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Abstract

Colorectal cancer (CRC) is one of the most common cancers worldwide with over a million new cases
each year, and evidence implicates chronic inflammation as a risk factor for developing CRC.
Inflammatory conditions place stresses on bacteria composing the human gut microbiota and alter
the composition of the gut microbiota in favour of pathobiont Escherichia coli (E. coli), with resultant
expansion of these bacteria increasing their interactions with the gut mucosa. Mucosa-associated

E. coli have been found in high numbers within intestinal tissue taken from IBD and CRC patients.

Pro-inflammatory cytokines such as cyclooxygenase-2 (COX-2) are commonly implicated in
inflammatory disease, and can be released upon tissue damage or following infection. COX-2-driven
prostaglandin E; (PGE;) increases are believed to activate the cancer-related Wnt signalling pathway,
with accumulation and subsequent nuclear translocation of the key Wnt protein B-catenin aiding
proliferation, migration and metastasis. With COX-2 implicated in CRC development and progression
and a cascade for COX-2 and PGE; stimulating cancer cell growth via Wnt activation, mucosa-
associated E. coli infection could lead to sustained increases in Wnt signalling. In addition, as mucosa-
associated E. coli strains isolated from CRC patients can survive and replicate within human

macrophages and increase COX-2 and PGE; secretion, this could enhance their tumourigenic effects.

The aim of this project was to characterise the effects of mucosa-associated E. coli isolates from CRC
and IBD patients on the activation of the Wnt signalling pathway both in vitro and in vivo. We first
used CRC cell lines and human macrophage cells to assess the effects of mucosa-associated E. coli
infections. We show consistent increases in total and nuclear localised B-catenin at both the gene and
protein level in vitro, and have shown that this correlates with increased COX-2 gene and protein
levels. Downstream Wnt transcription was shown following infection, and this was inhibited by the
addition of a COX-2 inhibitor. We also showed increased release of PGE, from macrophages infected
with mucosa-associated E. coli, which could be a contributing factor in driving the Wnt response in

neighbouring intestinal epithelial cells. To investigate these effects in vivo, we used colonic tissue from

v



a germ-free /1107 mouse model of CRC mucosa-associated E. coli infection to determine COX-2 and
Whnt pathway activation. Following mono-association of germ-free //10”* mice with a CRC mucosa-
associated E. coliisolate, significant increases in COX-2 and B-catenin protein expression and increased

levels of B-catenin nuclear localisation were observed.

To further investigate changes in COX-2 and Wnt signalling, we used a fosmid library of 968 clones
created from the fragmented DNA of another mucosa-associated E. coli isolate from a CRC patient to
confirm up-regulation of COX-2 gene expression following infection of CRC cells with fosmid clones.
We identified 12 fosmid clones showing confirmed COX-2 gene expression increases, and sequenced
the DNA content of all 12 fosmid clones to find common genes or operons that may be contributing
towards these expression changes. Sequencing showed similarities in DNA content, with particularly
common homology in two fosmids containing genes involved in growth and survival, particularly in
high-stress inflammatory conditions. This data may aid identification of genes or operons that

contribute to the induction of COX-2 and Wnt signalling observed in vitro and in vivo.

We were also able to develop a 3D organotypic cell culture using a series of colorectal cell lines at
different key stages of malignant transformation in the adenoma-carcinoma pathway. Successful 3D
aggregate cultures were achieved, and data obtained from infecting these aggregates would suggest
that this method of culture is suitable for studying mucosa-associated E. coli-host epithelium
interactions, and confirmed data previously obtained by infection of 2D monolayer CRC cell cultures

and those responses seen in an in vivo gut infection model.

Our study supports the hypothesis that mucosa-associated E. coli isolates from CRC and IBD patients
can activate the Wnt signalling pathway both in vitro and in vivo, and provides further evidence
towards mucosa-associated E. coli isolates upregulating pro-inflammatory COX-2 and PGE; release in
the gut. This suggests translational effects that might be seen in patients, which indicates a role for
mucosa-associated E. coli, in the development and progression of colorectal cancer via increased Wnt

signalling.
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Chapter 1:

Introduction



1.1 Introduction to colorectal cancer

Colorectal cancer (CRC) is one of the most common cancers worldwide with over a million new cases
each year. Incidence rates differ geographically, with the lowest rates in less developed regions such
as Africa and Central America, with the highest in more developed regions such as Australasia, Europe
and North America (Gellad and Provenzale, 2010). CRC contributes to approximately 600,000 deaths
worldwide each year, making it the fourth most common cause of death from cancer (Ferlay et al.,

2010), with more than 1.1 million deaths per year expected by 2030 (Arnold et al., 2017).

The majority of CRC cases are now known to originate from colonic polyps, masses of hyper-
proliferating epithelial cells lining the colon, before progressing into carcinomas (Williams et al., 2013).
Adenomatous polyps account for half of all colorectal polyps, with the amount and size of polyps
present being indicators of increased risk of development of CRC (Williams et al., 2013). Some new
cases occur in those with a family history of CRC — previous adenomatous polyps or CRC, or
inflammatory bowel disease (IBD) that predisposes to CRC (Winawer et al., 1997, Fearon, 1995), but

at least 70% of all new CRC cases occur with no known predisposing factors, known as sporadic CRC.

Familial adenomatous polyposis (FAP) and hereditary nonpolyposis colorectal cancer (HNPCC) account
for the majority of highly penetrant, high-risk hereditary cases. FAP is attributed to APC gene
mutations, associated with abnormal proliferative Wnt signalling, causing individuals to develop
adenomatous polyps throughout the colon. These individuals have an almost 100% chance of
developing colorectal cancer (Dunlop et al., 2002). HNPCC is a disorder caused by mutations of DNA
mismatch repair (MMR) genes causing abnormal functioning, which increases both the risk and
penetrance of CRC (Balmana et al., 2013). Colectomy is recommended as a form of prophylaxis for
those considered high risk for CRC, but this leaves the rectum intact with patients at an increased risk

for rectal cancer development (Van Cutsem et al., 2009b), so adjuvant therapies are required.

With between 70% and 95% of CRC cases being sporadic — occurring with no known predisposing

factors — the approach to chemoprevention and treatment becomes much more convoluted (Butler



and Roberts-Thomson, 2004). Sporadic CRC can involve a number of different genetic alterations
caused by mutations and epigenetic changes (Dubois, 2014). The classic examples of genetic alteration
are mutations of the KRAS oncogene at the early adenoma stage leading to increased MAPK signalling,
p53 tumour suppressor mutations shown to facilitate malignancy, and again mutations of the APC
gene as an initiating event. APC mutations are common to both hereditary and sporadic forms of CRC,

causing deregulated Wnt signalling, highlighting a common link.

Due to a lack of known predisposing factors in sporadic cases they are currently treated similar to
hereditary cases, where colectomy can be used as a prophylactic or resection treatment followed by
suppression of secondary sites using adjuvant therapy. With sporadic forms of CRC accounting for the
majority of cases, a lot of effort is going into understanding the molecular events sustaining it as well

as the relatively recent implications of chronic inflammation.

Chronic inflammation is a risk factor for developing CRC, with inflammatory bowel diseases (IBD),
ulcerative colitis and Crohn’s disease, associated with an increased risk of CRC (Renz et al., 2013, Eaden
et al., 2001, Ohman, 1982, Jess et al., 2005). The risk associated with IBD is thought to be genetically
acquired, but IBD-associated cancers differ from sporadic and hereditary cases in that they typically
arise due to lack of proper differentiation of epithelial cells from a flat mucosa (Rhodes and Campbell,
2002). Both APC and p53 mutations are present in both IBD-associated and sporadic CRC cases at
different stages of CRC progression, suggesting biological features of IBD-associated and sporadic CRC
overlap (see Figure 1.3). Altered Wnt signalling due to APC mutations occurs late in the sequence from
dysplasia to cancer. The genetic alterations seen in common sporadic and IBD-associated CRC cases
are widely similar, but these changes have been shown to occur at different stages of carcinogenesis

(Rhodes and Campbell, 2002).

1.2 Staging and treatment of colorectal cancer

Current clinically recommended treatments for CRC focus on preventing the hyper-proliferation of

intestinal epithelial cells. Advances in the treatment of primary CRC have significantly reduced CRC-
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related deaths, and advances in the treatment of advanced and metastatic CRC has significantly
improved disease-free survival (Winawer et al., 2003, Recondo et al., 2014). However, the lack of
distinction between treatment of patients at high risk due to hereditary disease, sporadic cases linked
to genetic abnormalities and patients at increased risk associated with inflammatory bowel disease
(IBD) is concerning. The next step forward for adjuvant therapy for CRC is treatment focussed on
smaller patient groups and individualised therapies using a more translational approach, where
diagnosis and treatment regimens take into account novel molecular staging as well as traditional

pathological and clinical staging.

Current clinical guidelines for CRC treatment are based on associated risk stratification and the
effectiveness of current screening techniques (Winawer et al., 2003), including colonoscopy, faecal
occult blood testing, rectal examination, sigmoidoscopy, barium enemas, virtual colonoscopy and
stool DNA. Surveillance guidelines for high-risk patients are also in place aiming to reduce the number
of new and recurring CRC cases, with regular colonoscopy being performed in order to identify CRC
and any metastases as early as possible (Eaden et al., 2002, Newcomb et al., 1992, Winawer et al.,
1997). Diagnosis of colonic adenocarcinoma currently requires confirmation using histopathology of
tissue samples taken via colonoscopy/sigmoidoscopy (Van Cutsem et al., 2009b). It is also
recommended that risk factors including hereditary predisposition and biopsy location should be
documented and considered when deciding on treatment (Siriwardana et al., 2009). Staging of CRC s
done according to the TNM system along with the Dukes’ stage using a number of techniques including
clinical examination, blood counts, liver and renal function tests, X-ray and CT-scans of the chest,

abdomen and pelvis and a colonoscopy of the entire colon (Van Cutsem et al., 2009b).

Survival rates for CRC have been steadily increasing, with estimates from the US National Cancer
database showing 5-year survival rates of 63.9-93.2% depending on stage of progression (Van Cutsem
et al., 2009b). Colonoscopy alone is now believed to lower mortality rates due to colorectal cancer by
as much as 40% (Bertagnolli et al., 2006), and our understanding of the underlying molecular biology

of CRC is leading to the development of novel and better-targeted therapies.



Colectomy remains the most effective way of managing CRC, where a wide resection removes the
primary tumour site along with any localised lymph nodes (Van Cutsem et al., 2009b). Following
surgery, adjuvant therapy is dependent on the staging of cancers and treatments have been steadily
improving. For more than 40 years, the drug 5-fluorouracil (5-FU) was used to target cell division in
hyper-proliferative cells in the treatment of both metastatic and adjuvant colorectal cancers with only
a small survival benefit (Arnold and Schmoll, 2005). For primary CRC, options for adjuvant treatment
now include 5-FU combinations with leucovorin (5-FU/LV), also known as folinic acid, leucovorin and
oxaliplatin (FOLFOX), as well as other chemotherapy agents including irinotecan and capecitabine, all
of which act to inhibit DNA replication and enhance the effects of 5-FU (Arnold and Schmoll, 2005,
Bauer and Spitz, 1998, Van Cutsem et al., 2009b). FOLFOX has been shown to significantly improve
disease free survival (DFS) in stage Il and Il colon cancer and improves also the overall survival in stage
[ll colon cancer, and is now the standard adjuvant treatment for stage Il colon cancer, and results
suggest patients with stage Il colon cancer also see an improved DFS (Van Cutsem et al., 2009b).
Adjuvant treatment for advanced CRC also includes FOLFOX and a combination of 5-FU/LV and

irinotecan or capecitabine.

Additional treatments targeting upregulated pro-metastatic factors, such as vascular endothelial
growth factor (VEGF) and epidermal growth factor receptor (EGFR), are now suggested for
consideration in patients with metastatic CRC (Van Cutsem et al., 2009a). Antibodies for VEGF such as
bevacizumab, and for EGFR such as cetuximab and panitumumab are now being successfully
investigated as adjuvant therapies (Arnold and Schmoll, 2005, Van Cutsem et al., 2009b). Another
combination therapy of capecitabine plus oxaliplatin (XELOX) is also fast becoming an effective first-

line treatment for metastatic CRC (Cassidy et al., 2011, Cassidy et al., 2004).

Other treatment regimens now consider non-steroidal anti-inflammatory drugs (NSAIDs) such as
sulindac for post-surgery chemoprevention in high-risk patients (Kim et al., 2014). This follows earlier

studies in human colorectal cancer cell lines suggesting a role for inflammation in disease



development and progression (Liggett et al., 2014, Williams et al., 19993, Flis and Splwinski, 2009) and

in vivo models (Chiu et al., 1997).

However, even with survival rates now increasing for both primary and advanced CRC there is a severe
lack of more effective treatments, which highlights the need for more innovative approaches for
diagnosis and therapy. Development of novel chemopreventative agents are beginning to give
promising results (Serafino et al., 2014), and further combination therapies will likely lead to
improvement in colorectal cancer treatment. However, the variety of current and future treatment
options requires translational research to identify those treatments that will be beneficial for specific
patient groups and individuals (Arnold and Schmoll, 2005). Specific features and molecular/genetic
markers are becoming more of a focus due to our improved understanding of the molecular biology
of CRC, and it is hoped this will obtain maximal benefit for each therapeutic option available to smaller

patient groups and individualised therapies in the future.

One area of therapeutic potential is to target common changes in molecular biology seen in colorectal
cancers. An early study helped to identify adenomas as the starting point for most colorectal
carcinomas, and outlined some common genetic alterations and loss of functions at various stages of
cancer development (Vogelstein et al., 1988). A comprehensive review of gene mutations in CRC
revealed many prominent oncogenes and tumour-suppressor genes associated with CRC are the APC,
KRAS, and TP53 genes, as well as a wider assortment of genes mutated in subsets of CRC cases now

being implicated (Fearon, 1995).

We are yet to fully understand the significance of individual and collective genetic and epigenetic
defects in CRC (Fearon, 1995). However, gene sequencing, functional genetic studies, and intricate
murine models of CRC using mutations in some of these genes, particularly APC, have provided further
insight into how oncogenes and tumour-suppressors co-operate, with co-existence of mutations
found within individual CRC tumours (Jackstadt and Sansom, 2016, Phesse et al., 2017). Deletion of

Apc in mouse models has revealed insights into the mechanism of early tumourigenesis, while



truncations that closely mimic those seen in human CRC have been shown to drive changes in
expression of other cell markers, such as Leucine-rich repeat-containing G-protein coupled receptor 5
(Lgr5) and Axin. Some of the more recent findings have been reported to be fundamental changes in
concepts on intestinal homeostasis, and have allowed further insights into the impact of deleting
genes such as Apc (Jackstadt and Sansom, 2016). These developments have allowed a more intricate
look at molecular staging of colorectal cancers and better identification of tumour subclasses,
progression markers and prediction of disease outcome (Eschrich et al., 2005). Molecular staging
based on gene expression at the time of diagnosis could predict the behavioural direction of cancers,

which has some promise in predicting the long-term outcome of individual cases.

Better characterization of the involvement of oncogenes through to protein expression and post-
translational modifications, as well as the epigenetic impact of environmental factors, will be
important in furthering the understanding of the biology of CRC progression, particularly in sporadic
and IBD-associated CRC. Recent studies showing the complex interactions between diet and
environmental agents, the gut flora, and inflammation associated with increased risk of CRC go some
way towards improving the treatment of CRC through improving our understanding of the

development of carcinomas (Bongers et al., 2014, Peterson et al., 2008).

1.3 The adenoma-carcinoma sequence

Normal epithelial cells of the gut mucosa progressively transform into a benign state of adenoma,
before becoming neoplastic and evolving into invasive carcinoma, eventually leading to metastatic
cancer (Hanahan and Weinberg, 2011). This is now stage characterised as the adenoma-carcinoma
sequence. CRC can develop from normal colonic tissues, with a single layer of epithelial cells forming
the gut mucosal barrier protecting a variety of colonic tissues from the vast contents of the gut
(Marshman et al., 2002). The colonic mucosa contains deep pockets called the crypts of Lieberkuhn.
Highly proliferative pluripotent stem cells are responsible for regeneration of the epithelial layer and

can migrate throughout the crypts, differentiating into several specialised functional cell types to form



the mature gut mucosa (Gregorieff and Clevers, 2005, Merlos-Suarez et al., van de Wetering et al.,
2002). Goblet cells are responsible for the production of mucins to protect the epithelium from gut
bacteria, whilst colonic enterocytes are absorptive cells allowing nutritional absorption via the colon.
Paneth cells produce bactericidal compounds protecting the epithelial barrier from commensal and
pathogenic bacteria present in the gut. The entire process of epithelial renewal takes approximately
3-5 days (Hirata et al., 2013, Potten and Loeffler, 1990) but depends on a specific order of molecular

signalling events to occur normally.

Assuming normal development and proliferation of intestinal stem cells, differentiation and migration
occur in a coordinated manner toward the intestinal lumen, forming a complex but conserved
arrangement of intestinal cells. However, upon mutation, the normal process of differentiation,
proliferation, migration and apoptosis are disrupted. Recently, a 'Big Bang' model has been described.
After the initial transformation, colorectal tumours are said to grow predominantly as a single
expansion populated by numerous intermixed sub-clones, with alterations arising early during growth.
This opens up to increasing numbers of mutations and gene copy numbers over time. Colorectal
tumour profiling revealed the absence of intra-tumour heterogeneity in most cases, with most
detectable heterogeneity originating from early alterations. This model allows a quantitative
framework to interpret tumour growth dynamics and predict early malignant potential with significant

clinical implications (Sottoriva et al., 2015).

During initial transformation, the epithelial gut mucosa first harbours a small bundle of abnormally
proliferating cells creating an adenoma, but these cells remain in situ, with no extension into deeper
tissues. As the tumour begins to invade deeper into the intestinal tissues of the submucosa, muscular
propria and serosa, the tumour extends towards regional lymph nodes and large blood vessels. Once
cancerous cells reach the lymph nodes, it becomes much more dangerous, dropping the 5-year
survival rate substantially. Cancer cells that move into blood vessels can cause metastasis, which
usually leads to death within 5-years of detection (Newcomb et al., 1992). Clinical recommendations

for treatment of primary CRC following detection concentrate on pathological staging of the adenoma-
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carcinoma sequence according to the TNM and modified Dukes’ stage systems distinguishing
according to the degree of extension of adenomatous polyps from its origin (Van Cutsem et al., 2009b,
Newcomb et al., 1992). As seen in Figure 1.3, the adenoma-carcinoma sequence in sporadic and IBD-
associated cases is influenced by the molecular biology of CRC, which can be shaped by environmental

factors as well as genetic predispositions.

The differences between these two forms of CRC lie in the stage of progression in which common
mutations occur. In IBD-associated cases, p53 mutations occur early in progression with APC
mutations occurring much later, whereas sporadic cases are commonly associated with much earlier
APC mutations with p53 mutations occurring towards the latter stages of progression. It is also
interesting that there is a difference in cancer phenotype, where IBD-associated CRC is linked with flat
tumours, compared to the polyp-associated tumours in sporadic CRC (Rhodes and Campbell, 2002).
These differences may in part be explained by the differing contributions of inflammatory modulators

in the development of dysplasia and progression to carcinoma in these two sequences.

Microsatellite
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Figure 1.3. The adenoma-carcinoma sequence for sporadic and IBD-associated CRC. Typical
mutations of APC, K-ras and p53 genes, and microsatellite instability are shown at suggested stages
of progression. The impact of environmental factors indicated at the beginning of IBD-associated and
throughout sporadic CRC. The potential impact of bacteria (dotted line) is suggested from adenoma

(sporadic) or low-grade dysplasia (IBD) to carcinoma. Adapted from (Rhodes and Campbell, 2002).



1.4 The impact of chronic inflammation in the gut

The inflammatory response involves a number of signalling pathways responsible for regulating the
expression of inflammatory mediators. Our knowledge of signalling in inflammation has improved
considerably, with a particular focus on the study of various interleukin and tumour necrosis factor
(TNF) receptor families and the Toll-like microbial pattern recognition receptors (TLRs), which are
considered key contributors (Lawrence, 2009). It has been suggested that the effects of inflammatory
signalling can depend on the method of cytokine signalling recognition, and the complex processes of

cytokine recognition involved in inflammation has been extensively studied.

Pro-inflammatory cytokines such as interleukins, tumour necrosis factor alpha (TNF-a), nitric oxide
(NO) and cyclooxygenase-2 (COX-2) are all commonly implicated in inflammatory disease, and can be
released upon tissue damage or following infection (Bartchewsky et al., 2009, Anderson et al., 1996,
Laflamme et al., 1999, Tak and Firestein, 2001). Both TNF-a and COX-2 have come into focus in recent
years as driving forces for the recruitment and activation of inflammatory cells (Karin et al., 2006). By
blocking key inflammatory mediators associated with TNF-a and COX-2 release, it is possible to
attenuate the inflammatory response, so these inflammatory cytokines now established as important

therapeutic targets in chronic inflammatory diseases (Karin et al., 2006, Nakamura et al., 2009).

Chronic inflammatory signalling as a result of tissue damage and/or infection that goes unnoticed or
uncorrected can increase risk of chronic inflammatory diseases. Chronic inflammation is often
implicated in altering key cancer signalling pathways; one example of this is chronic TNF-a and COX-2
release mediating response via NFkB signalling (Paik et al., 2002, Lawrence, 2009). Activation of the
canonical NF-kB pathway in response to inflammatory cytokines has shown to be important in the
pathogenesis of chronic inflammatory diseases such as rheumatoid arthrtitis (RA) and IBD (Tak and
Firestein, 2001). NF-kB activation is thought to play a complex but pivotal role in chronic and acute
inflammatory diseases as well as in cancer (Hoesel and Schmid, 2013), and this has led to the

development of anti-inflammatory drugs targeting NF-kB (Karin et al., 2004).
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With an array of inflammatory molecules involved in different pathways linking inflammatory
signalling with cancer signalling, the impact of inflammation could be a key factor in the development
and progression of a number of cancers. IBD-associated CRC is an excellent example of the influence

of chronic inflammation in the increased risk of cancer development.

IBD consists of ulcerative colitis (UC) affecting the colon and rectum, and Crohn’s disease (CD) affecting
any part of the gastro-intestinal tract. These have many overlapping genetic factors and clinical
features, and the risk of developing cancers is equivalent in both conditions when there is a similar
extent and duration of colonic disease (Ekbom et al., 1990a). Patients with CD-associated colon cancer
and UC-associated colon cancer show marked similarity in terms of median duration of IBD before
cancer, age at cancer, and presence of dysplasia (features of malignancy without evidence of tissue
invasion) (Choi and Zelig, 1994). In both UC and CD, strong associations exist between the duration

and extent of mucosal inflammation and the cancer risk.

The association between cancer risk and inflammation is not straightforward, but there are clear
associations between cancer risk and disease extent and duration in patients with colitis extending
proximal to the rectum (Ekbom et al.,, 1990b). In CD, there is a convincing association between
inflammation and cancer at various sites. Small bowel CD comes with an increased risk for small bowel
cancer, which is otherwise a rare phenomenon (Collier et al., 1985). Murine models have allowed
insights into the impact of inflammation on colorectal carcinogenesis. For example, in Apc-mutant
mice, activation of the cytokine-stimulated pathway mediated by the first member of the class of
cytokine receptors, glycoprotein 130 (gp130), associated Janus kinases (Jaks), and the transcription
factor Stat3 (signal transducer and activator of transcription 3) was required for tumourigenesis via
the Wnt pathway (Phesse et al., 2014). Partial genetic and pharmacological inhibition of the gp130-

Jak-Stat3 pathway was shown to prevent Wnt—mediated tumour growth.

With many clinical and epidemiological studies suggesting an association between infectious agents

and chronic inflammatory disorders and cancer (Karin et al., 2006), it is reasonable to assume that the
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increased risk of colorectal cancer in IBD patients is a result of the disease rather than an inherited

phenomenon, and can be associated with the site, extent and duration of inflammation.

IBD-associated CRC therefore serves as an exemplary model of inflammation-associated cancer, but
this correlation also provides important insights into the understanding of sporadic CRC pathogenesis.
With chronic inflammation being a strong factor in the risk of development and progression of CRC in

IBD patients, it was suggested that other factors may be involved.

A key aspect of CRC pathogenesis is an intestinal epithelial barrier that can be compromised by
microbial toxins, environmental factors or genetic predispositions. This point towards another factor
in disease risk alluded to in Figure 1, which is the involvement of bacteria. Both IBD-associated and
sporadic CRC are now presumed to result in part from an altered host response to the normal
intestinal bacterial flora (Shanahan, 2001), known as the gut microbiota. This led to the question of
whether this can result in changes of bacterial composition in the gut and whether this can contribute

to disease progression.

1.5 The gut microbiota

Bacteria are an important component of the human body, colonising the majority of epithelial
surfaces. The community of bacteria and other microorganisms living within the human body are
collectively known as the ‘microbiota’. There are 10 times more cells comprising the microbiota than
the number of cells in the human body, and approximately 70% of these are localised in the intestine
(Compare and Nardone, 2011). Most of the microbiota consists of bacteria with much smaller
numbers of Archaea, Eukarya and viruses, and we now know that more than 1,000 bacterial species
can be found in the human intestine (Qin et al., 2010). A symbiotic relationship between the host and

microbiota means that intestinal bacteria can be beneficial to intestinal health.

The human microbiota becomes established in stages. From childbirth and subsequent weaning, the

increasing diversity of the microbiota occurs over the first couple of years and once established, by
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around 3 years old, the microbiota typically remains constant over time (Ursell et al., 2012, Albenberg
and Wu, 2014). The majority of bacteria in the gut microbiota belong to four common phyla:
Bacteroidetes (e.g. Bacteroides), Firmicutes (e.g. Clostridium, Enterococcus and Streptococcus),
Actinobacteria (e.g. Bifidobacterium) and Proteobacteria (e.g. Escherichia coli), with approximately
95% Bacteroidetes or Firmicutes (Siezen and Kleerebezem, 2011, Cotillard et al., 2013). However,

numerous studies have shown that this composition can be altered.

Microbiota transplantation gave insights into the impact of environmental factors on bacterial
composition, suggesting that our gut microbial composition reflects the bacteria we are exposed to
from birth as well as what is now known as habitat effects, where specific bacteria are able to colonise

at different sites of the gut (Rawls et al., 2006).

The production of mucus is also indicated as an important factor influencing the pattern of microbial
colonization of different regions of the gut (Peterson et al., 2008). An important part of the host-
bacterial interactions is the limit of interactions between the two, so it is then important that the
intestinal microbiota is kept at a distance from intestinal epithelial cells to minimise the likelihood of
bacterial invasion (Brown et al., 2013). Innate immune strategies are in place to keep much of the
microbial community within the lumen of the intestinal tract and limit invasion of pathogenic bacteria.
Specialised functional cells such as goblet cells are responsible for the production of mucins and
Paneth cells producing bactericidal compounds help protect the epithelial barrier from commensal
and pathogenic bacteria (Kamada et al., 2013). The mucus layer, antimicrobial peptides (AMPs) and
innate lymphoid cells (ILCs) help to avoid bacterial invasion whilst promoting mutualistic interactions
(Brown et al., 2013). Microbial signals can also induce the production of interleukins such as IL-22, and

immunoglobulins such as IgA to aid in barrier function (Brown et al., 2013).

Studies focussing on mouse colonic mucus show two distinct layers of mucus with similar protein
composition and mucin-2-glycoprotein (MUC2) as the major structural component (Johansson et al.,

2008). However, proteolytic cleavage of MUC2 affects the shape and density of the mucus. The inner

13



layer is densely packed and attached to the epithelium, and this layer is devoid of any bacteria. The
outer layer contains cleaved MUC2 glycoproteins, making it much less dense and is often colonized by
bacteria. This was confirmed using MUC2”- mice, where bacteria are in direct contact with epithelial
cells far down in the crypts, which led to inflammation and cancer development (Johansson et al.,

2008).

Deregulation of mucin production has therefore provided an important link between inflammation
and cancer, and mucins have been identified as attractive therapeutic targets (Kufe, 2009). Ulcerative
colitis, a form of IBD, is characterised by marked inflammation, superficial mucosal ulceration,
infiltration of neutrophils, and depletion of goblet cell mucins. The extent of disease in patients with
ulcerative colitis is associated with decreased MUC2 production, which suggests that the mucosal
barrier is important in the pathogenesis of this form of IBD. However, the role of MUC2 as a tumour
suppressor appears paradoxical, with reports that MUC2 can be expressed at increased levels in gastric
(Leteurtre et al., 2006), pancreatic (Takikita et al., 2009) and ovarian (Hirabayashi et al., 2008)
carcinoma and can vary depending on progression. A recent study highlighted the fact that DNA
methylation and histone modification of MUC2 may play an important role in carcinogenesis, and
concluded that further studies of the epigenetics of mucin gene expression are required in order to

fully understand the relationship between mucin expression (Yonezawa et al., 2008).

Other studies have focussed on the nutrients available to the gut microbiota and how this might affect
microbial composition. For example, diets rich in carbohydrates can benefit certain members of the
gut microbiota, such as Bacteroides (Hooper et al., 1999), where these bacteria can be found
assembled on food particles and mucus. These changes in composition can become more pronounced

when the diet is also depleted of complex polysaccharides (Sonnenburg et al., 2005).

Complex control mechanisms help to ensure the symbiotic relationship, with crosstalk on a cellular
level between intestinal epithelial cells, immune cells and the microbiota, representing a fundamental

feature of intestinal homeostasis. However, these control mechanisms can fail, leading to a change in
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the relationship between bacteria and epithelial cells lining the intestines. Factors including age,
genetics, and diet may influence microbiome composition, and of these diet is the easiest to modify

and presents the simplest route for therapeutic intervention (Wu et al., 2011).

Epigenetic environmental and lifestyle factors are becoming increasingly prominent in research
focussing on microbiota composition. Diet has previously been shown to affect cellular processes like
apoptosis in colorectal cancer, which can both limit or increase burden and/or progression of

colorectal cancer (Bellamy et al., 1995).

The symbiotic relationship between microbiota and gut can also be changed pathologically, where
obesity, diabetes, atherosclerosis and IBD have all been implicated as factors affecting microbial
composition, and the relationship between alterations in the microbiota and development of
intestinal disease such as IBD and colorectal cancer is now becoming more of a key focus. Evidence
for the preferential localisation of some tumours in specific areas of the intestine suggests that non-
genetic factors such as changes in the microbiome play an important role in their development

(Bongers et al., 2014).

1.6 The human gut microbiota under inflammatory conditions

Development of tumours associated with local changes in epithelial barrier function, bacterial
invasion, production of antimicrobials, and increased expression of several inflammatory factors
indicate that tumours can be driven by the interplay between genetic and epigenetic changes in the

host, chronic inflammatory responses and a host-specific microbiota.

Inflammatory conditions can place abnormal stresses on bacteria in the human gut. Under chronic
inflammatory conditions, such as those seen in IBD in both Crohn’s disease and ulcerative colitis
patients, the faecal microbiota commonly shows reduced bacterial diversity. This is most pronounced
in Crohn’s disease where a reduction in Firmicutes can be observed alongside an increase in

Proteobacteria such as Escherichia coli (E. coli) (Hold et al., 2014).
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Animal models of IBD have been found to result in similar changes in the microbiota, particularly
reduced diversity. One of the most typical and most used mouse models in these types of studies is
the colitis model induced by dextran sodium sulphate (DSS). Use of these models has shown that there
is marked disturbance of the mucosal barrier, with a loss of colonic adherent mucus. The faecal
microbiota also shows a reduction in bacterial diversity, with increases in numbers of some of the
more robust species. One example of this is increased Enterobacteriaceae, such as E. coli (Nagalingam

and Lynch, 2012).

Similar changes were seen in mouse models of infective gastroenteritis, using Citrobacter rodentium
and Campylobacter jejuni infections, as well as chemically and genetically induced models of intestinal
inflammation to demonstrate host-mediated inflammation. Bacterial infection, a chemical trigger
such as dextran sodium sulphate (DSS), and genetic pre-dispositions such as interleukin-10-(//-10)-
deficiency, known to play a key role in defence against infection of epithelial cells and used in many
murine models, markedly alters the colonic microbial community (Lupp et al., 2007). It therefore
seems likely that many alterations in faecal microbiota seen in IBD could be a consequence of

inflammation, and that this is indicative of the gut microbiota as a whole.

While IBD could be influenced by the intestinal microbiota, the difficulty in culturing these complex
microorganisms has precluded the formal identification of specific bacteria involved in disease.
Several studies have attempted to characterise the gut microbiota using molecular 16S metagenomic
sequencing, with one study revealing the composition of the human distal intestinal microbiota in

both normal and IBD conditions.

In the normal distal intestine, the two predominant phyla, Firmicutes and Bacteroidetes, make up the
majority of microbiota with lesser contributions from Proteobacteria and Actinobacteria, and minor
contributions from Fusobacteria, Verrucomicrobia, and Cyanobacteria (Arthur and Jobin, 2011). A
study of relative abundance of bacterial phyla in the small intestine and colon showed that

Proteobacteria and Firmicutes can be found at increased levels in IBD patients (Figure 1.6) (Peterson
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et al., 2008). Changes in bacterial composition in favour of these bacteria can lead to an increase in

opportunistic pathogens.

Studies focussing on the mucosa-associated microbiota have generated more dramatic differences
than study of faecal microbiota between health and IBD, particularly in Crohn’s disease. This is the
case for the mucosa-associated E. coli that have been found more commonly in mucosal biopsies from
the ileum and colon of patients with Crohn’s disease (Darfeuille-Michaud et al., 1998, Martin et al.,
2004). In colonic biopsies, many of these bacteria are present within the adherent mucus (Swidsinski
et al., 2002), although there is also evidence of intracellular E. coli from study of gentamicin-treated

and subsequently lysed mucosal samples (Martin et al., 2004).

A recent study of both mucosal and faecal samples from newly-diagnosed paediatric cases prior to
treatment has given further clarification, showing clear compositional differentiation between Crohn’s
disease and controls in mucosal samples and faecal samples (Gevers et al., 2014), again including
increased numbers of E. coli, as well as Veillonella spp., Haemophilus spp. and Fusobacteria, alongside

reduced numbers of a range of bacteria, including Faecalibacterium prausnitzii.

It is now believed that many of the changes in microbiota composition seen in IBD, including an
increase in E. coli, may be at least in part secondary to chronic inflammation. With development of
tumours driven by the interplay between genetic changes in the host, chronic inflammatory responses
and a host-specific microbiota, it seemed understandable that studies into the gut microbiota in CRC

would suggest bacteria as a contributing factor.
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Figure 1.6. IBD Bacterial phyla identified in the human gut microbiota. Under normal conditions,
Firmicutes and Bacteroidetes predominate throughout the gut. In patients with IBD, substantial
increases in Proteobacteria are shown throughout the small intestine and colon, suggesting chronic gut
inflammation can alter the composition of the gut microbiota. No data was provided for the microbiota

of the descending colon in IBD. Adapted from (Peterson et al., 2008).

1.7 The human gut microbiota in colorectal cancer

Several studies implicate microbial dysbiosis in the development of colorectal adenomas and CRC (Wu
et al., 2013, Zhu et al., 2014, Chen et al., 2012, Sobhani et al., 2011), with some intriguing similarities
between the microbiota in colorectal cancer and in Crohn’s disease. In colorectal cancer, and in

patients with colonic adenomas, there is tendency for the faecal microbiota to show reduced diversity,
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a higher proportion of Proteobacteria and a lower proportion of Bacteroidetes (Dulal and Keku, 2014).
Again, study of the mucosa-associated microbiota reveals changes that may be missed by study of
faecal microbiota, including increases in mucosa-associated E. coli and Fusobacterium nucleatum.
Mucosa-associated E. coli in colon cancers also show some of the adherent, invasive phenotypic

features of E. coli associated with colorectal disease (Martin et al., 2004).

It is becoming increasingly likely that the microbiota plays a significant part in the pathogenesis of
colorectal cancer, and a recent study characterising the gut microbiome in healthy, adenoma, and
carcinoma patients representing various stages of colorectal cancer development has added extra
weight to this theory (Zackular et al., 2014). Analysis of stool samples confirmed a similar
enrichment/depletion of bacterial populations associated with adenomas and carcinomas to that of
previous studies. Inclusion of gut microbiome significantly improved the ability to differentiate
between clinical groups in comparison to risk factors such as age and race alone. This demonstrates
the feasibility of using the composition of the gut microbiome to determine the necessity to screen
for pre-cancerous and cancerous lesions in colorectal disease alongside standard clinical screening.
More studies using stool markers along with linkage to dietary data and individual health information
could aid the development of more targeted therapies that could be given based on individual

screening cases.

The composition and functional stability of the human gut microbiota given the variety of
environmental exposures are not well defined. Alterations in bacterial community composition
associated with adenomas may be a contributory cause of CRC, and these findings could lead to
strategies to manipulate the microbiota to prevent colorectal adenomas and cancer as well as to
identify individuals at high risk (Shen et al., 2010, Dulal and Keku, 2014). The role of the intestinal
microbiota is being studied as a major factor in the impact of innate immune sensors and their
associated signalling in protecting or promoting the development of colorectal cancer via

inflammation and proliferation.
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With the gastrointestinal tract colonised by thousands of bacterial species, this complex microbial
community carries a diverse microbial genome with the potential to influence intestinal homeostasis.
The relationship between innate sensors, the microbiota and development of colitis-associated
colorectal cancer indicate that microbial composition may impact the status of various pathologic

conditions including IBD and colorectal cancer (Arthur and Jobin, 2011).

The microbiota has previously been linked to innate (Clarke et al., 2010) and adaptive immunity
(Chervonsky, 2010), gastrointestinal development (Hooper, 2004), invasion and angiogenesis
(Stappenbeck et al., 2002). Due to gut bacteria being implicated in a number of steps of disease
progression in CRC, it is easy to see the varying ways in which bacteria can influence colorectal disease.

The major route in which bacterial infection can aid progression of CRC is via inflammatory pathway.

One important feature of IECs in protection against possible bacterial infection is the expression of
Toll-like receptors (TLRs) at the cell surface (Arthur and Jobin, 2011). TLRs can recognise and be
activated by specific features of bacterial pathogens, such as cell-surface lipopolysaccharides and
proteins, and play an important role in inflammation and tissue regeneration via the myeloid

differentiation primary response gene 88 (MyD88).

TLR expression in IECs varies, with low levels of TLR2 and TLR4 expression in colonic tissue, abundant
TLR3 expression in the small intestine and colon, and TLR5 expression predominantly in the colon.
Activation of TLR signalling results in the expression of antimicrobial peptides and the production of
prostaglandins and cytokines as a protective mechanism to stop bacterial colonization of IECs. This
includes the induction of cyclooxygenase expression, which can promote epithelial cell proliferation,
whilst interleukins are also responsible for regulating TLR signalling by decreasing TLR expression in
IECs. These mechanisms help to establish a microorganism-induced programme of epithelial cell
homeostasis and aid the repair of the intestinal epithelial barrier. However, TLR signalling can have
cancer-promoting effects, which is best established in the colon where there is constant interaction

between gut microbiota and intestinal epithelial cells (Arthur and Jobin, 2011, Pradere et al., 2014).
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Excessive TLR signalling due to the invasion and colonisation of bacteria and the resulting chronic
inflammation can lead to over-exuberant repair responses associated with the development of colon
cancer. Although inflammation is controlled by numerous mediators and pathways, several systems,
such as TLR signalling, can function as key upstream regulators (Pradere et al., 2014). Dysregulation of
protective mechanisms such as TLR signalling helps to explain how bacterial infections of the gut could
promote colorectal cancer. A mouse model of gastric cancer has shown that Stat3 directly up-
regulates epithelial expression of TLR2 in gastric tumours, where genetic and therapeutic targeting of
TLR2 inhibited gastric tumorigenesis, but didn't affect inflammation (Tye et al., 2012). This suggests

TLR activation may also regulate cancer growth in an inflammation-independent manner.

