.

Important: Add fresh DTT to lOOmM final concentration immediately before use!
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9.3. Western blotting (based on the Atto semi-dry technique)

© Michael Freeley, Dept, of Biochemistry, RCSI, Dublin. Written: 30* August 2005

a) While the SDS-PAGE gel is running cut 4 sets o f filter paper (10 sheets in each set) and 2 

pieces of PVDF membrane (6.5 cm x 9.2 cm for both filter paper and PVDF).

b) Activate the PVDF membrane by soaking in methanol for 30 seconds and then place it in 

Western blot transfer buffer.

c) When the SDS-PAGE gel has run, prise apart the plates, remove the stacking gel with a 

scalpel and discard the stacking gel.

d) On the Atto Western blot transfer system, soak 1 set o f filter papers in Western blot 

transfer buffer and place on the bottom of the rig.

e) Place the activated PVDF membrane on top of the filter papers and add more W'estem blot 

transfer buffer on top.

f) Take the SDS-PAGE gel, immerse it in Western blot transfer buffer briefly and place it on 

top of the PVDF membrane (exclude any air bubbles).

g) Complete the sandwich by adding 1 set of filter papers (previously soaked in Western blot 

transfer buffer) on top of the SDS-PAGE gel.

h) Remove any excess transfer buffer on the bottom o f the rig with paper towel

i) Lower the top piece of the transfer system onto the sandwich, connect the leads and run at 

100 V and 100 mAmps per gel sandwich for 1 hour (the system can accommodate two gel 

sandwiches).

The following procedure to detect antigens on the PVDF membrane with antibodies is described 

below and is a general protocol. Each antibody may have specific incubation conditions and buffers 

so consult the antibody data sheet as they may not be the same as described below.

(10) Remove filter papers on top of gel sandwich and also remove SDS-PAGE gel and 

discard it.

(11) Cut off molecular weight marker lane with a scalpel and incubate with Coomassie stain 

solution for 5 minutes. De-stain with Coomassie de-staining solution.

(12) Mark any relevant lanes on the PVDF membrane with a pencil and incubate with 

Western blot blocking buffer for 1 hour at room temperature on a shaker. From this 

point on, do not let the PVDF membrane go dry!
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(13) Wash the PVDF membrane three tim es with Western blot wash buffer (5 minutes 

washes) at RT.

(14) Incubate PVDF membrane with primary' antibody (diluted according to manufacturer’s 

instructions) in Western blot blocking buffer overnight at 4°C with gentle agitation.

(15) Wash the PVDF membrane three tim es with Western blot wash buffer (5 minutes 

washes) at RT

(16) Incubate PVDF membrane with HRP-labelled secondary antibody (diluted according 

to manufacturer’s instructions) in Western blot blocking buffer for 1-2 hours at room  

temperature with gentle agitation.

(17) Wash the PVDF membrane three tim es with Western blot wash buffer (5 minutes 

washes) at RT.

Prepare fresh HRP developm ent solution (this is enough for two PVDF membranes): 

12mls o f  lOOmM Tris-HCl (pH 8.5)

3.6^1 o f  30% H2 O2 

30)il o f  250m M  luminol 

133^1 ofQOmM 4-IBPA

(18) Take the PVDF membranes and place them on cling film, add the HRP development 

solution and incubate for 60 seconds.

(19) Drain o f f  the solution, transfer the PVDF membranes to fresh cling film , and cover the 

front o f  the PVDF membrane with cling film.

(20) Tape the wrapped PVDF membrane to the film cassette and im m ediately expose the 

PVDF membrane with X-ray film  in the darkroom for various tim es (30 seconds 

exposure is a good starting point and note that the signal fades with time). Place film  in 

the X-ray developer.
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Solutions Needed

Western blot transfer buffer

48 m M  Trizma Base, 39 inM Glycine, 0.04 w/v SDS and 20 % M ethanol

5.8 g Trizma base (Sigma catalogue T-1503)

2.9 g Glycine (Sigma catalogue G-8898)

0.37 g of SDS powder (Sigma catalogue L-5750) or 8 mis 10 % w/v SDS 

200 ml Methanol 

dHzO to 1 L

Coomassie stain solution

2.5 g Coomassie brilliant blue G-250 (Bio-Rad; catalogue number 161-0406)

450 ml dH20

450 ml Methanol

100 ml glacial acetic acid

Store at room temperature

Coomassie destaining solution

450 ml dHzO 

450 ml Methanol 

100 ml glacial acetic acid 

Store at room temperature

Western blot blocking buffer

5 % w/v milk powder (Marvel) in Western blot wash buffer (TBS-T)

Western blot wash buffer

IX TBS with 0.1% v/v Tween-20 (TBS-T)

To make 1 OX TBS:

24.2g Trizma base (Sigma catalogue T-1503)

SOg NaCl (Sigma catalogue S-7653)

900 ml dHjO

pH solution to 7.6 with HCl



Add dHzO to IL.

