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THESIS ABSTRACT
Introduction

Contemporary clinical management of Barrett’s oesophagus has highlighted the lack of accurate
predictors of neoplastic progression. Currently all Barrett’s patients undergo surveillance,
however, only a subset of patients progress to oesophageal adenocarcinoma (OAC).
Understanding the biology of why only a subset of these patients with Barrett’s oesophagus
progress is a major clinical challenge. Abnormal mitochondrial function has long been linked with
the development and progression of various cancers. Transitioning from a normal squamous cell
to a malignant cancer cell is a multi-step pathogenic process which includes interactions between
cancer-associated gene activation, metabolic reprogramming and tumour-induced changes in the
microenvironment. The aim of this Ph.D thesis was to characterise mitochondrial function and
energy metabolism across the Barrett’s disease sequence, to assess if markers of metabolism
could have diagnostic potential and to further investigate the connection between metabolism
and other key cellular processes activated in the Barrett’s tissue microenvironment, known to be

previously linked with disease progression.

Methods

PCR microarrays were employed to identify gene changes associated with mitochondrial function
and mitochondrial energy metabolism in Barrett’s, dysplastic and OAC cells in-vitro. Upon
identification, genes were validated in cell lines in-vitro and using in-vivo patient samples across
the metaplastic-dysplastic-OAC disease sequence. Functional assessment of mitochondrial
function genes were examined through a siRNA knockdown approach. Surrogate protein markers
of oxidative phosphorylation (ATP5B/HSP60) and glycolysis (GAPDH/PKM2) were
immunohistologically assessed across the metaplastic-dysplastic-OAC disease sequence in-vivo
using tissue microarrays. Real-time metabolic profiles were challenged using Seahorse
technology. The effect of the bile acid deoxycholic acid (DCA), proton pump inhibitors,
antioxidants and a novel small molecule inhibitor (Quininib) on the modulation of cellular
energetic was additionally assessed. The link between energy metabolism and other key cellular
processes (inflammation, hypoxia, p53) in the Barrett’s oesophagus microenvironment was
examined immunohistologically by assessing the expression of surrogate markers (IL13/SERPINA3,
HIF1a, p53) of these processes in cell lines in-vitro, in tissue microarrays in-vivo and in Barrett’s
ex-vivo explant tissue. Furthermore, a transgenic mouse model of Barrett’s oesophagus was

utilised to elucidate if IL1B overexpression and changes in dietary lifestyle could modulate
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oxidative phosphorylation, glycolysis, HIFla and p53 thereby potentially promoting disease

progression in Barrett’s oesophagus.

Results

PCR microarrays identified 4 mitochondrial function genes (BAK1, FIS1, SFN, CDKN2A) and 3
mitochondrial metabolism genes (ATP12A, COX4/2, COX8C) differentially expressed across the
metaplastic-dysplastic-OAC sequence in-vitro. Upon in-vitro validation of these gene targets, all
genes exhibited differential expression profiles in in-vivo patient material. Altered expression was
specific to Barrett’s tissue compared to matched normal adjacent tissue. siRNA knockdown of the
BAK1, FIS1 and SFN genes resulted in significant decreases in mitochondrial membrane potential
in Barrett’s cells and altered metabolic profiles in OAC cells in-vitro. We also demonstrate
significant increases in the metabolic markers ATP5B, HSP60, GAPDH and PKM2 in epithelial tissue
across the metaplastic-dysplastic-OAC sequence in-vivo. In addition, we show that the oxidative
metabolism marker, ATP5B, segregated Barrett’s non progressors and progressors to neoplastic
progression in first time surveillance biopsy tissue. Moreover, Seahorse analysis of oxidative
metabolism in Barrett’s cells illustrate that Barrett’s cells rely significantly more on oxidative
metabolism than to OAC cells. We also show that DCA decreases oxidative phosphorylation in
Barrett’s cells, however, increases both metabolic pathways in neoplastic cells in-vitro. Moreover,
DCA treated Barrett’s and OAC cells supplemented with the antioxidant EGCG exhibit significantly
lower levels of oxidative phosphorylation and glycolysis respectively. The proton pump inhibitor
lansoprazole and Quininib also exhibited anti-metabolic potential. Furthermore, we show that
energy metabolism is linked with inflammation, hypoxia, p53 and obesity in the Barrett’s tissue
microenvironment in-vivo and ex-vivo. Using a transgenic mouse model of Barrett’s oesophagus,
we demonstrate that induction of inflammation through IL1B manipulation and a high fat diet can

modulate the expression levels of GAPDH, ATP5B, p53 and HIF1a.

Discussion

This Ph.D thesis demonstrates, for the first time, that changes in mitochondrial function, oxidative
phosphorylation and glycolysis play central roles in disease progression in Barrett’s oesophagus.
This thesis also identifies a marker of oxidative phosphorylation, ATP5B, with potential clinical
utility in segregating those Barrett’s patients at higher risk of neoplastic progression. The in-vivo
and ex-vivo findings demonstrated in the Barrett’s tissue microenvironment in patients and also in
mice show that energy metabolism and its associated processes could potentially support disease
progression in Barrett’s oesophagus, thereby highlighting future potential therapeutic

opportunities in the field.
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Chapter 1

Introduction



1.1 BARRETT’S OESOPHAGUS AND OESOPHAGEAL CANCER

1.1.1. Oesophageal cancer prognosis and epidemiological trends

Oesophageal cancer is one of the most rapidly increasing malignancies in the world (1). The
overall 5-year survival rate in those with oesophageal carcinoma ranges from 15% to 25%
worldwide with positive prognosis associated with earlier diagnosis (2). Squamous-cell carcinoma
is the pre-dominant histological type of oesophageal carcinoma worldwide, however, the
incidence of oesophageal adenocarcinoma (OAC) in countries such as the United Kingdom, United
States, Australia and some western European countries, including Ireland, now exceeds that of
squamous-cell carcinoma (2). For example, while the incidence rates for most cancers continues
to decline in the United States, the incidence of OAC has increased greater than six-fold over the

past four decades (3).

With on average 386 new cases of oesophageal cancer diagnosed in Ireland per year, the current
incidence of oesophageal carcinoma remains steady (figure 1A) with a 2.17 fold predominance in
males compared to females according to the National Cancer Registry of Ireland (figure 1B) (4).
For OAC, this ratio increases to 3.6 (792 cases male; 220 cases female) in Ireland between the
years 2006-2011 (4). Age is additionally associated with increased incidence of oesophageal
cancer in the Irish population (4). The period 2006-2012 has additionally seen an increase of 6% in
the 5-year survival rate in those with oesophageal carcinoma compared to the period 1994-2005
(figure 2A) making the current 5-year survival rate approximately 18.1% in Ireland (figure 2B) (4).
In those with OAC in Ireland, 5-year survival rates are noticeably stage dependent and are
currently 84.2%, 42.4%, 12% and 3.5% for stages 1-4 respectively (figure 2C) (4). For cases in the
period 2006-2011, the estimated 5-year survival for squamous cell carcinoma and OAC in Ireland
is currently 15.4% and 7.4% respectively (4). In Ireland, oesophageal cancer is responsible for 376

deaths per year and now ranks 6™ amongst the most common invasive cancer causing deaths (4).



15

12.5
3
v
<
w
) 10
L
>
]
Q.
S s
=
o
o
—
& 5
n
L
a
<
o
245
0
94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 12
Years
-®- Males Females
B 12.5
10
4
wv
<
w
&
(%
> 75
[
Q
o
o
S 5.44
o
S 5
@
o
»
[
a
(]
(6]
235

1994-2012

Years

M Males Females

Figure 1. The incidence of oesophageal cancer in the Irish population between the years 1994-2012. (A)
Overall, the incidence of oesophageal cancer in the Irish population remains steady with the current annual
percentage change in incidence rates of -0.9% in females and 0.0% in males. (B) There is a 2.17 fold
predominance in the incidence of oesophageal cancer in males versus females in Ireland (compared to 3.6
for OAC). Data obtained from the National Cancer Registry of Ireland (NCRI) database.
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obtained from the National Cancer Registry of Ireland (NCRI) database.



1.1.2 Barrett’s Oesophagus

Barrett’s oesophagus, defined as intestinal metaplasia of the distal oesophagus, predominantly
arises from gastroesophageal reflux disease (GORD) and is a precursor lesion in the majority of
patients with oesophageal and gastroesophageal adenocarcinoma (5, 6). The risk of developing
OAC is approximately 30-40 times greater among patients with Barrett’s oesophagus compared to
those without intestinal metaplasia making it the greatest risk factor for OAC and the only
recognised precursor for OAC (6, 7). Barrett’'s oesophagus is diagnosed in approximately 10-15%
of patients with reflux who are undergoing endoscopy, however, it is still reported in patients
without chronic reflux symptoms thereby making diagnosis of Barrett’s oesophagus a greater
clinical problem. One study reported that among 556 patients who never had reflux symptoms,

the prevalence of Barrett’s oesophagus was 5.6% (8).

Specifically, Barrett’s oesophagus is a metaplastic alteration in the oesophageal cell lining from a
squamous epithelial mucosa to a columnar-lined epithelium (figure 3A). In normal individuals, the
squamocolumnar junction (SCJ) and the gastroesophageal junction are situated in the same place,
however, the SCJ is displaced proximally in patients with Barrett’s oesophagus (6). In Barrett’s
patients, the SCJ is evident endoscopically as a transition from a light-pink squamous epithelium

to a salmon-pink columnar-lined epithelium characterised as Barrett’s oesophagus (figure 3A) (6).

Historically, Barrett’s oesophagus was classified as either a short-segment disease, less than 3 cm,
or a long-segment disease, greater than 3 cm, according to the length of the metaplastic
epithelium during endoscopy (6). Despite this, it is not evident that such classification is clinically
meaningful or affects the management of these patients (9). However, studies have linked long
segment lengths with a greater risk of neoplastic progression (10). One of the main reasons for
the 3 cm requirements in early definitions of Barrett’s oesophagus was the difficulty in assessing
the SCJ and gastroesophageal junction with fiberoptic endoscopy (11). The difference in short-
segment Barrett’s oesophagus and intestinal metaplasia of the gastric cardia is important as the
risk of progression to OAC requires further surveillance of short-segment Barrett’s oesophagus
(11). Therefore, endoscopy examination documents the location of the SCJ and gastroesophageal
junction and biopsies are excised from lesions suspected of Barrett’s oesophagus, i.e. from any

proximal displacement from the SCJ (12).

Histologically, the surface and crypts in Barrett’s oesophagus are typically composed of various
cells including mucinous cells, goblet cells, enterocytes, endocrine cells and Paneth cells (figure

3B) (11). Glandular tissue may be composed of mucous glands, oxyntic glands or a mixture of



both. Moreover, Barrett’s oesophagus can exhibit mesenchymal and stromal alterations such as
the duplication of the muscularis muscosae, an increase in the number of blood vessels and
changes in constituent inflammatory cells (11). The diagnosing criteria for Barrett’s oesophagus
varies worldwide (13). The primary differential factor for diagnosing Barrett’s oesophagus
concerns the requirement for histological confirmation of intestinal metaplasia, characterised by
goblet cells (13). In the United States, the presence of intestinal metaplasia (goblet cells) in
biopsies obtained from areas of columnar-lined epithelium is required for the diagnosis of
Barrett’s oesophagus (14). Conversely, the British Society of Gastroenterology only requires proof

of metaplastic columnar lined-mucosa, without the presence of goblet cells (15).

During the past few decades, columnar-lined epithelium with goblet cells represents a
premalignant lesion as it was shown to contain DNA abnormalities, however, metaplastic
columnar-lined epithelium without goblet cells shows very similar DNA content abnormalities
suggesting that the non-goblet cell phenotype also possesses equal neoplastic potential (16). One
study, however, showed an increase in the presence of DNA abnormalities in non-goblet cell
metaplasia compared to goblet cell metaplasia (17). Conversely, using 8522 patients with
Barrett’s oesophagus in a large population-based study, the reported risk for developing OAC was

0.07% in patients without goblet cells compared to 0.38% in patients with goblet cells (18).

Chronic reflux can lead to chronic inflammation and ulceration of the distal oesophagus, and if
persistent, may induce metaplastic conversion of the normal squamous epithelium to a columnar-
lined epithelium (11). This metaplastic process requires the activation of multiple genes and
transcription factors involved in cell differentiation and proliferation. Upon exposure of gastric
refluxate in squamous epithelial cells, inflammation and injury activates various differentiation
and inflammatory signalling pathways that subsequently leads to the expression of Cdx1, Cdx2
and Sox9, all known to induce columnar metaplasia (14). Barrett’s oesophagus, or early stage
intestinal differentiation, can be detected through the use of various proteins or transcription
factors that are specific to the intestine, such as villin and some intestine-specific
mucopolysaccharides, however, some markers are expressed specifically at different stages of the
metaplastic process (19, 20). For example, MUC5AC and MUC6 are significantly expressed earlier
in Barrett’s oesophagus prior to the onset of a columnar-lined epithelial phenotype characterised
with goblets cells, whereas MUC2 expression can be detected late in the metaplastic process

during the onset of goblet cells (19).



Figure 3. The endoscopic detection and histology of Barrett’s oesophagus. (A) The salmon-pink, columnar-
lined oesophagus (X), and the contrast between the light-pink squamous epithelium (Y) are characteristic of
Barrett’s oesophagus. (B) The epithelium consists of columnar epithelium with goblet cells (star asterisks)
and non-goblet cells (arrowheads). Paneth cells may also be present (arrows). The epithelial crypts show
slight architectural budding and distortion. The lamina propria additionally shows some evidence of
lymphoplasmacytic infiltrate (circle). Furthermore, some mucous glands are present in the basal mucosa
(wide arrow). Endoscopic image: Sharma, (2009) (6). Image and histological description: Naini et al. (2015)
(12).



1.1.3 Dysplasia in Barrett’s oesophagus

Barrett’s oesophagus progresses to OAC in a sequential manner from intestinal metaplasia
through low-grade dysplasia (LGD), high-grade dysplasia (HGD) followed by OAC (21). According
to the 7™ edition of the American Joint Committee on Cancer, HGD is now considered early
oesophageal cancer (22). Dysplasia is defined as neoplastic epithelium that is confined within the
basement membrane of the gland from which it arises, thereby differentiating it from
adenocarcinoma (23). LGD is characterised by the relative preservation of glandular architecture
in conjunction with cellular abnormalities ranging from nuclear hyperchromatism, pleomorphism,
mucin depletion and absence of goblet cells (24). HGD involves a greater degree of cytologic and
architectural abnormalities including increased crypt crowding, branching and cribriform
formation with marked nuclear pleomorphism, round nuclei with prominent nucleoli, loss of
polarity and frequent mitotic figures (11). LGD can be significantly more difficult to diagnose
among pathologists, particularly for non-gastrointestinal pathologists (24). For example,
inflammation and ulceration of the epithelium can mimic LGD, therefore, guidelines issued by the
British Society of Gastroenterology now recommend that pathologists who are experts in
oesophageal histopathology should confirm the diagnosis of dysplasia in Barrett’s oesophagus
(15, 25). Two large population-based studies demonstrate that the risk of neoplastic progression
from LGD is between 0.5% and 1.4% compared to 0.12% per year in those with non-dysplastic
Barrett’s oesophagus (5, 18). Moreover, even though a high degree of inter-observer variability is
observed in the histological diagnosis of LGD, a consensus of LGD among pathologists suggests a

significantly increased risk of progression from LGD to HGD or OAC (26).

Due to the ambiguous nature of LGD, some studies have attempted to identify molecular markers
to help predict the risk of progression to OAC. Co-localisation of the tumour suppressor protein
p53 with LGD increases the risk of progression to OAC (27). Hypermethylation of cyclin-dependent
kinase inhibitor 2A (CDKN2A), runt-related transcription factor and tomoregulin-2 in LGD have
been shown to be independent risk factors for disease progression (28). The presence of
aneuploidy or tetraploidy in LGD is additionally associated with progression to OAC (29, 30).
Despite an increase in the number of potential prognostic and diagnostic biomarkers, many
biomarkers are not in use as they have not been validated across multi-centres and many lack
statistical power. There are also some limitations in the implementation of biomarker use,
particularly in clinical practice, including costing issues, the requirement for complex analytical
techniques such as immunohistochemistry, polymerase chain reaction (PCR) or flow cytometry,

and issues regarding reproducibility between laboratories are additional concerns (24).



Nevertheless, biomarkers possess significant future prognostic and diagnostic potential in

dysplasia within Barrett’s oesophagus.

1.1.4 Surveillance in Barrett’s oesophagus

Due to the high number of patients who present with advanced oesophageal disease, endoscopic
surveillance has been established in an effort to diagnose disease earlier, thereby allowing
patients to be treated at an earlier stage. Even though GORD is the biggest risk factor for the
development of Barrett’s oesophagus, the presence of GORD alone may not be sufficient to
undergo endoscopic screening (31). Endoscopic screening for Barrett’s oesophagus is additionally
based on the presence of various other risks factors including age, sex, race, abdominal fat
distribution and hiatal hernias (31). Moreover, as Barrett’s oesophagus progresses in a sequential
stepwise manner to OAC, this makes Barrett’s metaplasia ideal to undergo surveillance (21).
Surveillance of patients with Barrett's oesophagus is recommended worldwide by all major
gastroenterological experts and societies including the British Society of Gastroenterology (15).
Early surveillance programs investigating the outcome of patients with OAC arising from a
background of Barrett's oesophagus reported that patients had a better clinical outcome
compared to non-surveyed patients (32). Patients with surveillance-detected OAC diagnosed at an
earlier stage have also been shown to have a better prognosis than those who present with
symptomatic tumours (33). Moreover, surveillance leads to better 5-year survival (34). Despite
surveillance identifying low-stage disease and improving survival, some believe that surveillance is
still unlikely to significantly impact the population’s mortality from oesophageal cancers,
therefore, better methods are needed to identify at risk patients, for example, through the use of
biomarker screening (35). Diagnosis of Barrett’s oesophagus is based on both endoscopic and
histological evaluation of biopsied tissue. Additional surveillance is necessary for those with
indefinite dysplasia or LGD with clinical follow up tailored to individual patients with HGD (table 1)
(32).

Several factors can limit the benefits of surveillance strategies. These include the low incidence of
OAC in patients with Barrett’s oesophagus, the complete absence of Barrett’'s oesophagus or LGD
in patients with either advanced HGD or OAC and the ambiguity that can ensue between
pathologists in the diagnosis of dysplasia (6, 9). Moreover, with the relatively low risk of
progression to OAC, patients diagnosed with LGD often do not have evidence of dysplasia on
subsequent endoscopy (26). In addition, studies have questioned the need for such arduous
surveillance when the risk of not developing OAC in Barrett’s oesophagus could be as high as

99.88% (5). Nevertheless, as Barrett’s oesophagus remains the main risk factor for OAC, the main



clinical challenge is to identify those Barrett’s patients at high risk of developing OAC, thereby

supporting current surveillance strategies.

1.1.5 The management and treatment of Barrett’s oesophagus

Depending on the presence and grade of dysplasia, worldwide gastroenterological societal
guidelines recommend endoscopic surveillance for all patients with Barrett’s oesophagus.
Generally, patients with no dysplasia on their first surveillance endoscopy undergo subsequent
surveillance within one year (31). If the same patient is negative for dysplasia a second time, then
subsequent follow up at 3 years is suggested. Patients who present with LGD, identified and then
confirmed with an expert gastroenterological pathologist, undergo further surveillance endoscopy
every 6-12 months to rule out HGD (36). Patients who have progressed to HGD undergo more
routine endoscopic surveillance to rule out cancer (36). Once identified, it is recommended that
HGD be confirmed by an expert gastroenterological pathologist and a repeat exam be taken
within 3 months. Those patients who are indefinite for dysplasia are treated similar to patients
who have LGD. As table 1 illustrates, the surveillance intervals undertaken are predominantly

dependent on the histological and pathological results as suggested by ACG guidelines (31, 37).
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Table 1. Categories of dysplasia: Histological features and endoscopic surveillance (31). Depending on the
presence and grade of dysplasia, worldwide gastroenterological societal guidelines recommend endoscopic
surveillance for all patients with Barrett’s oesophagus. Surveillance intervals undertaken are predominantly
dependent on the histological and pathological results. Histology is dependent on tissue architecture,
cellular cytology and maturation status.

Category

Histology

Follow Up

Negative for dysplasia

Architecture

Cytology

Maturation

Normal — well spaced
glands.

Regular nuclei, smooth
membranes.

Complete.

Repeat OGD* within 1 year.

OGD* every 3 years.

Indefinite for dysplasia

Architecture

Cytology

Maturation

Inflamed, mild distortion.

Hyperchromasia,
overlapping nuclei, irregular
nuclear borders.

Complete when intact
surface epithelium is
present.

Repeat *OGD within 6 months,
follow up as indicated by results.

PPI** prior to repeat biopsy if
significant inflammation present.

Low-grade dysplasia

Architecture

Cytology

Maturation

Normal to mild distortion,
gland crowding.

Minimal pleomorphism,
maintained polarity,

increased mitotic activity.

Minimal to done.

Repeat OGD* within 6 months to
rule out HGD with expert
pathologist confirmation.

Early OGD until no dysplasia.

High-grade dysplasia

Architecture

Cytology

Maturation

Mild to marked distortion,
crowded glands,
cribriform/budding glands.

Loss of polarity, enlarged
nuclei, prominent
pleomorphism, atypical
mitoses.

None.

Repeat OGD*within 3 months to
rule out cancer with expert
pathologist confirmation.

Mucosal irregularity- EMR***,

Individualised follow up and
treatment plan.

*OGD: Oesophagogastroduodenoscopy, **PPI: Proton pump inhibitor, *** EMR: Endoscopic mucosal resection
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Figure 4. The management and treatment algorithm for patients with Barrett’s oesophagus. Patients with
no dysplasia on their first surveillance endoscopy undergo subsequent surveillance within one year. Upon
confirmation of dysplasia or cancer by two expert pathologists, those with low-grade dysplasia undergo
subsequent surveillance within one year. Those with high-grade dysplasia or cancer undergo staged
endoscopic mucosal resection. If staging suggests high-grade dysplasia or mucosal cancer upon subsequent
inspection, the patient will undergo either endoscopic therapy, such as HALO ablative therapy, or surgery
depending on an interdisciplinary collaboration of experts. Those with invasive cancer undergo surgery.
Image adapted from Sharma, P., (2009). (6).
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Figure 4 illustrates the management and treatment algorithm for patients with Barrett’s
oesophagus (6). Treatment is predominantly tailored for individuals based on their preferences,
their suitability for each treatment regime and the experience of the treating physicican (31, 37).
The primary treatments for patients with Barrett’s oesophagus includes the administration of H,-
receptor antagonists, proton pump inhibitors, prokinetics and antacids that aim to control
symptoms of reflux and promote the healing of the oesophageal mucosa (38). Some patients
additionally opt to have antireflux surgery, however, outcomes for those who opt to undergo
antireflux surgery are similar to those patients with chronic reflux indicating that Barrett’s
oesophagus shouldn’t be viewed as an indication for antireflux surgery (39). In a multicentre
clinical trial, 554 patients with chronic reflux and Barrett’s oesophagus, were randomly assigned
to either antireflux surgery or proton pump inhibitor treatment groups. Despite the surgery group
having better oesophageal pH control, symptoms and quality-of-life measures did not statistically
differ between the antireflux surgery and proton pump inhibitor treatment regimes (40). Use of
proton pump inhibitors, the most common treatment of Barrett’s oesophagus, has been shown to
be associated with reduced risk of progression to dysplasia and OAC (41, 42). Conversely,
normalisation of oesophageal pH with high-dose proton pump inhibitor use has been shown to be
unsuccessful at regressing the metaplastic columnar-lined epithelium in Barrett’s oesophagus
(43). Moreover, a meta-analysis of over 30 studies found no significant difference in the risk of
OAC between patients who received antireflux surgery and those who received medical
treatment (44). The use of some of these treatments may be another cause for concern. For
example, could proton pump inhibitor use be ameliorating acid reflux, regressing intestinal
metaplasia and reducing patient risk or could they be exacerbating circumstances and promoting

unwanted cellular side effects? Studies are lacking, however, investigating such associations.

Treating neoplastic Barrett’s oesophagus requires a more aggressive approach. Increased
detection of HGD and cancer incidence is thought to have been attributed to the introduction of
more rigorous surveillance programmes (45). Endoscopic mucosal resection (EMR) is employed to
remove all visible neoplastic tissue followed by the removal of residual metaplastic epithelium
through the use of mucosal ablative therapies such as photodynamic therapy, radiofrequency
ablation, cryoablation and argon plasma coagulation (46). Oesophagectomy used to be one of the
primary treatments in patients with HGD due to the high reported prevalence of coexisting OAC
of approximately 40%, however, in the absence of visualisation of abnormal mucosal
abnormalities, the prevalence is now thought to be about 3% (47). However, the use of
endoscopic eradication therapy in patients with HGD has been shown to be beneficial. EMR in

conjunction with radiofrequency ablation has been shown to be an acceptable alternative to
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surgery (48). In a clinical trial investigating the efficacy of photodynamic therapy, more patients
significantly remained free of HGD for five years in the group randomly assigned to photodynamic
therapy supplemented with the proton pump inhibitor omeprazole compared to those who were
randomly assigned omeprazole alone (49). Moreover, a sham-controlled trial showed that the
rate of complete eradication of HGD in those assigned radiofrequency ablation was significantly
higher compared to the sham-control group (50). In those with OAC, however, it is recommended
that such endoscopic eradication therapies be utilised with predominantly mucosal neoplasia,
where the rate of lymph node metastasis is low. In one such trial, 200 patients with mucosal OAC
who underwent endoscopic eradication therapy displayed a 5-year survival rate of 87% (51). With
the overall low risk of OAC progression in Barrett’s oesophagus, endoscopic eradication therapy is
not recommended in patients with non-dysplastic Barrett’s. In addition to potential complications
that could result from endoscopic eradication therapy, it is estimated that 250 cases of non-

dysplastic Barrett’s oesophagus would need to be treated to prevent one case of OAC (6).

In our centre within the Department of Surgery (St. James’s hospital, Dublin), interdisciplinary
collaboration of experts including gastroenterologists, surgeons, pathologists and radiologists is
mandatory in achieving optimum outcomes (48). In our centre, HALO® ablative treatment is
undertaken in Barrett’s patients with HGD and intramucosal cancer. HALO® ablative technology
involves delivering heat in a very precise and highly controlled manner and therefore achieves
complete removal of diseased tissue without damage to underlying tissue. If staging suggests HGD
or mucosal cancer upon subsequent inspection, the patient will undergo either endoscopic
therapy, such as EMR and HALO® ablative therapy, or surgery depending on an interdisciplinary
collaboration of experts. Treatment with EMR * ablation appears an acceptable alternative to
surgery in our centre as morbidity has been shown to be higher in the surgery group compared to
those who obtained EMR + ablative therapy (48). Moreover, after approximately 13 months, EMR
t ablative therapy offered 100% disease control, 72% had no endoscopic or histological evidence
of Barrett’s oesophagus (48). However, upon progression to OAC, oesophagectomy remains the
primary gold standard treatment approach (52). While neoadjuvant therapy prior to surgery is
increasingly utilised for the treatment of locally advanced OAC, preoperative and postoperative
chemotherapy is predominantly employed in the majority of European countries including Ireland
and Britain (52). Such treatment regimes are currently employed based on successful clinical trials
showing that preoperative chemotherapy followed by surgical resection improved survival
compared to those who received surgery alone (53, 54). Moreover, combining chemotherapy and

radiation therapy prior to surgery has also been shown to have positive outcomes (48, 52).

14



1.1.6 Risks factors in the development of Barrett’s oesophagus

Various studies in the last few decades have investigated the aetiology of and the risk factors that
contribute to the development of Barrett’s oesophagus and its subsequent progression to OAC.
There is a general consensus, based on such studies, that the main risk factors include GORD,
medications, age, race, sex, diet, obesity, alcohol, smoking, socioeconomic status, and

Helicobacter pylori status (55, 56).

1.1.6.1 GORD

Early evidence suggested that gastric acid and refluxate in GORD played a causative role in the
pathogenesis of Barrett’s oesophagus (57). Various studies have since shown that GORD plays an
important role in the aetiology of Barrett’s oesophagus. It is estimated that approximately 10% of
individuals with GORD will develop Barrett’s oesophagus (58). Moreover, a pooled meta-analysis
showed that the association between GORD and OAC is significantly strong (59). The risk of OAC
increases with increasing duration and frequency of symptoms (60). One landmark study showed
that the risk of developing OAC with any history of reflux had an odds ratio of 7.7, however, this
odds ratio increased to 43.5 in those with frequent and chronic symptoms (61). Another study
showed that a 1-5 year history of reflux increased the odds of having Barrett’s oesophagus by 3,

whereas patients with a greater than 10 year history of reflux exhibited odds of 6.4 (62).

Some individuals possess a genetic predisposition to GORD (63). Even though many studies
support familial and genetic origins, the mechanisms linking these genetic components to the
development of GORD still remain unknown (63). However, there are various mechanisms in
which GORD can promote the metaplastic transformation of squamous epithelium. It is thought
that chronic GORD-induced damage to the squamous epithelium results in the regeneration of a
metaplastic columnar epithelium, thought to be mediated by GORD as it has been well
established that GORD can increase the rate of proliferation thereby facilitating in the
regeneration of new epithelia (64). For example, in biopsy specimens of squamous mucosa from
patients with severe reflux, cells in the basal zone demonstrate increased rates of proliferation
compared to those from patients with no or mild reflux symptoms (65). In addition, acidic pH has
been shown to activate the MAP kinase pathway, the pathway known to regulate cell
proliferation (66). Moreover, acid perfusion of squamous epithelium in-vivo activates the pro-
proliferative kinase ERK1/2 in GORD patients without Barrett’s oesophagus but not in those with
Barrett’s oesophagus (67). It is also thought that GORD causes oesophagitis and promotes
Barrett’s oesophagus through a cytokine-mediate mechanism (68). Using a rat model of reflux

oesophagitis, one study found that oesophageal inflammation was prominent in the submucosal
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layer which promoted an immune infiltrate comprised of T lymphocytes and neutrophils
suggestive that GORD causes epithelial cells to produce cytokines, subsequently thought to be IL-8
and IL1B (68). Furthermore, conditioned media caused a significant increase in the migratory
potential of T lymphocytes and neutrophils and subsequent supplementation with an IL-8
blocking antibody prevented migration of neutrophils strongly implicating IL-8 in the recruitment
of neutrophils (68). In a transgenic mouse model of Barrett’s oesophagus, the development of
Barrett’s oesophagus and OAC is accelerated by exposure to bile acids (69). Deoxycholic acid, or
DCA, one of the main components of bile acid has additionally been shown to play a major role in
the development of Barrett’s oesophagus and in its subsequent progression to OAC (70-74). It is
plausible, therefore, that GORD-induced inflammation plays some role in the initiation and
development of Barrett’s oesophagus. Despite a significant amount of evidence implicating GORD
in the development of Barrett’s oesophagus throughout the literature, it remains to be
determined why only 10% of these patients with reflux progress towards a metaplastic

phenotype.

1.1.6.2 Age, race and sex

The incidence of Barrett's oesophagus and OAC increases with age, however, as Barrett’s
oesophagus can be asymptomatic, determining when it first developed can be difficult (75). As
the mean age for diagnosing Barrett’s oesophagus in Europe is in the 60s, this suggests many
individuals have unrecognised Barrett’s oesophagus for years prior to diagnosis (56). In the United
Kingdom, the mean age for Barrett’s associated OAC is approximately 64.7 for men compared to
74 years for women. In the United States, there was been a significant increase in incidence
among younger individuals between the ages 45-65 which may be linked to dietary lifestyle (76).
In a review of Ireland’s national Barrett’s registry of 1033 patients, the median age of patients was

59 with a 2:1 male to female ratio (77).

Barrett's oesophagus is more common in men than women with a male:female ratio of
approximately 2:1 (56). Interestingly, as Barrett’s oesophagus progresses to OAC, this ratio can
increase up to between 3:1 or 8:1 suggesting that men are not only likely to get Barrett’s
oesophagus, but once they do, they are more likely to progress to OAC (78, 79). The disproportion
of males to females in some studies may mean that some studies are insufficiently powered to

address specific risk factors by gender thereby biasing overall population associated risks.

Barrett’'s oesophagus is more common in Caucasians (56). Moreover, the proportion of

Caucasians affected increases with the development of OAC (78). Some evidence additionally
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suggests an increase in Hispanics in the United States (80). An increasing prevalence of Barrett’s
oesophagus in Taiwan has also emerged proposing that Westernisation of diet and lifestyle are
the primary factors in this increase (81). Whether non-Caucasians who have a greater genetic
variation that is protective against the development of Barrett’s and changes in environmental
factors, such as diet, are starting to predispose themselves to the development of Barrett’s

remains to be seen.

1.1.6.3 Obesity and diet

Obesity is strongly associated with the increase in incidence of Barrett’s oesophagus and OAC (82,
83). Debate exists, however, as to whether obesity can directly promote GORD. In a cross-
sectional population based study of in excess of 10,000 subjects, obesity increased the likelihood
of having heartburn and refluxate by 3 fold (84). Body mass index (BMI) is also a known risk factor
for GORD (85). In a case-control study, all measures of central adiposity were significantly
associated to Barrett’s oesophagus, particularly to long segment Barrett’s oesophagus (86). In one
study utilising standard anthropometry and bioimpedance analysis of total fat, high total body fat
was linked to increased risk of Barrett's oesophagus (83). In the first genome-wide study on
Barrett’s oesophagus, it was found that single nucleotide polymorphism alleles predisposing to
obesity increase the risk for developing Barrett’s oesophagus (87). In a large genetic susceptibility
study, obesity was independently associated with Barrett’s oesophagus (82). Individuals with a
high genetic propensity to obesity had significantly higher risks of metaplasia and neoplasia
compared to people with low genetic propensity (82). Moreover, in Ireland’s National Barrett’s
Registry that links five national hospitals, 72% of patients with Barrett's oesophagus are

overweight and exhibit body mass indices above 25 (unpublished).

Evidence suggests that dietary intervention influences the risk of Barrett’s oesophagus. Based on
a number of studies, specific dietary factors and patterns influence the risk of developing Barrett’s
oesophagus and OAC. Polyunsaturated fat, omega-3-fatty acids, fibre, fruit, vegetables, dietary
vitamin C, vitamin E amongst others, lower the risk of Barrett’s oesophagus (88, 89). In a study
comparing ‘health-conscious’ and ‘Western’ dietary patterns, the health-conscious diet was
inversely associated with Barrett’s oesophagus whereas the Western diet was associated with
adverse effects (90). A review of the literature suggests that patients at higher risk for Barrett’s
oesophagus and OAC may benefit from a reduction in the consumption of red meat and an
increase in the consumption of fruits and vegetables (91). Dietary nitrosamines are also
implicated in oesophageal carcinogenesis as dietary nitrate is converted to the free radical nitric

oxide which can be toxic. The development of Barrett’s and OAC is accelerated upon exposure to
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nitrosamines in a transgenic mouse model (69). Antioxidant rich foodstuffs are also associated
with decreased risk of Barrett’s oesophagus (92). High levels of the trace element selenium,
naturally present in many foods and known to exhibit antioxidant potential, have also been
shown to be associated with reduced risk of OAC among patients with Barrett’s oesophagus (93).
Addition of selenium in Barrett’s oesophagus is believed to act primarily at the latter stages of
progression towards OAC, thereby promoting the idea of supranutrional antioxidant

supplementation in patients with Barrett’s oesophagus (93).

1.1.6.4 Alcohol and smoking

Studies investigating the link between Barrett’s oesophagus and alcohol have found inconsistent
findings. The United Kingdom Barrett’s oesophagus registry shows no association between alcohol
consumption in patients with Barrett’s oesophagus (94). Some studies have also investigated the
association between alcohol and oesophageal cancer using patients with Barrett’s oesophagus as
a control group (56). In a review examining the association between alcohol consumption and
Barrett’s oesophagus, 54.5% of studies found some association (56). Most of these associations
were reported to be ‘weak’, however, one study reported an odds ratio of 2.3 fold (95). One study
in particular showed that beer and liquor consumption was not associated with cancer
development, however, the risk was decreased for drinking wine (96). A meta-analysis of
observational studies found no association between alcohol consumption and the risk of Barrett’s,
therefore, it is plausible that alcohol does not increase the risk of Barrett’s oesophagus and if it
does the effect is quite small (97). One of the main issues with most of these studies, however, is
defining what moderate and excessive drinking is. Moreover, it is possible that different alcohol

types encompass different risks.

Various studies have shown that smoking is associated with an increased risk of Barrett’s
oesophagus (98, 99). Smokers also have an increased risk of developing OAC, with increased risk
associated with per pack years smoked (100). Similar to alcohol, however, the risk of smoking in
the development of Barrett’s oesophagus is additionally controversial. Various small studies have
found no association between smoking and Barrett’s oesophagus but such studies seem limited
by sample size (94). Moreover, one study showed that patients with non-dysplastic Barrett’s
oesophagus were more likely to be non-smokers than patients with severe oesophagitis and OAC
(101). The genotoxicity of tobacco smoke, the increased prevalence of GORD among smokers and
the presence of significant amounts of free radical nitrosamines in tobacco smoke are potential

biological instigators in the initiation and progression of neoplastic tissue. Generally, there are
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more positive studies implicating smoking in the development of Barrett’s oesophagus and OAC,

however, the risk of smoking is higher in squamous cell carcinoma compared to OAC (56).

1.1.6.5 Helicobacter pylori, medications and socioeconomic status

Helicobacter pylori decreases the risk of Barrett’s oesophagus (102-104). It is thought that the
reason for this inverse association may in part be the reduced risk of GORD symptoms among
patients with H. pylori (104). Furthermore, it is thought that H. pylori protects against the
development of Barrett’s oesophagus and OAC, therefore, debate exists whether to eradicate H.
pylori infection based on data suggesting that its eradication increases reflux symptoms in these
patients (105). As all these studies show associations, future studies need to examine the role of
H. pylori to prove causality perhaps through the use of model systems. Much interest has
additionally focused on the potential pathogenic role of medications in promoting neoplastic
progression. Studies have speculated that lower oesophageal sphincter (LES) relaxing medications
such as nitroglycerins, anticholinergetics, beta-adrenergic agonists, aminophyllines and
benzodiazepines may contribute to the increasing incidence of OAC (96). The estimated incident
rate ratio of OAC in long term LES medication users was 3.8 compared to individuals who never
used the drugs (96). The increased use of these medications has also coincided with the increased
incidence of OAC (56). Extraordinarily, it is estimated that 10% of OAC in the population may be
attributed to the use of LES medication (96). Furthermore, in a retrospective case-control study,
higher socioeconomic status was shown to be an independent risk factor for Barrett’s oesophagus
(106). Developing OAC is also associated with higher socioeconomic status, however, inverse

associations have also been documented (107, 108).

Throughout the literature, the mitochondria have been documented to play significant roles in
disease initiation, inflammation and cancer. Research investigating the role of mitochondria in
Barrett’s oesophagus has additionally highlighted mutations in the mitochondrial genome to be
important in instigating neoplastic progression (109). However, little is known about how
alterations in mitochondrial function and mitochondrial energy metabolism promote neoplastic

progression in Barrett’s oesophagus.
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1.2 MITOCHONDRIA: THEIR ROLE IN DISEASE INITIATION, INFLAMMATION AND CANCER

1.2.1 Mitochondrial structure and the mitochondrial genome

Mitochondria are semi-autonomous organelles composed of specialised compartments including
the outer membrane, the intermembrane space, the inner membrane, the cristae and the matrix.
Mitochondria are involved in a range of cellular functions including energy generation, the
regulation of signalling, cellular differentiation, cell death, cell growth and the control of cell cycle
(110, 111). The outer membrane consists of a phospholipid bilayer consisting of porins that allow
the movement of certain molecules of about 10kDa or less such as ions and adenosine
triphosphate (ATP). The inner membrane is permeable only to oxygen (O,), carbon dioxide (CO,,
and water, and contains integral proteins for the active transport of specific metabolites across
the membrane in a highly regulated manner (110). In addition, the inner mitochondrial
membrane contains components of the electron transport chain and the ATP synthase complex
which are involved in cellular respiration and energy production, specifically oxidative
phosphorylation (110, 111). Oxidative phosphorylation is the final step of aerobic cellular
respiration in which ATP is formed following the transfer of electrons from nicotinamide adenine
dinucleotide (NADH) or flavin adenine dinucleotide (FADH;) to produce O, by a series of electron
carriers located in the inner membrane (110). In addition to oxidative phosphorylation, the citric
acid cycle takes place in the mitochondrial matrix where it functions in the chemical conversion of
carbohydrates, fats and proteins into CO,, water, guanosine triphosphate, ATP and NADH (110).

Within the mitochondrial matrix, the mitochondrial genome resides.

Human mitochondrial DNA (mtDNA) forms 5um circles, composed of 16,569 base pairs (figure 5A)
(112). Even though the number of mitochondria per cell varies with cell type, it is estimated that
each mitochondrion contains between 2 and 10 copies of mtDNA. MtDNA is somewhat able to
maintain genomic independence from the nucleus, however, the majority of mitochondrial
proteins are encoded by nuclear DNA and imported into mitochondria (111). mtDNA encodes for
13 of 87 proteins required for oxidative phosphorylation in addition to 12S, 16S ribosomal RNAs
and 22 transfer RNAs required for protein synthesis in the mitochondria (111). The overall
biogenesis of mitochondria keeps pace with ongoing cellular proliferation and growth. One of the
main features between the nuclear and mitochondrial genomes is their inherent susceptibilities to

cellular damage (111).
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1.2.2 Mitochondrial DNA damage in Barrett’s oesophagus

MtDNA is significantly more vulnerable to mutations than nuclear DNA (111). This is due to its lack
of histone protection, limited repair capacity and its close proximity to the electron transport
chain which constantly generates superoxide radicals, such as reactive oxygen species (ROS) (111).
Moreover, mtDNA lacks introns, therefore, most mutations occur in coding sequences that are
more likely to be of biological consequence (113). Various studies have identified many
mitochondrial regions that harbour common mutations in different cancer sites in a multitude of

cancer types. (114). MtDNA mutations are regarded as oncogenic factors (109).

The accumulation of mutations in mtDNA, leading to mitochondrial dysfunction, has been
implicated in the etiology of aging, various degenerative pathologies and carcinogenesis based on
the presence of novel hetero- and homoplasmies (115). In one study, 53% of patients with
Barrett’s oesophagus exhibited significantly higher mtDNA mutations in Barrett’s tissue compared
with matched normal adjacent tissue (109). This was paralleled with significant levels of ROS in
Barrett’s tissue compared to normal tissue (109). Therefore, high levels of ROS early in Barrett’s
oesophagus may contribute to the development of mtDNA mutations, alterations in
mitochondrial function and play a crucial role in further disease progression and tumourigenesis
(109). Another study investigating mutations in the D-loop region of mtDNA supports the
hypothesis that oxidative damage may be a mechanism for the induction of OAC in Barrett’s
oesophagus (116). A paired exome analysis of Barrett’s oesophagus and OAC suggests that on
average 62.5% of OACs emerge not through the gradual accumulation of tumour-suppressor
alterations but through a more direct mechanism where a p53-mutant cell undergoes genome
doubling followed by the acquisition of oncogenic amplications (117). In a recent case-control
study, the mutational load, a measure of genetic instability assessed by measuring loss of
heterozygosity and microsatellite instability, predicted progression to HGD and OAC in patients
with non-dysplastic Barrett’s oesophagus and LGD (118). Therefore, high mutational load may be

able to identify patients with Barrett’s oesophagus with a greater risk of progression to OAC.

PCR amplification of the mtDNA 4977bp deletion across the Barrett’s-dysplastic-OAC disease
sequence also showed significant clinical utility for the assessment of dysplastic severity, but not
OAC as the frequency of the 4977bp deletion reduced sharply in OAC specimens (119). This is in
accordance with other studies that have shown HGD to exhibit widespread chromosomal
instability implicating chromosomal variation seen at the HGD stage to be the source of specific
karyotypes that progress to OAC (120). Furthermore, mtDNA mutations have been identified in a

variety of human preneoplastic and neoplastic tissues (figure 5B) (111, 121).
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Figure 5. The mitochondrial genome and its role in cancer. (A) A schematic presentation of the wild-type
mitochondrial genome. (B) The mitochondrial genome is more vulnerable to mutations than nuclear DNA.
Various studies have identified many mitochondrial regions that harbour common mutations in different
cancer sites in a multitude of cancer types. Image: Chatterjee et al. (2006) (114).
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1.2.3 The role of the electron transport complexes in disease progression

1.2.3.1 Complex|

As figure 6 illustrates, the electron transport chain plays a central role in oxidative
phosphorylation and it has long been known that respiratory impairment plays a key role in
tumourigenesis (122). As the entry point for most electrons into the respiratory chain, complex |
has been suggested as the rate-limiting step in electron transfer (123). In the recent decade,
mtDNA mutations in genes encoding complex | subunits have been found in various cancer cells
(124). Complex | defective cells carrying a heteroplasmic mutation in the ND5 subunit exhibit
increased tumourigenic potential thought to be mediated by ROS and/or resistance to apoptosis
(125). Moreover, this defect could be reversed by bypassing the defective complex, and
furthermore, suppression of complex | with rotenone enhanced tumourigenesis through AKT
activation (123). Interestingly, antioxidant supplementation ameliorated ROS-mediated AKT
activation and reversed the tumourigenicity of complex | defective cells (123). It is also speculated
that genetic changes that alter complex | structure and function may alter a cell’s ability to
respond to low oxygen concentrations and consolidate hypoxia rescue mechanisms, thereby
contributing to resistance to chemotherapeutic agents (126). Moreover, complex | deficiency is
associated with an increased inflammatory phenotype that can potentially enhance the
metastatic potential of tumour cells (127, 128). Deficits in complex | are additionally associated
with the more protumourigenic glycolytic phenotype (129). Differential expression of various
complex | subunits has also been documented between Barrett’s and OAC cells in-vitro (130). On
the other hand, as increased mitochondrial ATP synthesis is characteristic of many tumours, the
targeting of ATP synthesis has recently exhibited significant promise. Various studies targeting
complex | utilising metformin, the anti-diabetic drug, have found that metformin directly inhibits
complex | and limits the ability of cancer cells to cope with energetic stress (131). One recent
study has shown that metformin and phenformin, another biguanide analogue, inhibit
angiogenesis and the metastatic growth of breast cancer in-vitro and in-vivo by targeting both
neoplastic and microenvironmental cells (132). Past clinical trials have shown significant promise
for metformin-induced complex | inhibition and its role as an adjuvant therapeutic in various

cancers, therefore, its anti-cancer promise still continues to be investigated (133-137).