Another key protection pathway is the recognition of peptidoglycan by nucleotide-binding
oligomerisation domain—containing protein-1 (Nod1), which has been shown to be crucial for
maintaining a basal level of immune activation in mouse knock-out studies (Clarke et al., 2010). Gram-
positive bacteria in the gut microbiota are a rich source of peptidoglycan known to prime the innate
immune system, which enhances bacterial killing via neutrophils. Nod1 predominantly recognises
meso-diaminopimelic acid (mesoDAP)-containing peptidoglycan found primarily in Gram-negative
bacteria. NOD1 knock-out leads to a reduction in the ability to kill Gram-positive bacteria, allowing
better survival and more opportunity to colonise within the gut (Lysenko et al., 2007). Genetic
polymorphisms in NOD1 and NOD2 are associated with increased risk of gastric cancers, particularly
in the case of H. pylori infection, which suggests they play important roles in promoting the
development of gastric cancers (Wang et al., 2012a). However, while these changes offer insights into
mechanisms of microbial infection control, and demonstrates the importance of Nod1 in neutrophil-
mediated clearance of bacteria in vivo, there is as yet little evidence convincingly implicating NOD1

polymorphisms in colorectal cancers.

Any changes in the control of microbial composition can influence the human microbiota, with altered
microbiota known to influence our gastrointestinal health as well as our susceptibility to disease

(Kamada et al., 2013). The final composition and diversity of our microbiota is partially determined by
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environmental factors, highlighted by the vast differences of the adult microbiota compared to that
at birth (Greer and O'Keefe, 2011). With environmental and lifestyle factors significantly altering
microbial function, extensive research now indicates that a westernised diet low in complex
carbohydrates and overuse of antibiotics and underuse can lead to an intensified inflammatory
potential. Chronic inflammation due to microbial composition can cause increased risk of certain
diseases. There has been a rise in cases of inflammatory bowel disease that has been linked to
impaired beneficial bacterial exposure and education of the gut immune system (Greer and O'Keefe,
2011), and current research highlights a complicated relationship between the gut microbiota and

immunity, inflammation and carcinogenesis.

Recent research has focused on better understanding the interplay between chronic inflammation
and development of cancer, with IBD-associated cases at the forefront, with a number of
inflammatory, proliferative and immune signalling pathways now linked to the microbiota and
development of colorectal cancer (Arthur and Jobin, 2011). TLRs are known to trigger signalling
pathways leading to the expression of various genes including growth factors and inflammatory
mediators, thus amplifying inflammation and promoting carcinogenesis. Microbial enzymes can also

process dietary pro-carcinogens to their biologically active forms (Figure 1.7).
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Figure 1.7. Composition of the intestinal microbiota can influence inflammatory signalling and
carcinogenesis. The intestinal microbiota promotes inflammation and neoplasia via signatures
recognised by TLRs. TLRs trigger downstream signalling pathways leading to the expression of various
genes, including inflammatory mediators and growth factors to amplify inflammation and promote
neoplasia. Bacterial enzymes can also cause activation of pro-carcinogens to their biologically active

form to elicit further neoplastic changes. Adapted from (Arthur and Jobin, 2011).

With carcinogenesis known to be induced via both inflammatory signalling and carcinogenic
metabolites of bacteria in the gut, the intricate mechanisms within these pathways could be targeted
for novel therapies, reducing the effects brought about by bacterial infection, but for this to be
possible more insight into specific bacteria and their associated pathogenic characteristics is
necessary. Inflammation has been shown to promote CRC in patients with colitis, and the microbiota
has been identified as a target of inflammation affecting the progression of CRC. One study using high
throughput sequencing revealed that inflammation modifies composition of the gut microbiota in

colitis-susceptible /107~ mice, and showed the promotion of invasive carcinoma following mono-
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association with E. coli NC101 expressing the genotoxin-encoding polyketide synthase (pks)
pathogenicity island (Arthur et al., 2012). These types of studies suggest a contributory and possibly

key role played by infection-induced inflammation in colorectal carcinogenesis.

Recent evidence suggests a correlation between Gram-negative Proteobacteria found adhered to the
adult gut mucosa. A number of bacteria have been implicated as risk factors and causes of
gastrointestinal cancers via chronic infection and inflammation. For example, E. coli have a higher
presence in the gut microbiota under inflammatory conditions and some strains have the arsenal to
become opportunistic pathogens, adhering to and invading intestinal epithelial cells (Martin et al.,
2004). Preventative and adjuvant therapies interfering with inflammatory pathways as well as
downstream signalling events, such as Wnt signalling, triggered by infections could help to minimise
the risks posed by bacteria such as E. coli in colorectal disease. However, our limited understanding of
the role of bacteria in colorectal disease meant that more information was required before looking

into potential therapies.

1.8 The role of E. coli in colorectal disease

In inflammatory bowel diseases (IBD), ulcerative colitis (UC) and Crohn’s disease (CD), the composition
of the intestinal microbiota can be compromised over a number of years; there is even evidence to
suggest that gut bacteria may play a role in the onset of IBD (Chassaing and Darfeuille—Michaud, 2011).
In many cases, E. coli have been the focus, with independent studies reporting increased numbers of
intestinal E. coli in patients. Increased numbers of E. coli have been found in the ileum of CD patients
(Darfeuille-Michaud et al., 1998), and data also suggests a preferential increase in the concentration

of Bacteroides, and in particular E. coli, in the gut of IBD patients (Swidsinski et al., 1998).

It is therefore believed that the chronic inflammatory conditions in the intestine of CD patients can
change bacterial composition to favour those capable of surviving the conditions. This can increase
risk of bacterial infection by these bacteria —a phenomenon supported by data showing an increase

in mucosa-associated and intra-mucosal bacteria, again primarily E. coli, in Crohn’s disease as well as
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colon cancer patients (Martin et al., 2004). These studies support a central role for mucosa-adherent
bacteria, in particular E. coli, in the pathogenesis of Crohn’s disease and colon cancer. However, the
mechanisms by which these bacteria are involved in Crohn’s disease and colon cancer are not fully

understood.

It has also been shown that Crohn’s disease-associated E. coli can translocate across intestinal M-cells.
E. coli translocation was shown to be increased across M-cell monolayer cultures, generated by co-
culture of Caco-2 and Raji-B cell lines in Ussing chambers, in comparison to using parent Caco-2
monolayer cultures, with electron microscopy also confirming E. coli located within M-cells (Roberts
et al., 2010). Interestingly, the same study also showed how soluble plant fibres and emulsifiers can
affect this translocation, highlighting the impact of environmental factors such as diet on potential
infection, particularly in those at increased risk. The results suggest that an increase in number of E.
coli residing within the intestine can increase the risk of infection, inflammation and colon cancers. If
this is indeed the case, a better understanding of the role of these bacteria in carcinogenesis, in

particular in the case of intestinal epithelial cells, is essential.

A study investigating changes in the gut microbiota that may contribute to colorectal cancer found an
altered composition of the colonic-adherent microbiota in 1I-10 deficient mice, causing an imbalance
in intestinal bacteria, or ‘dysbiosis’, with a reported 100-fold increase E. coli (Arthur et al., 2012). The
study also reported that mice colonized solely with E. coli harbouring the pks pathogenicity island
developed invasive adenocarcinoma after azoxymethane treatment. The pks pathogenicity island is
able to synthesise a genotoxin known as colibactin, suggesting that E. coli may exert DNA damage
independent of inflammation, due to the absence of the anti-inflammatory cytokine II-10. However,
the role of other cytokines, such as tumour necrosis factor (TNF) and 1l-12 in these models, were not

assessed and may still be involved (Scheinin et al., 2003).

The increased abundance of E. coli in the gut has long been linked to carcinogenesis. A study detected

bacteria in 90% and 93% of adenoma and carcinoma biopsy specimens, respectively. In addition,
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partially intracellular E. coli were found in 87% of patients with adenoma and carcinoma compared to
none in control samples. It was therefore concluded that the colonic mucosa of patients with
colorectal carcinoma but not normal colonic mucosa was colonised by intracellular E. coli (Swidsinski

et al., 1998).

Infection-induced hyper-proliferation of epithelial cells, either via inflammatory cytokines or
independent of them, seems to be a common theme in most gut-associated cancers. One aspect that
seems to stand out is the impact of bacterial composition in carcinogenesis, with dysbiosis being a
consistency. If changes in the microbiota are involved in cancer development, the colon should be a
major site of action, and inflammation will play a significant role. Therefore, it should not be surprising
that the risk of cancer in inflammatory bowel diseases is considerably higher if the disease affects the

colon rather than the small intestine (Bienz and Clevers, 2000).

With evidence of E. coli found within gut tissues in Crohn’s disease and colon cancer, the
characteristics responsible for their ability to adhere to and invade these tissues have been recently
investigated. A study identifying a number of genes contributing to the adhesive and invasive
characteristics of CRC-associated E. coli isolates also identified genes that could be involved in
colorectal carcinogenesis (Prorok-Hamon et al., 2014). Mucosa-associated E. coli isolates were found
to commonly express IpfA and fimH. These genes are now known to be involved in M-cell
translocation, which is likely to be the initial route for invasion in vivo. Isolates from Crohn’s disease
and CRC patients showed increased prevalence of afimbrial adhesion (afa). This increased presence
also correlated with increased adherence to and invasion of intestinal epithelial cells, as well as
increased VEGF expression known to aid angiogenesis and, therefore, development and progression

of cancer.

As mentioned earlier, colonic mucosal E. coli from IBD and CRC patients more commonly express the
pks pathogenicity island responsible for the formation of colibactin (Arthur et al., 2012). Interestingly,

E. coli expressing both afaC and IpfA were common in Crohn’s disease and CRC patients, whereas E.
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coli expressing both afaC and pks were common in patients with CRC and ulcerative colitis (Prorok-
Hamon et al., 2014). This suggests that the presence of the pks island isn’t the sole determinant of
CRC development, and that adherence and invasion characteristics may be contributing to
carcinogenesis. All isolates, however, were found to express the htrA gene, encoding the stress protein
HtrA, and the dsbA gene, encoding the oxido-reductase enzyme DsbA, both of which have previously
been shown to be essential for intracellular replication within macrophages (Bringer et al., 2005,
Bringer et al., 2007). These characteristics are thought to be phenotypic of a collective group of

bacteria now termed 'adherent and invasive E. coli' (AIEC), associated with IBD and CRC.

1.9 Adherent and invasive E. coli (AIEC)

It has been demonstrated that, under IBD and CRC inflammatory conditions, increased numbers of
pathogenic E. coli are found within the microbiota (Chassaing et al., 2011, Hold et al., 2014, Rhodes
and Campbell, 2002). Martin et al. showed these E. coli can adhere to and invade the gut mucosa,
hence the term AIEC. This effect was shown to be pronounced in IBD and CRC patients, with altered
mucosal glycosylation said to affect mucosal bacterial adherence (Martin et al., 2004). The mucosa-
associated microbiome also shows reduced biodiversity, with E. coli dominating (Tawfik et al., 2014),

which further supports E. coli invasion into the mucosa in IBD and CRC patients.

Adhesion and invasion are believed to be dependent, in part, on the expression of type 1 pili (FimH)
on the bacterial surface, long polar fimbriae promoting mucosal translocation, and carcinoembryonic
antigen-related cell adhesion molecule 6 (CEACAMSG) glycoprotein on the apical surface of intestinal
epithelial cells (Barnich et al., 2007, Prorok-Hamon et al., 2014, Tawfik et al., 2014). CEACAM®6 acts as
a receptor for AIEC adhesion and is abnormally expressed by intestinal epithelial cells in CD patients
(Darfeuille-Michaud and Colombel, 2008). CEACAMG6 has also been a focus for involvement in anoikis,
an apoptotic mechanism of cell death, and its contribution in pancreatic carcinogenesis (Duxbury et
al., 2004). Malignant cells are often able to escape anoikis, contributing to an ability to form

metastases. CEACAMG expression varies between pancreatic cancer cell lines, with over-expression
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associated with greater anoikis-resistance and in vivo metastasis. CEACAM®6 gene silencing promotes
anoikis, reversing any acquired anoikis resistance, and was found to inhibit metastasis in pancreatic

adenocarcinoma (Duxbury et al., 2004).

With both CEACAM glycoproteins associated with adhesion and invasion and overexpressed in many
cancers, it has been identified as a therapeutic target. The effects of monoclonal antibodies have been
evaluated using migration, invasion and adhesion assays in vitro using a panel of human pancreatic,
breast, and colonic cancer cell lines, and in the GW-39 human colonic micrometastasis in vivo model
(Blumenthal et al., 2005). These antibodies were effective at inhibiting cell migration, invasion and cell
penetration through an extracellular matrix (ECM). Adhesion of tumour cells added to endothelial cells

within the in vivo micrometastasis model was significantly decreased by up to 58%.

Mucosa-associated E. coli strains able to adhere to and invade the intestinal mucosa have been
isolated from CRC and IBD patients but not from control patients (without IBD). However, there is still
little understanding of the molecular effects of mucosa-associated E. coli within the gut mucosa, or
whether these are in fact impacting on carcinogenesis. Investigating whether these E. coli also possess
the ability to activate key cancer-promoting proteins within intestinal epithelial cells will give a better

understanding of the development, growth and spread of colonic tumours.

Evidence would suggest these changes may have a significant role in carcinogenesis via inflammatory
signalling, meaning it would be important to reduce the inflammatory effects of E. coli within the gut
mucosa by removing or killing these bacteria. However, AIEC have been shown to be resistant to killing
by mucosal macrophages, which has shown to be important in disease pathogenesis (Tawfik et al.,
2014) and virulence, adherence and invasive factors are believed to be responsible. It has been
suggested that further investigation to identify and characterise virulence, adherence and invasive
factors supporting AIEC survival could give insights into novel and targeted AIEC treatments (Tawfik et

al., 2014). Additionally, novel factors may be present that increase their pathogenicity and contribute
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to cancer burden. Finding and evaluating other factors expressed by mucosa-associated AIEC that may

be potentially contributing to carcinogenesis is an important step.

1.10 Possible mechanisms of colorectal cancer development involving E. coli

One of the key factors already shown to contribute to the carcinogenicity of mucosa-associated
E. coli is the pks pathogenicity island. Several members of the Enterobacteriaceae family, including
Escherichia coli, Klebsiella pneumonia and Enterobacter aerogenes, are known to harbour the pks
pathogenicity island encoding colibactin (Putze et al., 2009). Deletion of the pks pathogenicity island
from E. coli NC101 decreased tumour multiplicity and invasion in AOM-treated /107~ mice without
altering intestinal inflammation (Arthur et al., 2012), thus highlighting the importance of this
pathogenicity island in carcinogenesis. AIEC containing the pks pathogenicity island were found in a
significantly high percentage of inflammatory bowel disease and CRC patients, again suggesting that
colitis can promote tumorigenesis by altering microbial composition and induce the expansion of

microorganisms with genotoxic capabilities.

The suggested effects of colibactin on the host immune response as well as the impact on cancer
development have recently been identified as a therapeutic target. The pks-encoded enzyme ClbP is
an atypical peptidase that contributes to the synthesis of colibactin. ClbP has been identified as a
therapeutic target, with key features of CIbP analysed using bacterial fractionation and Western-
blotting (Cougnoux et al., 2012). This revealed the docking of CIbP to the bacterial inner membrane

via a C-terminal domain harbouring three transmembrane helices (Figure 1.10).
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Figure 1.10. The role of the CIbP enzyme in colibactin maturation. Membrane-bound CIbP enzyme
activity contributes to the synthesis and maturation of the genotoxin colibactin. Negatively-charged
residues in the catalytic domain of CIbP allow docking to the bacterial membrane. The transfer of pre-
colibactin into the extracellular matrix (periplasm) via an efflux pump enables its maturation via CIbP

into the bioactive form, colibactin. Adapted from (Cougnoux et al., 2012).

The complete sequence of the C-terminal domain was found to be necessary for ClbP bioactivity
(Cougnoux et al., 2012). This study was able to identify key features of ClbP bioactivity, including
association with the bacterial inner membrane, the exposition of its enzymatic domain in the bacterial
periplasm and key residues of the enzymatic domain. These findings give insights into colibactin
synthesis and will aid the design of inhibitors targeting the production of colibactin in bacteria

containing pks pathogenicity islands.

The effect of colibactin has also been studied for impact in metastatic CRC, giving a completely
different mechanism of carcinogenesis for colibactin. Transient contact of a few malignant cells with
colibactin-producing E. coliincreased tumour growth in a xenograft mouse model, and this growth
was sustained by the accompanied production of GM-CSF (granulocyte macrophage colony-
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stimulating factor) and fibroblast growth factor (Dalmasso et al., 2014). An additional consequence
of pks-expressing E. coli was the induced alteration of p53 SUMOylation, an essential post-
translational modification in eukaryotic cells. Small, ubiquitin-like modifier (SUMO) is believed to be
involved in the nuclear export of p53 to allow tumour suppression (Santiago et al., 2013), so

alterations in the process could be another contributing factor to pathogenicity.

The underlying mechanisms for this process are thought to involve the induction of microRNAs
(miRNAs) — a class of highly conserved and endogenous non-coding RNAs regulating the expression of
target genes at the post-transcriptional level (Xu et al., 2013). For example, expression of one specific
miRNA known as miR-20a-5p has been shown to aid production of sentrin/SUMO-specific protease 1
(SENP1) important in the regulation of the SUMOylation process, thus disrupting gene transcription.
The expression of SENP1, miR-20a-5p and growth factors have been observed in a CRC mouse model
and in human biopsies that are found colonized by pks-expressing E. coli (Xu et al., 2013). This data
reveals a new mechanism of carcinogenesis following infection with pks-expressing E. coli, with
production of growth factors promoting proliferation of uninfected cells and subsequent tumour
growth. This again gives insight into where the pks pathogenicity island shows therapeutic potential,

and opens up research into the role of miRNAs in bacterial carcinogenesis.

The many links between bacteria and colonic disease such as CRC is well documented, with the
pathogenicity of bacteria such as E. coli becoming a key focus. Bacterial invasion has now been linked
with a variety of human cancers occurring principally via inflammatory pathways. Understanding the
link between chronic inflammatory processes and events that drive carcinogenesis could be important

in helping the design of novel strategies to prevent CRC.

Another mechanism affecting gut pathogenicity is disruption of the innate immunity in the gut, with
intestinal epithelial cells and underlying macrophages normally able to keep potential pathogens
under control, maintaining mucosal homeostasis. One major factor involved in innate immunity of the

intestinal mucosa is nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB; (Jarry et al.,
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2014). NF-kB, known to be involved in the increased expression of many genes of inflammatory and
immune responses, can be upregulated in response to microorganisms and lipopolysaccharides (La

Ferla et al., 2004), and is known to be involved in inflammatory disease.

NF-kB is considered a crucial factor in maintaining chronic inflammation. Normally, NF-kB-containing
complexes are sequestered in the cytosol in the inactive form due to their association with inhibitory
proteins. Activation of the canonical pathway causes nuclear translocation of NF-kB (Scheidereit,
2006) where it induces target gene transcription including pro-inflammatory cytokines such as TNF-a
(Jarry et al., 2014). Release of these inflammatory cytokines have been shown to be associated with

increased risk of disease.

A 3D model of human intestinal mucosa explant culture has been used to explore the effects of the
mucosa-associated E. coli strain LF82, associated with Crohn’s disease, on NF-kB signalling. Results
showed that LF82 E. coli enter and survive within intestinal epithelial cells and macrophages without
altering the mucosal architecture. LF82 E. coli were able to activate NF-kB signalling in epithelial cells,
NF-kB/p65 nuclear translocation, and TNF-a secretion. In addition, NF-kB activation was said to be
crucial for the maintenance of epithelial homeostasis upon LF82 infection, with activation of NF-kB
also demonstrated in situ in macrophages and intestinal epithelial cells in the inflamed mucosa from
IBD patients (Rogler et al., 1998). With activation of NF-kB also seen in absorptive epithelial
enterocytes in response to various E. coli, its role in the response of intestinal epithelial cells to

bacterial infections, particularly E. coli, could be crucial (Savkovic et al., 1997, Elewaut et al., 1999).

These molecular mechanisms of pathogenicity following E. coli adherence and invasion of intestinal
epithelial cells such as NF-kB activation are of major interest, with various immune factors, receptors
such as TLRs and cytokine receptors thought to be involved. Good examples of these are interleukin-
1 receptors and TNF receptors typically associated with the canonical NF-kB pathway (Rahman and
McFadden, 2011, May and Ghosh, 1997, Le Negrate, 2012). It has been suggested that

enteropathogenic E. coli (EPEC) can activate or suppress NF-kB depending on TLR signalling. Increased
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TNF-a promoter activity in cells can be stimulated by bacterial isolates from IBD patients, suggesting
TNF-a plays an important role in NF-kB-induced inflammation caused by E. coli strains associated with

inflammatory disease (La Ferla et al., 2004, Wang and Hardwidge, 2012).

An experimental murine cancer metastasis model, in which mouse adenocarcinoma cells are injected
into the tail vein of BALB/c mice to generate lung metastases, and whose growth is stimulated in
response to injection of bacterial lipopolysaccharide (LPS), was used to investigate the role of NF-kB
in inflammation-induced tumour growth. Results showed that LPS-induced metastatic growth
response depended on both TNF-a production and NF-kB activation in tumour cells. In addition,
inhibition of NF-kB in both colon and mammary carcinoma cells converts the LPS-induced growth

response to LPS-induced tumour regression (Luo et al., 2004).

Molecular mechanisms linking bacterial infections, inflammation and cancer indicate certain strains
of E. coli as a risk factor for CRC patients following the acquisition of virulence factors. One of these
factors is a protein toxin named cytotoxic necrotizing factor 1 (CNF1) (Travaglione et al., 2008), which
is reported to induce a long-lasting activation of NF-kB, as well as COX-2 expression, to protect
epithelial cells from apoptosis and promote cellular motility. As cancer may arise through dysfunction
of similar regulatory systems, E. coli infections associated with different virulence factors could
contribute to tumour development in a similar fashion via other signalling pathways not yet proven in

the E. coli-influenced colorectal disease.

1.11 Activation of Wnt signalling

Significant increases in COX-2 expression and activity, heavily involved in prostaglandin E; (PGE;)
synthesis, have been observed where cancer-associated E. coli have been studied in the context of
CRC (Raisch et al., 2014, Abdallah Hajj Hussein et al., 2012, Lew et al., 2002). Studies of both CRC
animal models and human CRC have shown a long-standing association with increased PGE; synthesis,
and investigation of PGE; synthesis in the gut mucosa using mucosal biopsy specimens obtained

during diagnostic colonoscopies show its role in the adenoma-carcinoma sequence (Pugh and Thomas,
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1994). Intestinal polyps and adenocarcinomas were found to synthesise more PGE; than normal
colonic tissues, but there was no difference found between polyps and adenocarcinomas. However,
mucosal samples from colorectal cancer patients were found to synthesise more PGE; than both
control and polyp-associated mucosa. These results suggested colorectal carcinogenesis via the

adenoma-carcinoma sequence could be associated with a progressive increase in PGE; synthesis.

Canonical Wnt signalling typically begins when a Wnt ligand binds to a cell membrane spanning
Frizzled (Fz) family receptor and/or low-density lipoprotein receptor-related proteins 5 or 6 (Flanagan
et al., 2015a). Upon binding and subsequent activation, the cytoplasmic protein Dishevelled (Dsh) is
recruited and activated. Activated Dsh associated with axin, causing inhibition of glycogen synthase
kinase 3 (GSK3f). GSK3B normally phosphorylates the tumour suppressor APC, which acts as a
negative regulator by phosphorylating B-catenin; GSK3f has also been shown to phosphorylate B-
catenin directly. Phosphorylation of B-catenin is normally followed by its degradation within the
proteasome. Inhibition of GSK33 or APC activity therefore allows B-catenin to accumulate in the
cytoplasm, increasing chances of localisation to the nucleus (Coste et al., 2007, Kaler et al., 2012,
MacDonald et al., 2009). The completion of this signalling cascade is dependent on the nuclear
localisation of the protein B-catenin. Upon entering the nucleus, B-catenin activates transcription of
downstream target genes via the lymphoid enhancer-binding factor 1 (LEF1) and T cell factors (TCF) 1,
3 and 4, with TCF4 reported to be responsible for Wnt-signalling in CRC (Van der Flier et al., 2007).
Subsequent cellular responses associated with cancer, such as proliferation, adhesion and migration,

occur following gene transduction via these TCF/LEF transcription factors.

Cyclooxygenase-2 (COX-2) and PGE; have been shown to stimulate colon cancer cell growth via the
heterotrimeric guanine nucleotide-binding protein (G protein)—coupled receptor, EP2, by a signalling
pathway involving the activation of phosphoinositide 3-kinase (PI3K) and the protein kinase Akt
(Figure 1.11; Castellone et al., 2005). This has since been suggested to lead to the activation of the
canonical Wnt signalling pathway, which may provide a new molecular framework for the future

evaluation of E. coli infection in inflammation-associated colorectal cancer (Castellone et al., 2005).
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Figure 1.11. Activation of the Wnt signalling pathway by cyclooxygenase-2. In the basal state (left
panel), the GSK-3 and axin protein complex promotes b-catenin phosphorylation, leading to ubiquitin-
dependent degradation of 3-catenin in the proteasome. Overexpression of COX-2 leads to increased
production of PGEz, which can activate EP2 receptors coupled to G proteins of the Gs family (right
panel). Activation leads to the exchange of GDP for GTP, causing the alpha subunit of Gs protein to
bind to axin. This promotes the release of GSK-3 from the inhibitory complex, with stimulation of the
PI3K-Akt signalling route causing phosphorylation and further inactivation of GSK-3p. These events
stabilise B-catenin nuclear translocation and lead to the expression of growth-promoting genes
regulated by the TCF/LEF transcription factors. Adapted from (Castellone et al., 2005).
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Whnt signalling through B-catenin is required for homeostasis and regeneration of the adult intestinal
epithelium (Phesse et al., 2014). However, inappropriate levels of accumulated B-catenin in adult
tissues are associated with development of a wide variety of cancers. Most sporadic colorectal cancers
as well as familial adenomatous polyposis are linked to Wnt signalling, and in particular the loss of
function of APC found in the majority of sporadic colorectal cancers (Kaler et al., 2012). B-catenin is
frequently mutated in liver cancers and in some gastric adenocarcinomas (Coste et al., 2007). APC and
B-catenin mutations both lead to stabilization of B-catenin and constitutive B-catenin/TCF

transcriptional activity.

Disrupted Wnt signalling is currently considered as a major risk factor for colorectal cancer, but it is
not the only contributor or requirement for tumour initiation and progression (Coste et al., 2007).
Many studies have since focused on epigenetic changes in colorectal cancer and how environmental
factors such as diet can influence colorectal cancer via changes in gene-expression. Epigenetic
inactivation of inhibitors of the Wnt/B-catenin pathway is said to be associated with a tumour-
favourable phenotypic outcome. Gene silencing through both DNA methylation and histone
modification can cause loss of function of Wnt regulators such as SFRPs (Secreted frizzled-related
proteins) and Dickkopf Wnt Pathway Inhibitor 3 (DKK3), as well as regulatory Wnt ligands such as
Wnt5A, contributing to abberant Wnt signalling (Serman et al., 2014, Galamb, et al., 2016). Evaluation
of the effects of E. coli in a similar context could reveal further links between bacteria and Wnt
signalling. An interruption of normal Wnt signalling has been confirmed following H. pylori infection,
with B-catenin identified as a specific host molecule influencing gastric carcinogenesis in conjunction
with H. pylori infection (Polk and Peek, 2010). Nuclear accumulation of B-catenin has been shown to
be increased in gastric adenomas compared with non-transformed gastric mucosa, which suggests

that irregular Wnt-signalling precedes the development of gastric cancer.

Increased Wnt signalling has also been identified in intestinal cells following infection with S.
typhimurium. This Salmonella was shown to upregulate several genes implicated in Wnt signalling (Liu

et al., 2010). A Salmonella protein, AvrA, has been identified that modulates Wnt signalling, modifying
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B-catenin, increasing total B-catenin expression, and activating Wnt/B-catenin transcriptional activity
in intestinal epithelial cells. There is an increase in the number of stem cells and proliferative epithelial
cells in vivo in intestine infected with Salmonella expressing AvrA. An interesting point was made
linking Wnt pathway activation and of Notch pathway signalling, with noted modulation of Jagged1.
Normally found at the base of crypts in the small intestine, Jaggedl was found distributed diffusely

throughout crypts following Salmonella infection (Liu et al., 2010).

Enterotoxigenic Bacteroides fragilis (ETBF) has emerged globally as a cause of human diarrheal disease
often accompanied by colitis (Housseau and Sears, 2010). Up to 35% of studied populations can carry
ETBF without symptoms, which led to a hypothesis towards a secreted toxin. ETBF is now known to
secrete the B. fragilis toxin (BFT), known to bind to colonic epithelial cells and stimulate cleavage of
the tumour suppressor protein, E-cadherin (Rhee et al., 2009). E-cadherin cleavage can increase
permeability of the intestinal epithelial barrier causing activation of the B-catenin/Wnt pathway and
subsequent activation of c-Myc, inducing increased proliferation of colonic epithelial cells (Wu et al.,
2003). BFT was also reported to be able to activate the NFkB pathway and induce the secretion of
inflammatory cytokines, leading to the conclusion that ETBF are pro-inflammatory, oncogenic colonic
bacteria. These examples show the influence of bacteria on both stem cells and epithelial cells
throughout the gut, and show how bacterial infection can be linked to carcinogenesis. Important
mechanisms by which bacterial agents may induce carcinogenesis include chronic infection, immune
evasion and immune suppression. Bacterial infections can induce the release of cytokines such as
reactive oxygen species, interleukins and cyclooxygenases from inflammatory cells, which can
contribute to carcinogenic and mutagenic changes. Chronic stimulation of these substances has been

shown to contribute to carcinogenesis (Mager, 2006).

Fusobacterium nucleatum infection, associated with colorectal cancer (CRC), is linked to adherence
and invasion and induction of oncogenic and inflammatory responses to stimulate growth of CRC cells.
Fusobacterium nucleatum infection is believed to occur through its unique FadA adhesin, which has

been shown to bind to the protein E-cadherin, which can activate B-catenin signalling (Rubinstein et
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al., 2013). The FadA gene levels in the colon tissue from patients with adenomas and adenocarcinomas
are 10-100 times higher compared to normal individuals and this increased FadA expression in CRC
correlates with increased expression of oncogenic and inflammatory genes. With similar traits to AIEC,
it is possible that AIEC virulence factors could influence Wnt signalling in a similar manner. This
suggests a mechanism by which bacteria can drive Wnt signalling and CRC, and these virulence factors

could be a potential diagnostic and therapeutic target in CRC.

Recently, Frizzled receptors have been established as physiologically relevant receptors for colonic
epithelial damage following in vivo infection with Clostridium difficile (C. difficile). The C. difficile toxin
B (TcdB) is a critical virulence factor that causes diseases associated with C. difficile infection. TcdB has
been shown to bind to a conserved binding site known as the cysteine-rich domain, with the highest
affinity towards Frizzled receptors 1, 2 and 7 (Tao, et al., 2016). Interestingly, rather than activate
these receptors, TcdB was shown to compete with Wnt ligands for binding, thus blocking Wnt
signalling. Frizzled receptor knock-out in both in vitro and in vivo disease models showed less
susceptibility to TcdB-induced tissue damage, suggesting that some bacteria can also negatively

regulate the Wnt pathway (Tao, et al., 2016).

With a substantial body of evidence supporting the role of bacteria, particularly with a strong role for
E. coli, in inflammation and intestinal disease, the inclusion of standard IBD and cancer therapies based
on bacterial infections seems almost inevitable. Mucosa-associated E. coli have been shown to be able
to produce an array of effects associated with many inflammatory and cancer pathways. Further
investigation into these abilities, and potential involvement of additional cancer-promoting effects,
may allow targeted treatment of bacterial contributors, or even combination therapies. This could be
a reasonable approach to targeting this phenomenon, even solely based on current knowledge, in

order to minimise the cancer risk now associated with E. coli infections.
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1.12 Minimising the effects of mucosa-associated E. coli in colorectal disease

With several possible pathways available for E. coli to impact inflammation of the gut and increase the
risk of colorectal disease, there is a strong need to understand and prevent this potential impact. This
means that further studies are required to assess these pathways in order to understand where novel

therapies could be introduced.

Limiting potentially pathogenic host-bacterial interactions is an important step. If the intestinal
microbiota is kept at a distance from intestinal epithelial cells, it may be possible to minimise the
likelihood of bacterial invasion (Brown et al., 2013). The mucus layer, antimicrobial peptides (AMPs)
and innate lymphoid cells (ILCs) are just some factors helping gut tissue to avoid bacterial invasion
whilst promoting mutualistic interactions with bacteria (Brown et al., 2013). However, it is possible
that additional therapies focussing on bacterial interactions would be beneficial, and could prevent

invasion of bacteria such as E. coli, and these studies are now being conducted.

One particular focus has been on antibiotic treatment of mucosa-associated E. coli in Crohn’s disease.
There is evidence of metronidazole with azathioprine and ornidazole treatment as prophylaxis limiting
the postoperative recurrence of Crohn's disease, which could be beneficial in preventing IBD
progression into CRC (D'Haens et al., 2008, Rutgeerts et al., 2005). Quinolone-based antibiotic
regimens have also been effective in targeting intra-macrophage AIEC isolates in vitro (Subramanian
et al., 2008), and antibiotic combination therapies such as ciprofloxacin, tetracycline, and
trimethoprim could prove clinically relevant and reduce the risk of drug resistance, a problem that has
been previously highlighted using Crohn’s AIEC isolates (Dogan et al., 2013). However, drug-drug
interactions could be a problem with combination antibiotics, meaning that alternative strategies
maybe be necessary. Nitroimidazole compounds have shown efficacy in Crohn's disease, decreasing
recurrence rates in operated patients. The use of metronidazole and ciprofloxacin is now also
recommended in perianal disease. A major problem has been the appearance of adverse systemic

effects limiting the long-term use of antibiotics as a preventative Crohn's disease therapy. However,
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rifaximin, a semi-synthetic derivative of rifamycin, has given some promising results in inducing

remission of CD with an excellent safety profile (Scribano and Prantera, 2013).

Studies suggest that targeting prostaglandin production can reduce the incidence of colorectal
adenomas, colorectal cancer, and deaths from colorectal cancer. Recent studies are now being used
to help explain the beneficial effects of non-steroidal anti-inflammatory drugs (NSAIDs) in animal
models and human disease. With bacterial infections associated with increased inflammation and
cyclooxygenase/prostaglandin production, the impact of infections in CRC, in particular IBD-associated

CRC could be minimised by preventing inflammatory signalling.

COX-2 is overexpressed in early and advanced CRC tissues and indicates a poor prognosis (Brown and
DuBois, 2005). Long-term intake of compounds inhibiting cyclooxygenases has been shown to reduce
the overall relative risk for developing colorectal cancer (Gupta and Dubois, 2001), with selective COX-
2 inhibitors now approved for use as therapy in patients with familial polyposis (Brown and DuBois,
2005). Their role is currently being evaluated for use in wider populations. Importantly, some selective
COX-2 inhibitors appear to be relatively safe, which is important to allow large-scale clinical testing in
healthy people (Dannenberg et al., 2001). Initial clinical trials using selective COX-2 inhibitors such as
celecoxib have shown anti-tumour activity in patients with familial adenomatous polyposis and in
preventing sporadic colorectal adenomas (Bertagnolli et al., 2006). Another study showed that use of
celecoxib by patients at high risk for CRC was shown to significantly reduce adenoma burden detected,
thus confirming that celecoxib can be used to prevent pre-malignant adenomas (Bertagnolli et al.,
2006). Rofecoxib, another selective COX-2 inhibitor, was also found to reduce adenoma recurrence as
well as the risk of advanced adenomas (Baron et al., 2006). Rofecoxib treatment was, however,
associated with significant upper gastrointestinal events and serious thrombotic cardiovascular

events; therefore, rofecoxib would unlikely be an attractive therapy.

Clinical studies suggest that regular use of aspirin may also decrease the risk of colorectal adenomas,

the precursors to most colorectal cancers (Baron et al., 2003). A randomized trial of aspirin using
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patients with previous colorectal cancer aimed to reduce recurrence of colorectal adenomas. The
study was terminated early when statistically significant results were reported during interim analysis
where adenomas were found in 17% of patients receiving aspirin and 27% of patients in the placebo
group; the number of adenomas was also lower in the aspirin group, as was the time to the detection
of a first adenoma was. Daily use of aspirin is associated with significant reduction in the incidence of

colorectal adenomas in patients with previous colorectal cancer (Sandler et al., 2003).

Another method of reducing the downstream effects of prostaglandins would be to limit interactions
with receptors. The predominant prostaglandin species in benign and malignant colorectal tumours is
PGE,, which is known to acts via four EP receptors, termed EP1 to EP4 (Hull et al., 2004). EP receptors
have been identified as potential targets for prevention of a variety of cancers, including skin
(Rundhaug et al., 2011), breast (Reader et al., 2011) and non-small cell lung cancer (NSCLC) (Gray et

al., 2009).

Signalling through EP receptors has been linked to several cancer signalling pathways. EP2 receptor
activation leads to GSK-3 phosphorylation, and subsequent inactivation (Fang et al., 2000), which has
been linked to increased B-catenin/TCF transcriptional activity, however the relevance of EP2/EP4
receptor—induced B-catenin up-regulation in colorectal epithelial cells, which already contain only
mutant APC, remains to be determined (Hull et al., 2004). EP4 receptor signalling can also lead to ERK
signalling, with EP1 receptor activation and signalling also shown to activate ERK signalling in human
colorectal cancer cells. With several studies showing that PGE; levels significantly increased in benign
and malignant human and rodent colorectal tumours (Yang et al., 1998, Pugh and Thomas, 1994, Chiu
et al., 1997) it would be beneficial to look at these receptors as a therapeutic target for colorectal

cancers.

1.13 The important role of COX-2 and VEGF in colorectal disease

The role of COX-2 in CRC development and progression has been widely reported, with expression

now an independent predictor of poor prognosis (Ogino et al., 2008). Recently, cancer-associated E.
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coli strains have been shown to increase cyclooxygenase-2 (COX-2) expression and subsequent
prostaglandin-E2 (PGE2) secretion from human macrophages due to their ability to survive and
replicate within macrophages (Raisch et al., 2015). As previously described, COX-2 and PGE2 have the
ability to stimulate colon cancer cell growth via activation of the G protein—coupled receptor EP2,
which leads to activation of the Wnt signalling pathway via the inactivation of glycogen synthase
kinase 3B (GSK3B), thus allowing the accumulation and increased nuclear localisation of -catenin
(Castellone et al., 2005). Alongside adherence and invasion factors, COX-2 induction associated with
strains taken from CRC patients could be another important factor in determining the role of these

bacteria in the development and progression of CRC.

Prostaglandin production is fast becoming a key focus in CRC diagnosis and treatment. Increased
expression of prostaglandin-endoperoxide synthase 2 (PTGS2), also known as COX-2, leads to an
increase in prostaglandin E2 (PGE2) production, promoting cancer cell growth via EP2 receptor-
mediated signalling (Castellone et al., 2005). COX-2 targeted inhibition using NSAIDs such as aspirin

reduces CRC incidence and improves clinical outcome following CRC surgery (Tougeron et al., 2014).

There is now evidence suggesting that inhibition of COX-2 using NSAIDs can down-regulate
phosphatidylinositol 3-kinase (PI3K) signalling activity (Liao et al., 2012), which plays a major role in
cell proliferation, adhesion, survival, and motility in many human cancers (Samuels et al., 2004).
Activating mutations in the PI3K signalling pathway are now believed to be potential biomarkers for
CRC, meaning that regular use of aspirin following CRC diagnosis is only associated with longer survival

among CRC patients with aberrant PI3K signalling (Liao et al., 2012).

Another key modulator appears to be vascular endothelial growth factor (VEGF). Increases in VEGF
gene and protein expression are widely conserved across most cancers, and is considered to be
involved in metastasis and angiogenesis of colorectal cancer. Increases in VEGFA gene expression
following mucosa-associated E. coli infection has been previously confirmed using real-time PCR

(Prorok-Hamon et al., 2014), whilst citing previous links between inflammation and E. coli infections
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leading to increases in VEGF and cancer progression (Cane et al., 2010, Waldner et al., 2010).
Interestingly, interventions that either reduces the colonisation of gut tissues by these bacteria or
block their interaction with the mucosa may have preventive or therapeutic effects in colon cancer
and CD were suggested following this study. This further implicates the importance of the mucosa-

association of these E. coli strains in the development and progression of CRC.