Store at room temperature and dilute to IX  with dH20 before use

HRP development solution

13mls o f  lOOmM Tris-HCl (pH 8.5)

3.6n,L □! o f  30 % H2O 2 (BD H  labs catalogue number 285194F)

120|,iL o f  250mM  iuminol (Sigm a catalogue 09253, dissolved in DM SO)

53.2|.iL o f  90mM  p-Coumaric acid (Sigma catalogue C 9008, dissolved in DM SO)

332



9.4. Immunofluorescence Staining Protocol (PFA fixation)

© M ichael Freeley, Dept, o f  Biochemistry, RCSI, Dublin. W ritten: 11* June 2004

a) After treatment o f cells, remove treatment medium and add 4% PFA

b) Incubate at 37°C for 15 minutes

c) Remove PFA and wash twice with PBS

d) Pem ieabalise cells with 0.1% Triton PBS for 5 minutes at RT

e) W ash cells twice with PBS

f) Epitope block with 5% BSA in PBS for 30 minutes at RT.

g) W ash cells three times in PBS for 5 minutes.

h) Incubate cells with primary antibody in 5% BSA in PBS. The concentration o f antibody

and duration o f treatment needed will have to be determ ined by optimization studies. For

short durations incubation can be performed at RT. For longer durations incubate at 4°C.

i) Wash three times with PBS to remove unbound antibody

j) Incubate with secondary antibody at appropriate concentration for at least one hour at RT 

in the dark.

k) W ash three times with PBS for 5 minutes.

1) Incubate for 30 minutes with Hoechst (1:2000) or Phalloidin (1:2000) if  staining o f the 

nucleus o f actin cytoskeleton is required.

m) W ash three times with PBS for 5 minutes.

n) For 96-well plates, leave 200|j, PBS in each well. For chamber-slides, remove plastic

covering, add two drops o f  fluoromount (Sigma, stored at 4°C) and cover with a cover-slip. 

Dry excess anti-fade medium o ff the edges o f the slide by capillary action with some paper 

towel. The slides can then be analysed immediately or alternatively stored at 4°C in the 

dark and analysed at a later date.
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Reagents required:

Fixation solution (4 % w/v paraformaldehyde)

4 g o f paraformaldehyde (Sigma)

Add lOOmls of PBS with a magnetic stirrer bar.

Add a few drops of NaOH and heat/dissolve to 60°C in the fume hood (keep the cap of the beaker 
loose).

Once dissolved, let cool to room temperature and pH the solution to 7.4.

4% PFA can be aliquotted and storet at -20°C.

10 X PBS (Phosphate Buffered Saline): Use at 1 X fin a l concentration

80 g NaCl 

2.0 g KCl

2.4 g KH2PO4

14.4 g Na2HP04

900 ml of distilled water

Dissolve completely and pH the solution to 7.4 by adding conc. HCl 

Add distilled water to 1000 ml

NB; To dilute to IX PBS, add 100 mis of 10 X PBS stock to 900 ml distilled water and mix well.

Permeabilisation buffer: 0.1 % v/v Triton XlOO in IX PBS

Blocking buffer: 5 % BSA (Sigma) in IX PBS
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9.5. Immunofluorescent Staining of Paraffin Embedded Tissue.

Preparation of Slides

a) Paraffin blocks were chilled to -20°C

b) Blocks were mounted on Microtome (Leica Microsystems) and 4uM sections cut

c) The sections were places in cold distilled water containing a drop o f ethanol

d) Sections were subsequently moved to a water-bath and placed on poly-L-lysine coated 

slides (Superfrost Plus, Thermo-scientific)

e) The slides were placed in a drying rack and incubated overnight at 60°C.