1.2.3.2 Complex |l

Complex Il deficiency gives rise to cancer (138). It is also speculated that complex Il subunits
function as tumour suppressors (138). One particular study reported that the activity of complex Il

in gastrointestinal stromal tumours bearing complex Il mutations is compromised (139).
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Expression levels of the complex Il subunits SDHA, SDHC and SDHD has also been shown to be
decreased in OAC cells compared to Barrett’s cells in-vitro (130). As complex Il converts succinate
to fumarate, defects in complex Il leads to succinate accumulation resulting in the inhibition of
prolyl hydroxylase enzymes which marks hypoxia-inducible factor (HIF) for proteasomal
degradation (140). As such, in-situ and in-vivo analyses have shown that complex ll-deficient
tumours accumulate succinate which stabilises HIFla and results in various protumourigenic
effects (140). Indeed, many studies do exhibit increases in HIFla expression in complex II-
deficient tumours (141). Moreover, in phaeochromocytoma-paraganglioma syndromes, the most
aggressive tumours are those deficient or malfunctional in the SDHB subunit of complex Il (142).
In addition, the immunohistochemical absence of the SDHB subunit in phaeochromocytoma-
paraganglioma biopsies has been suggested as a surrogate marker for the presence of mutations
in other complex Il subunits (143). In addition to the anti-oxidant properties of vitamin E and
vitamin E analogues, complex Il is additionally used as a target for anti-cancer agents, primarily
due to its role in metabolism and its role in the early stages of the apoptotic process (138, 144).
For example, the complex Il inhibitors malonate and 3-nitropropionic acid increase ROS levels and

subsequently induce apoptosis (145, 146).

1.2.3.3 Complex Il

Although the majority of studies document complexes I, I, IV and V in carcinogenesis, some
evidence also links complex Ill with a role in carcinogenesis. An increase in superoxide radicals
inactivates complex Il resulting in the impairment of mitochondrial respiration in rat hepatomas
(147). Various respiratory chain diseases have since been accredited to complex lll deficiency
(148). Not only have complex Ill mutations been identified in patients with a spectrum of clinical
manifestations, complex Il mutations have been attributed to breast, colorectal and ovarian
cancer (149-151). The 4977bp deletion of complex Il is frequent in the mtDNA of patients with
oesophageal squamous cell carcinoma and increases in frequency from Barrett’s oesophagus to
HGD (119, 152). Moreover, expression levels of the complex Ill subunits UQCR11, UQCRC1, UQCR2

and UQCRQ were decreased in OAC cells compared to Barrett’s cells in-vitro (130).

1.2.3.4 Complex 1V

More and more studies are beginning to associate alterations and defects in complex IV with
disease progression. The complex IV subunits COX4/2 and COX8C have been shown to be
differentially altered across the in-vitro and in-vivo metaplastic-dysplastic-OAC sequence in
Barrett’s oesophagus (130). Chronic pancreatitis has been linked with complex IV deficiency (153).

Parathyroid cell metaplasia is additionally characterised by somatic mtDNA mutations in complex
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IV activity-impairing genes (154). In a study investigating the deficiency of a complex IV subunit in
colonic epithelium, it was shown that deficiencies increased in frequency with age and clusters of
deficient epithelial crypts were associated with, and may give rise to, colon cancer (155). It is also
thought that about 11-12% of all prostate cancer patients harbour mutations in subunit 1 of
complex IV (156). Loss of the tumour suppressor p53, known to regulate complex IV indirectly
through synthesis of cytochrome c oxidase 2 (SCO2), has been well documented throughout the
literature and is associated with a shift from oxidative phosphorylation to glycolysis, characteristic

of many cancers (157).

1.2.3.5 Complex V

Like complex 1V, studies have linked defects in complex V to disease progression. One study
introduced a pathogenic mtDNA mutation of the complex V subunit ATP6 into a prostate cancer
cell line and tested for tumour growth in nude mice (156). As a result, tumours were up to 7 times
larger and generated significantly more ROS than wild-type mice demonstrating that mutations in
complex V play an important role in the etiology of prostate cancer (156). Furthermore, increased
expression of the complex V subunit ATP5B has been shown to be significantly increased in
patients who have a poor pathological response to neoadjuvant chemoradiation therapy for the
treatment of OAC suggesting a role for complex V, mitochondrial alterations and oxidative
phosphorylation in the radioresistance of OAC (158). Expression of various complex V subunits
have been shown to be differentially expressed across the metaplastic-dysplastic-OAC sequence
in Barrett’s oesophagus in-vitro (130). The subunit, ATP12A has been shown to decrease across
the same disease sequence in-vivo (130). As a surrogate marker of oxidative phosphorylation, the
complex V subunit ATP5B protein marker, has been shown to be significantly increased across the
oesophagitis-metaplasia-dysplasia-OAC sequence, thereby reflecting the role of a highly oxidative
microenvironment in Barrett’s oesophagus and in the progression of OAC (130). Furthermore,
using first time surveillance biopsy material, protein levels of ATP5B were significantly higher in
Barrett’s patients who progressed to HGD and OAC compared to those who did not progress

highlighting the applicability of this marker in the clinical setting (130).
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Figure 6. The mitochondrial electron transport chain. Composed of five mitochondrial protein complexes, the electron transport chain extrudes hydrogen ions into the
intermembrane space to produce an electrochemical gradient. The subsequent influx of hydrogen ions from the intermembrane space into the mitochondrial matrix

through complex V produces ATP thereby playing a central role in mitochondrial respiration. Image: Ghouleh et al. 2011 (159).
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1.3 OXIDATIVE PHOSPHORYLATION AND GLYCOLYSIS IN CANCER

Altered metabolism is now a universal feature of most, if not all, cancer cells (160). Transitioning
from a normal cell to a malignant cancer cell is a multi-step pathogenic process which includes a
permanent interaction between cancer-associated gene activation, metabolic reprogramming and
tumour-induced changes in the microenvironment (161). As figure 7 illustrates, in contrast to
normal cells which primarily rely on oxidative phosphorylation to generate the ATP needed for
cellular function, most cancer cells instead rely on aerobic glycolysis, a phenomenon termed the
Warburg effect (162). Even though aerobic glycolysis is an inefficient way to generate ATP, it
encompasses many advantages for anabolic purposes. Cancer cells, and proliferating cells, adapt
to facilitate the uptake of nutrients into ATP, nucleotides, amino acids, and lipids, all components
necessary in proliferating cancer cells (162). Increased glucose consumption in the majority of
cancer cells is devoted to lactate conversion and anabolic biosynthesis and is thought to be
uncoupled from oxidative metabolism (160). Glycolytic intermediates play a more vital role than
the final product pyruvate as cancer cells use a variety of mechanisms to slow down the final step
of glycolysis (161). Even though alterations in oncogenes and tumour suppressors drive
inappropriate cell proliferation, they can also rewire cell bioenergetics to meet the biosynthetic

demands of neoplastic tissue (160).

While the majority of studies demonstrate a reduction of oxidative phosphorylation metabolism
in different cancer cells, other analyses have revealed contradictory modifications with the
upregulation of oxidative phosphorylation (163). Some studies have challenged the Warburg
effect hypothesis showing that mitochondria in cancer cells are not inactive, but function at low
capacity (164). Some studies in cancer cells, however, have shown that oxidative phosphorylation
supplies the majority of cellular ATP (165). Various glioma cell lines are highly dependent on
oxidative phosphorylation (166). Moreover, glioma, breast, hepatoma, and pancreatic cells that
prefer glycolytic metabolism exhibit metabolic plasticity and switch to oxidative metabolism upon
glucose starvation highlighting that both metabolic pathways work in tandem during times of
stress thus targeting both pathways together may be clinically appealing (161, 167). One study
showed that the magnitude of oxidative phosphorylation contributing to cellular ATP supply in
Hela cells was 79% (165). Other studies have tried to mimic the inner layers of solid human
cervical tumours, where substrates and oxygen are limited, and revealed that these limitations
did not affect the levels of oxidative phosphorylation or cellular ATP levels (165). Furthermore,
the growth of Hela cells and breast cancer cells in aglycemia and/or hypoxia has additionally been
shown to trigger a compensatory increase in oxidative phosphorylation capacity (163, 167). Two

models of sequential oncogenesis have additionally shown the importance of active oxidative
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phosphorylation in the initiation of tumourigenesis. In one model, the transformation of human
mesenchymal stem cells increases their dependency on oxidative phosphorylation, while in
another model, fibroblast cells expressing oncogenic RAS display an increase in mitochondrial
mass, mtDNA and ROS prior to senescent cell cycle arrest (168, 169). These studies demonstrate
the interplay between both oxidative phosphorylation and glycolysis within neoplastic cells, to
adapt their cellular mechanisms of energy production to endogenous microenvironmental
requirements. Therefore, a better understanding of the mechanistic links between cellular
metabolism, associated tumourigenic processes, the microenvironment and neoplastic growth

may result in better treatments for human cancers.
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Figure 7. The differences between oxidative phosphorylation, anaerobic glycolysis and aerobic glycolysis
(the Warburg effect). In the presence of oxygen, non-proliferating normal tissues metabolise glucose to
pyruvate via glycolysis, and subsequently, oxidise the majority of the pyruvate in the mitochondria during
oxidative phosphorylation. When oxygen is limited, cells redirect pyruvate away from oxidative
phosphorylation by generating lactate (anaerobic glycolysis). The continued production of lactate allows the
generation of glycolysis to continue by recycling NADH back to NAD" but results in minimal production of
ATP. Warburg observed that cancer cells convert the majority of glucose to lactate regardless if oxygen is
present (aerobic glycolysis). Image: Vander Heiden et al., (2009) (162).
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1.4 THE ROLE OF ENERGY METABOLISM IN DRIVING DISEASE PROGRESSION IN INFLAMMATORY,
HYPOXIC AND ANGIOGENIC MICROENVIRONMENTS

Otto Warburg’s initial observation in 1956 demonstrated that tumours exhibit increased levels of
aerobic glycolysis (170). This observation has since resulted in numerous studies investigating the
role of mitochondrial energy metabolism in disease progression across many disease entities. As a
reflection of its importance in the development of various cancers, the reprogramming of cellular
energetics is now beginning to establish itself as one of the new hallmarks of cancer (171, 172). In
addition to significant quantities of ATP, metabolically demanding tumours require glucose for
lipid and protein synthesis and de novo synthesis of nucleotides for rapid proliferation (173).
More importantly, this altered metabolic phenotype allows tumours to maintain higher
proliferative rates and resist apoptosis orchestrated by increased oxidative damage (174).
Moreover, these metabolic phenotypes persist and are sometimes altered in distinct
metabolically demanding microenvironments. Therefore, elucidating how diverse metabolic
processes converse with distinct functional inflammatory, hypoxic and angiogenic pathways may
infer significant insights into how several heterogeneous malignancies arise and subsequently
advance beyond therapeutic intervention. It has been widely documented that inflammation,
hypoxia and angiogenesis all play independent roles in disease prevalence and in its subsequent
stepwise progression. Some studies, however, have uncovered close associations between energy
metabolism and these extensive processes. Therefore, the remaining section of this introduction
chapter, having been published in Gastro Open Journal, predominantly focuses on the primary
molecular mechanisms that link energy metabolism with inflammation, hypoxia and angiogenesis

in the tissue microenvironment (175).
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1.4.1 Molecular mediators linking energy metabolism with inflammation, hypoxia and
angiogenesis.

1.4.1.1 Conventional mediators linking energy metabolism with inflammation and hypoxia.

14.1.1.1 HIF1a

HIFla is an oxygen sensitive transcription factor subunit involved in various cellular processes
including hypoxia, angiogenesis, cell survival, inflammation and energy metabolism (176).
Interestingly, cells in hypoxic regions tend to be more resistant to the effects of radiotherapy and
other conventional chemotherapeutic agents (177). As a result, these more resistant cells have
been implicated in disease resistance and recurrence, and can lead to more aggressive
phenotypes and contribute to subsequent metastasis (177, 178). It is important to note, however,
that hypoxia-induced alterations in energy metabolism are physiologically normal, for example,
cardiomyocytes upregulate glycolytic ATP production under hypoxic stress (179). As figure 8
shows, hypoxia affects metabolism by inducing the overexpression of various glycolytic enzymes,
lactate dehydrogenase (LDH) and carbonic anhydrase in addition to inhibiting pyruvate
dehydrogenase, a key enzyme that converts pyruvate into acetyl-CoA for subsequent oxidative
metabolism (180). However, it has been shown that hypoxia, specifically HIF1a, plays a key role

on T-cell function by modulating T-cell metabolism.

Upon activation, the metabolic demands of T-cells increase dramatically since activated T-cells are
highly anabolic and exhibit marked increases in glycolytic metabolism (181, 182). Interestingly,
one study hypothesises that one possible mechanism responsible for T-cell anergy is failure to
upregulate key metabolic machinery, since blocking energy metabolism mitigates T-cell activation
and inhibition of these metabolic pathways during activation leads to anergy in Thl cells (181).
Hypoxia has differential effects on T-cell function, however, as lack of glucose in human CD4" T
lymphocytes results in increased dead cell numbers and increased reactive oxygen species under
normoxia but not under hypoxic conditions (183). Hypoxia also stimulates increased levels of
interleukin-1B (IL1B), IL-10 and IL8 in these cells, but the lack of glucose reduces secretions of
these cytokines, implying that CD4" T cells are highly metabolically adaptable allowing for proper
immune function under highly fluctuating bioenergetic microenvironments (183). HIFla also
regulates the balance between regulatory T cell and helper T cell differentiation (184). This
differentiation has been shown to be regulated in both regulatory T cells and helper T cells via the
glycolytic pathway in a HIFla-dependent manner (185). In stimulated Ty17 cells, glycolysis and
various glycolytic enzymes were actively upregulated, although blocking glycolysis inhibited T417
development while promoting Tges differentiation (185). HIFla activity is key for mediating

glycolytic activity and subsequently contributes to lineage choices between Ty17 and Tges cells,

31



whereas lack of HIFla results in reduced Ty17 development but enhances Tges differentiation
(185). Some evidence suggests that HIF1la mediates this effect through mammalian target of
rapamycin (mTOR) (185, 186). These studies support the view that hypoxia mediates T-cell

function and drives chronic inflammation through HIFla by regulating T-cell metabolism.

1.4.1.1.2 AMPK

AMP-activated protein kinase, or AMPK, is a sensor of cellular energy metabolism and exhibits
anti-Warburg effects by promoting fatty acid oxidation, mitochondrial biogenesis and the
expression of genes necessary for oxidative metabolism (figure 8) (187-190). As aerobic glycolysis
is a common entity in many cancer types, it is exciting to speculate that drugs that activate AMPK
might therefore have therapeutic and clinical utility. Any metabolic imbalance that either inhibits
the generation of ATP or accelerates ATP consumption results in increases in the ADP/ATP ratio
resulting in AMPK activation due to the accumulation of ADP (187). As a result, activated AMPK
acts to switch off ATP-consuming anabolic processes and restores energy imbalances by switching
on alternative catabolic pathways that increase cellular ATP (187, 191). One of these mechanisms
involves down-regulating protein synthesis. For example, AMPK down-regulates protein synthesis
of target of rapamycin complex 1 (TORC1), which is known to promote HIFla translation, thereby
reducing HIFla expression and decreasing the expression of key glycolytic and glucose
transporters required for aerobic glycolysis (192). Using a mouse model of Peutz-leghers
syndrome, deficiency of either AMPK or liver kinase B1 (LKB1), the protein kinase responsible for
induction of AMPK activation, led to the upregulation of HIFla, hexokinase 2 and glucose

transporter member 1 (GLUT1) (193).

Activated immune cells tend to favour aerobic glycolysis whereas quiescent cells preferentially
utilise oxidative metabolism (181, 182). Therefore, agents that activate AMPK may have anti-
inflammatory effects. LPS-induced activation of dendritic cells results in reduced activation of
AMPK, whereas knockdown of AMPK leads to the maturation of dentritic cells that exhibit
increased glucose uptake (194). Interestingly, AMPK downregulation in macrophages results in
increased expression of various proinflammatory cytokines whereas expression of AMPK had the
reverse effect (195). Therefore, AMPK promotes macrophage polarisation towards an anti-
inflammatory M2 phenotype rather than the proinflammatory M1 phenotype. In addition, AMPK
has been shown to monitor metabolic stress in cytotoxic T lymphocytes and control the
differentiation switch from metabolically active cytotoxic T lymphocytes to metabolically
quiescent CD8" T cells, highlighting the important role of AMPK in various metabolic, immune and

inflammatory processes (196).
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1.4.1.1.3 p53

As figure 8 illustrates, the transcription factor p53 regulates metabolism by lowering aerobic
glycolysis and promoting oxidative phosphorylation through a variety of molecular mechanisms
(197, 198). p53 primarily supports oxidative phosphorylation by functioning as a mitochondrial
checkpoint protein, regulating mitochondrial DNA copy number and mediating mitochondrial
biogenesis (199, 200). p53 promotes mitochondrial health via the p53-inducible protein Mieap
that controls mitochondrial quality by repairing or eliminating unhealthy mitochondria (201). In
intestinal metaplasia patients with progressive disease, oxidative-induced damage results in
telomere shortening and mutations in the p53 gene abrogate p53’s role as the checkpoint of
proliferation and apoptosis (202). Other studies have also shown that p53 plays a vital role in the

synthesis of key components of the electron transfer chain (203-205).

p53 mediates its central metabolic role through TP53-induced glycolysis and apoptosis regulator,
or TIGAR (197, 206). TIGAR acts as a phosphatase and degrades fructose-2,6-bisphosphate (F26B)
thereby decreasing the activity of phosphofructose kinase 1 (PFK1), a key enzyme of the glycolytic
pathway (197). p53, via TIGAR, decreases glycolysis by diverting glycolytic intermediates into the
pentose phosphate pathway (PPP) (207). p53 also negatively regulates the expression of pyruvate
dehydrogenase kinase 2 (PDK-2) thereby activating the pyruvate dehydrogenase complex
responsible for converting pyruvate to acetyl-CoA (208). Thus p53, activating the pyruvate
dehydrogenase complex, favours oxidative phosphorylation through the production of acetyl-CoA

(208). Furthermore, p53 directly downregulates the expression of GLUT1 and GLUT4 (209).

The role of p53 is highlighted in hypoxic microenvironments. Through a hypoxia—induced HIFla
dependent mechanism, TIGAR has been shown to form a complex with hexokinase 2 at the
mitochondria resulting in an increase in hexokinase 2 activity (206). This complex reduces
glycolytic flux supporting pentose phosphate pathway activity, generates NADPH in the process
and promotes antioxidant function thereby limiting reactive oxygen species-associated apoptosis
and autophagy (206). p53 also represses the expression of monocarboxylate transporter 1 (MCT1)
preventing the efflux of lactate under hypoxic conditions (210). It has been speculated that
aberrant p53 expression may even promote tumour progression as some evidence suggests that
p53 may enhance aerobic glycolysis rather than inhibit it (197, 198, 211). In addition, the
mechanism by which p53 regulates the glycolytic pathway may be tissue and context specific
which is thought to reflect different types of cellular stress, that is, metabolic, oxidative and

hypoxic stress (197, 212).
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Figure 8. Conventional mediators linking energy metabolism with inflammation and hypoxia. p53, through HIFla, enhances aerobic glycolysis. Hypoxia, through
HIFla, affects metabolism by inducing the overexpression of a host of glycolytic enzymes, for example, hexokinase 2. HIFla also depresses OXPHOS by inhibiting
pyruvate dehydrogenase, the enzyme known to convert pyruvate into acetyl-CoA. Through p53 and a HIF1la— dependent mechanism, TIGAR has been shown to form a
complex with hexokinase 2 at the mitochondria resulting in an increase in hexokinase 2 activity supporting the production of NADPH and limiting reactive oxygen
species. p53, through Mieap, supports OXPHOS by mediating mitochondrial health and biogenesis. p53, via TIGAR, reduces glycolysis by degrading F26B, thereby
decreasing the activity of PFK, a key glycolytic enzyme and diverts glycolytic intermediates into the pentose phosphate pathway. p53 also negatively regulates PDK-2
promoting acetyl-CoA production, decreases lactate production and represses the expression of MCT1. p53, like AMPK, downregulates the expression of GLUT1 and
GLUT3. Moreover, any ADP/ATP ratio imbalance that affects ATP production or its consumption can result in LKB1-induced activation of AMPK. AMPK can subsequently
promote OXPHOS by promoting fatty acid oxidation, mitochondrial biogenesis and mitochondrial health. AMPK has also been documented to control the differentiation
switch from active glycolytic cytotoxic T lymphocytes to metabolically quiescent CD8" T cells that preferentially utilise OXPHOS. Image: Phelan et al., (2015) (175).
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1.4.1.2 Novel mediators linking energy metabolism with inflammation, hypoxia and
angiogenesis.

1.4.1.2.1 NFkB

Despite some early studies linking nuclear factor kappa B (NFkB) with energy metabolism, recent
studies have increasingly shown NFkB to possess an equally important central role in various
metabolic and pathological diseases (213). Inflammation is a key factor in the development of
metabolic diseases such as atherosclerosis, insulin resistance, type 2 diabetes and obesity (213-
215). The central role of NFkB in immunity, inflammation and carcinogenesis has been well
documented (216-218). NFkB activation, thought to be mediated by PI3K/AKT-IKKa/B-ERK1/2, is

also increased in Barrett’s oesophagus and adenocarcinoma (219, 220).

NFkB regulates cellular respiration in a p53-dependent manner (figure 9) (221). Translocation of
the NFkB family member RelA to mitochondria is inhibited by p53, however, in the absence of
p53, RelA is transported into mitochondria and recruited to the mitochondrial genome where it
represses mitochondrial gene expression, oxygen consumption and cellular ATP levels, thereby
contributing to the switch to glycolysis (221). Indeed, it was reported that the RelA subunit also
upregulates transcription of GLUT3 resulting in increases in glucose uptake and glycolytic flux
(222). The elevated glycolytic flux stimulates further IKK/NFkB pathway activity in a positive
feedback loop that subsequently promotes H-Ras-induced oncogenic transformation in mouse
embryonic fibroblasts (222). This was the first functional study to show that NFkB promotes cell
growth and carcinogenesis by metabolic manipulation, but crucially, p53 was central to this

pathway, as introduction of p53 disrupted the link between NFkB and glycolysis (222).

Intriguingly, the role of NFkB is reversed in normal mouse embryonic fibroblasts upon glucose
starvation, whereby NFkB inhibition causes cellular reprogramming to aerobic glycolysis (223).
The role of NFkB in upregulating mitochondrial respiration in this circumstance involves the p53-
mediated upregulation of mitochondrial SCO2, a key component of complex IV of the electron
transport chain (223). Hence, NFkB can act as a focal checkpoint of metabolic homeostasis in
conjunction with AMPK and p53 to regulate the response to low cellular ATP levels (223).
Therefore, despite its prominent role in the Warburg effect, the metabolic plasticity of NFkB

confers adaptivity in cells to adapt to fluctuating oxidative and hypoxic microenvironments.
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1.4.1.2.2 VEGF and PFKFB3

In response to hypoxia-induced pro-angiogenic stimuli, endothelial cells rapidly switch from a
metabolically inactive state of quiescence to an active migratory and proliferative state (224).
Effective vascular sprouting relies on coordinated navigating tips cells and on proliferating stalk
cells that elongate the sprout. Until recently, only genetic signals were known to play a role in this
angiogenic switch. However, the angiogenic switch also requires a change in endothelial cell
metabolism (224). Interestingly, endothelial cells are thought to be addicted to glycolysis as they
rely minimally on oxidative phosphorylation for ATP generation (224, 225). For instance, the

glycolytic inhibitor 2-deoxy-D-glucose induces significant endothelial cell death (226).

Endothelial cells increase their glycolytic rate by upregulating a range of glycolytic constituents
including GLUT1, LDH and 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3 (PFKFB3)
(224). PFKFB3 has been shown to be critical for angiogenic sprouting, and its inactivation reduces
endothelial cell proliferation and migration, and impairs motility and formation of endothelial cell
lamellipodia and filopodia (226). Conversely, PFKFB3 overexpression stimulates the sprouting of
mitotically-inactivated endothelial cells and promotes tip cell formation (226). This entire process
of tip and stalk cell differentiation, however, is under tight control of vascular epithelial growth

factor (VEGF) and Notch signalling (figure 9) (225).

VEGF promotes tip cell induction and filopodia formation inducing the expression of the Notch
ligand Delta-like 4 (DLL4) (225). One of the main genetic signals of vessel sprouting is orchestrated
through Notch (227). DLL4 subsequently activates Notch signalling in neighbouring cells and
suppresses VEGF receptor 2 expression and tip cell behaviour (225). Therefore, the activation of
VEGF receptor 2 in tips cells upregulates PFKFB3 levels and glycolysis but induces the expression
of the Notch ligand DLL4 in neighbouring stalk cells activating Notch signalling, lowering VEGF
receptor 2 expression resulting in lower PFKFB3 expression and glycolytic flux (225). Interestingly,
overexpression of PFKFB3 overcomes the pro-stalk activity of Notch signalling, thereby promoting
tip cell behaviour, indicating that highly glycolytic endothelial cells can overcome inhibitory

genetic signals (226).

VEGF also controls angiogenesis through the glycolytic metabolite lactate (224). Once taken up by
endothelial cells through MCT1, lactate competitively inhibits the oxygen-sensing propyl
hydroxylase domain protein 2 (PHD2), resulting in activation of HIF1la and an increase in VEGF

receptor 2 expression (228). Lactate signalling also induces VEGF expression (229). In addition to
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its angiogenic role, lactate also indirectly releases NFkB inducing IL8 expression, another promoter
of angiogenesis (230). VEGF has also been shown to induce the production of IL8 in endothelial
cells (231). In addition to promoting aerobic glycolysis, VEGF stimulates mitochondrial biogenesis
through Akt-dependent signalling, and plays a significant role in fatty acid metabolism (232-234).
These studies demonstrate a close relationship between VEGF-induced metabolism, hypoxia,
angiogenesis and inflammation in endothelial cells and highlight how stressed endothelial cells

adapt to an altering milieu that could potentially favour tumour progression.

1.4.1.2.3 mTOR, succinate and STAT3

mTOR is a serine/threonine kinase that controls cell proliferation and metabolism in response to a
range of extracellular stimuli such as the availability of nutrients, growth factors and stress (235).
mTOR plays an important role in the modulation of both innate and adaptive immune function
(figure 9) (236). As discussed, activated T cells switch to an anabolic metabolism using aerobic
glycolysis as a major supply of ATP to fuel the rapid synthesis of proteins , nucleotides and other
biosynthetic products (235). TORC1, one of two currently recognised signalling forms of mTOR,
has been shown to be heavily involved in the up-regulation of enzymes involved in glycolysis,
glutaminolysis, the pentose phosphate pathway, surface expression of GLUT1 and expression of
the glutamine transporter, SNAT-2 (237-239). Similarly, inhibition of mTOR results in a metabolic
bias towards oxidative phosphorylation and has been shown to produce a larger CD8 memory T
cell pool (240). Ongoing clinical trials investigating the efficacy of mTOR inhibitors suggest that
mTOR-mediated metabolism does play a central role in regulating biological outcomes within
immune cells, however, a key question remaining is how mTOR-mediated metabolism is coupled

to immune function (174).

Increasing evidence also proposes that succinate, a citric acid cycle metabolite that accumulates
due to succinate dehydrogenase mutations, transmits an oncogenic signal from the mitochondria
to the cytosol, directly inhibiting PHD and resulting in HIFla stabilization under normoxic
conditions, with resultant increased expression of genes that facilitate angiogenesis, metastasis
and glycolysis (figure 9) (241). By adding succinate to glioblastoma multiforme-derived cells
cultured under hypoxic conditions, HIFla stabilization is induced which increases stem cell
fractions and preserves the tumour stem cell niche thereby promoting tumour survival (242).
Recently, it has been reported that succinate as a metabolite in innate immune function enhances
ILAB production during inflammation through HIFla, thereby promoting disease progression

(243).
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The signal transducer and activator of transcription factors (STATs) are a family of transcription
factors that regulate cell growth, survival, differentiation and motility (244). One of the STAT
members, STAT3, has long been recognised as a critical regulator of tumour cells (244). STAT3 has
been recently found to act as one of the central mediators of aerobic glycolysis through both
HIFla and independent mechanisms (figure 9) (244, 245). Upon translocation to the
mitochondria, serine phosphorylation of STAT3 contributes to tumour cell transformation and

tumourigenesis (246-248).
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Figure 9. Novel mediators linking energy metabolism with inflammation, hypoxia and angiogenesis. NFkB regulates cellular respiration in a p53-dependent manner. In
the absence of p53, the NFkB family member, Rel A, represses mitochondrial gene expression, oxygen consumption and cellular ATP levels thereby promoting glycolysis.
NFkB promotes OXPHOS through an AMPK-p53-mediated mechanism by upregulating SCO2. Furthermore, endothelial tip cells increase their glycolytic rate and promote
angiogenesis by upregulating numerous glycolytic constituents such as LDH and GLUT1, through HIF1a, VEGF, VEGFR2 and PFKFB3 signalling. The activation of VEGFR2 in
tip cells induces the expression of Notch ligand DLL4 in neighbouring stalk cells activating Notch signalling. As a result, this reduces VEGF2 and PFKFB3 expression
thereby lowering glycolytic flux and promoting OXPHOS in stalk cells. VEGF can also control angiogenesis through the glycolytic metabolite lactate, as lactate inhibits
PHD resulting in HIF1a activation subsequently promoting OXPHOS and glycolysis. In addition, lactate has been shown to induce the production of IL8. mTOR, succinate
and STAT3 can also mediate metabolism. mTOR plays an important role in the modulation of both adaptive and innate immune function. TORC1, one of mTOR’s
signalling forms, upregulates glycolysis, glutaminolysis and the expression of SNAT-2. Moreover, mTOR inhibition results in a metabolic bias towards OXPHOS. Succinate
can mediate metabolism through the inhibition of PHD and HIF1a. Similarly, STAT3 can regulate tumour cell metabolism through HIF1. Image: Phelan et al., (2015) (175).
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1.4.2 Exploring the molecular mechanisms that link energy metabolism and hypoxia:
Rheumatoid arthritis and circadian rhythms.

1.4.2.1 Glycolysis, hypoxia and rheumatoid arthritis

It has been 35 years since the link between increased glycolytic activity and rheumatoid arthritis
(RA) was first established (249). In normal synovial tissue, glycolysis is the primary pathway for
mitochondrial substrate oxidation of pyruvate (250). Levels of two major glycolytic enzymes
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and LDH were significantly increased in the
synovial cells between fresh non-rheumatoid and rheumatoid synovial tissue (249). More
recently, one study detected elevated lactate and reduced glucose levels in the synovial fluid in
RA (251). Moreover, it is plausible that metabolic alterations that favour aerobic glycolysis are a
result of hypoxia-induced mitochondrial mutagenesis and dysfunction (252). Despite studies
lacking strong evidence of a direct relationship between inflammation and glycolysis in RA, it is
interesting that some glycolytic components are characterised as autoantigens, for example,
glucose-6-phosphate isomerise, aldolase and enolase (250). However, studies need to be

undertaken to examine the role of metabolic autoantigens in cancer initiation and progression.

On the other hand, the link between hypoxia and inflammation has been well documented in-vivo
(253-256). Significantly higher levels of synovial fluid tumour necrosis factor-a (TNFa), IL1B ,
interferon-y and macrophage inflammatory protein-3a in combination with low partial oxygen
pressures of <20mm Hg were found in patients with inflammatory arthritis (256). Interestingly,
TNFa blocking therapy reverses joint inflammation and hypoxia (255). Another study also
demonstrated that hypoxia-induced IL-17A expression is localised to neutrophils, mast cells and T
cells within inflamed synovial tissue supporting the concept that IL-17A is a key mediator in

inflammatory arthritis (253).

Numerous mechanistic processes within the inflammatory joint may alter energy metabolism
profiles. RA is associated with increased levels of HIFla and HIF2a (257, 258). HIF1 also induces
the expression of GLUT1 and GLUT3 (259). Furthermore, HIF has been shown to regulate the
levels of hexokinase 2, GAPDH, LDH and cytochrome oxidase in the inflammatory synovium (259-
263). RA is also commonly associated with mutations in p53 (264-266). As discussed, p53 can
regulate glucose metabolism through NFkB, however, loss of p53 promotes the positive feedback
cycle between the IKK-NFkB pathway and glycolysis, thereby promoting oncogenic transformation
(222, 267). It is also plausible that angiogenic factors, such as VEGF, within the hypoxic
inflammatory joint may induce alterations in energy metabolism profiles (268, 269). Therefore, it

may be enticing to speculate that metabolic perturbations within the inflammatory joint are a
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consequence of the combined contribution of many reciprocal mechanisms, for example,

aberrantly expressed HIF1a, HIF2a, VEGF, NFKB and mutations in p53.

1.4.2.2 AMPK, hypoxia and circadian rhythms

Significant time-of-day oscillations in glucose metabolism are observed in both humans and
rodent models, at both the whole body and cellular level (270). It has been speculated that
various mitochondrial functions may be regulated by the circadian clock, thereby serving as a
central coordinator between the clock and cellular energy metabolism (271). For example,
cytochrome c¢ oxidase activity is increased in the brains of 2 month old wistar rats during
wakefulness compared to sleep to meet increased energy demands (272). AMPK is one of the
main metabolic sensors responsible for transmitting energy dependent signals to the mammalian

clock (273).

A molecular oscillator exists whereby the transcription factors CLOCK and BMAL1 work together
to drive the expression of many genes responsible for the mammalian molecular clock, including
those encoding their own inhibitors, the period (PER1, PER2 and PER3) and cryptochrome (CRY 1
and CRY2) proteins (273). CRY1 and CRY2 are transcriptional repressors that are necessary for
circadian clock function (274). The E3 ligase component F-box/LRR-repeat protein 3 (FBXL3)
catalyzes the polyubiquitination of CYR1 and CRY2 and thus stimulates their proteosomal
degradation (275). AMPK-mediated serine phosphorylation of CRY1 and CRY2 initiates the
interaction between CRY1, CRY2 and FBXL3 and stimulates the degradation of both
cryptochromes (276). Casein kinases, CKle and CKI§, are also important modulators of circadian
rhythm in mammals (273). Genetic disruption or pharmacological inhibition of these casein
kinases alters behavioural and cellular circadian rhythms in mice (277). Casein kinases
phosphorylate serines in PER2, however, AMPK was reported to phosphorylate CKle at serine 389,
thereby increasing its enzymatic activity and indirectly leading to destabilisation of PER2 and

alterations in circadian rhythm (278).

AMPK has also been implicated in circadian rhythm entrainment in mice as pharmacological
activation of AMPK by intraperitoneal injection of both 5-aminoimidazole-4-carboxyamide rib
nucleoside (AICAR) or metformin causes a phase shift of the liver clock (276, 278). In addition,
AICAR stimulation altered clock gene expression in wild type mice but not in mice lacking the
AMPKy3 subunit implying that AMPK activation may play a role in circadian entrainment (279).
Furthermore, AMPK possesses a close relationship with silent mating type information regulation
2 homolog 1 (SIRT1), another fuel-sensing molecule key to nutritional status and circadian

regulation. AMPK not only enhances SIRT1 activity by increasing NAD" levels but activation of
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SIRT1 causes AMPK phosphorylation via LBK1 activation (280, 281). AMPK is also associated with
regulating other metabolic sensors known to have key roles in circadian regulation such as
poly(ADP-ribose) polymerase 1 and nicotinamide phosphoribosyltransderase (282, 283). These
studies suggest that the effectiveness of widely prescribed drugs that regulate glucose
homeostasis, such as metformin, may be ameliorated by altering the timing of treatment through

AMPK-mediated control of circadian function by pharmacological intervention.
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1.4.3 Reciprocal mechanisms linking energy metabolism to inflammation in
gastroenterological diseases.

It is apparent thus far, that the combined effect of various molecular processes, can act in tandem
to significantly alter the local microenvironment and attenuate disease progression. Little is
known about how energy metabolism profiles cooperate with inflammatory processes to facilitate
metaplastic progression in gastroenterological disease entities. However, some recent research
has provided some insight on metabolic signatures in Barrett’s oesophagus, oesophageal

adenocarcinoma, inflammatory bowel disease (IBD), gastritis and gastric cancer (284-288).

Our research has demonstrated that both oxidative phosphorylation and glycolysis are
reprogrammed early in the inflamed Barrett’s disease sequence and may act mutually to promote
disease progression in Barrett’s oesophagus (130). Subsequent to screening 84 genes using a PCR
microarray, validations utilising in-vitro and in-vivo models found that 3 genes associated with
mitochondrial energy metabolism, ATP12A, COX412 and COX8C, were differentially expressed
across the Barrett’s sequence (130). In addition, tissue microarrays demonstrated significant
epithelial and stromal alterations using surrogate protein markers of oxidative phosphorylation,
ATP synthase subunit 5 beta and heat shock protein 60, or ATP5B and HSP60 respectively (130).
Moreover, significant alterations across the Barrett’s sequence were also demonstrated using
surrogate protein markers of glycolysis, pyruvate kinase isozyme M2 and glyceraldehydes 3-
phosphate dehydrogenase, or PKM2 and GAPDH respectively (130). Interestingly, ATP5B in
sequential follow up surveillance biopsy material segregated Barrett's non progressors and
progressors to HGD and OAC, thereby highlighting the prognostic advantage of metabolic profiles
in these preneoplastic patients (130). Finally, utilising the in-vitro model, the authors present
evidence that Barrett’s and adenocarcinoma cells exhibit significantly altered levels of various
oxidative parameters, whereby the adenocarcinoma cell line maintains an equilibrium between
both metabolic pathways while the Barrett’s cell line favours a more detrimental oxidative

phenotype that may be selected for during early stages of disease progression (130).

Other studies, although mostly indirectly, link inflammation to energy metabolism. IL-6,
documented to be increased in myofibroblasts of Crohn’s disease patients, has also been shown
to increase the expression of hexokinase 2 and PFKFB3 in murine embryonic fibroblasts (289,
290). Moreover, increased secreted and immunological levels of IL-6 have been found in Barrett’s
tissue compared to matched normal adjacent squamous epithelium (291). Aberrant expression of
p53 is also associated with an increased risk of neoplastic progression in patients with Barrett’s
oesophagus (292). Therefore, since mutated p53 enhances IL-6 promoter activity in renal cell

carcinoma, it may be plausible that p53, known to modulate oxidative phosphorylation and
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glycolysis, simultaneously alters inflammatory and metabolic profiles in pre-neoplastic and
neoplastic microenvironments of the oesophagus (222, 293). Similarly, HIF1a, known to mediate
hypoxia-induced alterations in glycolytic metabolism and to possess an intrinsic relationship with

p53, has been shown to be differentially expressed across the Barrett’s sequence (176, 206).

Interestingly, despite increased oxidative phosphorylation in Barrett’s oesophagus, ulcerative
colitis is associated with low levels of this metabolic pathway (286, 294). Loss of oxidative
phosphorylation precedes the development of dysplasia in ulcerative colitis and thus could
potentially be utilised to predict cancer (286). Furthermore, following neoplastic progression,
cancer cells restore mitochondria indicative of an increase in energy demands for growth and
proliferation (286). In addition, one study showed that increasing mucosal levels of ATP can
protect mice from colitis and thus increasing ATP synthesis could be a plausible therapeutic
approach for ulcerative colitis (294). Such reductions in oxidative phosphorylation, thought to be
caused by defects in complex | of the electron transport chain, have also been reported in
atrophic and active chronic gastritis (287, 295). Gastric cancer is additionally associated with a
complex I-induced defective electron transport chain (296). As well as decreased mitochondrial
respiration, gastric cancer exhibits shifts to glycolysis (285, 297). Decreased fructose-1,6-
bisphosphatase (FBP), the enzyme which functions to antagonise glycolysis though NFkB, has
been shown to be decreased in both gastric cell lines and gastric carcinomas thereby promoting
glycolysis (298, 299). PDK-1 and PKM2 are also overexpressed in gastric and colorectal tumour
tissue and their expression is associated with poor survival (300-302). Moreover, knockdown of
PKM2 has been shown to repress the proliferative and migratory capabilities of colorectal cancer

cells (301).

IBD patients are known to have high levels of HIFla and HIF2a (303). IBD patients also exhibit
increased colonic expression of various glycolytic enzymes and these alterations in metabolism
are thought to be triggered by hypoxic stress (304). Such extensive regulation of various glycolytic
intermediates could be mediated by central regulators of metabolism known to associate with
HIF, for example, PFKFB. One study in gastric cancer cell lines and tissue found that both PFKFB3
and PFKFB4 significantly responded to hypoxia through HIF1la and this subsequently promoted
the Warburg effect (305). Interestingly, alterations in the gut microbiome, as demonstrated by the
fucosyltransferase 2 polymorphism in Crohn’s disease patients for example, could also affect the
host mucosal state and thus increase disease susceptibility (306). Therefore, further studies
directly linking inflammation with energy metabolism profiles through these distinct processes
would enhance our understanding on the mechanisms involved in inflammatory-induced

neoplastic progression in gasterological diseases.
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1.4.4 Innovative metabolic-based treatments and multi-targeted therapies

In order to replicate and divide, tumour cells need to possess the ability to acquire large
guantities of proteins, lipids and nucleotides (174). As these processes are highly metabolically
demanding, cells additionally require vast quantities of ATP. Consequently, targeting glucose
metabolism and nucleotide biosynthesis could have significant advantages in combating
metabolic transformation. In addition, altering the metabolism of susceptible or predisposed pre-

neoplastic or neoplastic tissue may prevent subsequent disease progression.

Table 2 highlights some of the diverse therapeutic strategies currently being employed to target
various aspects of energy metabolism. Significant research has begun to focus on targeting
upstream regulators of metabolic pathways such as HIF, phosphoinositide 3-kinase (PI3K), Akt,
mMTOR and AMPK (174). For example, PI3K inhibitors such as BEZ235 have been shown to target
metabolism leading to cancer regression in Kras-mutant murine lung adenocarcinomas (307). The
AMPK activator metformin, primarily used to treat patients with type 2 diabetes, has been shown
to be protective as those treated with metformin were cancer free over 8 years compared to
those on alternative treatment regimes (308). Additional AMPK activators are also being
investigated for their potential therapeutic use (309). Interestingly, methotrexate, a
chemotherapeutic known to target nucleotide biosynthesis, enhances the antianabolic and
antiproliferative effects of AICAR, an alternative AMPK agonist (310). Moreover, targeting
nucleotide biosynthesis may be more favourable as nucleotide building blocks necessary for
proliferating tumour cells can be synthesised by endogenous glucose and glutamine due to poor
vascularisation (174). Therefore, blocking ribose-5-phosphate synthesis, with 5-fluorouracil (5-FU)
for example, could provide a better therapeutic window. Dichloroacetate, an inhibitor of PDK-1,
has also been shown to re-sensitise gastric cancer cells with hypoxia-induced resistance to 5-FU

through the alteration of glycolysis (311).

Therapeutic agents that target the glycolytic pathway such as 2-deoxyglucose, ionidamine, 3-
bromopyruvate and TLN-232 have also shown significant promise (174). Despite not showing
substantial effects on tumour growth as monotherapeutic drugs, their use in conjunction with
other chemotherapeutic reagents seems to sensitise tumours by reducing ATP levels and perhaps
by indirectly limiting the availability of macromolecules synthesised through anapleurotic
interactions (312). In addition to being combined with radiotherapy, some glycolytic inhibitors are
currently being used in phase I, Il and Il clinical trials (174, 313). Inhibitors that target glucose
transport across the plasma membrane, such as phloridzin and phloretin, have also shown

efficacy in inhibiting in-vitro, xenograft and in-vivo tumour growth (314-316). Inhibition of PFKFB3
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with 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one, or 3-PO, known to be a selective agent against
neoplastic cells, has been shown to reduce cellular lactate, ATP, NAD" and other cellular

metabolites within several human malignant hematopoietic and adenocarcinoma cell lines (317).

Additional therapeutic modalities that can be exploited include targeting HIFla, lactate
transporters, amino acid metabolism and lipid metabolism (174). Altering diet is also a unique and
beneficial therapeutic approach. For example, a ketogenic diet relies on food that does not
increase plasma glucose but produces ketone bodies that can be used as a carbon source thereby
bypassing glycolysis (318). Even though the ketogenic diet has been shown to have mixed results,
further studies may reveal that it is a cancer specific therapy (318). More recently, micro RNAs
have shown promise at targeting cancer metabolic pathways. A recent study demonstrated that
mir-122 targets PKM2 and affects metabolism in hepatocellular carcinoma (319). Despite the
encouraging evolution of metabolic-based treatments and multi-targeted therapies, more work is
required to understand which pathways are activated in distinct tumour types, thereby allowing
the identification of pharmacological targets that can avert disease progression and alleviate

tumour burden.

46



Table 2. Metabolic-based compounds.

Drug Target Mechanism Reference(s)
Inhibits the production of
2-deoxyglucose Glycolytic Pathway P (174, 313)
glucose-6-phosphate
. " (174)
3-bromopyruvate Glycolytic Pathway Inhibits GAPDH
3-PO Glycolytic Pathway Inhibits PFKFB3 (317)
Nucleotide
5-FU . . Inhibits cell proliferation (174)
Biosynthetic Pathway
Inhibits PI3K signalling &
BEZ235 PI3K/mTOR Pathways gnatiing (307)
mTORC1/mTORC2
. . _ (311)
Dichloroacetate Glycolytic Pathway Inhibits PDK-1
. . . Inhibits hexokinase and (174)
Lonidamine Glycolytic Pathway . . L
mitochondrial respiration
. . . (308)
Metformin AMPK agonist Activates AMPK
AMPK / Nucleotide
Methotrexate . / . Activates AMPK (174, 310)
Biosynthetic Pathway
Inhibits sodium-glucose
Phloretin Glucose Transport g (314, 315)
transporters 1 & 2
Inhibits sodium-glucose
Phloridzin Glucose Transport g (314, 315)
transporters 1 & 2
PX-478 HIFLa Inhibits HIF signalling (174)
Salicylate AMPK agonist Activates AMPK (309)
. - (174)
TLN-232 Glycolytic Pathway Inhibits PKM2
Small molecule inhibitor of (316)
WzB117 Glucose Transport

GLUT1
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1.4.5 Chapter 1 overview

Mitochondria and cellular energy metabolism play a crucial role in inflammatory, hypoxic and
angiogenic microenvironments by supporting malignant progression in a range of disease entities.
Preneoplastic and neoplastic tissue must use a diverse range of molecular components to alter
their metabolism to adapt to fluctuating oxidative, hypoxic and metabolic stresses. This involves
exploiting various molecular elements such as HIFla, AMPK or p53 that have the potential to
function rapidly to acute onsets of stress. It is evident from ongoing research, however, that
tumour cells can survive these stresses by adjusting their metabolism through a range of
alternative pathways and novel mediators such as NFkB, VEGF and mTOR. Substantiating the
reciprocal relationship between energy metabolism in inflammatory and hypoxic diseases is
evident in RA and circadian rhythms. In addition, it is clear that the inflammatory environment in
Barrett’s oesophagus presents clear indication of some of these mutual associations. Therefore,
understanding the underlying mechanisms that permit premalignant cells to transform, survive,
thrive and subsequently adapt in response to a range of metabolic-based therapies will aid

considerably in the development of effective and specific multi-targeted therapies.
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1.5 AIMS AND OBJECTIVES

1.5.1 Overall hypothesis

Mitochondrial function and energy metabolism are important in driving disease progression in
Barrett’s oesophagus, and defects in mitochondrial biology link with other cellular processes

within the Barrett’s microenvironment.