With antibodies against VEGF now being successfully investigated in advanced and metastatic
colorectal cancer trials as adjuvant therapies, and with VEGF being induced by E. coli invasion in
epithelial cells (Prorok-Hamon et al., 2014) this could reduce the impact of bacteria-induced CRC
pathogenesis. Both VEGF and increased microvessel density (MVD) have been associated with greater
incidence of CRC metastases and decreased survival, with meta-analysis performed on twenty studies
focussing on VEGF and MVD. Increased levels of VEGF were associated with unfavourable survival,
with a 4-fold increase in the rate of distant metastases. Similar analysis on studies for MVD showed
that patients with high MVD expression in tumours again had poorer overall survival and disease
prognosis. Results from this study demonstrate a strong indication of using VEGF and MVD as future
prognostic biomarkers for CRC patients (Wang et al., 2014). Increased VEGF expression has recently
been associated with the presence of the afimbrial adhesin operon in mucosa-associated E. coli in CD
and colon cancer, correlating with diffuse adherence to and invasion of intestinal epithelial cells
(Prorok-Hamon et al., 2014). The specific identification of VEGF expression in this case further
supports the inclusion of VEGF as a future biomarker and a potential target for reducing the effects of

mucosa-associated E. coli in CD and colon cancer.

Given the wider implications of COX-2 and VEGF in CRC, and the conserved nature of their increases
following mucosa-associated E. coli infections, this became a clear focus for our project going

forwards.
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1.14 Modelling bacterial infections in vitro and in vivo

New models are currently being explored for the diagnosis of primary and metastatic colorectal
cancer, which has represented one of the big challenges in the clinical management of patients. For
example, the detection of circulating tumour cells is becoming a promising addition to current
detection techniques, and testing this model experimentally as well as clinically has demonstrated its
use as a relatively reliable prognosis tool to determine progression-free survival in metastatic CRC
patients (Barbazan et al., 2012). If bacteria are shown to impact the development and progression of
CRC, it would be beneficial to be able to model these effects in a similar way before trying to

implement then clinically.

When choosing in vivo models for investigating the effects of bacterial infections in the development
and progression of CRC, it is beneficial to consider the typical microbial composition given its
implications in promoting and progressing intestinal disease. The murine microbiota is remarkably
similar to that of the human gut, so studies performed in murine models in vivo will likely have

translational implications relevant to the human disease (Arthur and Jobin, 2011).

There is also a necessary requirement to use better in vitro models to improve the translational
approach to CRC treatment, with a number of advanced in vitro models now being pursued. The
multicellular spheroid (MCS) model is an in vitro model highly representative of the avascular region
of solid tumours, which reflects the micro-environmental conditions of tumours in vivo. This model is
considered the most appropriate model for studying drug resistance, and has been used to compare
the chemo-sensitivity of CRC cell line DLD-1 to 5-fluorouracil (5-FU) and differential protein expression
in the 3D MCS model and 2D monolayers. The expression levels of several proteins such as p-mTOR
decreased upon 5-FU exposure in 2D monolayers, while its level was higher in the 3D MCS model. The
differential expression between the 3D MCS model and 2D monolayers suggests differences in

signalling mechanisms in solid tumour microenvironments compared to traditional cell culture
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methods for CRC cells, and this has been shown to be important in the modelling of existing CRC

treatments (Lee et al., 2014).

A recent study developed a novel tumour model that permitted direct in situ visualization of E. coli in
a 3D environment with epithelial-like B16.F10 melanoma cells (Elliott et al., 2011) to study
proliferation and transport behaviours of E. coli in three-dimensional (3D) tumour environment. The
findings from studies such as this will become increasingly useful for developing novel strategies to
study the effect of bacteria in 3D tumour environments, and the impact of pathogenic bacteria in

progressing CRC.

1.15 The potential impact of mucosa-associated E. coli on Wnt signalling

Increasing evidence suggests that constituents in the gut microbiota and chronic inflammation are
involved in colorectal cancer (CRC) development. Gut inflammation creates an environment that
supports tumour development by altering microbial composition. The dysbiotic microbiota is thought
to contribute to the initiation and progression of CRC and our understanding of the microbiota could
be essential for the management of colorectal disease (Perez-Chanona and Jobin, 2014). The contrast
between the beneficial and detrimental roles of the microbiota during initiation, progression, and
treatment of cancer further highlight the link between bacteria and cancer, and suggests that the
microbiota could be considered as a key factor in the development and progression of colorectal

disease.

With resultant expansion of, and contact with, specific bacteria such as E. coli, CRC has been associated
with increased numbers of mucosal bacteria, particularly adherent and invasive mucosa-associated E.
coli. A convincing body of evidence supports the influence of these E. coli in development and
progression of CRC, with chronic infections highly likely to lead to the typical repercussions of chronic
inflammatory disease. This promotion and progression of cancer is likely to be aided by pathogenicity

and virulence factors. Disruption of cellular signalling pathways controlling inflammation and
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tumorigenesis may also be involved, with preliminary data showing that AIEC can upregulate epithelial

pro-inflammatory COX-2 and PGE; release.

The correlation between AIEC infection and cytokine production, particularly COX-2, in CRC patients
suggests the need for additional investigation in order for therapeutic interventions to be better
implemented, and the use of anti-inflammatory agents similar to those tested in clinical trials could
limit the inflammatory driving force of COX-2 and prostaglandin production, thus potentially reducing

proliferative and angiogenic effects, as well as risk of metastases.

High numbers of E. coli have been shown in the microbiota and within gut tissue in IBD and CRC
patients. The impact of a number of factors are indicated for the progression of IBD-associated and
sporadic CRC, and the potential impact of bacteria is suggested from as early as adenoma (sporadic)
or low-grade dysplasia (IBD) through to carcinoma (see Figure 1.3). Our focus on the impact of E. coli
in the development and progression of colorectal carcinogenesis stems from the accumulated data
implicating E. coli in disease. With a number of pathogenic and virulence factors already highlighted
as a potential link between E. coli and carcinogenesis, we wanted to be able to investigate this further,

with a particular focus on pathways already heavily implicated in colorectal disease.

Due to the promising link between COX-2 and colorectal disease, and the suggested link between COX-
2 and Wnt signalling, we chose to focus our efforts on this relationship, particularly looking at any
impact on B-catenin activity. Wnt signalling helps regulate cell cycle and cell growth, whilst also playing
a crucial role in colorectal tumorigenesis, so investigating whether AIEC possess ability to activate key
cancer-promoting proteins within epithelial cells lining the bowel may allow further insight into the
development, growth and spread of colorectal tumours. We therefore look to characterise Wnt
signalling as a mechanism for malignant development in the intestinal epithelium following AIEC

infection.

It is already evident that preventative measures limiting the availability of E. coli surface adhesion

molecules could be achieved by targeting adherence factors; if pathogenic E. coli strains are unable to
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adhere to epithelial cells in the gut, virulence and invasive factors are effectively nullified. However,
to be able to target specific pathogenic factors carried by AIEC would require a better understanding
of the factors involved specifically in development and progression of CRC. By using a combination of
in vitro and in vivo techniques, including the introduction and implementation of novel three-
dimensional colorectal cultures, further research into the impact of E. coli in CRC could add a more
definitive insight into the translational effects of chronic infection, and where we could look to prevent

these effects in the future.
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Chapter 2:

Hypothesis
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2.1 Hypothesis

Whnt signalling is a mechanism for malignant development in the intestinal epithelium following

mucosa-associated E. coli infection.
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Chapter 3:

Aims
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3.1 Aims

1. To characterise the effects of mucosa-associated E. coli isolates from CRC and IBD patients on

the activation of the Wnt signalling pathway in vitro using human CRC cell lines.

2. To evaluate the inflammatory response of human macrophage cells following treatment with

mucosa-associated E. coli isolates from IBD and CRC patients.

3. To investigate the effects of mucosa-associated E. coli isolates from CRC and IBD patients on
the activation of the Wnt signalling pathway in vivo using a germ-free //107- mouse model of

CRC mucosa-associated E. coli infection.

4. To sequence and analyse the DNA content of fosmid clones confirmed to up-regulate PTGS2
(COX-2) gene expression in vitro in order to find common genes or operons responsible for or

contributing towards expression changes.

5. To develop a 3D organotypic cell culture using a series of colorectal cell-lines at different

stages of malignant transformation in the adenoma-carcinoma pathway.

6. Toinvestigate the effects of mucosa-associated E. coli infection of 3D organotypic cell cultures

on COX-2 expression and Wnt pathway activation.
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Chapter 4:

Materials and Methods
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4.1 Mammalian Cell Culture and Cell Line Maintenance

4.1.1 Cell Line Propagation and Maintenance

All cells were propagated from liquid nitrogen-stored stocks. Vials of frozen cells were thawed for 2
minutes at 37°C in a water bath before being added to the appropriate cell media as recommended
by the European Collection of Animal Cell Cultures (ECACC) at the Public Health Laboratory Service
(Wiltshire, UK). Cell suspensions were then centrifuged (300 x g) for 5 minutes forming a pellet to
remove the 10% v/v dimethyl sulfoxide (DMSO, Sigma Aldrich; Poole, UK) used in cell freezing media.
Cell pellets were resuspended in cell media and added to 25 cm? cell culture flasks and incubated at

37°Cin a humidified atmosphere of 5% CO;, 95% air.

For cell passage, media was removed and cells were washed with sterile 1X phosphate-buffered saline
(PBS; Sigma Aldrich) at pH 7.4 pre-warmed to 37°C in a water bath. Cells were then detached by
treatment with 1X trypsin-ethylenediaminetetraacetic acid (EDTA) solution, containing 0.25% (v/v)
trypsin and 0.02% (w/v) EDTA (both Sigma Aldrich) in PBS pre-warmed to 37°C. Following detachment,
trypsin was removed and washed out by the addition of an equal volume of foetal bovine serum (FBS)-
containing cell media (10% FBS). The cell suspension was then mixed thoroughly and split at an
appropriate ratio (between 1:3 and 1:20 depending on the cell type) into new cell culture flasks with

fresh cell media.

4.1.2 Monolayer Culture of SW480 Colonocytes

The adherent human colonic epithelial cell line SW480 was derived from a Duke's type B colorectal
adenocarcinoma removed from a 50-year-old male patient (Leibovitz et al., 1976). SW480 is one of
the best characterized of the large number of established colorectal cancer cell lines, with numerous
biochemical and genetic properties of this cell line previously reported (Yang et al., 2006). This cell line
was selected for use due to high basal Wnt signalling activity driven by an APC protein truncated at

residue 1338 and therefore lacking the Axin binding domains (Yang et al., 2006), as well as c-Myc
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amplification and point mutations of the KRAS and TP53 genes (Rochette et al., 2005, Ahmed et al.,

2013).

The SW480 cell line (#87092801, ECACC) was maintained at 20-90% confluence in complete
Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma Aldrich) supplemented with 10% (v/v) FBS
(Invitrogen; Paisley, UK), 100 U/mL penicillin and 100 pg/mL streptomycin (Sigma Aldrich). Cells were

maintained at 37°C in a humidified atmosphere of 5% CO,, 95% air.

4.1.3 Monolayer Culture of DLD-1 Colonocytes

The adherent human colonic epithelial cancer cell line DLD-1 was derived from a Dukes' type C
colorectal adenocarcinoma removed from a 45-year-old male patient (Dexter et al., 1981). Again, this
cell line was selected for use due to high basal Wnt signalling activity driven by APC truncated at
residue 1427 in DLD-1 cells, again resulting in loss of axin binding domains (Yang et al., 2006). DLD-1
cells also present with point mutations of the KRAS and TP53 genes, as well as PIK3CA gene mutation

(Ahmed et al., 2013).

The DLD-1 cell line (#90102540, ECACC) was maintained at 20-90% confluence in complete DMEM
supplemented with 10% (v/v) FBS (Invitrogen), 100 U/mL penicillin and 100 pg/mL streptomycin

(Sigma Aldrich). Cells were maintained at 37°C in a humidified atmosphere of 5% CO,, 95% air.

4.1.4 Monolayer Culture of Stably Transfected HelLa TCF/LEF Luciferase Reporter Cells

The Human cervix epitheloid carcinoma Hela cell line (Lucey et al., 2009) stably transfected with pTA-
TCF/LEF-luciferase reporter vector (which contains 6 repeats of TCF/LEF binding sites, a minimal
promoter upstream of the firefly luciferase coding region firefly luciferase) was bought commercially
(#SL-0022-FP; Signosis, USA). This was used as a reporter system to monitor TCF/LEF transcription
downstream of B-catenin nuclear translocation. Cells were maintained at 20-90% confluence in DMEM
supplemented with 10% (v/v) FBS (Invitrogen), 100 U/mL penicillin and 100 pg/mL streptomycin

(Sigma Aldrich) at 37°C in a humidified atmosphere of 5% CO,, 95% air.
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4.1.5 Monolayer Culture of AA/C1 and AA/C1/SB Colonocytes

The premalignant human colonic epithelial cell line PC/AA and experimentally-transformed AA/C1 and
AA/C1/SB cells were kindly donated by Professor Chris Paraskeva (University of Bristol, UK). The PC/AA
cell line, established from a premalignant adenoma taken from a patient with familial adenomatous
polyposis, was immortalised following in vitro passaging in combination with mouse NIH-3T3
fibroblast cells grown in collagen-coated flasks and used to produce clonogenic variants AA/C1 and
AA/C1/SB (Williams et al., 1990, Paraskeva et al., 1988). Briefly, PC/AA cells were transformed into
AA/C1 under standard culture conditions but in the absence of NIH-3T3 feeder cells and collagen-
coating, with AA/C1 cells then transformed into AA/C1/SB cells following continued treatment with
1 mM sodium butyrate. AA/C1 cells remained non-tumourigenic, whereas AA/C1/SB cells showed
tumourigenicity in nude mice, showing similar traits to adenoma and carcinoma cells, respectively

(Williams et al., 1990).

Both AA/C1 and AA/C1/SB cells required DMEM supplemented with 20% v/v FBS (Invitrogen), 2 mM
L-glutamine (Sigma Aldrich), 100 U/mL penicillin and 100 pg/mL streptomycin (Sigma Aldrich), 1 pg/mL
hydrocortisone sodium succinate (Sigma Aldrich) and 0.2 units/mL human insulin (Sigma Aldrich). Cells
were maintained at 20-90% confluence in 25 cm? plastic tissue culture flasks at 37°C in a humidified

atmosphere of 5% CO,, 95% air.

4.1.6 Monolayer Culture of THP-1 Blood Monocytes

The human peripheral blood monocyte suspension cell line THP-1 (#88081201, ECACC) was originally
derived from the peripheral blood of a 1 year old male with acute monocytic leukaemia (Tsuchiya et
al., 1980). THP-1 cells were maintained at approximately 20-80% density suspended in RPMI-1640
(Sigma Aldrich) supplemented with 10% (v/v) FBS (Invitrogen), 50 uM 2-mercaptoethanol, 100 U/mL
penicillin and 100 pg/mL streptomycin (Sigma Aldrich) at 37°C in a humidified atmosphere of 5% CO,,

95% air.

55



THP-1 monocytes can be differentiated into macrophage-like cells. THP-1 monocytes were
differentiated into macrophages by treatment with 20 ng/mL phorbol myristate acetate (PMA) for 3
days. Enhanced differentiation of PMA-treated cells was also tested by removing the PMA-containing
media and incubating the cells in fresh media for a further 5 days (Daigneault et al., 2010). These cells
were used to investigate the interactions between macrophage cells and mucosa-associated E. coli
isolated from patients with IBD and CRC using a PGE; enzyme-linked immuno-sorbent assay (ELISA)

similar to that used in a previous study (Raisch et al., 2015).

4.2 Three Dimensional Organotypic Cell Culture

The development of a three-dimensional (3D) organotypic colonic tissue model using cells grown in
vitro was established to mimic that of the host colonic tissue. This model was developed using the
Rotary Cell Culture System (RCCS; Synthecon, US) as shown in Figure 4.2.1, and was used to develop
colonic organotypic tissue cultures to investigate the adenoma-carcinoma sequence, as well as to

assess the effect of E. coli infection on Wnt signalling.

LT,

Figure 4.2.1 Rotary cell culture system (RCCS) setup. The annotated image shows a typical RCCS
setup using a 50 mL disposable culture vessels. The RCCS culture system (left) would be placed inside

the incubator, with the control box (right) placed outside and linked via cable.
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Briefly, colonocytes were added directly into 10 ml or 50 ml disposable vessels, or seeded onto
diethylaminoethyl (DEAE) cellulose (Cytodex-1; C0646, Sigma-Aldrich) and collagen (Cytodex-3;
C3275, Sigma-Aldrich) micro-carrier beads before being added to a rotary cell culture vessel, or were
and attached to the RCCS before initiating rotation. SW480 colonocytes were used for initial testing,
before also using the DLD-1 cell line and AA/C1/SB colonocytes. SW480 and DLD-1 cells were
maintained in complete DMEM supplemented with 10% (v/v) FBS and 100 U/mL penicillin and 100
pg/mL streptomycin at 37°C in a humidified atmosphere of 5% CO, and 95% air, with AA/C1/SB also
requiring 2 mM L-glutamine, 1 ug/ml hydrocortisone sodium succinate and 0.2 units/ml human insulin

as used in monolayer culture.

Media was changed 72-96 hours after seeding, and then every 48 hours until cell aggregates were
harvested. Periodic sampling following media changes allowed monitoring of cell aggregation, viability
and morphology, as well as cell interaction with Cytodex-1 and Cytodex-3 coated cross-linked dextran
micro-carrier beads using light microscopy (Figure 4.2.2). These micro-carriers were selected due to
the high surface area to volume ratio and the specific bead coatings, which mimic the surface tension

and adhesive surface for epithelial colonocytes in vivo (Goh et al., 2013).

Figure 4.2.2 SW480 cells adhered to Cytodex-1 and Cytodex-3 microcarrier beads. Images show
SW480 colonocytes adhered to Cytodex-1 (left) and Cytodex-3 (right) cross-linked dextran micro-carrier

beads as viewed under light microscopy at 20x magnification.

57



Following cell culture using the RCCS, harvested cell aggregates were plated for E. coli treatment
experiments or used to assess aggregate structure using haematoxylin and eosin (H&E) staining and
immunohistochemistry (IHC). The use of this system for infection assays have been previously

reported (Carvalho et al., 2005, Barrila et al., 2010).

4.3 Histological Processing

Organotypic 3D cell aggregates were washed and stored in sterile phosphate buffered saline (PBS;
pH7.4) overnight to allow the aggregates to settle; this helped to avoid loss of harvested aggregates
from processing cassettes. Cell aggregates were then suspended in 500 L sterile Histogel (Thermo;
Paisley, UK) heated until liquid, and left to cool until set solid. The Histogel cell suspension was then
placed in histological processing cassettes. Cell aggregates were then processed overnight (see Table

4.3) using a Shandon 2LE tissue processor (Thermo Shandon; Runcorn, UK).

Table 4.3. Histological processing schedule for Histogel-suspended cell aggregates.

Step Reagent Temp Time
1 70% ethanol Room temp. 120 min
2 90% ethanol Room temp. 120 min
3 100% ethanol Room temp. 30 min
4 100% ethanol Room temp. 30 min
5 100% ethanol Room temp. 90 min
6 Xylene Room temp. 30 min
7 Xylene Room temp. 30 min
8 Xylene Room temp. 40 min
9 Xylene Room temp. 90 min
10 Wax 60°C 120 min
11 Wax 60°C 180 min
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Cell aggregates were embedded within the histological processing cassettes using Surgipath Formula
R paraffin wax (Leica; Milton Keynes, UK) in a Shandon Histocentre embedding system (Thermo
Shandon; Runcorn, UK). For sectioning of the cell aggregates, the paraffin wax blocks containing the
aggregates were cooled onice for 30 minutes. Blocks were then sectioned by microtome at a thickness
of 4 um and floated in a heated water bath before adhering to glass slides; forimmunohistochemistry,
3-aminoprpyltriethoxylsilane (APTS; 98-100%) coated slides were used (Fisher Scientific;

Loughborough, UK). Slide-mounted sections were then dried in an oven at 37°C overnight.

4.4 Bacterial Cell Culture

4.4.1 Bacterial Strains

E. coli strains used were previously isolated from the colorectal mucosa of patients with CD, UC and
CRC (Martin et al., 2004). Briefly, this study had used human colorectal biopsy specimens washed in
sterile saline and treated with dithiothreitol (DTT) solution to remove the overlying mucus layer. The
resultant DTT solution was plated onto MacConkey agar and incubated at 37°C for 24 hours, with
bacterial growth designated as mucus-associated. Following DTT treatment, biopsy specimens were
then either treated with sterile saline or gentamicin (50 ug/mL) — the latter to kill any extracellular
bacteria. Supernatant from the saline-treated biopsies were plated, with growth designated as
mucosa-associated bacteria. Those biopsy specimens treated with gentamicin were lysed with sterile
distilled water and plated onto MacConkey agar, with bacterial growth on these plates designated as
being intracellular. Selected colonies were Gram stained; Gram-negative rods were further
characterised using APl bacterial identification tests (Bio-Merieux; Marcy L’Etoile, France) and pulsed-
field gel electrophoresis (PFGE). Individual isolates (including those identified as E. coli) were stored
as frozen cultures at -80 °C on Protect beads (#D535; Lab M, Manchester, UK). For the E. coli isolates
used in this project, a number of relevant adhesion and invasion characteristics/virulence factors have
been previously identified (Martin et al., 2004, Prorok-Hamon et al., 2014, Arthur et al., 2012); these
are summarised in Table 4.4.1. Strains were selected in order to cover different characteristics
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associated with intestinal disease. The non-pathogenic E. coli K12 (#10798; ATCC), isolated from a
stool sample of a patient convalescent from diphtheria (Bachmann, 1972), was used as a negative
control throughout the project as a negative control, with no reported implications in intestinal

inflammation or carcinogenesis.

Table 4.4.1. Summary of adhesion and invasion characteristics and virulence factors associated with
E. coli strains isolated from patients. Adapted from Martin et al. 2004; Subramanian et al. 2008; Arthur
et al. 2012; Prorok-Hamon et al. 2014.

. PET Mammalian cell interactions Virulence genes/operons
1407 cells HT29 cells pks afa Other
HM44 Colon cancer Adherence, invasion Adherence - - fimH, lpfA
HM35 Crohn's disease Adherence, invasion | Adherence, invasion - - fimH
HM250 Ulcerative colitis Data not available Data not available - - fimH
HM251 Ulcerative colitis Adherence, invasion Adherence - fimH, Ipfa
HM358 Colon cancer Adherence, invasion | Adherence, invasion + papc, fimH, lpfA
HM545 Colon cancer Adherence, invasion Adherence - - papc, fimH, IpfA
HME05 Crohn's disease Adherence, invasion Adherence + + papc, fimH, lpfA
K12 Diphtheria convalescent None identified Neone identified - - fimH
LF82 Crohn's disease Adherence, invasion | Adherence, invasion + - fimH, IpfA

4.4.2 Bacterial Growth and Culture

Individual E. coli strains were grown on solid culture on Luria Bertoni (LB) agar (5.0 g tryptone, 2.5 g
yeast extract, 5.0 g sodium chloride, 7.5 g agar, 0.5 L Elga purified water) and incubated at 37°C
overnight. Bacto™ agar, Bacto™ tryptone and Bacto™ yeast extract were supplied by BD Biosciences
(Oxford, UK), with sodium chloride supplied by Sigma Aldrich. Following incubation, single colonies
were removed from solid agar culture and suspended in sterile phosphate buffered saline (PBS, pH
7.4). The bacterial culture was centrifuged at 1,000 x g for 5 minutes and washed before being
resuspended in sterile PBS or the appropriate assay culture medium before measuring absorbance
(ODegoonm); average absorbance from 3 readings of suspension culture was used to estimate bacterial

numbers in liquid cultures (ODgoonm = 0.6 equivalent to approx. 3 x 102 bacteria).
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4.4.3 Fragmented E. coli HM358 DNA fosmid library of clones

A fosmid library of clones was previously created using the fragmented DNA from E. coli HM358 by
Professor J. Marchesi at University College Cork (see (Prorok-Hamon et al., 2014). Fosmid clones were
grown from frozen stocks in liquid-phase culture using LB broth (5.0 g tryptone, 2.5 g yeast extract,

5.0 g sodium chloride, 0.5 L Elga purified water) at 37°C overnight.

Briefly, LB broth was added to deep-well 96 well plates (500 uL per well), with one clone grown in each
well. Plates were sealed using a slotted 96-well rubber seal to allow aerobic growth while eliminating
the risk of cross-contamination and incubated at 37°C overnight. Following incubation, 200 pL samples
were taken from 3 wells of each plate and diluted in 1800 puL PBS before measuring absorbance
(ODegoonm). Average absorbance was used to estimate bacterial numbers in liquid cultures. These
fosmid clones were used to screen for changes in cyclooxygenase-2 (PTGS2) gene expression in

response to infection.

4.4.4 Bacterial Fosmid DNA Extraction and Purification

Fosmid DNA was extracted and purified from clones of the fragmented E. coli HM358 fosmid library
showing >2-fold up-regulation of PTGS2. Extraction and purification of fosmid DNA was completed

using the Plasmid Midi kit (Qiagen; Manchester, UK) following manufacturer guidelines.

This purification protocol uses a modified alkaline lysis procedure followed by the binding of DNA to
resin under appropriate salt and pH conditions, with RNA, proteins and other impurities removed and
DNA eluted. Briefly, selected clones were grown in a starter culture of LB broth under vigorous shaking
conditions overnight at 37°C. The starter culture was then diluted 1/500 and left overnight under the
same conditions. Cells were then pelleted by centrifugation at 1,000 x g for 15 minutes and lysed using
Buffer P1 in combination with RNase A to remove and RNA contamination. Cell lysate was washed
before precipitation of genomic DNA, proteins and cell debris. The precipitate was centrifuged at

1,000 x g for 30 minutes and supernatant containing plasmid DNA removed. Supernatant containing
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plasmid DNA was bound to a pre-treated resin by gravity flow and washed with Buffer QC to remove
any contaminants. The DNA was then eluted using Buffer QF, precipitated using isopropanol and
centrifuged at 1,000 x g for 30 minutes. After removing the supernatant, the DNA pellet was washed
in 70% ethanol and centrifuged at 1,000 x g for 10 minutes. The pellet was then air-dried for 10
minutes and DNA dissolved in Tris-EDTA buffer at pH 8.0 (10 mM Tris and 1 mM EDTA in distilled

water; Sigma Aldrich).

4.5 Mammalian Cell Infections

In order to ensure consistent and accurate determinations of numbers of bacteria cells to use in
mammalian cell infections, optical density curves were generated in order to estimate multiplicity of
infection (MOI; Figure 4.5). Prior to cell infection, bacteria were removed from solid phase cultures,
washed 3 times and re-suspended using sterile phosphate-buffered saline (PBS, pH 7.4). Cultures were
then measured for absorbance (ODgoonm) to determine volumes of bacterial suspension to achieve the

required MOI for the assay.
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Figure 4.5. Optical density curves for mucosa-associated and non-pathogenic E. coli isolates.
Dilutions of mucosa-associated E. coli isolates HM358 (A) and HM605 (B) and non-pathogenic E. coli
K12 (C) were measured for absorbance (ODsoonm) and used to calculate colony forming units (N=1,
n=3).
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4.6 Quantitative PCR (qPCR)

4.6.1 RNA Extraction

SW-480, DLD-1 and AA/C1/SB cells were treated with E. coli isolates (MOI: 10) for up to 4 hours before
lysis using Buffer RLT (Qiagen). RNA was extracted and purified using the RNeasy Kit (Qiagen). Briefly,
lysed cell samples were homogenised using QlAshredder spin columns (Qiagen) and centrifuged for 2
minutes (13,000 x g) and transferred into spin columns. The homogenised samples were mixed with
70% ethanol and centrifuged for 15 seconds (13,000 x g). The sample then undergoes a series of
additions that are applied to the spin column to bind RNA to the membrane and wash away any
contaminants. High-quality RNA was then eluted in 50 pL RNase-free water and stored at -80°C. Before
use, the concentration of RNA in each sample was quantified by absorbance spectrophotometry at a
wavelength of 260nm using a Nanodrop Lite (Thermo Scientific; Loughborough, UK); RNA purity was
also assessed by the 260/280 nm absorbance ratio, where an absorbance of >1.8 was considered

adequate for use in qPCR.

4.6.2 Complementary DNA (cDNA) Synthesis

Random Hexamer cDNA synthesis was performed with 400 ng purified RNA from individual samples
using a Transcriptor First Strand Kit (Roche; Welwyn Garden City, UK) as per the manufacturer’s
instructions. Briefly, RNA was incubated with random hexamer primers for 10 minutes at 65°C in a
heat block before cooling on ice. Samples were then incubated with reverse transcriptase component
mixture at 25°C for 10 minutes then 50°C for 60 minutes; the reaction was then stopped by incubation

at 85°C for 5 minutes, with resulting cDNA stored at -20°C overnight.

4.6.3 RT?2 Wnt Signalling Target Gene PCR Array

cDNA (400 ng) was added to a 96-well Human Wnt Sighaling Targets RT? Profiler PCR Array plate

(SABiosciences; Manchester, UK) containing primers, specific to 84 Wnt target genes and 5 house-
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keeping genes, and SYBR Green Mastermix. Real-time PCR (RT-PCR) assay was run using the
LightCycler 480 (Roche) with the program outlined in Table 4.6.3, and absolute quantification
completed using LightCycler 480 software (version 1.5). Analysis was then completed using the RT?
Profiler PCR Array Data Analysis software (version 3.5, SABiosciences;

http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php).

Table 4.6.3. RT-PCR program for quantification using LightCycler 480.

Procedure Cycles Duration Temp. (°C) Analysis
Pre-incubation 1 10 minutes 95 None
15 seconds 95
Amplification 45 1 minute 60 Quantification
1 second 72
Melt Curve 1 95 None
Cooling 1 1 minute 30 None

4.6.4 Tagman qPCR

Real-time PCR (RT-PCR) was run with primers designed using the ProbeFinder system (Roche) and
matched to the correct probe in the Human Universal ProbeLibrary (Roche). The concentration of each
primer and probe was normalised (Table 4.6.4) for use in routine assays following optimisation. RT-
PCR was run in 96-well format using TagMan detection (LightCycler 480 Probes Master;
#04902343001, Roche) and absolute quantification completed using the LightCycler 480 (Roche).
Analysis was completed in Microsoft Excel (version Excel 2013), with target genes normalised to levels

of beta-Actin (ACTB) or glyceraldehyde 3-phosphate dehydrogenase (GAPDH) house-keeping genes.
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Table 4.6.4. Primer, probe and LightCycler 480 Probes Master assay conditions.

Assay
Reagent Stock .
conditions
Forward primer 100 uM 300nM
Reverse primer 100 uM 300 nM
UPL probe 10uM 200nM
LCA480 Probes Master 2x 1x

Gene Probe Oligonucleotide sequence (5'-3')
fp: CCAACCGCGAGAAGATGA
rp: CCAGAGGCGTACAGGGATAG

fp: CCCCGGTTTCTATAAATTGAGC
rp: CGAACAGGAGGAGCAGAGAG

fp: GGATCTGTGGATGCTTCGTT
rp: ACCCACAGTGCTTGACACAG

ACTEB #o4

GAPDH #75

PTGS2 #5

fp: TGTTAAATTCTTGGCTATTACGACA
rp: CCACCACTAGCCAGTATGATGA

CTNNBI #B

4.7 Protein determination using the Bradford Assay

Protein concentration of cell lysate was determined for use in immunoblots using the Bradford assay.
Bovine serum albumin (BSA; Sigma Aldrich) protein was diluted in distilled water to create a standard
curve from 0-2 mg/mL. BSA standards were then added in triplicate to a clear-bottomed 96-well plate
alongside samples of cell lysate of unknown protein concentration diluted 1:10 (e.g. 2 pL in 18 plL
distilled water), also in triplicate. After warming to room temperature, 250 uL Bradford reagent (Sigma
Aldrich) was added to each well and incubated at room temperature for 30 minutes on a shaker.
Following incubation, light absorbance at 595 nm was measured using the Tecan Sunrise plate reader
(Tecan Group, Switzerland). A standard curve was plotted in Microsoft Excel using mean absorbance

of known BSA standards. A linear trend line was added and line equation obtained, with the y-axis
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intercept set as the mean absorbance for wells containing water only (0 mg/mL BSA). The standard

curve line equation was then used to calculate unknown protein concentrations.

4.8 Immunoblotting

SW-480 and DLD-1 cells were treated with E. coli isolates (MOI:10) for up to 4 hours before lysis using
radio-immunoprecipitation assay (RIPA) buffer containing 50mM Tris-HCI, pH 7.4, 150mM NaCl, 1mM
EDTA, 1mM phenylmethylsulfonyl fluoride (PMSF), 1mM sodium fluoride, 1mM sodium
orthovanadate, 1 ug/mL protease inhibitor cocktail (#P8340); all were obtained from Sigma Aldrich.
Protein concentrations for lysate samples were determined by Bradford assay. Protein samples of
known concentration were then loaded onto SDS-polyacrylamide gels (Table 4.8) alongside the

Precision Plus Protein Kaleidoscope marker (#1610375, BioRad, UK).

Gels were run using a Mini-PROTEAN® Tetra Vertical Electrophoresis system (#1658005, BioRad) for
30 minutes at 50 V, then another 90 minutes at 100 V, with protein transferred using electroblotting
for 60 minutes at 100 V onto nitrocellulose membrane. Membranes were incubated in blocking buffer
(1% w/v BSA in PBS) before incubation with primary antibodies; monoclonal mouse anti-human B-
catenin E-5 (#sc-7963, Santa Cruz via Insight Bio; Wembley, UK), monoclonal mouse anti-human
cyclooxygenase-2 D-5 (#sc-514489, Santa Cruz) and monoclonal mouse anti-human pan-actin Ab-5
(#MS1295, Thermo) were used. Membranes were developed using SuperSignal West Dura solution

(#34075, Thermo) and measured for luminescent signal using a ChemiDoc system (BioRad).

Densitometry was performed using Imagelab software (version 4.1, BioRad) measuring band
intensities and normalising to the untreated control. Results were calculated as fold-change relative
to untreated controls (designated as 1.0 fold-change). Immunoblot band intensities for COX-2 and B-

catenin protein were then normalised to levels of pan-actin.
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Table 4.8. Ingredients for polyacrylamide running and stacking gels.

distilled water 7900 pl 6000
30% acrylamide:bis-acrylamide (29:1) 6700 pl 1330 pl
TRIS buffer (pH 8.8) 5000 pl -
TRIS buffer (pH 6.8) - 2500 pl
SDS (10%) 200 pl 100 pl
APS (10%) 200 pl 100 p
TEMED 10 pl 10 pl

4.9 Cellular immunofluorescence studies to examine B-catenin nuclear localisation

SW480 and DLD-1 cells were fixed to 13 mm glass coverslips in a 12-well plate tissue culture plate
(Corning, UK) at a cell density of 10,000 cells per well in 2 mL growth medium. After 48 hours, cells
were gently washed with sterile PBS (pH 7.4). Cells were then cultured overnight in serum-free

medium before being treated with E. coli isolates for 4 hours.

Following E. coli treatment, cells were washed with sterile PBS and incubated overnight in serum-free
DMEM containing 50 ug/mL gentamicin (Sigma Aldrich) to enable visualisation of the B-catenin
nuclear localisation effect of intracellular isolates, with prostaglandin E; (1 uM) treatment also left
overnight as a positive control for B-catenin nuclear localisation. Cells were fixed using 100% methanol
at -20°C for 15 minutes before washing using sterile PBS. Cells were then permeabilised using PBS
containing 5% w/v BSA and 1% v/v triton X-100 for 30 min, followed by three washes using sterile PBS.
Blocking was then completed using PBS containing 5% w/v BSA overnight at 4 °C. Cells were incubated
with primary mouse monoclonal IgG antibody for human B-catenin E-5 (#sc-7963, Santa Cruz) for 1
hour. Secondary fluorescein isothiocyanate (FITC) conjugated anti-mouse IgG antibody was then
applied to slides in the dark for 1 hour before coverslips were mounted using Vectashield (VectorLabs,
Peterborough) containing 4',6-diamidino-2-phenylindole (DAPI) to stain cell nuclei. After mounting,

images were captured using AQM Advance software (version 6.0, Kinetic Imaging, UK) using a
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fluorescence microscope (DAPI, excitation 405nm, emission 460nm; FITC, excitation 450nm, emission

535nm) and quantified using Image) 1.48v (NIH, USA; https://imagej.nih.gov/ij/download.html).

4.9.1 Using Imagel to examine B-catenin nuclear localization

A user protocol was developed to be able to use Imagel to quantify nuclear and cytoplasmic FITC
staining indicating B-catenin localisation within each cell (for full user protocol, see Appendix 1).
Briefly, each image containing DAPI and FITC overlay capture was opened in Imagel, with colour
channels split into red, green and blue channels. The channel images are transformed into greyscale,
with the blue (DAPI) and green (FITC) channels retained and red channel discarded. Background
fluorescence was then removed for both image channels. A pixel radius was set for each image as 50.0

pixels.

4.9.2 Defining nuclear and cytoplasmic regions of interest within Image)

In order to define nuclear regions of interest (ROIs), an untreated control image was used. Following
channel splitting and removal of background fluorescence, the DAPI image was duplicated and used
to define the ‘max/min’ greyscale thresholds. Image masks were then created to define nuclear ROIs,
with dark pixel outliers removed (pixel radius of 2.0, and threshold of 10.0 used to remove dark pixel
outliers). Following outlier removal, the mask particles were analysed; for dark stained nuclei, a
maximum pixel size (250.0) minus ‘infinity’ (250-Infinity) was used, with any measure of circularity
(0.00-1.00) included. This nuclear ROl was then added to the ROl manager, with the image mask shown
to contain numbered nuclear ROIs. To define cytoplasmic ROIs, the green FITC image channel was
duplicated and masked in the same way in order to define ‘max/min’ greyscale thresholds, this time
using an inverted image showing FITC-staining as white pixels. The duplicated greyscale image was
then matched to the FITC-staining of the unaltered image. Once matched, this threshold was then set
for every subsequent image, including images of cell treated with E. coli. Nuclear staining was then

removed using the thresholds set for nuclear ROls, creating a new masked pixel image showing only
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greyscale cytoplasmic staining. Image masks for nuclear and cytoplasmic staining were then saved and

used to quantify ROls.

4.9.3 Quantification of nuclear and cytoplasmic ROIs

The ROIs were quantified using the within the analysis section of Imagel. This produces a ‘Mean gray
value’, plus other measurements such as standard deviation, with labels for cytoplasmic and nuclear
ROIs also displayed alongside the result. The results are then automatically exported as a table, which
was used to quantify cytoplasmic and nuclear B-catenin staining. Cytoplasmic and nuclear ROl results
were used to calculate a mean cytoplasmic and nuclear stain for all cells within each image, which was
then used to give a ratio for ‘nuclear:cytoplasmic’ staining by dividing your mean nuclear stain by the
mean cytoplasmic stain. These ratios were then used to compare B-catenin nuclear localisation in
untreated control and cells treated with E. coli isolates (normalised to untreated controls). The ratios

for nuclear:cytoplasmic staining for SW480 and DLD-1 cells were then plotted using Microsoft Excel.

4.10 Hela cell TCF/LEF luciferase reporter assay

The established and commercially-available TCF/LEF luciferase reporter Hela cell line stably
transfected with a pTA-TCF/LEF-luciferase reporter vector contains 6 repeats of the TCF/LEF binding
sites upstream of the firefly luciferase coding region (#5L-0022-NP-SIG; Signosis via Stratech Scientific,
UK). These cells were used as a reporter system, monitoring the activation of B-catenin activity

triggered by mucosa-associated E. coli infection.

Briefly, cells were seeded at a cell density of 10,000 cells/well in a clear bottom 96-well plate and
incubated in serum-free DMEM overnight. Cells were then treated with E. coli isolates (MOI:10) for 4
hours. Following treatment, cells were incubated overnight in serum-free DMEM containing 50 pug/mL
gentamicin (Sigma Aldrich) to allow any B-catenin nuclear localisation and subsequent transcription
caused by intracellular bacteria before lysis using Passive Lysis Buffer (#E-1941, Promega;

Southampton, UK); light microscopy was used to confirm complete cell lysis before transferring the
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cell lysate to a white-walled 96-well plate (#3917, Corning). The lysate was then incubated with
luciferase substrate (LUC100; Signosis, US), and the plate read immediately for luminescence at 550
nm using a luminometer (Tecan Infinite 200 Pro; Tecan UK Ltd, Reading, UK). Analysis was completed
to give fold change data, with 10 mM lithium chloride (LiCl) used as a positive control (as
recommended by the manufacturers), and 100 mM LiCl to induce cell death as a negative background

luminescence control.