Staining Protocol

a) 4fiM thick paraffin embedded biopsy sections on slides were rehydrated as by sequential 

immersion in Xylene (sigma) for 5 minutes X2, 100% ethanol (Sigma) for 5 minutes X 2, 

70% ethanol for 5 minutes X2 and distilled water for 5 minutes X2.

b) Antigen retrieval was performed as follows

i. The slides were placed in a slide rack and placed in sodium citrate buffer (pH 6) 

treated for 10 minutes in a low-pressure pressure-cooker.

ii. After 10 minutes, the sections were transferred to fresh warm sodium citrate buffer 

and allowed to cool to RT (30 minutes).

iii. The sections were transferred to 0.1 % PBST.

c) Blocking was performed with 5% normal goat serum (Sigma) in PBS for one hour at RT.

d) The tissue was then incubated with primary antibody in 5% normal goat serum in PBS 

overnight at 4°C in a humidity chamber.

e) The tissue was washed twice for 5 minutes in baths of 0.1 % Tween 20 in PBS

f) The slide was then incubated with secondary antibody in 5% normal goat serum in PBS for 

one hour at RT in a humidity chamber.

g) The tissue was washed twice for 5 minutes in baths of PBST to remove excess secondary 

antibody.
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h) The tissue was then incubated with Hoechst (1:2000) for 30 minutes at RT in a humidity 

chamber

i) Coverslips were mounted using aqueous mounting medium (Sigma).

Solutions Needed

Sodium Citrate Buffer

(lOmM Sodium Citrate, 0.05% Tween 20, pH  6.0):

2.94 g Tri-sodium citrate (dihydrate) (Sigma)

Add lOOOmL of distilled Water and mix to dissolve. 

Adjust pH to 6 with IM HCl 

Add 0.5mL of Tween 20 (Sigma)

Store at RT.

Blocking Buffer: 5% Normal Goat serum (Sigma) in PBS
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9.6. Protocol for Real Time Polymerase Chain Reaction

TaqMan probes were used for RT-PCR experiments. These probes consist o f  a fluorophore 

attached to the 5 ’-end o f  the oligonucleotide probe and a quencher at the 3 ’-end. The quencher 

m olecule quenches the fluorescence emitted by the fluorophore. W hile the fluorophore and 

quencher are in close proximity, the fluorescence o f  the fluorophore in inhibited. These probes are 

designed to anneal to a specific D N A  region (the target gene) amplified by a specific set o f  primers. 

H owever, as Taq polym erase extends the primer, synthesising the nascent strand, the 5' to 3' 

exonuclease activity o f  the polym erase degrades the annealed probe. This releases the fluorophore 

from the TaqMan probe, separating it from the quencher, allow ing the fluorophore to fluoresce. 

Therefore, the fluorescence detected in the real-time PCR thermal cycler is directly proportional to 

the fluorophore released, and the amount o f  D N A  template present in the PCR.

The fo llow ing m ethodology was used:

a) R N A  was isolated from treated cells using the R Neasy Plus Minikit (Qiagen) follow ing the 

protocol provided with the kit.

b) R N A  concentration was determined using the Nanodrop 8000 (Thenno Scientific).

c) R N A  concentrations were normalised by dilution with RNase free water using the formula:

Vi X  Cl =  V 2 X C2 where V  =  volum e and C =  concentration.

d) cD N A  was reverse transcribed from RNA using the RETROscript® Kit (Am bion).

e) cD N A  was diluted to provide a volum e sufficient for the number o f  genes to be 

investigated

f) 4.5(iL o f  diluted cD N A  was added to 5fiL o f  Taqman Mastermix (Applied B iosystem s) and 

to O.S^iL o f  RT-PCR primer (Applied Biosystem s) in a 384 w ell plate. A ll genes and 

treatments were run in triplicate w ells.

g) RT-PCR was performed using the Applied Biosystem s 7900H T Fast Real-Tim e PCR  

System  (A pplied B iosystem s), using the follow ing conditions:

a. Step 1: hold at 50°C for 2 minutes

b. Step 2: hold at 95°C for lOmins;

c. Step 3: 40 cycles o f  95°C for 15secs follow ed by 60°C for 1 min.

h) Threshold determination was set to 0.2 as this threshold was above the baseline activity 

and was within the log-linear (exponential) phase o f  the reaction. This allow ed AACT 

values to be calculated using the housekeeping gene GAPDH. A  housekeeping gene is a
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constitutive gene whose expression remains relatively constant between treatments and can 

thus be used to normalize data between treatment groups, 

i) AACT values were used to determine the changes in gene expression induced by

treatments. AACT is the change in target gene expression induced by a treatment relative to 

an untreated control. The AACT values were calculated as follows:

a. The CT value (cycle number at which the log-linear curve crossed the threshold

value) was determined for each of the triplicate replicates of the GAPDH probeset 

and the target gene probeset.

b. The CT values for the GAPDH probesets were averaged.

c. The average CT of the GAPDH probe was subtracted from each o f the untreated

target gene’s CT to provide ACT (the difference in cycle number between the 

housekeeping gene and the target gene). The mean ACT of the untreated gene of 

interest was then determined.

d. The average CT of the GAPDH probe was subtracted from each o f the treated 

target gene’s CT to provide ACT (the difference in cycle number between the 

housekeeping gene and the treated target gene). The mean ACT of the treated gene 

of interest was then determined.

e. Subtracting the untreated ACT from the treated ACT generated AACT (The 

difference in threshold cycle number between the treated and untreated gene). 