1.5.2 Overall aim

The overall aim of this thesis is to characterise mitochondrial function and energy metabolism
across the Barrett’s disease sequence, assess if markers of metabolism can identify Barrett’s
oesophagus patients who progress to oesophageal adenocarcinoma and investigate the
connection between metabolism and other key cellular processes known to be previously linked

with disease progression.

1.5.3 Specific objectives

1. Assess mitochondrial function across the metaplasia-dysplasia-adenocarcinoma sequence using

in-vitro and in-vivo models of Barrett’s oesophagus.

2. Characterise mitochondrial energy metabolism across the metaplasia-dysplasia-

adenocarcinoma sequence using in-vitro and in-vivo models of Barrett’s oesophagus.

3. Investigate if deoxycholic acid and proton-pump inhibitors alter energy metabolism profiles
across the normal squamous-metaplasia-dysplasia-adenocarcinoma sequence, and if antioxidants

and a novel small molecule inhibitor can modulate metabolic profiles.

4. Examine if energy metabolism acts in tandem with key cellular processes (inflammation,

hypoxia, p53 and obesity) in the Barrett’s oesophagus microenvironment.

5. Elucidate if an inflammatory microenvironment and changes in diet can modulate energy
metabolism and other key cellular processes to promote disease progression in a mouse model of

Barrett’s oesophagus.
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Chapter 2

BAK1, FIS1 and SFN modulate mitochondrial function and energy
metabolism across the metaplasia-dysplasia-adenocarcinoma
sequence in Barrett’s oesophagus.
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2.1 INTRODUCTION

Despite numerous multimodality therapies, Barrett’s oesophagus still lacks any proven
therapeutic strategy. In addition, contemporary clinical management of Barrett’s oesophagus has
highlighted the need of accurate predictors of disease progression to oesophageal cancer.
Moreover, the prognosis for individuals with Barrett’s associated OAC still remains inadequate
with a survival rate of 9-15%, however, some cancer centres report survival in patients treated
with curative intent to be approximately between 35-50% (320, 321). Reliable prognostic markers
would allow the tailoring of personalised medicine, influence personalised treatment regimes for
individual patients and may prospectively determine if patients who have subsequently
progressed to OAC would benefit from such physically demanding therapies such as radiation and
chemoradiation therapy. In the last decade, the mitochondria have displayed potential in the

early diagnosis, prognosis and treatment response of various cancers (322-324).

The mitochondria have been implicated in cancer since the nineteenth century (325). Early studies
investigating the role of mitochondria in tumour cells concluded that the mitochondria were
dysfunctional compartments, however, they are now known to play a supportive role or even
trigger disease progression (325). Many studies also suggest that increases in mitochondrial
activity are an important step for the generation of disseminated tumour cells, thereby
contributing to metastases (326, 327). In normal cells, mitochondria play several roles in various
anabolic and catabolic pathways including the maintenance of calcium homeostasis, the synthesis
of ATP, the buffering of the redox potential within the cytosol and as a protagonist of apoptosis
(325, 328). It is through these cellular mechanisms that mitochondria can support the initiation,
transformation, differentiation and aggressive proliferation of tumour cells in both preneoplastic

and neoplastic microenvironments.

Aerobic glycolysis has been shown to be the primary source of ATP in the majority of cancers,
however, both oxidative phosphorylation and glycolysis have both been shown to be
reprogrammed across the disease sequence in Barrett’s oesophagus (130). In addition, we have
shown a marker of mitochondrial respiration, ATP5B, segregated Barrett’'s patients who
progressed to HGD/OAC from non-progressors, highlighting the possible prognostic advantage of
screening for mitochondrial dysfunction in these preneoplastic Barrett’s patients (130). Increased
reactive oxygen species (ROS) is also implicated in the impairment of mitochondrial acetoacetyl-
CoA thiolase in ulcerative colitis (329). Differential expression of the electron transport chain
complexes is associated with the development of ulcerative colitis (286, 330-332). S100 calcium-
binding protein P, carbamoyl-phosphate synthase 1, transcription factor Spl, peroxisome

proliferator-activated receptor-gamma coactivator-la and c-myc are other mitochondrial
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associated proteins known to be involved in neoplastic progression in ulcerative colitis (286, 333).
In addition, overexpression of mitochondrial translocator protein in ulcerative colitis and Crohn’s
disease has been demonstrated as having potential diagnostic and treatment value (334).
Moreover, there is a significant lack of assessment of these mitochondrial parameters in Barrett’s

oesophagus.

Mitochondrial dysfunction can also contribute to the development of chemoresistance in cancer
(335). To support a role of mitochondrial dysfunction in cancer drug resistance, studies with cells
chemically depleted of mitochondrial DNA become less sensitive to chemotherapeutic drugs (336,
337). Mitochondrial dysfunction also promotes resistance to the induction of apoptosis, thought
to be attributed to the mislocalisation of pro-apoptotic factors (338). Studies have additionally
investigated a plausible role of ROS-mediated apoptosis through the regulation of redox balance
(339). In addition, various genetic and metabolic mitochondrial alterations have been implicated
in the modulation of drug sensitivity in a range of cancer cells (335, 340). Moreover,
mitochondrial mutations are associated with increased metastasis and adverse prognosis (150,
341). Conversely, increased mitochondrial DNA has been shown to induce acquired resistance to
docetaxel in head and neck cancer cells (342). Furthermore, increased expression of ATP5B has
been shown to be significantly increased in patients who have a poor pathological response to
neoadjuvant chemoradiation therapy in OAC suggesting a role for mitochondria in the
radioresistance of OAC (158). Interestingly, one study shows evidence of mitochondrial mutations
below a threshold level being associated with tumour growth, however, when mutations reach a
critically high frequency, the opposite effect is observed, thereby illustrating biphasic oncogenic

and anti-tumourigenic phenotypes indicative of mitochondrial adaptability (335, 343).

Therefore, the aim of this study was to examine mitochondrial function across the disease
sequence in-vitro and in-vivo in Barrett’s oesophagus. We have identified genes associated with
mitochondrial function that are differentially expressed across the metaplastic-dysplastic-OAC
disease sequence both in-vitro and in-vivo. We demonstrate through functional manipulation of
these mitochondrial genes alterations in cellular bioenergetics and mitochondrial function;
specifically mitochondrial mass, ROS production and mitochondrial membrane potential (MMP).
Obtaining a better understanding of mitochondrial function may reveal potential biological
mechanisms that promote disease progression that could be exploited for improved targeted

drug development.
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2.2 HYPOTHESIS AND AIMS OF CHAPTER TWO

We hypothesise that mitochondrial function is differentially expressed across the metaplasia-

dysplasia-adenocarcinoma sequence in in-vitro and in-vivo models of Barrett’s oesophagus.

Specific aims of chapter 2;

1) Identify, using specific mitochondrial arrays, gene changes involved in mitochondrial
function across the Barrett’s disease sequence in-vitro.

2) Validate the expression of the identified mitochondrial function target genes across the
disease sequence in-vivo.

3) Examine the functional effect of knocking down mitochondrial gene targets using siRNA
on mitochondrial mass, ROS production and mitochondrial membrane potential in-vitro.

4) Investigate the effect of knocking down mitochondrial gene targets using siRNA on cellular

metabolism in-vitro utilising the Seahorse XF*24 analyser.
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2.3 MATERIALS AND METHODS

2.3.1 Chemicals and reagents

All laboratory chemicals and regents were purchased from Sigma-Aldrich (USA) unless otherwise
stated and were prepared and stored according to the manufacturer’s specifications. Chemicals
and reagents were weighed using a Radwag fine electronic balance (Radwag AS110.R2) and
solubilised in double distilled water unless otherwise stated. The pH of solutions was measured
using an Accumet pH metre (Fisher Scientific, AB150) subsequent to calibration using buffers at
pH 4, pH 7 and pH 10. Labnet pipettes (p1000, p200, p20 and p10) were used to transfer liquid
volumes up to 1mL, electronic pipette aids (Drummond, PA, USA) and disposable pasteur pipettes
(Starstedt Ltd., Wexford, Ireland) were used for liquid volumes greater than 1mL and graduated

cylinders were used for volumes greater than 10mL.

2.3.2 Metaplastic, dysplastic and adenocarcinoma cell line models

QH (Barrett’s), GO (dysplasia) and OE33 (OAC) cell lines, representing stages of the Barrett’s
disease sequence, were grown to 70% confluency in BEBM medium (OE33 in RPMI, 2mM
glutamine, 10% FBS, 1% penicillin-streptomycin L-glutamine) supplemented with BEBM
SingleQuots (2mL BPE, 0.5mL insulin, 0.5mL HC, 0.5mL GA-1000, 0.5mL retinoic acid, 0.5mL
transferring, 0.5mL triiodothyronine, 0.5mL adrenaline and 0.5mL hEGF per 500ml| media). QH
and GO cell lines were obtained from American Type Culture Collection (ATCC) (LGC Standards,
Middlesex, UK). The OE33 cell line was sourced from the European Collection of Cell Cultures
(Sailsbury, UK). Cell RNA extractions were subsequently performed using RNeasy Mini Kit (Qiagen)
following manufacturer’s instructions. RNA content and quality was quantified and assayed

respectively and RNA reverse transcribed using the RT? PCR array first strand kit (SABiosciences).

2.3.3 In-vitro cell culture

2.3.3.1 Cell line subculturing
All culturing was carried out using an aseptic technique in a grade Il laminar air flow cabinet,
cleaned and sterilised monthly. The unit, all equipment, chemicals and reagents used within the
laminar hood were swabbed with 70% (v/v) industrial methylated spirits (Lennox Laboratory
Supplies, Dublin, Ireland) before and after use. Cell lines (section 2.3.2) were examined daily using
an inverted phase contrast microscope (Optika, XDS-1R) and subcultured upon reaching
approximately 70-80% confluency. 1-2mL of trypsin ethylene diamine tetra acetic acid (EDTA)
(0.05% (w/v) trypsin, 0.02% (w/v) EDTA) was added to the cell monolayer of the flask until cells

dethatched and were in solution. The same volume (1-2mL) of complete media (containing 10%

54



FBS) was added to inactivate the trypsin, cells counted (section 2.3.3.4) and cells seeded at the
appropriate densities as desired according to the experimental setup. Excess cells, along with
10mL complete media, were transferred into a 75cm? flask to maintain the cell line and cultured

at 37°Cin a CO; incubator.

2.3.3.2 Preparation of stable frozen stocks
Frozen stocks were prepared from cell lines growing in the exponential growth phase at 70-80%
confluency. Cells were trypsinised as described above (section 2.3.3.1) and 5mL of complete
media was added to inactivate the trypsin. Cells were centrifuged at 1500 X rcf for 3 minutes, the
supernatant decanted and the pelleted cells resuspended in FBS containing 10%
dimethylsulfoxide (DMSO). The cell suspension was subsequently divided into 1.25mL aliquots
and cyrovials were transferred to a -80°C freezer for short term storage or under liquid nitrogen

for long term storage.

2.3.3.3 Reconstitution of frozen cell stocks
Frozen stocks were thawed rapidly at 37°C, centrifuged at 1500 X rcf for 2 minutes, the
supernatant decanted, the cell pellet resuspended in 1mL complete media and transferred to a
75cm” and incubated overnight at 37°C and 5% CO,. The media was replaced the following day

and cell subculturing was continued as described above (see section 2.3.3.1).

2.3.3.4 Cell counting
Cells were counted using a haemacytometer (Supe Rior, Germany). Cells were trypsinised as
described above (section 2.3.3.1), added to 5mL of complete media and centrifuged at 1500 x rcf
for 3 minutes. The supernatant was decanted and the cell pellet resuspended in 1mL complete
media. 20uL of the cell suspension was added to 180uL trypan blue (0.4% w/v) solution and mixed
well by repeated pipetting. 20uL of this cell suspension was added to the counting chamber of
the haemocytometer and the number of viable cells in five grids (the four corner and centre grids)

were counted. The number of cells per millilitre was calculated using the following equation:
(N/5) X 10* and 10 (dilution factor) = Cells per 1 millilitre

(where,

N = Total numbers of cells in 5 grids
5 = Number of grids counted

10°= Haemocytometer constant

10 = Trypan Blue Dilution factor).
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2.3.4  Screening via qRT-PCR microarray analysis

A catalogued human mitochondrial function PCR gene microarray (Qiagen) was used to
simultaneously quantify the expression of 84 mitochondrial genes across the in-vitro sequence
using the beta-2-microglobulin (B2M) gene as the endogenous control gene. PCR was performed
using the RT® Real-time SYBR Green PCR mix (SABiosciences) on a 7900HT Fast Real-time PCR

AACE

Light-Cycler System (Applied Biosystems). Data were analysed utilising the 2™~ method. First,

threshold cycle (Ct) values were converted to 2™ in order to be proportional to the amount of

ACt

transcripts in all samples. Next, 27 values were calculated by normalising the data to a

housekeeping gene, B2M, as follows: 2°“= 2°“ (sample)/2“ (B2M). In order to compare the data

between cell line models, 2

values were calculated by normalising the experimental data by
reference data. For example, data from the calibrator QH cell line was normalised to the GO cell
line as follows: 2% = 22 (QH) / 2“* (GO). Differentially expressed genes were defined as those

that changed by >4-fold.

2.3.5 In-vitro validation of gene targets

2.3.5.1 cDNA synthesis
Cell lines were cultured (see section 2.3.3) and RNA extracted as above (see section 2.3.2). Per
sample, 1ug of RNA and 1pL 0.5pg/pL random hexamers (Invitrogen), made up to 12uL with
RNase/DNase free dH,0, was heated at 70°C for 10 minutes and put immediately on ice. To each
sample, 1uL 10mM dNTPs (Invitrogen), 4ul 5xbuffer (Bioline), 2uL RNase/DNase free dH,0, 0.5uL
0.2ug RNase out (Invitrogen) and 0.5uL Bioscript reverse transcriptase enzyme (Bioline) was then
added, vortexed, gently centrifuged and heated at 37°C for 1.5 hours followed by 70°C for 10
minutes using a Peltier thermocycler (MJ Research, Peltier Thermal Cycler, PTC-200). cDNA

samples were subsequently stored at -20°C prior to undertaking real-time PCR.

2.3.5.2 Quantitative real-time PCR
Gene primer probes for BAK1, CDKN2A, FIS1, SFN and 18S (Applied Biosystems) were purchased
and real-time PCR was performed in triplicate using Tagman mastermix (Applied Biosystems).
Each well of the gPCR reaction consisted of 10uL Tagman mastermix, 8uL RNase/DNase free
dH,0, 1L of the transcribed cDNA from the sample of interest and 1ulL of primer probe specific to

AACt

the gene of interest. Data were analysed utilising the 2" method as before (see section 2.3.4).

2.3.6 In-vivo qRT-PCR validation of gene targets

The expression of these four genes was analysed in independent groups of tissue across the

Barrett’s sequence. Real-time qRT-PCR was performed and all genes validated across the diseased
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Barrett’s sequence in-vivo utilising normal squamous (n=10), metaplasia (n=34), LGD (n=13), HGD
(n=12) and OAC (n=8) cases. The median age of the patients was 61 years and there was a 1.52-
fold male predominance. Ethical approval to conduct all aspects of this work was granted by the
Adelaide and Meath Hospital (AMNCH), Tallaght, Dublin (REC 200110405). All cases were
prospectively recruited at our national referral centre for upper Gl malignancy. Written informed
consent was obtained in accordance with local institutional ethical guidelines. All patients
attending with histologically confirmed Barrett’s esophagus or OAC arising in Barrett’s were
considered for inclusion. Patients with a prior history of treated OAC (including in-situ carcinoma
post endomucosal resection), other malignancy of any type, ablative therapy (Radiofrequency

ablation, Argon plasma coagulation, cryoablation) were excluded.

Endoscopic examination consisting of white light and chromoendoscopy (FICE (fujinon) or NBI
(olympus)) was performed in all cases. The Barrett’'s segment was assessed and measured as per
the Prague classification system. Suspicious sites were biopsied using large capacity forceps in the
first instance, with mapping biopsies performed thereafter as per international guidelines.
Matched squamous samples were taken at least 5cm superior to the proximal border of Barrett’s

mucosa.

Normal control samples, demonstrating normal squamous mucosa, were taken from individuals
attending for upper Gl endoscopy without symptoms to suggest GORD or other inflammatory
aetiology. Cancer samples were taken from individuals undergoing assessment for a new
diagnosis of OAC arising in a setting of Barrett’s esophagus. All samples were placed in RNAlater at
the time of endoscopy. Barrett’s tissue was characterised by assessing the expression of columnar
epithelium molecular markers, cytokeratin 8 and villin by RTPCR (undertaken by Dr. Finbar

MacCarthy).

Patient tissue was homogenised using a Tissue-Lyser (Qiagen) for 5 mins at a frequency of 25
pulses per second, RNA extracted, reverse transcribed (Bioline), RNA quantified (NanoDrop,
Technologies, Wilmington, DE) and sample quality assessed using the RNA Nano 6000 kit (Agilent

technologies, Santa Clara, CA).

2.3.7 In-vitro siRNA knockdown of gene targets

QH (Barrett’s) and OE33 (OAC) cell lines, representing Barrett’s metaplasia and OAC respectively,
were grown and cultured to 70% confluency as above (see section 2.3.3). Both cell lines were
seeded for mitochondrial function and metabolic Seahorse assays at 15,000 cells per well (96 well

format) and simultaneously reverse transfected with previously optimised 10nM HLC purified
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27mer Dicer-substrate siRNA duplexes specific to BAK1, FIS1 and SFN with an adequate universal
scrambled negative control siRNA duplex (Origene). Moreover, QH and OE33 cells were treated
with 10ul and 20ul of siTran 1.0 transfection reagent (Origene) respectively per 10nM siRNA
treatment and were incubated at 37°C in a CO, incubator for 24 hours prior to commencing
mitochondrial function and metabolic Seahorse assays. QH and OE33 cells were reverse
transfected similarly to characterise knockdown efficiency through gRT-PCR. gRT-PCR was
undertaken as described in section 2.3.5 using specific Tagman primer probes for BAK1, FIS1 and

SFN (Applied Biosystems).

2.3.8 Exploring the functional effect of siRNA knockdown on reactive oxygen species production,
mitochondrial mass and mitochondrial membrane potential in-vitro

QH and OE33 cells were seeded at 15,000 cells per well in a 96-well cell culture plate, reverse
transfected as described above (see section 2.3.7) and allowed to incubate for 24 hours. The cells
were washed with 100ul PBS/Mg”** buffer (130mM Na’Cl, 5mM KCl, 1mM Na’PO,, 1mM CaCl?,
1mM MgCl*> and 25mM HEPES, pH 7.4) and incubated for 30 mins at 37°C with 100ul 5puM 2',7'-
dichlorofluorescin (Invitrogen), 0.3uM mitotracker (Invitrogen) or 5uM rhodamine (Sigma) to
assess reactive oxygen species production, mitochondrial mass and mitochondrial membrane
potential respectively. Cells were washed with 200ul PBS/Mg** buffer, the buffer discarded, 100ul
fresh buffer added and fluorescence read with excitation and emission wavelengths of 485nm and
538nm respectively (Thermo Scientific, Fluoroskan Ascent FL). All measurements were normalised

to cell number using the crystal violet assay (see section 2.3.9).

2.3.9 Crystal Violet Assay

All assays undertaken were normalised to cell number using a crystal violet assay. Cell growth
media was removed carefully from cells and 50uL 1% glutaraldehyde (Sigma) (in PBS) per well was
added to cells in a 96 well plate for 15 minutes at room temperature. The glutaraldehyde was
removed and gentle washed with 1x PBS twice. 50uL 0.1% crystal violet (Sigma) (in dH,0) was
added to each well for 30 minutes at room temperature, all wells gently washed with tap water
and the plate left inverted to dry overnight. 40uL of 1% triton-X (Sigma) (in PBS) was added to
each well and the plate put on a plate shaker for 15 minutes at room temperature. Each
corresponding well solution was then transferred into a new 96 well plate and the absorbance

read at 590nm using a Versa-max spectrophotometer (Molecular Devices).
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2.3.10 Characterising the metabolic effect of siRNA knockdown utilising the Seahorse XF*24
analyser in-vitro

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR), reflecting oxidative
phosphorylation and glycolysis respectively, were measured before and subsequent to treatment
with oligomycin (2 pg.mL?, Sigma), trifluorocarbonylcyanide phenylhydrazone (FCCP) (2uM,
Sigma), antimycin-A (2 uM, Sigma) and 2-DG (100mM, Seahorse Biosciences) using the Seahorse
XF£24 analyser (Seahorse Biosciences). QH and OE33 cells were seeded at 15,000 cells per well in
a 24-well cell culture XF microplate (Seahorse Biosciences), reverse transfected as described
above (see section 2.3.7) and allowed to incubate for 24 hours. Cells were rinsed with assay
medium (unbuffered DMEM supplemented with 10mM glucose, 5mM sodium pyruvate and 1ImM
L-glutamine, pH 7.4) before incubation with assay medium for 1 hour at 37°C in a non-CO,
incubator. Three baseline OCR and ECAR measurements were obtained over 21 minutes before
injection of specific metabolic inhibitors. Three OCR and ECAR measurements were obtained over
15 minutes following injection with oligomycin, FCCP, antimycin-A and 2-DG. Percentage non-
mitochondrial respiration was calculated by expressing residual OCR post antimycin-A injection as
a percentage of baseline OCR. Oligomycin-induced compensatory glycolysis was calculated by
plotting ECAR as a percentage of baseline ECAR post oligomycin injection. The experiment was
repeated four times with technical replicates. All measurements were normalised to cell number

using the crystal violet assay (see section 2.3.9).

2.3.11 Statistical analysis

Data were analysed using Graph Pad Prism software (Graph Pad Prism, San Diego, CA). One-way
ANOVA was used to investigate differences in BAK1, CDKN2A, FIS1 and SFN expression across the
in-vitro Barrett’s sequence (Bonferroni post-hoc test; unpaired t-test). qRT-PCR in-vivo data were

normalised using the 274

method and statistically analysed using a Kruskal-Wallis test (Dunns
post-hoc test; Mann-Whitney U). gRT-PCR target genes were statistically analysed (Wilcoxon Sign
Rank) in matched patient samples to explore if observed gene expression changes were an effect
seen in the Barrett’s tissue compared to the surrounding mucosa. Student's paired t-tests were
utilised to compare differences in control and siRNA treated groups for all in-vitro mitochondrial

and Seahorse assays. Differences of P<0.05 (*), P<0.01 (**) and P<0.001 (***) were considered

statistically significant.
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2.4 RESULTS

2.4.1 In-vitro screening using human PCR gene microarrays

To analyse the expression of 84 human genes associated with global mitochondrial function
across the disease sequence in-vitro, fold expression of all target genes was normalised relative to
the Barrett’s metaplastic cell line model, QH. The cut-off for differential gene expression was
defined by either a relative 4-fold upregulation or 4-fold downregulation. 4 of the 84
mitochondrial function gene targets (BAK1, FIS1, CDKN2A and SFN) were differentially expressed
across the metaplastic-dysplastic-OAC cell line sequence. These 4 gene targets identified were

subsequently validated in-vitro and in-vivo using patient samples.

Figure 10 shows the in-vitro PCR gene microarray screen between the Barrett’s, dysplastic and
OAC cells. Using a 4-fold cut-off, 3 gene targets were differentially expressed between QH and GO
cells (figure 10A). Using a 4-fold cut-off, 13 gene targets were differentially expressed between
QH and OE33 cells (figure 10B). Using a 4-fold cut-off, 12 gene targets were differentially
expressed between the GO and OE33 cells (figure 10C). Table 3 summarizes the relative
expression of all 84 genes screened between QH and OE33 cell lines (see appendices A and B for
additional PCR microarray screen results between GO and QH and between GO and OE33 cells

respectively).

Figure 11 shows the in-vitro validation of the 4 mitochondrial function gene targets. While BAK1
(figure 11A) and FIS1 (figure 11B) expression was not statistically significant across the Barrett’s
sequence, SFN (P=0.0011) expression significantly decreased between Barrett’s and OAC cell lines
but significantly increased between GO and OAC cell lines (figure 11C). CDKN2A (P=0.0158)

expression significantly increased across the in-vitro Barrett’s sequence (figure 11D).

2.4.2 In-vivo validation of gene targets

Figure 12 illustrates mitochondrial function gene expression of the 4 gene targets across the
disease sequence in diseased and matched normal adjacent tissue samples. BAK1 (figure 12A)
(P<0.05), FIS1 (figure 12C) (P<0.05), SFN (figure 12E) (P<0.0001) and CDKNZ2A (figure 12G) (P<0.01)
were differentially expressed across the Barrett’s sequence. Field effect changes in gene
expression of these targets in diseased versus matched normal adjacent biopsies was examined.
BAK1 (figure 12B) (P<0.01), FIS1 (figure 12D) (P<0.01) and SFN (figure 12F) (P<0.001) were
differentially expressed across the Barrett’s disease sequence suggesting this effect was specific
to the pathological diseased tissue (Barrett’s, LGD, HGD/OAC) compared to the matched

surrounding matched mucosa. Moreover, as no significant difference in CDKN2A (figure 12H)
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(P>0.05) expression was found between pathological diseased tissue and the matched
surrounding matched mucosa, the functional effect of BAK1, FIS1 and SFN gene manipulation was

further examined in-vitro.

2.4.3  Functional effect of BAK1, FIS1 and SFN siRNA knockdown on reactive oxygen species

(ROS) production, mitochondrial mass and mitochondrial membrane potential (MMP) in-vitro

BAK1, FIS1 or SFN knockdown did not affect cell number in QH (figure 13A) or OE33 cells (figure
13B). Figure 14 shows the functional effect of BAK1 siRNA knockdown on ROS production,
mitochondrial mass and MMP in the Barrett’s and OAC cell lines. siRNA-induced knockdown of
BAK1 resulted in a significant reduction in BAK1 expression in the QH (figure 14A) (P=0.019) and
OE33 (figure 14B) (P=0.003) cell lines of 81.9% and 56.9% respectively compared to unscrambled
control treated cells. Knockdown of BAK1 in QH cells significantly increased ROS levels (figure 14C)
(P=0.0248) and significantly decreased MMP (figure 14G) (P=0.045) while not affecting
mitochondrial mass (figure 14E). In contrast, knockdown of BAK1 in OE33 cells had no effect on
ROS levels (figure 14D), mitochondrial mass (figure 14F) or MMP (figure 14H). Thus, changes

induced by BAK1 knockdown were specific to Barrett’s cells.

Figure 15 shows the functional effect of FIS1 siRNA knockdown on ROS production, mitochondrial
mass and MMP in the Barrett’s and OAC cell lines. siRNA-induced knockdown of FIS1 resulted in a
significant reduction in FIS1 expression in both the QH (figure 15A) (P=0.0242) and OE33 (figure
15B) (P=0.0037) cell lines of 75.9% and 54.8% respectively compared to unscrambled control
treated cells. Knockdown of FIS1 in QH cells significantly decreased MMP (figure 15G) (P=0.019)
but not alter ROS levels (figure 15C) or mitochondrial mass (figure 15E). In contrast, knockdown of
FIS1 in OE33 cells significantly increased mitochondrial mass (figure 15F) (P=0.0316), however,
ROS levels (figure 15D) and MMP (figure 15H) remained unchanged.

Figure 16 shows the functional effect of SFN siRNA knockdown on ROS production, mitochondrial
mass and MMP in the Barrett’s and OAC cell lines. siRNA-induced knockdown of SFN resulted in a
significant reduction in SFN expression in both the QH (figure 16A) (P=0.0495) and OE33 (figure
16B) (P=0.0247) cell lines of 73% and 41% respectively compared to unscrambled control treated
cells. Knockdown of SFN in QH cells significantly decreased MMP (figure 16G) (P=0.049) but did
alter ROS levels (figure 16C) or mitochondrial mass (figure 16E). Similarly, knockdown of SFN in
OE33 cells significantly decreased MMP (figure 16H) (P=0.0224) without affecting ROS levels

(figure 16D) or mitochondrial mass (figure 16F).
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Figure 10. Human PCR gene microarray screen across the Barrett’s cell lines. (A) Using a 4-fold cut-off, 3
gene targets were differentially expressed between the Barrett’s (QH) and dysplastic (GO) cell lines. (B)
Using a 4-fold cut-off, 13 gene targets were differentially expressed between the Barrett’s (QH) and
adenocarcinoma (OE33) cell lines. (C) Using a 4-fold cut-off, 12 gene targets were differentially expressed
lines between the dysplastic (GO) and adenocarcinoma (OE33) cell lines. Arrays were performed in
duplicate.
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Table 3. Mitochondrial function gene microarray screen between QH and OE33 cell lines

Gene Expression* Gene Expression* Gene Expression*
AlIFM2 4.16 NEFL 6.63 SLC25A4 1.63
AlP -1.17 OPA1 -70.93 SLC25A5 1.11
BAK1 -53.37 PMAIP1 -1.20 SOD1 -1.63
BBC3 -2.13 RHOT1 1.59 SOD2 -1.85
BCL2 1.22 RHOT2 -1.14 STARD3 6.13
BCL2L1 1.28 SFN -6.38 TAZ 1.52
BID 1.80 SH3GLB1 -1.01 TIMM10 1.57
BNIP3 4.49 SLC25A1 -1.78 TIMM17A -1.30
CDKNZ2A 2565.37 SLC25A10 1.54 TIMM17B 1.28
COX10 -1.88 SLC25A12 -1.94 TIMM22 -2.57
COX18 -1.90 SLC25A13 -28.33 TIMM23 1.52
CPT1B -1.15 SLC25A14 -3.91 TIMM44 1.04
CPT2 -1.85 SLC25A15 -1.19 TIMM50 -1.46
DNAJC19 1.03 SLC25A16 1.42 TIMMSA -1.14
DNM1L -116.76 SLC25A17 1.20 TIMMS8B -1.44
FIS1 -37.17 SLC25A19 1.69 TIMMS9 -1.34
FXC1 -2.54 SLC25A2 1.03 TOMM20 -2.14
GRPEL1 -1.56 SLC25A20 -1.54 TOMM22 -1.27
HSP90AA1 1.24 SLC25A21 1.90 TOMM34 -1.63
HSPD1 1.46 SLC25A22 -1.12 TOMM40 1.26
IMMP1L -1.23 SLC25A23 13.68 TOMM40L -1.65
IMMP2L 2.82 SLC25A24 -80.21 TOMM70A -1.30
LRPPRC -2.28 SLC25A25 2.13 TP53 -2.55
MFN1 -1.22 SLC25A27 -3.30 TSPO -1.52
MFN2 -2.52 SLC25A3 -1.07 UCP1 3.32
MIPEP -1.63 SLC25A30 1.20 ucp2 28.32
MSTO1 -1.65 SLC25A31 5.04 ucpP3 2.06
MTX2 1.12 SLC25A37 -1.29 UXT -1.15

B2M = Endogenous Control Gene

* Relative Expression (e.g. expression of AIFM2 is 4.16 times greater in OE33 than QH cells)
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Figure 11. In-vitro validation of global mitochondrial function gene targets found to be differentially
expressed across the Barrett’s cell lines. (A) BAK1 (P>0.05), (B) FIS1 (P>0.05), (C) SFN (P<0.05) and (D)
CDKN2A (P<0.05) were differentially expressed between the in-vitro Barrett’s cell lines (unpaired t-test;
Bonferroni post-hoc test). One-way ANOVA was used to investigate differences across the in-vitro Barrett’s
sequence for BAK1 (P=0.3095), FIS1 (P=0.0355), SFN (P=0.0011) and CDKN2A (P=0.0158). Bars denote mean
+ SEM.
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Figure 12. Global mitochondrial function gene expression across the disease sequence in diseased (A, C, E
and G) versus matched normal adjacent (B, D, F and H) in-vivo samples. (A) BAK1 (P<0.05), (C) FIS1
(P<0.05), (E) SFN (P<0.0001) and (G) CDKN2A (P<0.01) were found to be differentially expressed between
independent groups in the Barrett’s disease sequence (Mann Whitney U) (Dunns post-hoc test). Kruskal-
Wallis tests were used to investigate differences across the in-vitro Barrett’s sequence for BAK1 (P=0.037),
FIS1 (P=0.108), SFN (P<0.0001) and CDKN2A (P=0.0152). (B) BAK1 (P<0.01), (D) FIS1 (P<0.01), (F) SFN
(P<0.001) and (H) CDKN2A (P>0.05) were found to be differentially expressed across the Barrett’s disease
sequence compared to matched normal adjacent samples (Wilcoxon Sign Rank). Bars denote mean + SEM.
IM: Intestinal metaplasia.
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Figure 13. Assessing the effect of BAK1, FIS1 and SFN siRNA knockdown on cell number in QH and OE33
cells in-vitro using a crystal violet assay. (A). Knockdown of BAK1, FIS1 and SFN had no significant effect on
cell number in QH cells (P=0.1948). (B) Knockdown of BAK1, FIS1 and SFN had no significant effect on cell

number in OE33 cells (P=0.6874) (One way ANOVA; Dunnett’s multiple comparison post-hoc test). Bars
denote mean + SEM.
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Figure 14. Functional effect of BAK1 siRNA knockdown on reactive oxygen species (ROS) production,
mitochondrial mass and mitochondrial membrane potential (MMP) in the QH (Barrett’s) and OE33
(adenocarcinoma) cell lines in-vitro. (A) BAK1 gene expression was significantly knocked down (81.9%) in
the BAK1-siRNA treated QH cell line (P=0.0191). (B) BAK1 gene expression was significantly knocked down
(56.9%) in the BAK1-siRNA treated OE33 cell line (P=0.0030). (C) BAK1 knockdown significantly increased
ROS production in the QH cell line (P=0.0248) (D) but had no significant effect on ROS production in the
OE33 cell line (P=0.5723). (E) BAK1 knockdown had no significant effect on mitochondrial mass in QH
(P=0.8269) or (F) OE33 cell lines (P=0.1114). (G) BAK1 knockdown significantly decreased MMP in the QH
cell line (P=0.0454) (H) but had no significant effect on MMP in the OE33 cell line (P=0.3080). Paired t-tests
assessed statistical differences between vector control and siRNA treated QH (n=4) and OE33 (n=4) cells.
Bars denote mean + SEM.
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Figure 15. Functional effect of FIS1 siRNA knockdown on reactive oxygen species (ROS) production,
mitochondrial mass and mitochondrial membrane potential (MMP) in the QH (Barrett’s) and OE33
(adenocarcinoma) cell lines in-vitro. (A) FIS1 gene expression was significantly knocked down (75.9%) in the
FIS1-siRNA treated QH cell line (P=0.0242). (B) FIS1 gene expression was significantly knocked down (54.8%)
in the FIS1-siRNA treated OE33 cell line (P=0.0037). (C) FIS1 knockdown had no significant effect on ROS
production in QH (P=0.4112) and (D) OE33 cell lines (P=0.2401). (E) FIS1 knockdown had no significant
effect on mitochondrial mass in the QH cell line (P=0.9245) but (F) significantly increased mitochondrial
mass in the OE33 cell line (P=0.0316). (G) FIS1 knockdown significantly decreased MMP in the QH cell line
(P=0.0190) but (H) had no significant effect on MMP in the OE33 cell line (P=0.3124). Paired t-tests assessed
statistical differences between vector control and siRNA treated QH (n=4) and OE33 (n=4) cells. Bars denote
mean + SEM.
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Figure 16. Functional effect of SFN siRNA knockdown on reactive oxygen species (ROS) production,
mitochondrial mass and mitochondrial membrane potential (MMP) in the QH (Barrett’s) and OE33
(adenocarcinoma) cell lines in-vitro. (A) SFN gene expression was significantly knocked down (73%) in the
SFN-siRNA treated QH cell line (P=0.0495). (B) SFN gene expression was significantly knocked down (41%) in
the SFN-siRNA treated OE33 cell line (P=0.0247). (C) SFN knockdown had no significant effect on ROS
production in QH (P=0.5619) or (D) OE33 cell lines (P=0.3371). (E) SFN knockdown had no significant effect
on mitochondrial mass in QH (P=0.7858) or (F) OE33 cell lines (P=0.1431). (G) SFN knockdown significantly
decreased MMP in the QH (P=0.049) and (H) OE33 cell lines (P=0.0224). Paired t-tests assessed statistical
differences between vector control and siRNA treated QH (n=4) and OE33 (n=3) cells. Bars denote mean +
SEM.
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2.4.4  Assessing the effect of BAK1, FIS1 and SFN siRNA knockdown on cellular metabolism in-
vitro

In conjunction with ROS, mitochondrial mass and MMP assays, the effect of BAK1, FIS1 and SFN
knockdown on cellular metabolism was assessed. Oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) were assessed throughout as surrogate measures of
oxidative phosphorylation and glycolysis respectively. Figure 17 demonstrates the effect of BAK1,
FIS1 and SFN knockdown on non-mitochondrial respiration, oligomycin-induced compensatory
glycolysis and baseline ECAR in QH and OE33 cells respectively. BAK1 knockdown significantly
decreased non-mitochondrial respiration in the OE33 cell line (figure 17B) (P=0.0433) but not in
the QH cell line (figure 17A). Upon complex V inhibition with oligomycin, unscrambled control
treated OE33 cells increased their glycolytic levels to compensate for the lack of oxidative
phosphorylation activity, however, FIS1 knockdown significantly decreased oligomycin-induced
compensatory glycolysis in OE33 cells (figure 17D) (P=0.0065). Such observations were not seen in
the QH cell line (figure 17C). Interestingly, SFN knockdown significantly decreased baseline levels
of ECAR, or glycolysis, in OE33 cells (figure 17F) (P=0.0271) but failed to have any effect in QH cells
(figure 17E). No significant effect of BAK1, FIS1 or SFN knockdown was observed on baseline OCR,
ATP synthesis or proton leak in both cell lines (data not shown) (P>0.05). All mitochondrial
function and metabolism assays were normalised to cell number using the crystal violet assay

(figure 13).
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Figure 17. Investigating the metabolic effect of siRNA-induced knockdown of BAK1, FIS1 and SFN in the
QH (Barrett’s) and OE33 (adenocarcinoma) cell lines in-vitro. (A) BAK1 knockdown did not affect non-
mitochondrial respiration in the QH cell line (P=0.5148). (B) BAK1 knockdown significantly decreased non-
mitochondrial respiration in the OE33 cell line (P=0.0433). (C) FIS1 knockdown did not affect oligomycin-
induced compensatory glycolysis in the QH cell line (P=0.3230). (D) FIS1 knockdown significantly decreased
oligomycin-induced compensatory glycolysis in the OE33 cell line (P=0.0065). (E) SFN knockdown did not
affect baseline ECAR (glycolysis) in the QH cell line (P=0.1034). (F) SFN knockdown significantly decreased
ECAR (glycolysis) glycolysis in the OE33 cell line (P=0.0271). Paired t-tests assessed statistical differences
between vector control and siRNA treated QH (n=4) and OE33 (n=4) cells. Bars denote mean + SEM.
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2.5 DISCUSSION

Mitochondria play an important role in the initiation and progression of a variety of cancers (325).
As such, mitochondria are now considered a potential therapeutic target in cancer (344).
Identifying and targeting specific mitochondrial genes that modulate cellular function and
metabolism may offer significant therapeutic benefit. Moreover, obtaining a better understanding
on how mitochondria contribute to tumour development and growth and deciphering the
mechanisms that mitochondria exploit to support the progression of Barrett’s oesophagus to OAC
may affect how some of these patients are managed. A better comprehension on how these
mechanisms are intrinsically linked and how they functionally differ between preneoplastic and
neoplastic tissue may provide further insight on how to treat these patients. We have shown for
the first time that mitochondrial function is altered across the normal-metaplasia-dysplasia-
adenocarcinoma sequence of events in Barrett’s oesophagus. These alterations in mitochondrial

function may increase the risk of neoplastic progression from Barrett’s metaplasia to OAC.

In this study, a human PCR gene microarray identified four genes associated with mitochondrial
function differentially expressed between Barrett’s and OAC cells in-vitro. One of these genes was
associated with mitochondrial fission (fission 1, or FIS1), one with apoptosis (bcl-2 homologous
antagonist killer, or BAK1) and two with tumour suppression (stratifin and cyclin-dependent

kinase inhibitor 2A, or SFN and CDKN2A respectively).

We demonstrate that expression of the BAK1 gene significantly increases across the disease
sequence in-vivo. This increase in expression was shown to be localised specifically in the Barrett’s
tissue compared to the surrounding matched normal mucosa. Induction of apoptosis through
BAK1 activation has been shown to be beneficial in many studies. For example, one study
demonstrated that BAK1 overexpression resulted in decreased in-vitro growth, decreased cell
cycle GO/G1 arrest and in the induction of apoptosis of gastric cancer cells, thereby suggesting it
may be a therapeutic approach (345). Such BAK1 mediated apoptosis was shown to correlate with
caspase-3 activation and exerted its apoptotic effect independent of p53 (345). Infliximab-induced
apoptosis in monocytes from patients with Crohn’s disease and TRAIL-induced apoptosis in colon
cancer cells has also been shown to be mediated by activation of BAK (346, 347). Conversely, one
study investigating BAK1 in tumour and non-tumour lesions in matched head and neck cancer
patients found that loss of BAK1 predicted a non-tumour phenotype (348). Moreover, although
deletion of BAK significantly inhibited hepatocyte apoptosis in Mcl-1 knockout mice, deletion
resulted in reduced incidences of liver cancer, reductions in TNFa production, oxidative stress and

oxidative DNA damage in non-cancerous livers (349). BAK1 expression has also been shown to
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maintain a pro-oxidant state during periods of stress by regulating cytochrome c oxidase activity
and mitochondrial respiration possibly indicating a novel anti-apoptotic role of BAK1 in conferring
resistance to human leukaemia and cervical cancer cells (350). Moderate expression levels of
BAK1, therefore, may play a role in Barrett's patients by conferring resistance to potential cancer
cell candidates by regulating cytochrome c oxidase and mitochondrial energy metabolism, known
to be differentially altered across the normal-metaplasia-dysplasia-adenocarcinoma disease

sequence in Barrett’s oesophagus (130).

In this study, FISI, known to play important roles in apoptosis and mitochondrial fission, was
shown to significantly increase across the disease sequence and this change was only seen in the
Barrett’s tissue compared to matched surrounding mucosa. FIS1 is a novel gene target associated
with poor prognosis in pretreatment patients with acute myeloid leukaemia (351). It is also
upregulated in patients with non-metastatic prostate cancer (352). Moreover, FIS1 has been
shown to play a role in cisplatin resistance in tongue squamous cell carcinoma with cisplatin
sensitivity being restored upon knockdown of FIS1 (353). It is also plausible that increased levels
of FIS1 promotes mitophagy to eliminate defective mitochondria following cellular stress and
perhaps support functional oxidative phosphorylation known to be associated with progression to
OAC in Barrett’s oesophagus (130, 354). In addition, FISI may be a marker of chemotherapeutic
resistance in OAC although future studies are necessary to examine this link. Therefore, increased
FIS1 in Barrett’s associated OAC may be indicative of mitochondrial dysfunction, enhanced

mitophagy and oxidative stress.

We have shown a loss of SFN expression across the normal-metaplastic-dysplastic-cancer
sequence. Loss of SFN expression was shown to be specific to the Barrett’s tissue compared to the
surrounding matched normal adjacent mucosa. Similar SFN expression patterns were found in
breast cancer cell lines and primary breast carcinomas (355). Significant loss of SFN expression has
been documented in human hepatocellular carcinoma, lung cancer, oral cancer, prostate cancer,
ovarian cancer and gliomas (356-358). Some studies, however, have found SFN expression to be
increased in some head and neck cancers and have demonstrated SFN as an independent
prognostic marker for poor survival in colorectal cancer patients (357, 359). In oesophageal
squamous cell carcinoma (OSCC), downregulation of SFN has been shown to be associated with B-
catenin expression, proliferation, invasion depth, lymph node metastasis and has been shown to
have potential to be utilised as a prognostic biomarker for OSCC (360-362). Reduced SFN
expression also functions as an independent prognostic factor for poor survival in patients with
OAC and may be a potential target for more effective therapy and a potential predictor for the

effect of chemoradiation therapy outcomes in patients with OAC (363, 364). Along with such
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evidence and the loss of SFN demonstrated across the Barrett’s disease sequence in this study,

SFN may have future promise as a prognostic biomarker in OAC.

CDKN2A has been extensively studied throughout the literature as having a significant role to play
in the progression of numerous neoplasms and cancers including OAC (365-368). Results
demonstrated in this study are in accordance with other studies investigating CDKN2A across
disease progression. CDKN2A was significantly reduced in Barrett’s patients compared to OAC
individuals in both the Barrett’s tissue and the surrounding mucosa suggesting an overall field
effect. This finding is interesting as previous studies have shown CDKN2A expression to be
decreased, through the accumulation of somatic genetic abnormalities and during DNA promoter
hypermethylation of CDKN2A, across the same disease sequence (367, 369). Despite being
frequently downregulated in tumours, overexpression has also been described in several other
studies associated with cancer such as breast, colorectal, head and neck, breast, astrocytic and
various sarcomic cancers (370-372). Interestingly, analysis of the genetic progression of Barrett’s
has also identified abnormalities in CDKN2A as critical in the evolution of OAC (369).
Gastrointestinal stromal tumours have also been recently noted for CDKN2A overexpression
analogous to that seen in the current study (372). Interestingly, new models of neoplastic
progression in Barrett’s oesophagus currently include loss of CDKN2A models highlighting the
importance of CDKN2A in disease progression (373). In addition, functional studies have examined
the role of upstream mediators of CDKN2A (374-376). Therefore, elucidating the precise role that
CDKNZ2A plays in the progression from Barrett’s to OAC and other diseases may have significant

therapeutic potential and clinical application.

To gain a better functional understanding of BAK1, FIS1 and SFN, these genes were knocked down
in the Barrett’s and OAC cell lines in-vitro as their expression was elevated in-vivo from Barrett’s
oesophagus. Moreover, their expression was shown to be specific to the Barrett’s tissue
compared to the surrounding matched normal adjacent mucosa. ROS, mitochondrial mass, MMP
and energy metabolism assays were undertaken upon siRNA-induced knockdown to assess the

functional effect of manipulation of these gene targets.

We show that knockdown of BAK1, FIS1 and SFN resulted in significant decreases in MMP in
Barrett’s cells. Little is known about the precise role of the MMP in preneoplastic tissue but
studies have documented elevated MMP in carcinomas compared to their matched normal
controls, therefore, developing agents that target MMP, and thus apoptosis, are clinically
appealing (377, 378). Delocalised lipophilic cations are concentrated into mitochondria by cells in

response to negative transmembrane potentials. Therefore, their selective accumulation within
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the mitochondria of cancer cells results in mitochondrial toxicity and a basis for selective cancer
cell killing (377). Such increases in MMP in the mitochondria of cancer cells can be targeted using
positively charged ions that induce apoptosis (379). Common consequences of apoptosis include
decreases in MMP, release of pro-apoptotic proteins, increases in stress-induced ROS and arrest
of cellular bioenergetics (378, 380, 381). In addition to finding significant decreases in MMP in

BAK1 siRNA-treated Barrett’s cells, knockdown resulted in significantly increased levels of ROS.