4.11 Prostaglandin E; enzyme-linked immuno-sorbent assay (ELISA)

The Prostaglandin E; (PGE;) Express ELISA (#500141, Cayman Chemicals via Cambridge Bioscience;
Cambridge, UK) was used to measure levels of PGE; in cell supernatant from human THP-1 monocyte-
derived macrophage cells treated with E. coli isolates. This assay is based on competition between
PGE; and a PGE;-acetylcholinesterase conjugate (PGE; tracer) for a PGE; monoclonal antibody; any
PGE;-antibody complex formation is bound to a goat anti-mouse IgG attached to the well of the assay
plate. Following washing, 200 uL Ellman’s reagent, containing the substrate for acetylcholinesterase,
is added to each well, with the product of the enzymatic reaction having a yellow colour that absorbs

strongly at 412 nm.

Briefly, THP-1 monocytes at a cell density of 1x10° cells in a 25 ¢cm? flask were differentiated into
macrophages by treatment with 20 ng/mL phorbol myristate acetate (PMA) overnight before E. coli
treatment for 4 hours. Following treatment, cell supernatant and bacteria in suspension were
removed and cells were incubated in serum-free RPMI-1640 containing 50 ug/mL gentamicin
overnight. Cell supernatant was then removed for use in assay. Briefly, samples of cell supernatant
were incubated with PGE; antibody and a tracer dye (supplied by manufacturer) in a plate coated with
goat anti-mouse IgG (all included in the assay kit) for 1 hour. Wells were then washed before signal
development using Ellman’s reagent for 90 minutes. The plate was then read for absorbance at 405-
420 nm using a Tecan Sunrise (Tecan). Absorbance measurements were compared to those obtained

using PGE; standards (0 pg/mL — 2000 pg/mL; included in the assay kit).
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4.12 In vivo modelling of mucosa-associated E. coli infection
4.12.1 Animal ethics

Animal models of intestinal inflammation and CRC are indispensable for our understanding of the
pathogenesis of IBD and CRC in humans. Procedures were performed with ethical approval under

appropriate UK Home Office and overseas institutional licences.

Wild-type C57BL/6 mice were maintained under specific pathogen-free conditions in the new
Biomedical Services Unit (University of Liverpool), with wild-type controls sourced from either Charles
River (Margate, UK) or the Walter and Eliza Hall Institute (WEHI). Dextran sodium sulphate (DSS)
colitis-induction studies were performed under Home Office project licence 70/8457 held by Professor
Mark Pritchard (Cellular & Molecular Physiology, University of Liverpool). Animals received 2% w/v
DSS (MP Biomedicals, UK) in drinking water for 5 days followed by up to 16 days recovery, with body
weight and severity of colitis assessed by Dr Carrie Duckworth (Cellular & Molecular Physiology,
University of Liverpool) and scored using well established protocols (Wirtz et al., 2007, Burkitt et al.,

2015, Williams et al., 2016).

Apc mutant AhCre mouse studies, recommended for modelling CRC, were performed by Dr John
Jenkins and Dr Cleberson Quieroz (Gastroenterology Research Unit, University of Liverpool). The Apc
mutations induced in this model were the removal of the Apc gene using a loxP-flanked Apc allele
(Apc™®/f°X)  causing accumulation and subsequent nuclear localisation of B-catenin (Sansom et al.,
2004), as well as mice harbouring one wild-type Apc allele and one Apc allele mutated at codon 850

(Apcmin/+) .

4.12.2 Germ-free 11107- 129/SvEv mouse mono-association model

Mouse colonic tissue was kindly donated by Dr Janelle Arthur (University of North Carolina-Chapel Hill,
USA). Experimental work utilising this tissue was completed with the aim of gaining insights into how

in vitro changes could translate in vivo. Germ-free 1/107" 129SvEv strain mice (n=17) were mono-
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associated with E. coli HM44 for 6 weeks at the gnotobiotic facility at University of North Carolina
(Table 4.12.2) with local ethical approval. Mice were colonized using cotton swabs soaked in an
overnight culture of HM44 grown in Luria Broth from a glycerol stock. Stool pellets were collected at
the conclusion of the experiment and plated on eosin-methylene blue agar plates (a selective stain for
Gram-negative bacteria) to demonstrate E. coli colonisation (see Figure 4.12.2; courtesy of Dr Janelle
Arthur). Colonic tissue was obtained from HM44 mono-associated mice (n=15 of 17) and germ-free
controls (n=5). Tissue was formalin-fixed and paraffin-embedded before microtome-sectioning and
processing. Dr Janelle Arthur (UNC-Chapel Hill, USA), had noted higher levels of inflammation and

vascularisation of the colonic tissue of HM44 mono-associated mice (data not shown).

Table 4.12.2. Details of Germ-free /107~ 129/SvEv mice colonised with E. coli HM44.

Isolator Strain Cage Date of Birth Sex Mouse # Comments
New Hampshire 1110-/- 1285vEv background 1 23{07{2011 F 1
New Hampshire 1110-/- 1285vEv background 1 28/07/2011 F 2 Large abscess throughout liver and in peritoneum with adhesions all within peritoneum
New Hampshire 1110-/- 1285vEv background 3 23{07{2011 F 3
New Hampshire 1110-/- 1285vEw background 3 23{07{2011 F 4
New Hampshire 1110-/- 1285vEv background 4 08/12/2011 F 5
New Hampshire 1110-/- 1285vEv background 4 031' 123_'2011 F [
New Hampshire 1110-/- 1285vEv background 5 031' 123_'2011 M
New Hampshire 1110-/- 1285vEv background 5 08/12/2011 M B
New Hampshire 1110-/- 1285vEv background 5 031' l?__g_' 2011 M |died 16-Mar-12
New Hampshire 1110-/- 1285vEw background & 101' 1;22011 F 9
New Hampshire 1110-/- 1295vEY background 7 11}1I 1;1'2011 [\ 10
New Hampshire 1110-/- 1285vEv background 7 101' ly_‘ 2011 M 11 \Abscesses found under_peritoneum near scrotum
New Hampshire 1110-/- 1285vEv background 7 101' 1;3_'2011 M 12
New Hampshire 1110-/- 1285vEv background 7 101' ly_‘ 2011 M |died 16-Mar-12
New Hampshire 1110-/- 129SvEv background B 13/11/2011 F 13
New Hampshire 1110-/- 1285vEv background k] 13/11/2011 14 |Mbscesses inscrotum and bladder
New Hampshire 1110-/- 1295vEv background 10 13/11/2011 I 15
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Figure 4.12.2. E. coli colonisation of HM44 mono-associated mice. Stool pellets collected at the

conclusion of the experiment were plated on eosin-methylene blue agar plates to demonstrate

E. coli colonisation. Image courtesy of Dr Janelle Arthur.

4.12.3 Haematoxylin and Eosin (H&E) Staining

Microtome-sectioned tissue was mounted on glass slides and placed in a slide rack. Tissue was de-
waxed in xylene for 10 minutes before rehydration (2 minutes in 100% ethanol, 2 minutes in 90%
ethanol, 2 minutes in 70% ethanol and 2 minutes in water). Slides were then placed in Gill no.1
haematoxylin (Sigma-Aldrich) for 3 minutes before running under tap water for 10 minutes. Slides
were then placed in eosin (Sigma-Aldrich) for 3 minutes, then put immediately in water for 2 minutes
before dehydration (20 dips in 70%, 90% and 100% ethanol). Slides were then transferred into xylene

for 10 minutes and mounted onto glass coverslips (22x50mm) using DPX Mountant (Sigma Aldrich).
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4.12.4 Immunohistochemistry

Microtome-sectioned tissue was processed for incubation with primary antibodies.
Immunohistochemistry for cyclooxygenase-2 (COX-2) and B-catenin was performed using a 1:400
dilution of the COX-2 antibody (#ab15191, Abcam; Cambridge, UK) and 1:50 dilution of the B-catenin
antibody (#610154, BD Biosciences); these dilutions were decided following antibody titration tests
using available tissue. Heat-induced antigen retrieval was performed in citric acid buffer (pH 6.4).
Images were captured using SPOT Image Capture Software (SPOT Imaging Solutions) on a light
microscope (Leica, Germany); 5 images per slide were taken to ensure adequate coverage of the tissue
section. Total epithelial and nuclear staining was evaluated using the IHC Profiler and ImmunoRatio
plugins for Imagel) 1.48v. Scoring for total epithelial staining was done using the modified HSCORE

method.

4.13 Statistics

N indicates number of independent experiments, whilst n indicates assay treatment replicates within
an experiment. Tests for normality and equality of variances of control and treatment groups were
performed using Shapiro-Wilk test and Levene’s test respectively. Where appropriate, statistical
analysis for independent two-sample studies was performed using Students’ unpaired T test or non-
parametric Mann—-Whitney U test. For multiple treatment analyses, one way analysis of variance
(ANOVA) or non-parametric Kruskal-Wallis ANOVA was performed as appropriate followed by pair-
wise comparison of treatment means. All statistical analyses were completed using StatsDirect v2.6.2
software (Sale, UK). Differences were considered significant when P<0.05. Data is expressed as mean

+ SEM except for in vivo scoring data, where median and interquartile ranges are stated.
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Chapter 5:

Characterising in vitro changes in Wnt signalling
following infection with mucosa-associated E. coli
isolates from inflammatory bowel disease and

colorectal cancer patients
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5.1 Introduction

A growing body of evidence suggests that a change in the composition of gut bacterial communities
in cases of chronic inflammation has a role in inflammatory bowel disease (IBD) and colorectal cancer
(CRC) pathogenesis. Among the many changes in bacterial composition associated with colonic
disease, an increased abundance of Gram-negative bacteria Enterobacteriaceae has been shown, with
high numbers of E. coli found in colonic tissue biopsies taken from patients with IBD and CRC (Martin
et al., 2004, Swidsinski et al., 1998, Viljoen et al., 2015). Mucosa-associated E. coli isolated from IBD
and CRC patient biopsy tissue have been found to possess a number of virulence factors that increase
their adherence and invasion to, and that enhance their genotoxic and angiogenic potential within,

the colonic epithelium (Prorok-Hamon et al., 2014).

Similar mucosa associated E. coli strains have demonstrated an ability to survive and replicate within
macrophages (Raisch et al., 2014). Macrophages are believed to be the predominant tumour-
infiltrating cells that integrate signals present in the tumour microenvironment, leading to the
secretion of molecules that support cancer progression. Elevated levels of cyclooxygenase-2 (COX-2)
and prostaglandin E2 (PGE2) can orchestrate the pro-cancer role of these macrophages, with COX-2
found elevated in the majority of adenomas and adenocarcinomas. Therefore, survival of these E. coli
within epithelial and macrophage cells has been suggested as a driving factor in the development and

progression of CRC.

Several bacteria have strong association with cancer in the gut, with the key example being
Helicobacter pylori infection and increased risk of gastric cancer development (Polk and Peek, 2010).
A number of mechanisms have been suggested to support gastric adenocarcinoma development (Kim
et al., 2011), one of which is an increase in Wnt signalling via f-catenin accumulation in the epithelial
cell nucleus as shown in animal models of gastric cancer (Polk and Peek, 2010). Similarly, other
bacteria and bacterial products have been suggested to have an ability to activate the Wnt signalling

pathway. In studies where human colonic cells were treated with Salmonella typhimurium (Liu et al.,
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2010) or the Bacteroides fragilis enterotoxin (Compare and Nardone, 2011), increased Wnt signalling

was shown as defined by high levels of B-catenin nuclear localisation.

One suggested mechanism for the increase in Wnt signalling is increased levels of COX-2 enzyme
leading to an increase in nuclear localisation of B-catenin (Castellone et al., 2005). In this scenario,
bacteria with an ability to invade and survive within the gut mucosa cause increased, sustained release
of inflammatory cytokines. This cytokine-induced release of cyclooxygenase 2 (COX-2) has been
suggested to be an important factor, where high levels of COX-2 causes an increase in prostaglandin
E, (PGEy) that binds to the prostaglandin E; (EP>) receptors (Williams et al., 1999b). Once activated,
the EP; receptor causes the release of B-catenin from critical interacting partners axin and
adenomatous polyposis coli (APC). With increased, sustained levels of COX-2, B-catenin accumulates
in the cytoplasm, and translocates to the nucleus to induce downstream responses such as cell

proliferation, invasion and migration.

With a number of bacteria already shown to increase Wnt signalling, it was understandable to predict
that mucosa-associated E. coli, originally isolated in increased numbers from the mucosa of IBD and
CRC patients, may have a similar effect. In this chapter, the role of these bacteria on Wnt signalling in
vitro was investigated, with a particular focus on characterising the steps involved and the potential

impact on the pathogenesis of colorectal cancer.
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5.2 Hypothesis

Mucosa-associated E. coli play a role in increasing Wnt/B-catenin signalling and this is a key

mechanism contributing to the development and progression of colorectal cancer.

5.3 Aims

1. To characterise the effects of mucosa-associated E. coli isolates from CRC and IBD patients on
the activation of the Wnt signalling pathway in vitro using human CRC cell lines.
2. To evaluate the inflammatory response of human macrophage cells following treatment with

mucosa-associated E. coli isolates from IBD and CRC patients.
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5.4 Methods

An initial screen investigating Wnt-related gene expression using a Human Wnt Signalling Targets RT?
Profiler PCR array containing 84 Whnt-relevant genes was completed using human CRC cell lines,
SW480 and DLD-1, treated for 4 hours (MOI:10) with E. coli isolates HM44 and HM358 previously
isolated from colonic mucosal biopsies from CRC patients, as well as with a non-pathogenic reference
E. coli strain K12 (see Chapter 4.4.1) used as a negative control (see Chapter 4.6.3). Changes in Wnt-
related gene expression found to be common to both cell lines and CRC E. coli isolates were then
followed up for further evaluation using additional qPCR. Translation of these changes were
investigated at protein level by immunoblotting (see Chapter 4.8) and by immunofluorescence

detection of B-catenin nuclear localisation (see Chapter 4.9).

The downstream effect of an increase in E. coli-induced B—catenin protein changes was assessed using
Hela cells stably transfected with firefly luciferase reporter vector under the control of TCF/LEF
transcription factor activity. Briefly, cells were treated with E. coli isolates from IBD and CRC patients
for 4 hours (MOI:10) before overnight incubation in gentamicin-containing media. Cells were then
lysed before addition of a luciferase substrate and luminescent signal measured using a luminometer

(550 nm; for full details see Chapter 4.10).

Given that similar CRC mucosa-associated E. coli have been shown to survive and replicate within
macrophages, increase COX-2 gene (PTGS2) expression and cause subsequent PGE; release using THP-
1 monocyte-differentiated macrophage cells (Raisch et al., 2015), we examined for the ability of our

own IBD and CRC E. coli isolates to effect PGE; release from the same cell-line (see Chapter 4.11).
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5.5 Results

5.5.1 Wnt-related gene expression is altered following CRC E. coli infection

To begin the study, we sought to identify early Wnt-related targets that could be impacted by
intestinal cell infection by mucosa-associated E. coli from CRC patients. The Human Wnt Signalling
Targets RT? Profiler PCR Array plate (SABiosciences) covering 84 Wnt signalling and target genes was
used to gain an insight into the effect of CRC mucosa-associated E. coli infection on Wnt target gene
expression. Significant changes in gene expression were observed following infection of SW-480 and
DLD-1 colorectal cancer cells with CRC mucosa-associated E. coli isolates, HM44 and HM358,

compared to uninfected controls (Figure 5.5.1.1).

A total of 12 genes were up-regulated more than 2-fold and 9 genes down-regulated more than 2-fold
following infection of SW480 and DLD-1 cells with both CRC E. coli isolates (Figure 5.5.1.2; N=3 arrays
per treatment). These altered genes play roles in proliferation, invasion, angiogenesis and migration.
Only 3 genes were found to be commonly upregulated in response to both E. coli strains in both cell
lines — the inflammatory and cell cycle regulating prostaglandin synthase-2 (PTGS2) gene encoding
COX2; the FOSL1 gene encoding Fos-like antigen 1 involved in cell proliferation and linked to bacterial
infection; and VEGF-A encoding vascular endothelial growth factor-A involved in migration and
angiogenesis (see Table 5.5.1). Other notable upregulated genes include those encoding transcription
factor c-Myc, MYC, and connective tissue growth factor Wnt-inducible-signalling pathway protein 1,
WISP1. Significant down-regulation of inhibitory Wnt genes such as WISP2 was also shown, but with

no common changes in WISP2 expression observed between cell lines.
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Figure 5.5.1.1. Wnt signalling target gene array profiling: changes in Wnt target gene expression
following infection with mucosa-associated E. coli. Scatterplots show log1l0 expression of Wnt
signalling target genes normalised to house-keeping gene GAPDH for SW480 (A and B) and DLD-1 (C
and D) cells infected with E. coli HM44 and HM358 for 4 hours (MOI:10) before lysis (N=3 arrays per
treatment). A total of 12 genes were up-regulated (red) and 9 genes down-regulated (green) more than
2-fold.
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Figure 5.5.1.2. Wnt signalling target gene array profiling: changes in Wnt target gene
expression following infection with mucosa-associated E. coli. Graphs show Wnt target gene up-
and down-regulation following 4h infection with E. coli HM44 (grey) and HM358 (black) in comparison
to untreated controls, normalised to GAPDH; (A) SW480 genes upregulated, (B) SW480 genes
downregulated, (C) DLD1 genes upregulated, (D) DLD1 genes downregulated (N=3 arrays per
treatment; Unpaired T-test: *P<0.05, **P<0.01, ***P<0.001). Genes included in graphs showed >2 fold
change in one or both of the two cell lines tested. The unpaired T-test was completed using RT2
Profiler PCR Array Data analysis software version 3.5 (available from

http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php).
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Fold regulation (SW480 cells)

Gene HM44 P HM358 P K12 P
FOSL1 6.08 <0.001 7.87 0.033 0.82 n/s
JAGT 6.81 0.010 6.77 0.047 0.75 n/s
MMP7 3.32 n/s 3.44 n/s 1.71 n/s
MMPS 4.17 n/s 3.11 0.019 0.60 n/s
MYC 2.88 0.003 4.30 0.013 0.71 n/s
PLAUR 2.96 0.001 3.68 0.043 1.09 n/s
PTGS2 4.53 n/s 10.67 n/s 0.49 n/s
VEGFA 6.61 0.033 7.02 0.033 0.86 n/s
WISP1 15.61 0.050 16.43 <0.001 3.19 n/s
WINTIA 4.50 <0.001 4.55 n's 0.94 n/s
FGF20 -3.21 n/s -3.61 0.037 2.37 0.045
FGF9 -2.18 0.020 -1.98 n's 0.65 n/s
ID2 -2.68 n/s -2.74 0.015 1.83 n/s
SOox2 -5.09 0.020 -3.01 n's 1.89 n/s
WISP2 -8.82 0.009 -1.59 n/s 0.76 n/s
B.

Fold regulation (DLD1 cells)

Gene HM44 P HM358 P
CTGF 2.00 0.012 2.00 n/s
EGR1 6.71 <0.001 8.94 0.001
FOSL1 2.61 0.044 2.79 0.014
PTGS2 8.58 0.017 10.89 0.024
VEGFA 2.23 0.049 2.53 n/s
FGF7 -2.28 n/s -4.36 0.031
INRCAM -2.17 n/s -2.29 n/s
TCF7L1 -3.75 0.030 -4.14 0.028
TGFB3 -2.10 0.027 -2.00 n/s

Table 5.5.1. Wnt signalling target gene array profiling: changes in Wnt target gene expression

following infection with mucosa-associated E. coli. Table shows data for up-regulated (red) and

down-regulated (green) expression of Wnt signalling target genes following 4h infection of (A) SW480
and (B) DLD1 cells with E. coli HM44, HM358 and K12 (SW480 only) in comparison to untreated

controls and normalised to expression of house-keeping gene GAPDH (N=3 arrays per treatment).

Unpaired T-test completed using RT2 Profiler PCR Array Data analysis software version 3.5

(http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php).
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The Human Wnt Signalling Targets RT2 Profiler PCR array was also conducted for SW480 cells infected
with non-pathogenic E. coli K12, originally isolated from the stool of a convalescent diphtheria patient.
Results showed only one gene to be significantly up-regulated; this was the FGF20 gene which encodes

fibroblast growth factor 20 (P=0.045), which was shown to be down-regulated following infection with

the two CRC-associated E. coli strains (see Table 5.5.1A).
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Figure 5.5.1.3. Wnt signalling target gene array profiling: changes in Wnt target gene
expression following infection with mucosa-associated CRC E. coli isolates HM44 and HM358
and non-pathogenic E. coli K12. Graphs show Wnt target gene up-regulation (A) and down-
regulation (B) following 4h infection with HM44 (grey) and HM358 (black), with HM44 and HM358
comparison to E. coli K12 controls, normalised to GAPDH. Genes included in graphs showed >2 fold
change following treatment with E. coli HM44 and/or HM358 in one or both of the two cell lines tested
(N=3 arrays; Unpaired T-test; *P<0.05 **P<0.01 ***P<0.001).
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As the same Wnt gene effects were not shown following E. coli K12 infection, gene responses following
infection with CRC-associated E. coli strains was then compared to those seen following infection with
E. coli K12 (Figure 5.5.1.3). Significant differences in responses to infection suggested that induction
of Wnt signalling was likely specific to infection with the CRC mucosa-associated E. coli strains. This
observation was therefore followed up in later experiments where changes in protein levels were

evaluated.

5.5.2 Time-dependent PTGS2 and CTNNB1 gene up-regulation assessed by Tagman gPCR

The COX-2 encoding gene, PTGS2, was commonly up-regulated in both SW480 and DLD-1 cell lines
following infection with both CRC mucosa-associated strains HM44 and HM358. COX-2 up-regulation
has been previously linked to increases in Wnt signalling (Castellone et al., 2005). These changes were
subsequently confirmed by gqPCR for PTGS2 along with increased expression of the gene encoding B-

catenin, CTNNB1, as a surrogate for Wnt pathway activation (Figure 5.5.2; N=3, n=3).

Using an infection time-course, we were able to see significant increase in PTGS2 and CTNNB1
expression following 2 hour (2h) and 4 hour (4h) infections of SW480 and DLD-1 cells with CRC mucosa-
associated E. coli HM44 and HM358 (MOI: 10) compared to untreated controls from the same time-
point. SW480 cells infected with E. coli HM44 and HM358 for 2h resulted in significant 2.7 + 0.6 fold
(P<0.05, Unpaired T-test) and 4.4 + 0.8 fold (P<0.01) PTGS2 upregulation respectively, whilst infection
over 4h produced 8.1 + 0.8 fold (P<0.001) and 9.2 + 1.0 fold (P<0.001) levels of upregulation. Probing
for CTNNB1 expression showed a similar pattern; infection for 2h resulted in 0.9 £ 0.1 fold and 1.7
0.3 fold changes, whilst infections over 4h showed significant 1.5 + 0.2 fold (P<0.05) and 1.7 + 0.2 fold

(P<0.01) levels of CTNNB1 up-regulation.

Similar results for both PTGS2 and CTNNB1 expression were also seen in DLD1 cells infected with E.
coli HM44 and HM358. DLD-1 cells infected for 2h resulted in 4.8 + 2.0 fold (P<0.05) and 4.3 + 2.1 fold
up-regulation of PTGS2 respectively, whilst infection with the same strains over 4h resulted in

6.7 £ 0.6 fold (P<0.001) and 11.4 + 1.5 fold (P<0.001) upregulation of PTGS2. CTNNB1 expression
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following 2h infection was not seen to be significant increased (0.8 + 0.3 fold changes using both

strains), but was significantly enhanced following infection for 4h with 3.1 + 1.0 fold (P<0.05) and

4.0 + 1.5 fold (P<0.05) upregulation respectively.
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Figure 5.5.2. Time-dependent upregulation of human PTGS2 and CTNNB1 genes following

mucosa-associated E. coli treatment as assessed by Tagman qPCR. Graphs show fold-change
data for PTGS2 (COX-2) and CTNNBL1 (3-catenin) gene expression following E. coli HM44 and HM358
infections for 2h and 4h in SW480 (A and B) and DLD1 (C and D) cells. Ct values were originally
compared to those of untreated control samples before being normalised to GAPDH expression (N=3,
n=3; Unpaired T-test; *P<0.05, **P<0.01, ***P<0.001).

87



5.5.3 Time-dependent increase in COX-2 and B-catenin protein expression in response to

CRC mucosa-associated E. coli infection

Immunoblots were used to confirm that the increased gene expression of PTGS2 and CTNNBI1
following CRC mucosa-associated E. coli infection translated into changes in protein levels of COX-2
and B-catenin respectively (Figure 5.5.3.1). Results show that CRC mucosa-associated E. coli infection

increases expression of B-catenin in a time-dependent manner, and that this correlated with increased

COX-2 protein expression in both SW480 and DLD-1 CRC cell lines.
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Figure 5.5.3.1. COX2 and B-catenin immunoblots using CRC cells left untreated and following
infection with E. coli HM44 and HM358. Immunoblots show (3-actin control (43 kDa), COX-2 (69 kDa)
and B-catenin (92 kDa) protein in (A) SW480 and (B) DLD1 cells untreated and following E. coli infection

(HM44 and HM358). The infection time-course was carried out over a period of 4 hours (N=2, n=2).
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SW480 cells infected with E. coli HM44 and HM358 for 4h gave significant 5.7 + 0.7 fold and 2.8 £ 0.0

fold respective increases in COX-2 protein levels compared to non-infected controls (both P<0.01)

(Figure 5.5.3.2A). The HM44 and HM358 infections also resulted in significant 2.6 + 0.1 fold (P<0.001)

and 1.8 + 0.2 fold (P<0.05) increases in B-catenin protein levels respectively (Figure 5.5.3.2B). Similar

results were observed using DLD-1 cells, where the 4h infection with both E. coli strains again resulted

in the highest fold-changes in both COX-2 and B-catenin protein expression.
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Figure 5.5.3.2. Increased COX2 and B-catenin protein levels in CRC cells following infection
with E. coli HM44 and HM358. Immunoblots using lysates from SW480 and DLD1 cells left
untreated and infected with E. coli HM44 and HM358 were analysed by densitometry. Protein levels
for COX-2 and 3-catenin in SW480 cells (A and B) and DLD1 cells (C and D) were shown to increase

in a time-dependent manner following infection. COX-2 and -catenin densitometry was normalised

to changes in B-actin. Fold change was compared to untreated samples at Oh (N=2, n=2) (Unpaired
T-test; *P<0.05, **P<0.01, ***P<0.001).
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Following the findings that total COX-2 and B-catenin protein levels were significantly increased
following CRC-associated E. coli HM44 and HM358 infection of colonocytes, the effects of other
mucosa-associated E. coli strains were investigated. Another CRC mucosa-associated isolate, HM545,
an isolate from a CD patient HM605, and the non-pathogenic E. coli K12 strain were used to infect
SW480 and DLD1 cells in comparison to infection with CRC mucosa-associated isolates HM44 and

HM358 (Figure 5.5.3.3) (N=2 experiments, n=2 replicates).
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Figure 5.5.3.3. Changes in B-catenin protein levels in CRC cells following infection with CD and
CRC mucosa-associated and non-pathogenic E. coli isolates. Immunoblots using lysates from
SW480 and DLD1 cells and infected with E. coli HM44, HM358, HM545, HM605 and K12 for 4h were
analysed by densitometry. Densitometry for B-catenin was normalised to B-actin levels. Fold change

was statistically compared to E. coli K12 infected samples (N=2, n=2; Unpaired T-test, *P<0.05).

Densitometry results indicated that non-pathogenic E. coli K12 effected the smallest fold increase in
B-catenin in both cell-lines tested (1.15 * 0.05 fold and 1.14 + 0.04 fold in SW480 and DLD-1 cells
respectively). Results for E. coli HM44 and HM358 were similar to those seen previously (see Figure
5.5.3.2), with SW480 cells showing a slightly lower fold change in these experiments. CRC mucosa-

associated E. coli HM545 showed 1.15 * 0.06 fold (P=0.0670) and 1.15 £ 0.03 fold (0.0474) changes in
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SW480 and DLD-1 cells, respectively, with CD-associated E. coli HM605 effecting 1.31 + 0.08 fold
(P=0.1296) and 1.19 * 0.03 fold (P=0.0955) changes. These results would suggest that increases in
COX-2 and B-catenin gene expression following CRC-associated E. coli infection translate into protein
expression. However, the smaller increases in B-catenin protein expression obtained following
infection with E. coli HM545 and CD-associated E. coli HM605 hinted towards a lesser impact on Wnt
signalling with some isolates. This suggested that the trait may be shared by other inflamed mucosa-
associated E. coli, rather than just those strains isolated from CRC patients, but that the extent of the
impact on Wnt signalling may show variation. This was followed up by including more CD and UC

isolates in later downstream Wnt signalling experiments (see Section 5.5.5).

5.5.4 Mucosa-associated E. coli isolates increase nuclear localisation of B-catenin in CRC

cell-lines

Development of a Quantitative Immunofluorescent Cell Imaging Assay

Following the increases observed in both CTNNB1 gene and B-catenin protein expression in response
to CRC mucosa-associated E. coli infection, it was important to assess the extent of nuclear localisation
of B-catenin following infection with these E. coli. To do this, SW480 and DLD-1 cells were treated with
E. coli isolates from CRC patients (HM44, HM358 and HM545), as well as the colonic mucosa-
associated E. coli isolate from a Crohn's disease patient HM605. Cells infected for 4h were fixed to
glass coverslips and assessed for nuclear localisation of B-catenin. DAPI stain was utilised to identify
the cell nucleus. Separate high-power field images (5 images per slide) split into FITC (B-catenin) and
DAPI (nucleus) channels were then taken and used to produce a DAPI/FITC composite or overlay
image. This allowed analysis of each image for both nuclear and cytoplasmic localisation. An
automated system of image analysis was developed using the public domain image analysis software
Image J (v1.45s, National Institutes of Health, Bethesda, Maryland, USA) as previously published

(Noursadeghi et al., 2008) in order to remove bias and subjectivity, and negate the impact of using
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staining intensity as the sole measure to be quantified. High-quality staining was achieved in both

SW480 and DLD-1 cells, which can be seen in Figures 5.5.4.1 and 5.5.4.2 respectively.

An automated scoring technique was developed and initially employed for DAPI/FITC composite
images of both untreated SW-480 and DLD-1 cells. The same thresholds were then applied to cells
treated with E. coli isolates. The full optimised protocol for scoring can be found in Chapter 4.9 and
Appendix 1. Briefly, each composite image was split into channels showing green (FITC) and blue
(DAPI). Background fluorescence was the removed using a radius of 50.0 pixels. Regions of interest
(ROI’s) were then defined for nuclear and cytoplasmic cell regions to measure the extent of B-catenin
immunofluorescence in these regions. A ratio of nuclear:cytoplasmic signal was then calculated for

each treatment condition and compared to E. coli K12 infected controls.

Increased B-catenin nuclear localisation in response to mucosa-associated E. coli infection

Localisation of B-catenin was assessed by scoring both nuclear and cytoplasmic FITC-staining, allowing
a ratio of nuclear:cytoplasmic B-catenin to be calculated for both SW480 and DLD-1 cells (Figures
5.5.4.1 and 5.5.4.2). Importantly, significantly increased nuclear localisation was shown to occur

following infection with either CRC or CD mucosa-associated E. coli (N=3, n=2).
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Figure 5.5.4.1. Localisation of B-catenin in SW480 CRC cells following mucosa-associated E. coli
infection shown by immunofluorescence. DAPI nuclear staining and FITC-labelling of 3-catenin in
SW480 cells was shown following infection with mucosa-associated E. coli strains associated with CRC
(HM44 and HM358) and CD (HM605) and non-pathogenic E. coli K12 (N=3, n=2; 5 images per slide).

PGE2 (1uM) known to cause B-catenin nuclear localisation was used as a positive control.
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Figure 5.5.4.2. Localisation of B-catenin in DLD1 CRC cells following mucosa-associated E. coli
infection shown by immunofluorescence. DAPI nuclear staining and FITC-labelling of (3-catenin in
DLD1 cells was shown following infection with mucosa-associated E. coli strains associated with CRC
(HM44 and HM358) and CD (HM605) and non-pathogenic E. coli K12 (N=3, n=2; 5 images per slide).
PGE2 (1uM) known to cause B-catenin nuclear localisation was used as a positive control.
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Treatment of SW480 cells with CRC mucosa-associated E. coli HM44 led to a significant 2.3 £ 0.2 fold
increase in B-catenin nuclear localisation (P<0.001; ANOVA), a response similar in magnitude to that
seen following treatment with 1uM PGE; (2.4 + 0.3 fold; P<0.001). Likewise, infection of SW480 cells
with E. coli HM358 also resulted in a significant 1.8 + 0.2 fold (P<0.01) increase in B-catenin nuclear
localisation (Figure 5.5.4.3). CD mucosa-associated E. coli HM605 also effected a 1.5 + 0.1 fold (P<0.01)
increase nuclear localisation of B-catenin. In addition, E. coli K12 did not cause any nuclear localisation
of B-catenin (0.9 + 0.1 fold change) compared to untreated controls. Similar results were seen using
DLD-1 cells with significant increases in B-catenin nuclear localisation again observed following

infection with mucosa-associated E. coli strains HM44, HM358 and HM®605.

3.0 -~ asW480
mDLD1

Ratio (nuclear:cytoplasmic)

K12 PGE2 HM44 HM358 HM605
Treatment (E. coli strain)

Figure 5.5.4.3. Increased nuclear localisation of B-catenin in CRC cells following mucosa-
associated E. coli infections shown. A ratio of nuclear:cytoplasmic localisation of FITC-labelled -
catenin was assessed in SW480 and DLDL1 cells. Increased nuclear localisation was shown following
infection with mucosa-associated E. coli strains from CRC (HM44 and HM358) and Crohn’s disease
(HM605) patient colonic mucosa, compared to non-pathogenic E. coli K12 (N=3, n=2; 5 images per
slide; *P<0.05, **P<0.01, **P<0.001; ANOVA). Prostaglandin-Ez (1 uM) was used as a positive control.
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This assessment of nuclear localisation suggests that the observed mucosa-associated E. coli infection
induced increases in gene and protein expression do indeed translate to increased nuclear
translocation of B-catenin. It was then speculated that downstream Wnt transcriptional activity would

likely also be increased following infection with mucosa-associated E. coli isolates also.

5.5.5 Increased Hela cell TCF/LEF luciferase activity as a marker for Wnt transcription

The downstream effect of B-catenin nuclear localisation following mucosa-associated E. coli infection
on Wnt transcription was assessed using an established TCF/LEF luciferase reporter stable Hela cell
line (Signosis, USA). As TCF/LEF transcription factor are the major end point mediators of Wnt
signalling, downstream of B-catenin movement into the nucleus, the activity of the luminescent Firefly
luciferase protein under the control of TCF/LEF transcription is considered a good reporter of Wnt

signalling in the nucleus.

As recommended by the manufacturer, 10 mM lithium chloride (LiCl) was used as a positive control
for enhancement of luciferase activity in these cells, as well as use of PGE; to be consistent with
previous experiments (Figure 5.5.5A). In this assay, 10 uM PGE, was used as it gave a more consistent
and robust signal over 1uM used in previous experiments. A negative control of 100 mM LiCl was also
included. This dose was seen to effect cell rounding during optimisation studies allowing only a

baseline signal response to be observed.

Overall, we were able to observe significant 1.5 to 2.6 fold increases in luciferase activity following
treatment with CRC-associated E. coli isolates HM44, HM358 and HM545, CD-associated isolates
HM95 and HM605 and UC-associated isolates HM250 and HM251, in comparison to E. coli K12
treatment (Figure 5.5.5B; all P<0.001; ANOVA). A similar 2-fold increase in luciferase activity was
observed using 10 uM prostaglandin-E, (P<0.001), with the non-pathogenic E. coli K12 strain only

producing a minimal 1.09+0.01 fold change compared to untreated controls (P<0.05; all N=2, n=6).
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FIGURE 5.5.5. Increased Wnt transcription in cervical HeLa cells following mucosa-associated
E. coli treatment. Cervical HelLa cell TCF/LEF luciferase reporter assay showed increased TCF/LEF
transcription following treatment with mucosa-associated E. coli HM44, HM358 and HM545 from CRC,
HM95 and HM605 from Crohn’s disease (CD), and HM250 and HM251 from ulcerative colitis (UC)
patients, compared to E. coli K12 (N=2, n=6; *P<0.05, **P<0.01, ***P<0.001; ANOVA).

5.5.6 Inhibition of mucosa-associated E. coli-induced Wnt transcription using COX inhibitors

With consistently increased levels of luciferase activity (indicating increased TCF/LEF transcription)
following infection with mucosa-associated E. coli, and with the ability to screen multiple wells in this
assay system, this assay was exploited to assess the impact of COX-2 activity in Wnt transcription.
Initially, cyclooxygenase inhibitors aspirin, diclofenac and indomethacin were tested for their ability
to block PGE;-induced Wnt transcriptional activity over 24 hours using the TCF/LEF Hela cell luciferase

reporter assay. Each inhibitor was added at the same time as addition of PGE.

Results showed an approximate 3-fold increase in luciferase activity with 10 uM PGE; in the presence
of no inhibitor (i.e. dH,0O vehicle control only), with lower levels of luciferase activity observed
following treatment with increasing concentrations of each inhibitor. The highest level of inhibition

observed of the three cyclooxygenase inhibitors selected was using 100 uM diclofenac, showing
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95.3 + 3.3 % inhibition of PGE;-induced luciferase activity compared to only 22.5 + 1.4 % and 46.8 +

4.8 % inhibition with 100 uM aspirin and indomethacin, respectively (Figure 5.5.6.1B; N=1, n=3).

Diclofenac at a concentration of 100 uM was then used in combination with E. coli HM545 and HM605
treatment for 4 hours; these isolates were chosen to represent mucosa-associated E. coli from CRC
and IBD patients as they gave the highest increases of luciferase activity. We were able to show
consistent, significant inhibition of mucosa-associated E. coli-induced TCF/LEF transcription following
co-treatment using diclofenac (Figure 5.5.6.2). Treatment with E. coli HM545 and HM605 along gave
1.5 + 0.1 fold (P<0.01) and 1.7 + 0.1 fold (P<0.001) increases, respectively, reduced to 0.9 + 0.1 fold
(P<0.01) and 1.0 £ 0.1 fold (P<0.001) changes in combination with diclofenac, respectively. These
results were similar to those seen with prostaglandin-E; treatment, where a 2.0 + 0.1 fold (P<0.001)
increase was reduced to a 1.2 + 0.1 fold (P<0.001) change with diclofenac treatment. Cell phenotype
was altered slightly, with cells becoming more rounded under the microscope following treatment

with diclofenac (100 uM). Cell growth and cell viability were not quantified.
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Figure 5.5.6.1. Effect of cyclooxygenase (COX) inhibition on increased Wnt transcription in
HelLa TCF/LEF luciferase reporter cells following PGE: treatment. Prostaglandin-E2 (10 uM) was
used to stimulate Wnt transcription in cervical HelLa cell TCF/LEF luciferase reporter assay in
combination with cyclooxygenase inhibitors diclofenac (Dic), aspirin (Asp) and indomethacin (Ind) at 0,
1, 10 and 100 yM. Results show (A) a reduction in PGE: induced Wnt transcription with increasing
concentrations of COX inhibitor, with (B) the highest % inhibition seen at 100 uyM

(diclofenac>indomethacin>aspirin; N=1 assays, n=3 wells).
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Figure 5.5.6.2. Cyclooxygenase (COX) inhibition significantly reduces Wnt transcription induced
following mucosa-associated E. coli infection for 4h. COX inhibitor diclofenac (100 uM) showed
inhibition of increased TCF/LEF transcription caused by treatment of cells with PGE2 (10 uM) and
mucosa-associated E. coli HM545 and HM605 (N=2, n=6; *P<0.05, **P<0.01, ***P<0.001).

Assessment of luciferase activity linked to TCF/LEF transcription using this method would suggest that
Whnt transcription induced by mucosa-associated E. coli treatment translates from increased nuclear
B-catenin localisation. Results also suggest that cyclooxygenase activity contributes significantly to

increased Wnt transcription.