However, this is a log value. Therefore, taking the expression o f the untreated gene 

as 1 (the expression o f the gene in the untreated cells), the absolute fold difference 

between the gene expression in the treated cells and the untreated cells could be 

calculated using the formula

A full protocol for determining AACT and the standard error associated with this technique can be 

found at:

http://www3.appliedbiosystems.com/cms/groups/mcb_support/documents/generaldocuments/cms_

040980.pdf
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9.7 . Reagents and Suppliers

CHEMICAL
CATELOG
REF SUPPLIER

4-iodophenylboronic acid 471933 Sigma (St. Louis, MO, USA)
Acrylamide A3449 Sigma (St. Louis, MO, USA)
Ammonium Persulphate A3678 Sigma (St. Louis, MO, USA)
Annexin V IQP-120F IQ Products (Groningen, Netherlands)
Bovine Serum Albumin A9418 Sigma (St. Louis, MO, USA)
Calcein AM 80011 Biotium (Hayward, CA, USA)
Cr>'stal Violet C3886 Sigma (St. Louis, MO, USA)
Deoxycholic Acid D2510 Sigma (St. Louis, MO, USA)
Dexamethasone D1756 Sigma (St. Louis, MO, USA)
Diaminobenzidine D8001 Sigma (St. Louis, MO, USA)
Dimethyl Sulphoxide 99.5% D8418 Sigma (St. Louis, MO, USA)
Ethanol E7023 Sigma (St. Louis, MO, USA)
Fluoromount F4680 Sigma (St. Louis, MO, USA)
Hank's Buffered Saline Solution H9269 Sigma (St. Louis, MO, USA)
Hematoxylin H9627 Sigma (St. Louis, MO, USA)
Hoechst 33258 H3569 Invitrogen (Carlsbad, CA, USA)
Hoechst 33342 H3570 Invitrogen (Carlsbad, CA, USA)
Hydrogen Peroxide H3410 Sigma (St. Louis, MO, USA)
Leupeptin INHIBl Sigma (St. Louis, MO, USA)
Luminol 09253 Sigma (St. Louis, MO, USA)
Methanol 494437 Sigma (St. Louis, MO, USA)
Methylthiazolyldiphenyl-tetrazolium
bromide M2128 Sigma (St. Louis, MO, USA)
N,N,N',N'-
T etramethylethylenediamine T9281 Sigma (St. Louis, MO, USA)
Paraformaldehyde P6148 Sigma (St. Louis, MO, USA)
Phalloidin TRITC P1951 Sigma (St. Louis, MO, USA)
phenylmethanesulfonylfluoride P7626 Sigma (St. Louis, MO, USA)
Phosphate Buffered Saline PBSl Sigma (St. Louis, MO, USA)
Poly-l-lysine P4707 Sigma (St. Louis, MO, USA)
Propidium Iodide P4864 Sigma (St. Louis, MO, USA)
PVDF membrane P2813 Sigma (St. Louis, MO, USA)
Sodium Deoxycholate D6750 Sigma (St. Louis, MO, USA)
Sodium Dodecyl Sulphate L4390 Sigma (St. Louis, MO, USA)
Sodium Orthovanadate S6508 Sigma (St. Louis, MO, USA)
Sodium phosphate monobasic 
dihydrate 71500 Sigma (St. Louis, MO, USA)
Taurochenodeoxycholic Acid T6260 Sigma (St. Louis, MO, USA)
tetramethylrhodamine methyl ester T668 Sigma (St. Louis, MO, USA)
Triton X T8787 Sigma (St. Louis, MO, USA)
Tween 20 P2287 Sigma (St. Louis, MO, USA)
Ursodeoxycholic Acid U5127 Sigma (St. Louis, MO, USA)
Ursodeoxycholic Sodium 672305 EMD Chemicals (Gibbstown, NJ, USA)
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KITS
CATELOG
REF SUPPLIER

Apo-Direct Apoptosis Kit 

Avidin/Biotin blocking kit

556381

SP-2001

BD Biosciences (Franklin Lakes, NJ, 
USA)
Vector Laboratories (Burlingame, CA, 
USA)