Furthermore, for all genes, we found significant alterations in cellular energetics in siRNA treated
OAC cells but not in Barrett’s cells. We show that loss of BAK1 decreased non-mitochondrial OCR,
therefore increasing OCR. This may also explain the increased levels of ROS, as increased oxidative
phosphorylation is associated with increased ROS production attributed to increased activity of
the electron transport chain. Loss of FISI may also negate mitochondrial fission thus promoting
mitochondrial fusion and thereby increasing mitochondrial mass, as demonstrated in OAC cells in
this study. This loss of FIS1, therefore, may favour a shift from glycolysis to oxidative metabolism.
Furthermore, we demonstrate that loss of SFN in OAC cells is associated with lower levels of MMP
and glycolysis. Moreover, as OAC is known to be associated with high levels of glycolysis, targeting
SFN may be beneficial (130). These observations may suggest that therapies directed at these
gene targets with a view to additionally influencing cellular energetics may be a better

therapeutic approach in the neoplastic setting.

Moreover, as decreased MMP is an indicator of apoptosis, we investigated if knockdown of BAK1,
FIS1 or SFN had an effect on cell number (382). We found that siRNA-induced knockdown of
BAK1, FIS1 and SFN had no significant effect on cell number in both Barrett’'s and OAC cells.
Despite no significant effect on cell number, decreases in MMP, increases in ROS, increases in
mitochondrial mass and alterations in cellular bioenergetics may be due to undetectable levels of
apoptosis and thus consequences of independent knockdown of BAK1, FIS1 and SFN alone. The
combined effect of BAK1, FIS1 and SFN knockdown, however, may have a more substantial effect
on mitochondrial function, cell viability and thus apoptosis at different time points. The extent of
siRNA-induced knockdown of one of these genes alone may not reduce the MMP sufficiently to
induce cellular apoptosis but may induce cellular alterations in mitochondrial function and cellular
bioenergetics as we have demonstrated. Therefore, reagents that target BAK1, FIS1 and SFN may

need to be used in combination to assist in other routine treatment regimes.

SFN has also been shown to regulate cell cycle arrest rather than apoptosis via p53, another
tumour suppressor known to be associated with neoplastic progression in Barrett’s oesophagus

and mediate cellular metabolism under oxidative stress microenvironments (175, 202, 292, 383).
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In glioblastoma cells, cellular senescence is also induced through the regulation of SFN (384).
Therefore, despite observations that loss of SFN may be indicative of a poor prognosis in some
cancer types, increased expression may be the equivalent in OAC. Based on previous studies
investigating the role of BAK1, FIS1, and SFN, therefore, one primary function of these three genes
in Barrett’s oesophagus and in Barrett’s associated OAC may indeed be in conferring therapeutic
resistance to cells, however, further studies are necessary to explore this relationship. Moreover,
these genes may help to assist, sculpt and maintain a hostile oxidative microenvironment with the
capability of adapting to various multimodal therapies thereby facilitating in cancer progression

(350, 353, 363).

We have shown for the first time that global mitochondrial gene expression is differentially
expressed across the normal-metaplastic-dysplastic-adenocarcinoma disease sequence in
Barrett’s oesophagus in-vitro and in-vivo. These mitochondrial changes activated in the disease
sequence may increase the risk of progression from Barrett’s oesophagus to OAC. Examining
whether these genes promote chemotherapeutic resistance and oxidative stress and the cellular
mechanisms behind such functionality may provide some insight into how screening for the levels

of these genes can be utilised clinically in the future.
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Chapter 3

Differential expression of mitochondrial energy metabolism
profiles across the metaplasia-dysplasia-adenocarcinoma disease
sequence in Barrett’s oesophagus.
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3.1 INTRODUCTION

In chapter two, we identified genes associated with mitochondrial function that were
differentially expressed across the metaplastic-dysplastic-OAC disease sequence in-vitro and in-
vivo. Moreover, we demonstrated that functional manipulation of these mitochondrial genes
altered mitochondrial function, specifically mitochondrial membrane potential. We also found
evidence that manipulation of these genes resulted in changes in cellular metabolism, specifically
in neoplastic tissue. These in-vitro results imply that alterations in cellular metabolism may play
an important role in neoplastic progression in Barrett’s oesophagus, which we examine in this

chapter.

Research in recent years has focused on the mitochondria as been primary instigators of tumour
progression. First reported by Otto Warburg in 1926, and thus coined the Warburg effect, cancer
cells produce the majority of their ATP through aerobic glycolysis to support the extensive
transformation, differentiation and aggressive proliferation of malignant cells (385). These
transformed cells convert the majority of incoming glucose to lactate rather than metabolising it
through oxidative phosphorylation. Furthermore, despite aerobic glycolysis being more rapid at
ATP production, it is far less efficient in terms of ATP produced per molecule of glucose and
therefore glucose uptake demands can function at abnormally high rates (385). Glycolysis also
allows the shunting of intermediates for anapleurotic reactions such as in biosynthetic or

nucleotide pathways that are vital in neoplastic proliferation and differentiation (162).

Studies investigating cancer metabolism have documented metabolic shifts from oxidative
phosphorylation to aerobic glycolysis to generate energy. In human breast, gastric, squamous
oesophageal and lung carcinomas, expression of mitochondrial and glycolytic protein markers
varied significantly in carcinomas when compared with paired normal tissue (386). It is speculated
that this metabolic shift occurs as an adaptation to defects in oxidative phosphorylation in the
mitochondria since mitochondria lack DNA repair enzymes and are adjacent to cancer causing
free radicals (387). In the colonic mucosa of ulcerative colitis patients, mitochondrial complex
activity is decreased between 50-60% compared to healthy controls (330). This profile has also
been documented in human kidney, liver and colonic carcinomas in tandem with increases in key
glycolytic enzymes (388). Moreover, loss of oxidative phosphorylation precedes the development
of dysplasia in ulcerative colitis (286). However, some studies report that mitochondrial function
is crucial for transformation in some tumours (389). For example, a more recent study has found
that fidelity of the mitochondrial genome in fact increases in human colorectal cancer in

conjunction with a shift in glucose metabolism from oxidative phosphorylation to glycolysis (390).
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The focus on the mitochondria as primary instigators of tumour progression is of great interest.
The production of lactate during glycolysis may also facilitate tumour invasion and metastasis
(173). Other studies report that mitochondrial function is crucial for transformation in some
tumour progression systems (389). As previously alluded to in the introduction, oxidative
phosphorylation has also been reported to supply the majority of ATP in certain cancer tissues;
some studies have subsequently demonstrated an upregulation of oxidative phosphorylation in

neoplastic tissue (165, 166).

Despite innovative strategies in tumour detection and monitoring, for example, in
fluorodeoxyglucose positron emission tomography imaging and glycolytic pathway inhibitors, a
thorough understanding of the molecular mechanisms mediating tumour progression, particularly
in Barrett’s oesophagus and its progression to OAC is warranted (174). Barrett’s oesophagus also
lacks accurate predictors of disease progression. Accordingly, more accurate predictors of disease
progression should be validated, thus allowing early preneoplastic detection of such molecular

mechanisms offering a greater insight into the risk of disease progression.

Some studies have attempted to characterise glucose metabolism in Barrett’s oesophagus. Cell
lines derived from patients with advanced genetically unstable Barrett’s oesophagus exhibit
significantly higher glycolysis compared to a cell line with early genetically stable Barrett’s
oesophagus (391). Interestingly, however, all cell lines show active mitochondria and an
upregulation of oxidative phosphorylation in response to glucose via the Crabtree effect (391).
Moreover, pyruvate kinase isoform 2 (PKM2) expression has been shown to be significantly
increased along the metaplasia-dysplasia-OAC sequence, however, it was not shown to be a
specific marker of Barrett’s associated OAC but a marker of transformed and highly proliferating
cells during cancer progression (392). No study to date has investigated differential gene and
protein expression associated with mitochondrial energy metabolism in Barrett’s patients in such

a sequential, retrospective and longitudinal manner.

Therefore, the aim of this study was to examine mitochondrial energy metabolism gene changes
across the disease sequence in-vitro and in-vivo and to assess glucose metabolism across the
disease sequence utilising two oxidative phosphorylation and two glycolytic protein markers in-
vivo. We have shown that genes associated with mitochondrial energy metabolism are
differentially expressed across the metaplasia-dysplasia-OAC sequence both in-vitro and in-vivo.
Furthermore, the Barrett’s disease sequence exhibits significant alterations in the expression of
oxidative phosphorylation and glycolytic proteins. Interestingly, levels of the oxidative

phosphorylation protein ATP5B in sequential follow up material could significantly segregate
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Barrett’s non progressors and progressors to cancer. Aspects of this chapter have been published

in Cancer Letters (see figure 18) (130).
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Figure 18. ‘Differential expression of mitochondrial energy metabolism profiles across the metaplasia—

dysplasia—adenocarcinoma disease sequence in Barrett’s oesophagus’. Aspects of chapter three have been
published in Cancer Letters (130).
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3.2 HYPOTHESIS AND AIMS OF CHAPTER THREE

We hypothesise that mitochondrial energy metabolism is differentially expressed across the
metaplasia-dysplasia-adenocarcinoma sequence in in-vitro and in-vivo models of Barrett’s

oesophagus.

Specific aims of chapter 3;

1) Identify and validate gene changes involved in mitochondrial energy metabolism across
the Barrett’s disease sequence in-vitro and in-vivo.

2) Examine the levels of oxidative phosphorylation and glycolysis across the same disease
sequence in-vivo by screening surrogate protein markers of both metabolic pathways.

3) Investigate the predictive role of metabolic protein screening in segregating Barrett’s non-
progressors and progressors to high grade dysplasia and adenocarcinoma in-vivo.

4) Explore the realtime metabolic plasticity of Barrett’s and adenocarcinoma cell lines in-

vitro utilising the Seahorse XF24 analyser.
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3.3 MATERIALS AND METHODS

3.3.1 Screening via qRT-PCR microarray analysis

Cell lines representing Barrett’s metaplasia (QH), HGD (GO) and OAC (OE33) were employed and
subcultured as before (see sections 2.3.2 and 2.3.3). A catalogued human mitochondrial energy
metabolism PCR gene microarray (Qiagen) was used to simultaneously quantify the expression of
84 mitochondrial genes across the in-vitro sequence using the B2M gene as the endogenous
control gene similar to as previously described (see section 2.3.4). PCR was performed using the
RT? Real-time SYBR Green PCR mix (SABiosciences) on a 7900HT Fast Real-time PCR Light-Cycler
System (Applied Biosystems) as before (see section 2.3.4). Data were analysed utilising the 27

method as previously described (see section 2.3.4). Differentially expressed genes were defined as

those that changed by >4-fold.

3.3.2 In-vitro validation of gene targets

Cell lines were cultured and RNA extracted as described in chapter two (see section 2.3.2). cDNA
synthesis was undertaken as described before (see section 2.3.5.1) prior to undertaking real-time
PCR. Gene primer probes for COX8C, COX4i2, ATP12A and 18S (Applied Biosystems) were
purchased and real-time PCR was performed in triplicate using Tagman mastermix (Applied
AACE

Biosystems) as previously undertaken (see section 2.3.5.2). Data were analysed utilising the 2"

method as before (section 2.3.4).

3.3.3 In-vivo validation of gene targets

The expression of these three genes was analysed in independent groups of tissue across the
Barrett’s sequence. Real-time qRT-PCR was performed as before (see section 2.3.6) and all three
genes validated across the diseased Barrett’s sequence in-vivo utilising the same patient cohort as
previously described; normal squamous (n=10), metaplasia (n=34), LGD (n=13), HGD (n=12) and
OAC (n=8) cases (see section 2.3.6). The median age of the patients was 61 years and there was a

-AACt

1.52-fold male predominance. Data were analysed utilising the 2 method as before (section

2.3.4). Barrett’s tissue was characterised by assessing the expression of columnar epithelium
molecular markers, cytokeratin 8 and villin by RTPCR (undertaken by Dr. Finbar MacCarthy).

3.3.4 ATP5B, Hsp60, PKM2 and GAPDH immunohistochemistry analysis using tissue microarrays

Immunohistochemistry was performed utilising normal squamous (n=17), oesophagitis (41),

metaplasia (n=66), LGD (n=32), HGD (n=12) and OAC (n=20) cases. The areas of interest on the
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diagnostic biopsy blocks were marked by a histopathologist and 0.6 mm cores were taken from
the blocks and tissue microarrays (TMAs) were constructed. Immunohistochemistry was
performed on tissue microarrays (TMAs) utilising the Vectastain Kit (Elite). All sections were
processed and stained on the same day. Endogenous peroxidases were quenched in 3% hydrogen
peroxide (in methanol) for 30 mins and slides blocked for 30 mins. Primary oxidative
phosphorylation antibodies included a mouse anti-ATP5B IgG (SantaCruz Biotechnology) and a
mouse anti-HSP60 IgG (Abcam) diluted 1:1000 and 1:400 in PBS respectively. Primary glycolytic
antibodies used were a rabbit anti-PKM2 1gG (Abgent) and a rabbit anti-GAPDH IgG (AbDserotec
Division of MorphoSys) both diluted 1:100 in PBS. Staining was undertaken with adequate
negative controls (PBS only without primary antibody). Slides were incubated with primary
antibody for 1 hour, biotinylated antibody for 30 minutes, incubated with avidin-biotin complex
for 30 minutes and DAB substrate for 2-15 minutes. DAB was rinsed off slides upon colour
development and haematoxylin added for 30 seconds. Lastly, slides were dehydrated and
mounted using DPX. Slides were scanned (Aperio Scanscope XT digital scanner, University College
Dublin) and immunoreactivity was assessed digitally under 40X magnification in a semi-
guantitative manner for each protein by observers who were blinded to the pathological and
clinical diagnosis of all patients in the study while scoring. For each protein, both epithelial and
stromal cells were evaluated for both percentage positivity and intensity of cytoplasmic staining.
Intensity was graded as 0 (negative), 1 (weak), 2 (moderate) and 3 (strong) and positivity was

categorised as 0%, 10%, 25%, 50%, 75%, 90% or 100%.

Moreover, we investigated if screening for these metabolic proteins using first surveillance
biopsies could predict neoplastic progression. Barrett’s non-progressors (n=15) and progressors
(n=11) were separated with the primary end-point being progression to OAC. The median age of
patients with intestinal metaplasia was 58 years and there was a 3.3-fold male predominance.
There was no significant difference in age between progressors and non-progressors (P=0.6404).
Median time of progression to cancer was 2.6 years. TNM staging for progressors was as follows:
20% T1NoMo, 20% T3N1My, 20% T;sNoMy, 10% TisNoMy, 10% T3NoMy, 10% T3N; Mg and 10% T3N;M;.
The non-progressor group was followed for a median of 5.4 years and had no evidence of

conversion to HGD and/or OAC.

3.3.5 Characterising the metabolic plasticity of Barrett’s and adenocarcinoma cell lines utilising
the Seahorse XF24 analyser

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR), reflecting oxidative

phosphorylation and glycolysis respectively, were measured before and subsequent to treatment
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with oligomycin (2 pg.mL?, Seahorse Biosciences), trifluorocarbonylcyanide phenylhydrazone
(FCCP) (5uM, Seahorse Biosciences) and antimycin-A (2 uM, Seahorse Biosciences) using the
Seahorse XF24 analyser (Seahorse Biosciences) similar to as above (see section 2.3.10). QH and
OE33 cells were seeded at 20,000 cells per well in a 24-well cell culture XF microplate (Seahorse
Biosciences) and allowed to adhere for 24 hours. Cells were rinsed with assay medium
(unbuffered DMEM supplemented with 10mM glucose and 20mM sodium pyruvate, pH 7.4)
before incubation with assay medium for 1 hour at 37°C in a non-CO,; incubator. Four baseline
OCR and ECAR measurements were obtained over 28 minutes before injection of specific
metabolic inhibitors. Three OCR and ECAR measurements were obtained over 15 minutes
following injection with oligomycin, FCCP and antimycin-A. Percentage ATP synthesis was
calculated by subtracting the OCR post oligomycin injection from baseline OCR prior to oligomycin
addition and expressing residual OCR as a percentage of baseline OCR. Proton leak was calculated
by subtracting percentage OCR versus baseline post antimycin-A addition from percentage ATP
synthesis. The experiment was repeated five times with technical replicates. All measurements
were normalised to cell number using the crystal violet assay as previously described (see section

2.3.9).

3.3.6 Statistical analysis

Data were analysed using Graph Pad Prism (Graph Pad Prism, San Diego, CA) and SPSS (PASW
[Predictive Analytics Software] version 18) (IBM, Armonk, New York, USA) software. qRT-PCR data

were normalised using the 2%

method and statistically analysed (Kruskal-Wallis, Mann-Whitney
U). gRT-PCR target genes were statistically analysed (Wilcoxon Sign Rank) in matched patient
samples to explore if observed gene expression changes were an effect seen in the Barrett’s tissue
compared to the surrounding mucosa. Immunohistochemical differences between individual
histological groups (Mann-Whitney U) and across the Barrett’s sequence (Kruskal-Wallis) were
statistically analysed. Categorical differences between Barrett’s metaplasia progressors and non-
progressors was analysed using Chi-square tests, and Mann-Whitney U tests were used to
determine differences between percentage positivity. Student's unpaired t-test was utilised to

compare Seahorse metabolics in two groups of normally distributed independent groups.

Differences of P<0.05 (*), P<0.01 (**) and P<0.001 (***) were considered statistically significant.
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3.4 RESULTS
3.4.1 In-vitro screening using human PCR gene microarrays

To analyse the expression of 84 human mitochondrial energy metabolism genes across the
disease sequence in-vitro, fold expression of all target genes was normalised relative to the
Barrett’s metaplastic cell line model, QH. The cut-off for differential gene expression was defined
by either a relative 4-fold upregulation or 4-fold downregulation. 3 of the 84 mitochondrial energy
metabolism gene targets (ATP12A, COX4l2 and COX8) were differentially expressed across the
metaplastic-dysplastic-OAC cell line sequence. These 3 gene targets identified were subsequently

validated in-vitro and in-vivo using patient samples.

Figure 19 shows the in-vitro PCR gene metabolism microarray screen between the Barrett’s,
dysplastic and OAC cells. Using a 4-fold cut-off, 6 gene targets were differentially expressed
between QH and GO cells (figure 19A). Using a 4-fold cut-off, 2 gene targets were differentially
expressed between GO and OE33 cells (figure 19B). Using a 4-fold cut-off, 6 gene targets were
differentially expressed between the QH and OE33 cells (figure 19C). Table 4 summarizes the
relative expression of all 84 genes screened between QH and OE33 cell lines (see appendices C
and D for additional PCR microarray screen results between GO and QH and between GO and

OE33 cells respectively).

Figure 20 shows the in-vitro validation of the 3 mitochondrial energy metabolism gene targets.
ATP12A (P<0.05) expression significantly decreased across the Barrett’s sequence (figure 20A).
COX412 expression decreased, however, this was not statistically significant (figure 20B). COX8C
(P<0.05) expression significantly increased between Barrett’s and dysplastic cell lines (P<0.05) but
subsequently decreased between dysplastic and OAC cell lines, however, this was not statistically

significant (figure 20C).
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Figure 19. Human PCR gene microarray screen across the Barrett’s cell lines. (A) Using a 4-fold cut-off, 6
gene targets were differentially expressed between the Barrett’s (QH) and dysplastic (GO) cell lines. (B)
Using a 4-fold cut-off, 2 gene targets were differentially expressed between the dysplastic (GO) and
adenocarcinoma (OE33) cell lines. (C) Using a 4-fold cut-off, 6 gene targets were differentially expressed
between the Barrett’s (QH) and adenocarcinoma (OE33) cell lines. Arrays were performed in duplicate.
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Table 4. Energy Metabolism Gene Microarray Screen between QH and OE33 Cell Lines

Gene Expression* Gene Expression* Gene Expression*
ATP4A 3.67 COX6B1 1.25 NDUFB8 1.34
ATP4B 8.05 coxeB2 1.33 NDUFB9 1.1
ATP5A1 -1.07 coxec 5.17 NDUFC1 -1.02
ATP5B 1.04 COX7A2 1.13 NDUFC2 1.53
ATP5C1 1.33 COX7A2L -1.06 NDUFS1 1.22
ATP5F1 1.28 COX7B 1.49 NDUFS2 -2.01
ATP5G1 -1.69 COX8A 1.49 NDUFS3 1.26
ATP5G2 -1.40 CcoX8C 6.84 NDUFS4 -1.45
ATP5G3 -2.00 CcYci 1.13 NDUFS5 -1.55
ATP5H -1.03 LHPP 1.38 NDUFS6 1.93
ATP5I -1.59 NDUFA1 -1.04 NDUFS7 -1.59
ATP5J -1.70 NDUFA10 1.09 NDUFS8 1.22
ATP5J2 3.83 NDUFA11 -1.48 NDUFV1 1.57
ATP5L -1.11 NDUFA2 -1.37 NDUFV2 -1.71
ATP50 -1.44 NDUFA3 11 NDUFV3 1.03
ATP6VOA2 2.21 NDUFA4 1.04 OXA1L -1.24
ATP6VOD2 1.54 NDUFA5 -1.92 PPA1 2.17
ATP6V1C2 2.21 NDUFA6 1.53 PPA2 -1.1
ATP6VIE2 1.66 NDUFA7 -1.6 SDHA 1.94
ATP6V1G3 5.92 NDUFAS8 -1.3 SDHB -1.78
ATP12A 6.32 NDUFAB1 1.52 SDHC -2.30
BCS1L 1.04 NDUFB10 3.98 SDHD -1.67
COX411 -1.21 NDUFB2 -1.42 UQCR11 -1.27
CcOoX412 9.84 NDUFB3 -1.04 UQCRC1 -2.13
COX5A 1.16 NDUFB4 1.15 uQcrcz 1.8
COX5B 1.22 NDUFB5 1.01 UQCRFS1 1.02
COX6A1 1.06 NDUFB6 -1.33 UQCRH -1.88
COX6A2 2.57 NDUFB7 -1.18 uQcrQ 1.44

B2M = Endogenous Control Gene

* Relative Expression (e.g. expression of ATP4A is 3.67 times greater in OE33 than QH cells)

87



>

ATP12A
1.5-
c
K<)
(7] *
g 1.0 i
Q.
B
w
2
5
[)
4
' @-
o oD
o &

B COX4l12

2.0

Relative Expression

200- "
=

S

@ 1501

g

o

a5 1004

(]

2

8 50-

[

o

0 '

Figure 20. In-vitro validation of mitochondrial energy metabolism gene targets differentially expressed
across Barrett’s oesophagus and OAC cell lines. (A) ATP12A (P<0.05), (B) COX4/2 (P>0.05) and (C) COX8C
(P<0.05) were differentially expressed between the in-vitro Barrett’s cell lines (unpaired t-test) (Bonferroni
post-hoc test). One-way ANOVA was used to investigate differences across the in-vitro Barrett’s sequence
for ATP12A (P<0.05), COX4i2 (P>0.05) and COX8C (P=0.072) (n=3). Bars denote mean * SEM.
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3.4.2 In-vivo validation of gene targets

Figure 21 illustrates mitochondrial energy metabolism gene expression of the 3 gene targets
across the disease sequence in diseased and matched normal adjacent tissue samples. ATP12A
(figure 21A) (P<0.001), COX4i2 (figure 21C) (P<0.01) and COX8C (figure 21E) (P<0.05) were
differentially expressed across the Barrett’s sequence. Field effect changes in gene expression of
these targets in diseased versus matched normal adjacent biopsies was examined. ATP12A (figure
21B) (P<0.001), COX4I2 (figure 21D) (P<0.01) and COXSC (figure 21F) (P<0.01) were differentially
expressed across the Barrett’s disease sequence suggesting this effect was specific to the
pathological diseased tissue (Barrett’s, LGD, HGD/OAC) compared to the matched surrounding
matched mucosa. In addition to the three genes screened in the PCR microarrays and found to be
differentially expressed across the sequence in-vitro and in-vivo, a fourth gene, COX6C, was
additionally validated in-vitro and in-vivo, however, due to lack to patient material COX6C
expression could not be assessed in matched normal adjacent tissue across the disease sequence

(see appendix E).
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Figure 21. Mitochondrial energy metabolism gene expression across the disease sequence in diseased (A,
C and E) versus matched normal adjacent (B, D and F) in-vivo samples. (A) ATP12A (P<0.001), (C) COX4i2
(P<0.01) and (E) COX8C (P<0.05) were differentially expressed across the Barrett’s disease sequence
(Kruskal-Wallis test, Mann Whitney U). (B) ATP12A (P<0.001), (D) COX4I2 (P<0.01) and (F) COX8C (P<0.01)
were differentially expressed across the Barrett’s disease sequence (Wilcoxon Sign Rank). Bars denote mean
+ SEM.
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3.4.3 Oxidative phosphorylation and glycolytic activity across Barrett’s sequence

To assess oxidative phosphorylation at the protein level, levels of ATP5B and HSP60 were
assessed as no reliable antibodies to ATP12A, COX4l12 and COX8C have yet been developed. Even
though ATP5B is a direct component of the electron transport chain and thus an effective
determinant of oxidative phosphorylation , HSP60 is increasingly being used as a surrogate marker
for mitochondrial function and for the assessment of oxidative mitochondrial metabolism due to
its role as an active mitochondrial chaperone (130, 390, 393). Figure 22 shows
immunohistochemical expression of these oxidative phosphorylation protein biomarkers across
the metaplasia-dysplasia-OAC disease sequence. Figures 22A and 22B show representative images
of ATP5B expression in oesophagitis and OAC tissue respectively. Figures 22C and 22D show
representative images of Hsp60 expression in oesophagitis and HGD tissue respectively. Epithelial
ATP5B positivity across the Barrett’s disease sequence was increased significantly (figure 22E)
(P=0.0003). Moreover, epithelial Hsp60 positivity across the Barrett's disease sequence was
increased significantly (figure 22F) (P<0.0001). Interestingly, no significant changes in the levels of
both oxidative phosphorylation markers ATP5B and HSP60 were detected in stromal tissue across
the Barrett’s sequence (see appendix F). Moreover, figures 22G and 22H respectively show that
epithelial expression levels of ATP5B (P<0.0001) and HSP60 (P<0.05) were significantly altered
across the Barrett’s disease sequence in matched normal adjacent tissue. Although epithelial
HSP60 intensity was significantly increased across the Barrett's sequence, no significant
differences in intensity were found for epithelial ATP5B, stromal ATP5B or stromal HSP60 (see

appendix G).
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Figure 22. Epithelial immunohistochemical tissue expression of the oxidative phosphorylation protein
biomarkers, ATP5B (A, B, E and G) and HSP60 (C, D, F and H), across the metaplasia-dysplasia-
adenocarcinoma disease sequence. (A) Tissue section from an oesophagitis patient negative for levels of
epithelial ATP5B staining. (B) Tissue section from an OAC patient positive for levels of ATP5B staining in
epithelium. (C) Tissue section from an oesophagitis patient with negative levels of epithelial Hsp60 staining.
(D) Tissue section from a HGD patient exhibiting positive levels of HSP60 staining in epithelium. (E)
Epithelial ATP5B positivity across the Barrett’s disease sequence was shown to increase significantly
(P<0.001, Mann Whitney U) (ANOVA; P=0.0003). (F) Epithelial HSP60 positivity across the Barrett’s disease
sequence increased significantly (P<0.001, Mann Whitney U) (ANOVA; P<0.0001). (G) Epithelial ATP5B
positivity early across the Barrett’s disease sequence in matched normal adjacent tissue was shown to
increase significantly (P<0.0001, Mann Whitney U) (ANOVA; P<0.0001). (H) Epithelial HSP60 positivity early
across the Barrett’s disease sequence in matched normal adjacent tissue increased significantly (P<0.05,
Mann Whitney U).
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Figure 23 illustrates epithelial and stromal tissue expression of the glycolytic protein markers,
PKM?2 and GAPDH, across the metaplastic-dysplastic-OAC disease sequence. Figures 23A and 23B
show representative images of epithelial PKM2 expression in oesophagitis and HGD tissue
respectively. Figures 23C and 23D show representative images of epithelial GAPDH expression in
Barrett’s and OAC tissue respectively. Epithelial PKM2 positivity across the Barrett’s disease
sequence was shown to increase significantly (figure 23E) (P=0.0003). Epithelial GAPDH positivity
also increased significantly across the Barrett’s disease sequence (figure 23F) (P=0.0002). In
contrast to the markers of oxidative phosphorylation in the stromal compartment, stromal tissue
expression of the glycolytic protein markers, PKM2 (figure 23G) (p=0.03) and GAPDH (figure 23H)
(P=0.0007), decreased significantly across the metaplastic-dysplastic-OAC disease sequence.
Moreover, although both PKM2 and GAPDH expression increased across the sequence in matched
normal adjacent tissue, only the latter was statistically significant (see appendix H). Furthermore,
although epithelial PKM2 intensity was significantly increased across the Barrett’s sequence in
diseased tissue, no significant differences in intensity were found for epithelial GAPDH, stromal
PKM2 or stromal GAPDH (see appendix I). It is may also be noteworthy to mention that stromal
GAPDH intensity was significantly altered across the Barrett’s sequence in matched normal
adjacent tissue but no significant differences in intensity were found for stromal PKM2, ATP5B or

HSP60 (see appendix J).
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Figure 23. Epithelial and stromal immunohistochemical tissue expression of the glycolytic protein
markers, PKM2 (A, B, E and G) and GAPDH (C, D, F, H), across the metaplasia-dysplasia-adenocarcinoma
disease sequence. (A) Tissue section from an oesophagitis patient negative for levels of epithelial PKM2
staining. (B) Tissue section from a HGD patient positive for levels of PKM2 staining in epithelium. (C) Tissue
section from a Barrett’s esophagus patient exhibiting minimal baseline levels of epithelial GAPDH staining.
(D) Tissue section from an OAC patient exhibiting strong positive levels of GAPDH staining in epithelium. (E)
Epithelial PKM2 positivity across the Barrett’s disease sequence was shown to increase significantly
(P<0.001, Mann Whitney U) (ANOVA; P=0.0004). (F) Epithelial GAPDH positivity increased significantly
across the Barrett’s disease sequence (P<0.001, Mann Whitney U) (ANOVA; P=0.0001). (G) Stromal PKM2
positivity across the Barrett’s disease sequence was shown to decrease significantly (P<0.01, Mann Whitney
U) (ANOVA; P=0.03). (H) Stromal GAPDH positivity decreased significantly across the Barrett’s disease
sequence (P<0.001, Mann Whitney U) (ANOVA; P=0.0007).
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In addition to analysing the expression of the protein markers ATP5B and HSP60 in independent
groups of tissue across the Barrett’s sequence, we also assessed their expression in sequential
longitudinal material from Barrett’s non progressors and progressors to investigate if screening
for the metabolic proteins using first surveillance biopsies could predict neoplastic progression.
Figure 24 illustrates the longitudinal tissue microarray expression of the metabolic biomarkers
ATP5B, HSP60, PKM2 and GAPDH between Barrett’s patients who did and did not progress using
initial first-time surveillance biopsies from these patients. Interestingly, there was a significant
increase in percentage positivity of stromal cytoplasmic ATP5B in Barrett’s patients who
prospectively progressed to OAC (figure 24A) (P<0.01). This predictive expression pattern was

specific to ATP5B and not detected with the other metabolic markers (figures 24B-D).
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Figure 24. Longitudinal immunohistochemical assessment of mean ATP5B (A), HSP60 (B), PKM2 (C) and
GAPDH (D) tissue microarray expression in Barrett’s non-progressors and progressors to OAC. Barrett’s
non-progressors (n=15) and progressors (n=11) were separated with the primary end-point being
progression to OAC. (A) Barrett’s patients who prospectively progressed to OAC exhibited significantly
increased levels of ATP5B (P=0.007, Mann Whitney U). (B) HSP60 expression was not significantly different
between Barrett’s non-progressors and progressors to OAC (P>0.05, Mann Whitney U). (C) PKM2 levels
were not significantly different between Barrett’s non-progressors and progressors to OAC (P>0.05, Mann
Whitney U). (D) GAPDH expression was not significantly different between Barrett’s non-progressors and
progressors to OAC (P>0.05, Mann Whitney U). The median age of patients with intestinal metaplasia was
58 years and there was a 3.3-fold male predominance. There was no significant difference in age between
progressors and non-progressors (P=0.6404). Median time of progression to cancer was 2.6 years. TNM
staging for progressors was as follows: 20% TlNOMO, 20% T3N1MX, 20% TISNOMO, 10% TISNOMO, 10% T3NOMO,
10% T,N, M/ and 10% TN M. The non-progressor group was followed for a median of 5.4 years and had no
evidence of conversion to HGD and/or OAC. For ATP5B and GAPDH, 7 and 9 progressors were deemed
scorable respectively. Bars denote mean + SEM.
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3.4.4 Characterisation of oxidative metabolic plasticity in the in-vitro Barrett’s sequence

As ATP5B, the marker of oxidative phosphorylation, was predictive in segregating Barrett’s non
progressors and progressors, we examined how metaplastic and OAC cells would behave when
challenged with mitochondrial inhibitors known to alter metabolic reprogramming. Figure 25
illustrates different metabolic parameters examined subsequent to challenging QH and OE33 cell
lines with oligomycin, FCCP and antimycin-A using the Seahorse XF24 flux analyser. Figures 25A-F
illustrate relative mitochondrial respiration in QH and OE33s cells, ATP synthesis, maximal
respiratory capacity, non electron transport chain respiration and proton leak between the QH
and OE33 cell lines, respectively. Approximately 80% of total OCR accounted for mitochondrial
respiration in the QH cell line (figure 25A) and 64.7% of total OCR accounted for mitochondrial
respiration in the OE33 cell line (figure 25B). Levels of oxygen consumed by the electron transport
chain in both cell lines was significantly higher versus oxygen consumed for non electron
transport chain purposes (figures 25A-B) (P<0.001). QH cells (63%) exhibited higher levels of ATP
synthesis compared to the OE33 (50.6%) cells (figure 25C) (P<0.05). Upon mitochondrial
uncoupling with FCCP, OE33 cells exhibited a significantly greater spare respiratory capacity of
33% compared to QH cells (figure 25D) (P<0.01). OE33 cells demonstrated 15.2% higher levels of
OCR, attributed to non electron transport chain processes, compared to QH cells (figure 25E)
(P<0.05). No significant difference in proton leak was observed between QH and OE33 cells (figure
25F). Interestingly, we found baseline oxidative phosphorylation and glycolysis to be higher in QH
cells compared to OE33 cells with high levels of ECAR reaching statistical significance (see

appendix K).
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Figure 25. Seahorse assessment of mitochondrial respiration (A-B), ATP synthesis (C), maximal respiratory
capacity (D), non electron transport respiration (E) and proton leak (F) between the Barrett’s (QH) and
adenocarcinoma (OE33) in-vitro cell lines. (A) Measurement of mitochondrial respiration (37%) and proton
leak (17%) in the Barrett’s metaplasia cell line, QH (P<0.001). (B) Measurement of mitochondrial respiration
(49.4%) and proton leak (14.2%) in the OAC cell line, OE33 (P<0.001). (C) Graph shows the percentage of
oxygen consumption versus baseline reflecting ATP production attributed to ATP synthase after ATP
synthase inhibition via oligomycin. QH cells (63%) utilise significantly higher levels of oxygen for oxidative
phosphorylation (P<0.05) in contrast to OE33 cells (50.6%). (D) Graph illustrates the percentage of oxygen
consumption versus baseline upon mitochondrial uncoupling via trifluorocarbonylcyanide phenylhydrazone
(FCCP). OE33 cells exhibited a greater spare respiratory capacity (33%) compared to the QH cell line
(P<0.01). (E) The OE33 cell line (35.2%) demonstrated significantly higher non-electron transport chain
respiration levels compared to the QH cell line (20%) (P<0.05). (F) The Barrett’s QH cell line (17%) exhibited
higher cells of proton leak across the inner mitochondrial membrane versus the adenocarcinoma OE33 cell

line (14.2%) (P=0.18). Bars denote mean + SEM.
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3.5 DISCUSSION

Understanding the underlying molecular mechanisms that support the progression of Barrett’s
oesophagus to cancer would significantly affect the clinical management of these patients. We
have shown for the first time that mitochondrial energy metabolism is altered across the normal-
metaplasia-dysplasia-OAC sequence of events in Barrett’s oesophagus and these early changes in
metabolic alterations, specifically oxidative phosphorylation, are associated with an increased risk

of disease progression from Barrett’s metaplasia to OAC.

In this study, a human PCR gene microarray identified three genes associated with mitochondrial
energy metabolism differentially expressed between Barrett’s and OAC cells. Few studies have
associated COX4/2, COX8C, and ATP12A with cancer progression and their role in energy
metabolism. We have shown a significant increase in COX8C expression in Barrett’s patients
compared to normal squamous tissue. Interestingly, the increase in COX8C expression in Barrett’s
tissue was subsequently followed by a significant decrease in COX8C expression in LGD and
HGD/OAC tissue. This increase in COX8C expression was specific to Barrett’s tissue compared to
matched surrounding mucosa. No studies to date have reported a role for COX8C in
tumourigenesis, therefore, we hypothesise that COX8C may play an important role in Barrett's
patients by increasing basal oxidative phosphorylation levels, altering energy metabolism and

subsequently promoting neoplastic progression.

We have also shown in-vivo a significant increase in COX4/2 expression across the Barrett’s
sequence. COX8C and COX4I2 pertain to the one protein complex and both have different
expression patterns — COX8C increases and subsequently decreases while COX4/2 increases and
maintains its expression pattern. Interestingly, both complex IV genes are upregulated despite a
significant downregulation in a subunit of their downstream associate complex, ATP synthase.
This downregulation of ATP12A was also shown to be specific to Barrett’s tissue compared to the
matched surrounding mucosa. It is noteworthy to mention that ATP12A expression differed in-
vitro using PCR microarrays and through subsequent in-vitro validation between QH and OE33
cells. Two possible reasons for this discrepancy is the presence of genomic DNA due to the lack of
a DNA elimination step and the use of the SYBR green PCR probe in the PCR microarray kit.
Implementation of routine quality control procedures, such as utilisation of a Tagman PCR probe,
avoided such issues upon subsequent in-vitro and in-vivo validation. Moreover, it is important to
mention the differential decrease and increase in COX4l2 expression in-vitro and in-vivo
respectively. Barrett’s tissue is complex, primarily due to its rich cell diversity. For example, they
contain various cell types including epithelial, stromal, endothelial, immune, inflammatory and

fibroblast cells among others. However, the Barrett’s cell line are solely epithelial cells and,
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therefore, both models are considerably different biologically which may explain their differential

expression patterns.

COX412 and ATP12A have been ascribed to few pathologies. A single base mutation in the ATP12A
subunit results in complex V deficiency (394). Immunological ATP12A expression in normal and
benign prostate hyperplasia and cancerous prostate tissue have been shown to be altered in
luminal cells of the glandular epithelium (395). More recently, in a study proposing a protective
role for decreased ATP levels analysing the function of lung-specific COX412 in-vitro and in COX412-
knockout mice in-vivo, it was found that cytochrome c oxidase activity and ATP levels were
significantly reduced in knockout mice (396). In addition, decreased oxidative phosphorylation in
cancer development is commonly associated with a parallel increase in glycolysis (164, 397-400).
This decrease in oxidative phosphorylation is frequently linked with defects in complex | and I,
for example, in renal, leukaemia and fibroblast cell lines (397, 398, 400). One possible explanation
for the dysregulation of these three genes is in the microenvironment they reside. MtDNA is
highly prone to oxidative damage as it is situated on the inner mitochondrial membrane (401).
Moreover, it is in close proximity to the electron transport chain and the levels of oxidized bases
are estimated to be 2-3 times greater than nuclear DNA (401). The increased oxidative
microenvironment demonstrated in this study may strengthen this hypothesis in Barrett’s

oesophagus.

Next, we examined the expression of different oxidative phosphorylation and glycolytic proteins
across the Barrett’s sequence, investigated if the metabolic phenotype at the protein level
reflected these metabolic profiles seen at the gene level and investigated if a metabolic marker
could segregate Barrett’s non-progressors and progressors to cancer using established markers of

oxidative phosphorylation (ATP5B and HSP60) and glycolysis (PKM2 and GAPDH) (390, 402, 403).

We have shown that both epithelial ATP5B and HSP60 positivity significantly increased across the
Barrett’s sequence, consistent with a metabolic shift in glucose metabolism to a more actively
oxidative metabolic level. Moreover, the expression levels of ATP5B and HSP60 were significantly
altered between Barrett’s diseased tissue and the matched surrounding mucosa. This increase in
oxidative phosphorylation is analogous to COX4/2 and COX8C discussed above. One recent study
showed a similar trend in glucose metabolism whereby human breast tumours demonstrated
increased epithelial enzymatic activity in various complexes (404).To recall, HSP60 positivity
significantly increased across the Barrett’s sequence. HSP60 expression has been previously
shown to be increased in various cancer types (405-407). This increase in oxidative
phosphorylation complex IV genes and associated proteins highlighted may be a compensatory

mechanism to counteract the significant downregulation of complex IV's main downstream
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protein complex, complex V, namely attributed to ATP12A as this loss can lead to complete
mitochondrial dysfunction (394). Therefore, we hypothesise that cancer cells may act as
‘metabolic parasites’, secreting hydrogen peroxide into the local microenvironment, inducing
oxidative stress in normal host cells resulting in autophagy, mitophagy and aerobic glycolysis. As a
result, high-energy glycolytic nutrients such as ketones, L-lactate and glutamine may fuel the

anabolic growth of tumour cells through oxidative phosphorylation.

The epithelial expression of both glycolytic biomarkers, PKM2 and GAPDH, were significantly
increased across the Barrett’s sequence and concur with an elevation in epithelial glycolysis, a
common entity shown in other cancers (390, 408, 409). PKM2 is more abundant during aerobic
glycolysis in many tumour types, including the Barrett’s sequence in non-sequential tissue (392).
Interestingly, in contrast to the increased epithelial expression of both glycolytic makers, the
expression of these markers are significantly decreased in matched stromal tissue. However, the
proliferation status of the epithelium may in part exacerbate the degree of aerobic glycolysis.
Interestingly, our longitudinal analysis demonstrates that Barrett’s patients with increased levels
of the oxidative phosphorylation marker ATP5B are more likely to progress to OAC. This novel
finding indicates a crucial and pivotal role for oxidative phosphorylation in OAC progression in the
Barrett’s disease sequence. Increased levels of ATP5B, and thus oxidative phosphorylation, are
fuelled by the greater availability of high-energy nutrients through increased glycolysis. As a
result, the subsequent oxidative state may make local tissue more amenable to the anabolic
growth of tumour cells, tumour differentiation and progression. Subsequent validation of ATP5B
in different patient cohorts from different clinical institutions would potentially strengthen the
applicability of this marker in the clinical setting as this assessment could be undertaken

efficiently on formalin fixed paraffin embedded tissue.

It is evident from this study that oxidative phosphorylation at both the gene and protein level play
a vital role in exacerbating disease progression in Barrett’s oesophagus. It was necessary,
therefore, to decipher elements of oxidative phosphorylation, specifically the complexes of the
electron transport chain that play an important role. Using the Seahorse technology, we
challenged the mitochondria to gain insight into the oxidative capabilities in both cell types as this
could not be performed in-vivo. We investigated basal oxidative phosphorylation, basal glycolysis,
mitochondrial respiration, ATP synthesis, spare respiratory capacity, non electron transport chain
respiration and proton leak in both QH and OE33 cell lines. We demonstrate that metaplastic cells
are more energy demanding compared to OAC cells suggesting an early metabolic advantage for
differentiation, metastatic transformation and subsequent proliferation due to an increased

capacity to generate ATP for anabolic purposes.
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When the oxidative capacity of the QH and OE33 cells was challenged, mitochondrial respiration
differed between the two cell types and the degree of ATP synthesis and proton leak attributed to
mitochondrial respiration was also substantially different. The OE33 cell line maintains an
equilibrium between both metabolic pathways, thereby demonstrating metabolic plasticity while
the QH cell line favours a more detrimental oxidative phenotype that may be selected during
early stages of disease progression. Interestingly, when oxidative metabolism is inhibited, both
QH and OE33 cells can adapt metabolically by increasing their glycolytic metabolism, thereby

illustrating further metabolic plasticity (see appendix L).

In an exploratory analysis of the gene encoding the protein C-ets-1, ETS-1, a transcription factor
identified as being able to regulate ATP5B and known to mediate metabolism in neoplastic tissue,
we examined the expression of ETS-1 in-vitro and in-vivo and investigated its link with ATP5B in-
vivo at the gene level (410, 411). Despite no significant change in ETS-1 expression in QH and
OE33 cell lines, we found a significant increase in ETS-1 expression across the squamous-
metaplasia-dysplasia-OAC sequence in-vivo (see appendix M). Moreover, we found that ATP5B
positively associated with ETS-1 in metaplastic, dysplastic and OAC tissue with the strongest link
being in the setting of Barrett’s oesophagus possibly highlighting a role for ETS-1 in Barrett’s

associated tumourigenesis (see appendix N).

Overall, we have shown in this study that metabolic reprogramming is active during disease
progression in Barrett’s and specifically, markers of oxidative phosphorylation can segregate
Barrett’s non progressors from progressors to cancer. This needs to be further examined using

different patient cohorts from multicentres to establish clinical utility.
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Chapter 4

An investigation into the role of deoxycholic acid, antioxidants,
proton-pump inhibitors and the small molecule inhibitor,
Quininib, on energy metabolism profiles in Barrett’s oesophagus.
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4.1 INTRODUCTION

Gastroesophageal reflux disease, or GORD, plays a central role in the development of Barrett’s
oesophagus and is one of the biggest risks of neoplastic progression in Barrett’s associated OAC
(412-414). 1t is estimated that Barrett’s oesophagus is found in approximately 5-10% of GORD
patients undergoing endoscopy due to heartburn or oesophagitis related symptoms (415). Gastric
acid, bile acid and pepsin in the refluxate play a predominant role in the initiation of oesophageal
injury and inflammation (415, 416). As a result, prolonged exposure of this refluxate to normal
squamous epithelium and variations in pH promote the generation of columnar lined epithelium
(416). Clinical studies show that intra-oesophageal bile acid concentrations are higher in patients

with Barrett’s oesophagus compared to those with uncomplicated GORD (417).

Interestingly, different bile acids exhibit distinct biological effects (418). Deoxycholic acid (DCA)
and chenodeoxycholic acid cause morphological changes characteristic of apoptosis,
ursodeoxycholic acid inhibits cell proliferation, increases antioxidant expression and prevents DNA
damage whereas the bile acid cholic acid does not seem to affect cells (418, 419). DCA, however,
has been extensively shown to play a major role in the development of Barrett’s oesophagus and
in its subsequent progression to OAC (70-74). Physiological levels of DCA have been shown to
activate NFkB and induce the expression of the chemokine IL-8 in OE33 cells (74). Interestingly,
activation of NFkB occurs at neutral pH and not at an acidic pH, however, acidic conditions do

induce the expression of c-myc (74).