5.5.7 Mucosa-associated E. coli treatment of THP-1 monocyte-derived macrophage cells

results in increased release of prostaglandin-E>

A recently published study showed CRC E. coli promoting COX-2 and PGE; expression as well as their

survival within human macrophages (Raisch et al., 2015). The authors reported significant changes
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only with CRC-associated E. coli and not with commensal or non-pathogenic E. coli strains, with this
induction requiring live bacteria; the changes were not associated with production of the genotoxin
colibactin. The study used human THP-1 monocytes differentiated into macrophages with 20 ng/ml
phorbol myristate acetate (PMA) treatment for 72 hours. Considering the inhibition of mucosa-
associated E. coli-induced Wnt transcription following co-treatment with COX inhibitor diclofenac,
increased PGE; expression and survival within human macrophages, and the involvement of COX-2 in
malignant development, we examined the ability of our own mucosa-associated E. coli isolates to

affect PGE; release in the same way.

In addition, another study had shown that removal of PMA over a period of 5 days (termed reduced
PMA treatment) produced cells with more macrophage-like morphology (Daigneault et al., 2010).
Hence, we used this method to confirm the initial differentiation following PMA treatment (Figure
5.5.7.1). Using light microscopy, we were able to observe larger macrophage cells showing a wider
coverage of the cell culture plate surface, with more pronounced finger-like projections visible

following reduced PMA treatment. Cell growth was not quantified.

We assessed the amount of PGE, produced following treatment of these monocyte-derived
macrophage cells with CRC and IBD mucosa-associated E. coli isolates using both PMA and reduced
PMA differentiation approach (Figure 5.5.7.2A and 5.5.7.2B, respectively). The amount of PGE;
production was assessed in the same way as the study conducted by Raisch et al. (2015) using cell
culture supernatant and assay by enzyme-linked immunosorbent (ELISA) assay. E. coli LF82, known to
persist in macrophage cell lines and increase COX-2 expression (Raisch et al., 2015), and E. coli K12
were used as positive and negative controls, respectively. The PGE; concentration was then assessed

for each treatment compared to known standards.
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Figure 5.5.7.1. Morphology changes of THP-1 monocytes when differentiated into macrophages.
THP-1 monocytes were incubated with 20ng/ml phorbol myristate acetate (PMA) for 72 hours, before
removal of PMA and incubation for a further 5 days (reduced PMA). Images from left to right show THP-
1 monocytes before PMA treatment, 24 hours and 72 hours after treatment, and 5 days after the removal
of PMA. Cells are seen to increase in size 24 hours after PMA treatment and show full adherence after
72 hours. The reduced PMA image shows a more macrophage-like morphology, with larger and more
pronounced finger-like projections, whilst remaining fully adherent (N=2, 3 images time point).
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Figure 5.5.7.2. Mucosa-associated E. coli induce increases in prostaglandin-E, secretion in
monocyte-derived macrophage cells. Prostaglandin-Ez (PGE2) release was measured using the
supernatant of THP-1 monocyte-derived macrophage cells treated with CRC mucosa-associated
(HM44, HM358 and HM545), CD mucosa-associated (HM605, HM615, HM95) and UC mucosa-
associated (HM250 and HM251) E. coli isolates, and E. coli K12. PGE: release was measured in THP-
1 cells differentiated using (A) PMA treatment for 72 hours well (N=2, n=3; *P<0.05, **P<0.01; ANOVA),
and (B) following PMA-reduction treatment for another 5 days (N=1, n=3).
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We were able to show significantly increased concentrations of PGE; in the supernatant of cells
infected with both CRC-associated E. coli isolates HM44 (2.4 + 0.4 fold; P<0.05) and HM545 (3.8 + 2.1
fold; P<0.01), as well as with the CD-associated isolate HM605 (2.3 + 0.8 fold; P<0.001) in comparison
to E. coli K12 treatment. UC-associated isolate HM251 also showed a 1.7 + 0.2 fold increase, with the
positive control LF82 showing a 1.5 + 0.1 fold increase. Non-pathogenic E. coli K12 gave a 1.6 £ 0.1 fold

change in comparison to untreated controls.

Both CRC and IBD associated E. coli isolates induced high levels of PGE, secretion, similar to those
previously reported in THP-1 monocyte-differentiated macrophages as per Raisch et al. (2015). Lower
levels of PGE; secretion were shown in cells differentiated using the reduced PMA method; the basal
level of PGE; secretion in untreated cells and following treatment with HM44 and HM605 isolates was
much lower than when using the standard PMA differentiation method. However, treatment with E.
coli HM44 and HM605 caused similar fold increases in macrophages differentiated using either the
standard PMA treatment for 72 hours or following reduction in PMA levels for a further 5 days,

showing a 2.5 to 3.5 fold increase in all cases.
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5.6 Discussion

Whnt signalling target gene array reveals commonly upregulated genes in response to infection with

CRC mucosa-associated E. coli

Our first insights into the Wnt-specific effects of mucosa-associated bacteria taken from CRC patients
came from the use of a real-time PCR (RT-PCR) array quantifying changes in expression of Wnt target
genes following the infection of CRC cell lines SW480 and DLD-1. We observed that a number of key
genes associated with Wnt signalling were up-regulated, with many of the gene changes highlighted

previously implicated in development, progression and/or spread of CRC.

We observed a significant increase in vascular endothelial growth factor A (VEGFA) gene expression
in response to infection with CRC-associated E. coli strains HM44 and HM358 in both CRC cell lines
studied. Increase in VEGF gene and VEGF protein expression is widely conserved across most cancers
studied, and considered to be a key change promoting angiogenesis and metastasis of colorectal
cancer. Increase in VEGF-A gene expression following mucosa-associated E. coli infection has been
previously shown using real-time PCR and correlates to possession of the afimbrial adhesin by these
CRC isolates (Prorok-Hamon et al., 2014). This also supports previous association between Afa-
expressing diffuse adherent E. coli (DAEC) infection and inflammation leading to increases in VEGF and
induction of epithelial mesenchymal transition (EMT) important in colorectal cancer progression (Cane
et al., 2010, Waldner et al., 2010). Interventions that either reduce colonisation of intestine by these
bacteria or block their interaction with the mucosa were suggested following this study as likely having
significant preventive or therapeutic benefit in both colon cancer and CD. This further implicates
perhaps the importance of the mucosa-association of these E. coli strains in the development and

progression of CRC.

Another important finding from the Wnt signalling target gene array was the observation that there
was significant up-regulation of the COX-2 gene, PTGS2, following infection with both CRC-associated

E. coli strains, again seen in both CRC cell lines used. The role of COX-2 in CRC development and
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progression has been widely reported, with expression of COX-2 now an independent predictor of
poor prognosis in CRC (Ogino et al., 2008). Recently, cancer mucosa-associated E. coli strains have
been shown to increase COX-2 expression and enhance subsequent PGE; secretion from human
macrophages, likely due to their ability to survive and replicate within the macrophage
phagolysosomes (Raisch et al., 2015). As previously described, COX-2 and PGE; have the ability to
stimulate colon cancer cell growth via activation of the G protein-coupled receptor EP2, which leads
to activation of the Wnt signalling pathway via the inactivation of glycogen synthase kinase 3
(GSK3p), thus allowing the accumulation and increased nuclear localisation of B-catenin (Castellone et
al., 2005). Alongside adherence and invasion factors, COX-2 induction associated with E. coli isolated
from CRC patient mucosae could be another important fact in establishing a significant role for these

bacteria in the development and progression of CRC.

Given the wider implications of COX-2 and VEGF in CRC, and the conserved nature of the observed
increases in both following infection of intestinal epithelial cells with CRC and inflamed mucosa-
associated E. coli, this became a clear focus for the project going forwards. Moreover, other key gene
array changes observed in response to both CRC E. coli isolates also provide further insight into the

molecular events associated with Wnt signal pathway activation following infection.

This includes significant increase in WISP1 gene expression seen, following infection of SW480 cells
with both CRC-associated E. coli HM44 and HM358 (P<0.05). However, this effect was notably not
replicated following infection of DLD-1 cells with these isolates. WNT1 inducible signalling pathway
protein 1 (WISP1) is a cysteine rich protein secreted into the extracellular matrix to modulate cellular
responses such as cell growth, differentiation and survival (Berschneider and Konigshoff, 2011). The
role of WISP1 is inconsistent across different cancers but, importantly, an overexpression of WISP1
has been shown in colorectal cancer patients (Pennica et al., 1998, Davies et al., 2010). It has been
suggested that modulation of WISP1 could represent a novel approach to treating cancers in a tissue
specific manner, but that further in vivo studies would be necessary to determine the therapeutic

potential of WISP1 modulation within these tissues (Berschneider and Konigshoff, 2011). Additionally,
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the down-regulation of inhibitory Wnt genes such as WISP2 suggests a reduction in normal regulation
of Wnt signalling. WISP2 protein expression is known to control invasion, with WISP2 knockout
previously been shown to significantly increase Caco-2 CRC cell invasion and motility (Frewer et al.,
2013). In addition, the same study showed up-regulation of matrix metalloproteinases (MMPs),
indicating that WISP2 likely regulates invasion and motility through MMPs. We also showed up-
regulation of MMP7 and MMP9 in SW480 cells following infection with CRC mucosa-associated E. coli
isolates. MMP7 protein is known to be highly expressed in advanced colorectal adenomatous polyps
showing evidence of severe dysplasia and involved in progressing colorectal adenomas to a malignant
stage (Qasim et al., 2013). Our findings of WISP2 gene down-regulation and up-regulation of MMP
genes in colonocytes following CRC mucosa-associated E. coli may add weight to the impact on

malignant development in the colon as previously suggested.

Another key finding was the upregulation of the JAG1 gene encoded Jagged-1 protein in response to
infection of colonocytes with the CRC mucosa-associated E. coli. Jagged-1 protein is normally found at
the base of intestinal crypts and plays an important role in activation of Notch signalling, promoting a
cancer stem cell phenotype in CRC cells (Lu et al., 2013). Jagged-1 has also previously been found to
be distributed diffusely throughout crypts following Salmonella Typhimurium infection, a bacterium
known to activate Wnt signalling (Liu et al., 2010). As also seen for our CRC mucosa-associated E. coli
strains in this study, upregulated expression of FOSL1 gene encoding the FOS-like antigen-1 (FOSL1)
transcription factor, has also previously been associated with intestinal S. Typhimurium infection
(Hannemann et al., 2013). FOS-like antigen-1 plays a key role in enhancing cellular proliferation and
migration (key factors in CRC development/progression) by forming dimers with members of the Jun

family of proteins to generate the activator protein-1 (AP-1) transcription factor (Verde et al., 2007).

The varied roles of these Wnt target genes and their associated proteins could be important in
determining the chronic effect of Wnt signalling induced by CRC-associated E. coli infections. Taking

this a step further, with significant up-regulation of a number of these genes associated with Gram-
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negative bacterial infection, it is possible these genes and their associated protein products would

likely be of therapeutic interest in limiting the development and progression of CRC.

Following the Wnt signalling target gene array studies, we went on to confirm the observed up-
regulation of both COX-2 (PTGS-2) gene and B catenin (CTNNB1) gene expression by Tagman gPCR
using Roche Human Universal Probe Library primers designed specifically to recognise the PTGS2 and
CTNNBI1 gene transcripts. Here we investigated mRNA abundance following 2h and 4 h infection of
SW480 and DLD-1 cells with CRC mucosa-associated E. coli HM44 and HM358. The results using this
technique were consistent with the Wnt RT? PCR array, thus further confirming increases observed in
expression of these genes. We observed a time-dependent increase of PTGS-2 gene expression, as
well as the expression of the CTNNB1 gene encoding B-catenin, at both 2 and 4 h, with 4h infection of
both cell lines using either HM44 or HM358 E. coli strains, resulting in the largest fold increases in
comparison to uninfected controls. The observed increases in gene expression also converted to time-
dependent increases of both COX-2 and B-catenin protein expression respectively, with the highest

levels of protein expression observed following 4h post infection.

Differences observed between CRC cell lines

Results from the Wnt signalling gene profiling array, alongside confirmatory real time gqPCR and
subsequent analysis of protein level changes, suggested some potential signalling differences between
SW480 and DLD-1 cells. Both CRC cell lines are known to have high basal levels of Wnt signalling (Yang
etal., 2006). One possible explanation for the difference between SW480 and DLD1 cell Wnt/B-catenin
signalling pathway activity might be differing levels of B-catenin phosphorylation (Yang et al., 2006).
It has been suggested that differences in B-catenin phosphorylation may be a consequence of loss in
a key phosphatase binding site, likely due to the differences in site of APC truncation across a variety
of CRC cell lines (Sadot et al., 2002). For example, SW480 colon cancer cells harbour a truncation in
APC at position 1338 and show high levels of phospho-B-catenin, whereas HT29 cells harbour

truncation in APC at position 1555 and accumulate non-phosphorylated B-catenin. This suggests the
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1338-1555 amino acid region of APC is likely involved in the differential regulation of the de-
phosphorylation and degradation of phospho-B-catenin. It would be interesting to examine CRC
mucosa-associated E. coli-infected HT29 cell responses in the same way as we have examined for in
SW480 and DLD1 cells so as to check for any differences in these protein levels and associated

signalling.

Whilst high basal levels of Wnt signalling makes these cell lines a useful model for this study, larger
increases in Wnt signalling could be masked in comparison to other CRC cell lines such as HT-29. CRC
mucosa-associated E. coli isolates may have a similar if not bigger impact in intestinal epithelial cells
with lower levels of basal Wnt activity and those earlier in the intestinal adenoma-carcinoma
sequence. On the other hand, lower levels of basal Wnt signalling might also make for difficulty in

detection of changes in Wnt signalling target gene and protein expression more difficult.

Nuclear B-catenin translocation in CRC cells

A previously described, validated technique for the quantitative analysis of nuclear translocation of
NFkB in primary human macrophages (Noursadeghi et al., 2008) was successfully adapted here to
quantify cytoplasmic and nuclear localisation of B-catenin. Here we used a monoclonal IgG antibody
recognising B-catenin E-5, followed by FITC-conjugated anti-mouse IgG antibody amplification, to
show increase in nuclear translocation of B-catenin in colonocytes following infection with CRC
mucosa-associated E. coli isolates (combined with DAPI to define the cell nucleus). We were also able
to show similar increased nuclear translocation of B-catenin with LiCl and PGE, treatment.
Quantification using Imagel, as described in the study of Noursadeghi et al. (2008), allowed us to
differentiate levels of nuclear and cytoplasmic staining to generate a stain localisation ratio. Without

this, the results would have relied on staining intensity, which is notoriously difficult to interpret.

The observed increase in nuclear B-catenin localisation in response to CRC mucosa-associated E. coli

infection was similar in both SW480 and DLD-1 cells but with DLD-1 cells showing a lower level/pattern
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of increase. This supports earlier observations where changes in both B-catenin gene and protein

expression in DLD-1 cells were also less pronounced than those seen in SW480 cells.

Use of TCF/LEF signalling in Hela cells as a model for assessing increased Wnt transcription

TCF/LEF activity induces transcription of Wnt target genes by binding promoters of downstream target
genes involved in cell proliferation, survival and migration (Morin et al., 1997, van de Wetering et al.,
2002). Results obtained here in this study using the luciferase-reporter Hela cell line obtained from
Signosis show that this phenomenon may occur in cells without high basal Wnt activity. Data obtained
suggest that mucosa-associated E. coli isolates taken from CRC and IBD (CD and UC) patients all
possess ability to increase Wnt transcription via TCF/LEF transcription factors, further confirming the
movement of B-catenin to the epithelial cell nucleus. Again, the lack of induction of Wnt
transcriptional activity by the non-pathogenic non-invasive E. coli K12 suggests this could be specific
to CRC/inflamed mucosa-associated E. coli known to invade intestinal epithelial cells in vitro (Martin
et al., 2004) and observed to be intraepithelial within CRC tissue (Swidsinski et al., 1998). The results
obtained using the luciferase-reporter Hela cell line supported those observations previously seen in
mucosa-associated E. coli inoculated CRC cells assessed using the Wnt RT? PCR array, qPCR and

immunoblot analyses.

COX inhibition reduces mucosa-associated E. coli-induced Wnt transcriptional activity

Another key outcome from this study that was obtained using the HelLa TCF/LEF-luciferase reporter
cells was that inhibition of Wnt transcription could be seen using several cyclooxygenase (COX)
inhibitors. The chemopreventative effects of diclofenac (Kaur and Sanyal, 2010, Kaur Saini and Nath
Sanyal, 2010), aspirin (Menzel et al., 2002, Tougeron et al., 2014) and indomethacin (Xu and Zhang,
2005, Wang and Zhang, 2005) in colorectal cancer have been extensively studied both in vitro and in
vivo. Both diclofenac and aspirin have also been reported to have potential, even proven,

chemotherapeutic action in patients (Ng et al., 2015). In this study, COX inhibitor treatment resulted
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in observed decreases in Wnt transcriptional activity of PGE,-treated Hela TCF/LEF-luciferase reporter
cells, with diclofenac showing the highest levels of inhibition; diclofenac>indomethacin>aspirin at
concentrations selected for initial testing based on previous key studies (Botting, 2006, Din et al.,
2004). Following this, we tested diclofenac (100uM) in HeLa TCF/LEF-luciferase reporter cells infected
with mucosa-associated E. coli strains HM545 (CRC) and HM®605 (CD), strains which were selected as
they gave consistently higher fold changes in activity of Wnt/B-catenin signalling pathway in the
cultured cells. Diclofenac (100uM) was shown to significantly inhibit the increased signalling seen in
cells infected with HM545 and HM605 in the absence of diclofenac. The high concentration of
diclofenac caused some cell rounding (indicative of possible increased cell toxicity) as has also been
noted with COX inhibitors in other studies (Din et al., 2004, Inoue et al., 2013), which might explain
the lower levels of luciferase activity seen in uninfected controls treated with diclofenac. However,
these apparent changes in cell viability were not significantly impacted with COX inhibitor treatments
used in our study, as shown by the lack of significant changes between uninfected controls with and

without inhibitor in HeLa TCF/LEF-luciferase reporter cells.

It has been suggested that diclofenac could also attenuate Wnt signalling via the nuclear factor kappa-
B (NFkB) pathway (Cho et al., 2005). Indomethacin has also been shown to re-localise B-catenin from
the nucleus and cytoplasm to the plasma membrane thus decreasing Wnt/B-catenin signalling
(Kapitanovic et al., 2006). Our results demonstrating Wnt pathway activation by CRC and IBD mucosa-
associated E. coli alongside evidence that Wnt pathway attenuation following the use of COX inhibitors
suggest that mucosa-associated E. coli mono-association/infection studies promoting tumourigenesis
in vivo (Arthur et al., 2012) focussing on the effect of COX-2 inhibitors or Wnt signal pathway inhibitors

would be of high scientific interest.

The impact of COX-2 inhibitors here points towards regulation of Wnt activity via reduced signalling
by the EP2 receptor, as COX-2 and subsequent PGE; increases are believed to increase Wnt activity via
binding to the EP2 receptor (Castellone et al., 2005). However, although COX-2 inhibitors significantly

decreased Wnt transcription, other potential changes in receptor numbers or release of Wnt ligands
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has not been assessed, and may contributing to Wnt regulation here. Significant alteration of Wnt
ligand release and Frizzled receptors following E. coli and/or COX-2 inhibitor treatment could impact
Whnt transcription. Therefore, it would be interesting to investigate the impact of Wnt ligand release
following these treatments using immunoblotting and ELISA, as well as assessing the impact of Frizzled
receptor inhibitors/antibodies, such as OMP-185 used successfully in preclinical models (Zhang and

Hao, 2015), alone and in combination with COX-2 inhibitors.

Increased PGE; secretion from monocyte-derived macrophages

The recruitment of macrophages following an infection is a key mechanism of protection.
Macrophages are a predominant stromal component of both murine and human tumours supporting
key processes involved in cancer development and progression via production of key oncogenic
factors such as COX-2 (Raisch et al., 2015). If tumour-infiltrating macrophages are unable to kill
mucosa-associated/invading bacteria this may lead to intraphagolysome residence of these
pathogenic bacteria within intestinal tissue, with genotoxic, angiogenic and pro-inflammatory
potential (Subramanian et al., 2008, Arthur et al., 2012, Prorok-Hamon et al., 2014). E. coli have been
isolated from macrophages in CD, and persistence within the macrophage phagolysosome may
provide stimulus for inflammation (Bringer et al., 2007, Mpofu et al., 2007, Subramanian et al., 2008).
The results from the present study confirm those of similar studies (Raisch et al., 2015), with human
monocyte-derived macrophages infected with pathogenic E. coli showing increased production and
release of COX-2. These results would suggest that macrophage activity, or survival of bacteria within
macrophages, contributes to increased levels of Wnt signalling in nearby tissues, particularly given the

link between COX-2 signalling and Wnt signalling shown throughout.

CD and CRC mucosa-associated E. coli appear to be adapted to an intracellular lifestyle within the low
pH, low nutrient, high oxidative stress environment of the macrophage phagolysosome (Bringer et al.,
2005, Bringer et al., 2007, Tawfik et al., 2014). Intracellular survival and replication of these particular

E. coli has also been shown to be similar whether phagocytosed by macrophages isolated from CD or
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healthy non-inflamed intestine control patients (Flanagan et al., 2015b). This study also showed that
the macrophage intraphagolysosome alkalinizing drug hydroxychloroquine (HCQ) promoted killing of
phagocytosed mucosa-associated E. coli and also enhanced the efficacy of antibiotics targeting
bacteria with an intracellular lifestyle, such as doxycycline and ciprofloxacin (Flanagan et al., 2015b).
This study further identified that supplementation with vitamin D, to enhance macrophage function,
also supported killing of these E. coli strains. This would suggest future animal studies to see whether
targeting CRC mucosa-associated E. coli with combination HCQ/antibiotics and/or vitamin D
supplementation reduced Wnt signal pathway activation and carcinogenesis in vivo. Later human

preventative trials might then be warranted.

The role of COX-2 in CRC is already supported by its elevated expression found in 50% of adenomas
and 85% of adenocarcinomas, its association with worse survival among CRC patients, and the
efficiency of nonsteroidal anti-inflammatory drugs (NSAIDs) and selective COX-2 inhibitors (COXIBs) to
reduce the occurrence of sporadic CRC. The results obtained in this study and in the Raisch et al. (2015)
study suggest that bacteria residing within macrophages could contribute to progression of CRC,
including proliferation and survival of cancer cells, angiogenesis, immunosuppression, invasion, and
metastasis (Raisch et al., 2015). The increased release of PGE, could be another major contributing

factor in driving the Wnt response in neighbouring intestinal epithelial cells.

Summary

We have been able to show increases in total and nuclear localised B-catenin at both the gene protein
level in vitro following infection with mucosa-associated E. coliisolates from IBD and CRC patients, and
have shown that this correlates with COX-2 gene and protein levels. While this part of the study does
not elude to why this happens, it does suggest an effect that is specific to mucosa-associated E. coli

strains with the ability to adhere to and invade intestinal epithelial cells.
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Chapter 6:

Increased expression of cyclooxygenase-2 and
B-catenin in vivo following mono-association of
11107~ germ-free mice with CRC E. coli HM44

indicates translation of increased Wnt signalling

114



6.1 Introduction

With a wide role of COX-2 in CRC development and progression reported (Brown and DuBois, 2005,
Ogino et al., 2008), and a cascade suggested for the role of COX-2 and prostaglandin-E; (PGE;) in
stimulating cancer cell growth via Wnt activation (Castellone et al., 2005), it is highly possible that
COX-2 induction following chronic bacterial infection of colonic cells could lead to sustained increases

in Wnt signalling in vivo.

COX-2-driven PGE; increases are believed to activate the G protein-coupled receptor EP2 leading to
phosphoinositide 3-kinase (PI3K) activation of the Wnt signalling pathway via the inactivation of
glycogen synthase kinase 3 (GSK3pB). The subsequent accumulation of B-catenin in the cytoplasm and
nuclear translocation following infection of colonic cells with mucosa-associated E. coli could aid
proliferation, migration and metastasis. With gut inflammation able to alter the composition of the
gut microbiota in favour of pathogenic mucosa-associated E. coli (Darfeuille-Michaud et al., 1998,
Swidsinski et al., 1998, Martin et al., 2004), this could create an environment that supports tumour

development by resultant expansion of, and contact with, these bacteria.

In addition, as CRC-associated E. coli strains can survive and replicate within human macrophages, as
well as increase COX-2 expression and subsequent PGE; secretion (Raisch et al., 2015), the impact of
mucosa-associated E. coli survival and PGE; increases shown in the present study could enhance the

tumourigenic effect of these infections in vivo.

We have so far been able to characterise upregulation of Wnt signalling target genes alongside
increases in COX-2 and B-catenin, at both mRNA and protein level, following in vitro infection of CRC
cell lines with mucosa-associated E. coli. The existing link between COX-2 and B-catenin previously
reported (Castellone et al., 2005) and shown here using in vitro infection models would suggest

translation into an in vivo infection model.

The 1110 knock-out (//107°) model removes anti-inflammatory 1I-10 as an innate defence mechanism,

allowing a direct look at the effect of CRC mucosa-associated E. coli HM44 infection of an otherwise
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germ-free gut. This model has been previously used to show that colitis in mice can promote
tumorigenesis by altering microbial composition and inducing the expansion of microorganisms with
genotoxic capabilities (Arthur et al., 2012). Similar germ-free studies have revealed a key role for the
microbiota in driving CRC, particularly where changes in microbial composition can influence the
development of colitis-associated CRC (Arthur and Jobin, 2011). Therefore, we investigated this effect
in vivo using a germ-free 1110 knock-out (//107") mouse model mono-associated with the mucosa-

associated E. coli HM44, a clinical isolate from a CRC patient (Martin et al., 2004).

Other in vivo model studies assessing the effects of bacteria such as H. pylori have also shown links
between increased COX-2 and B-catenin expression and tumor development (Oshima and Oshima,
2010). Similarly, H. felis infections have shown activation of Wnt signalling through activation of PI3K
and AKT, leading to the phosphorylation and inactivation of GSK3, allowing B-catenin to accumulate
in the cytosol and translocate to the nucleus (Oguma et al., 2008). This has been attributed to multiple
H. pylori cancer-associated determinant factors reported to influence B-catenin activation, and is
consistent with other reports investigating B-catenin activation caused by infection with bacteria such

as Salmonella typhimurium and Bacteroides fragilis (Polk and Peek, 2010).

Any similar alterations in B-catenin signalling following mono-association with mucosa-associated E.
coli HM44 would suggest that the effects previously seen in vitro could translate into increased risk of
cancer development in disease-relevant animal models, further implicating the potential for these
bacteria to cause human disease. By investigating the effects of HM44 mono-association on COX-2
protein expression, this could also be important in further establishing the link between increased

COX-2 and B-catenin signalling.
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6.2 Hypothesis

Increase in COX-2 and Whnt signalling following mucosa-associated E. coli infection of human CRC cells
observed in vitro translates to changes in vivo following CRC mucosa-associated E. coli HM44 mono-

association of a germ-free /1107 mouse model.

6.3 Aims

e To investigate by immunohistochemistry (IHC) whether COX-2 and Wnt pathway activation
are initiated in vivo using a germ-free /1107 mouse model of CRC mucosa-associated E. coli

infection.

e To confirm the in vitro link between COX-2 upregulation and increased Wnt signalling in vivo

using the same germ-free /107 mouse model of mucosa-associated E. coli infection.
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6.4 Methods

The COX-2 and B-catenin IHC protocols were initially optimised using intestinal tissue obtained from
wild-type C57BL/6 mice where colitis had been induced with dextran-sodium sulphate (DSS) (Melgar
et al., 2005), that results in significant upregulation of COX-2 (Singh et al., 2010), and from AhCre+

Apcfl/fl

mice (a novel inducible Ahcre transgenic line in conjunction with a loxP-flanked Apc allele),
where Cre Apcfl/fl induction by B-napthoflavone results in significant nuclear translocation of

B-catenin (Sansom et al., 2004).

Mono-association studies used gut tissue from germ-free //10”- 129SvEv strain mice mono-associated
with E. coli HM44 for 6 weeks (n=15) or those mice uninfected (n=5). Mono-association was carried
out at the gnotobiotic facility at NC State University (University of North Carolina Chapel Hill, USA); all
animal infection and tissue/bundling/processing work was completed by Dr Janelle Arthur with
protocols previously well established (Arthur et al., 2012). Briefly, strain mice were mono-associated
for 6 weeks. Germ-free 1/107- 129SvEv mice were colonized using cotton swabs soaked in an overnight
culture of CRC mucosa-associated E. coli HM44 grown in LB broth from a -80°C glycerol stock — a
common colonization procedure used in the NC State gnotobiotic facilities, where mouse health was
continuously monitored. Stool pellets were collected at the conclusion of the experiment and plated
to demonstrate colonization. Colonic tissue was taken from HM44 mono-associated mice (n=15) and

germ-free controls (n=5) before fixing and paraffin wax embedding (see Chapter 4.3).

Paraffin wax embedded tissue was microtome-sectioned and processed for incubation with primary
antibodies. Heat-induced antigen retrieval was performed in citric acid buffer (pH 6.4) before bovine
serum albumin (BSA) blocking. Immunohistochemistry for COX-2 and B-catenin was performed using
a 1:400 dilution of the COX-2 antibody (#ab15191, Abcam) and 1:50 dilution of the B-catenin antibody
(#610154, BD Biosciences). Slides were then incubated in haematoxylin before being fixed with DPX
mountant — a mixture of distyrene, plasticizer and xylene — to enable visualisation and quantification

of cellular localisation.
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Images were captured (5 random fields of view) using SPOT Image Capture Software (SPOT Imaging
Solutions) on a light microscope (Leica). Total epithelial and nuclear staining was evaluated using the
IHC Profiler and ImmunoRatio plugins for Imagel 1.48v, respectively. Scoring for total epithelial
staining, quantified using the IHC Profiler plugin, was done using the Modified HSCORE method
(Varghese et al., 2014), with a maximum achievable score of 300 and a minimum score of 0 (arbitrary
units). Comparison of nuclear and cytoplasmic B-catenin staining, quantified using ImmunoRatio, was
performed calculating ratios of nuclear and total staining in tissue sections following published

techniques (Tuominen et al., 2010, Sundara Rajan et al., 2014).
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6.5 Results

6.5.1 Optimisation of IHC conditions for detection of COX-2 and B-catenin protein

Before submitting the germ-free /107" model tissue slides for IHC, a number of steps were completed
in order to optimise the IHC protocol (see Section 4.12.3), for both COX-2 and B-catenin detection,
and to validate the scoring technique. The COX-2 IHC protocol was optimised using gut tissue from a
wild-type C57BL/6 DSS-induced colitis mouse model (Melgar et al., 2005); this tissue was kindly
generated and donated by Dr Carrie Duckworth and Miss Stephanie James (Cellular and Molecular

Physiology, University of Liverpool).

The B-catenin IHC protocol was optimised using small intestinal tissue section slides obtained from
AhCre+ Apc™" and Apc™™* mice, kindly donated by Dr John Jenkins and Dr Cleberson Quieroz
(Gastroenterology Research Unit, University of Liverpool), a gift from the late Professor Alan Clarke
(University of Cardiff). The mutation induced in the AhCre+ Apc" model was the removal of the Apc
gene using a loxP-flanked Apc allele following B-napthoflavone treatment, causing accumulation and
subsequent nuclear localisation of B-catenin (Sansom et al., 2004). Nuclear localisation observed in
these tissues were compared to that of colonic sections from tissue of six-month old ApcM™* mice
harbouring one wild-type Apc allele and one Apc allele mutated at codon 850 (Su et al., 1992). Images

of immuno-stained tissue were used to validate the scoring techniques of Modified HSCORE and

ImmunoRatio for use with the germ-free //10”7- mono-association model tissue.

The developed IHC staining protocol used an anti-mouse COX-2 antibody (#ab15191, Abcam)
previously used successfully with mouse tissue (Miyoshi et al., 2012, Nilsson et al., 2012). This antibody
was recommended for use at 1:200 to 1:1000 by the manufacturer, with an in-house protocol
developed for similar mouse model tissue at a 1:400 dilution. To confirm this dilution was suitable for
use, a titration was completed using 1:200, 1:400 and 1:800 dilutions on spare small intestinal tissue

made available from the DSS-induced colitis mouse model (Figure 6.5.1.1).
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The tissue was taken from a mouse at day 7 of DSS treatment; at this stage of treatment, a high level
of inflammation (Melgar et al., 2005) should allow for detectable COX-2 protein levels. From image
analysis of antibody treated tissue sections, it was shown that the 1:400 dilution allowed detection of
suitable levels of COX-2 protein for this particular tissue without showing any noticeable non-specific

binding.

1:800 1:400 1:200

Al

Negative control Isotype control

Figure 6.5.1.1 Titration of anti-mouse cyclooxygenase-2 (COX-2) antibody. Images show C57BL/6
mouse small intestinal tissue sections taken from a mouse at day 7 of DSS-induced colitis development,
with COX-2 protein and cell nucleus immuno-stained using diaminobenzene (DAB) and haematoxylin,
respectively. Tissue sections were incubated with 1:200, 1:400 and 1:800 dilutions of anti-mouse COX-
2 antibody, as well as a no-antibody control (Negative control) and a primary IgG control (Isotype

control). Sections (n=3) were imaged at 40x magnification (3 random fields per section).

Following the titration of the anti-mouse COX-2 antibody, a 1:400 dilution was used for detection of

COX-2 expression in intestinal tissue from mice at different stages of DSS treatment. The aim of this
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was to ensure that differences in COX-2 levels could be effectively visualised, with higher levels

expected following inflammation caused by DSS treatment.

Tissue isolated from mice at an early stage of DSS-induced colitis, day 1 to day 4, showed minimal
levels of COX-2 expression, with expression seen to increase as the model progressed to day 7 through
day 9. The tissue taken from mice at day 10 and day 11 following DSS treatment showed decreased
expression of COX-2, with levels seen to be similar to that of the earlier stages of DSS-induced colitis;
this is believed to be in line with the recovery stage, normally observed around 12 days after DSS

treatment in this particular model (Melgar et al., 2005). Example images can be seen in Figure 6.5.1.2.

fl/fl

The expression of B-catenin in intestinal tissues of Apc mutant AhCre+ Apc Min/+

and Apc mice were

assessed using conditions pre-defined by Dr John Jenkins and Dr Cleberson Quieroz (University of
Liverpool; unpublished data); an antibody dilution of 1:50 was used solely. Due to the nature of the

fl/fl

mutations in both the Apc Min/+

and Apc models, it was expected that the total expression and nuclear

fl/fl

localisation of B-catenin would be observed to be higher in the Apc™" tissue; this was confirmed by

DAB staining these antibody-treated tissues (Figure 6.5.1.3).

COX-2 staining in the Apc mutant mouse intestines was much less evident when compared to B-
catenin, which is indicative of the lower expression levels these gut tissues. However, the detection
levels were deemed acceptable to submit these tissues for validation of the automated scoring system

that was to be used for the germ-free /107" model tissue imaging.
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Day 1 D535 treatment

Figure 6.5.1.2. Cyclooxygenase-2 (COX-2) levels in DSS-induced colitis. Images show small
intestinal tissue sections taken from C57BL/6 mice following 1, 4, 7 and 11 days of 2% w/v DSS
treatment (N=1), with COX-2 protein antibody immuno-histochemical staining using diaminobenzene
(DAB) and cell nucleus staining with haematoxylin, respectively. Tissue sections were incubated with a
1:400 dilution of anti-mouse COX-2 antibody, with sections (n=3) imaged at 25x magnification (3 random

fields per section).
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Figure 6.5.1.3. B-catenin expression in Apc mutant mice. Images show intestinal tissue sections
taken from AhCre+ Apc™ and ApcM™* mice (N=1); with B-catenin protein detected by IHC with specific
antibody and diaminobenzene (DAB) stain and cell nucleus staining with haematoxylin, respectively.
Sections of intestinal tissue were incubated with a 1:50 dilution of anti-mouse 3-catenin antibody, with
sections (n=3 sections for each strain) imaged at 25x magnification. AhCre+ Apc™ small intestinal tissue
shows high levels of DAB staining, with lower levels seen in the ApcMn’* colonic tissue (3 random image
fields per section).

6.5.2 Optimisation of tissue IHC imaging of germ-free //107- mice using Image)

Germ-free /107 mice on a 129SvEv background were colonised with E. coli HM44 by Dr Janelle Arthur
at the gnotobiotic facility at NC State University using methods previously described (Arthur et al.,
2012). Mice were colonised with E. coli HM44 on 8/2/2012 in order of mouse number (see Chapter
4.12; Table 4.12.2). It was noted on 2/3/2012 that the majority of mice had ruffled fur and irregular
stool was found in all cages. On 16/3/2012, two of the colonised mice were found dead with mouse

#2 appearing to be of ill health (possibly linked to the large abscesses); subsequently, all other mice
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were sacrificed on 3/19/12. Microtome-sectioned bundled gut tissue from these mice was kindly

donated for IHC use in the current study.

Following IHC, images were taken at 4x, 10x, 25x and 40x magnification on a light microscope (Leica).
Images were scrutinised optically to determine the extent of total staining, as well as the localisation
of nuclear and cytoplasmic staining (Figure 6.5.2.1). Using anti mouse COX-2 antibody stained tissue
(1:400 dilution), it was concluded that the 25x magnification should be used for quantification of
immuno-staining. Optical visualisation at lower 4x and 10x magnifications did not allow for clear
distinction between individual cells, nor clear distinction of absence or presence of nuclear staining,
and moreover seemed to show greater variation in light intensity both across and between images;
the latter of these issues was likely a problem caused by microscope or the image acquisition software
at the time of testing. Imaging at 25x and 40x both gave better consistency in light intensity, avoiding
light rings seen at lower magnification, and ability to distinguish localisation of staining. As the 25x
magnification gave a better coverage of tissue, allowing more cells to be incorporated into the scoring,

it was decided that the 25x magnification would be used going forward.

The process of quantifying or scoring within Imagel required the removal of any possible contaminants
that might influence results; an example of this would be cell debris stained by DAB that could be
misinterpreted as tissue specific staining within the automated scoring system; these edits can be
performed within Imagel by selecting and clearing unwanted sections of tissue or debris (Figure

6.5.2.2).

Following optimisation of tissue processing and imaging, it was necessary to be able to validate the
automated method of scoring; as tissue from the optimisation step had already been processed and

imaging completed, it was decided that these images be used for validation.
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10x 25X 40x

Germ-free

HM44

Figure 6.5.2.1. Cyclooxygenase-2 (COX-2) colonic tissue protein expression in germ-free and
HM44 mono-associated 11107 129SvEv mice. Images show germ-free and HM44 mono-associated
11210 129SvEv mouse colonic tissue with COX-2 protein detected by IHC with specific antibody and
diaminobenzene (DAB) stain and cell nucleus staining with haematoxylin, respectively. Tissue sections

were imaged at 4x, 10x, 25x and 40x magnification.

Unedited Edited

T

Figure 6.5.2.2. Image editing within ImageJ (version 1.48). Unedited and edited image of a gut
tissue section taken from a HM44 mono-associated 11107 mouse (mouse #3, image 4). Tissue had
been immuno-stained to show [B-catenin expression, i.e. with antibody specific staining of protein
detected using diaminobenzene (DAB), and cell nucleus staining with haematoxylin, respectively.