Millicoat™ ECM screening kit

Pierce BCA Protein Assay Kit 
RETRO script Kit 
Rneasy Plus Minikit

Vestastain Elite ABC Kit

LDH Cytotoxicity Assay Kit

ECM205

23227
AM1710
74134

PK-6102

10008882

Millipore (Billerica, MA, USA)
Thermo Fischer Scientific (Waltham, 
MA, USA)
Applied Biosystems 
Quiagen (Germantown, MD, USA). 
Vector Laboratories (Burlingame, CA, 
USA)
Caymen Chemical Company (Ann 
Arbour, MI, USA)

MEDIA
CATELOG
REF SUPPLIER

Bronchial Epithelium Based Medium 
(BEBM)
Dublecco's Modifies Eagle Medium 
(DMEM)
Fetal Bovine Serum (FBS)
McCoy's 5A Medium 
RPMI 1640
Soybean Trypsin Inhibitor (SBTI) 
Trypsin with EDTA

CC-3170

21331020
12664025
36600021
31870082
17075029
ROOllOO

Lonza (Allendale, NJ, USA)

Gibco (Billings, MT, USA) 
Gibco (Billings, MT, USA) 
Gibco (Billings, MT, USA) 
Gibco (Billings, MT, USA) 
Gibco (Billings, MT, USA) 
Gibco (Billings, MT, USA)

j
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A N T IB O D IE S SPECIES C A TEL (

-AJexaFhior goat anti-mouse 488 Goat A-llOOl
.AlexaFhior goat anti-rabbit 488 Goat A -11008
-^exaFluor goat anti-rabbit 546 Goat A -11003
Glucocorticoid .Antibody Mouse 611227
HRP-linked Anti-Mouse IgG 7076
HRP-linked Anti-Rabbit IgG 7074

Integrin 0 3  Antibody Mouse 556025

Integrin Antibody Mouse 555503

Integrin 0 5  Antibody Mouse 555617

Integrin .Antibody Mouse 555736

Integrin a,,- Antibody Mouse 611013

Integrin â . .“Antibody Mouse 407286

Integrin â . .‘Antibody Mouse SC-9969

LC3 Antibody Mouse 5F10

Mouse IgGi Isot>pe Control Antibody Mouse A10630

PARP (Cleaved p85) Rabbit G734
R a b ll Antibody Rabbit 71-5300
Rab5 Antibody Rabbit SC-68344

CLOXE

41 GR

C3 n .i

9F10

ILA.1

GoH3

2l'CD51

"l7E6

P2W7

H-28S

SUPPLIER

In\Ttrogen (Carlsbad CA, U SA )
In\Ttrogen (Carlsbad CA, U SA )
In\Ttrogen (Carlsbad C A  U SA )
BD  Biosciences (Franklm Lakes, NJ, U SA )
Cell Signaling Technolog>^ Inc. (Danvers, U SA ) 
Cell Signaling Teclmolog>^, Inc. (Danvers, M A  U SA ) 
BD Biosciences (FrankHn Lakes, NJ, U SA )

BD Biosciences (Franklin Lakes, NJ, U SA )

BD Biosciences (Franklin Lakes, NJ, U SA )

BD Biosciences (Franklin Lakes, NJ, U SA )

BD  Biosciences (Franklin Lakes, NJ, U SA )

Merck (Wliitehouse Station, NJ, U SA)

Santa Cruz Biotechnolog>' Inc (Santa Cruz, Ca, U SA ) 

Nanotools, Teningen, Germany 

Z^med Laboratories (San Francisco, CA, U SA) 

Promega (Madison, V.T, U SA )
Z>Tned Laboratories (San Francisco, CA, U SA)
Santa C nn Biotechnolog>' Inc (Santa Cruz, Ca, U SA )

9.8. 
A
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9.9. Equipment and Suppliers

EQUIPM ENT M ODEL SU PPLIER

Flow Cytometer Cyan ADP 9 Colour Beckman Coulter, Brea, CA, USA
Plate Reader ElxSOO BioTek, Winooski, VT, USA
Fluorometer Victor Perkin Elmer, Waltham, MA, USA
Slide Scanner Scanscope Aperio, Vista, CA, USA
Developer Curex CP 1000 Agfa, Mortsel, Belgium
Haemacytometer Bright-Line Hausser Scientific, Horsham, P.A.,

Haemacytometer USA
Centrifuge Eppendorf 5810 R Eppendorf, Hamburg, Germany
Microtome Leica Microsystems, Wetzlar, 

Germany
Electrophoresis Power Consort E865 Consort, Tumhout, Belgium
Supply
High Content Analysis InCell 1000 GE Heatlhcare, Waukesha, WI, USA
Platform
Time Lapse Light IncuCyte live cell imaging Essen Biosystems, Ann Arbour, MI,
Microscope system USA
Confocal Microscope Zeiss LSM510 Herts, UK
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