DCA also demonstrates chromosomal damage and mutation induction in the human p53 gene at
both neutral and acidic pH (73). Furthermore, DCA-induced release of reactive oxygen species
(ROS) has been shown to be linked to the genotoxicity of DCA in a ROS dependent manner (72,
73). Through NFkB activation in Barrett’s epithelial cells, DCA can cause DNA damage while
inducing apoptotic resistance (71). In addition to IL-8, DCA-induced secretion of another
chemokine, MIP3a, and the upregulation of the farnesoid X receptor, the receptor involved in the
regulation of bile acid synthesis, transport and absorption, suggests that bile acids actively induce
the inflammatory response in Barrett’s epithelium by recruiting immune cells (420). In addition to
its role in promoting an inflammatory microenvironment, DCA has been linked to angiogenesis as
DCA treated OE33 cells have also been shown to express significantly higher expression levels of

VEGF (70).

Proton-pump inhibitors are thought to protect against Barrett’s associated OAC as they help

alleviate the chronic inflammation associated with GORD and decrease epithelial exposure to acid
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refluxate (421). Proton-pump inhibitor use, prescribed for approximately 95-98% of patients with
Barrett’s oesophagus, is associated with reduced incidence of dysplasia and OAC in Barrett’s
oesophagus (41, 422, 423). Conversely, proton-pump inhibitors reduce the expression of various
risk markers for HGD and OAC in Barrett’s oesophagus, thereby confounding surveillance
strategies for patients, however, the use of proton-pump inhibitors is still justified due to the
lower risk of progression to OAC associated with proton-pump inhibitor use (424). For example,
patients without prior treatment with proton-pump inhibitors are 3.4 times more likely to have a
macroscopic marker or LGD compared to those on proton-pump inhibitors (424). Moreover,
proton-pump inhibitor use is associated with increased risks of bone fractures and Clostridium
difficile infections (425, 426). In the neoplastic setting, proton-pump inhibition has been shown to

induce autophagy as a survival mechanism following oxidative stress (427).

Our research has demonstrated that oxidative phosphorylation and glycolysis are reprogrammed
early across the metaplasia-dysplasia-adenocarcinoma disease sequence in-vivo (see section 2)
(130). Since inflammation and cellular energetics are intrinsically linked, such alterations in
cellular metabolism may be linked with DCA-induced alterations in the Barrett’s
microenvironment (428). No study to our knowledge has examined the effect of DCA and proton-
pump inhibitor use on oxidative phosphorylation and glycolytic profiles. Therefore, this chapter
assesses the effect of the bile reflux component DCA and two clinical proton-pump inhibitors,
omeprazole and lansoprazole, on mitochondrial energy metabolism profiles across the in-vitro
Barrett’s disease sequence. The study also investigates if antioxidant supplementation with N-
acetylcysteine (NAC) and epigallocatechin gallate (EGCG) can reverse DCA-induced metabolic
changes. Furthermore, we examine if mitochondrial energy metabolism in Barrett’s oesophagus
and OAC can be modulated by a novel small molecule inhibitor, Quininib, which has previously
been shown to exhibit anti-oxidative phosphorylation properties in in-vitro and in-vivo

(unpublished).
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4.2 HYPOTHESIS AND AIMS OF CHAPTER 4

We hypothesise that DCA and proton-pump inhibitors alter energy metabolism profiles across the
normal squamous-metaplasia-dysplasia-adenocarcinoma sequence in-vitro and antioxidants and a

novel small molecule inhibitor can modulate metabolic function.

Specific aims of chapter 4;
1) Investigate the effect of DCA on real-time metabolism and assess if antioxidants can
rescue DCA-induced metabolic alterations in-vitro utilising the Seahorse XF24 analyser.
2) Examine the effect of the clinical proton-pump inhibitors omeprazole and lansoprazole on
realtime metabolism in-vitro utilising the Seahorse XF24 analyser.
3) Examine the effect of the small molecule inhibitor, Quininib, on inflammatory, angiogenic

and metabolic profiles in-vitro and using ex-vivo human Barrett’s explants.
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4.3 METHODS
4.3.1 Squamous, metaplastic, dysplastic and adenocarcinoma cell line models

QH, GO and OE33 cell lines were utilised and subcultured as before (see sections 2.3.2 and 2.3.3).
HET1A cells, representing the normal squamous epithelium, were also grown to 70% confluency
in BEBM medium supplemented with BEBM SingleQuots (2mL BPE, 0.5mL insulin, 0.5mL HC,
0.5mL retinoic acid, 0.5mL transferring, 0.5mL triiodothyronine, 0.5mL adrenaline and 0.5mL hEGF
per 500ml media). Unlike QH cells, HET1A cells were cultured without FBS and not supplemented
with GA-1000 for optimal growth conditions, therefore, additional centrifugation and decantation
steps were undertaken to remove and neutralise trypsin during subculturing. HET1A cells were

obtained from American Type Culture Collection (ATCC) (LGC Standards, Middlesex, UK).

4.3.2 Assessing the effect of deoxycholic acid, N-acetylcysteine and epigallocatechin gallate in-
vitro utilising the Seahorse XF24 analyser

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR), reflecting oxidative
phosphorylation and glycolysis respectively, were measured using the Seahorse XF24 analyser
(Seahorse Biosciences) as before (see section 2.3.10). OCR and ECAR were measured at baseline in
response to treatment with DCA (100uM, Sigma), NAC (10uM, Sigma) and EGCG (40uM, Sigma).
HET1A, QH, GO and OE33 cells were seeded at 20,000 cells per well in a 24-well cell culture XF
microplate (Seahorse Biosciences), allowed to adhere for 24 hours and treated for an additional
24 hours with either control media, DCA, DCA+NAC or DCA+EGCG. Four baseline OCR and ECAR
measurements were obtained over 28 minutes. The experiment was repeated three times with
technical replicates. All measurements were normalised to cell number using the crystal violet

assay (see section 2.3.9).

4.3.3 Investigating the effect of proton-pump inhibitor use in-vitro utilising the Seahorse XF24
analyser

Experimental protocol was followed as described before (see section 2.3.10). OCR and ECAR were
measured at baseline in response to treatment with omeprazole (12uM, Sigma) and lansoprazole
(12uM, Sigma). HET1A, QH, GO and OE33 cells were seeded at 20,000 cells per well in a 24-well
cell culture XF microplate (Seahorse Biosciences), allowed to adhere for 24 hours, treated for an
additional 24 hours with either control media, 12uM omeprazole or 12uM lansoprazole and the

experiment carried out as per section 2.3.10.
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4.3.4  Exploring the effect of Quininib in-vitro utilising the Seahorse XF24 analyser

Experimental protocol was followed as described above (see section 2.3.10). OCR and ECAR were
measured at baseline in response to treatment with 10uM Quininib (patent number
PCT/IE2012/000002). HET1A, QH, GO and OE33 cells were seeded at 20,000 cells per well in a 24-
well cell culture XF microplate (Seahorse Biosciences), allowed to adhere for 24 hours, treated for
an additional 24 hours with either control media or Quininib and the experiment carried out as

per section 2.3.10.

4.3.5 Examining the effect of Quininib on inflammatory, angiogenic and metabolic profiles in ex-
vivo Barrett’s explant tissue
4.3.5.1 Normal squamous and Barrett’s ex-vivo explant culture

All fresh ex-vivo Barrett’s intestinal metaplasia and matched normal adjacent squamous tissue
were prospectively recruited at our national referral centre for upper Gl malignancy. The median
age of patients (n=9) with intestinal metaplasia was 62 years and there was an 8-fold male
predominance. Matched normal squamous and Barrett’s explant tissue was subsequently
transferred into 1mL M199 media (10% FBS, 1% Pen/Strep, 1mg/mL insulin) (Gibco)
supplemented with or without 10uM Quininib and cultured for 24 hours at 5% CO, at 37°C.
Following 24 hour incubation, the conditioned medium was collected and explant tissue snap

frozen in liquid nitrogen. Both media and tissue were stored at -80°C for future use.

4.3.5.2 Ex-vivo MSD multiplex ELISA analysis
Conditioned medium was screened for the levels of the multiplex inflammatory and angiogenic
proteins (Meso Scale Discovery Multi-Array technology). The inflammatory proteins assessed
were GRO-alpha (GROa), IL1B, IL-10, IL-2, IL-6, monocyte chemoattractant protein-1 (MCP-1),
macrophage inflammatory protein 3 alpha (MIP3a), matrix metallopeptidase 2 (MMP2), MMP9
and TNFa. The angiogenic proteins assessed were angiopoietin 1 (ANG-1), basic fibroblast growth
factor (bFGF), plasminogen activator inhibitor-1 (PAI-1), vascular cell adhesion molecule-1 (VCAM-
1), ICAM-1 (intracellular cell adhesion molecule-1) and VEGF. Protein standards were produced by
adding 10uL of each cytokine stock to 990uL M199 media to yield 8 standards with the following
highest standards; ANG-1/VCAM-1/ICAM-1: 100,000pg/ml, MMP2/MMP9/PAI-1: 50,000pg/ml,
TNFa/MIP3a/IL-6/1L-2/VEGF/bFGF: 10,000pg/ml, MCP-1/IL-10/IL1B : 2500pg/ml and GROa:
5000pg/ml. 25uL diluent 2 solution (Meso Scale) was added to all wells for 30 minutes followed
by 25ulL of samples and standards for 2 hours. Plates were washed using PBS tween-20 (250uL
Sigma Tween in 500ml PBS), 25ul of detection antibody solution added (Meso Scale, 60ul stock in

diluent 3 solution) and left to incubate at room temperature for 2 hours. Plates were
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subsequently washed with PBS tween-20, 150uL 2x read buffer (Meso Scale) added to each well
and cytokines concentrations recorded with the SECTOR imager (Meso Scale). Secreted lactate
levels were also assessed in the conditioned media. Total protein extracted above (Qiagen) was
assayed utilising a bicinchonic acid assay (Thermo Scientific) and secreted protein levels of these

secreted factors in all samples were normalised to total protein.

4.3.5.3 Ex-vivo gRT-PCR analysis
Matched normal squamous and Barrett’s explant tissue was homogenised using a Tissue-Lyser
(Qiagen) for 2.5 mins at a frequency of 25 pulses per second, RNA and protein extracted
simultaneously (Qiagen), RNA quantified and RNA quality assessed (Nanodrop®, 8-Sample
Spectrophometer, ND-800). RNA was reverse transcribed using Bioscript enzyme (Bioline) as
previously described (see section 2.3.5.1). Gene primer probes for ATP5B, HSP60, GAPDH, PKM2,
and 18S (Applied Biosystems) were purchased and real-time PCR was performed using Tagman
mastermix (Applied Biosystems) as previously described (see section 2.3.5.2). Data were analysed

utilising the 274

method as before (see section 2.3.4). All 9 matched normal squamous and
Barrett’s explant tissue was characterised by assessing the expression of the columnar epithelium
molecular marker villin using RT-PCR; all Barrett’s explant tissue was positive for the presence of

villin and all matched adjacent normal squamous tissue was negative for villin.

4.3.6 Statistical analysis

Data were analysed using Graph Pad Prism software (Graph Pad Prism, San Diego, CA). Student’s
paired t-test was used to compare Seahorse parameters within HET1A, QH, GO and OE33 cell lines
treated with DCA, NAC, EGCG, omeprazole, lansoprazole and Quininib. Secreted levels of
inflammatory and angiogenic mediators between ex-vivo explant tissue were statistically analysed

25 method and

using Wilcoxon signed rank tests. qRT-PCR data were normalised using the 2
statistically analysed (Wilcoxon signed rank test). Differences of P<0.05 (*), P<0.01 (**) and

P<0.001 (***) were considered statistically significant.
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4.4 RESULTS

4.4.1 Examining the effect of deoxycholic acid, N-acetylcysteine and epigallocatechin gallate on
energy metabolism in-vitro.

HET1A, QH, GO and OE33 cell lines, representing normal squamous epithelium, Barrett’s
metaplasia, HGD and OAC, were examined for DCA-induced alterations in OCR and ECAR,
reflecting changes in oxidative phosphorylation and glycolysis respectively. Figure 26 shows the
effect of the bile acid component DCA on OCR and ECAR across the in-vitro squamous-metaplasia-
dysplasia-adenocarcinoma cell line sequence. DCA induced significant increases in OCR in both the
GO (P=0.0001) and OE33 (P=0.027) cell lines with a significant concomitant decrease in OCR being
exhibited in the QH cell line (P=0.0018) (figure 26A). DCA had no significant effect on OCR in the
HET1A cell line (figure 26A). DCA significantly increased ECAR in the OE33 cells (P=0.001) while
having no effect on ECAR levels in the HET1A, QH and GO cell lines (figure 26B).

As DCA altered energy metabolism profiles, we examined if the dietary antioxidants N-
acetylcysteine (NAC) and epigallocatechin gallate (EGCG) could reverse these DCA-induced
alterations in oxidative phosphorylation and glycolysis across the in-vitro squamous-metaplasia-
dysplasia-OAC sequence. DCA exhibited no effect on OCR or ECAR in HET1A cells, however, in the
presence of EGCG, both OCR (figure 27A) (P=0.003) and ECAR (figure 27E) (P<0.0001) were
significantly decreased. NAC significantly rescued DCA-induced decreases in OCR in QH cells
(figure 27B) (P=0.033). Moreover, EGCG significantly rescued DCA-induced increases in OCR in GO
cells (figure 27C) (P=0.005) and OE33 cells (figure 27D) (P<0.0001). DCA exhibited no effect on
ECAR in QH cells, however, in the presence of EGCG, ECAR significantly decreased (figure 27F)
(P=0.002). DCA in combination with NAC or EGCG had no effect on ECAR in GO cells (figure 27G)
(P>0.05). NAC significantly exacerbated DCA-induced increases in ECAR in OE33 cells (figure 27H)
(P=0.041). Figure 28 shows the effect of EGCG on DCA-induced alterations in OCR and ECAR across
the in-vitro sequence. EGCG treatment significantly affected OCR in DCA treated HET1A, GO and
OE33 cells, without affecting OCR in QH cells (P<0.0001) (figure 28A). EGCG treatment significantly
affected ECAR in DCA treated cells across the in-vitro sequence (P=0.0003) (figure 28B).
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Figure 26. Investigating the effect of deoxycholic acid (DCA) on oxidative phosphorylation (A) and
glycolysis (B) across the in-vitro squamous-metaplasia-dysplasia-adenocarcinoma sequence. (A) DCA
induced significant increases in OCR in both GO (P=0.0001) and OE33 (P=0.027) cell lines with a significant
concomitant decrease in OCR being exhibited in the QH cell line (P=0.0018). DCA had no significant effect
on OCR in the HET1A cell line. (B) DCA significantly increased ECAR in the OE33 cell line (P=0.001) without
affecting ECAR in the HET1A, QH and GO cell lines. Paired t-tests assessed differences between treatment
groups (n=3). Bars denote mean + SEM.
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Figure 27. Examining the effect of the antioxidants N-acetylcysteine (NAC) and epigallocatechin gallate
(EGCG) on deoxycholic acid (DCA)-induced alterations in oxidative phosphorylation (A-D) and glycolysis
(E-H) across the in-vitro squamous-metaplasia-dysplasia-adenocarcinoma sequence. (A) DCA exhibited no
effect on OCR in HET1A cells, however, in the presence of EGCG, OCR significantly decreased (P=0.003). (B)
NAC significantly rescued DCA-induced decreases in OCR in QH cells (P=0.033). (C) EGCG significantly
rescued DCA-induced increases in OCR in GO cells (P=0.005). (D) EGCG significantly rescued DCA-induced
increases in OCR in OE33 cells (P<0.0001). (E) DCA exhibited no effect on ECAR in HET1A cells, however, in
the presence of EGCG, ECAR significantly decreased (P<0.0001). (F) DCA exhibited no effect on ECAR in QH
cells, however, in the presence of EGCG, ECAR significantly decreased (P=0.002). (G) DCA in combination
with NAC or EGCG had no effect on ECAR in GO cells (P>0.05). (H) NAC significantly exacerbated DCA-
induced increases in ECAR in OE33 cells (P=0.041). Paired t-tests assessed differences between treatment
groups (n=3). Bars denote mean + SEM.

112



>

150-
ANOVA:

ﬁ P<0.0001
<
8
g 1004
[¢)]
2
e
o 504
O
(@)
0-
[ \y
) ¢
(DCA+EGCG)
B
1 50- ANOVA:
P=0.0003

% ECAR Change vs DCA Tx

\‘\e.‘\l* o o 063‘3
(DCA+EGCG)

Figure 28. Assessing the effect of the antioxidant epigallocatechin gallate (EGCG) on deoxycholic acid
(DCA)-induced alterations in OCR (A) and ECAR (B) across the in-vitro squamous-metaplasia-dysplasia-
adenocarcinoma sequence. (A) EGCG treatment significantly affected OCR in DCA treated HET1A, GO and
OE33 cells, without affecting OCR in QH cells (P<0.0001). (B) EGCG treatment significantly affected ECAR in
DCA treated cells across the in-vitro sequence (P=0.0003). One way ANOVA assessed for differences across
all cell lines (n=3). A Bonferroni multiple comparison test assessed for differences between cell lines. Bars
denote mean = SEM.
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4.4.2 Exploring the effect of omeprazole and lansoprazole on energy metabolism in-vitro.

Next, we explored if two proton-pump inhibitors, omeprazole and lansoprazole, commonly
prescribed clinically for GORD and Barrett’s oesophagus to attenuate gastric acid production,
could mediate energy metabolism profiles. Figure 29 shows the effect of omeprazole and
lansoprazole treatment on OCR and ECAR across the in-vitro squamous-metaplasia-dysplasia-OAC
sequence. Lansoprazole treated HET1A cells exhibited significantly reduced levels of OCR (figure
29A) (P=0.016) while levels of ECAR remained unchanged (figure 29E). However, omeprazole
(P>0.05) had no effect on ECAR in HET1A cells (figure 29E). Lansoprazole treated QH cells
exhibited significantly higher levels of OCR (figure 29B) (P=0.019), however, QH cells exhibited
significantly reduced levels of ECAR (figure 29F) (P=0.007). Omeprazole (P=0.0001) and
lansoprazole (P<0.0001) treated GO cells demonstrated significantly lower levels of OCR (figure
29C). Conversely, lansoprazole treated GO cells exhibited significantly higher levels of ECAR (figure
29G) (P=0.015). Omeprazole (P>0.05) and lansoprazole (P>0.05) had no effect on OCR in OE33
cells (figure 29D), however, omeprazole (P=0.018) and lansoprazole (P=0.0002) treated OE33 cells
exhibited significantly higher levels of ECAR (figure 29H).

4.4.3 Investigating the effect of Quininib on inflammatory, angiogenic and metabolic profiles in-
vitro and ex-vivo.

Furthermore, we investigated if energy metabolism profiles could be modulated by a novel
molecular inhibitor, Quininib (our novel patented, small molecule inhibitor), known to previously
exhibit anti-inflammatory potency in our laboratory. Figure 30 illustrates the effect of Quininib on
OCR and ECAR across the in-vitro squamous-metaplasia-dysplasia-OAC sequence. Even though
Quininib significantly increased OCR in HET1A cells (figure 30A) (P=0.022), Quininib exhibited
significant anti-oxidative phosphorylation potential in QH cells (figure 30B) (P=0.006), GO cells
(figure 30C) (P=0.031) and OE33 cells (figure 30D) (P<0.0001). Moreover, Quininib did not affect
ECAR in HET1A (figure 30E) (P>0.05) or GO (figure 30G) (P>0.05) cell lines, however, Quininib
exhibited anti-glycolytic potential and was demonstrated to significantly reduce ECAR in both QH
(figure 30F) (P=0.006) and OE33 (figure 30H) (P=0.039) cell lines. In addition, CC8, an analogue of
parental Quininib, was assessed in QH and OE33 cells and exhibited significant anti-oxidative
phosphorylation potential in OE33 cells (see appendix O). Another Quininib analogue, 0S-1, did

not alter metabolism in QH or OE33 cells (see appendix O).
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Figure 29. Exploring the effect of the proton pump inhibitors omeprazole and lansoprazole on oxidative
phosphorylation (A-D) and glycolysis (E-H) across the in-vitro squamous-metaplasia-dysplasia-
adenocarcinoma sequence. (A) Lansoprazole treated HET1A cells exhibited significantly reduced levels of
OCR (P=0.016). (B) Lansoprazole treated QH cells exhibited significantly higher levels of OCR compared to
untreated QH cells (P=0.019). (C) Omeprazole (P=0.0001) and lansoprazole (P<0.0001) treated GO cells
exhibited significantly lower levels of OCR. (D) Omeprazole (P>0.05) and lansoprazole (P>0.05) had no effect
on OCR in OE33 cells. (E) Omeprazole (P>0.05) and lansoprazole (P>0.05) had no effect on ECAR in HET1A
cells. (F) Lansoprazole treated QH cells exhibited significantly reduced levels of ECAR (P=0.007). (G)
Lansoprazole treated GO cells exhibited significantly higher levels of ECAR (P=0.015). (H) Omeprazole
(P=0.018) and lansoprazole (P=0.0002) treated OE33 cells exhibited significantly higher levels of ECAR.
Paired t-tests assessed differences between treatment groups (n=3). Bars denote mean + SEM.
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Figure 30. Investigating the effect of the novel small molecular inhibitor, Quininib, on oxidative
phosphorylation (A-D) and glycolysis (E-H) across the in-vitro squamous-metaplasia-dysplasia-
adenocarcinoma sequence. (A) Quininib treated HET1A cells demonstrated significantly higher levels of
OCR (P=0.022). (B) Quininib treated QH cells exhibited significantly lower levels of OCR (P=0.006). (C)
Quininib treated GO cells demonstrated significantly lower levels of OCR (P=0.031). (D) Quininib treated
OE33 cells demonstrated significantly lower levels of OCR (P<0.0001). (E) Quininib treatment did not affect
ECAR levels in HET1A cells (P>0.05). (F) Quininib treated QH cells demonstrated significantly lower levels of
ECAR (P=0.006). (G) Quininib treatment did not affect ECAR levels in GO cells (P>0.05). (H) Quininib treated
OE33 cells demonstrated significantly lower levels of ECAR (P=0.039). Paired t-tests assessed differences
between treatment groups (n=3). Bars denote mean = SEM.
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As Quininib exhibited significant anti-metabolic potential in an in-vitro model of Barrett’s
oesophagus, we investigated if we could recapitulate these results in an ex-vivo explant model of
Barrett’s oesophagus. As figure 31 illustrates, all explant tissue was characterised prior to
analyses; all Barrett’s explant tissue was positive for the presence of the molecular marker villin
and all matched adjacent normal squamous tissue was negative for villin. Prior to Quininib
treatment, we characterised the inflammatory and angiogenic profile of Barrett’s and matched
normal adjacent squamous tissue by screening an array of secreted inflammatory and angiogenic
markers. Figure 32 shows the secretory profile of some of these inflammatory and angiogenic
mediators from nine patients with Barrett's oesophagus. Secreted levels of IL-6 (figure 32A)
(P=0.008), IL1B (figure 32B) (P=0.04) and bFGF (figure 32E) (P=0.016) were significantly elevated in
Barrett’s explant tissue compared to matched normal adjacent squamous tissue. Interestingly,
levels of VEGF (P=0.004) were significantly lower in Barrett’s tissue compared to matched normal
adjacent squamous tissue (figure 32D). Despite being elevated, no significant differences in the
secreted levels of MMP9 (figure 32C), ICAM-1 (figure 32F), PAI-1 (figure 32G) or VCAM-1 (figure
32H) were found between Barrett’s and matched normal squamous tissue (P>0.05). Moreover, no
significant differences in the secreted levels of TNFa (figure 33A), MMP2 (figure 33B), MIP3a
(figure 33C), MCP-1 (figure 33D), IL-10 (figure 33E), IL-2 (figure 33F), GROa (figure 33G) or ANG-1

(figure 33H) were found between Barrett’s and matched normal squamous tissue (P>0.05).
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Figure 31. Characterisation of untreated and Quininib treated matched normal adjacent and Barrett’s tissue. A representative image from a RT-PCR gel showing the
absence of the intestinal metaplasia molecular marker, villin (270bp), in matched normal adjacent tissue and the presence of the same marker in Barrett’s tissue. Both
tissue types were simultaneously confirmed for the presence of B-actin (468bp). Upon synthesis of cDNA from mRNA, villin and B-actin were amplified in a PCR reaction
utilising 2uL of cDNA with the melting temperatures (Tm°) of 62° and 58° respectively for 38 cycles. Primer sequences were as follows: Villin forward - 5'-
AATGGCCACCATGGAGAACA-3’; Villin reverse - 5-ACCACAATTCTGTCTTTCACGG-3’; B-actin forward — 5-TGAGAGGGAAATCGTGCGTG-3’; B-actin reverse — 5'-
TGCTTGCTGATCCACATCTGC-3'. Each PCR reaction contained 10uL of 1x Mangomix (Bioline), 2uL 10uM forward primer, 2uL 10uM reverse primer, 5uL RNase/DNase
free dH,0 and 2uL cDNA. PCR was performed for 95°C for 5 minutes, followed by 38 cycles of 95°C for 1 minute, 62°C for 1 minute (58°C for B-actin) and 72°C for 1
minute. Lastly, PCR was heated to 72°C for 10 minutes and PCR products ran on a 2% agarose gel containing 10mg/mL ethidium bromide at 80V for 1 hour and the gel
imaged through UV exposure. Analogous images were obtained for all 9 ex-vivo Barrett’s explant tissues used throughout this study.
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Figure 32. Characterising the expression of an array of secreted inflammatory and angiogenic mediators
in an ex-vivo model of Barrett’s oesophagus. Secreted levels of (A) IL-6 (P=0.008), (B) IL1B (P=0.04) and (E)
bFGF (P=0.016) were significantly elevated in Barrett’s explant tissue compared to matched normal
adjacent squamous tissue. (D) Levels of VEGF (P=0.004) were significantly lower in Barrett’s tissue
compared to matched normal adjacent squamous tissue. Despite being elevated, no significant differences
in the secreted levels of (C) MMP9, (F) ICAM-1, (G) PAI-1 or (H) VCAM-1 were found between Barrett’s and
matched normal squamous tissue (P>0.05). Wilcoxon signed rank tests assessed differences between

Barrett’s and matched normal squamous tissue (n=9). Bars denote mean = SEM.
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Figure 33. Assessing the expression of an array of secreted inflammatory and angiogenic mediators in an
ex-vivo model of Barrett’s oesophagus. No significant differences in the secreted levels of (A) TNFa, (B)
MMP2, (C) MIP3a, (D) MCP-1, (E) IL-10, (F) IL-2, (G) GROa or (H) ANG-1 were found between matched
normal squamous and Barrett’s explant tissue (P>0.05). Wilcoxon signed rank tests assessed differences
between Barrett’s and matched normal squamous tissue (n=9). Bars denote mean + SEM.
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Next we examined if Quininib could modulate the inflammatory, angiogenic and metabolic
profiles of the Barrett’s explant tissue within the same nine patients. Figure 33 shows the
inflammatory and angiogenic profile of the Barrett’s tissue subsequent to treatment with or
without Quininib. No significant differences in the secreted levels of IL-6 (figure 34A), IL1B (figure
34B), MMP9 (figure 34C), VEGF (figure 34D), bFGF (figure 34E), ICAM-1 (figure 34F), PAI-1 (figure
34G) or VCAM-1 (figure 34H) were found between matched untreated and Quininib treated
Barrett’s explant tissue (P>0.05). Furthermore, even though no significant differences in the
secreted levels of TNFa (figure 35A), MMP2 (figure 35B), MIP3a (figure 35C), MCP-1 (figure 35D),
IL-10 (figure 35E), GROa (figure 35G) or ANG-1 (figure 35H) were found between matched
untreated and Quininib treated Barrett’s explant tissue (P>0.05), Quininib did significantly
increase the levels of IL-2 (figure 35F) (P<0.05). Figure 36 shows the metabolic gene expression
profile of the Barrett’s tissue subsequent to treatment with or without Quininib. No significant
differences in the expression levels of ATP5B (figure 36A), HSP60 (figure 36B), GAPDH (figure 36C)
or PKM2 (figure 36D) were found between untreated and Quininib treated Barrett’s explant tissue
(P>0.05). Moreover, no significant differences in the secreted levels of lactate (figure 37A) or
SMAC/Diablo (figure 37B) were found between matched untreated and Quininib treated normal
squamous and Barrett’s explant tissue (P>0.05). Although Quininib had no significant effect in
reducing angiogenic, inflammatory and angiogenic profiles in all nine explant tissues, table 5
suggests that the effect of Quininib may be patient specific. For example, Quininib exhibited anti-
angiogenic, anti-inflammatory and anti-metabolic potential by reducing the levels of the markers
ANG-1, IL1B/MCP-1 and ATP5B in 44.4%, 33.3% and 55.5% of the Barrett’s explant tissues

respectively. Quininib also reduced SMAC/Diablo in 66.7% of Barrett’s explant tissues.
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Figure 34. Investigating the inflammatory and angiogenic profile of an ex-vivo model of Barrett’s
oesophagus subsequent to treatment with the small molecule inhibitor Quininib. No significant
differences in the secreted levels of (A) IL-6, (B) IL1B, (C) MMP9, (D) VEGF, (E) bFGF (F) ICAM-1, (G) PAI-1 or
(H) VCAM-1 were found between matched untreated (C=M199 media) and Quininib treated Barrett’s
explant tissue (P>0.05). Wilcoxon signed rank tests assessed differences between both treated groups
(n=9). Bars denote mean + SEM.
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Figure 35. Characterising the expression of an array of secreted inflammatory and angiogenic mediators
in an ex-vivo model of Barrett’s oesophagus subsequent to treatment with the small molecule inhibitor
Quininib. No significant differences in the secreted levels of (A) TNFa, (B) MMP2, (C) MIP3a, (D) MCP-1, (E)
IL-10, (G) GROa or (H) ANG-1 were found between matched untreated (C=M199 media) and Quininib
treated Barrett’s explant tissue (P>0.05). (F) Quininib induced a significant increase in IL-2 in Quininib
treated versus untreated Barrett’s tissue (P=0.012). Wilcoxon signed rank tests assessed differences
between Barrett’s and matched normal squamous tissue (n=9). Bars denote mean + SEM.
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Figure 36. Investigating the metabolic gene profile of an ex-vivo model of Barrett’s oesophagus
subsequent to treatment with the small molecule inhibitor Quininib. No significant differences in the
expression levels of (A) ATP5B, (B) HSP60, (C) GAPDH or (D) PKM2 were found between matched untreated
(C=M199 media) and Quininib treated Barrett’s explant tissue (P>0.05). Wilcoxon signed rank tests assessed
differences between both treatment groups (n=9). Bars denote mean + SEM.
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Figure 37. Assessing secreted lactate and SMAC/Diablo levels in an ex-vivo model of Barrett’s
oesophagus subsequent to treatment with the small molecule inhibitor Quininib. No significant
differences in the secreted levels of (A) lactate or (B) SMAC/Diablo were found between matched untreated
and Quininib treated normal squamous and Barrett’s explant tissue (P>0.05). Wilcoxon signed rank tests
assessed differences between both treated groups (n=9). Bars denote mean + SEM.
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Table 5. A summary of the inhibitory effect of Quininib on markers of
angiogenesis, inflammation and metabolism ex-vivo. Quininib had differential
effects within different Barrett’s patients. Quininib induced the greatest
angiogenic, inflammatory and metabolic inhibitory effects on ANG-1, IL13/MCP-1
and ATP5B of 44.4%, 33.3% and 55.5% of the total ex-vivo cohort. Quininib
reduced SMAC/Diablo in 66.7% of all Barrett’s explant tissues.

A Percentage of total
Process Inflammatory and c?h.ot:t (-n =9) that
Metabolism Markers Quininib induced an
inhibitory effect in (%).
Angiogenesis ANG-1 44.4
bFGF 333
PAI-1 333
ICAM-1 333
VCAM-1 333
VEGF 22.2
Inflammation GROa 11.1
IL1B 333
IL-10 11.1
IL-2 111
IL-6 22.2
MCP-1 33.3
MIP3a 111
MMP2 22.1
MMP9 22.2
TNFa 111
Metabolism ATP5B 55.5
HSP60 333
GAPDH 22.2
PKM2 333
Lactate 22.2
Mitochondrial Function SMAC/Diablo 66.7
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4.5 DISCUSSION

In this chapter, we have shown that DCA, a common GORD constituent, and two proton-pump
inhibitors commonly prescribed for GORD, induce differential alterations in mitochondrial energy
metabolism across the in-vitro squamous-metaplasia-dysplasia-OAC sequence. We further
demonstrate that the antioxidants, NAC and EGCG, can rescue these DCA-induced metabolic
perturbations. In addition, a novel small molecule inhibitor, Quininib, previously shown to illicit
anti-inflammatory, anti-angiogenic and anti-metabolic effects in neoplastic tissue, exhibited anti-
metabolic potential in-vitro possibly highlighting its potential role as an effective therapeutic

agent.

Several exogenous risk factors have been documented as playing an important role in Barrett’s
associated OAC. Smoking status is known to be positively associated with erosive oesophagitis,
Barrett’s oesophagus and oesophageal-oesophagogastric junction adenocarcinomas (98, 412,
429). Age and diabetes mellitus status can also predict progression from Barrett’s oesophagus
(430). Some recent evidence additionally suggests a role of the oesophageal microbiome in the
development of Barrett’s oesophagus and OAC, although further in-depth studies are required to
prove causality (431-433). Interestingly, many studies conclude a negligible link between alcohol
and neoplastic progression in Barrett’s oesophagus (434-436). Moreover, GORD, known to play an
important pathogenic role in the development of Barrett’'s oesophagus, is one of the biggest risks
of neoplastic progression in Barrett’'s associated OAC (412-414). However, the consequences of
GORD on cellular bioenergetics, known to be altered early in Barrett’s oesophagus and contribute

to Barrett’s associated OAC, remain unidentified (130, 391).

DCA is extensively thought to play a major role in the development of Barrett’s oesophagus and in
its subsequent progression to OAC (70, 71, 73, 74). We investigated if DCA could modulate energy
metabolism across the normal squamous-metaplasia-dysplasia-OAC sequence in-vitro. We
demonstrate that DCA alters cellular metabolism in-vitro, thereby potentially conferring Barrett’s
cells with a metabolic advantage for neoplastic progression. Interestingly, GO and OE33 cells
treated with DCA exhibit significantly higher levels of OCR, however, these increases in OCR in
neoplastic GO and OE33 cells could be reversed by treatment with the antioxidant EGCG. We also
show that QH cells treated with DCA exhibited significantly lower OCR than its untreated control.
This result is similar to a previous study showing that deoxycholate treated gastric mucosa cells
exhibited reduced oxygen uptake and ATP levels subsequently implicating the impairment of
energy metabolism in the mechanism of bile salt injury to gastric mucosa (437). Moreover, further

treatment with the common dietary antioxidant, NAC, rescued the DCA-induced decrease in OCR
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in QH cells. DCA significantly increased ECAR in OE33 cells but this increase could not be rescued
by addition of NAC or by addition of the green tea antioxidant, EGCG. Interestingly, the
antioxidant EGCG significantly lowered OCR in DCA-EGCG treated HET1A cells, ECAR in DCA-EGCG
treated HET1A cells and ECAR in DCA-EGCG treated QH cells despite DCA having no effect on
cellular metabolism providing some evidence that dietary EGCG supplementation alone may be

beneficial.

We have demonstrated that DCA has both pro-glycolytic and anti-oxidative phosphorylation
activity in the OE33 and QH cell lines respectively. Since the Warburg effect can potentially confer
cells with several metabolic advantages for disease progression, perhaps the decrease in oxidative
phosphorylation exhibited in the DCA-treated QH cells allows the shunting of high energy
metabolic intermediates into glycolysis. Moreover, it may be noteworthy to mention that DCA’s
effect on metabolism may be tissue specific; for example, DCA decreased OCR in the
preneoplastic QH cells but increased OCR in both neoplastic GO and OE33 cells. These results
illustrating DCA’s pro-glycolytic and pro-oxidative potential in the OAC cell line, therefore, indicate
that DCA can indeed exacerbate disease progression in Barrett’s associated tumourigenesis, as

previously shown, but may do so in part by altering energy metabolism (413).

In this study, we show that DCA-treated QH and OE33 cells supplemented with NAC exhibited
significantly higher OCR and ECAR levels respectively. This implies that NAC may in fact promote
glycolysis. Despite the majority of studies reporting the protective role of NAC, one particular
recent study found that NAC accelerated lung cancer in a mouse model (438). In this study, NAC
treated cells seem to exacerbate disease progression by increasing the availability of energy
through oxidative phosphorylation and glycolysis. Alternatively, NAC may attenuate disease
progression by increasing oxidative phosphorylation using high energy intermediates for oxidative
purposes initially destined for glycolytic-dependant tumour cells. These results are in contrast
with DCA-EGCG treated QH and neoplastic cells (GO and OE33) that exhibited significantly lower
ECAR and OCR levels respectively. No role for EGCG as an anti-glycolytic has been documented.
EGCG is known to activate AMP-protein kinase (AMPK), known to decrease glycolysis. Activation
of AMPK increases ATP levels by increasing fatty acid oxidation, lipolysis and glycolysis (439).
EGCG, however, is increasingly being highlighted as an effective universal anti-cancer agent (440).
It is clear that additional studies investigating the role of NAC and EGCG will offer more insight
into their potential benefits, particularly in Barrett’s metaplasia and OAC. However, the additional

role of the antioxidant EGCG in the neoplastic setting, as displayed in GO and OE33 cells in this
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study, holds promise as an antagonist of oxidative phosphorylation, known to be enhanced in

Barrett’s associated OAC (130).

The primary treatment for Barrett’s metaplasia is the normalisation of oesophageal reflux acid
exposure with proton pump inhibitors, which reduces the risk of development and progression in
patients with Barrett’s oesophagus (441-443). Proton-pump inhibitors can confer many additional
benefits beyond acid suppression, however (442). We have shown that lansoprazole significantly
reduces ECAR and OCR in QH and GO cell lines respectively. Furthermore, we demonstrate that
omeprazole treated GO cells exhibit reduced OCR levels. These results suggest that proton-pump
inhibitors may help to suppress cellular metabolism prior to cancer occurrence in the metaplastic
and dysplastic settings and thus offer added benefit in addition to their role in acid suppression.
Omeprazole and lansoprazole are known to exhibit antioxidant properties (444, 445). Both
proton-pump inhibitors have also been shown to attenuate neutrophil adherence to endothelial
cells by inhibiting the expression of the adhesion molecules ICAM-1 and VCAM-1 suggestive of
anti-inflammatory activity (446). Lansoprazole has additionally been implicated in mediating the
anti-inflammatory and anti-apoptotic effect in gastric mucosal cells (447, 448). Studies also
highlight similar benefits of proton-pump inhibitors in the neoplastic setting (449, 450). No studies
to our knowledge implicate omeprazole and lansoprazole in the modulation of glycolysis,
however, as inhibitors of gastric H'K'ATPases, the inhibition of intracellular proton extrusion
associated with higher rates of glycolysis in neoplastic tissue by lansoprazole has been shown to
induce apoptosis and inhibit tumourigenesis in murine xenografts (451). Therefore, manipulation
of mitochondrial membrane potential, and thus apoptosis, through proton-pump inhibitor
treatment may be an additional benefit early in Barrett’s metaplasia and dysplasia (452).
Furthermore, chemoprevention with the use of proton-pump inhibitors in patients with Barrett’s

oesophagus may be cost-effective (453).

We have further demonstrated that proton-pump inhibitors augment cellular metabolism.
Lansoprazole increased ECAR in GO and OE33 cells respectively while concomitantly increasing
OCR in QH cells. Moreover, omeprazole promoted glycolysis in OE33 cells. It is plausible that
alterations in glycolysis are due to perturbations in oxidative phosphorylation. For example,
increased ECAR in GO cells may be the result of lansoprazole negatively affecting oxidative
phosphorylation as basal glycolysis has been shown to be dependent on basal levels of oxidative
phosphorylation (see appendix L). It is also possible that an increase in OCR is a stress induced
consequence of H'K*ATPase inhibition. Moreover, with differential effects across cell types in this

study, the effect of proton-pump inhibitors on metabolism may be a tissue specific effect as
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proton-pump inhibitors have been shown to have differential results in erosive oesophagitis and
non-erosive reflux disease (454). Despite promoting cellular metabolism and potentially
conferring metabolic advantages to preneoplastic and neoplastic cells, future studies should
investigate whether the additional benefits of proton pump inhibitors, taking into account

potential tissue specific effects, outweigh undesirable increases in metabolism.

Ongoing translational research and clinical trials are currently attempting to identify
multifunctional compounds with the capability of targeting many key cellular processes
simultaneously. Such processes include inflammation, angiogenesis and more recently, energy
metabolism. Therefore, we investigated if our novel patented small molecule inhibitor, Quininib,
could modulate inflammatory, angiogenic and metabolic profiles across the in-vitro normal
squamous-metaplasia-dysplasia-adenocarcinoma sequence. Quininib, which has patents filed and
published nationally, in Europe and in the USA, has previously been shown to exhibit anti-
inflammatory and anti-angiogenic activity in zebrafish, in ex-vivo human explants and in mice
(455). Quininib significantly decreased levels of IL-6, IL1B and various angiogenic markers in ex-
vivo human colorectal cancer tissue (455). Moreover, Quininib decreased tumour growth,
metastasis and angiogenic factors in murine studies (455). We found that Quininib significantly
reduced OCR in the QH, GO, and OE33 cell lines. We additionally demonstrate that Quininib
significantly reduces ECAR in both QH and OE33 cells. As Quininib has previously been shown to
display anti-inflammatory and anti-angiogenic capabilities and has exhibited potent anti-oxidative
and anti-glycolytic potential across the metaplastic-dysplastic-adenocarcinogenic sequence in-
vitro in this study, we examined if we could recapitulate these anti-inflammatory, anti-angiogenic

and anti-metabolic effects in an ex-vivo Barrett’s explant model.

Prior to investigating the effect of Quininib, we characterised the inflammatory and angiogenic
secretory profiles of Barrett’s explant tissue compared to matched normal squamous tissue.
Analogous to other studies, we found that Barrett’s tissue demonstrates higher levels of various
inflammatory and angiogenic markers, including IL-6, IL1B and bFGF (219, 288, 456-458).
Interestingly, a previous study utilising the only murine model of Barrett’s oesophagus showed
the importance of IL1B and IL-6 in Barrett’s associated cancer (69). Overexpression of IL1B was
shown to be sufficient to induce Barrett’s oesophagus and neoplastic progression with the
development of Barrett’s and OAC reversed with IL-6 deficiency (69). Conversely, we have shown
significantly reduced levels of VEGF in Barrett’s tissue compared to matched normal adjacent

tissue despite previous studies implicating VEGF in Barrett’s oesophagus and neoplastic Barrett’s
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tissue (458-460). Moreover, various angiogenic markers in this study were increased in Barrett’s

tissue so this may explain in part the redundancy in increasing VEGF expression.

Next, we examined if Quininib could reduce the enhanced levels of inflammation and
angiogenesis exhibited in the Barrett’s explant tissue. We found that Quininib treatment did not
alter the levels of secreted inflammatory and angiogenic markers. Moreover, Quininib had no
significant effect on lactate levels or on genomic expression of ATP5B, HSP60, GAPDH or PKM2.
These results indicate that Quininib may be unsuitable for use in Barrett’s tissue to reduce
inflammation and metabolism unlike previous results in ex-vivo colorectal cancer tissue. However,
analogues of Quininib, known to display less toxic effects, may demonstrate more promise in
Barrett’s explant tissue (appendix O). This was the first study using Quininib in a preneoplastic
setting; Quininib has since exhibited potential as an anti-inflammatory, anti-angiogenic and anti-
metabolic agent in ex-vivo OAC explant tissue (currently been undertaken by Rdisin Byrne),
however, examining whether Quininib can recapitulate these effects in preneoplastic Barrett’s ex-
vivo tissue requires further investigation. Moreover, Quininib induced differential anti-
inflammatory, anti-angiogenic and anti-metabolic effects in specific Barrett’s explant tissues
thereby highlighting its future potential. Therefore, employing similar Quininib analogues ex-vivo
may have more promising outcomes. We acknowledge limitations in this work, however. In the
presence of DCA, the proton pump inhibitors lansoprazole and omeprazole may have induced
differential metabolic effects to what we have shown. Moreover, the additive effect of additional

bile acids in conjunction with DCA may differentially modulate energy metabolism profiles.

In summary, we have shown for the first time that DCA, omeprazole and lansoprazole induce
differential alterations in mitochondrial energy metabolism across the in-vitro normal squamous-
metaplasia-OAC sequence. We have additionally shown that the antioxidants NAC and EGCG
rescue DCA-induced metabolic alterations thereby highlighting potential benefit in antioxidant
supplementation. Furthermore, we demonstrate that Quininib significantly decreased both
oxidative phosphorylation and glycolysis in metaplastic and neoplastic cells in-vitro possibly

highlighting its potential role as an effective metabolic therapeutic agent.
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Chapter 5

Examining the connectivity between different cellular processes
in the Barrett’s tissue microenvironment: energy metabolism,
hypoxia, inflammation, p53 and obesity.
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5.1 INTRODUCTION

In chapter two, we showed that mitochondrial function is altered in Barrett’s oesophagus.
Moreover, manipulation of genes known to be differentially expressed between Barrett’s
oesophagus and OAC in-vitro and in-vivo resulted in significant alterations in MMP and ROS levels
in Barrett’s cells. In OAC cells, manipulation of these genes altered energy metabolism profiles
thereby implicating altered cellular energetics in disease progression. In chapter three we
demonstrated that both oxidative phosphorylation and glycolysis are in fact differentially altered
across the metaplasia-dysplasia-OAC disease sequence in-vitro and in-vivo. In addition, using first
surveillance biopsies from Barrett’s patients, we found that Barrett’s patients who went on to
progress to OAC had significantly higher levels of the oxidative phosphorylation marker ATP5B.
Moreover, in chapter four we show that DCA and proton inhibitors may modulate these
metabolic pathways to promote disease progression. Numerous studies have implicated various
cellular processes, such as inflammation, hypoxia, p53 and obesity, in disease progression in
Barrett’s oesophagus. No study, however, has investigated the link between metabolism and its

links with the above cellular processes in the Barrett’s oesophagus tissue microenvironment.

It is established that key cellular processes, with distinctive functional roles, are involved in
promoting disease progression in Barrett’s oesophagus. Some of these processes include
inflammation, hypoxia and angiogenesis (69, 176, 457, 459, 461-463). Hypoxia, mediated through
hypoxia-inducible factor-1 alpha (HIF1la), is associated with the inflammatory reaction in Barrett’s
oesophagus, however, little is known on how it links with other cellular mediators (176).
Increased HIF1la and HIF2a expression has been demonstrated across the metaplastic-dysplastic-
OAC sequence (461). Barrett’s-associated inflammation, through canonical proinflammatory
mediators such as interleukin-6 (IL-6), IL1B and signal transducer and activator of transcription 3
(STAT3), have additionally been shown to exacerbate inflammation and promote OAC (69, 462). A
recent study showed that neoplastic and non-neoplastic Barrett’s cells expressing VEGF and
VEGFR2 mRNA and protein, promoted cell proliferation through a phospholipase C gammal-
protein kinase C-ERK pathway subsequent to VEGF-VEGFR2 activation (459). Moreover, sunitinib-
induced VEGF inhibition reduced the weight and volume in mouse xenografts tumours from

transformed Barrett’s cells (459).