Tissue was imaged at 40x magnification.
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6.5.3 Validation of the Modified HSCORE quantification method using Image)

The Imagel plugin IHC Profiler was used to analyse tissue immuno-staining. IHC Profiler allows scoring
of DAB detection staining on an arbitrary scale using staining categorised by percentage of positive
and negative staining. Following splitting of the image into haematoxylin and DAB detection stain
recognition, we were able to clear either the empty and/or unwanted areas, such as non-epithelial
cells for B-catenin scoring and/or cell debris, to prepare the image for scoring. IHC Profiler was then
used to analyse images based on both the intensity and distribution of DAB detection reagent staining.
The IHC localisation was scored in a semi-quantitative fashion; each image was processed using the
IHC Profiler, with staining automatically recorded as percentages of positively stained target cells in
each of five intensity categories; these were denoted as negative (no staining), low positive (weak but
detectable above control), positive (distinct staining) and high positive (strong staining). For each
tissue, a value designated as the HSCORE was derived by summing the percentages of cells staining at

each intensity multiplied by the weighted intensity of staining:

Modified HSCORE calculation

HSCORE value = (%Negative x 0) + (%Low Positive x 1) + (%Positive x 2) + (%High Positive x 3)

Using this calculation, the scale of Modified HSCORE value would be between 0—-300, with a score of
0 achieved where 100% of the tissue staining for one image was categorised as negative and a score
of 300 achieved where 100% of the tissue staining was categorised as high positive. This system was
validated using images of COX-2 and B-catenin immuno-stained tissue from the DSS-induced colitis
and the AhCre+ Apc™" mouse models, respectively. Images of DSS-induced colitis mouse model tissue

at days 7 and 11, along with Apc™”

and ApcM™* intestinal tissues, were processed as described by
Varghese et al. (2014) and a score obtained for each image (Varghese et al., 2014). Following imaging
and automated processing of COX-2 IHC processed intestinal tissue, DSS-induced colitis mice at day 7
following DSS treatment achieved a modified HSCORE of 38.5 + 5.6, whereas tissue from day 11

achieved a lower score of 17.9 £ 6.5 (N=1, n=3 sections; 3 images per slide). Following imaging of

127



fl/fl

B-catenin IHC processed tissue, the AhCre+ Apc™" small intestinal tissue achieved a score of 113.4

3.0, compared to 47.4+2.9 for Apc™™* colon tissue; N=1, n=3 sections; 3 images per slide (Figure 6.5.3).

A. COX-2 50
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DSSday 7 DSSday 11
Model tissue

B. B-catenin 140 -
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Apcﬂ/ﬂ ApCMin/+
Model tissue

Figure 6.5.3. Modified HSCORE validation for quantification of cyclooxygenase-2 (COX-2) and -
catenin expression in mouse intestinal tissue. Graphs show modified HSCORE quantification of
(A) COX-2 stained intestinal tissue from C57BL/6 DSS-induced colitis model and (B) B-catenin stained
intestinal tissue from Apc mutant mice; higher scores were achieved by small intestinal tissue from mice
at day 7 following 2% w/v DSS treatment and the AhCre+ Apc™ model for COX-2 and B-catenin,
respectively, with lower scores for small intestinal tissue from mice at day 11 following DSS colitis
induction and in the colon of ApcM"* model. Quantification was completed using images of immuno-
stained tissue sections at 25x magnification, with protein expression determined by IHC and detection
using diaminobenzene (DAB) stain and cell nucleus staining with haematoxylin, respectively (N=1, n=3;

3 images per slide).
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6.5.4 Validation of the InmunoRatio Image) plugin for nuclear protein quantification

Following validation of the modified HSCORE method, Apc mutant mouse gut tissue was used to
validate the ImmunoRatio scoring system. This has been previously used to assess nuclear localisation
in tissue sections, and was applied here to assess the extent of B-catenin nuclear localisation. In this

case, an image of AhCre+ Apc™/

tissue at 25x magnification was used to determine threshold cut-offs
for DAB and haematoxylin staining (Figure 6.5.4), set as -20 for DAB staining and 5 for haematoxylin

staining. These thresholds were kept consistent for all tissue types in the study.
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Figure 6.5.4. InmunoRatio validation for quantification of nuclear DAB staining to indicate f3-
catenin expression in mouse tissue. The image was produced by ImageJ as a montage of the
guantification of DAB staining of AhCre+ Apc? small intestinal tissue following processing using the
ImmunoRatio plugin. The graph shows the results of quantification of nuclear DAB staining for both
AhCre+ Apc™ and ApcMn* gut tissue. Quantification was completed using images of immuno-stained
tissue sections at 25x magnification, with protein expression detected by IHC with specific antibody and
diaminobenzene (DAB) stain and cell nucleus stained using haematoxylin, respectively (N=1, n=3; 3

images per slide).
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By applying set cut-offs for DAB and haematoxylin staining for all images, it was established that Apc™

small intestinal tissue had 60.9 + 3.9 % of B-catenin showing nuclear localisation. This was around a

Min/+ colonic tissue, which had 26.9 + 3.7 % nuclear B-catenin

2-fold increase that seen in Apc
localisation (Figure 6.5.4). These results suggested that the ImmunoRatio plugin is a suitable
automated system to be able to show differences in nuclear B-catenin localisation in murine intestinal
tissue. Following optimisation/confirmation of the COX-2 and B-catenin antibody dilutions, imaging
magnification and validation of the automated modified HSCORE and ImmunoRatio scoring systems,

we implemented these processes to the germ-free //107 mouse tissues with the aim of establishing

effect of mono-association of these mice with the human CRC mucosa-associated E. coli isolate HM44.

6.5.5 Increased COX-2 and B-catenin expression in colonic epithelial tissue from HM44

mono-associated mice

Germ-free 11107~ 129/SvEv mice were mono-associated with human mucosa-associated E. coli isolate
HM44 for 6 weeks (infected, n=15; germ free (GF), n=5). IHC of fixed paraffin wax embedded colonic
tissue revealed significant increases in mucosal COX-2 protein levels and significant increased total -
catenin protein levels in the intestinal epithelium, as well as increased nuclear localisation of B-

catenin.

The median HSCORE for COX-2 staining was 32.2 (IQR 15.6, 56.6) in germ-free control //107- mouse
intestinal tissue, with a significant increase to 89.9 (IQR 66.0, 100.9) in tissue from E. coli HM44 mono-
associated mice (Figure 6.5.5.1; Mann-Whitney U, P<0.001). Epithelial staining for B-catenin showed
a median HSCORE of 44.1 (IQR 28.8, 126.0) in germ-free control tissue and 177.2 (IQR 98.8, 184.9) in
the E. coli HM44 colonised intestinal tissue (Figure 6.5.5.2; P<0.001), while median nuclear localisation
of B-catenin within the epithelium was scored at 16.7% (IQR 11.5, 45.3) and 62.4% (IQR 42.4, 67.1)

respectively (Figure 6.5.5.2; P<0.001).
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Figure 6.5.5.1. Significant increases in cyclooxygenase-2 (COX-2) expression quantification in
intestinal tissue following in vivo mono-association of germ-free 11107 mice with a CRC mucosa-
associated E. coli. IHC images show COX-2 protein expression detected using diaminobenzene
(DAB) stain and cell nucleus staining with haematoxylin respectively, in (A) germ-free 11107 mice and
(B) mice mono-associated E. coli HM44. (C) Graph shows modified HSCORE quantification of total
COX-2 protein levels in intestinal tissue, with significantly higher scores observed in mice mono-
associated with HM44 (P<0.001; Mann-Whitney U). Image quantification was completed on sections
from N=5 germ free mice, and N=15 HM44 mono-associated mice (with n=5 images per section) at 25x

magnification.
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Figure 6.5.5.2. Significant increases in B-catenin expression and nuclear localisation
quantification in intestinal tissue following in vivo mono-association of germ-free 11107 mice
with a CRC mucosa-associated E. coli. IHC images show [B-catenin protein expression detected
using diaminobenzene (DAB) stain and cell nucleus staining with haematoxylin respectively, in in
(A) germ-free 11107 mice and (B) mice mono-associated E. coli HM44. Graphs show modified
HSCORE and % nuclear DAB staining quantification for (C) total B-catenin expression and (D)
nuclear localisation in intestinal tissue. Significantly higher scores/staining were seen in tissue taken
from HM44 mono-associated mice (both P<0.001; Mann-Whitney U). Image quantification was
completed on sections from N=5 germ free mice, and N=15 HM44 mono-associated mice (with n=5

images per section) at 25x magnification.
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Mean and confidence interval data show an approximate 2-fold significant increase (P<0.001) in COX-
2 staining E. coli HM44 colonised intestinal tissue (mean 78.7; 95%Cl 71.0, 86.4) compared to germ-
free control /107" mice (mean 38.6; 95%Cl 27.4, 49.8). A similar 2-fold significant increase (P<0.001)
was also observed for total B-catenin staining in E. coli HM44 colonised tissue (mean 146.0; 95%Cl
130.4, 161.5) compared to germ-free tissue (mean 71.8; 95%CI 50.9, 92.7). Nuclear localisation of B-
catenin was also shown to significantly elevated, again around 2-fold (P<0.001) in E. coli HM44

colonised tissue (mean 51.6%; 95%Cl 45.4, 57.8) compared to controls (mean 25.8; 95%Cl 18.1, 33.6).

The staining intensity, along with the final HSCORE values, for both COX-2 and B-catenin, in intestinal
tissue sections from the murine model systems used (DSS-induced colitis and Apc mutants) were
assessed and confirmed by two independent experimenters, Dr Carrie Duckworth and Dr John Jenkins
(University of Liverpool), both with vast experience of murine and human histopathology (and
specifically IHC for COX-2 and B-catenin). A random selection of images were also confirmed to
correlate with automated HSCORE values attributed to tissues from both germ-free and HM44 mono-

associated /1107 mice.

Haematoxylin and eosin staining was also processed by Dr Janelle Arthur and reviewed by animal
pathology expert, Dr Jonathan Williams, University of Liverpool (now at Department of Pathology and
Pathogen Biology, Royal Veterinary College, North Mymms AL9 7TA, UK). Imaging of germ-free mice
showed normal colonic folds of proximal colon with relatively few goblet cells, with thin mucosa seen
in some small areas (Figure 6.5.5.3). In comparison, E. coli HM44 mono-associated mice showed
infiltration of neutrophils, lymphocytes and plasma cells in the lamina propria, areas of crypt mitosis,
and extravasated erythrocytes indicating possible minimal haemorrhage. Some images also showed
thinning of the crypts, neutrophils undergoing epithelial exocytosis, and single cell apoptosis/necrosis,

with possible micro-erosions.
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Figure 6.5.5.3. H&E imaging of intestinal tissue following in vivo mono-association of germ-free
11107 mice with a CRC mucosa-associated E. coli. H&E histology of germ-free 11107 mice and mice
mono-associated with E. coli HM44 was completed by Dr Janelle Arthur (University of North Carolina
Chapel Hill, USA) and reviewed by Dr Jonathan Williams (University of Liverpool). Images shown were

captured at 20x and 40x magnification.

In summary, automated quantification of IHC processed intestinal tissue suggests that HM44 mono-
association of germ-free /107" mice caused an approximate 2-fold increase in both COX-2 and Wnt
pathway activation (i.e. nuclear localisation of B-catenin), and these increases were seen to be highly
significant. Further work remains to fully determine phenotypic changes and development of
hyperplasia and/or tumours, with early observations of the gut epithelial environment showing
inflammatory infiltrate and crypt mitosis, suggesting a proliferative state of crypt cells. This remains

to be quantified.
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6.5.6 Discussion

Following mono-association of germ-free /107" mice with a CRC mucosa-associated E. coli isolate,
there were significant increases observed in intestinal tissue expression of both COX-2 and B-catenin
protein, with the latter showing increased levels of nuclear localisation. Nuclear translocation of beta
catenin leads to significant potential for activation of TCF/Lef Wnt pathway signalling, a key early step
in colorectal carcinogenesis (Behrens et al., 1996, Morin et al., 1997, Kobayashi et al., 2000). This result
obtained in vivo validates data obtained in vitro following infection of CRC cell-lines SW480 and DLD-

1 with CRC and IBD mucosa-associated E. coli (see Chapter 5).

Microbial composition has been found to influence the development of colitis-associated colorectal
cancer. Studies using germ-free mouse models have revealed a key role for the microbiota in driving
colorectal cancer with mice raised in germ-free conditions typically devoid of intestinal inflammation
and tumours (Arthur and Jobin, 2011). Gut bacteria interaction with Toll-like receptors (TLRs) on the
luminal surface of intestinal epithelial cells (with consequent signalling via MyD88) is a key step in
experimental CRC pathogenesis (Rakoff-Nahoum and Medzhitov, 2009). Moreover, MyD88"" mice
cross-bred onto either Apc™™* mice resulted in marked reduction in tumours and mortality (Rakoff-
Nahoum and Medzhitov, 2007). In other susceptible mouse models, the presence of commensal and
other bacteria facilitates CRC development in comparison with germ-free animals. Examples include,
the spontaneous CRC that develops in TCR-Bchain-p53 double-knockout mice, which does not develop
if animals are kept under germ-free conditions (Kado et al., 2001), and colonisation of germ-free rats
with E. coli or Bacteroides spp. increases the number of carcinogen-induced aberrant crypt foci, a

precursor for CRC (Onoue et al., 1997).

The IL-10 family of cytokines have been established as playing an essential role in anti-inflammatory
immune response, with a particular role in defence against infections within epithelial cells (Ouyang
et al., 2011, lyer and Cheng, 2012, Couper et al., 2008). The germ-free //107- murine model used in the

present study has been highlighted by Scheinin et al. (2003) to be important in advancing our
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understanding of pathogenesis in inflammation-associated bowel diseases and in supporting
development of new therapeutics for conditions such as Crohn's disease, a bowel disease with
significant increased risk of CRC, and where mucosa-associated E. coli likely play a key role in this
condition (Martin et al., 2004, Prorok-Hamon et al., 2014). The removal of this innate defence
mechanism allows a direct look at the effect of CRC (and IBD) mucosa-associated E. coli infection of
an otherwise germ-free gut. Using microscopic evaluation of the immuno-stained mouse intestinal
tissue, we were able to see an increase in both COX-2 and B-catenin protein levels following infection

solely with an adherent, invasive E. coli HM44 isolated from a patient with CRC (Martin et al., 2004).

11107 mice that develop colitis in the presence of normal enteric microbiota, do not develop
inflammation if kept in a germ-free environment, and when given the carcinogen azoxymethane, only
develop CRC when acquiring a normal gut microbiota following transfer from germ-free conditions,

with modulation of the microbiota also altering CRC susceptibility (Uronis et al., 2009).

Germ-free 1/107° mice have previously been shown to develop colitis after being colonized with other
specific bacteria, such as Enterococcus faecalis (E. faecalis) (Balish and Warner, 2002). E. faecalis not
only induced inflammation, primarily in the colon and rectum, but rectal dysplasia and
adenocarcinoma were also observed in the infected mice (Balish and Warner, 2002). In addition,
conventional housed //107- mice with a complex-intestinal microbiota actually developed E. faecalis-
induced colitis within 10 to 15 weeks of age and showed more pathology in the caecum (typhlitis) than
observed with E. faecalis-induced colitis in germ-free //107- mice. In contrast, neither germ-free /1107
mice nor //107° mice colonized with a pure culture of Candida albicans, E. coli, Lactobacillus casei, L.
reuteri, L. acidophilus, a Bifidobacterium spp., Lactococcus lactis or a Bacillus spp. developed colitis
during the 25-30 week study. The authors concluded here that E. faecalis could specifically trigger
colitis, dysplasia, and carcinoma in a genetically susceptible murine host (Balish and Warner, 2002).
E. faecalis is also known to produce superoxide, which results in genomic instability, severe

inflammation and CRC in /107" mice (Wang and Huycke, 2007, Wang et al., 2012c).
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Mono-association of germ-free /107 mice with a murine AIEC isolate, influenced by intestinal
inflammation, appears to drive CRC progression in carcinogen-treated mice through the pks
pathogenicity island (Arthur et al., 2012) encoding for colibactin, a genotoxin shown to induce
enterocyte DNA damage and promote tumour growth (Cuevas-Ramos et al., 2010, Cougnoux et al.,
2014). An increased prevalence of pks-positive E. coli isolates in colorectal tissue implies a similar

cancer-promoting role in human CRC (Arthur et al., 2012, Prorok-Hamon et al., 2014).

However, the CRC mucosa-associated E. coli strain used in this study, HM44, does not harbour the pks
pathogenicity island encoding for colibactin (Arthur et al., 2012; Prorok-Hamon et al., 2014) but does
harbour the afa operon, more characteristic of diffuse adherent E. coli (DAEC) isolates (Servin, 2005).
It has been recently observed that there is increased prevalence of afa-expressing mucosa-associated
E. coli in CRC, with these isolates showing significant ability to upregulate angiogenic VEGF mRNA
(Prorok-Hamon et al., 2014). DAEC have also been observed to both increase activity of AKT
serine/threonine kinase, a molecular link to Wnt signalling, and to enhance nuclear localization of -
catenin (Anderson and Wong, 2010, Cane et al., 2007). DAEC afimbrial adhesins (Afa/Dr) are also
known to promote secretion of pro-angiogenic VEGF from epithelial cells and to induce epithelial-
mesenchymal transition (Cane et al., 2010), a potential mechanism for carcinoma progression (Thiery
et al., 2009). Moreover, VEGF/VEGFR2 signaling is a key molecular link between inflammation and CRC

promoting epithelial cell proliferation and tumour growth in vivo (Waldner et al., 2010).

Our ability to quantify the changes in COX-2 and B-catenin protein expression following as little as 6-
weeks of colonisation in vivo in this study could be seen as an important step towards linking mucosa-
associated E. coli infections to an increased risk of CRC development and progression. This is a key
finding, further supporting showing that inflammation signals and increase in Wnt signalling, could be

an early event in bacteria-induced colon carcinogenesis.

For this part of the study, immunohistochemical staining was a powerful tool in being able to visualise

the changes in expression of COX-2 and B-catenin. The use of DAB staining for nuclear localisation was

137



also important to assess B-catenin nuclear localisation. However, even with the use of negative
controls and blocking, absolute quantification using DAB staining intensities can be difficult to
interpret, comparatively (Rizzardi et al., 2012, de Matos et al., 2010). Other robust techniques such as
gPCR and immunoblotting can be used alongside IHC to allow more comparisons to be drawn and to
confirm changes in gene and protein expression. Future analysis using techniques such as these may

help to strengthen and confirm our findings of COX-2 and B-catenin protein expression changes.

This use of an automated scoring system to detect levels of COX-2 and B-catenin allowed for a higher
throughput image quantification in this study, where experimenter bias was also significantly reduced.
With a pre-determined number of images taken per immuno-stained tissue section and microscopy
light settings consistent for imaging of both germ-free and HM44 mono-associated /107" murine
tissues, automating the process of categorising the DAB staining intensity ruled out the maximum
number of variables that could affect the outcome of this scoring method. High quality results were
achieved by adapting the HSCORE method — an early approach reported in a breast cancer model
(McCarty et al., 1986). Due to the limited availability of colonic tissue from the in vivo mono-
association study, we decided first to optimise and validate the HSCORE method of quantification
before submitting the germ-free //107- model tissue for immunohistochemistry (IHC). Intestinal tissues
tissue from a wild-type C57BL/6 mouse treated with 2% w/v DSS, typically used to model the
development of DSS-induced colitis, and with observed upregulation of COX-2 (Singh et al., 2010) was
first used to validate the HSCORE system for COX-2 staining. The original study utilising this scoring
technique evaluated the immunohistochemical staining of human tumour tissue using a monoclonal
anti-oestrogen receptor antibody (McCarty et al., 1986). Immunohistochemical localisation was
scored in a semi-quantitative fashion incorporating both the intensity and the distribution of specific
staining (McCarty et al., 1986). Evaluation of staining in our study, was recorded as percentages of
positively stained target cells in five intensity categories; these were denoted as 0 (no staining), 1+
(weak but detectable above control), 2+ (distinct), 3+ (strong), and 4+ (minimal light transmission

through stained nucleus). These percentages were used to designate a HSCORE value derived by
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summing the percentages of cells staining at each intensity multiplied by the weighted intensity of
staining (McCarty et al., 1986). The method of achieving a final HSCORE value described in the original
study is similar to that incorporated into the IHC Profiler values of negative, low positive, positive and
high positive. The IHC Profiler is a plugin for ImagelJ, and was also used in our study. This method is
typically used for scoring protein targets with cytoplasmic and/or nuclear expression (Varghese et al.,
2014), making it suitable for scoring total epithelial levels of COX-2 and B-catenin expression. As
mentioned previously, the ability to deconvolute the cell nuclear blue haematoxylin stain and the
brown diaminobenzidine (DAB) stain used to detect COX-2 and B-catenin antibody binding, allowed
for a more sensitive method of quantification. If such a tissue scoring technique was to be utilised as
a marker for COX-2 or B-catenin in future studies, it would benefit from a compared to an established
scoring system using tissue pathology. One such system has been developed for visual analogue
scoring in order to quantifying immunohistochemical staining, and has been used to compare
untreated and H. felis-infected C57BL/6 mice (Duckworth et al., 2015). This would enable the
experimenter to further confirm the suitability of the automated scoring technique. In order to further
minimise the risk of bias with more valuable tissue, for example limited biopsy tissue being used to
determine CRC cancer risk, it would be beneficial to introduce an image blinding system, where the
person evaluating the staining intensity of each image was blinded as to the origin of the tissue.
Nevertheless, the way in which this scoring system is automated should remove any interference with

the final scoring outcome.

Following the validation of the COX-2 protocol, we sought to optimise and validate the HSCORE system
for B-catenin staining. As previously mentioned, gut tissue obtained from loxP-flanked Apc mutant
(Apc™™) AhCre mice (Sansom et al., 2004, Su et al., 1992), recommended for modelling CRC (Karim and
Huso, 2013, Newman et al., 2001), was used to validate the scoring system for B-catenin, but also to
validate the ImmunoRatio scoring system (described above), which has been previously used to assess

nuclear localisation in tissue sections (Tuominen et al., 2010, Sundara Rajan et al., 2014).
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The APC gene codes for the functional tumour-suppressor protein adenomatous polyposis coli, with
inactivation recognised as a key early event in the development of sporadic colorectal cancers
(Sansom et al., 2004). APC protein is responsible for targeting B-catenin for degradation; therefore,
loss of conventional Apc function in these mouse models gives rise to unregulated Wnt signalling,
leading to increased cell adhesion and migration, loss of cell cycle control, reduced apoptosis and
chromosomal stability (Bienz and Clevers, 2000, Nathke et al., 1996, Fodde et al., 2001). The loss of
Apc function in this mouse model meant that gut tissue would be highly valuable for the optimisation
and validation of the scoring technique that was to be used to assess B-catenin localisation in the

HM44 mono-association model.

The Apc™" mutant mouse model, a novel inducible transgenic line in conjunction with a loxP-flanked
Apc allele, was created by Sansom et al. (2004) using Cre/loxP technology (Sansom et al., 2004) and
adopted by Dr John Jenkins and Dr Cleberson Quieroz, who kindly donated gut tissue for use in our
study. Cre recombinase is a tyrosine recombinase enzyme responsible for the excision of any region
of DNA placed between two loxP sites, with the loxP site genetically targeted around an essential exon
in a gene, in this case Apc. The resulting mice contain the floxed (flanked by loxP sites) allele in all
tissues but are phenotypically wildtype. These floxed mice are then bred to Cre expressing transgenic
animals, where an inducer is required to drive Cre expression in order for gene deletion to occur (Hall
et al., 2009). In this case, the Cre Apc"" was induced by beta-napthoflavone injectons (Sansom et al.,

2004).

The multiple intestinal neoplasia mouse model is typically used as a model for familial adenomatous
polyposis coli (FAP). Mice in this model harbour one wild-type Apc allele and one Apc allele mutated
at codon 850 (ApcM™*). Due to the mutation, this model displays Apc-driven tumourigenesis in the

Mt mice has shown either

intestine, and investigation of adenomas from both FAP patients and Apc
mutation or loss of the wild-type Apc allele in most adenomas (Luo et al., 2009). Adenomas found in

this mouse model are predominantly localised to the small intestine and are generally benign,

meaning a lack of progression to invasive colon cancer (Young et al., 2013).
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Summary

Significant increases in both COX-2 and B-catenin expression, and in nuclear localisation of B-catenin,
was shown in murine intestinal tissue mono-associated with a human CRC mucosa-associated E. coli
isolate HM44. This demonstrates translation of findings seen in vitro, where COX-2 and Wnt signalling
pathway activation was observed in laboratory cultures CRC cell-lines infected by the same isolate
(and other similar CRC and IBD mucosa-associated E. coli isolates), into a disease-relevant in vivo
system. These increases in B-catenin/Wnt pathway activation could impact cell adhesion and
migration, loss of cell cycle control, reduced apoptosis and chromosomal stability as previously
reported. Further work remains to fully determine phenotypic changes and development of
hyperplasia and/or tumours, but early observations of the gut epithelial environment showed
inflammatory infiltrate and crypt mitosis, suggesting a proliferative state of crypt cells infected with
CRC-associated E. coli HM44. With a number of factors, both genetic and environmental, causing a
shift towards increased numbers of these pathogenic bacteria, influenced by intestinal inflammation,
this could be seen as a possible early driving event in the development and/or progression of
colorectal cancers. Additional study of other chronic mucosa-associated E. coli infections would be
beneficial, and could help to build a convincing argument towards the involvement of these specific

Whnt-activating bacteria in IBD-associated and sporadic CRC.
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Chapter 7:

Identification of genomic elements responsible for
COX-2 up-regulation using a fosmid clone library
generated from CRC mucosa-associated

E. coli HM358
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7.1 Introduction

With a wide role of cyclooxygenase-2 (COX-2) in CRC development and progression, and a cascade
suggested for the role of COX-2 and prostaglandin-E; (PGE3) in stimulating cancer cell growth via Wnt
activation (Castellone et al., 2005), it is highly possible that COX-2 induction following chronic bacterial

infection of colonic cells could lead to sustained increases in Wnt signalling in vivo.

COX-2-driven PGE; increases are believed to activate the G protein—coupled receptor EP2 leading to
phosphoinositide 3-kinase (P13K) activation of the Wnt signalling pathway via the inactivation of
glycogen synthase kinase 3B (GSK3pB). The subsequent accumulation of B-catenin in the cytoplasm and
its nuclear translocation following infection of colonic cells with mucosa-associated E. coli could
support cancer cell proliferation, migration and metastasis. With gut inflammation able to alter the
composition of the microbiota in favour of the adherent, invasive E. coli pathovar (Darfeuille-Michaud
et al., 1998, Swidsinski et al., 1998, Martin et al., 2004), this could create an environment that also
favours tumour development and progression, by resultant expansion of, and contact with, these
mucosa-associated bacteria. In addition, as CRC mucosa-associated E. coli strains can also survive and
replicate within human mucosal macrophages, leading to further increases in mucosal COX-2

expression and subsequent PGE; secretion (Raisch et al., 2015).

We have so far been able to characterise upregulation of Wnt signalling target genes alongside
increases in COX-2 and B-catenin at both mRNA and protein level following in vitro infection of CRC
cell lines with mucosa-associated E. coli isolates, including HM44 and HM358 both isolated from CRC
patient biopsy tissues. We have also been able to show translation of increased CRC E. coli-induced
COX-2 and B-catenin protein expression to that observed in vivo in an infection model using germ-free

11107 mice mono-associated with the CRC mucosa-associated E. coli HM44.

These results suggest that inflammation-associated and CRC mucosa-associated adherent, invasive
E. coli may harbour a key virulence factor(s) that support increased COX-2 and Wnt signalling,

important as possible drivers in the development and/or progression of CRC. Therefore, we aimed to
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establish whether specific genomic elements could be identified as being responsible for or
contributing towards these effects in colonic cell lines. To support this, we were fortunate to have
access to a screening library of 968 clones prepared using sheared gDNA fragments isolated from CRC
mucosa-associated E. coli HM358, shown to increase COX2 in CRC cell lines in vitro (See Chapter 5)
randomly inserted into the pCC1Fos fosmid vector transformed to non-pathogenic E. coli EPI300-T1
(see Figure 7.4). This approach had already successfully been used to identify the afimbrial adhesin
afa operon, more common to diffusely adherent E. coli (DAEC) (Servin, 2005), showing its role in
adhesion to, and invasion of epithelial cells, increased VEGF expression (i.e. angiogenic potential), and
increased prevalence and presence in E. coli isolates from the colorectal mucosae of patients with

Crohn's disease and CRC (Prorok-Hamon et al., 2014).

With these mucosa-associated E. coli found in increased numbers within intestinal tissue taken from
patients with IBD and CRC, a considerable impact could be made by identifying a bacterial gene
cluster/gene encoding a key virulence factor(s) responsible for, or contributing towards, increased
mucosal COX-2 and Wnt signal pathway activation, characteristic of inflammation-associated and

sporadic CRC.
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7.2 Hypothesis

Increases in COX-2 following mucosa-associated E. coli infection of colonocytes, observed in vitro and
in vivo, are driven by specific genomic elements encoding key virulence factors likely specific to

mucosa-associated E. coli.

7.3 Aims

e To investigate PTGS2 (COX-2) gene expression by RT-PCR following infection of SW480 CRC
cells with 968 library clones each containing a fosmid harbouring a functional fragment of
gDNA from the CRC mucosa-associated E. coli HM358 (known in vitro to upregulate COX2).

e To sequence all confirmed PTGS2-inducing fosmid clones to find any common genes/operons
and identify genomic elements responsible for or contributing towards mucosal COX-2

expression changes.
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7.4 Methods

To identify potential genomic elements involved in activation of COX-2 by CRC mucosa-associated E.
coli, we used a 968 fosmid clone library previously prepared in E. coli EPI300-T1 using sheared large
functional fragments of genomic DNA from E. coli HM358, a haemagglutination-positive, adherent,
invasive CRC isolate (Prorok-Hamon et al., 2014). Briefly, genomic DNA from this isolate was extracted
using the Genomix Cell/Tissue kit (Talent; Italy) and randomly sheared to create a non-biased fosmid
library using the CopyControl fosmid library kit (Epicentre; USA). DNA fragments were ligated into the
pCClFos vector and introduced into phage Tl-resistant E. coli K-12 derivate EPI300-T1, with

subsequent clones selected on chloramphenicol (12.5 pg/mL) containing LB agar.
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Figure 7.4. Production of fosmid library and subsequent induction of clones using
haemagglutinnating positive (HA+) CRC mucosa-associated E. coli isolate HM358. Adapted from
Epicentre  CopyControl™  Fosmid Library Production (http://www.epibio.com/docs/default-

source/protocols/copycontrol-fosmid-library-production-kit-with-pcc1fos-vector.pdf).

For our study, each of the 968 fosmid library clones were sub-cultured from -80°C stored Protect bead
stocks, and glycerol stocks generated for long-term storage and SW480 CRC cell infections in a 96 well
format. Briefly, liquid LB broth was prepared (5g sodium chloride, 5g tryptone, 2.5g yeast extract and
500 mL Elga-purified dionised water), with 500 uL added to each well of a deep 96-well plate (Sigma
Aldrich; UK). Using a sterile loop, a single Protect bead was added to individual wells of the 96 deep

well liquid LB plate. The 96-well cultures were covered using a slotted rubber plate lid (Sigma Aldrich)
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and incubated at 37 °C overnight in a shacking incubator (140 rpm). Culture growth was characterized
by a cloudy haze in the media and confirmed by conducting optical density (ODeoonm) measurement
using samples from 3 randomly selected wells, before using the same sample to grow clones on LB
agar; a negative control using LB media supplemented with 500 pg/mL gentamicin (Sigma Aldrich)
with and without bacteria was used to confirm lack of growth in these cultures. Following growth, 500
uL of 50% glycerol (100% glycerol in Elga-purified deionised water) was added to each well of bacterial
culture and gently mixed. Glycerol stocks were stored at -80°C. To recover bacteria from frozen

glycerol stocks, a sterile loop was used to streak onto LB agar plates and grown overnight.

For infection studies using SW480 CRC cells, cells of a low passage number (below 20 passages) were
cultured as monolayers and maintained in DMEM supplemented with 10% FBS at 37°C. Trypsinised
cells were diluted to a cell suspension containing 250,000 cells/mL, with 2 mL of culture added to each
well of clear 12-well cell culture plates (Corning; UK) and incubated overnight at 37 °C. Cells were
infected with each of the 968 fosmid library clones for 4 hours at 37°C (MOI: 10) for consistency with
previous in vitro infection studies. Following infection, bacteria-containing media was removed and
cells washed three times using sterile PBS (pH7.4) before lysis. Lysates were processed for extraction
of RNA using the Zymo ZR-96 Quick-RNA kit (R1052; Zymo Research, US) following the manufacturers
protocol. Briefly, each lysate was transferred to the 96-well Silicon-A Plate (supplied) and centrifuged
at 4500 x g for 5 min. Lysate was then mixed with RNA lysis buffer and washed in Prep and Wash
buffers (supplied), centrifuged at 4500 x g for 5 min. RNA was then eluted using DNase/RNase free

water. Eluted RNA was used to synthesise cDNA and stored at -80 °C.

RT-PCR using the cDNA was then used to assess expression of the PTGS2 gene encoding for COX-2
protein, as in previous in vitro infection studies (see Chapter 5). Results were normalised to the
expression of 3 actin gene, ACTB. Positive and negative controls using parent CRC mucosa-associated
E. coli HM358 infected SW480 cells and non-infected cells respectively, were included in each run,
with the same RT-PCR and amplification/quantification conditions optimised previously for use in the

LightCycler 480 (Roche). Analysis of Ct values was then completed.
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Fosmid library clones up-regulating PTGS2 expression were screened again to confirm activity, this
time by RT-PCR using cDNA reverse transcribed from extracted total RNA from each infected culture
using the same RT-PCR conditions. Following confirmation, fosmid DNA from positive clones and the
parent HM358 strain were each extracted using the QlAfilter Midi kit (Qiagen) following the
manufacturer's instructions and DNA quantified using Qubit (Thermo) fluorometric quantification
according to manufacturer's instructions. Extracted fosmid DNA was kindly sequenced using lllumina
MiSeq technology (lllumina Inc., USA) by Dr Matthew Bull and Professor Julian Marchesi (School of
Biosciences, Cardiff University). As only 12 fosmids were to be sequenced in this study, a single-index
approach was used, where only one end of each fragment was indexed.

Briefly, extracted fosmid DNA was fragmented using dsDNA fragmentase (#M0348L, New England
BioLabs Inc., USA), and resulting fragments size-selected to approximately 400 bp using Ampure XP
SPRI beads (Beckman Coulter). Illumina sequencing libraries were prepared using a NEBNext Ultra
DNA Library Prep Kit (#E7645L, New England BiolLabs Inc.), following the manufacturer’s instructions.
Resulting libraries were quantified using Qubit (Life Technologies) and combined at equimolar
concentrations for sequencing. Libraries were sequenced on a MiSeq (lllumina Inc.) using a 2x150
Nano sequencing kit (Illumina Inc.) following manufacturer’s instructions, with sequence analysis tasks
carried out virtually, hosted by the Cloud Infrastructure for Microbial Bioinformatics (CLIMB;
http://www.climb.ac.uk/) according to established protocols (Esson et al., 2016, McNally et al., 2016).
The reads from each fosmid were assembled into contigs using the plasmidSPAdes function of SPAdes
Genome Assembler software (version 3.8.0; http://bioinf.spbau.ru/spades) as previously reported
(Antipov et al., 2016). Contigs denoting overlapping sequence data were screened for genomic DNA
based on sequencing coverage and ordered based on fosmid backbone positioning. Subsequent
fosmid-only assemblies were then annotated using Prokka annotation software (version 1.11;

https://github.com/tseemann/prokka) as previously reported (Seemann, 2014).
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7.5 Results
7.5.1 Initial screening of fragmented E. coli HM358 fosmid library clones

Following infection of SW480 cells with each of 968 fosmid library clones of fragmented E. coli HM358
genome, and subsequent cellular lysis, RNA extraction and cDNA synthesis (4 hours post-infection),
RT-PCR was completed using primers for COX-2 (PTGS2), as well as B-actin (ACTB) as a house-keeping
gene, to calculate changes in COX-2 gene expression for each clone of the fosmid library. RNA

extraction was successful for 842 clone infections (87.0%).

A cut-off threshold of >2-fold change in PTGS2 expression was set to be consistent with previous cut-
off threshold set for the Wnt signalling RT? PCR array data sets (Chapter 5). Initial screening of fosmid
clones revealed >2-fold up-regulation of COX-2 gene expression caused by 45 clones (5.3%) and >2-
fold down-regulation caused by 34 clones (4.0%), with the remaining 763 clones (90.6%) resulting in
<2-fold up- or down-regulation considered to have caused no change (Figure 7.5.1); expression change

s for clones causing 22-fold up-regulation is shown in Table 7.5.1 (n=1).

4.5 1

4.0 4 45 34
35 -

3.0 1
25 1 O >2-fold down-regulation

20 -
1.5 O No change

10 1 .
05 -J m >2-fold up-regulation
0.0 -

Untreated HM 358
Treatment

Fold change

763

Figure 7.5.1. Changes in COX-2 gene expression following infection of SW480 cells with E. coli

EPI300T1 fosmid library clones from a fragmented E. coli HM358 fosmid library. Graphs show fold

change data for (A) untreated and HM358 treated controls (n=10) and (B) clones from a fragmented E. coli

HM358 fosmid library (n=1). Fold change data for the fosmid clones was segregated into those that caused

=>2-fold up-regulation and =2-fold down-regulation, with changes of <2 fold up- or down-regulation

designated as no change.
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Table 7.5.1. Fold change in COX-2 (PTGS2) gene expression for positive clones.

1C5 2017* 3E10 2.08 GEB 2.57
1E9 2.02 4ES 2.55 6G6 2.03
1F1 2.39 4G11 2.55 6G8 2.30
1Fa 2.09 oF8 5821.89" 7B5 2.36
1F7 217 B6A1 222 7B12 2.08
2B8 33.86™ B6A2 2.27 D11 218
2C4 13.15% B6AS 2.05 7F11 1.60
2E4 213 6A12 224 7G6 3.09
2E12 24 6B4 435 7G11 210
2F9 3.1 6B6 2.05 8B11 2.07
2G8 172.65* 6C7 2.27 9E6 153986.42*
D1 3.02 6C9 203 9E12 26846 45™
3D2 2 6C12 218 9G¥ 2621.89"
3E2 219 6E2 2.07 9G8 15962 99"
3E6 2.23 GEG 2.03 10E1 214

*High Ct value (>30) for ACTB housekeeping gene with no notable change in Ct value for PTGS2 compared to

untreated controls

**ow Ct value (<10) for PTGS2 with no notable change in Ct value for ACTB housekeeping gene compared to

untreated controls

7.5.2 Confirmation RT-PCR of positive clones causing up-regulation of PTGS2

Initial screening of the 968 fosmid library of clones measured changes in PTGS2 gene expression
following single infections (n=1); therefore, it was necessary to confirm these findings using a
secondary screen. This was done by RT-PCR of cDNA reverse-transcribed from extracted total RNA of
SW480 cells infected with each of the 36 clones showing >2-fold up-regulation of PTGS2 and 3
randomly selected clones showing >2-fold down-regulation or no change (n=3). A decision was made
to not include 9 clones showing >2-fold up-regulation in the initial screen due to abnormally high or
low Ct values for either ACTB or PTGS2; again, this was to ensure consistency with results obtained in

the Wnt signalling RT? PCR array data sets.
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The secondary screen revealed only 12 clones (33.3%) were confirmed to show >2-fold up-regulation
of PTGS2 expression, with 14 clones (38.9%) showing 22-fold down-regulation and 10 clones (27.8%)
considered to have caused no change (Figure 7.5.2; Table 7.5.2); expression changes for clones

confirmed to show >2-fold up-regulation has been shown in Table 7.5.2 (n=3).

7.0 -
6.0 1
5.0 1
4.0 -

® Confirmed

30 - O1.8=x=20

Fold change

2.0 1
1.0 -

O MNegative

0.0 4
Untreated HM358

Treatment

Figure 7.5.2. Confirmation of COX-2 (PTGS2) gene up-regulation caused by CRC mucosa-
associated E. coli HM358 and E. coli EPI300T1 fosmid library clones generated from 30-60Kb
gDNA fragments of E. coli HM358 genome. Graphs show fold change data for
(A) uninfected and parent E. coli isolate HM358-infected controls (n=6) and (B) clones from a fragmented
E. coli HM358 fosmid library initially identified as PTGS2 up-regulating (n=3). Confirmation results for
the fosmid clones were segregated into those that again caused >2-fold up-regulation (Confirmed), those
that caused between 1.8 to 2.0 fold up-regulation (1.8<x>2.0) and those that caused less than 1.8-fold

change (Negative).
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Table 7.5.2. Fold change in COX-2 (PTGS2) gene expression for fosmid clones screened in
confirmation studies.

These results showed that 12 clones from the HM358 fosmid library were confirmed to up-regulate
PTGS2 gene expression more than 2-fold; this would suggest that these clones may contain specific
genomic elements inserted within the fosmid that are responsible for the increase observed in COX-2
following HM358 infection and perhaps as a consequence, Wnt signal pathway activation. To identify
the genomic elements, we undertook sequence analysis of fosmid DNA isolated from the 12 clones

confirmed in the secondary screen to up-regulate PTGS2 gene expression.
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7.5.3 lllumina MiSeq sequencing of fosmid DNA from fosmid library clones generated

from DNA fragments of E. coli HM358 confirmed to up-regulate PTGS2 gene expression

Following confirmation of fosmid library clones showing >2-fold up-regulation of PTGS2 expression in
both the primary screen and secondary confirmatory screen, fosmid DNA was extracted from 12
positive clones. Fosmid DNA was extracted using QlAfilter Midi kit following the manufacturer's
instructions, with fosmid DNA from the parent CRC mucosa-associated E. coli HM358 isolate also
extracted for sequencing. Each sample was then submitted for Qubit fluorimetric quantification of

DNA content (Table 7.5.3).

Table 7.5.3. Qubit quantification of fosmid DNA from confirmed PTGS2 up-regulating library

clones and DNA from HM358.

1F7 429
2E4 15.20
2E12 3.15
3D2 6.76
3E10 3.87
6B4 312
6C7 2.85
6E2 7.00
6EB 8.40
1B12 3.96
D11 20.20
10EN 11.00
HM358 19.70

Following DNA extraction and quantification, samples were sent to Cardiff University for sequencing
using the Illumina MiSeq (lllumina Inc., USA). As only 12 fosmids were to be sequenced in this study,

a single-index approach was used, where only one end of each fragment was indexed. Following
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sequencing, SPAdes Genome Assembler software (version 3.10.1; http://bioinf.spbau.ru/spades) was
used for fosmid assembly and Prokka software (version 1.11; https://github.com/tseemann/prokka)
for rapid prokaryotic genome annotation. Annotation comparisons were then completed using the
Artemis Comparison Tool (http://www.sanger.ac.uk/science/tools/artemis-comparison-tool-act).
Here, regions of sequence homology are linked with vertical red (forward match) or blue (reverse
match) lines (not shown). In all cases, the fosmid operon sequences are shown at the top of the image,

with the reference backbone sequence at the bottom.

Of the 12 confirmed positive clones sequenced, some appeared to have common homology. All but
one clone contained the fosmid vector sequence comprised of the repE, soj and virB operons, which

were found as a cluster (Figure 7.5.3.2).
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Figure 7.5.3.2. Sequence alignment of 12 fosmid clones positive for PTGS2 up-regulation. The

fosmid vector reference sequence of repE, soj and virB operons (red arrows) was identified in 11 of 12

fosmid clones. Sequences were between 30-50 kDa in 10 of 12 fosmid clones.
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Fosmid clone 7B12 was found to be around 15 kDa and did not contain the fosmid vector reference
sequence, suggesting this was an incomplete sequence. Interestingly, clones 2E4 and 6E8 contained
sequence homology for 15 genomic elements/operons, including yrb, kds, Ipt, rpo, pts and glt (Figure

7.5.3.3). Some of these genomic elements/operons were also found in other PTGS2 up-regulating

clones, and may be of interest for future studies.

W . W m < Wl ¢y O u= vy QO m ¢ P o
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Figure 7.5.3.3. Sequence alignment of fosmid clones 2E4 and 6E8 positive for PTGS2 up-
regulation. The fosmid vector reference sequence of repE, soj and virB operons (red arrows) was
identified, with the majority of other operons common in both clones (blue arrows) and only 5 additional

operons in clone 6E8 (grey arrows). The order sequence of the common operons was identical.
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7.6 Discussion

By screening clones from the fragmented E. coli HM358 fosmid library using RNA extractions from
infected CRC cells in vitro, we were unable to identify a common factor associated with increased
PTGS2 (COX-2) expression. Initial and confirmation screening efforts appeared to identify 12 fosmid
clones showing increased PTGS2 expression. Subsequent sequencing of these clones using lllumina
MiSeq showed similarities in DNA content, with particularly common homology in two of these fosmid
DNA inserts. The fosmid vector sequence of repE, soj and virB operons were used to identify the coding
region in each clone, with repE and soj encoding replication initiator proteins (Wada et al., 1987, Ogura
et al., 2003) and virB required for survival and replication (Schmiederer et al., 2001). The operons
identified following on from the vector sequence were almost identical for the 2E4 and 6E8 clones.

The following sections highlight their known functions.

The ispB gene codes for the octaprenyl diphosphate synthase enzyme involved in quinone synthesis
(Maouche et al., 2016). This gene is essential for normal growth of E. coli (Okada et al., 1997), but to
date is not known to be associated with virulence. The yrbG gene is believed to play a protective role
against the lethal action of quinolones (a family of synthetic broad-spectrum antibiotics), with yrbB
mutations making E. coli more susceptible to quinolone-mediated lethality (Han et al., 2011). YrbB is
a component of an ABC transport system that maintains lipid asymmetry in the outer membrane of
Gram-negative bacteria, by preventing surface exposure of phospholipids. It has been suggested that
these genes may be implicated in cell envelope integrity (Sperandeo et al., 2006). A role for yrbB in
supporting survival of E. coli in high-stress environments has been shown, with yrbB mutation
associated with a greater susceptibility to stress-induced killing (including stressors such as UV and
oxidative damage) than wild-type E. coli, although no difference were seen in response to heat-

induced death (Han et al., 2011).

The kdsD gene codes for d-Arabinose 5-phosphate isomerase (API), the first enzyme in the

biosynthetic pathway of 3-deoxy-d-manno-octulosonate (KDO), a unique 8-carbon sugar component
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of lipopolysaccharides located in the outer leaflet of the outer membrane of Gram-negative bacteria.
However, presence of the kdsD gene and encoding of API has been reported in E. coli K-12 (Meredith
and Woodard, 2005), an isolate which was shown to have no impact on PTGS2 expression throughout
our study. Therefore, the kdsD gene is unlikely to have an important role in driving increased PTGS2

expression.

The Ipt operon in E. coli codes for the Lpt protein machinery, seven essential proteins (A, B, C, D, E, F,
and G) which form a complex that constitutes a transporter for lipopolysaccharide (LPS), one of the
most powerful proinflammatory bacterial virulence factors, engaging transport of LPS from the
cytoplasm to the outer membrane (Martorana et al., 2014, Bollati et al.,, 2015). As these are
considered essential for LPS transport in Gram-negative bacteria, changes in expression (i.e. up-
regulation) in E. coli may affect their ability to survive, which may then enhance their ability to infect
host cells. This could be a driving factor for PTGS2 expression, but would need to be confirmed either
by functional studies of insertion of a plasmid containing the /pt operon into a non-PTGS2 inducing E.
coli (gain of function study) or through use of transposon mutagenesis (Goryshin et al., 2000) to create
insertional knockout of Ipt operon genes in the parent CRC mucosa-associated PTGS2-inducing E. coli
HM358 (loss of function study). This could then be followed up by mono-association of germ free mice

with HM358 and the isogenic knockout strain

In E. coli, the phosphoenolpyruvate-carbohydrate phosphotransferase system (PTS), coded for by the
pts gene family, is responsible for the transport and phosphorylation of sugars, such as glucose. PTS is
believed to play an important role in controlling the preferential utilisation of glucose (Escalante et
al., 2012, Plumbridge, 2002). Earlier studies also reported PTS as being a well characterized system
mediating information transfer from the external medium to multiple targets inside the cell (De Reuse
et al., 1989). Again, this growth and survival mechanism may be enhanced in clones shown to up-

regulate PTGS2 expression, and may aid COX-2 signalling changes.
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The gltB and gltD operons are responsible for the synthesis of glutamate synthase enzyme. Under
nitrogen-rich conditions, this can be used to form glutamate and glutamine (Kumar and Shimizu,
2010). Some E. coli mutants that are deficient in glutamate synthase activity have difficulty growing
with nitrogen sources other than ammonia, suggesting this enzyme is important in bacterial growth
in nitrogen-rich conditions. Increases in nitrogen metabolism have been shown in IBD, where the
microbiome begins to respond and compensate to gut inflammation driven oxidative stress (Morgan
et al., 2012). The Morgan et al. study reported an increase in glutathione transport gene abundance
in UC and CD and an increase in glutathione metabolism gene abundance in UC. Inflammatory
cascades aid the production of highly reactive oxygen and nitrogen metabolites, which have been
found greatly increased in active IBD. Monocytes in the lamina propia also release homocysteine
during inflammation, which further contributes to oxidative stress (Morgan et al., 2012). These may
reflect a mechanism by which the gut microbiome addresses the oxidative stress caused by
inflammation, where changes in expression of genes responsible for controlling bacterial survival

under these conditions may become important.

The Morgan et al. study also highlighted that this type of stress allows entero-haemorrhagic E. coli to
use nitrogen sources as a competitive advantage under these conditions. The possibility that E. coli
may be highly represented in IBD because they gain a competitive advantage from inflammation-
induced oxidative and/or acid stress, and that they appear better able to compensate for this through
metabolism of glutathione has been raised previously (Morgan et al., 2012), and may make presence
of this genomic element in several of the positive fosmid library clones (from the parent isolate

HM358) in our study of more interest.

An additional study has also indicated the elevated expression of rpo genes in response to increased
gltB and g/tD expression (Kumar and Shimizu, 2010). Alternative sigma factor 54 (RpoN), coded for by
rpo, is an important regulator of stress resistance and virulence genes in many bacterial species. RpoN
plays a major role in the response of E. coli to nitrogen-limiting conditions. Under such conditions,

RpoN directs the transcription of several operons/regulators in the nitrogen regulatory response in E.
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coli (Riordan et al., 2010). With the rpoN operon found in our study in both the 2E4 and 6E8 fosmid
library clones, and where gltB and g/tD were also identified, this perhaps establishes a further
association between their presence/expression, and may link further to the impact of nitrogen sources

in intestinal inflammatory conditions as with the g/tB and g/tD operons.

As bacteria have to adapt quickly and efficiently to multiply in response to changes in their
environment, membrane-linked transport systems, such as those eluded to here, are designed to
recognise and translocate specific molecules across the cell membrane in order to survive, grow and
persist. The PTS is a good example of a system specifically designed to transport a large number of
carbohydrates, and is also one of the best characterized systems mediating information transfer from
the external medium to multiple targets inside the cell (De Reuse et al., 1989). If mucosa-associated
E. coli do harness these features for growth and survival better than non-pathogenic strains,
particularly in higher stress conditions such as inflammation, their ability to infect host cells may be
improved and may have contributed to the COX-2 and Wnt signaling changes observed both in vitro

and in vivo.

Going forwards, it would be interesting to look deeper into those operons/genes shared by PTGS2 up-
regulating fosmid library clones more closely. Once key operons/genes have been identified, it would
be useful to screen all clones for the presence of this operon using RT-PCR. This was done in the study
of Prorok-Hamon et al., (2014) where sequence analysis of E. coli HM358 and haemagglutination-
positive fosmid clones were subsequently screened by PCR for a conserved element of the 454-
sequencing identified afimbrial adhesin afa-1 operon (i.e. afaC, encoding an usher protein).
Subsequent insertion of the identified afa-1 operon into a plasmid and transformation of the non-
pathogenic E. coli EPI1300-T1 (K-12) base clone strain, demonstrated that presence of this genomic
element to confer ability to adhere to, and invade, HEp-2 and 1-407 epithelial cells (Prorok-Hamon et
al., 2014). In the same study, the wild-type strain HM358 showed a greater ability to adhere to, and
invade into, these cells compared to the afa-1-transfected E. coli K-12 strain, implying that other

adhesins/invasins might also be involved, as invasion into 1-407 cells was seen some afaC-negative
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mucosa-associated E. coli isolates. This means that any leads stemming from our study may not be the
only factors involved in inducing COX-2 and Wnt signalling, and could mean a role for several
genes/proteins working in tandem to elicit these effects. It would also be useful to be able to compare
the sequence of HM358 (data not available) and other mucosa-associated E. coli isolates from CRC
and IBD patients and to that of E. coli K12 genome (accession number: U00096.2), with the potential
to insert any genes/operons of interest from data from our study into a wild-type control, such as E.

coli K12, to investigate effects on PTGS2 expression in SW480 cells.

The similarities seen in only two of the fosmid clones was an unexpected result, especially given that
such similarities were not seen in the use of the fosmid library successfully identifying the afimbrial
adhesin (afa-1) operon, but also that that the afa-1 operon was seen in 7/8 positive clones (one not

having sequenced) in the Prorok-Hamon study (Prorok-Hamon et al., 2014).

Given the COX-2 increases are already shown in vitro (see Chapter 5) and in vivo (see Chapter 6) data
accumulated in our project, measurement of PTGS2 gene expression changes appeared a logical way
to screen the fosmid library or clones. However, few assays measuring COX-2 activation on a high-
throughput scale would have been suitable for obtaining a robust signal window in order to efficiently

identify fosmid clones that up-regulate COX-2.

Readouts using the stable transfected HelLa TCF/LEF luciferase reporter assay (Signosis, USA), which
yielded reliable and robust data when characterising the in vitro effects of mucosa-associated E. coli
(see Chapter 5), was trial screened following infection with the same fosmid library clones identified
to up-regulate PTGS2 gene expression. The assay readout did not produce any reproducible data sets
to identify TCF/LEF signalling changes following infection with fosmid clones showing COX-2 gene
changes (n=3, data not shown); this was despite showing reproducible increases in TCF/LEF signalling
using several mucosa-associated E. coli, including HM358, as positive controls. However, this could
again be due to limitations of the primary screen in identifying suitable fosmids. Instead, it may be

possible to examine the effects on Wnt signalling using gPCR to identify changes in expression of
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specific Wnt-relevant genes such as Axin2, known to be rapidly induced by the activation of Wnt
signalling (Jho et al., 2002). Another possibility could be to utilise a PGE; ELISA (such as that shown in
the in vitro monocyte-derived macrophage infection assays in Chapter 5) as a screening tool, where
cells inoculated with each fosmid library clones are lysed and used to quantify host cell production of
PGE; released to cell supernatants. Measurement of PGE, would be a downstream reporter of COX-2
activity. Use of an ELISA readout for COX-2 has also been used with success in a high-throughput

screening format (Cuendet et al., 2006).

Summary

Future work using this data could identify one or even several genes or operons that establish an
active factor, or factors, that contribute to the induction of COX-2 and Wnt signalling observed in vitro
and in vivo experiments described earlier in the project. If mucosa-associated E. coli are to be shown
to harness any of the operons identified here for growth and survival, particularly in higher stress
conditions such as inflammation, increase their ability to infect host cells and contribute to COX-2 and

Whnt signalling changes, these could become potential therapeutic targets.
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Chapter 8:

Development of a three-dimensional (3D) cell
culture method to investigate the effects of

mucosa-associated E. coli infections
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8.1 Introduction

Mucosa-associated E. coli have been found in high numbers within intestinal tissue taken from IBD
and CRC patients (Martin et al., 2004, Hold et al., 2014, Swidsinski et al., 1998). Results obtained so
far suggest that colonic mucosa-associated E. coli support increased intestinal COX-2 expression and
Whnt signalling as a possible early event in the development and/or progression of colorectal cancers.
We have been able to characterise changes in both COX-2 gene and protein expression and Wnt
signalling, including increased nuclear translocation of B-catenin, following in vitro infection of CRC
cell lines with mucosa-associated E. coli, as well as showing the translation of these effects in an in
vivo infection model using germ-free /110 knock-out mice mono-associated with HM44, a mucosa-

associated E. coli isolated from a CRC patient.

With gut inflammation already shown to alter composition of the gut microbiota in favour of
pathobiont mucosa-associated E. coli (Darfeuille-Michaud et al., 1998, Swidsinski et al., 1998, Martin
etal., 2004), the resultant expansion of these bacteria would likely increase their interactions with gut
mucosa. With few studies looking to mimic the intricacies of the parent colonic tissue, opportunities
to effectively show the translational effects of these interactions in vitro have so far been limited. One
method of modelling better these interactions is by utilising three-dimensional (3D) organotypic cell
cultures. Previous development of 3D culture models to study host-pathogen interactions has allowed
a better platform for studying these interactions as these cultures tend to better replicate the growth
of cells and tissues in vivo compared to 2D monolayer cultures, particularly in the case of tumour
formation. One study in particular reported successful use of CRC cell lines formed as 3D organotypic
cultures to study host interaction with pathogens such as enteropathogenic E. coli (EPEC) and
enterohaemorrhagic E. coli (EHEC) ((Carvalho et al., 2005). The authors made use of a rotating cell
culture system (RCCS; Synthecon, USA), originally designed and used by the National Aeronautics and
Space Administration (NASA) to provide a simulated microgravity environment during certain phases

of the Shuttle missions, before being made commercially available for the production of 3D cell
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structures (Jessup et al., 1993). This system has been used extensively to characterise cell behaviour
and neoplastic transformation in 3D culture using a host of different cell types, including cancer cells
(Vidyasekar et al., 2015), skeletal muscle cells (Klement et al., 2004) and bacteria (Bergmann and

Steinert, 2015).

The RCCS generates low-shear stress and microgravity conditions provide unique advantages for the
cultivation of mammalian tissues (Jessup et al., 1993). A lack of gravity-induced sedimentation
supports 3D growth in culture and permits human epithelial cells to grow to high densities. The system
also allows the use of cell micro-carriers, where cells can adhere to, and undergo cell division on, these
micro-carriers whilst remaining as aggregates in suspension. This culture method is especially useful
for allowing natural cell-cell interaction, with growth in the RCCS shown to support morphological
differentiation of human colon carcinoma cells, particularly in co-culture with human stromal cells to

create a foundation layer for the neoplastic cells to grow on (Jessup et al., 1993, Jessup et al., 2000).

With several CRC cell lines, such as HT-29 (Goodwin et al., 1992), Caco-2 (Kaeffer et al., 2002) and HCT-
8 (Carvalho et al., 2005), already having been shown to be suitable for use in this system, our aim was
to create 3D cultures suitable for infection with mucosa-associated E. coli. For this project, porous
Cytodex micro-carrier beads were examined for their use as a support for CRC cell growth in the RCCS
system. Two types of micro-carrier beads coated with collagen and diethylaminoethyl (DEAE)
cellulose, a positively charged resin, were used to simulate the supportive environment provided to

epithelial colon cells in vivo.

Here, RCCS culture was initially developed using the SW480 CRC cell line (successfully used in in vitro
studies demonstrating mucosa-associated E. coli-induced COX-2 expression and Wnt pathway
activation — Chapter 5) and then expanded to investigate a late-stage adenoma cell line AA/C1 and
adenocarcinoma cell line AA/C1/SB, both experimentally-transformed from an epithelial adenoma cell
line PC/AA (Williams et al., 1990, Paraskeva et al., 1992). By using these cell-lines, we would gain

insight into the impact of colonic mucosa-associated E. coli infection on cells at key stages of
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transformation in the colorectal adenoma-carcinoma sequence (Armaghany et al.,, 2012).
Development of a 3D organotypic cell culture method using this array of colorectal cell lines would
also afford us opportunity to investigate the effects of mucosa-associated E. coli infection in a system
that better mimics chronic pathogenic bacterial infection in patients. With a fully validated culture
procedure, we would then have an efficient and reliable culture platform available for use in future

studies.
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8.2 Hypothesis

Three-dimensional organotypic cell cultures will allow us to investigate the effects of colonic mucosa-
associated E. coli infection in a system that better mimics the intricacies of bacteria-host interactions

in vivo.

8.3 Aims

e To develop a 3D organotypic cell culture using a series of colorectal cell-lines at different
stages of malignant transformation in the adenoma-carcinoma pathway.
e To investigate the action of colonic mucosa-associated E. coli infection of 3D organotypic cell

cultures on COX-2 expression and Wnt pathway activation.
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8.4 Methods

The adherent human colonic epithelial cell lines SW480 and DLD-1, derived from male patients with
Duke's type B (Leibovitz et al., 1976) and type C (Dexter et al., 1981) colorectal adenocarcinomas,
respectively, were initially grown as monolayer cultures as previously described (see Section 4.1). Cells
were maintained in complete Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma Aldrich)
supplemented with 10% (v/v) fetal bovine serum (FBS) (Invitrogen; Paisley, UK), 100 U/mL penicillin
and 100 pg/mL streptomycin (Sigma Aldrich, UK) at 37°C in a humidified atmosphere of 5% CO,, 95%
air until they reached confluency. The epithelial cell line PC/AA and experimentally-transformed
AA/C1 and AA/C1/SB cells were originally established from a pre-malignant adenoma taken from a
patient with familial adenomatous polyposis and kindly donated by Professor Chris Paraskeva,
University of Bristol, UK (Williams et al., 1990, Paraskeva et al., 1992). The AA/C1 and AA/C1/SB cell
lines were grown and maintained under the same conditions as SW480 and DLD-1 cells, excepting that
complete DMEM was additionally supplemented with 2 mM L-glutamine (Sigma Aldrich), 1 pug/mL

hydrocortisone sodium succinate (Sigma Aldrich) and 0.2 U/mL human insulin (Sigma Aldrich).

Once cell lines had reached around 90% confluency, colonic cell lines were each seeded at the required
density, for example 1 x 10° cells/vessel, directly into 10 mL and 50 mL vessels and added to the
Synthecon Rotary Cell Culture System (RCCS) following manufacturer recommendations (Figure 8.4).
Initiation and maintenance technique, as well as cell density and rotation speed were optimised for
individual cell lines and culture volumes (see Chapter 8.5). Briefly, cells were maintained in complete
DMEM, with appropriate supplementary reagents required for specific cell lines, at 37°C in a
humidified atmosphere of 5% CO,, 95% air. Media was changed 72-96 hours after seeding, then every
48 hours until cell aggregates were harvested. Periodic sampling of cell aggregates following media
changes allowed monitoring of cell aggregation and viability using light microscopy. Following culture
in the RCCS for up to 4 weeks, cell aggregates were harvested and plated for E. coli treatment. Assays

used the same multiplicity of infection (MOI: 10) as used in earlier 2D monolayer studies; this MOl was
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estimated based on the initial cell density at the beginning of RCCS culture and rate of replication of

cells seen in 2D monolayer studies.

Figure 8.4. Rotary cell culture system (RCCS). The annotated image shows a typical RCCS setup

using a 50 mL disposable culture vessel. The RCCS culture system (left) would be placed inside the

incubator, with the control box (right) placed outside and linked via cable.

Cultures were also created using extracellular-matrix-coated (ECM) micro-carrier beads, where cells
grown in monolayer cultures were trypsinised and incubated with the coated beads before being
added to a rotary cell culture vessel. In this case, Cytodex beads coated in with diethylaminoethyl
(DEAE) cellulose (Cytodex-1) and collagen (Cytodex-3) were used (Sigma Aldrich); micro-carrier beads
were prepared and used following the manufacturer's recommendations. Briefly, Cytodex beads were
sterilized in 100% ethanol before swelling in excess sterile phosphate-buffered saline (PBS; pH7.4),
using 50 mL/g of Cytodex beads, for a minimum of 2 hours. The cell-bead suspension was then left to
settle for 10 minutes; the supernatant PBS was decanted and replaced with 70 % (v/v) ethanol in
distilled water; the beads were washed twice in this solution and then incubated overnight in 70 %
(v/v) ethanol in distilled water, using 70-100 mL/g Cytodex beads. Following incubation, the 70% (v/v)
ethanol solution was removed, with the Cytodex beads then washed three times in sterile PBS (50
mL/g Cytodex beads). The supernatant PBS was again removed and the beads washed once in the
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appropriate cell culture medium (20-50 mL/g Cytodex beads) before use. Immediately prior to use,
the supernatant was decanted and the beads briefly rinsed in warm 37 °C cell culture medium (20-50
mL/g Cytodex beads) before being transferred to the culture vessel via sterile syringe. Periodic
sampling of cell aggregates following media changes every 2-4 days also allowed monitoring of cell

growth development on the micro-carrier beads (see Chapter 8.5).

Following culture and subsequent E. coli treatment, cell aggregates were harvested and fixed using
4% (w/v) paraformaldehyde (Sigma Aldrich) before being washed and stored in sterile PBS
(approximately 10 ml) overnight. Cell aggregates from each vessel were then suspended in 500uL
heated Histogel (Thermo; Paisley, UK) until set, before being placed in histological processing
cassettes. Cell aggregates were then processed overnight using a Shandon 2LE tissue processor, and
embedded within the histological processing cassettes using Surgipath Formula R Paraffin (Leica,
Milton Keynes, UK) in a Shandon Histocentre embedder (Thermo Shandon, Paisley, UK) as previously
described. For sectioning of the cell aggregates, the embedded wax blocks containing the aggregates
were cooled for 30 minutes on ice, microtome-sectioned to 4 um, and floated in a 37°C heated water
bath before adhering to glass slides; for immunohistochemistry, 3-aminoprpyltriethoxylsilane (APTS)
coated slides were used (Fisher Scientific). Slide-mounted sections were then air-dried in an oven at

37 °C overnight.

Cell aggregates treated with mucosa-associated E. coli (MOI: 10) were assessed by RT-PCR for COX-2
and B-catenin, as well as by haematoxylin and eosin (H&E) staining and immunohistochemistry (IHC).
For RT-PCR analysis, RNA was extracted and purified using the RNeasy Kit (Qiagen, Manchester, UK),
with cDNA subsequently synthesised using the Transcriptor First Strand Kit (Roche, Welwyn Garden
City, UK). RT-PCR was run with primers designed using the ProbeFinder (Roche) and matched to the
correct probe (see Table 4.6.4) in the human Universal Probelibrary (Roche). RT-PCR was run in 96-
well format using TagMan detection (LightCycler 480 Probes Master; Roche) using the LightCycler 480

(Roche) and analysis completed in Microsoft Excel.
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For H&E staining (see Section 4.12.4), microtome slides were placed in Gill no.1 haematoxylin (Sigma-
Aldrich) for 3 minutes before running under tap water for 10 minutes. Slides were then placed in eosin
(Sigma-Aldrich) for 3 minutes, and then put immediately in water for 2 minutes before dehydration
(20 dips sequentially in 70%, 90% and 100% ethanol). For immunohistochemistry (see Section 4.12.4),
COX-2 (#ab15191; Abcam, UK) and B-catenin (#610154; BD Biosciences) antibodies were used at 1:400
and 1:50 dilutions, respectively. Heat-induced antigen retrieval was performed in citric acid buffer (pH
6.4). Slides were mounted onto glass coverslips (22 x 50mm) using DPX Mountant (Sigma Aldrich).
Images were captured using SPOT Image Capture Software (SPOT Imaging Solutions) on a light

microscope (Leica; Germany).
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8.5 Results

8.5.1 Method development and optimising cell aggregation

The rotating cell culture system (RCCS) was set up in a suitable CO,incubator set at 37°C, 5% CO, and
95% air, as recommended by the manufacturer, keeping culture conditions consistent with monolayer
cultures, with the control box sat above the incubator. Once cells in monolayer culture had reached
90% confluence, cells were trypsinised and placed in either a 10 mL or 50mL disposable culture vessel.
During culture initiation and maintenance, additional steps were incorporated to improve ease-of-

use.

To stabilise the disposable culture vessels, they were placed in a sterile 6-well plate in sterile laminar
flow conditions. Once in the 6-well plate, the large stopper was removed and small ports opened.
Tilting the culture vessel at a 45-degree angle for initiation was improved upon by adding a small
amount of culture medium via the large port, 1 mlto a 10 mL vessel and 5 mL to a 50 mL vessel, before
adding cells; this stopped the cells accumulating in one area of the vessel. Cell cultures using micro-
carrier beads appeared to have a better distribution of cells and fewer disrupted beads (appearing
popped or broken under microscopy at day 2) with a pre-incubated of cells and beads for 10-15
minutes, using approximately 5 mg beads per 1 mL cells, before adding to the vessel. All subsequent
maintenance steps and sampling was done using the same 6-well plate stabilisation and sterile

technique.

It was found that the attachment of 3 mL syringes, containing the appropriate cell medium, to both
small ports was most suitable for both removing bubbles and sampling. As noted by the manufacturer,
bubbles tended to develop during maintenance of cultures due to evaporation. These bubbles
noticeably disrupted the rotation of cultures causing abnormal movement and collision of cell
aggregates, and this had to be corrected roughly every 2 days. Removal of bubbles was aided by
rotating the vessel by hand until the bubbles were aligned with one of the small ports, with bubbles

then removed by introducing new culture medium into the opposite port; approximately 1 mL and 2-
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3 mL of culture was removed for sampling from 10 mL and 50 mL vessels, respectively, to visualise the
development of cell aggregates. During method development, it was found that rotation speed
generally had to be increased by around 0.5 rpm following each sampling/maintenance step, with an
initial rotation speed of approximately 15 rpm found to be most suitable to prevent cell sediment; the
speed increases were likely required due to the increasing sizes of cell aggregates causing them to

settle more quickly.

Several resources had suggested initiating cultures with at least 1 x 108 cells per vessel (Goodwin et
al., 1992, Carvalho et al., 2005, Kaeffer et al., 1999); 1 x 107 cells were initially added to 50 mL vessels
due to the larger size. Following several rounds of testing, including initial cell seeding densities of 1 x
10%, 5 x 10°, 1 x 10° and 1 x 107 cells per 10 mL vessel and up to a larger density of
1 x 108 cells per 50 mL vessel, it was found that an initial density of >1 x 106 cells per 10 mL vessel and
1 x 107 cells per 50 mL vessel produced acceptable levels of aggregation with CRC cell lines. From
observation during microscopy, lower densities appeared to delay the formation of aggregates and
caused higher levels of cell anoikis/apoptosis, with higher densities causing the formation of larger
clumps of multiple aggregates; this was not quantified. Larger clumps may have limited the adherence

and invasion of capable bacteria during infection due to a smaller accessible surface area.

Upon harvesting the cell aggregates, the large port was found to cause less disruption of aggregates.
The vessel was removed from the RCCS and tilted to allow the cells to drop to the bottom of the vessel.
The smaller ports were then opened (no syringes added), followed by removal of the large stopper,
with the culture then slowly emptied into a sterile centrifuge tube via the large port. The cell
aggregates were then allowed to settle, with the supernatant used to wash the vessel to maximise

yield.
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8.5.2 Case study: SW480 colonocyte 3D aggregation over 21 days of culture in the RCCS

8.5.2.1 Aggregation without micro-carrier beads

Following optimisation of the culture method, two cultures of SW480 cells were maintained over 21
days to assess growth of aggregates, initially in the absence of micro-carrier beads (Figure 8.5.2.1).
Three-dimensional (3D) culture was first tested in 10 mL and 50 mL vessels using 1 x 107 cells in both
vessels; initiation of rotating culture was considered as day 0. On sampling and media replenishment
on day 2, SW480 cells remained viable upon evaluation by microscopy (see Figure 8.5.2). Most cells at
this stage were not yet aggregated in either 10 mL or 50 mL vessel, with only few cells aggregating to

form small clumps.

At day 4, cells began to form larger clusters in both 10 mL and 50 mL vessels. Interestingly, most, if
not all, cells began to show signs of spikes/projections from cell membrane. Cells remained viable at
day 6, with many beginning to incorporate into larger aggregates in 10 mL or 50 mL vessels. The
spikes/projections noted at day 4 became more pronounced, until around day 10 where they were no
longer visible, suggesting cells had become more accustomed to the rotational conditions. Samples
from day 8 and day 10 showed the cells forming multiple clusters in both vessels, with what appeared

to be growing clusters that had combined to aggregate into numerous, much larger, spherical clusters.

Large clusters remained in both vessels at day 13 and day 15, with a lower number of large clusters
obtained from the 10 mL vessel; this could have been due to the settling of these larger clusters in the
50 mL vessel, and possibly the removal of a higher proportion of cells from the 10 mL vessel during
earlier sampling. A higher number of smaller spheroids had formed by this point in the 10 mL vessels,
presumably from small clusters of cells. Cell debris became increasingly noticeable at day 15 with some
cell rounding observed, mainly in those cells yet to aggregate but this was difficult to see within
clusters. Between day 15 and day 21, the larger clusters appeared to have darkened areas; at this
stage, it was presumed that cells were either at a high density or necrotic cell death was beginning to

occur; cell viability was not quantified. Culture maintenance was ended at day 21.
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Figure 8.5.2.1. SW480 cell aggregate development from day 0 to day 21. Three representative

images for each sampling point show the development of SW480 cell aggregates in 3D culture using

the rotating cell culture system (RCCS). Cell aggregates were grown for 21 days in 10 mL and 50 mL

vessels, with images captured at 25x (day 2-8) and 10x (day 10-21) magnification upon sampling and

media replenishment.
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8.5.2.2 Aggregation with micro-carrier beads

SW480 cultures were also maintained for 21 days in combination with Cytodex-1 and Cytodex-3 micro-
carrier beads coated with diethylaminoethy! (DEAE) cellulose and collagen, respectively, using 10 mL
vessels at a cell density of 1 x 107 cells per vessel (Figure 8.5.2.2). Cells appeared to remain viable in

10 mL vessels in combination with both micro-carriers; although this was not quantified.

At day 2, most cells remained unattached, but with some cells already noticeably interacting with both
Cytodex-1 and Cytodex-3 micro-carrier beads. Cell coverage of beads began to improve by day 5, with
some aggregates beginning to form individually but with most cells still remaining in suspension. From
day 5 onwards, attached cells appear to spread across the surface of micro-carrier beads; this was
seen to be more pronounced on Cytodex-1 beads (see Figure 8.5.2.2). Cells also began showing signs
of elongation or spikes/projections from the cell membrane, but this was not as pronounced as

without the use of micro-carrier beads.

From day 7, samples obtained from the cultures were observed to contain cell debris, possibly due to
damage following impact with rotating beads. Cell projections between attached cells began to spread
across the Cytodex-1 beads, a phenomenon observed to a lesser extent using Cytodex-3 beads. From
day 9, beads began to form bonds with neighbouring beads via cells attached to DEAE or collagen
surfaces, creating considerably larger clustering of micro-carriers; these were readily obtained upon

sampling from day 12 (see Figure 8.5.2.2).

Little difference was observed between days 14 and 21 cultures in terms of cell coverage of micro-
carriers, with the appearance of greater levels of gathering cell debris seen from day 14 onwards. Cells
appeared to project and spread more readily across Cytodex-1 beads coated with DEAE, with up to 20
cells observed attached to one bead. There was considerable variation in cell coverage between beads

within the same cultures, with bead size also seen to vary.
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Figure 8.5.2.2. SW480 CRC cells grown as 3D organotypic cultures using micro-carriers. One
representative image for each sampling point showing development of SW480 cells growing on (A)
Cytodex-1 and (B) Cytodex-3 micro-carrier beads coated with diethylaminoethyl (DEAE) cellulose and
collagen, respectively; images taken at 10x magnification throughout.
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8.5.2.3 H&E staining of 3D SW480 aggregates without micro-carrier beads

Samples of 3D SW480 cultures, alone and in combination with micro-carriers, were also submitted for
haematoxylin and eosin (H&E) staining. Unfortunately, it was not possible to retain samples at day 2
of RCCS culture during histological processing due to the small size of the aggregates. H&E staining of
sample sections allowed insight into the development of 3D cell aggregates (Figure 8.5.2.3). The early
stages of 3D cell aggregation (up to day 10) showed most cells intact within the developing aggregate,
which would suggest growth of a spheroid. This is opposed to the situation observed in the later stages
of culture (beyond day 10), where most cells at the centre of the aggregate had undergone cell death.

Cell debris was seen to increasingly accumulate, with only a few layers of cells remaining intact.

Day 10 (outer)

¥

Figure 8.5.2.3. H&E staining of SwW480 cells in 3D culture without micro-carrier beads.
Representative images show H&E staining of SW480 3D cell aggregates grown over 21 days; development
of aggregates from day 4 to day 21 are depicted for sections of the outer edges of aggregates, as well as

central sections of aggregates at day 10 to day 21 of culture. Images were taken at 40x magnification.
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8.5.2.4 H&E staining of 3D SW480 aggregates with micro-carrier beads

H&E staining was also completed for cells grown on micro-carrier beads, Cytodex-1 and Cytodex-3
(Figure 8.5.2.4). However, due to the eosinophilic coatings of the micro-carrier beads H&E staining
was not compatible, with difficulties in distinguishing cells from micro-carrier coatings observed from

sample taken at day 4 of culture.

Figure 8.5.2.4. H&E staining of SW480 cells in 3D culture with micro-carrier beads. Representative
images show H&E staining of SW480 cells grown for 4 days on (A) Cytodex-1 and (B) Cytodex-3 micro-
carrier beads, with (C) outer surface and (D) cross-sectional views of Cytodex-3 beads also shown, with

strong eosin staining of both Cytodex-1 and Cytodex-3 beads. Images taken at 40x magnification.

Following successful formation of 3D cell aggregates using SW480 cells, both with and without micro-
carriers, the RCCS culture method was then applied to other colonic cells, with the aim of replicating
and confirming the suitability of this technique to number of different colonic cell lines; this included

DLD-1 cells and the transformed colorectal adenoma-carcinoma cell lines AA/C1 and AA/C1/SB.
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8.5.3 DLD-1 colonocyte 3D organotypic aggregation in the RCCS

DLD-1 cells show a high basal level of Wnt pathway activation due to an APC gene truncation. Using
the RCCS conditions determined for SW480 cells, development of DLD-1 cell aggregates was seen to
occur at a much faster rate (see Figure 8.5.3). Many of the aggregates observed under microscopy
appeared to contain large dark areas, suggesting greater intra-aggregate cell death and resultant

cellular debris.

Day 2 Day 5 Day 7
: . 3 ’1
d %
. - . \‘-

Day 10 Day 15 Day 21

Figure 8.5.3. DLD-1 cell aggregate development from day O to day 21 without micro-carriers.
Representative images show the development of DLD-1 3D cell aggregates using RCCS culture. Cell
aggregates were grown for 21 days in 50 mL vessels, with images captured at 10x (day 2-15) and 5x

(day 21) magnification upon sampling and media replenishment.

8.5.4 Transformed adenoma-carcinoma cell 3D organotypic aggregation in the RCCS

Following success of generating functional aggregates up to day 10 of culture with SW480 and DLD-1
cells, two experimentally transformed cell lines representative within the adenoma-carcinoma

sequence, AA/C1 and AA/C1/SB, were similarly grown as organotypic 3D cultures for 10 days using the
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RCCS (Figure 8.5.4). AA/C1 cells were found not to be compatible with the RCCS, with substantial cell
rounding, accumulation of large quantities of cellular debris and lack of aggregation seen by day 6 of
culture; the AA/C1 3D cultures were therefore terminated early. Conversely, AA/C1/SB cells were seen
to be compatible with culture in the RCCS, with the appearance of large aggregates observed by

microscopy (see Figure 8.5.4).

AA/C1/SB

AA/CA1

Figure 8.5.4. Cell aggregate development testing using AA/C1 and AA/C1/SB cell lines.
Representative images show the development of AA/C1 and AA/C1/SB cell aggregates in 3D RCCS
culture. AA/C1 cell aggregate development was terminated after 6 days due to cell rounding and
appearance of cell debris; AA/C1/SB cells were maintained in culture for 10 days. Images were captured

at 25x (day 2-6) and 10x (day 10) magnification upon sampling and media replenishment.

Due to the successful compatibility of AA/C1/SB cells in 3D aggregate cultures in the RCCS, these cells,
along with 3D SW480 aggregates, were used in infection assays using mucosa-associated E. coli.

Infection of non-tumorigenic human AA/C1/SB colonic cells (derived from the colonic PC/AA adenoma

181



cell-line) grown as 3D aggregates, allowed us to investigate the impact of these bacteria on Wnt

activation earlier in the adenoma-carcinoma sequence.

8.5.5 Infection of 3D organotypic colonic cell aggregates to determine COX-2 expression and

Wnt activation

Following the successful development of 3D organotypic aggregates using both SW480 and AA/C1/SB
cells in the RCCS, these cultures were utilised for infection assays. At this point, we were unaware how
quickly these 3D aggregates expanded under RCCS conditions, and along with the inevitable loss of
smaller cell aggregates during media replenishment, it was not possible to establish an accurate
multiplicity of infection (MOI). For this reason, the initial cell density (1 x 107 cells/vessel) was used to
establish a MOI of 10. Both the SW480 and AA/C1/SB 3D organotypic cultures were maintained for 10
days in 10 mL vessels before harvesting for infection with mucosa-associated E. coli for 4 hours in 6-
well plates. Following infection of 3D organotypic aggregates, extraction of cellular RNA allowed for
synthesis of cDNA, which was then subjected to RT-PCR to quantify COX-2 (PTGS2) and [B-catenin

(CTNNB1) gene expression.