Obesity has further been implicated in disease progression in Barrett’s oesophagus (82, 83).
Individuals with central or visceral obesity, measured by waist circumferences, are at an increased
risk of developing Barrett’s oesophagus (83). Furthermore, individuals with a greater propensity

to obesity have higher risks of intestinal metaplasia, thereby showing obesity is independently
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associated with Barrett’s oesophagus and its subsequent progression to OAC (82). Epidemiological
studies have also shown a link between leptin and reduced adiponectin, both characteristic of
obesity and Barrett’s oesophagus (464-467). However, how obesity and associated changes in
adipokines, cytokines, insulin, insulin-growth-factor-1 axis, immune mechanisms and their
downstream signalling pathways influences Barrett’s oesophagus and Barrett’s tumourigenesis at

the cellular level is currently unknown.

Alterations in energy metabolism is one of the new emerging hallmarks of cancer and disease
progression (172, 288). Previous research from our group has demonstrated that both oxidative
phosphorylation and glycolysis are reprogrammed early in the inflamed Barrett’s disease
sequence and may act mutually to promote disease progression in Barrett’s oesophagus (130). In
addition, levels of ATP5B, a marker of oxidative phosphorylation, in first time surveillance biopsy
material segregated Barrett’s patients who progressed to HGD/OAC from non-progressors,
highlighting the possible prognostic advantage of assessing metabolic profiles in these
preneoplastic patients (130). Moreover, Barrett's cells were shown to favour the more
detrimental oxidative phenotype that may be selected for during the early stages prior to disease
progression (130). Various studies linking energy metabolism with inflammation, hypoxia and
angiogenesis highlight how reciprocal processes act jointly to significantly alter the local
microenvironment and attenuate disease progression (185, 215, 226, 468). However, despite
recent insight into energy metabolism profiles in Barrett’s oesophagus, less is known about how
energy metabolism and other key cellular processes cooperate in the Barrett’s microenvironment.
Interestingly, p53 overexpression is associated with an increased risk of neoplastic progression in
patients with Barrett’s oesophagus, however, the risk is greater with loss of p53 expression (292).
Moreover, in inflamed Barrett’s oesophagus patients with progressive disease, oxidative-induced
damage results in telomere shortening and mutations in the p53 gene abrogate p53’s role as the
checkpoint of proliferation and apoptosis (202). In addition to obesity and p53 status, the length
of the Barrett’s segment has been shown to be a risk factor in the development of Barrett’s

associated OAC (10, 469, 470).

The aim of this study was to examine the link between energy metabolism, hypoxia,
inflammation, p53 and obesity in the Barrett’s tissue microenvironment in-vivo and ex-vivo. We
report herein that oxidative phosphorylation and p53 status positively correlated with hypoxia.
Moreover, levels of oxidative phosphorylation are positively linked to p53 expression whereas
levels of glycolysis are negatively associated with p53 expression. In addition, oxidative

phosphorylation and glycolysis are positively associated with inflammation. Interestingly, we
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demonstrated that obesity was negatively associated with oxidative phosphorylation but
positively associated with glycolysis. Analogous correlations were exhibited in ex-vivo explant

tissue between metabolism, p53, hypoxia, inflammation and angiogenesis.

Aspects of this chapter have been published in Cancer Letters.
‘Examining the connectivity between different cellular processes in the Barrett tissue
microenvironment’ (2015). Phelan J.J., Feighery, R., Eldin, 0.S., O Meachair, S., Cannon, A., Byrne,
R., MacCarthy, F., O'Toole, D., Reynolds, J.V and O’Sullivan, J.N.
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5.2 HYPOTHESIS AND AIMS OF CHAPTER FIVE

We hypothesise that energy metabolism acts in tandem with key cellular processes in the

Barrett’s oesophagus microenvironment.

Specific aims of chapter 5;

1)

2)

3)

4)

5)

6)

Investigate the association between p53 and metabolism in in-vivo and ex-vivo models of
Barrett’s oesophagus.

Examine the link between inflammation (IL1B/SERPINA3) and p53 in in-vivo and ex-vivo
models of Barrett’s oesophagus.

Assess the association between metabolism and inflammation in in-vivo and ex-vivo
models of Barrett’s oesophagus.

Investigate the links between hypoxia, metabolism, inflammation and p53 in in-vitro, in-
vivo and ex-vivo models of Barrett’s oesophagus.

Investigate the association between metabolism, obesity status and the length of the
Barrett’s segment in Barrett’s oesophagus.

Examine the link between metabolism and angiogenesis in an ex-vivo model of Barrett’s

oesophagus.
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5.3 MATERIALS AND METHODS
5.3.1 Patient selection

Ethical approval to conduct all aspects of this work was granted by the Adelaide and Meath
Hospital (AMNCH), Tallaght, Dublin (REC 200110405). All cases were prospectively recruited at our
national referral centre for upper Gl malignancy and written informed consent was obtained in
accordance with local institutional ethical guidelines. All patients attending with histologically
confirmed Barrett’s esophagus were considered for inclusion. Patients with a prior history of
dysplasia or carcinoma, other malignancy of any type, ablative therapy (radiofrequency ablation,
argon plasma coagulation, cryoablation) were excluded. Endoscopic examination consisting of
white light and chromoendoscopy (FICE (fujinon) or NBI (olympus)) was performed in all cases.
The Barrett’s segment was assessed and measured as per the Prague classification system and

biopsied using large capacity forceps.

Patients with intestinal metaplasia were identified from our Barrett’s tissue database and
immunohistochemistry was performed. The median age of patients (n=29) with intestinal
metaplasia was 65 years, there was a 2.22-fold male predominance and all patients were followed
for a median of 7.5 years. The areas of interest on the diagnostic biopsy blocks were marked by a
pathologist, 0.6 mm cores were taken from the blocks and tissue microarrays (TMAs) were

constructed and pathology of the tissue re-evaluated prior to antibody staining.

Waist circumference and Barrett’'s segment length demographics were available on 15 and 22
patients respectively from the 29 patients who participated in the study. Expression of all protein
markers was subsequently correlated to waist circumference and to the length of the Barrett’s
segment. 15 patients were used to assess the link between ATP5B, GAPDH and waist
circumference; the median age of patients with intestinal metaplasia was 65 years, there was a
2.75-fold male predominance and patients had a median waist circumference of 104cm. 22
patients were used to assess the link between ATP5B, GAPDH and the length of the Barrett’s
segment; the median age of patients (n=22) with intestinal metaplasia was 61.5 years, there was a

2.14-fold male predominance and patients had a median Barrett’s segment length of 5cm.

5.3.2 ATP5B, GAPDH, p53, IL16, SERPINA3 and HIF1a immunohistochemistry analysis using
tissue microarrays

Immunohistochemistry was performed utilising the Vectastain Kit (Elite) as before (see section
3.3.4). Primary antibodies used were a mouse anti-ATP5B IgG (SantaCruz Biotechnology) (1:1000),
a rabbit anti-GAPDH IgG (AbDserotec Division of MorphoSys) (1:300), a rabbit anti-p53 IgG
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(Abcam) (1:150), a rabbit anti-IL1B IgG (Abcam) (1:200), a rabbit anti-SERPINA3 1gG (Abcam)
(1:200) and a rabbit anti-HIF1a IgG (Abcam) (1:200) diluted in PBS. Slides were incubated with
primary antibody for 1 hour, then biotinylated antibody for 30 minutes, avidin-biotin complex for
30 minutes and DAB substrate for 2-15 minutes. Slides were scanned (Philips Digital Pathology
Solutions) and immunoreactivity was assessed as before (see section 3.3.4). For each protein,
both epithelial and stromal cells were evaluated for both percentage positivity and intensity of
cytoplasmic staining. A third score, designated IxP, was obtained by multiplying intensity by
positivity. Using these three parameters, the scoring and analysis was undertaken as described in

section 3.3.4.

5.3.3 Assessing the effect of hypoxia in an in-vitro model of Barrett’s oesophagus

5.3.3.1 Cell Culture
Cell culture was undertaken as described before (sections 2.3.2 and 2.3.3). QH cells were seeded
50,000 in 12 well plates and subsequently cultured under normoxia (21% oxygen) and hypoxia
(0.5%) conditions for 24 hours. RNA extraction was subsequently performed using RNeasy Mini Kit
(Qiagen) following manufacturer’s instructions (see section 2.3.2), RNA content and quality was
quantified and assayed respectively (Nanodrop®, 8-Sample Spectrophometer, ND-800) and RNA

reverse transcribed using Bioscript enzyme (Bioline) as before (see section 2.3.5.1).

5.3.3.2 Gene Expression Analysis
gPCR was undertaken as before (see section 2.3.5.2). Gene primer probes for VEGFA, ATP5B, p53,
PKM?2, IL18, AMPK, GAPDH, HSP60 and 18S (Applied Biosystems) were purchased and real-time
PCR was performed using Tagman mastermix on a 7900HT Fast Real-time PCR Light-Cycler System

AACt

(Applied Biosystems). PCR data were analysed utilising the 2°° method as before (section 2.3.4)

(130).

5.3.3.3 Assessment of secreted inflammatory and angiogenic markers
QH cell supernatant, previously exposed to normoxia and hypoxia conditions, was screened for a
panel of secreted inflammatory and angiogenic markers as previously described in section 4.3.5.2
(Meso Scale Discovery Multi-Array technology). The inflammatory markers assessed were IL-10,
IL-12p70, IL-13, IL-2, IL-6, IL-4, IL-8 and TNFa. The angiogenic markers assessed were ANG2, bFGF,
ICAM-1, PAI-1 and VEGF (Meso Scale Discovery Multi-Array technology). Secreted lactate levels
were additionally assessed (Sigma). All in-vitro data were normalised to cell number using the

crystal violet assay (see section 2.3.9).
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5.3.4  Barrett’s ex-vivo explant culture

All fresh ex-vivo Barrett’s intestinal metaplasia tissue was prospectively recruited at our national
referral centre for upper Gl malignancy and obtained as above. The median age of patients (n=9)
with intestinal metaplasia was 62 years and there was an 8-fold male predominance. Barrett’s
explant tissue was subsequently transferred into ImL M199 media (10% FBS, 1% Pen/Strep,
1mg/mL insulin) (Gibco) and cultured for 24 hours at 5% CO, at 37°C. Following 24 hour
incubation, the Barrett’s conditioned medium (BCM) was collected and explant tissue snap frozen

in liquid nitrogen. Both media and tissue were stored at -80°C for future use.

5.3.5 Ex-vivo gRT-PCR analysis

Ex-vivo gRT-PCR analysis was undertaken as described in section 2.3.5.2. RNA was reverse
transcribed (Bioline), gene primer probes for ATP5B, HSP60, GAPDH, PKM2, p53, HIF1A and 18S
(Applied Biosystems) were purchased and real-time PCR performed using Tagman mastermix

25 method as above (see section 2.3.4).

(Applied Biosystems). Data were analysed utilising the 2
All 9 Barrett’s explant tissue was characterised by assessing the expression of the columnar
epithelium molecular marker villin using RT-PCR; all Barrett’s explant tissue was positive for the

presence of villin and all matched adjacent normal squamous tissue was negative for villin.

5.3.6  Ex-vivo MSD multiplex ELISA analysis

BCM was screened for the levels of the multiplex inflammatory and angiogenic proteins (Meso
Scale Discovery Multi-Array technology) as previously described in section 4.3.5.2. Secreted
lactate levels were also assessed in the BCM. Subsequent to screening for these secreted
inflammatory and angiogenic proteins, HIF1a and p53 expression levels were evaluated through
RT-gPCR and all factors were subsequently correlated to metabolism (ATP5B, HSP60, GAPDH and
PKM2) at the gene level. Total protein extracted above (Qiagen) was assayed utilising a
bicinchonic acid assay (Thermo Scientific) and secreted protein levels of these secreted factors in

all samples were normalised to total protein.

5.3.7 Statistical analysis

Data were analysed using Graph Pad Prism software (Graph Pad Prism, San Diego, CA). Paired t-
tests were utilised to assess if hypoxia had a metabolic or inflammatory effect using the in-vitro
QH Barrett’s cell line at the gene and protein level. In-vivo immunohistochemical expression
profiles of ATP5B and GAPDH were correlated to p53, IL1B, SERPINA3, HIF1a, waist circumference

and to the length of the Barrett’'s segment using Spearman p analyses. Multiple regression
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analyses were undertaken to investigate associations between two factors taking into account
other factors in-vivo (R statistical software, package ‘abn’). In addition, additive Bayesian
networks were implemented to assess the dependencies between factors taking into account the
combined effect of all factors in-vivo (R statistical software, package ‘abn’). Majority consensus
was constructed over 5000 iterations to select a best-fitting network representation of the
relations between markers. Secreted protein levels and gene expression levels in ex-vivo explant
tissue were correlated similarly (Spearman p correlation). Moreover, BMI was correlated to all ex-
vivo factors (Spearman p correlation). Differences of P<0.05 (*), P<0.01 (**) and P<0.001 (***)

were considered statistically significant.
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5.4 RESULTS

5.4.1 Linking energy metabolism, p53 and inflammation in the Barrett’s tissue
microenvironment in-vivo

To assess oxidative phosphorylation and glycolysis at the protein level, levels of ATP5B and
GAPDH respectively, were assessed in in-vivo Barrett’s patient tissue. Figure 38 shows
immunohistochemical expression of these metabolic markers and investigates the link between
energy metabolism and p53 in the Barrett’s tissue microenvironment. ATP5B intensity is positively
correlated with p53 intensity in the epithelium (figure 38A) (R= 0.53, P= 0.0031). This association,
illustrated by representative images, shows that Barrett’s patients exhibiting low p53 expression
(figure 38C) showed low ATP5B intensity (figure 38E), however, low p53 expression was
associated with high intensity x positivity (IxP) GAPDH expression levels (figure 38G). Stromal
GAPDH IxP expression significantly negatively correlated to p53 IxP expression (figure 38B) (R= -
0.39, P=0.0357). This association, illustrated by representative images, shows that Barrett’s
patients exhibiting high p53 expression (figure 38D) displayed high ATP5B intensity (figure 38F),
however, high p53 expression was associated with low IxP GAPDH expression levels (figure 38H).
Levels of ATP5B and p53 were additionally found to be significantly higher in sequential
longitudinal material in Barrett’s tissue from non progressors and progressors to LGD and HGD

(see appendix P).

Figure 39 investigates the relationship between p53 and inflammation in the Barrett’s tissue
microenvironment. IL1B IxP expression significantly positively correlated to levels of p53 IxP
expression in the epithelium (figure 39A) (R= 0.43, P= 0.02). This association, illustrated by
representative images, shows that Barrett’s patients exhibiting low epithelial p53 expression
(figure 39C) demonstrated low IxP IL1B expression (figure 39E) and low SERPINA3 positivity levels
(figure 39G). SERPINA3 positivity significantly positively correlated to p53 positivity in the
epithelium (figure 39B) (R= 0.536, P=0.0033). This association, illustrated by representative
images, shows that Barrett’s patients exhibiting high epithelial p53 expression (figure 39D)
displayed high IxP IL1B expression (figure 39F) and high SERPINA3 (figure 39H) positivity levels.

Next, the association between energy metabolism and inflammation in the Barrett’s tissue
microenvironment was investigated. Figure 40 investigates the association between energy
metabolism and inflammation in the Barrett’s tissue microenvironment. Epithelial ATP5B
positivity significantly positively correlated to epithelial IL1B positivity (figure 40A) (R= 0.8, P<
0.0001). Furthermore, epithelial GAPDH positivity significantly positively correlated to epithelial
IL1B positivity (figure 40B) (R= 0.43, P= 0.022). In addition, GAPDH expression did not significantly
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correlate to levels of SERPINA3 in the epithelium, however, ATP5B IxP expression did significantly
correlate to IxP expression levels of SERPINA3 in the epithelium (R= 0.6644, P= 0.0001) (data not

shown).
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Figure 38. The link between energy metabolism and p53 in Barrett’s oesophagus in-vivo. (A) Epithelial
ATP5B intensity significantly positively correlated to epithelial p53 intensity (R=0.53, P=0.0031). (B) GAPDH
IXP expression significantly negatively correlated to levels of p53 IxP expression in the stroma (R=-0.39,
P=0.0357). (C) Barrett’s patients displaying low levels of p53 expressed low intensity levels of ATP5B (E) and
high IxP expression levels of GAPDH (G) respectively. (D) Barrett’s patients displaying high levels of p53
expressed high intensity levels of ATP5B (F) and low IxP expression levels of GAPDH (H) respectively. R
denotes Spearman p correlation (IxP= intensity by positivity).

143



3004 1001
*
*
. .' e,
2004 of @ s
= z
= o * * &
100 7
- #* *
- R=0.536
* ';3‘33 20] e P=0.0033
| q
0 T T r ) 0 . r T ;
0 50 100 150 200 0 20 40 60 80

Low SERPINA3
T, e

Figure 39. Linking p53 and inflammation in Barrett’s oesophagus in-vivo. (A) Epithelial IL1f IxP expression
significantly positively correlated to levels of epithelial p53 IxP expression (R=0.43, P=0.02). (B) SERPINA3
positivity significantly positively correlated to p53 positivity in the epithelium (R=0.536, P=0.0033). (C)
Barrett’s patients displaying low epithelial levels of p53 expressed low epithelial IxP expression levels of
IL1B (E) and low epithelial positivity levels of SERPINA3 (G). (D) Barrett’s patients displaying high epithelial
levels of p53 expressed high epithelial IXP expression levels of IL1B (F) and high epithelial positivity levels of
SERPINA3 (H). R denotes Spearman p correlation (IxP= intensity by positivity).
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Figure 40. The association between energy metabolism and inflammation in Barrett’s oesophagus in-vivo.
(A) Epithelial ATP5B positivity significantly positively correlated to epithelial IL1B positivity (R=0.8,
P<0.0001). (B) Epithelial GAPDH positivity significantly positively correlated to epithelial IL1B positivity

(R=0.43, P=0.022). R denotes Spearman p correlation.
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5.4.2  Llinking hypoxia to energy metabolism, inflammation and p53 in Barrett’s oesophagus in-
vitro and in-vivo

Firstly, to investigate if hypoxia is potentially associated with mediating energy metabolism and
inflammation, QH cells, an in-vitro model of Barrett’s oesophagus, were exposed to normoxic
(21% oxygen) and hypoxic (0.5% hypoxia) conditions. Levels of mRNA for ATP5B (figure 41A),
GAPDH (figure 41B), PKM2 (figure 41C), VEGFA (figure 41D) and /L18 (figure 41E) were
significantly differentially expressed in Barrett’s QH cells under normoxic and hypoxic conditions.
In addition, secreted levels of lactate (figure 41F), VEGF (figure 41G), IL-8 (figure 41H) and PAI-1
(figure 411) were differentially altered in those Barrett’s cells exposed to normoxia (21% oxygen)
and hypoxia (0.5% hypoxia). Hypoxia had no significant effect on secreted levels of TNFa, IL-6, IL-
10, IL-4, IL-2, 1L-12p70, IL-13, bFGF or ICAM-1 (see appendix Q). Hypoxia was shown to
significantly affect cell number (see appendix R). As we found differential hypoxia-induced
alterations in various metabolic and inflammatory profiles in-vitro, we next investigated the effect

of hypoxia in-vivo.

To assess if the relationship between hypoxia and these cellular processes can be recapitulated in-
vivo, protein levels of HIF1la were assessed. Figure 42 investigates the effect of hypoxia on energy
metabolism, inflammation and p53 in the Barrett’s tissue microenvironment. Focusing on the
exact same area within the Barrett’s tissue, Barrett’s patients with low IxP HIFla expression
(figure 42A) exhibited low IxP expression levels of ATP5B (figure 42C). Similarly, patients with high
HIF1a IxP expression (figure 42B) exhibited high IxP expression levels of ATP5B (figure 42D). HIFl1a
IXP expression significantly positively correlated to ATP5B IxP expression in the epithelium (figure
42E) (R= 0.71, P< 0.0001). However, HIFla IxP expression (R=0.06, P= 0.7) did not significantly
correlate to levels of GAPDH IxP expression in the epithelium as shown in figure 42F. HIFla IxP
expression significantly positively correlated to levels of SERPINA3 IxP expression in the
epithelium (figure 42G) (R= 0.522, P= 0.0044). Epithelial HIFla IxP expression significantly
positively correlated to levels of epithelial p53 IxP expression (figure 42H) (R= 0.455, P= 0.015). It
is also noteworthy to mention that the expression of p53, ATP5B and HIFla was differentially
expressed between initial and most recently biopsied matched longitudinal Barrett’s tissue (see

appendix S).
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5.4.3 Linking energy metabolism to obesity and to the length of the Barrett’s segment in the
Barrett’s tissue microenvironment in-vivo

Figure 43 investigates the link between energy metabolism, obesity and the length of the Barrett’s
segment in the Barrett’s tissue microenvironment. Stromal ATPS5B IxP expression significantly
negatively correlated to waist circumference (figure 43A) (R= -0.6016, P= 0.0177). Epithelial
GAPDH intensity significantly positively correlated to waist circumference (figure 43B) (R= 0.743,
P=0.0015). No significant link was found between p53 and waist circumference, however, HIF1la
and IL1B were negatively associated with waist circumference (see appendix T). ATP5B and
GAPDH were also correlated to the length of the Barrett’s segment. Stromal GAPDH intensity
significantly positively correlated to the length of the Barrett’s segment (figure 43C) (R= 0.5192,
P=0.0133), however, ATP5B did not.

Importantly, to ascertain a more comprehensive understanding between factors without the
influence of other endogenous factors in-vivo, multiple regression analyses were undertaken.
Table 6 compares the associations between metabolism, inflammation, hypoxia, p53, obesity and
the length of the Barrett’s segment in-vivo using both Spearman p and multiple regression
analyses. ATP5B was significantly associated with p53 (P=0.03), IL1f (P=0.019) and HIFla
(P=0.002). GAPDH was significantly linked with p53 (P=0.007) and waist circumference (P=0.003).
All other pairings did not reach statistical significance. In addition, construction of Additive
Bayesian Networks from multiple regressions showed some evidence of interdependices between

markers (see appendix U).
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Figure 41. Investigating the effect of hypoxia on metabolic, inflammatory and angiogenic profiles in an in-vitro model of Barrett’s oesophagus. Levels of genomic
ATP5B (A), GAPDH (B), PKM2 (C), VEGFA (D) and IL16 (E) were significantly differentially expressed in Barrett’s cells exposed to normoxia (21% oxygen) and hypoxia
(0.5% hypoxia). Secreted levels of lactate (F), VEGF (G), IL-8 (H) and PAI-1 (1) were differentially altered in Barrett’s cells exposed to normoxia (21% oxygen) and hypoxia

(0.5% hypoxia). Bars denote mean + SEM.
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Figure 42. Linking hypoxia to energy metabolism, inflammation and p53 in Barrett’s oesophagus in-vivo.
(A) A Barrett’s patient, displaying low IxP expression levels of HIFla also expressed low epithelial IxP
expression levels of ATP5B (C) within the same glandular tissue area of the Barrett’s tissue
microenvironment. (B) A Barrett’s patient, displaying high epithelial IxP expression levels of HIFla also
expressed high epithelial IxP expression levels of ATP5B (D) within the same glandular tissue area of the
Barrett’s tissue microenvironment. (E) Epithelial ATP5B IXP expression significantly positively correlated to
levels of epithelial HIF1la IxP expression (R=0.71, P<0.0001). (F) HIF1la IxP expression did not correlate to
levels of GAPDH IxP expression in the epithelium (R=0.06, P=0.7). (G) HIFla IxP expression significantly
positively correlated to levels of SERPINA3 IxP expression in the epithelium (R=0.522, P=0.0044). (H) p53 IxP
expression significantly positively correlated to levels of HIF1la IxP expression in the epithelium (R=0.455,
P=0.015). R denotes Spearman p correlation (IxP= intensity by positivity).

149



R=-0.6016
P=0.0177 ™
40-
m ®
o
304
'—.
<
& 20-
(2]
=
10+
0 ) ) ] 1
60 80 100 120 140
Waist Circumference (cm)
3.01
R=0.743
P=0.0015
&
& 2.5
P
O
c
8 2.0
= 2
1-5 L L) L L]
60 80 100 120 140
Waist Circumference (cm)
2.44
R=05192 o, ®
, 5| P=0.0133 .
z
o s e
< 2.04 . * [ *
o L ]
= .
3 1.84 b
= .
1.6
0 "5 10 15

Length of Barrett's (cm)

Figure 43. Linking energy metabolism to obesity and to the length of the Barrett’s segment in Barrett’s
oesophagus in-vivo. (A) Stromal ATP5B IxP expression significantly negatively correlated to waist
circumference (R=-0.6016, P=0.0177). (B) Epithelial GAPDH intensity significantly positively correlated to
waist circumference (R=0.743, P=0.0015). (C) Stromal GAPDH intensity significantly positively correlated to
the length of the Barrett’s segment (R=0.5192, P=0.0133). Waist circumference and Barrett’s segment
length demographics were available on 15 and 22 patients respectively from the 29 patients who
participated in the study. R denotes Spearman p correlation (IxP= intensity by positivity).
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5.4.4 Llinking energy metabolism to p53, inflammation, hypoxia and angiogenesis in the
Barrett’s tissue microenvironment ex-vivo

To elucidate the relationship between energy metabolism and these processes, we used Barrett’s
ex-vivo explant tissue in an effort to utilise a model that mimicked the Barrett’s tissue
microenvironment linking gene expression profiles and protein secretion profiles associated with
the above cellular processes. All nine patients were confirmed for the presence of the intestinal
metaplasia molecular marker villin prior to analyses (see appendix V). Table 7 summarises the
association between metabolism and inflammation, hypoxia, p53 and angiogenesis in Barrett’s ex-
vivo explant tissue. ATP5B expression significantly positively correlated to TNFa (R= 0.786, P=
0.027), IL-6 (R= 0.93, P=0.002), HIF1a (R= 0.8833, P= 0.003) and p53 (R= 0.7167, P= 0.037). HSP60
expression was significantly positively associated with HIFla (R= 0.7333, P= 0.031). GAPDH
expression significantly positively correlated to TNFa (R= 0.81, P= 0.021), IL-6 (R= 0.9, P= 0.004)
and HIF1a (R= 0.8667, P= 0.002). PKM2 expression significantly positively correlated to IL-6 (R=
0.73, P=0.025), HIF1a (R=0.9167, P= 0.001) and p53 (R= 0.9, P= 0.002). Moreover, HSP60 (R=-0.7,
P= 0.036) and PKM2 (R= -0.683, P= 0.042) were significantly negatively associated with

angiogenesis (ANG-1). No significant correlations were found with secreted lactate levels (P>0.05).

5.4.5 Linking inflammation, hypoxia, p53, BMI and angiogenesis in the Barrett’s tissue
microenvironment ex-vivo

Table 8 summarises the link between inflammation, hypoxia, p53, BMI and angiogenesis in the
Barrett’s ex-vivo explant tissue. Angiogenesis (ICAM-1) significantly positively correlated to MCP-1
(R=0.762, P=0.036), MMP9 (R= 0.717, P= 0.03), IL-2 (R= 0.783, P= 0.013) and TNFa (R= 0.786, P=
0.028). In addition, secreted levels of bFGF significantly positively correlated to IL1B (R= 0.762, P=
0.036) and IL-10 (R= 0.714, P= 0.047). Moreover, BMI significantly positively correlated to
secreted levels of VCAM-1 (R= 0.8, P= 0.01), ICAM-1 (R= 0.733, P= 0.025) and ANG-1 (R=0.717, P=
0.03). HIF1a significantly positively correlated to expression levels of p53 (R= 0.8833, P= 0.003),
GRO«a (R=0.75, P=0.025), IL-6 (R= 0.8833, P=0.003), MIP3a (R= 0.75, P= 0.025), MMP2 (R=0.81,
P=0.022), TNFa (R= 0.7167, P= 0.037) and IL1B (R= 0.6667, P= 0.049). Furthermore, p53 status
significantly positively correlated with IL-6 (R= 0.75, P= 0.025) and MMP2 (R= 0.762, P= 0.037).
Analogous associations were discovered linking metabolism, inflammation, angiogenesis and BMI

in matched normal adjacent squamous tissue from the same patients (see appendices W and X).
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Table 6. Comparing the association between metabolism, inflammation, hypoxia, p53, obesity
and the length of the Barrett’s segment in-vivo using Spearman p and multiple regression

analyses.
Correlation Spearman Correlation Multiple Regression
R P Estimate P
Metabolism vs. p53
ATP5B vs. p53 ™ 0.53 0.0031 ** 0.3847 0.0302 *
GAPDH vs. p53 *° -0.39 0.0357 * -3.78245 0.007 **
p53 vs. Inflammation
p53 vs. IL1B ** 0.43 0.02 * -0.1452 0.464
p53 vs. SERPINA3 ** 0.536 0.0033 ** 0.1397 0.537
Metabolism vs. Inflammation
ATPS5B vs. IL1B ** 0.8 <0.0001 *** 0.5118 0.019 *
GAPDH vs. IL1B ** 0.43 0.022 * 0.155 0.378
Metabolism vs. Hypoxia
ATP5B vs. HIF1a ** 0.71 <0.0001 *** 0.4838 0.002 **
GAPDH vs. HIF1a ** 0.06 0.7 -0.24441 0.112
Hypoxia vs. Inflammation
HIF1a vs. SERPINA3 ** 0.522 0.0044 ** 0.08036 0.744
p53 vs. Hypoxia
p53 vs. HIF1a ** 0.455 0.015 * 0.1915 0.253
Metabolism vs. Waist Circumference
ATP5B *® vs. Waist
-0.6016 0.0177 * -0.89 0.399
Circumference
ATP5B ** vs. Waist
-0.354 0.1952 -2.19 0.059
Circumference
GAPDH ™ vs. Waist
0.743 0.0015 ** 49.06 0.003 **
Circumference
Metabolism vs. Length of Barrett’s Segment
6.0504 0.181

GAPDH *® vs. Barrett’s Segment

0.5192

0.0133 *

Correlation Coefficient (R)"

Intensityl Positivity2 Intensity X Positivity3

Epithelium® Stroma®
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Table 7. The association between metabolism and inflammation, hypoxia, p53 and
angiogenesis in Barrett’s ex-vivo explant tissue.

Correlation Correlation Coefficient, R P

Metabolism vs. Inflammation

ATP5B vs. TNFa * 0.786 0.027

ATP5B vs. IL-6 * 0.93 0.002

GAPDH vs. TNFa * 0.81 0.021

GAPDH vs. IL-6 * 0.9 0.004

PKM2 vs. IL-6 0.73 0.025

Metabolism vs. Hypoxia

ATP5B vs. HIF1a 0.8833 0.003

HSP60 vs. HIF1a 0.7333 0.031

GAPDH vs. HIF1a 0.8667 0.002

PKM2 vs. HIF1a 0.9167 0.001

Metabolism vs. p53

ATP5B vs. p53 0.7167 0.037

PKM2 vs. p53 0.9 0.002
Metabolism vs. Angiogenesis

HSP60 vs. ANG-1 -0.7 0.036

PKM2 vs. ANG-1 -0.683 0.042

Spearman p, n=9 (n=8%)
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Table 8. The association between inflammation, hypoxia, p53, BMI and angiogenesis in

Barrett’s ex-vivo explant tissue.

Correlation Correlation Coefficient, R P
Inflammation vs. Angiogenesis
ICAM-1vs. MCP-1 * 0.762 0.036
ICAM-1 vs. MMP9 0.717 0.03
ICAM-1vs. IL-2 0.783 0.013
ICAM-1vs. TNFa * 0.786 0.028
bFGF vs. IL1B * 0.762 0.036
bFGF vs. IL-10 * 0.714 0.047
Angiogenesis vs. BMI
VCAM-1 vs. BMI 0.8 0.01
ICAM-1 vs. BMI 0.733 0.025
ANG-1vs. BMI 0.717 0.03
Hypoxia vs. p53
HIF1A vs. p53 0.8833 0.003
Hypoxia vs. Inflammation
HIF1A vs. GROa 0.75 0.025
HIF1A vs. IL-6 0.8833 0.003
HIF1A vs. MIP3a 0.75 0.025
HIF1A vs. MMP2 * 0.8095 0.022
HIF1A vs. TNFa 0.7167 0.037
HIF1A vs. IL1B 0.6667 0.049
p53 vs. Inflammation
p53vs. IL-6 0.75 0.025
p53 vs. MMP2 * 0.7619 0.037

Spearman p, n=9 (n=8%)
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5.5 DISCUSSION

An understanding of the complex processes in the inflammation to tumour model of Barrett’s
oesophagus and OAC may provide some insight into both biomarkers of risk progression, and the
potential for the development of novel targeted therapies. We have shown for the first time that
mitochondrial energy metabolism is strongly associated with inflammation and hypoxia in the
Barrett’s oesophagus tissue microenvironment. The study also highlights that mitochondrial
energy metabolism is aligned with p53 status, obesity status and to the length of the Barrett’s
segment, further demonstrating that various cellular mechanisms may operate mutually, fueling
progression and altering cellular processes within the Barrett’s microenvironment to HGD and

OAC.

In this study, we have shown in-vivo and ex-vivo that ATP5B, a marker of oxidative
phosphorylation, was significantly positively correlated to p53 status in Barrett’s oesophagus. We
also demonstrate in-vivo that GAPDH, a marker of glycolysis, was significantly negatively
associated with p53. At the gene level ex-vivo, p53 was shown to be positively associated with
another marker of glycolysis, PKM2. The aberrant expression of the tumour suppressor protein,
p53, commonly associated with aneuploidy is associated with an increased risk of neoplastic
progression in Barrett’s oesophagus (292). p53 has an important role in cellular metabolism,
lowering glycolysis, an anti-Warburg effect, and promoting oxidative phosphorylation (175, 197,
198, 212). p53 promotes oxidative phosphorylation through the p53-inducible protein Mieap and
also through the master transcription regulator nuclear factor kappa B (NFkB)-mediated
upregulation of mitochondrial Synthesis of Cytochrome c Oxidase 2 (SCO2) (201, 223). p53
negatively regulates glycolysis by downregulating key components of glycolysis such as glucose
transporter 1 (GLUT1), GLUT3, phosphofructose kinase 1 and PKM2 (197, 208, 209, 222). It may
be plausible that the increased oxidative microenvironment that p53 promotes in Barrett’s
oesophagus supports metaplastic progression as one study has found that oxidative-induced
damage in Barrett’s patients results in telomere shortening and mutations in the p53 gene itself
(202). Therefore, with an oxidative-induced abrogation of p53 function, glycolytic levels are no
longer negatively regulated and this may explain why levels of glycolysis may increase early in the
progression of OAC (130). Alternatively, p53 may simultaneously promote oxidative
phosphorylation producing large amounts of ATP and shunt high energy glycolytic intermediates
into the pentose phosphate pathway (207). The NFkB family member RelA is transported into
mitochondria and recruited to the mitochondrial genome where it can repress mitochondrial
gene expression, oxygen consumption and cellular ATP levels, thereby contributing to the switch

to glycolysis. Conversely, upon low cellular ATP levels, NFkB can upregulate mitochondrial

155



respiration through mitochondrial synthesis of cytochrome c oxidase 2, a key component of

complex IV of the electron transport chain (223).

In this study, ATP5B was significantly positively correlated to levels of IL13 and SERPINA3 in-vivo,
and with TNFa and IL-6 in Barrett’s ex-vivo explant tissue. Furthermore, GAPDH was significantly
positively correlated to levels of IL1B, TNFa and IL-6 in in-vivo and ex-vivo Barrett’s tissue. Few
studies have investigated the direct association between oxidative phosphorylation and
inflammation. NFkB is a key inflammatory mediator of both oxidative phosphorylation and
glycolysis, and promotes IL13 and TNFa production (221-223). IL1B, IL-6 and TNFa may have key
roles in the development and subsequent progression of OAC, consistent with a murine model
where overexpression of IL1p induced intestinal metaplasia and OAC, an effect abrogated by IL-6
deficiency (69). In this context, the effector functions of IL1B-dependent Ty17 cells have been
shown to be related to their glycolytic capacity (471). TNFa has also been shown to stimulate
glycolysis in colorectal cancer cells (468). Moreover, increased expression of the key glycolytic
enzymes, 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3 and hexokinase 2, have been
shown to be orchestrated by the IL-6-STAT3 pathway further providing a mechanism for
inflammation-associated oncogenesis in Barrett’s oesophagus (289). Inflammation is also known

to mediate metabolism through NFkB in a p53-dependent manner (221, 223).

Hypoxia and related genes, and their interface with inflammation and metabolism, are also
relevant to this model. To assess hypoxia, we examined the expression of HIFla, however, we
acknowledge limitations in the use of this hypoxic marker. HIFla can be upregulated by non-
hypoxic pathways, therefore, alternative reliable hypoxia markers, or their combined value, such
as carbonic anhydrase 9, VEGF, GLUT1, JMJD1A and erythropoietin may be more hypoxia specific
(259, 268, 472-476). Subsequent to demonstrating differential hypoxia-induced effects on
inflammation, angiogenesis and metabolism in-vitro, we found that both oxidative
phosphorylation (ATP5B and HSP60) and glycolysis (GAPDH and PKM2) significantly positively
correlated to HIFla at the gene level ex-vivo. Moreover, in-vivo ATP5B protein levels significantly
positively correlated with HIF1a protein expression, however, HIFla showed no correlation with
GAPDH in-vivo. Interestingly, various studies in the cancer setting have implicated glycolysis as
one of the main distinctive factors in the adaptation to hypoxic stress, as hypoxia mediates
metabolism by inducing the expression of various glycolytic components (180). Few studies to our
knowledge have showed a link between hypoxia and oxidative phosphorylation, however, the
growth of Hela cells and breast cancer cells in aglycemia and/or hypoxia has been shown to

trigger a compensatory increase in oxidative phosphorylation capacity (163, 167). Even though
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this adaptation to oxidative phosphorylation results in the production of large amounts of ATP
produced per glucose molecule compared to glycolysis, it is plausible, however, that this positive
relationship reflects more of an indirect relationship between hypoxia and other complex
constitutive processes in the Barrett’s microenvironment, such an inflammation and p53 status.
Therefore, we investigated if there was an association between hypoxia, inflammation and p53
status in Barrett’s tissue microenvironment. We found that hypoxia significantly positively
correlated to levels of p53 in-vivo and ex-vivo. No studies to our knowledge have linked hypoxia to
p53 in the Barrett’s setting. Some studies, however, have shown p53 to encompass an important
role in hypoxic microenvironments (206, 477). Under hypoxic conditions, the p53-inducible
phosphatase, TP53-induced glycolysis and apoptosis regulator, forms a complex with hexokinase 2
at the mitochondria (206). This complex subsequently shunts glycolytic intermediates into the
pentose phosphate pathway reducing glycolytic flux and generating NADPH, ribose-5-phosphate
and erythrose-4-phosphate for the production of fatty acids, nucleotides, nucleic acids and amino
acids (206). In the neoplastic setting, suppression of HIF2a has been shown to restore p53 activity

reversing chemoresistance in renal carcinoma cells (477).

We have further demonstrated that hypoxia significantly positively correlated with inflammation
in the Barrett’s setting in-vivo. Ex-vivo we illustrate that HIF1a is positively associated with various
secreted inflammatory proteins including GROa, IL-6, MIP3a, MMP2, MMP9, TNFa and IL1p.
HIFla protein expression has previously been documented to be associated with inflammation in
Barrett’s oesophagus, however, this study utilised the Sydney system to assess inflammation and
not an inflammatory molecular marker analogous to this current study (176). Another study found
increased expression of the hypoxia-inducible proteins across the metaplasia-dysplasia-OAC
sequence in-vivo (461). Therefore, the greater degree of inflammation known to be associated
with the latter stages of the Barrett’s sequence may in part be hypoxia-induced inflammation in
origin (219, 478). Moreover, T-cells are known to play an important role in the initiation and
subsequent progression of Barrett’s oesophagus (456). Interestingly, hypoxia is known to
stimulate increased levels of IL1B, IL-10 and IL8 in human CD4" T cells, but the absence of glucose
reduces secretions of these cytokines implying that CD4" T cells can be highly metabolically
adaptable in highly fluctuating bioenergetic microenvironments (183). Since both oxidative
phosphorylation and glycolysis were strongly associated with increased inflammation in the
Barrett’s tissue microenvironment in this study, hypoxia-induced secretions of various
proinflammatory proteins may in theory alter the metabolic profile in the Barrett’s
microenvironment. In addition to its close link with hypoxia, we have shown in-vivo that p53

significantly positively correlated with both IL1B and SERPINA3 in Barrett's oesophagus. Ex-vivo,

157



we illustrate positive links between p53, IL-6 and MMP2. Few studies have linked p53 to IL1B and
SERPINAS3 in the literature but p53’s role in the regulation of the key central inflammatory and
metabolic regulator, NFkB, has been documented (221, 222). Consequently, the intrinsic
relationship between hypoxia, inflammation and p53 early in the Barrett’s microenvironment may
be sufficient to mediate metabolism in support of metaplastic transformation. It is also important
to note, however, that the associations linking p53, ATP5B and HIFla to the cellular processes
illustrated here may be time-dependent as the expression of p53, ATP5B and HIF1a were found to
be differentially expressed between initial and most recently biopsied matched longitudinal

Barrett’s tissue.

Obesity is strongly associated with the increase in incidence of Barrett’s oesophagus and OAC (82,
83). Detailed studies of the Barrett’s and tumour microenvironment in this model are, however,
scarce, therefore, we assessed if there was an association between obesity and both oxidative
phosphorylation and glycolysis in our Barrett’s cohort. Interestingly, we found a significant
negative association between waist circumference and ATP5B expression but a significant positive
association between waist circumference and GAPDH expression. No studies have shown such a
reciprocal association between obesity and metabolism in preneoplastic or cancer tissue. It is
possible, however, that such obesity-induced metabolic alterations are the functional result of
various adipokines known to be secreted by adipose tissue (479). The fatty acid, palmitic acid, has
been shown to increase concentrations of fructose 2,6-biphosphate, a key glycolytic intermediate
(480). Obesity has also been shown to promote aerobic glycolysis in prostate cancer cells (481).
Conversely, a high fat diet has been shown to downregulate genes required for oxidative
phosphorylation (482). Moreover, after a 6-month exercise programme, extensive alterations in
the transcriptome profile of healthy human adipose tissue has shown increases in a variety of
genes associated with oxidative phosphorylation (483). Adiponectin is also known to promote
mitochondrial biogenesis (484). Serum adiponectin levels are known to decline with obesity in
Barrett's oesophagus which may decrease mitochondrial biogenesis in the process (479). In
addition, it has also been shown that a palmitic acid-induced decrease in adiponectin is
responsible for mitochondrial dysfunction in adipocytes (485). The degree of glycolysis may also
depend on the oxidative capacity of the tissue, thus increases in glycolysis may be a compensatory
mechanism as oxidative metabolism is inhibited. To support this, when we inhibit oxidative
phosphorylation in-vitro Barrett’s cells utilising Seahorse technology, we see a significant
compensatory increase in glycolytic levels (see appendix L). We also found a significant positive
correlation between GAPDH and the length of the Barrett's segment, previously linked to

metaplastic progression in Barrett’s oesophagus (10, 469, 470).
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Angiogenesis, a key hallmark of cancer, is linked to hypoxia and glycolysis and therefore key to
endothelial cell function (226). We found that both HSP60 and PKM2 were significantly negatively
associated with the angiogenesis marker, ANG-1, in Barrett’s ex-vivo explant tissue. Although
angiogenesis is positively associated with neoplastic progression in some disease entities, these
findings may have some significant physiological implications; that is, high energy levels are
associated with low angiogenic potential and low energy levels are associated with high
angiogenic potential. In addition, we found ex-vivo that angiogenesis (ICAM-1 and bFGF)
significantly positively correlated with levels of inflammation (MCP-1, MMP9, IL-2, TNFa, IL1B and
IL-10). Moreover, angiogenesis (ICAM-1, VCAM-1 and ANG-1) significantly positively correlated

with BMI status ex-vivo.

Overall, the in-vivo and ex-vivo findings in this study, as depicted in figure 44, effectively
demonstrate the complexity of the cellular processes activated in the Barrett’s tissue
microenvironment and give some insight into how these processes could potentially support
metaplastic progression through the alteration of cellular energy metabolism. Identifying and
exploring the underlying molecular mechanisms that link metabolism to these key cellular
processes, and to each other, would significantly aid in understanding how these processes
interact and may provide some insight into the development of targeted therapies influencing

these processes.
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Figure 44. The Barrett’s oesophagus microenvironment. The inflamed specialised intestinal metaplasia of
Barrett’s oesophagus demonstrates many complex interdependencies. Within epithelial and stromal cells,
p53 positively associates with ATP5B but negatively with GAPDH. p53 positively correlates with IL13 and
SERPINA3. Both ATP5B and GAPDH are positively linked with IL1B, TNFa and IL-6. p53 expression positively
correlates with HIF1la expression. HIF1la expression positively correlates with ATP5B, PKM2 and SERPINA3.
HSP60 and PKM2 negatively associate with ANG-1, a marker of angiogenesis. Obesity status positively links
with GAPDH but negatively with ATP5B. Obesity positively correlates with angiogenesis. Inflammation and
angiogenesis are additionally interdependent.
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Chapter 6

Investigating the functional effect of IL1B overexpression and a
high fat diet in a transgenic model of Barrett’s oesophagus on
cellular processes, specifically energy metabolism, p53 and
hypoxia.
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6.1 INTRODUCTION

In chapter 5, we showed that mitochondrial energy metabolism is strongly linked with
inflammation and hypoxia in the Barrett’s oesophagus tissue microenvironment. We also
demonstrated that mitochondrial energy metabolism is coupled with p53 status, obesity status
and to the length of the Barrett’s segment, further demonstrating that various cellular
mechanisms may operate interdependently, altering cellular processes within the Barrett’s
microenvironment and thereby promoting disease progression. Central to these intrinsic
connections, however, our data indicates that inflammation may play a central role in the
Barrett’s tissue microenvironment. Examining whether there are functional mechanistic

connections between inflammation and these processes, however, requires further investigation.

Chronic inflammation of the oesophagus has been heavily linked to the incidence of OAC (75).
Increasing evidence throughout the literature demonstrates that chronic inflammation can
modulate the tissue microenvironment further substantiating the role of chronic inflammation in
tumourigenesis (288). Moreover, the persistence of an acute inflammatory response can result in
a chronic state of inflammation which has the potential to sculpt its microenvironment making it
more vulnerable to further disease progression (175, 288). Moreover, various inflammatory
mediators link inflammation to Barrett’s-associated carcinogenesis (486). Inflammatory-induced
ROS-mediated DNA damage can result in altered transcription, genomic instability, replication

errors and alterations in DNA repair systems and cell cycle control (486, 487).

Furthermore, various studies highlight Barrett’s oesophagus as a state of chronic inflammation.
Immunohistochemical analysis reveals that Barrett’s tissue contains significantly higher numbers
of Th2 effector cells compared to reflux oesophagitis thus suggestive of a humoral immune
phenotype (488). In addition, cytokines generated by the activation of immune cells, such as
macrophages, are considered important in the orchestration of inflammatory associated
carcinogenesis (489). One study demonstrated the link between cytokine gene polymorphisms
and a strong proinflammatory response in the development of Barrett’s oesophagus (490). To
provide further evidence linking inflammation and tumourigenesis in a mouse model of colitis-
associated cancer, deletion of IkB kinase, the kinase responsible for NFkB activation, results in

inactivation of the NFkB pathway resulting in decreased tumour incidence (491).

Inflammation has long been implicated in disease progression in Barrett’s oesophagus. The
proinflammatory cytokines IL-8 and IL1B are significantly elevated in the Barrett’s epithelium with

expression markedly increased in OAC (219). The activation of NFkB, known to be increased in
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Barrett’s oesophagus and OAC, is additionally linked with cytokine activation in patients with OAC
further linking inflammatory-induced cytokines to tumourigenesis (219). Inflammation generated
through cyclooxygenase-2, induced by prostaglandins, has additionally been implicated as playing
an important role between inflammation and tumourigenesis (492). Increased cyocloxygenase-2
expression, therefore, observed during progression from Barrett’s to LGD, HGD and OAC may
increase the inflammatory burden of Barrett’s tissue (492). Interestingly, GORD refluxate is also
known to induce cyclooxygenase-2 expression in a ROS-mediated manner (493). In addition, the
bile acid DCA also attenuates the inflammatory microenvironment by stimulating the expression
of IL-8 and IL1B though NFkB (219). Recent research has also shown that the inflammatory C-
reactive protein and IL-6 helps to identify persons at higher risk of progression to OAC further
implicating inflammation in disease progression (494). It is also known that the frequency of
mutations, seen to increase with increasing histological grade, in the tumour suppressor gene
CDKN2A, are caused by chronic inflammation in Barrett’s oesophagus (366). Furthermore, obesity,
linked with oesophageal inflammation, metaplasia and neoplastic progression, is now seen as a

proinflammatory state that potentially links chronic inflammation to tumourigenesis (495).

In a model of chronic inflammation, targeted overexpression of IL1p to the oral cavity,
oesophagus and forestomach in a transgenic C57/B6 PL2-1L18 mouse model induces a Barrett’s-
like metaplasia at the squamocolumnar junction (SCJ) resulting in various histopathological and
gene signatures closely resembling human Barrett’'s oesophagus (69). Interestingly, the
development of Barrett’s and OAC is inhibited by IL-6 deficiency in the same model (69).
Moreover, linage tracing studies demonstrate in this PL2-IL1p model the likely origin of
metaplastic tissue to be within the gastric cardia (69). The infiltration of immature myeloid cells is
additionally observed upon induction of IL1B in the subsequent development of metaplasia in this
model (69). Specific deletion of IkB kinase within myeloid cells of a mouse model of colitis-
associated cancer has been shown to decrease tumour size and diminish the expression of various
proinflammatory cytokines (491). Despite various studies implicating a number of cytokines in
inflammatory-induced carcinogenesis, more studies need to elucidate if a single cytokine alone
can potentiate the development of neoplastic tissue. One such study, using IL1 transgenic mice
deficient in T and B lymphocytes, showed that deficient mice still develop gastric dysplasia
accompanied by significant numbers of myeloid-derived suppressor cells demonstrating that
pathological elevation of a single proinflammatory cytokine may be sufficient to induce neoplasia

and provide a direct link between IL13, myeloid cells and tumourigenesis (496).

To build on our previous data and investigate the link between metabolism, inflammation,

hypoxia, p53 and obesity in the Barrett’s tissue microenvironment presented in chapter 5, utilising
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the transgenic PL2-IL18 mouse model of Barrett’s-like metaplasia in collaboration with the Quante
lab in the Technical University of Munich, we examined if induction of IL1B overexpression and a
high fat diet could alter metabolism, p53 and hypoxia. We show that induction of inflammation
through IL1B manipulation can modulate glycolysis, oxidative phosphorylation, p53 and HIFla.
We also demonstrate that a high fat diet can mediate these processes providing further insight
into the potential role of obesity in exacerbating disease progression. Our results also imply that
columnar cells within the Barrett’s microenvironment are more sensitive to inflammatory-induced
fluctuations, thereby contributing to further disease progression. These results illustrate that
chronic inflammation and a high fat diet may potentially operate independently, or mutually, to
support neoplastic progression within the inflammatory microenvironment of Barrett’'s

oesophagus.
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6.2 HYPOTHESIS AND AIMS OF CHPATER SIX

We hypothesise that IL1B overexpression and a high fat diet can modulate energy metabolism

and other key cellular processes to promote disease progression in Barrett’s oesophagus.
Specific aims of chapter 6;

1) Elucidate the effect of IL1B overexpression on oxidative phosphorylation and glycolysis in
a transgenic mouse model of chronic Barrett’s-like oesophageal inflammation.

2) Examine the effect of manipulating IL1 on p53 expression in a transgenic mouse model
of chronic Barrett’s-like oesophageal inflammation.

3) Assess the effect of IL1B induction on HIF1la expression in a transgenic mouse model of
chronic Barrett-like oesophageal inflammation.

4) Investigate the effect of a high fat diet on the expression of same above cellular markers
(ATP5B, GAPDH, p53, HIFla) in a transgenic mouse model of chronic Barrett’s-like

oesophageal inflammation.
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6.3 MATERIALS AND METHODS

6.3.1  Wild-type and PL2-IL18 mice

This work was performed in collaboration with Michael Quante (Technical University of Munich).
All murine studies and breeding were carried out under the approval of the district government of
Upper Bavaria (Regierung von Oberbayern) in the Medical Clinic at the Technical University of
Munich. As depicted in figure 45, human /L18 transgenic mice were generated in Columbia
University, New York, by targeting the expression of human IL1B to the oral cavity, oesophagus
and forestomach using the Epstein Bar virus promoter. IL1 cDNA consisted of a constitutively
secreted form, not requiring caspase-1 cleavage, of mature human IL1B fused with the signal
sequence derived from structurally related human interleukin-1 receptor antagonist. These
sequences were subcloned, along with the hGH/polyadenylation sequence, downstream of the
EBV promoter into the pB-KS+ vector, linearised and injected into C57BL/6 x SJL F2 hybrid zygotes
to generate two founder mice: wild type and PL2-IL1B. All transgenic mice were on a pure C57/B6
background after 6 backcrosses. C57/B6 mice were purchased from Jackson Laboratories.
Original founder mice were transferred to Munich, Germany from Columbia University, New
York, USA. All mice utilised in this study were obtained from the Freising facility. Founder
mice for colonies in Freising were originally obtained from Klinikum Rechts der Isar animal facility,

Munich, Germany. Mice were introduced into the Freising SPF facility via embryo-transfer.

EBV-IL1-B construct

Ebstein-Barr-Virus  Rabbit B-globin Rabbit B-globin

Promoter enhancer el Poly A
I = ] ]
| e o I
IL-1RA signal Mature hiL-1p cDNA
sequence

Figure 45. The Epstein Bar virus IL13 construct. Human /L18 transgenic mice were generated in the
laboratory by targeting the expression of human IL1B to the oral cavity, oesophagus and forestomach using
the Epstein Bar virus promoter. Image: Quante et al., 2012. Cancer Cell (69).
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6.3.2 Maintenance of wild-type and PL2-I1L18 mice

Mice were handled in a sterile laminar flow hood (Interactive SafeChange Station, Tecniplast)
within a specific-pathogen-free facility consisting of an animal room fully equipped to carry out
the study. The animal room provides housing, breeding space and uses sterile water and food in
addition to autoclaved microisolator cages. The entire facility is located behind a strict
microbiologic barrier where admittance is strictly limited and all personal must wear sterile
coveralls, gloves, masks, footwear covers and hats. Male and female mice were used for
experimental and/or phenotyping purposes. All mice were kept at room temperature

(23 °C £ 1 °C) with an intermittent 12 hour light/dark cycle.

6.3.3 Experimental design

Wild-type and PL2-IL1B mice were started on either a diet of chow (Ssniff, V1124-000) or on a
high fat diet of chow supplemented with 20% palm oil (Ssniff, S5745-E712) from the ages of 6-8
weeks. Mice were allowed a pelleted lab chow diet from birth until weaning and water ad libitum.
Following weaning between weeks 6 and 8 of age, mice were assigned an experimental or chow
diet. Six mice (3 male and 3 female) (n=6) were maintained for each treatment group (n=48 total).
Breeding pairs were also allowed a pelleted lab chow diet and water ad libitum. Experimental
animals were housed in groups of 4 to 6 animals per cage (Tecniplasta, GM500). Wild-type and
PL2-IL18 were maintained strictly under these sterile and dietary conditions for 9 months
(40+2weeks) and 12 months (52tweeks) until mice were sacrificed. This study protocol can be
summarised in figure 46. After 9 and/or 12 months, or until tumour progression with noticeable
symptoms of disease such as cachexia and/or pain (erected fur and relieve posture), the mice
were weighed and euthanized in a CO, chamber. The oesophagus and stomach were resected,
dissected open exposing the inner part of the stomach and oesophagus, and were subsequently
fixed with zinc formalin fixative (Polysciences, Inc.) overnight. Figures 47 and 48 show the
anatomy of all male and female mice (48 mice total) respectively within the study post treatment
prior to formalin fixation and paraffin embedding. Tissue samples were dehydrated with
increasing concentrations of ethanol, xylol and paraffin in a Leica S300 tissue-processing unit.
Finally, the formalin fixed organs were embedded in liquid paraffin and allowed to cool and

harden. The formalin-fixed, paraffin-embedded (FFPE) blocks were stored at room temperature.
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Figure 46. Study protocol. Human IL1B transgenic C57/B6 mice were generated in the Medical Clinic
laboratory at the Technical University of Munich by targeting the expression of human IL1B to the oral
cavity, oesophagus and forestomach using the Epstein Bar virus promoter. Both male and female wild-type
and PL2-IL1B mice were fed chow or a high fat diet consisting of chow supplemented with 20% palm oil for
either 9 months (40+2 weeks) or 12 months (522 weeks) until mice were sacrificed. Subsequently, the
expression profiles of the protein markers GAPDH, HIFla, p53 and ATP5B were assessed in Barrett-like
mucous producing and columnar cells of the gastric cardia in each treatment group (n=6).
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9 months 12 months

WA

Figure 47. Anatomy of all male mice within the study post treatment prior to formalin fixation and paraffin embedding. Rows 1, 2, 3 and 4 correspond to the
treatment groups; wild-type mice on a high fat diet, PL2-IL1B mice on a high fat diet, wild-type mice on chow and PL2-IL13 mice on chow respectively. Note the
manifestation of neoplasms on the squamocolumnar junctions within mice overexpressing IL1B (rows 2 and 4), for example mice 123 and 238, and those on a high fat
diet (row 2), for example, mouse 322.
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Females
9 months 12 months

Figure 48. Anatomy of all female mice within the study post treatment prior to formalin fixation and paraffin embedding. Rows 1, 2, 3 and 4 correspond to the
treatment groups; wild-type mice on a high fat diet, PL2-IL1B mice on a high fat diet, wild-type mice on chow and PL2-IL13 mice on chow respectively. Note the
manifestation of neoplasms on the squamocolumnar junctions within mice overexpressing IL1B (rows 2 and 4), for example mice 133 and 257, and those on a high fat
diet (row 2), for example, mouse 258.
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6.3.4  Histopathlogical analysis

FFPE-blocks were cut to 2-3um on a microtome (Thermo scientific, Microm HM 355S) and
transferred to a 50°C water bath for stretching and collected on microscopic glass slides (Thermo
scientific). Sections were allowed to dry overnight. Following drying, slides were heated at 60°C
for 60 minutes in a Heraeus Instruments Function line incubator (Thermo Scientific). The stomach
and oesophagus from wild-type and PL2-IL1B mice were subsequently stained with haematoxylin
(Merck, Germany), eosin (Morphisto, Germany) and periodic acid Schiff (Roth, Germany).
Histopathological features of the SCJ were graded semi-quantitatively by adapting a previously
described scoring system for the murine stomach (Fox et al., 2000) by a pathologist who was

blinded to the four treatment groups.

6.3.5 Immunohistochemical analysis of ATP5B, GAPDH, p53 and HIF1a

Immunohistochemistry was performed utilising 9 month and 12 month old wild-type mice fed
chow (n=6), wild-type mice fed a high fat diet of chow supplemented with 20% palm oil (n=6),
PL2-IL1B mice fed chow (n=6) and PL2-IL1B mice fed a high fat diet of chow supplemented with
20% palm oil (n=6). Immunohistochemistry was performed on the slides utilising the Vectastain
Kit (Elite) as described before (see section 3.3.4). Sections containing tissue of the same age were
processed and stained on the same day. Primary antibodies included a rabbit anti-ATP5B IgG
(SantaCruz Biotechnology), a rabbit anti-GAPDH IgG (AbDserotec Division of MorphoSys), a rabbit
anti-p53 1gG (Abcam) and a rabbit anti-HIF1a IgG (Abcam) diluted 1:200, 1:600, 1:50 and 1:150 in
PBS respectively. Slides were scanned (Aperio Scan Scope System 5523-R, Technical University
Munich) and immunoreactivity was assessed digitally under 40X magnification in a semi-
guantitative manner for each protein by two observers (by James Phelan in Ireland and Natasha
Stephens in Germany) who were blinded to the pathology and treatment groups of the study
using Image Scope software. Prior to examining the expression of each protein, areas of mucous
producing cells and columnar cells specifically within the gastric cardia were marked out on each
slide to maintain a standardised immunohistochemical evaluation between observers. Figure 49
demonstrates the histology of wild-type mice (figure 49A) and PL2-IL1B mice (figure 49B) fed a
high fat diet at 12 months. For scoring purposes, we focused on the cardia region which included
squamous epithelium, mucous producing cells and columnar epithelium. In wild-type mice, it was
rare to see mucous producing cells. For each protein, mucous producing cells and columnar cells
were evaluated for both percentage positivity and intensity of cytoplasmic staining. A third score,
designated IxP, was obtained by multiplying intensity by positivity. Intensity was graded as 0

negative), 1 (weak), 2 (moderate) and 3 (strong) and positivity was evaluated between 0-100%.
(neg ), 1 ( ), 2 ( ) ( 8) p y
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The scoring was undertaken by consensus evaluation with two replicate tissues scored per slide

and the average value was calculated.

6.3.6 Statistical analyses

Data were analysed using Graph Pad Prism software (Graph Pad Prism, San Diego, CA).
Immunohistochemical expression profiles of ATP5B, GAPDH, p53 and HIFla were statistically
analysed between treatment groups utilising unpaired t-tests. Non-repeated two way AVONA
tests assessed for interactions between diets and mouse models. Differences of P<0.05 (*), P<0.01

(**) and P<0.001 (***) were considered statistically significant.
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ol Wild-type mouse at 12 months on HFD : no phenotype.

B CARDIA REGION

‘
PL2-1L1B mouse at 12 months on a HFD with inflammation and dysplasia.

Figure 49. Histology of PL2-IL1B and wild-type mice. (A) Histopathology of a wild-type mouse on a high fat
diet. In wild-type mice, it was rare to see mucous producing cells. This was observed on occasion in high fat
fed mice where only a few mucous producing cells were present. (B) Histopathology of a PL2-IL1 mouse on
a high fat diet at 12 months. For scoring purposes, we focused on the cardia region. The cardia region
included squamous epithelium, mucous producing cells and columnar epithelium. Five columnar epithelial
crypts was the cut off for scoring columnar epithelium.
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6.4 RESULTS

6.4.1 Examining the effect of IL18 overexpression and diet on glycolytic profiles in transgenic
mice

To assess the effect of IL1B overexpression on glycolysis, levels of GAPDH were assessed in
mucous producing and columnar cells of the gastric cardia at two different time points, in 9
month and 12 month old mice, subsequent to induction of IL1B expression. Figure 50 examines
the functional effect of IL1B induction on glycolytic profiles between transgenic wild-type and
PL2-IL1B mice. In chow fed mice at 9 months, induction of IL1B expression had no significant
effect on GAPDH IxP expression in mucous producing cells of IL1B mice compared to wild-type
mice (figure 50A) (P>0.05), however, induction of IL1B expression significantly increased GAPDH
IXP expression within columnar cells (figure 50B) (P=0.0007). Induction of IL1B expression
significantly increased GAPDH intensity in mucous producing cells in mice fed a high fat diet only
at 12 months (figure 50C) (P=0.048). Overexpression of IL1 had no significant effect on GAPDH
intensity in IL1f mice compared to wild-type mice in the columnar cells of mice fed a high fat diet

at 12 months (figure 50D) (P>0.05).

Figure 51 investigates the effect of a high fat diet on glycolytic profiles in transgenic wild-type and
PL2-IL1B mice. A high fat diet had no significant effect on GAPDH positivity in mucous producing
cells of wild-type mice at 9 months (figure 51A) (P>0.05), however, a high fat diet significantly
increased GAPDH positivity in columnar cells (figure 51B) (P=0.01). PL2-IL1B mice on a high fat
diet exhibited significantly decreased GAPDH IxP expression (figure 51C) (P=0.027) and GAPDH
positivity (figure 51D) (P=0.001) in mucous producing cells and columnar cells respectively at 9
months only. Supplementation with a high fat diet significantly increased GAPDH IxP expression in
mucous producing cells in PL2-IL1B mice at 12 months only (figure 51E) (P=0.018), however, a
high fat diet had no significant effect on GAPDH IxP expression in columnar cells (figure 51F)
(P>0.05). At 12 months, GAPDH expression within mucous producing cells was lower in PL2-IL1

mice on a chow diet (figure 51G) compared to those on a high fat diet (figure 51H).
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Figure 50. Examining the functional effect of IL1B induction on glycolytic profiles between transgenic
wild-type and IL1B mice. (A) Induction of IL1B expression had no significant effect on GAPDH IxP expression
in the mucous producing cells of chow fed mice at 9 months (P>0.05). (B) In columnar cells of chow fed
mice at 9 months, induction of IL1B expression significantly increased GAPDH IxP expression (P=0.0007). (C)
In the mucous producing cells of mice fed on a high fat diet at 12 months, induction of IL1B expression
significantly increased GAPDH intensity (P=0.048). (D) Induction of IL1B expression had no significant effect
on GAPDH intensity in the columnar cells of mice fed a high fat diet at 12 months (P>0.05). Unpaired t-tests.
Bars denote mean + SEM. M=mucous producing cells; C=columnar cells.
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Figure 51. Investigating the effect of a high fat diet on glycolytic profiles in transgenic wild-type and IL1
mice. (A) A high fat diet had no significant effect on GAPDH positivity in mucous producing cells of wild-type
mice at 9 months (P>0.05). (B) Supplementation with a high fat diet significantly increased GAPDH positivity
in the columnar cells of wild-type mice at 9 months (P=0.01). (C) Supplementation with a high fat diet
significantly decreased GAPDH IxP expression in mucous producing cells of PL2-IL1f mice at 9 months
(P=0.027). (D) Supplementation with a high fat diet significantly decreased GAPDH positivity in columnar
cells of PL2-IL1B mice at 9 months (P=0.001). (E) Supplementation with a high fat diet significantly increased
GAPDH IxP expression in mucous producing cells of PL2-IL1B mice at 12 months (P=0.018). (F) A high fat diet
had no significant effect on GAPDH IxP expression in columnar cells of PL2-IL1B mice at 12 months (P>0.05).
(G) GAPDH IxP expression within mucous producing cells of mice on a chow diet at 12 months. (H) GAPDH
IxP expression within mucous producing cells of mice on a high fat diet at 12 months. Unpaired t-tests. Bars
denote mean + SEM. M=mucous producing cells; C=columnar cells.
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6.4.2 Assessing the effect of IL16 overexpression and diet on oxidative phosphorylation in
transgenic mice

Next we investigated the effect of IL1IB overexpression on the alternate energy metabolism
pathway, oxidative phosphorylation, by assessing ATP5B expression levels in mucous producing
and columnar cells of the gastric cardia at two different time points, in 9 month and 12 month old
mice, subsequent to induction of IL1p expression. Figure 52 examines the effect of IL1B induction
on ATP5B between transgenic wild-type and PL2-IL13 mice. As the representative figures 52A and
52B respectively show, overexpression of IL1B decreased ATP5B positivity within mucous
producing cells of mice at 12 months. In mucous producing cells (figure 52C) and columnar cells
(figure 52D) of mice fed a high fat diet, induction of IL1B expression significantly decreased ATP5B
positivity (P=0.021) and ATP5B IxP expression (P=0.005) respectively at 12 months. Induction of
IL1B expression had no significant effect on ATP5B intensity within columnar cells of chow fed
mice at 9 months (figure 52E) (P>0.05), however, induction of IL1B expression significantly

decreased ATP5B intensity in mice at 12 months (figure 52F) (P=0.018).

Figure 53 illustrates the effect of a high fat diet on oxidative phosphorylation in transgenic wild-
type and PL2-IL1B mice. We found that supplementation with a high fat diet does not significantly
affect ATP5B positivity in the columnar cells of wild-type mice at 9 months (figure 53A) or at 12
months (figure 53B) (P>0.05). Interestingly, supplementation with a high fat diet did significantly
decrease ATP5B positivity in mucous producing cells of PL2-IL18 mice only at 12 months (figure
53C) (P=0.027). A high fat diet showed no significant effect on ATP5B positivity in columnar cells
of PL2-IL1B mice at 12 months (figure 53D) (P>0.05). Figure 54 summarises the effect of IL1B
manipulation on metabolism in wild-type and PL2-IL1B mice. Moreover, figure 55 summaries the

effect of a high fat diet on metabolism in wild-type and PL2-IL1B mice.
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Figure 52. Examining the functional effect of IL1B induction on oxidative phosphorylation between
transgenic wild-type and IL1B mice. (A) Overexpression of IL1B decreases ATP5B positivity in mucous
producing cells of mice fed a high fat diet versus (B) wild-type controls at 12 months. (C) In the mucous
producing cells of mice fed a high fat diet, induction of IL1B expression significantly decreased ATP5B
positivity at 12 months (P=0.021). (D) In the columnar cells of mice fed a high fat diet, induction of IL1B
expression significantly decreased ATP5B IxP expression at 12 months (P=0.005). (E) Induction of IL1B
expression had no significant effect on ATP5B intensity within columnar cells of chow fed mice at 9 months
(P>0.05). (F) In the columnar cells of chow fed mice, induction of IL1p expression significantly decreased
ATP5B intensity at 12 months (P=0.018). Unpaired t-tests. Bars denote mean + SEM. M=mucous producing
cells; C=columnar cells.
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Figure 53. Investigating the effect of a high fat diet on oxidative phosphorylation in transgenic wild-type
and IL1B mice. (A) Supplementation with a high fat diet did not significantly affect ATP5B positivity in the
columnar cells of wild-type mice at 9 months (P>0.05). (B) A high fat diet had no significant effect on ATP5B
positivity in columnar cells of wild-type mice at 12 months (P>0.05). (C) Supplementation with a high fat
diet significantly decreased ATP5B positivity in mucous producing cells of female PL2-IL1B mice at 12
months (n=3) (P=0.027). (D) A high fat diet had no significant effect on ATP5B positivity in columnar cells of
PL2-IL1B mice at 12 months (P>0.05). Unpaired t-tests. Bars denote mean = SEM. M=mucous producing
cells; C=columnar cells.
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Figure 54. Summarising the effect of IL1f manipulation on metabolism in mice fed chow (A) and high fat
(B) diets. (A) In columnar cells, induction of IL1B expression decreased ATP5B in mice at 12 months and
increased GAPDH in mice at 9 months. Induction of IL1B expression did not affect ATP5B or GAPDH in
mucous producing cells. (B) In both mucous producing and columnar cells, induction of IL1B decreased
ATP5B expression. Moreover, induction of IL1B increased GAPDH expression in the mucous producing cells
of mice at 12 months. M=mucous producing cells; C=columnar cells.

180



Os

75; +O

(wild Type)

(OXY
+O

(Wild Type)

(PL2-1L1B)

Os
+O

(PL2-IL1B)

(Chow)

/_\
_f

(|

(Chow+20% Palm OQil)

L

(Chow)

O/\
.

(Chow+20% Palm Oil)

* HFD increased GAPDH (9mt) (C)

* HFD decreased ATP5B (12mt) (M) *
* HFD decreased GAPDH (9mt) (M, C)
* HFD increased GAPDH (12mt) (M)

(* Females Only)

Figure 55. Summarising the effect of a high fat diet on metabolism in wild-type (A) and PL2-IL1B (B) mice.
(A) Supplementation with a high fat diet induced higher GAPDH levels within columnar cells of mice at 9
months. A high fat diet had no effect on the expression levels of ATP5B. (B) Supplementation with a high fat
diet induced higher GAPDH levels in the mucous producing cells of mice at 12 months. Moreover, a high fat
diet decreased GAPDH expression in columnar and mucous producing cells of mice at 9 months. In mucous
producing cells of female mice at 12 months, a high fat diet decreased the expression of ATP5B. M=mucous

producing cells; C=columnar cells.

181



6.4.3 Examining the effect of IL16 overexpression and diet on p53 expression in transgenic mice

Furthermore, we examined the effect of IL1B induction on p53 expression in mucous producing
and columnar cells of the gastric cardia at two different time points, in 9 month and 12 month old
mice. Figure 56 examines the functional effect of IL1B induction on p53 expression between
transgenic wild-type and PL2-IL1B mice. Despite overexpression of IL1B having no significant
effect on p53 positivity in mucous producing cells of mice fed a high fat diet at 9 months (figure
56A) (P>0.05), induction of IL1PB expression significantly decreased p53 intensity in columnar cells
(figure 56B) (P=0.047). In addition, in mucous producing cells of mice on a high fat diet, induction
of IL1B expression had no significant effect on p53 positivity in wild-type mice at 12 months
(figure 56C) (P>0.05), however, induction of IL1B expression significantly decreased p53 positivity
in columnar cells (figure 56D) (P=0.026). In chow fed mice, induction of IL1B expression had no
significant effect on p53 intensity in mucous producing cells at 9 months (figure 56E) or on p53

positivity at 12 months (figure 56F) (P>0.05).

Figure 57 displays the effect of a high fat diet on p53 expression in transgenic wild-type and PL2-
IL1B mice. Supplementation with a high fat diet significantly increased p53 IxP expression in
mucous producing cells of PL2-IL1B mice at 12 months (figure 57A) (P=0.0496), however, the high
fat diet did not affect p53 IxP expression in columnar cells (figure 57B) (P>0.05). As the
representative images show, mucous producing cells of PL2-IL1B mice on a high fat diet exhibited
higher p53 intensity levels (figure 57D) than PL2-IL1B mice on a chow diet at 12 months (figure
57C). Diet had no significant effect on p53 IxP expression levels in columnar cells of wild-type mice
at 9 months (figure 57E) or 12 months (figure 57F) (P>0.05). Figure 58 summarises the effect of

IL1B overexpression and a high fat diet on p53 expression in wild-type and PL2-IL1 mice.
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Figure 56. Examining the functional effect of IL1f induction on p53 expression between transgenic wild-
type and IL1B mice. (A) Induction of IL1B expression had no significant effect on p53 positivity in mucous
producing cells of mice fed a high fat diet at 9 months (P>0.05). (B) In the columnar cells of mice fed a high
fat diet, induction of IL1B expression significantly decreased p53 intensity at 9 months (P=0.047). (C)
Induction of IL1B expression had no significant effect on p53 positivity in IL1B versus wild-type mice within
mucous producing cells of mice fed a high fat diet at 12 months (P>0.05). (D) In the columnar cells of mice
fed a high fat diet, induction of IL1B expression significantly decreased p53 positivity at 12 months
(P=0.026). In chow fed mice, induction of IL1B expression had no significant effect on p53 intensity in
mucous producing cells of mice at 9 months (E) or p53 positivity in mice at 12 months (F) (P>0.05).
Unpaired t-tests. Bars denote mean £ SEM. M=mucous producing cells; C=columnar cells.
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Figure 57. Investigating the effect of a high fat diet on p53 in transgenic wild-type and IL1B mice. (A)
Supplementation with a high fat diet significantly increased p53 IxP expression in mucous producing cells of
PL2-IL1B mice at 12 months (P=0.0496). (B) Supplementation with a high fat diet did not significantly affect
p53 IxP expression in columnar cells of PL2-IL13 mice at 12 months (P>0.05). PL2-IL1B mice fed a high fat
diet (D) exhibited higher p53 intensity levels in mucous producing cells versus those PL2-IL1B mice on a
chow diet (C) at 12 months. (E) Diet had no significant effect on p53 IxP expression levels in columnar cells
of wild-type mice at 9 months and (F) wild-type mice at 12 months (P>0.05). Unpaired t-tests. Bars denote
mean + SEM. M=mucous producing cells; C=columnar cells.
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Figure 58. Summarising the effect of IL13 overexpression and a high fat diet on p53 expression in wild
type and PL2-IL1B mice. (A) Induction of IL1B decreased p53 expression in the columnar cells of mice at 9
and 12 months. (B) Supplementation with a high fat diet induced higher p53 levels in the mucous producing
cells of mice overexpressing IL1B at 12 months. M=mucous producing cells; C=columnar cells.

185



6.4.4 Examining the effect of IL16 overexpression and diet on hypoxia in transgenic mice

To assess the effect IL1B induction on the levels of HIFla, HIFla expression was assessed in
mucous producing and columnar cells of the gastric cardia at two different time points, in 9
month and 12 month old mice, subsequent to induction of IL1B expression. Figure 59 examines
the functional effect of IL1B induction on HIF1la expression between transgenic wild-type and PL2-
IL1B mice. Induction of IL1B expression had no significant effect on HIFla IxP expression in
columnar cells of chow fed mice at 9 months (figure 59A) (P>0.05). However, in the columnar cells
of chow fed mice, induction of IL1PB expression significantly increased HIF1a IxP expression at 12
months (figure 59B) (P=0.049). The representative images illustrate that induction of IL1B (figure
59D) increases HIFla positivity in columnar cells of chow fed mice at 12 months compared to
wild-type mice (figure 59C). Moreover, in mucous producing cells (figure 59E) (P=0.032) and
columnar cells (figure 59F) (P=0.008) of mice fed a high fat diet, induction of IL1B expression

significantly increased HIF1la IxP expression at 12 months.

Figure 60 shows the effect of a high fat diet on HIF1la expression in transgenic wild-type and PL2-
IL1B mice. Diet had no significant effect on HIFla positivity in the columnar cells of mice at 9
months (figure 60A) or at 12 months (figure 60B) (P>0.05). Furthermore, diet did not affect HIF1la
positivity in columnar cells (figure 60C) or mucous producing cells (figure 60D) of PL2-IL1B mice
after 12 months (P>0.05). Figure 61 summarises the effect of IL1B overexpression and a high fat
diet on HIFla expression in wild-type and PL2-IL1B mice. Statistical analyses detected no
significant interactions between mouse models (wild-type/PL2-IL1B) and diet on ATP5B, p53 or
HIF1a expression profiles throughout the study, however, mouse models and diets were shown to
significantly affect GAPDH positivity (figure 62A) (P=0.0003) and GAPDH IxP expression (figure
62B) (P=0.018) in mice at 9 months.
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Figure 59. Examining the functional effect of IL1 induction on HIF1a expression between transgenic wild-
type and IL1B mice. (A) Induction of IL1B expression had no significant effect on HIFla IxP expression in
columnar cells of chow fed mice at 9 months (P>0.05). (B) In the columnar cells of chow fed mice at 12
months, induction of IL1B expression significantly increased HIFla IxP expression (P=0.049). (C) HIFla
positivity in the columnar cells of chow fed mice is lower in wild-type mice versus (D) mice overexpressing
IL1B at 12 months. (E) In mucous producing cells (P=0.032) and (F) columnar cells (P=0.008) of mice fed a
high fat diet, induction of IL1B expression significantly increased HIFla IxP expression at 12 months.
Unpaired t-tests. Bars denote mean £+ SEM. M=mucous producing cells; C=columnar cells.
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Figure 60. Investigating the effect of a high fat diet on HIF1a in transgenic wild-type and IL1B mice. (A)
Diet had no significant effect on HIF1a positivity in columnar cells of wild-type mice at 9 months (B) or at 12
months (P>0.05). Diet had no significant effect on HIFla positivity in (C) columnar cells and (D) mucous
producing cells of PL2-IL1B mice at 12 months (P>0.05). Unpaired t-tests. Bars denote mean * SEM.
M=mucous producing cells; C=columnar cells.
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Figure 61. Summarising the effect of IL1p manipulation and diet on HIF1la expression in wild type and
transgenic mice. (A) In columnar cells, induction of IL1B expression increased HIF1a in mice at 12 months.
Induction of IL1B expression did not affect HIF1a in mucous producing cells. (B) In both mucous producing
and columnar cells, induction of IL1P increased HIF1a expression in mice at 12 months. Altering diet had no
effect on the expression levels of HIFla. M=mucous producing cells; C=columnar cells.
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Figure 62. Investigating the interaction between transgenic mouse models and diet and their effect on glycolysis. (A) Interactive analyses between mouse models
(wild-type/PL2-IL1B) and diets were shown to significantly affect GAPDH positivity in mice at 9 months (P=0.0003). (B) Interactive analyses between mouse models
(wild-type/PL2-IL1B) and diets were shown to significantly affect GAPDH IxP expression in mice at 9 months (P=0.018). Non-repeated measures two-way ANOVA tests.
Bars denote mean + SEM. C=columnar cells.
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6.5 DISCUSSION

Ascertaining the precise mechanisms into how Barrett’s oesophagus supports neoplastic
progression to OAC may help identify how key cellular processes are modulated within an
inflammatory microenvironment to support the development of OAC and may thereby provide
better insight into the development of targeted therapies influencing these complex integral
cellular processes. Utilising a transgenic mouse model of Barrett’s oesophagus, we have shown
that induction of inflammation through IL1B manipulation can specifically modulate glycolysis,
oxidative phosphorylation, p53 and HIFla. The study also demonstrates that a high fat diet can
alter these processes providing further insight into the potential role of obesity in exacerbating
disease progression. These results functionally demonstrate that inflammation and a high fat diet
may potentially operate independently to support neoplastic progression within the

microenvironment of Barrett’s oesophagus.

In chapter 5, we showed significant associations between inflammation, energy metabolism,
HIFla, p53 and obesity status in the Barrett’s tissue microenvironment within patients with
Barrett’s oesophagus. To build on this data and to functionally show a relationship between these
processes, we investigated the effect of manipulating IL1B and diet on energy metabolism, p53
and hypoxia in a transgenic mouse model of chronic oesophageal inflammation in collaboration
with the Quante lab in the Technical University of Munich, Germany. Targeted overexpression of
IL1B to the oral cavity, oesophagus and forestomach in this transgenic C57/B6 mouse model
induces a Barrett’s-like metaplasia at the SCJ that results in various histopathological and gene

signatures closely resembling human Barrett’s oesophagus (69).

Even though this PL2-IL1p mouse model doesn’t exhibit classical goblet cells, PL2-IL1B mice
develop severe columnar metaplasia along with mucous producing cells at the SCJ consistent with
a Barrett’s-like metaplasia (69). Barrett’s oesophagus does not require classical goblet cells to
establish diagnosis (497, 498). Various studies have substantiated this concept by indicating that
the risk of progression to OAC is similar in patients with a columnar lined oesophagus without
goblet cells and those with Barrett’s oesophagus (499-501). Overexpression of IL1B in this model
additionally induces metaplasia of the SCJ through the recruitment of immature myeloid cells
(69). Immature myeloid cells have been previously associated with oesophageal and colorectal
carcinogenesis in murine studies (496, 502, 503). Moreover, in this model, it is thought that
immature myeloid cells contribute to oesophageal inflammation and carcinogenesis through the
secretion of the proinflammatory cytokines IL-6 and TNFa and the chemokine stromal cell-derived

factor 1 (69).
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Our research has shown that glycolysis is differentially expressed across the in-vitro and in-vivo
metaplasia-dysplasia-adenocarcinoma sequence, thereby potentially contributing to the
development of OAC (130). Increased IL1B expression, at the SCJ, is also thought to contribute to
inflammatory and malignant complications in Barrett’s oesophagus (504). Therefore, we
investigated if the induction of IL1B overexpression could mediate glycolytic profiles in this
transgenic model of Barrett’s-like metaplasia. We found that IL13 overexpression significantly
increases GAPDH IxP expression in the columnar cells of chow fed mice. Moreover, induction of
IL1B significantly increases GAPDH intensity in the mucous producing cells of mice on a high fat
diet. This is the first study to our knowledge that has examined IL1B-induced alterations in

metabolism in a transgenic mouse model.

It has long been known that IL1B plays a role in promoting glycolysis (505-508). Mechanistically,
IL1B stimulates hexose transport in fibroblasts in normal healthy human chondrocytes by
increasing the expression of glucose transporters (506). IL1f also induces glycolysis by increasing
the expression of a GAPDH isoform and another important glycolytic enzyme triosephosphate
isomerase (509). IL1B, along with TNFa, were additionally found to modulate the expression of a
total of 18 different proteins with 45% of the proteins involved in the generation of cellular
energy and glycolysis (509). Moreover, one study assessed the bioenergetic profile of
macrophages generated in the presence of granulocyte macrophage colony-stimulating factor and
those macrophages generated in the presence of macrophage colony-stimulating factor, and
showed that macrophages treated with the former exhibited significantly increased OCR and
ECAR in addition to higher expression of genes encoding glycolytic enzymes (510). In addition,
even though glycolysis positively regulated IL1 and TNF mRNA expression in both macrophage
subtypes, mitochondrial respiration negatively affected IL-6, IL1B and TNFa mRNA expression
further showing that metabolism can modulate IL1B expression (510). Moreover, macrophage
inflammasome activation in hyperhomocysteinemia is associated with significantly high IL1B
levels with concomitant increases in ROS production and a switch from oxidative phosphorylation
to glycolysis (511). The PL2-IL1B mouse model in the current study has been shown to recruit a
significant number of myeloid cells as it progresses from Barrett’'s metaplasia to a dysplastic
phenotype (69). Macrophages, derived from myeloid cells and implicated in the development of
OAC, are functionally heterogeneous cells that can be activated by a variety of
microenvironmental stimuli including IL1B (512-514). These macrophages, once activated, exhibit
an M1 phenotype characterised by increased glycolysis, lactate release and decreased oxygen
consumption (512). It is possible from these studies linking IL1p and metabolism, therefore, that

IL1B may promote glycolysis through a macrophage-induced mechanism.
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Palm oil is the second largest consumed vegetable oil in the world and contains about 50%
saturated fatty acids (515). Despite some benefits, a considerable amount of palm oil, such as
vegetable oil commonly found in various Western diets, is processed for use in an oxidized state
which poses various biochemical and physiological hazards (515). Obesity is strongly associated
with increased incidence of Barrett’s oesophagus (82, 83). Moreover, as detailed studies linking
obesity to OAC progression in Barrett’s oesophagus are scarce, we investigated if induction of a
high fat diet could mediate cellular processes such as glycolysis, oxidative phosphorylation, HIF1la
and p53 status in Barrett’s-like metaplasia. In this transgenic mouse model, even though mice fed
a high fat diet do not become overweight, they display more inflammatory lesions and exhibit an
accelerated phenotype as they progress to dysplasia at a faster rate (unpublished data from
Michael Quante’s laboratory). We demonstrate that wild-type and PL2-IL1B mice fed high fat diets
exhibit significantly higher levels of GAPDH in mucous producing and columnar cells. Despite a
high fat diet conversely inducing significant decreases in GAPDH expression in PL2-IL1 mice at 9
months, this is likely due to the significant interaction we show between PL2-IL1B mice and mice
on a high fat diet. A comparable study showed that rats fed a high fat diet containing mixed lipids
akin to the present study also promoted carcinogenesis of the colon (516). Our results show, that
a high fat diet and the inflammatory microenvironment in Barrett’s oesophagus could potentially
promote neoplastic progression, possibly through IL1B, by supporting glycolytic metabolism, the
energy pathway implicated in the extensive transformation, differentiation and aggressive

proliferation of various cancers including OAC (130, 385).

As we have previously shown that oxidative phosphorylation could potentially contribute to the
development of OAC, we investigated if the induction of IL1B could mediate oxidative
phosphorylation in the same transgenic model of Barrett’s-like metaplasia (130). We show that
induction of IL1B in mice at 12 months exhibit significantly reduced levels of ATP5B. Moreover, we
found that a high fat diet induced significantly lower levels of ATP5B in PL2-IL1B mice. These
results may suggest that glycolysis is the preferred metabolic pathway in this model, particularly
at an early stage, as glycolysis possesses many more advantages due to its role in various anabolic
processes. It must also be noted, however, that oxidative phosphorylation produces more ATP per
molecule of glucose so high oxidative phosphorylation levels may not be required early in the
Barrett’s setting and may therefore increase with time to support neoplastic progression,
analogous to what has been previously shown (130). It is also plausible that lowering the levels of
oxidative phosphorylation allows high energy intermediates to be redirected for anabolic
purposes. Direct IL1p treatment has been previously shown to decrease oxygen consumption in

neuronal cells (508). Interestingly, IL1B treatment also induces changes in MMP and caspase
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activation, however, the same cells were partially protected from IL1B toxicity by the increased
presence of glucose (508). Therefore, buildup of cellular glucose could be partially protective in an
inflammatory burdened Barrett’s microenvironment. M2 macrophages, unlike M1 macrophages
that favour glycolysis, employ oxidative metabolism pathways (512). Furthermore, a recent study
in a murine model showed that macrophages do indeed infiltrate into the oesophagus, however, it
was found that M2 macrophages infiltrate following infiltration of M1 macrophages (514). This
may explain in part why we don’t observe increased oxidative phosphorylation in conjunction with
increased glycolytic levels; ‘glycophilicc M1 macrophages infiltrate initially followed by a
subsequent infiltration of oxidative M2 macrophages. Consequently, more studies are required,
firstly, to further characterize the immune infiltrate in Barrett’s oesophagus, secondly, to examine
the metabolic profiles associated with these immune phenotypes in greater detail and, thirdly, to
interrogate how the metabolism in these resident inflammatory and immune cells promotes a

Barrett’s microenvironment that is more amenable to cancer progression.

As aberrant expression of p53 is additionally associated with an increased risk of neoplastic
progression in Barrett’s oesophagus, we investigated if manipulation of inflammation and diet
could potentially modulate the expression of p53 (292, 517, 518). We have shown that induction
of IL1PB overexpression significantly decreased p53 expression in columnar cells of mice fed on a
high fat diet at 9 and 12 months. Furthermore, we show in mucous producing cells that a high fat
diet significantly increases p53 expression in PL2-IL1B mice. Interestingly, even though p53
overexpression is associated with increased risk of developing OAC, the risk is significantly higher

with loss of p53 expression (292).

In a transgenic mouse model investigating the effect of IL1B overexpression in the development
of chronic pancreatitis, introduction of a p53 mutator strain leads to the formation of a model
consisting of tubular metaplastic complexes making it an ideal model to study its relationship with
pancreatic adenocarcinoma (519). In the model used in this study, the development of Barrett’s
and OAC is inhibited by IL-6 deficiency (69). Moreover, mutations in the p53 gene have been
associated with excessive cytokine production in cancer, in particular, by stimulating macrophage
colony-stimulating factor, the p53-inducible cytokine known to trigger macrophages to produce
large amounts of IL1B, IL-6 and TNFa (520-522). IL1B has additionally been identified as a stromal
chemokine secreted by cancer cells capable of suppressing p53 protein expression in adjacent
stromal cancer-associated fibroblasts (522). As p53 exhibits distinctive pro-oxidative and anti-
Warburg effects, it is plausible that the increases and decreases in GAPDH and ATP5B expression

profiles demonstrated in this study respectively may be due to the downregulation of p53 (198).
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To recall, we also showed that a high fat diet significantly elevated p53 expression levels. p53
expression has indeed been shown to be significantly increased within genetically obese murine
adipoctyes (523). Furthermore, endothelial expression of p53, upregulated in mice fed on a high
calorie diet, was also found to induce various metabolic abnormalities (524). Therefore, high fat
diet- and IL1B-induced alterations in p53 expression, in addition to attenuating cell cycle and

apoptosis, may promote an inflammatory laden protumourigenic Barrett’s microenvironment.

HIFla mediates various key cellular processes including energy metabolism, cell survival,
angiogenesis and inflammation, and has previously been linked with the acute and chronic
inflammatory reaction in Barrett's oesophagus (176). We have shown that induction of IL1B
significantly increases HIF1a expression within columnar and mucous producing cells of mice fed
both chow and high fat diets. We additionally demonstrate that diet has no significant effect in
mediating HIF1la expression within wild-type and PL2-IL1B mice. Studies have shown, however,
that dietary obesity and adipose tissue itself can positively regulate and induce HIF1la expression
(525, 526). IL1B and one of its downstream effectors, TNFa, are known to stimulate DNA binding
of HIFla, with the former increasing HIF1la protein levels, thereby modulating gene expression
during periods of inflammation (527). IL1B can also mediate the non-hypoxic cytokine-dependent
regulation of HIFla stabilization and its subsequent nuclear translocation where it elicits
additional pathological functions (528). For example, via an NFkB/cyclooxygenase-2 pathway, IL1B
regulation links HIFla-induced inflammation to lung adenocarcinoma (529). IL1B and HIFla also
cooperate to induce the expression of adrenomedullin in ovarian carcinoma cells (530). In LPS
treated macrophages that switch their metabolism to glycolysis upon activation, inhibition of
glycolysis with 2-deoxyglucose suppresses LPS-induced IL1B (243). Interestingly, however, LPS can
increase the levels of the tricarboxylic-acid cycle component succinate which leads to stabilization
of HIF1la and increased production of IL1B through HIF1la (243). These studies demonstrate that
IL1B and HIFla can function in a biphasic manner; IL1B can induce increased HIFla expression
and HIFla can stimulate additional IL1B making them complementary protumourigenic
mediators. This suggests, akin to the current study, that IL1B-induced HIFla expression could
potentially promote further disease progression in a glycolytic microenvironment, as we
additionally show increased glycolysis upon IL1B induction, however, any disturbances in
glycolytic metabolism could still lead to the preservation of an IL1B milieu through an oxidative
pathway such as succinate via the tricarboxylic-acid cycle. It may, therefore, be worthwhile
speculating that multi-targeted therapies hold greater promise in the treatment of such

unpredictable heterogeneous preneoplastic and neoplastic tissues.

195



One of the most debated questions in Barrett’s oesophagus is the origin of the metaplastic tissue
itself. Numerous studies suggest that Barrett's oesophagus originates from a single progenitor
cell, transdifferentiation of the squamous epithelium, submucosal glands, residual embryonic cells
at the SCJ or the gastric cardia (531-535). In the PL2-IL1B model used in this study, linage tracing
studies demonstrate the likely origin of some of the metaplastic tissue from within the gastric
cardia (69). Despite much attention being attributed to goblet cells within classical intestinal
metaplasia, the change in the definition to include a non-goblet columnar lined oesophagus
acknowledged the varied histological presentation of Barrett's oesophagus (69). Therefore, we
investigated the effect of diet and induction of IL13 overexpression on GAPDH, ATP5B, p53 and
HIFla between columnar cells and mucous producing Barrett’s-like cells. Despite most of the
significant effects occurring in columnar cells, the strongest statistically significant diet and IL1p-
induced alterations also occurred in columnar cells. This may suggest that columnar cells within
the Barrett’s microenvironment are more sensitive to inflammatory-provoked fluctuations and
thereby contribute indirectly by modulating adjacent cells and tissue, or directly, by undergoing
further disease progression. Another possibility is that any diet or IL1B-induced effects elicited
within columnar cells may affect linked processes in adjacent mucous producing cells. For
example, the large increase in HIF1la caused by induction of IL1B in the columnar cells of mice at
12 months may have had a positive feedback effect on HIFla and GAPDH expression in adjacent
mucous producing cells that were also found to be significantly increased. In this scenario, high-
energy nutrients such as ketones, glutamine and L-lactate secreted by highly glycolytic columnar
tissue could assist adjacent mucous producing cells akin to the ‘reverse Warburg effect’ concept

established by Lisanti et al. (536).

We have shown that IL1 manipulation can modulate glycolysis, oxidative phosphorylation, p53
and HIFla in a transgenic model of Barrett’s like-metaplasia. Furthermore, we also demonstrate
that a high fat diet can alter these processes providing further insight into the potential role of
diet and obesity in exacerbating disease progression. These results demonstrate that
inflammation and a high fat diet, possibly through their association with metabolism and hypoxia,
may potentially operate to support neoplastic progression within the microenvironment of

Barrett’s oesophagus.
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Chapter 7

General Discussion
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7.1 DISCUSSION

In 1956, Warburg proposed that dysfunctional mitochondria were required and necessary to
initiate biochemical and pathological events that resulted in cellular transformation to the
cancerous state (170). Conversely, twenty years later, Weinhouse argued the reverse was true
and that cancer cells have reduced mitochondrial activity as a consequence of enhanced glycolytic
flux (537). To this day, the field has not reached a consensus (538). Abnormal mitochondrial
function has since been linked with the development and progression of cancer (539). As genomic
instability and mutations, tumour-promoting inflammation and the deregulation of cellular
energetics are now emerging hallmarks of cancer, mitochondrial associated inflammation,
oxidative stress and alterations in cellular metabolism are becoming a more promising target in
cancer therapy. In this Ph.D thesis, we investigated the role of mitochondrial metabolism and
function in the initiation and progression of Barrett’s oesophagus. Through the use of in-vitro, in-
vivo and ex-vivo models, we examined mitochondrial function, characterised mitochondrial
energy metabolism across the Barrett’s disease sequence, assessed if markers of metabolism
could identify Barrett’s oesophagus patients who progress to OAC and investigated the
connection between metabolism and other key cellular processes known to be linked with disease

progression in Barrett’s oesophagus in patients and using a mouse model of Barrett’s oesophagus.

Early studies show that mitochondrial function is altered in Barrett’s oesophagus and may play an
important role in the subsequent progression to OAC. Mutations in the mtDNA D-loop region
have been shown to occur frequently in OAC in Barrett’s oesophagus supporting the hypothesis
that oxidative damage might be a mechanism for the induction of OAC in Barrett’s tissue (116).
mtDNA mutations have also been shown to be specific to Barrett’s tissue which may support
dysplastic progression (115). Mitochondrial-induced oxidative stress and oxidative DNA damage,
as measured through the oxidative stress marker 8-hydroxy-deoxyguanosine, are also known to
be present in oesophageal tissues and cells exposed to bile acids and low pH (540). No studies,
however, have investigated global mitochondrial function across the metaplastic-dysplastic-OAC
sequence. In chapter two, through the use of a human PCR microarray, we identified four genes
(BAK1, FIS1, SFN, CDKN2A) to be differentially expressed across the metaplastic-dysplastic-OAC
sequence in-vitro. Upon in-vitro validation of these four gene targets, we found that all four genes
exhibited differential expression profiles in in-vivo patient material that were specific to Barrett’s
tissue compared to matched normal adjacent tissue. These alterations in mitochondrial function
within Barrett’s tissue, therefore, may play some role in mediating neoplastic progression. For

example, the increase in apoptotic resistance exhibited in Barrett’s tissue compared to matched
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normal adjacent tissue in one study may have been attributed by increased levels of the pro-
apoptotic protein BAK1 that we have shown to be higher in Barrett’s tissue compared to normal

tissue (541).

Chapter two also demonstrated significant alterations in mitochondrial function upon functional
manipulation of the BAK1, FIS1 and SFN genes. We showed that knockdown of all gene targets
resulted in significant decreases in MMP in Barrett’s cells suggestive of a role in apoptosis. Indeed
Barrett’s oesophagus does exhibit increased apoptotic capability and studies have demonstrated
increased MMP in various cancers, therefore, agents that induce apoptosis may have significant
clinical promise in both Barrett’s oesophagus and OAC tissue (378, 541). We also acknowledge
limitations within chapter 2. Our mitochondrial function PCR microarray consisted of gene targets
linked with membrane polarisation, membrane potential, small molecule and macromolecule
transport, fission and fusion, translocation, targeting proteins to mitochondria, protein influx,
mitochondrial localisation and apoptosis. While we chose 4 gene targets, these gene targets do
not encompass the entire functional repertoire, therefore, other novel targets from our
microarray also warrant further investigation. Moreover, we show different expression patterns
between in-vitro and in-vivo validations, for example, SFN decreases between metaplasia and OAC
in-vitro but increases in-vivo. Compared to in-vitro cells, however, in-vivo samples are complex
heterogeneous tissues composed of an assortment of specialised cells which may exhibit
differential expression patterns. Therefore, localising BAK1, FIS1 or SFN expression profiles
specifically within Barrett’s epithelium would require alternative analyses, such as
immunohistochemistry. Furthermore, we found that functional knockdown of the BAK1, FIS1 and
SFN genes significantly altered various aspects of cellular metabolism in OAC cells but not in
Barrett’s cells suggesting agents that target these genes and their associated processes in
neoplastic tissue may additionally benefit through the alteration of cellular metabolism.
Furthermore, based on previous studies, BAK1, FIS1 and SFN may play substantial roles in
chemotherapeutic resistance in the setting of OAC further substantiating agents that target BAK1,
FIS1 and SFN in the modulation of chemoresistance (350, 353, 363, 364).

In the preneoplastic tissue of ulcerative colitis, loss of oxidative phosphorylation precedes the
development of dysplasia with restoration of mitochondria noted upon neoplastic progression
(286). Over a decade ago, PKM2 was shown to play a pathological role during transformation and
proliferation along the metaplasia-dysplasia-OAC sequence (392). Moreover, cell lines derived
from patients with more advanced genetically unstable Barrett’s oesophagus have up to 2-fold

higher glycolytic rates compared to a cell line derived from a patient with early genetically stable
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Barrett’s oesophagus (391). However, the same cell lines were shown to preserve active
mitochondria and demonstrate significant modulation in oxygen consumption as inhibition of
glycolysis in the most glycolytic cell lines resulted in compensatory increases in oxidative
phosphorylation suggesting a role for oxidative phosphorylation in the development of OAC (391).
Therefore, in chapter 3, we characterised mitochondrial energy metabolism across the
metaplasia-dysplasia-OAC sequence in in-vitro and in-vivo models of Barrett’s oesophagus.
Through the use of a human PCR microarray, we identified three genes (ATP12A, COX412, COX8C)
associated with oxidative phosphorylation to be differentially expressed across the metaplastic-
dysplastic-OAC sequence in-vitro (130). Upon in-vitro validation of these gene targets, we found
that all genes exhibited differential expression profiles in in-vivo patient material that were
specific to Barrett’s tissue compared to matched normal adjacent tissue (130). Moreover,
significant increases in both oxidative and glycolytic metabolism were demonstrated in epithelial
and stromal tissues across the metaplastic-dysplastic-OAC sequence in-vivo implying that both
metabolic pathways are important in OAC progression (130). As such, agents that target both
metabolic pathways may provide some clinical benefit. Further analysis of oxidative metabolism
in Barrett’s cells demonstrated that Barrett’s cells rely more on oxidative metabolism compared
to OAC cells suggesting that the increased preference of oxidative metabolism in Barrett’s cells
may predispose them to higher levels of oxidative stress, thereby possibly increasing mtDNA
mutations, and neoplastic progression (130). We must also acknowledge that our initial primary
focus in this chapter was investigating the role of oxidative phosphorylation in Barrett’s
oesophagus. Therefore, as our metabolic PCR microarray screen focused solely on mitochondrial
energy metabolism, that is oxidative phosphorylation, we acknowledge that a PCR microarray
screen examining specific aspects of glycolytic metabolism may uncover additional findings. Such
studies deciphering key components of glycolysis, for example, rate limiting steps, are thus
warranted. Similarly, other metabolic pathways known to play key roles in tumourigenesis, such
as the citric acid cycle, glutamine metabolism and the pentose phosphate pathway among others,
require further investigation to determine their roles in Barrett’s oesophagus and in the

progression to OAC (542-544).

Better methods are needed to identify Barrett’s oesophagus patients at greater risk of neoplastic
progression. Biomarkers possess significant clinical promise in their utilisation to risk stratify those
patients with greater risk of progression. Such risk stratification could result in altered surveillance
intervals, changes in treatment regimes or enrolment into secondary prevention studies. p53
protein overexpression in LGD is one such example of a risk assessment marker (27, 545, 546).

Other promising biomarkers for identifying patients with Barrett’s oesophagus at high risk of
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developing OAC include aneuploidy, loss of heterozygosity, cyclin A, minichromosome
maintenance protein 2, various methylation markers and HGD itself (545, 546). In chapter 3, we
show that ATP5B expression in sequential follow up surveillance biopsy material segregated
Barrett’s non progressors and progressors to HGD and OAC, thereby highlighting its prognostic
advantage in these preneoplastic patients, however, additional validation of ATP5B in different
patient cohorts within other clinical institutions would potentially strengthen its applicability as a

biomarker in the clinical setting (130).

The bile acid DCA is known to play a major role in the development of Barrett’s oesophagus and in
its subsequent progression to OAC (70-74). In chapter 4, we show that DCA alters mitochondrial
energy metabolism across the in-vitro squamous-metaplasia-dysplasia-OAC sequence; DCA
decreases oxidative phosphorylation in Barrett’s cells, increases oxidative metabolism in
dysplastic and OAC cells and increases glycolysis in OAC cells. These findings suggest that DCA
promotes metabolism in the neoplastic epithelium. Moreover, as decreased oxidative profiles are
associated with poor prognosis in IBD, it is possible that reduced oxidative metabolism is linked
with poor prognosis in Barrett’s epithelial cells (294). Moreover, as DCA is known to alter NFkB
and p53 profiles in Barrett’s oesophagus, it is plausible that DCA modulates metabolism through
these molecular mediators (72, 73). As we chose a single cell line to represent the Barrett’s
epithelium throughout this Ph.D thesis, this presents a limitation throughout our studies itself. QH
cells, which represent genetically stable Barrett’s epithelium, may not induce sufficient cellular
modifications compared to genetically unstable Barrett’s cell lines that are known to exhibit more
aggressive metabolic phenotypes (391). To overcome this in-vitro limitation, we utilised

comparable human in-vivo and ex-vivo models of Barrett’s oesophagus.

In chapter 4, we also demonstrate that DCA treated QH and OE33 cells supplemented with the
antioxidant EGCG exhibit significantly lower levels of oxidative phosphorylation and glycolysis
respectively. However, supplementation with NAC showed no such metabolic benefits. Analogous
to previous studies, this result further supports the role of EGCG as an anti-cancer agent (440).
Moreover, as proton pump inhibitors have been documented as having various additional
advantages beyond acid repression, we examined their independent effect on metabolic profiles
in-vitro (442). We demonstrate that the use of lansoprazole significantly reduces glycolysis in
Barrett’s cells suggesting that in addition to treating reflux, lansoprazole reduces glycolysis and
thus lowers the risk of progression. As lansoprazole has previously exhibited anti-inflammatory
potential, it may mediate its anti-metabolic effect through one or more inflammatory pathways

(447). Moreover, the use of lansoprazole and omeprazole both independently reduce oxidative
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metabolism in dysplastic cells, thereby potentially demonstrating a protective role in the
neoplastic setting as previously speculated (450). In addition, the supplementation of proton
pump inhibitors in OAC patients with Barrett’'s oesophagus without reflux represents a

chemopreventative agent further highlighting its multi-modal use (453).

In chapter 4, we also investigated if Quininib, our patented small molecule anti-metabolic drug,
could modulate cellular metabolism across the in-vitro sequence. We show that Quininib
demonstrates potent anti-oxidative and anti-glycolytic potential in Barrett’s and OAC cells in-vitro.
As Quininib has previously been shown to exhibit anti-inflammatory and anti-angiogenic activity in
zebrafish, in ex-vivo human colorectal explants and in mice (under review; Murphy et al.), these
results reflect exciting anti-metabolic potential for Quininib treatment in metaplastic and OAC
epithelium. Even though Quininib exhibited differential effects on inflammation, angiogenesis and
metabolism in Barrett’s explant tissue, such results may be expected due to the heterogeneous
complexity of Barrett’s tissue. For example, Quininib may exert distinct effects on diverse cell
types in explant tissues which may explain the differential responses to Quininib treatment
between patients. As the effect of Quininib, and its analogues, may be tissue specific, future
studies should examine its potential anti-carcinogenic role in the ex-vivo setting of OAC and in
other preneoplastic settings. Although chapter 4 investigated the independent effect of
lansoprazole, omeprazole and Quininib on metabolism, we acknowledge, however, that in the
presence of DCA, both proton pump inhibitors may have induced differential metabolic effects to
what we have shown. Furthermore, the effect of additional bile acids in conjunction with DCA

may differentially modulate energy metabolism profiles.

Various cellular processes, molecular mediators and metabolic disorders have been implicated in
disease progression in Barrett’s oesophagus. These encompass inflammation, p53, hypoxia,
angiogenesis and obesity (83, 176, 223, 292, 457). Through Spearman and multivariate analyses,
we show in chapter 5 that energy metabolism is linked with inflammation and hypoxia in the
Barrett’s tissue microenvironment in-vivo. Our data also highlights that energy metabolism is
linked with p53 status, obesity status and to the length of the Barrett’s segment in-vivo. Utilising
ex-vivo explant tissue to mimic the Barrett's microenvironment, similar associations between
these key processes were established. We acknowledge that these associations do not prove
causality. Therefore, to build on these associations and investigate potential functionality, we
demonstrate in chapter 6 that induction of inflammation through IL1B manipulation can modulate
glycolysis, oxidative phosphorylation, p53 and hypoxia in a transgenic mouse model of Barrett’s

oesophagus. Our data indicates that IL1B, through the modulation of these cellular processes,
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could potentially mediate and support neoplastic progression within the microenvironment of
Barrett’s oesophagus. Moreover, we find that a high fat diet can alter these processes providing
further insight into the potential role of obesity in exacerbating disease progression. These novel
findings within the inflammatory microenvironment of Barrett’s oesophagus may provide some
insight into the key mechanisms linking Barrett’s oesophagus with neoplastic progression.
Consequently, such knowledge may aid in the development of promising multi-targeted therapies
with potential translational applicability in other inflammatory disorders. These findings,
however, warrant further study to determine if they play specific mechanistic and functional roles
in disease progression. We also acknowledge limitations in the use of the surrogate markers
chosen. For example, even though GAPDH is central to glycolysis, PKM2 is more abundant during
aerobic glycolysis in many tumour types, including the Barrett’s-dysplastic-OAC disease sequence
(392). Moreover, HIFla can be upregulated by non-hypoxic pathways, therefore, alternative
reliable hypoxia markers, or their combined value, such as carbonic anhydrase 9, VEGF, GLUT],

JMJD1A and erythropoietin may be more specific (259, 268, 472-476).

In conclusion, this thesis has shown for the first time through the use of in-vitro, in-vivo and ex-
vivo models, that oxidative phosphorylation and glycolysis play a central role in disease
progression in Barrett's oesophagus. Moreover, a marker of oxidative phosphorylation, ATP5B,
exhibits significant promise in segregating those Barrett’s patients at higher risk of neoplastic
progression. Mitochondrial function, also shown to be altered across the metaplastic-dysplastic-
OAC disease sequence and known to induce functional changes in Barrett’s and OAC cells in-vitro,
can indirectly mediate energy metabolism profiles. Endogenous DCA, and the administration of
proton pump inhibitors in conjunction with antioxidant supplementation, can additionally
modulate cellular oxidative phosphorylation and glycolytic profiles. In addition, oxidative
phosphorylation and glycolysis are closely linked with levels of inflammation, hypoxia, p53 and
obesity in in-vivo and ex-vivo tissue from Barrett’s oesophagus patients. Furthermore, to prove
possible functionality, IL1B overexpression and manipulation of diet can modulate glycolysis,
oxidative phosphorylation, p53 and hypoxia in a transgenic model of Barrett’s like-metaplasia,
thereby demonstrating the complexity of the Barrett’s tissue microenvironment. The findings
within this Ph.D thesis give an insight into how energy metabolism and its associated processes
could potentially support disease progression in Barrett’s oesophagus thereby highlighting future

potential therapeutic opportunities in the field.
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7.2 FUTURE DIRECTIONS

This Ph.D thesis has revealed many future research possibilities.

1. An in-vitro PCR microarray screen examining specific aspects of glycolytic metabolism in
QH and OE33 cells may uncover significant findings within Barrett’s associated aerobic
glycolysis. As oxidative phosphorylation and glycolysis are now known to play possible
roles in OAC progression, other metabolic pathways known to play key roles in
tumourigenesis, such as glutamine metabolism and the pentose phosphate pathway for
example, warrant further study using models of Barrett’s oesophagus akin to the models
utilised throughout this Ph.D thesis. Furthermore, investigating if ATP5B encompasses
prognostic potential in independent cohorts of Barrett’'s oesophagus patients and
examining its potential clinical utility across medical institutions is essential.

2. In-vitro cell culture studies linking metabolism to inflammation, HIF1la, p53 and obesity
through precise mechanisms within Barrett’s tissue may uncover improved therapeutic
potential. Although functionally difficult, investigating whether inflammation is
functionally linked to protumourigenic pathways through the mediation of metabolism
would be intriguing. For example, examining if IL1B can induce cell proliferation and/or
cell differentiation specifically through metabolic means may further prove causality. Such
functional studies may encompass manipulating various genes in-vitro to explore any
functional effects and/or the antagonism of downstream signalling pathways.
Subsequently identifying the molecular mechanisms of such functionality may offer
significant therapeutic insights.

3. In-vitro analyses examining specific protein-protein interactions and the functional
consequences of blocking such interactions would offer further insights. Furthermore,
with recent advancements in methodologies such as CRISPR-Cas, exploring the functional
effects, for example, of rescuing mutations in p53 in QH cells and thus restoring wild-type
p53, would provide a better understanding of the functionality of genes and their links
with other cellular mediators in Barrett’s oesophagus. Such methods may be beneficial in
particular for mtDNA due to its increased susceptibility to damage and mutation. /n-vivo
and ex-vivo studies could subsequently be undertaken to validate and explore potential
clinical benefits as a result of any potential significant in-vitro findings.

4. Through the use of in-vitro cell culture techniques, additional insight into how DCA
mediates cell function and deciphering the primary molecular processes it utilises to
exacerbate disease progression may offer clinical promise. Investigating the role of DCA in

Barrett’s oesophagus and its role in the modulation of cellular processes, such as energy
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metabolism, in an ex-vivo setting also warrants further investigation. Quininib has since
exhibited potential as an anti-inflammatory, anti-angiogenic and anti-metabolic agent in
ex-vivo OAC explant tissue (currently being undertaken by Réisin Byrne), however,
examining whether Quininib or its associated analogues can recapitulate these effects in
preneoplastic Barrett’s ex-vivo tissue requires further inspection.

Micro RNAs have also shown promise at targeting cancer metabolic pathways. A recent
study demonstrated that mir-122 targets PKM2 and affects metabolism in hepatocellular
carcinoma, therefore, investigating the role of micro RNAs in the modulation of cellular
energy metabolism in Barrett’s oesophagus and OAC may also offer significant promise
(319).

In lieu of single gene target knockdown, combined knockdown of the BAK1, FIS1 and SFN
genes in Barrett’s and OAC cells may offer better insight into their role in mitochondrial
function in both the preneoplastic and neoplastic settings. Such combined siRNA
knockdown or therapeutic inhibition may substantially influence cellular metabolism and
induce considerable apoptosis in Barrett’s and OAC cells. Based on previous findings of
BAK1, FIS1 and SFN, another exciting extension of this work would be to investigate their
role in chemotherapeutic resistance in QH, GO and OE33 cells through the use of
clonogenic assays in-vitro. Examining other gene targets from the functional PCR
microarray screen using the methods employed in this thesis, such as AIFM2, STARD3,

DNM1L and UCP2, may also warrant further examination.

205



Appendices

206



Appendix A. Mitochondrial function gene microarray screen between GO and QH cell lines

Gene Expression* Gene Expression* Gene Expression*
AIFM2 -1.32 NEFL -1.63 SLC25A4 2.84
AlIP -1.14 OPA1 131 SLC25A5 1.20
BAK1 1.61 PMAIP1 1.87 SOD1 1.44
BBC3 1.63 RHOT1 1.76 SO0D2 1.19
BCL2 1.66 RHOT2 1.39 STARD3 2.19
BCL2L1 1.86 SFN 6.06 TAZ 1.32
BID 1.14 SH3GLB1 1.35 TIMM10 1.32
BNIP3 -16.32 SLC25A1 -1.11 TIMM17A 1.72
CDKN2A -30.20 SLC25A10 1.38 TIMM178B 1.34
CcoX10 2.33 SLC25A12 1.23 TIMM22 1.46
CcoX18 2.26 SLC25A13 1.93 TIMM23 1.43
CPT1B -1.09 SLC25A14 1.82 TIMM44 1.63
CcPT2 -1.26 SLC25A15 1.55 TIMM50 1.73
DNAIC19 1.32 SLC25A16 1.16 TIMMS8A 1.83
DNM1L 1.87 SLC25A17 1.54 TIMM8B 1.10
FIS1 1.57 SLC25A19 2.37 TIMM9 1.34
FXC1 1.37 SLC25A2 1.56 TOMM20 1.15
GRPEL1 2.57 SLC25A20 1.00 TOMM22 1.67
HSP90AA1 1.95 SLC25A21 1.62 TOMM34 1.28
HSPD1 2.30 SLC25A22 2.22 TOMMA40 2.15
IMMP1L 1.30 SLC25A23 -4.93 TOMMA40L 1.81
IMMP2L 2.44 SLC25A24 1.58 TOMM70A 1.42
LRPPRC 1.70 SLC25A25 1.39 TP53 1.75
MFN1 1.53 SLC25A27 1.45 TSPO 1.93
MFN2 1.61 SLC25A3 -1.13 UCP1 -1.51
MIPEP 1.86 SLC25A30 1.58 uce2 -2.99
MSTO1 1.62 SLC25A31 -1.40 UCP3 -1.15
MTX2 1.53 SLC25A37 2.09 UXT 1.12

B2M = Endogenous Control Gene

* Relative Expression (e.g. expression of BAK1 is 1.61 times greater in QH than GO cells)
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Appendix B. Mitochondrial function gene microarray screen between GO and OE33 cell lines

Gene Expression* Gene Expression* Gene Expression*
AIFM2 3.14 NEFL 4.07 SLC25A4 4.63
AlIP -1.34 OPA1 -54.33 SLC25A5 1.33
BAK1 -33.20 PMAIP1 1.56 SOD1 -1.13
BBC3 -1.31 RHOT1 2.80 SOD2 -1.56
BCL2 2.03 RHOT2 1.22 STARD3 13.45
BCL2L1 2.39 SFN -1.05 TAZ 2.01
BID 2.06 SH3GLB1 1.34 TIMM10 2.07
BNIP3 -3.64 SLC25A1 -1.98 TIMM17A 1.32
CDKN2A 84.95 SLC25A10 2.13 TIMM178B 1.72
COX10 1.24 SLC25A12 -1.57 TIMM22 -1.76
COX18 1.19 SLC25A13 -14.71 TIMM23 2.18
CPT1B -1.25 SLC25A14 -2.15 TIMM44 1.69
CPT2 -2.33 SLC25A15 1.30 TIMM50 1.19
DNAIC19 1.36 SLC25A16 1.65 TIMMS8A 1.60
DNM1L -62.51 SLC25A17 1.84 TIMM8B -1.30
FIS1 -23.70 SLC25A19 4.01 TIMM9 -1.00
FXC1 -1.86 SLC25A2 1.61 TOMM20 -1.86
GRPEL1 1.65 SLC25A20 -1.54 TOMM22 1.32
HSP90AA1 241 SLC25A21 3.09 TOMM34 -1.28
HSPD1 3.36 SLC25A22 1.99 TOMMA40 2.71
IMMPI1L 1.05 SLC25A23 2.77 TOMMA40L 1.10
IMMP2L 6.88 SLC25A24 -50.87 TOMM70A 1.10
LRPPRC -1.34 SLC25A25 2.97 TP53 -1.46
MFN1 1.25 SLC25A27 -2.28 TSPO 1.27
MFN2 -1.57 SLC25A3 -1.20 UCP1 2.20
MIPEP 1.14 SLC25A30 1.90 uce2 9.48
MSTO1 -1.02 SLC25A31 3.59 UCP3 1.80
MTX2 1.72 SLC25A37 1.62 UXT -1.03

B2M = Endogenous Control Gene

* Relative Expression (e.g. expression of AIFM2 is 3.14 times greater in OE33 than GO cells)
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Appendix C. Energy Metabolism Gene Microarray Screen between GO and QH Cell Lines

Gene Expression* Gene Expression* Gene Expression*
ATP4A -1.32 COX6B1 1.53 NDUFB8 2.087632837
ATP4B -1.14 COX6B2 -1.63 NDUFB9 2.844636874
ATP5A1 1.61 coxec 131 NDUFC1 1.195772966
ATP5B 1.63 COX7A2 1.87 NDUFC2 1.442785171
ATP5C1 1.66 COX7A2L 1.76 NDUFS1 1.186150852
ATP5F1 1.86 COX7B 1.39 NDUFS2 2.194229608

ATP5G1 1.14 COX8A 6.06 NDUFS3 1.321997089
ATP5G2 -16.32 coxsc 1.35 NDUFS4 1.315440505
ATP5G3 -30.20 cYc1 -1.11 NDUFS5 1.720803662
ATP5H 2.33 LHPP 1.38 NDUFS6 1.338563425
ATP5| 2.26 NDUFA1 1.23 NDUFS7 1.458616885
ATP5J -1.09 NDUFA10 1.93 NDUFS8 1.429104585
ATP5J2 -1.26 NDUFA11 1.82 NDUFV1 1.633253238
ATP5L 1.32 NDUFA2 1.55 NDUFV2 1.73205771
ATP50 1.87 NDUFA3 1.16 NDUFV3 1.827097344
ATP6V0OA2 1.57 NDUFA4 1.54 OXA1L 1.104644001
ATP6V0OD2 1.37 NDUFA5 2.37 PPA1 1.336093063
ATP6V1C2 2.57 NDUFA6 1.56 PPA2 1.150856137
ATP6V1E2 1.95 NDUFA7 1.00 SDHA 1.671923688
ATP6V1G3 2.30 NDUFA8 1.62 SDHB 1.278780367

ATP12A 0.28 NDUFAB1 2.22 SDHC 2.149186975

BCS1L 1.30 NDUFB10 -4.93 SDHD 1.814056009
COX4l1 2.44 NDUFB2 1.58 UQCR11 1.422928825
COX412 1.70 NDUFB3 1.39 UQCRC1 1.746699585
COX5A 1.53 NDUFB4 1.45 uQcRc2 1.932374205
COX5B 1.61 NDUFB5 -1.13 UQCRFS1 -1.506760899

COX6A1 1.86 NDUFB6 1.58 UQCRH -2.987419835
COX6A2 1.62 NDUFB7 -1.40 uQcCrQ -1.1456648

B2M = Endogenous Control Gene

* Relative Expression (e.g. expression of ATP5A1 is 1.61 times greater in QH than GO cells)
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Appendix D. Energy Metabolism Gene Microarray Screen between GO and OE33 Cell Lines

Gene Expression* Gene Expression* Gene Expression*
ATP4A 1.79 COX6B1 1.61 NDUFB8 -2.46
ATP4B 1.46 COX6B2 -1.45 NDUFB9 1.14
ATP5A1 1.51 coxec 1.69 NDUFC1 -1.09
ATP5B -2.16 COX7A2 1.50 NDUFC2 1.84
ATP5C1 -1.50 COX7A2L -1.10 NDUFS1 -1.58
ATP5F1 -1.00 COX7B -1.32 NDUFS2 -1.08

ATP5G1 1.27 COX8A -1.48 NDUFS3 -1.83
ATP5G2 -2.06 coxsc -1.16 NDUFS4 1.04
ATP5G3 -2.13 cYc1 1.32 NDUFS5 1.26
ATP5H -1.96 LHPP -1.39 NDUFS6 -1.64
ATP5I -1.24 NDUFA1 -2.00 NDUFS7 1.75
ATP5J -1.12 NDUFA10 4.67 NDUFS8 -4.06
ATP5J2 -1.83 NDUFA11 -1.25 NDUFV1 1.07
ATP5L 3.52 NDUFA2 -2.28 NDUFV2 1.30
ATP50 -1.99 NDUFA3 -1.58 NDUFV3 -1.83
ATP6VOA2 1.32 NDUFA4 1.03 OXA1L 1.76
ATP6V0OD2 2.66 NDUFA5 1.10 PPA1 -1.24
ATP6V1C2 1.46 NDUFA6 -1.46 PPA2 2.80
ATP6V1E2 3.55 NDUFA7 -1.87 SDHA 2.09
ATP6V1G3 1.86 NDUFA8 -1.61 SDHB 1.61

ATP12A 1.79 NDUFAB1 -1.39 SDHC -2.12

BCS1L 131 NDUFB10 2.24 SDHD -1.79
COX411 -1.08 NDUFB2 -1.15 UQCR11 -3.20
COX412 -1.95 NDUFB3 -1.51 UQCRC1 -1.49
COX5A 1.87 NDUFB4 -1.39 uQcCRc2 -2.84
COX5B -1.71 NDUFB5 1.21 UQCRFS1 1.23

COX6A1 -1.21 NDUFB6 -1.51 UQCRH -1.32
COX6A2 -1.35 NDUFB7 1.79 uQcCrQ -2.49

B2M = Endogenous Control Gene

* Relative Expression (e.g. expression of ATP4A is 1.79 times greater in OE33 than GO cells)
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Appendix E. In-vitro and in-vivo validation of COX6C. (A) COX6C (P<0.05) was differentially expressed
between the in-vitro Barrett’s cell lines (unpaired t-test) (Bonferroni post-hoc test). One-way ANOVA was
used to investigate differences across the in-vitro Barrett’s sequence for COX6C in-vitro (P=0.003). (B)
COX6C (P<0.05) was differentially expressed across the Barrett’s disease sequence (Mann Whitney U). A
Kruskal-Wallis test was used to investigate differences across the Barrett’s sequence for COX6C in-vivo
(P=0.013). Bars denote mean + SEM.
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Appendix F. Stromal immunohistochemical tissue expression of the oxidative phosphorylation protein
markers, ATP5B and HSP60, across the metaplasia-dysplasia-adenocarcinoma disease sequence. (A)
Stromal ATP5B positivity was unchanged across the Barrett’s disease sequence (Kruskal Wallis test)
(P>0.05). ATP5B positivity was significantly increased between oesophagitis and intestinal metaplasia
subgroups (P=0.042) (Dunn’s post hoc test; Mann Whitney U test). (B) Stromal HSP60 positivity was
unchanged across the Barrett’s disease sequence (Kruskal-Wallis test) (P>0.05). Bars denote mean + SEM.
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Appendix G. Epithelial and stromal immunohistochemical tissue intensity of the oxidative
phosphorylation protein markers, ATP5B and HSP60, across the metaplasia-dysplasia-adenocarcinoma
disease sequence. (A) Epithelial ATP5B intensity was unchanged across the Barrett’s disease sequence
(Kruskal-Wallis test) (P>0.05). (B) Epithelial HSP60 intensity significantly increased across the Barrett’s
disease sequence (Kruskal-Wallis test) (P<0.0001) (Dunn’s post hoc tests; Mann Whitney U tests). (C)
Stromal ATP5B intensity was unchanged across the Barrett’s disease sequence (Kruskal Wallis test; Mann
Whitney U test) (P>0.05). (D) Stromal HSP60 intensity was unchanged across the Barrett’s disease sequence
(Kruskal Wallis test; Mann Whitney U test) (P>0.05). Bars denote mean = SEM.
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Appendix H. Epithelial immunohistochemical tissue expression of the glycolytic protein biomarkers,
PKM2 and GAPDH, across the metaplasia-dysplasia-adenocarcinoma disease sequence in matched normal
adjacent tissue. (A) Epithelial PKM2 positivity was unchanged across the Barrett’s disease sequence in
matched normal adjacent tissue (Kruskal-Wallis test) (P>0.05). PKM2 positivity was significantly increased
between squamous and intestinal metaplasia subgroups (P=0.027) (Dunn’s post hoc test; Mann Whitney U
test). (B) Epithelial GAPDH positivity was unchanged across the Barrett’s disease sequence in matched
normal adjacent tissue (Kruskal-Wallis test) (P>0.05). GAPDH positivity was significantly increased between
squamous and LGD subgroups (P=0.007) (Dunn’s post hoc test; Mann Whitney U test). Bars denote mean +
SEM.
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Appendix |. Epithelial and stromal immunohistochemical tissue intensity of the glycolytic protein
biomarkers, PKM2 and GAPDH, across the metaplasia-dysplasia-adenocarcinoma disease sequence. (A)
Epithelial PKM2 intensity was significantly increased across the Barrett’s disease sequence (Kruskal-Wallis
test) (P=0.0031) (Dunn’s post hoc tests; Mann Whitney U tests). (B) Epithelial GAPDH intensity was
unchanged across the Barrett’s disease sequence (Kruskal-Wallis test; Mann Whitney U tests) (P>0.05). (C)
Stromal PKM2 intensity was unchanged across the Barrett’s disease sequence (Kruskal Wallis test) (P>0.05).
(D) Stromal GAPDH intensity was unchanged across the Barrett’s disease sequence (Kruskal Wallis test;
Mann Whitney U test) (P>0.05). Bars denote mean + SEM.

215



ATP5B Normal Adjacent (S) Hsp60 Normal Adjacent (S)
501 50-

2D A\ \Y) ]

“0(“\ \© “Go\op‘

GRNIZ HATIRLAKAEERES) GAPDH Normal Adjacent (S)

80+ 1501
ANOVA: =
P=0.0002
*%*
100- **k%

504

Appendix J. Stromal immunohistochemical positivity of the oxidative phosphorylation protein markers,
ATP5B and HSP60, and the glycolytic protein biomarkers, PKM2 and GAPDH, across the metaplasia-
dysplasia-adenocarcinoma disease sequence in matched normal adjacent tissue. (A) Stromal ATP5B
positivity was unchanged across the Barrett’s disease sequence (Kruskal-Wallis test; Mann Whitney U test)
(P>0.05). (B) Stromal HSP60 positivity was unchanged across the Barrett’s disease sequence (Kruskal-Wallis
test) (P>0.05). (C) Stromal PKM2 positivity was unchanged across the Barrett’s disease sequence (Kruskal-
Wallis test) (P>0.05). (D) Stromal GAPDH positivity was significantly altered across the Barrett’s disease
sequence in matched normal adjacent tissue (Kruskal Wallis test; Dunn’s post hoc tests; Mann Whitney U
tests) (P=0.0002). Bars denote mean + SEM.
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Appendix K. Characterising realtime metabolism at baseline in QH and OE33 cell lines. (A) No significant
changes in the levels of OCR were exhibited between QH and OE33 cell lines at baseline (P=0.276) (unpaired
t-test). (B) Levels of ECAR were significantly higher in the Barrett’s QH cells compared to the OE33
adenocarcinoma cells at baseline (P=0.04) (unpaired t-test). Bars denote mean + SEM (n=5).
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Appendix L. Investigating the realtime effect of complex V (ATP synthase) inhibition on glycolysis in the
Barrett’s (QH) and adenocarcinoma (OE33) cell lines in-vitro. ECAR, reflecting glycolysis, was significantly
increased in QH (P=0.044) and OE33 (P=0.005) cell lines subsequent to oligomycin-induced complex V
inhibition using Seahorse technology (paired t-tests). Bars denote mean * SEM (n=5).
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Appendix M. In-vitro and in-vivo validation of ETS-1. (A) No significant difference in ETS-1 expression was
found between Barrett’s and OAC cell lines (unpaired t-test) (n=3) (P>0.05). (B) ETS-1 (P<0.0001) expression
was significantly increased across the squamous-metaplasia-dysplasia-OAC sequence in-vivo (Kruskal-Wallis
test; Dunn’s post hoc tests). Bars denote mean + SEM.
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Appendix N. Investigating the association between ATP5B and the transcription factor ETS-1 across the squamous-metaplasia-dysplasia-adenocarcinoma disease
sequence in-vivo. (A) No link was found between ATP5B and ETS-1 in normal squamous tissue (R=-0.109, P=0.7495) (n=11). (B) A strong significant positive association
was found between ATP5B and ETS-1 in Barrett’s tissue (R=0.88, P<0.0001) (n=18). (C) A significant positive relationship was found between ATP5B and ETS-1 in LGD
tissue (R=0.539, P=0.047) (n=14). (D) A significant positive link was found between ATP5B and ETS-1 in HGD/OAC tissue (R=0.528, P=0.0027) (n=30). R denotes Spearman
p correlation. Note that two outliers, one in the LGD and one in the HGD/OAC analyses, were removed.
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Appendix O. Investigating the effect of two Quininib analogues, CC8 and 0S-1, on metabolism between
metaplasia and adenocarcinoma cell lines in-vitro. (A) CC8 and 0OS-1 treated QH cells demonstrated no
significant alterations in OCR versus untreated QH cells (P>0.05). (B) CC8 treated OE33 cells exhibited
significantly lower levels of OCR compared to untreated OE33 cells (P=0.01). (C) CC8 and OS-1 treated QH
cells demonstrated no significant alterations in ECAR in QH cells (P>0.05). (D) CC8 and OS-1 treated OE33
cells exhibited no significant alterations in ECAR in OE33 cells (P>0.05). Paired t-tests assessed differences
between treatment groups (n=5). Bars denote mean + SEM.
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Appendix P. Longitudinal immunohistochemical assessment of p53 and ATP5B expression in Barrett’s
non-progressors and progressors to LGD and HGD. (A) Barrett’s patients who prospectively progressed to
HGD (n=9) exhibited significantly higher epithelial cytoplasmic ATP5B positivity versus Barrett’s non-
progressors (n=18) (P=0.046). (B) Barrett’s patients who progressed to HGD (n=9) exhibited significantly
higher stromal cytoplasmic p53 IxP expression versus Barrett’s non-progressors (n=17) (P=0.027). (C)
Barrett’s patients who prospectively progressed to LGD (n=4) exhibited significantly higher epithelial
cytoplasmic ATP5B intensity versus Barrett’s non-progressors (n=18) (P=0.028). (D) Barrett’s patients who
progressed to LGD (n=4) exhibited significantly higher epithelial cytoplasmic p53 positivity versus Barrett’s
non-progressors (n=18) (P=0.039). (Mann Whitney U tests). Bars denote mean + SEM.
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Appendix Q. Investigating the effect of hypoxia on inflammatory and angiogenic profiles in an in-vitro model of Barrett’s oesophagus. No significant difference in the
secreted levels of TNFa (A), IL-6 (B), IL-10 (C), IL-4 (D), IL-2 (E), IL-12p70 (F), IL-13 (G), bFGF (H) and ICAM-1 (I) were found in Barrett’s cells exposed to normoxia (21%
oxygen) and hypoxia (0.5% hypoxia) (P>0.05; paired t-test; n=3-7). Bars denote mean + SEM.
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Appendix R. Investigating the effect of hypoxia on cell number in the Barrett’s QH cell line in-vitro. Cell
numbers were significantly altered in Barrett’s cells exposed to normoxia (21% oxygen) and hypoxia (0.5%
hypoxia) as demonstrated by crystal violet assay (paired t-test; n=3). Bars denote mean = SEM.

224



>
w

100- 801
*
c 5 60-
‘D [7]
u% u% 40
3 3
o
e 20-
0.
“\'\{\
C D
2001 2001
* %
z § 1501 &
5 s
i 1}
:
['H
z g
.03y .05y B* B*
(i Ber Recema‘w \“,\,{‘a\\\l\ Re"‘e“‘w\
N

Appendix S. Examining the expression of p53, HIF1la and ATP5B in initial and most recent matched
longitudinal Barrett’s tissues. (A) Epithelial nuclear p53 positivity was significantly increased in most
recently biopsied Barrett’s tissue compared to initial tissue (P=0.007) (n=19). (B) Epithelial cytoplasmic p53
IXP expression was significantly increased in most recently biopsied Barrett’s tissue compared to initial
tissue (P=0.042) (n=19). (C) Epithelial cytoplasmic HIF1a IXP expression was significantly increased in most
recently biopsied Barrett’s tissue compared to initial tissue (P=0.002) (n=18). (D) Epithelial cytoplasmic
ATP5B IxP expression was significantly increased in most recently biopsied Barrett’s tissue compared to
initial tissue (P=0.002) (n=19) (Wilcoxon signed rank tests). Bars denote mean + SEM.

225



>

2.5 R=-0.5027
P=0.0562
2.0- .
o
1.5+ - .
o
P Py
T
= 1.0+ ) .t
®
0.5-
0.0 L L) L] 1
60 80 100 120 140
Waist Circumference (cm)
2507 R=.0615
P=0.0147
-
200+
= L ]
I 150-
T
&
T 1004
=
50+
0 L) L] L] 1
60 80 100 120 140
C Waist Circumference (cm)
80+
60+
[==H
=
c 40
«
QL
=
20
.
0 L) L] L] 1
60 80 100 120 140

Waist Circumference (cm)

Appendix T. Linking obesity to p53 status, HIFla and IL1B in Barrett’s oesophagus in-vivo. (A) Stromal
cytoplasmic p53 intensity showed no significant association with waist circumference (R=-0.503, P=0.056).
(B) Epithelial cytoplasmic HIF1a IxP expression significantly negatively correlated with waist circumference
(R=-0.615, P=0.015). (C) Stromal cytoplasmic IL1B positivity significantly negatively correlated to waist
circumference (R=-0.536, P=0.039). Waist circumference was available on 15 patients from the 29 patients
who participated in the study. R denotes Spearman p correlation (IxP= intensity by positivity).
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Appendix U. Assessing the dependencies between factors taking into account the combined effect of all
factors in-vivo. (A) Positivity data revealed that ATP5B expression is directly interdependent with HIFla,
IL1B and indirectly with SERPINA3 expression within epithelial compartments. (B) Positivity data revealed

that GAPDH expression is directly interdependent with p53 expression within stromal compartments. All
links function reciprocally and thus are not one-way.
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Appendix V. Characterisation of matched normal adjacent and Barrett’s tissue. A representative image from a RT-PCR gel showing the absence of the intestinal
metaplasia molecular marker, villin (270bp), in matched normal adjacent tissue and the presence of the same marker in Barrett’s tissue. Both tissue types were
simultaneously confirmed for the presence of B-actin (468bp). Upon synthesis of cDNA from mRNA, villin and B-actin were amplified in a PCR reaction utilising 2uL of
cDNA with the melting temperatures (Tm®) of 62° and 58° respectively for 38 cycles. Primer sequences were as follows: Villin forward - 5’-AATGGCCACCATGGAGAACA-
3’; Villin reverse - 5’-ACCACAATTCTGTCTTTCACGG-3’; B-actin forward — 5-TGAGAGGGAAATCGTGCGTG-3’; B-actin reverse — 5’-TGCTTGCTGATCCACATCTGC-3’. Each PCR
reaction contained 10uL of 1x Mangomix (Bioline), 2uL 10uM forward primer, 2uL 10uM reverse primer, 5uL RNase/DNase free dH,0 and 2uL cDNA. PCR was performed
for 95°C for 5 minutes, followed by 38 cycles of 95°C for 1 minute, 62°C for 1 minute (58°C for B-actin) and 72°C for 1 minute. Lastly, PCR was heated to 72°C for 10
minutes and PCR products ran on a 2% agarose gel containing 10mg/mL ethidium bromide at 80V for 1 hour and the gel imaged through UV exposure. Analogous images
were obtained for all 9 ex-vivo Barrett’s explant tissues used throughout this study.
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Appendix W. The association between metabolism, inflammation, angiogenesis and BMI in matched

normal adjacent ex-vivo explant tissue from patients with Barrett’s oesophagus.

Correlation Correlation Coefficient, r P
Metabolism vs. Inflammation
ATP5B vs. IL1B * 0.762 0.036
GAPDH vs. IL1B 0.883 0.002
GAPDH vs. IL-2 * 0.785 0.027
HSP60 vs. IL1B * 0.8 0.01
HSP60 vs. IL-2 0.767 0.016
PKM2 vs. IL1B * 0.683 0.04
Metabolism vs. Angiogenesis
ATP5B vs. ICAM-1 * 0.8 0.02
GAPDH vs. ICAM-1 * 0.928 0.002
HSP60 vs. ICAM-1 * 0.7381 0.045
Metabolism vs. BMI
GAPDH vs. BMI 0.833 0.005
HSP60 vs. BMI 0.967 0.0001
ATP5B vs. BMI 0.78 0.013
PKM2 vs. BMI 0.833 0.002
Inflammation vs. BMI
IL-2 vs. BMI 0.783 0.013

Spearman p, n=9 (n=8%)
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Appendix X. The association between angiogenesis, inflammation and SMAC/Diablo in matched
normal adjacent ex-vivo explant tissue from patients with Barrett’s oesophagus.

Correlation Correlation Coefficient, r P
Angiogenesis vs. Inflammation

ANG-1vs. IL1B 0.767 0.016

ANG-1 vs. TNFa 0.8 0.01

ANG-1vs. IL-2 0.717 0.03

bFGF vs. GROa * 0.77 0.02
bFGF vs. MMP9 * 0.833 0.0005
bFGF vs. MMP2 * 0.883 0.004
bFGF vs. MIP3a * 0.762 0.03
bFGF vs. MCP-1 * 0.857 0.011
PAI-1vs. GROa * 0.96 0.0001
PAI-1vs. MMP2 * 0.778 0.028
PAI-1vs. MIP3a * 0.81 0.022
PAI-1vs. MCP-1 * 0.883 0.002
VCAM-1 vs. IL-2 0.75 0.02

SMAC/Diablo vs. Angiogenesis

SMAC/Diablo vs. bFGF * 0.95 0.001
SMAC/Diablo vs. VEGF 0.683 0.042
SMAC/Diablo vs. MMP9 0.7 0.036
SMAC/Diablo vs. MCP-1 * 0.715 0.046

Spearman p, n=9 (n=8%)
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