Mucosa-associated E. coli treatment of SW480 3D organotypic cell aggregates at day 10 for 4 hours
showed a significant increase in PTGS2 expression, with isolates HM44, HM358 and HM605 giving
2.82 + 0.27 (P<0.01; Unpaired T-test), 6.17 + 0.76 (P<0.01) and 102 + 3.53 (P<0.001) fold changes,
respectively (N=2, n=3; Figure 8.5.5.1). Cells treated with non-pathogenic E. coli K12 gave Ct values
above 40 cycles (as per non-template controls) on all occasions during RT-PCR, thus a fold change
value could not be given, and other E. coli treatment data were compared to untreated controls.
Infection of SW480 3D aggregates with the same isolates produced similar results when quantifying
CTNNB1 expression, with increases from 2.1 to 12.6 fold observed following treatment with HM44
(P<0.01), HM358 (P<0.001) and HM605 (P=0.1428) compared with non-pathogenic E. coli K12

treatment (N=2, n=3; Figure 8.5.5.2).
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Figure 8.5.5.1. Changes in COX-2 (PTGS2) gene expression in SW480 colonic cells grown as 3D
aggregates without micro-carrier beads. Graph shows mean + SEM fold change data for SW480 cells
treated with mucosa-associated E. coli isolates HM44, HM358, HM545 and HM605, and untreated
controls (MOI: 10 based on original cell seeding density of 1x107 cells/vessel). Fold change data
normalised to untreated controls due to lack of E. coli K12 data (N=2, n=3; **P<0.01, **P<0.001,

Unpaired T-test).
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Figure 8.5.5.2. Changes in B-catenin (CTNNB1) gene expression in SW480 colonic cells grown as
3D aggregates without micro-carrier beads. Graph shows mean + SEM fold change data for SW480
cells treated with mucosa-associated E. coli isolates HM44, HM358, HM545 and HM605, and non-
pathogenic E. coli K12 (MOI: 10 based on original cell seeding density of 1x107 cells/vessel). Fold change
data normalised to E. coli K12 treatment (N=2, n=3; **P<0.01, ***P<0.001, Unpaired T-test).
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Following the successful observation of significant increases in COX-2 and -catenin gene expression
following mucosa-associated E. coli infection of SW480 3D aggregate cultures, AA/C1/SB 3D
aggregates grown in the RCCS for 10 days were treated with the same E. coli isolates, and compared
to E. coli K12 treatments or untreated controls. Results from non-pathogenic E. coli K12 treated
aggregates were only obtained for CTNNB1 expression. However, as no data were obtained for PTGS2
expression in response to E. coli K12 due to a lack of Ct values during RT-PCR, untreated controls were

used for data comparisons.

Mucosa-associated E. coli treatment of AA/C1/SB 3D cell aggregates showed significant increases in
PTGS2 (Figure 8.5.5.3) and CTNNB1 (Figure 8.5.5.4) expression using CRC mucosa-associated isolates
HM44 and HM358, showing 19.19 + 1.42 (P<0.001) and 7.56 + 1.36 (P<0.001) fold changes in PTGS2
expression, and smaller 1.52 + 0.11 (P=0.0162) and 1.19 + 0.11 (P=0.3491) fold changes in CTNNB1
expression, respectively. Conversely, treatment with another CRC mucosa-associated E. coli isolate
HM545 and CD mucosa-associated E. coli isolate HM605 effected little/no increase in PTGS2
expression, but significantly increased CTNNB1 expression, with 1.58 + 0.05 fold (P<0.001) and 1.37 +

0.11 fold (P=0.0622) changes confirmed, respectively.

184



26.0 1

Untreated  HM44 HM358 HM545 HM605
Treatment (E. coli)

e}

-

o
1

Fold change
o

(&3]
o

-
o

Figure 8.5.5.3. Changes in COX-2 (PTGS2) gene expression in AA/C1/SB colonic cells grown as
3D aggregates without micro-carrier beads. Graph shows mean + SEM fold change data for
AA/C1/SB cells treated with mucosa-associated E. coli isolates HM44, HM358, HM545 and HM605
(MOI: 10 based on original cell seeding density of 1x107 cells/vessel). Fold change data normalised to

untreated 3D aggregates due to lack of E. coli K12 data (N=2, n=3; *P<0.05, Unpaired T-test).
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Figure 8.5.5.4. Changes in B-catenin (CTNNB1) gene expression in AA/C1/SB colonic cells grown
as 3D aggregates without micro-carrier beads. Graph shows mean + SEM fold change data for
AA/C1/SB cells treated with mucosa-associated E. coli isolates HM44, HM358, HM545 and HM605, and
non-pathogenic E. coli K12 (MOI: 10 based on original cell seeding density of 1x107 cells/vessel). Fold

change data was normalised to E. coli K12 treatment data (N=2, n=3; *P<0.05, Unpaired T-test).
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Figure 8.5.5.5. Changes in COX-2 (PTGS2) and B-catenin (CTNNB1) gene expression in AA/C1/SB
colonic cells grown in 2D monolayer culture. Graph shows mean + SEM fold change data for (A)
PTGS2 and (B) CTNNB1 gene expression in AA/C1/SB cells treated with mucosa-associated E. coli
isolates HM44, HM358, HM545 and HM605, and non-pathogenic E. coli K12 (MOI: 10). Fold change data
was normalised to cell left untreated (N=2, n=3; *P<0.05, **P<0.01, ***P<0.001, Unpaired T-test).

Data for infection of AA/C1/SB cells in 2D monolayer culture was gathered concurrently to enable
comparison of RT-PCR data obtained from 3D aggregates (Figure 8.5.5.5). These infection assays
confirmed data obtained from 3D aggregate infections, with similar patterns of increase in PTGS2 and
CTNNB1 expression for all mucosa-associated E. coli isolates tested. All mucosa-associated E. coli

infection data was compared to that from non-pathogenic E. coli K12 treatments.
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8.6 Discussion

Successful 3D aggregate culture of SW480 and DLD-1 CRC cell lines was achieved using a rotating cell
culture system (RCCS), alone and using micro-carrier bead supports. Following development, with
respect to structure and formation of 3D organotypic CRC cell aggregates, as observed by microscopy
and H&E staining, we decided to follow the example of the Carvalho et al. (2005) in using 3D
aggregates formed following 10 days of culture in the RCCS for subsequent infection assays. This cut-
off (day 10), limited appearance of large dark areas within SW480 cell aggregates at later stages of
development (>15 days), shown to be a collection of cellular damage/debris. However, this cut-off
(day 10), meant that DLD-1 3D cell aggregates were not considered suitable for infection studies as
appearance of dark centres were seen in these particular 3D cell aggregates before day 10 and likely
would affect their viability and potential for use in infection studies. Production of more viable of 3D

organotypic aggregates using DLD-1 cells therefore requires further development/investigation.

Study of mucosa-associated E. coli infection-induced COX2 and B-catenin gene expression in an
organotypic system was conducted using the adenocarcinoma SW480 cells and in non-tumorigenic,
anchorage dependent AA/C1/SB colonic cells (Williams et al., 1990) derived from human colonic
adenoma cell-line PC/AA (Paraskeva et al., 1988). The early data obtained from infecting these 3D
organotypic aggregates would suggest that this method of culture is suitable for studying mucosa-
associated E. coli-host epithelium interactions, and confirmed/complemented data previously
obtained by infection of 2D monolayer CRC cell cultures and those responses seen in an in vivo gut
infection model (see Chapters 5 and 6, respectively). The RT-PCR data obtained from infection assays
using SW480 3D cell aggregates showed considerably different fold-change results to those observed
in monolayer cultures, but exhibited the same trend of increasing COX-2 (PTGS2) and B-catenin
(CTNNB1) gene expression following treatment with mucosa-associated E. coli. Unfortunately, a lack
of data for PTGS2 expression induced by infection with E. coli K12 meant that we could not corroborate

the lack of change in expression of this gene using this non-pathogenic strain observed in 2D SW480
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cell monolayer cultures. We are unable to explain the inability to obtain a Ct value in the range of 40
cycles, set as the maximum number of cycles during RT-PCR, using E. coli K12 treatments. It is possible
that this was due to reagent handling given that results were obtained for CTNNB1 expression using
the same samples, but the fact that this occurred using N=2 could point elsewhere; this may have also
contributed to the lack of change in PTGS2 expression following HM545 and HM605 treatment of

AA/C1/SB cell aggregates.

The data obtained from non-tumorigenic colonic AA/C1/SB 3D organotypic aggregates was
particularly interesting. Results suggest that CRC mucosa-associated E. coli treatment can increase
epithelial COX-2 expression and Wnt/B-catenin pathway activation at the later adenoma stage.
Judging by review of available literature, this is the first time that changes in these surrogate early
markers of cancer development have been seen in an anchorage dependant, non-tumorigenic
adenoma cell line, and points towards the effects of these bacteria earlier in the adenoma-carcinoma
sequence than originally realised. However, as these are only changes in gene expression, it would
benefit from showing the impact of these infections on protein expression in these 3D aggregates. The
studies conducted here would also be supported better from availability of data from cells at even
earlier stages of the adenoma-carcinoma sequence, such as early passages of the PC/AA adenoma cell
line (Paraskeva et al., 1988), unfortunately not available for these studies, as well as using primary
cells or organoid-derived colonocytes from human tissue with no disease association to be able to
model the impact of these bacteria throughout the development and progression of colonic disease.
As discussed in the in vitro studies (see Chapter 5), we encountered slow growth of non-tumorigenic
AA/C1 cells in 2D monolayer culture in preparation for adding to the RCCS for 3D culture. As these
cells mimic the properties of a later stages of adenoma, this is not a surprising find; but the fact that
these cells grow slowly in monolayer culture may contribute to the incompatibility of these cells when
they were eventually added to the RCCS. AA/C1 is described as a late passage clonogenic variant of
pre-malignant epithelial adenoma cell line PC/AA (Paraskeva et al., 1988), likely representing a later

stage in tumour progression, i.e. still retaining characteristics of the early adenoma cells but acquiring
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certain characteristics of cancer cells. AA/C1 had a higher colony forming efficiency than its parent,
but a lower efficiency than that of subsequent AA/C1/SB variants (Williams et al., 1990, Paraskeva et
al.,, 1992). The lower colony forming efficiency and higher anchorage dependency may have
contributed to the slow growth in monolayer culture, as well as their downfall in 3D aggregate culture

within the RCCS.

In contrast, the sodium butyrate transformed AA/C1/SB cells seemed to be much more compatible.
This was the first time AA/C1/SB 3D cell aggregates have successfully been used to quantify COX-2 and
B-catenin gene expression. The AA/C1/SB cells obtained from Professor Paraskeva's group for this
study were non-tumourigenic. It would also be beneficial to investigate the compatibility of the
subsequent tumorigenic AA/C1/SB10 cell line, generated following treatment of AA/C1/SB cells with
N-methyl-N'-nitro-N-nitrosoguanidine (MNNG), a chemical carcinogen widely used for to develop
carcinogenesis in cell and animal models (Lee et al.,, 2007). This treatment was shown to allow
anchorage independence and increase tumourigenicity (Williams et al., 1990), and these attributes

may help the cells to grow quicker and adapt better to culture within the RCCS.

To be consistent with the earlier in vitro CRC 2D monolayer cell-line studies (see Chapter 5), it would
be important to confirm the impact of mucosa-associated E. coli on COX-2 and B-catenin protein
expression in both SW480 and AA/C1/SB 3D cell aggregates. Techniques such as immunoblotting,
immunofluorescence and IHC could be used to order to confirm the translation of increased gene
expression in infected aggregates. Considering the RT-PCR data showing increased gene expression in
3D cell aggregates, it is possible that higher levels of DAB staining in IHC might be seen in these cultures
treated with mucosa-associated E. coli, particularly in the outer cell layers where bacteria would have
easier access. The IHC protocol for detecting protein expression, more specifically here for COX-2 and

B-catenin, would likely have to be optimised for use with 3D organotypic aggregates.

There are an array of published techniques available to develop 3D organoid and organotypic spheroid

cultures (Achilli et al., 2012), from the more simplistic and better established low-adherence poly-
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hema cultures through to the less well established, more expensive and convoluted stem-cell derived
organoid cultures used to model human organ development and human disease (Clevers, 2016). Each
of these options were considered for use in this study; each system has merits, but the choice of 3D
organotypic culture using RCCS technique for this particular project was an easy one and allowed us

to utilise/examine cells at stages within the adenoma-carcinoma sequence.

There are only a small number of studies that have evaluated the use of the RCCS using colonocytes
(Goodwin et al., 1992, Carvalho et al., 2005, Kaeffer et al., 1999), but the study by Carvalho et al.
(2005) was a key study, previously utilising the system to investigate pathogenic E. coli interactions
using colonic cells. This study used human intestinal epithelial HCT-8 cells within the RCCS, with
layered cell aggregates developing after only 10 days in culture (Carvalho et al., 2005). This
aggregation was replicated using the colorectal cell lines in our study. The authors noted that the
aggregates created in this system expressed normal intestinal tissue markers in patterns that
suggested greater cellular differentiation than conventionally grown monolayers, produced higher
levels of disaccharidases and alkaline phosphatase, typical of the normal intestine. Cells also
developed microvilli and desmosomes, more than that seen when grown as 2D monolayers, again
representative of normal intestinal tissue. This is an important consideration for this work, and is
something that still needs to be confirmed using the SW480, DLD-1 and transformed adenoma cell
lines. However, due to limitations in time, examination of markers of cellular differentiation were not
undertaken in our project, thus we cannot confirm/add to these findings. Future studies may also be
further expanded to examining differentiation following co-cultures with micro-carrier beads. The use
of micro-carrier beads here was seen to be a fast and efficient way of mimicking the basement layers
known to support epithelial growth without having to develop more complicated systems of co-
cultures. The use of the beads within the culture was a technique to enable a higher yield of
anchorage-dependent cell aggregates, with Cytodex beads used in this study developed specifically

for the culture of a wide range of cell types and culture volumes; these were shown to work well with
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the CRC cell lines used in this study, and further study may show these micro-carriers, to be of

significant value in modelling the infection of colonic cells.

The low-shear microgravity conditions created by the RCCS also more closely mimic low-shear
conditions in the intestine, as created by microvilli (Carvalho et al., 2005), and was an important
consideration for our study. An additional factor supporting use of the RCCS in our project was that
there was no observable effect of rotation culture on the bacteria inoculum, with Carvalho et al.
having previously noted that microgravity culture had no influence on pathogenic E. coli growth nor
on virulence gene expression as compared with normal gravity conditions, with the exception of
intimin expression by EHEC, which was found to be elevated. The authors also showed that the
response of cell aggregates to infection with E. coli under RCCS conditions was similar to infection of
intact colonic tissue, demonstrated by the appearance of the resultant attaching and effacing lesions
seen in vivo (Carvalho et al., 2005). Due to limitations in time, we did not examine microgravity effects
of known adhesion/invasion virulence factors of mucosa-associated E. coli (Prorok-Hamon et al., 2014)

but this would be an interesting future study to be undertaken.

Even some of the earliest reports on the use of the RCCS suggested that cells grown in bioreactors
that simulate aspects of microgravity, or that use actual microgravity conditions, could produce tissues
in sufficient quantity and quality to simulate in vivo tissues (Jessup et al., 1993). With the right
conditions, certain cultures could also promote differentiation and neoplastic transformation, and
that a microgravity environment would not alter the ability of epithelial cells to recognize and
associate with not only each other but also with constituents of basement membrane and extracellular
matrix (Jessup et al., 1993). A study by (Laguinge et al., 2004) used Annexin V staining to detect cells
that may have experienced apoptotic death within 3D cultures, with propidium iodide-Annexin-V used
alongside FITC to dual-stain these cells. Caspase-3 activity was also assessed by labelling cells with a
fluorescent probe. Given the appearance of what seemed to be necrotic/apoptotic cell debris in the
centre of cell aggregates in the absence of micro-carrier beads in our project, it would be interesting

to investigate the exact nature of cell death and composition of debris within these 3D cultures.
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The use of 3D organotypic cultures is becoming more prominent and relevant to study infectious
diseases, especially as monolayer cell line cultures tend to exhibit altered properties due to
immortalization and two-dimensional growth (Barrila et al., 2010, Herbst-Kralovetz et al., 2013,
McGowin et al., 2013). A 3-D organotypic model of human intestinal epithelium has been successfully
used to elucidate the role of key invasion and intracellular replication factors of Salmonella enterica,
showing similar actions to those seen in infection in vivo (Radtke et al., 2010). Thus, the development
of 3D organotypic culture models as part of this study, using two CRC cell-lines (SW480 and DLD-1)
and the non-tumorigenic adenoma cell-line (AA/C1/SB), to study Wnt pathway activation, was another
important step in building better platforms for the study of the interactions between E. coli and
colorectal cells in a more parent tissue-like and disease-relevant context. With a limited number of
representative small animal models available to effectively study these interactions, an organotypic
culture using colonic cell lines allows fast and efficient development of multi-cellular tissue-like
structures that mimic human tissues. Human tissue explants can be grown using in vitro organ cultures
(IVOC), which has been done previously, and provides a complex multicellular environment for the
study of host—pathogen interactions. However, these culture systems require a laboratory facility that
has quick access to the collection of biopsy materials and suitable laboratories for the culture of these
in vitro. IVOC studies are also limited to bacterial-host interactions during the relatively short lifespan
of the collected biopsy material, whereas the use of human cell lines in a 3D organotypic culture have
an indefinite lifespan (Carvalho et al., 2005). Use of stem-cell derived organoids offers an alternative
solution (Clevers, 2016), but would require micro-injection of bacteria into the lumen of cultured

organoids; this is not required in 3D organotypic culture (Carvalho et al., 2005).

It is clear that more work remains to be done to test the suitability and compatibility of the 3D
organotypic cultures tested in this project to study pathogen-host intestinal epithelial interactions and
signalling. The opportunities to improve upon the technique developed here are exciting, both with
and without use of different extracellular matrix bearing micro-carrier beads, and co-culture with

stromal cells (Jessup et al., 1993), including myofibroblasts and macrophages, key players of the
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surrounding micro-environment driving colonic inflammation and neoplasia (Jessup et al., 1993, Crotti

etal., 2017).

Additionally, investigating the effects on Wnt protein expression using immunoblotting would
strengthen these results further. In the event of recent reports showing other pathways such as
gp130/Stat3 signalling being rate-limiting, even with increased B-catenin nuclear localisation, (Phesse
et al., 2015), other assays confirming cell proliferation and migration, as well as assessing cell viability
and metabolism, during 3D development would be beneficial in confirming increased Wnt signalling
driving malignant development. Due to the potential killing effect of bacterial infections of human
cells for longer than 4 hours, development of these assays could include gentamicin treatment after 4

hours of infection in order to allow a longer window to assess phenotypic changes.

Summary

The initial work completed here has allowed further insight into the development of colonic cells using
a 3D RCCS culture method, but more importantly has hinted towards the impact of mucosa-associated
E. coli during the adenoma-carcinoma sequence. We have been able to show increases in both COX-2
and B-catenin gene expression, and future use of this RCCS culture method may show changes in COX2
protein levels and Wnt pathway activation (changes B-catenin protein expression/nuclear
localisation). While the application of this 3D infection model has not, as yet, been shown to be
suitable for all colonic cell types, the development of this culture method using the RCCS brings us a
step closer to modelling mucosa-associated E. coli infection using a system that in vitro model
epithelium that better mimics/recapitulates the in vivo complex architecture and biochemical

intricacies of the parent tissue.
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Chapter 9:

General Discussion
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9.1 Summary of findings and advances in links between E. coli and colorectal cancer

Increasing evidence suggests that constituents in the gut microbiota and chronic inflammation are
involved in colorectal cancer (CRC) development, with CRC associated with increased numbers of
mucosal bacteria, particularly E. coli (Swidsinski et al., 1998, Martin et al., 2004). This likely contributes
to promotion and progression of cancer by virulence factors that disrupt cellular signalling pathways
controlling inflammation and tumorigenesis (Prorok-Hamon et al., 2014). Our study provides further
data supporting the notion that mucosa-associated E. coli isolates can upregulate epithelial pro-
inflammatory COX-2 and PGE; release, suggested to consistently contribute towards increased Wnt
activation as measured by numerous methods both in vitro and in vivo. This suggests translational
effects that might be seen in patients, which indicates a role for mucosa-associated E. coli, in the

development and progression of colorectal cancer via increased Wnt signalling.

The aim of the project was to investigate whether specific E. coli isolates taken from IBD and CRC
patients possess ability to activate key cancer-promoting proteins within epithelial cells lining the
bowel, including those known to help development, growth and spread of tumours. The main pathway
under investigation was the canonical Wnt pathway signals through B-catenin. Wnt signalling helps to

regulate cell cycle and cell growth, whilst also playing a crucial role in colorectal tumorigenesis.

As described in chapter 5, data obtained early in the project pointed towards Wnt activation following
infection of human colorectal cell-lines with E. coli isolates taken from CRC patients. CRC-associated
E. coliHM44 and HM358 were selected for use in initial studies as they had been previously shown to
have strong cancer-related activity, such as increases in pro-angiogenic VEGF (Prorok-Hamon et al.,
2014). The Wnt gene array panel allowed us to get an insight into where these infections may be
impacting any Wnt activity in these epithelial cells. We observed the expression of a number of genes
being upregulated >2 fold, as well as some typically inhibitory genes downregulated >2-fold following
infection. The expression of genes associated with angiogenic factors (VEGFA and JAG1), cell cycle

regulators (PTGS2, FOSL1 and MYC) and connective tissue growth factors (WISP1) were all seen to be
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increased by varying levels following infection with these bacteria, with very noticeable increases seen
in PTGS2 and VEGFA expression. Given that no significant changes were seen with the non-pathogenic
E. coli K12, this was seen as a potentially specific effects seen only with CRC bacteria capable of

adhering to an invading the gut mucosa.

The PTGS2 gene was commonly up-regulated in CRC cell lines SW480 and DLD-1 throughout the study
following infection with both HM44 and HM358 strains alongside expression of the gene encoding B-
catenin, CTNNB1, and has been previously linked to increases in Wnt signalling (Castellone et al.,
2005). Immunoblots confirmed increased gene expression of PTGS2 and CTNNBI1 translated into
changes in protein levels of COX-2 and B-catenin, respectively. Results show that CRC mucosa-
associated E. coli infection increases expression of B-catenin in a time-dependent manner, and that

this correlated with increased expression of COX-2 protein in CRC cell lines.

Another CRC mucosa-associated isolate, HM545, an isolate taken from a Crohn's Disease (CD) patient,
HM®605, and the non-pathogenic E. coli K12 were then used to infect SW480 and DLD1 cells alongside
HM44 and HM358. Assessment of nuclear localisation of B-catenin following mucosa-associated E. coli
infection suggested that increased gene and protein expression seen previously translated to
increased nuclear translocation. Downstream activation of Wnt transcription via TCF/LEF activity
induces transcription of Wnt target genes by binding promoters of downstream target genes involved

in cell proliferation, survival, and migration (Morin et al., 1997, van de Wetering et al., 2002).

We were able to observe significant increases in luciferase activity coupled to TCF/LEF transcription
following treatment with CRC, CD and UC mucosa-associated E. coli isolates, with no change following
non-pathogenic E. coli K12 infection. Diclofenac at a concentration of 100 uM showed consistent,
significant inhibition of mucosa-associated E. coli-induced TCF/LEF transcription. This would suggest
that Wnt transcription induced by mucosa-associated E. coli treatment translates from increased
nuclear B-catenin localisation, and that cyclooxygenase activity contributes significantly to increased

Whnt transcription.
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The existing link between COX-2 and B-catenin suggested translation of these results into an in vivo
infection model. In chapter 6, we investigated this using a germ-free //107- mouse model mono-
associated with the CRC mucosa-associated E. coli HM44 isolated from a CRC patient. Germ-free
11107- 129SvEv strain mice were mono-associated with E. coli HM44 for 6 weeks (n=15) or left
untreated (n=5) at the gnotobiotic facility at NC State University by Dr Janelle Arthur et al. at the as
previously described (Arthur et al., 2012). Immunohistochemistry for cyclooxygenase-2 and B-catenin
showed highly significant increases in both COX-2 and B-catenin expression, as well as B-catenin
nuclear localisation, indicating significant increases in Wnt signalling following mucosa-associated E.

coli mono-association in vivo. This suggests translational effects into a more disease-relevant model.

Macrophages resident in the gut epithelium in vivo help to guide an immune response towards
infection. Upon chronic infection, additional macrophages can be recruited in the form of blood
monocytes that differentiate into macrophages. A recently published study showed CRC-associated E.
coli promoting COX-2 and PGE; expression in human macrophages (Raisch et al., 2015). The authors
reported significant with CRC-associated E. coli but not with commensal or non-pathogenic E. coli
strains, with this induction requiring live bacteria; the changes were not associated with colibactin
production. The study used human blood monocytes differentiated into macrophages, replicating the

in vivo immune response.

In chapter 5, we were able to show significantly increased concentrations of PGE; in the supernatant
of monocyte-derived macrophage cells infected with CRC mucosa-associated E. coli isolates HM44 and
HM545, as well as CD mucosa-associated isolate HM605, using the same method of differentiation.
These results were similar to those reported in the Raisch et al. (2015) study, with both CRC and CD
associated E. coli isolates inducing significantly higher levels of PGE; secretion. CRC-associated E. coli
strains can survive and replicate within human macrophages, as well as increase COX-2 expression and
subsequent PGE; secretion (Raisch et al., 2015). Our results support these findings, and expand upon
them by suggesting that mucosa-associated E. coli from IBD patients also enhance PGE; secretion

following infection, which may implicate these E. coli in IBD-associated CRC risk.
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Significant increases in COX-2 expression and activity, and subsequent PGE; synthesis, have now been
observed in numerous studies where cancer-associated E. coli have been studied in the context of CRC
(Raisch et al., 2014, Abdallah Hajj Hussein et al., 2012, Lew et al., 2002). Both human and animal
models of CRC have shown a long-standing association with increased PGE, synthesis, and
investigation of PGE; synthesis in the gut mucosa using mucosal biopsy specimens obtained during
diagnostic colonoscopies show its role in the adenoma-carcinoma sequence (Pugh and Thomas, 1994).
These results suggested colorectal carcinogenesis via the adenoma-carcinoma sequence could be
associated with a progressive increase in PGE, synthesis. As COX-2 and PGE; have been shown to
stimulate colon cancer cell growth via activation of the canonical Wnt signalling pathway (Castellone
et al., 2005), this provides a molecular framework for further evaluation of mucosa-associated E. coli

infection in inflammation-associated colorectal cancer.

The use of a non-pathogenic E. coli throughout the study was an important control in being able to
establish a link between the necessary mucosa-association of E. coli strains and the observed changes
in Wnt signalling. In this case, E. coli K-12 was used as a control in each assay. This wild-type strain of
E. coli was isolated from the faeces of a convalescent diphtheria patient and is now frequently used
as a host strain in gene cloning experiments (Kuhnert et al., 1995). Given the lack of COX-2 and Wnt
activation in vitro following infection with E. coli K12, it is important to consider whether there may

be specific bacterial factors prevalent in mucosa-associated strains responsible for these changes.

The adherent and invasive nature of the mucosa-associated E. coli HM44 and HM358 strains suggests
it is possible that increased Wnt signalling comes from the increased intracellular survival of these
strains when compared to non-invasive strains such as E. coli K12. A better understanding of
phenotypic AIEC characteristics associated with increased Wnt signalling could allow a targeted
inhibition of the effects of AIEC infection in the activation of COX-2 and/or Wnt signalling. Following
results in vitro and in vivo showing significant increases in COX-2, we were able to confirm up-

regulated COX-2 gene expression in a number of fosmid clones using the fragmented HM358 fosmid
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library screen (see chapter 7). Fosmid clones created previously (Prorok-Hamon et al., 2014) were

screened for changes in COX-2 gene expression using RT-PCR following infection of CRC cells.

Initial and confirmation screening efforts identified 12 fosmid clones showing common PTGS2
expression increases. Subsequent sequencing of these clones showed similarities in DNA content, with
particularly common homology in two of these fosmids. The operons identified following the vector
sequence were almost identical for the 2E4 and 6E8 clones. A number of genes involved in the growth
and survival of E. coli, particularly under high-stress inflammatory conditions, were identified,
including the ispB gene that codes for the octaprenyl diphosphate synthase enzyme involved in
quinone synthesis (Maouche et al., 2016), and the g/tB and g/tD operons responsible for the synthesis

of glutamate synthase (Kumar and Shimizu, 2010).

If the mucosa-associated E. coli do harness these features for growth and survival better than non-
pathogenic strains, particularly in higher stress conditions such as inflammation, their ability to infect
host cells may be improved and may have contributed to the signaling changes observed both in vitro
and in vivo. With further infection modelling and continued identification of key operons/genes, it
may be possible to confirm the presence of existing and/or novel genes/operons involved in the
adhesion and invasion of mucosa-associated E. coli and subsequent impact of increased COX-2 and

Whnt signalling.

9.2 A new model to investigate the interactions between E. coli and the gut epithelium

The higher presence of E. coli in the gut microbiota under inflammatory conditions, including strains
possessing an ability to become opportunistic pathogens that adhere to and invade intestinal
epithelial cells, implicates them as a risk factors for gastrointestinal cancers via chronic infection and
inflammation. With inflammatory pathways triggering downstream signalling events, we suggested
that the ability to model or mimic these interactions in vitro would go some way to being able to

understand the risks posed by bacteria such as mucosa-associated E. coli in colorectal disease.
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One of our aims was to mimic these interactions utilising 3D cell cultures. Previous development of
3D culture models to study host-pathogen interactions by different groups has allowed a better
platform for studying these interactions, with one study in particular having already reported
successful use of CRC cell lines to study host-pathogen interactions with E. coli (Carvalho et al., 2005).
As this study made use of the rotating cell culture system (RCCS), we were able to use this information

as a template for our own 3D model.

As described in chapter 8, three-dimensional cultures were created suitable for infection with mucosa-
associated E. coli, including the use of porous micro-carrier beads coated with collagen and
diethylaminoether (DEAE) as a support for CRC cell growth in the RCCS system, simulating the
supportive environment in vivo. The RT-PCR data obtained from infection assays using SW480 cell
aggregates showed considerably different fold-change results to those observed in monolayer
cultures, but exhibited the same trend of significant increases in COX-2 and B-catenin gene expression

following treatment with mucosa-associated E. coli.

Unfortunately, a lack of K12 data for COX-2 gene expression means that we cannot confirm the lack
of change in expression using this non-pathogenic strain as expected. We are so far unable to explain
the inability to obtain a Ct value in the range of 40 cycles set in the RT-PCR, considering that this was
achievable following all other treatments and in previous monolayer treatments using K12. It is
possible that this was due to reagent handling given that results were obtained for CTNNB1 expression
using the same samples, but the fact that this occurred using N=2 could point elsewhere; this may
have also contributed to the lack of change in COX-2 gene expression following HM545 and HM605

treatment of AA/C1/SB cell aggregates.

RCCS culture was also attempted using late-stage adenoma cell line AA/C1 and completed using the
adenocarcinoma cell line AA/C1/SB, experimentally-transformed from epithelial adenoma cell line
PC/AA (Williams et al., 1990, Paraskeva et al., 1992). The AA/C1/SB aggregates were also successfully

used in RT-PCR studies, with significant increases in COX-2 and B-catenin gene expression shown
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following CRC mucosa-associated E. coli infections. This was particularly interesting, as it was the first
time we had seen the impact of mucosa-associated E. coli infections in these cells when grown as 3D
aggregates; this may also be the first time these results have been seen in an adenocarcinoma cell
line, and points towards the effects of these bacteria earlier in the adenoma-carcinoma sequence than
originally realised. This work allowed further insight into the development of 3D RCCS colonic cell
cultures, but more importantly hinted towards the impact of mucosa-associated E. coli during the

adenoma-carcinoma sequence.

While the application of this 3D infection model hasn’t yet been shown to be suitable for all colonic
cell types, the development of this technique brings us a step closer to modelling mucosa-associated
E. coli infections in vitro using a system that better mimics growth in the in vivo state. Several groups
have been able to establish stem-cell derived gastric organoid systems suitable for infection studies,
using microinjection of H. pylori (Burkitt et al., 2017, Bartfeld et al., 2015, Schlaermann et al., 2016).
Future use of organoid cultures for E. coli infection studies would further build on our work, allowing
a system that better reflects key structural and functional properties of the gut and the impact of

bacterial infections (Clevers, 2016).

9.3 Expanding on the relationship between infection, inflammation and cancer

The inflammatory response is already known to involve a number of signalling pathways responsible
for regulating the expression of inflammatory mediators. Pro-inflammatory cytokines such as
interleukins, tumour necrosis factor (TNF)-a, nitric oxide and COX-2, commonly implicated in
inflammatory disease, are released upon tissue damage or following infection (Bartchewsky et al.,
2009, Anderson et al., 1996, Laflamme et al., 1999, Tak and Firestein, 2001). Both TNF-a and COX-2
have come into focus in recent years as driving forces for the recruitment and activation of
inflammatory cells (Karin et al., 2006). By blocking key inflammatory mediators associated with TNF-
o and COX-2 release, it is possible to attenuate the inflammatory response, hence these inflammatory

cytokines now being established as important therapeutic targets in chronic inflammatory diseases
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(Karin et al., 2006, Nakamura et al., 2009). Under chronic inflammatory conditions such as in IBD in
both Crohn’s disease and ulcerative colitis, the faecal microbiota commonly shows reduced bacterial
diversity. This is most pronounced in Crohn’s disease where a reduction in Firmicutes can be observed
alongside an increase in Proteobacteria such as E. coli (Hold et al., 2014). Animal models of IBD and
gastroenteritis have been found to result in similar changes in the microbiota, particularly reduced
diversity. In a mouse model of colitis, induced by dextran sodium sulphate, there is marked
disturbance of the mucosal barrier including loss of colonic adherent mucus, where the faecal
microbiota shows a reduction in diversity and an increase in Enterobacteriaceae such as E. coli
(Nagalingam and Lynch, 2012). Similar changes are seen in mouse models of infective gastroenteritis
using Citrobacter rodentium and Campylobacter jejuni infections, as well as chemically and genetically
induced models of intestinal inflammation to demonstrate that host-mediated inflammation in
response to an infecting agent, a chemical trigger, or genetic predisposition markedly alters the
colonic microbial community (Lupp et al., 2007). Our study has shown a consistent increase in
inflammatory COX-2 signalling both in vitro and in vivo following mucosa-associated E. coli infections,

which could be contributing to the chronic inflammation seen in colonic disease.

Other studies focussing on the mucosa-associated microbiota have generated more dramatic
differences than study of faecal microbiota between health and IBD, particularly in Crohn’s disease.
This is the case for the mucosa-associated E. coli that have been found more commonly in mucosal
biopsies from the ileum and colon of patients with Crohn’s disease (Darfeuille-Michaud et al., 1998,
Martin et al., 2004). In colonic biopsies, many of these bacteria are present within the adherent mucus
(Swidsinski et al., 2002), although there is also evidence of intracellular E. coli from study of
gentamicin-treated and subsequently lysed mucosal samples (Martin et al., 2004). The increased
abundance of E. coli in the gut has long been linked to carcinogenesis. A study detected bacteria in
90% and 93% of adenoma and carcinoma biopsy specimens, respectively. In addition, partially
intracellular E. coli were found in 87% of patients with adenoma and carcinoma compared to none in

control samples. It was therefore concluded that the colonic mucosa of patients with colorectal
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carcinoma but not normal colonic mucosa was colonised by intracellular E. coli (Swidsinski et al.,
1998). It is now believed that many of the changes in microbiota composition seen in IBD, including
an increase in E. coli, may be secondary to the inflammation. Mucosa-associated E. coli in colon
cancers also show some of the adherent, invasive phenotypic features of Crohn’s associated E. coli
(Martin et al., 2004). The isolates from the Martin et al. study are the same isolates tested throughout

this study.

The microbiota has previously been linked to innate (Clarke et al., 2010) and adaptive immunity
(Chervonsky, 2010), gastrointestinal development (Hooper, 2004), invasion and angiogenesis
(Stappenbeck et al., 2002). Due to gut bacteria being implicated in a number of steps of disease
progression in CRC, it is easy to see the varying ways in which bacteria can influence colorectal disease.
The major route in which bacterial infection can aid progression of CRC is via inflammatory pathway.
TLR signalling plays an important role in inflammation and tissue regeneration via the myeloid
differentiation primary response gene 88 (MyD88). Activation of TLR signalling results in the
expression of antimicrobial peptides and the production of prostaglandins and cytokines as a
protective mechanism to stop bacterial colonization of IECs. This includes the induction of
cyclooxygenase expression, which can promote epithelial cell proliferation. Dysregulation of
protective mechanisms such as TLR signalling helps to explain how bacterial infections of the gut could
promote colorectal cancer. It is possible that COX-2 increases shown throughout our study could be

brought on via these pathways.

Infection-induced hyper-proliferation of epithelial cells, either via inflammatory cytokines or
independent of them, seems to be a common theme in most gut-associated cancers. One aspect that
seems to stand out is the impact of bacterial composition in carcinogenesis, with dysbiosis being a
consistency. With evidence of E. coli found within gut tissues in Crohn’s disease and colon cancer, the
characteristics responsible for their ability to adhere to and invade these tissues have been recently
investigated (Prorok-Hamon et al., 2014). Increased presence of E. coli correlated with increased

adherence to and invasion of intestinal epithelial cells, as well as increased VEGF expression known to
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aid angiogenesis and, therefore, development and progression of cancer. As mentioned earlier,
colonic mucosal E. colifrom IBD and CRC patients more commonly express the pks pathogenicity island
responsible for the formation of colibactin (Prorok-Hamon et al., 2014, Arthur et al., 2012). The
presence of the pks pathogenicity island likely contributes to CRC development, but is unlikely to be

the sole determinant, and adherence and invasion characteristics may contribute to carcinogenesis.

To reduce the inflammatory effects of E. coli within the gut mucosa it would beneficial to be able to
remove or kill these bacteria. However, mucosa-associated AIEC have been shown to be resistant to
killing by mucosal macrophages, which has shown to be important in disease pathogenesis (Tawfik et
al., 2014) and virulence, adherence and invasive factors associated with mucosa-associated E. coli are
believed to be responsible. Further investigation to identify and characterise virulence, adherence and
invasive factors supporting mucosa-associated E. coli survival could give insights into novel and

targeted AIEC treatments (Tawfik et al., 2014).

9.4 Mucosa-associated E. coli increase Wnt signalling similar to other pathogenic bacteria

Disrupted Wnt signalling is currently considered as a major risk factor for colorectal cancer, but it is
not the only contributor or requirement for tumour initiation and progression (Coste et al., 2007).
Many studies have since focused on epigenetic changes in colorectal cancer and how environmental
factors such as diet can influence colorectal cancer via changes in gene-expression. Evaluation of
mucosa-associated E. coli in this study has revealed further links between bacteria and Wnt signalling.
An interruption of normal Wnt signalling has previously been confirmed following H. pylori infection,
with B-catenin identified as a specific host molecule influencing gastric carcinogenesis in conjunction
with H. pylori infection (Polk and Peek, 2010). Nuclear accumulation of B-catenin has been shown to
be increased in gastric adenomas compared with non-transformed gastric mucosa, which suggests
that irregular Wnt-signalling precedes the development of gastric cancer. Increased Wnt signalling has

also been identified in intestinal cells following infection with S. typhimurium (Liu et al., 2010).
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Important mechanisms by which bacterial agents may induce carcinogenesis include chronic infection,
immune evasion and immune suppression. Bacterial infections can induce the release of cytokines
such as reactive oxygen species, interleukins and cyclooxygenases from inflammatory cells, which can
contribute to carcinogenic and mutagenic changes. Chronic stimulation of these substances has been
shown to contribute to carcinogenesis (Mager, 2006). With a substantial body of evidence supporting
the role of bacteria, particularly E. coli, in inflammation and intestinal disease, the inclusion of

standard IBD and cancer therapies based on bacterial infections seems almost inevitable.

9.5 Potential future impact on CRC treatment

9.5.1 The need for novel and personalised CRC treatment

The next step forward for adjuvant therapy for CRC is treatment focussed on smaller patient groups
and individualised therapies using a more translational approach where diagnosis and treatment
regimens take into account novel molecular staging as well as traditional pathological and clinical
staging. Our understanding of the underlying molecular biology of CRC is leading to the development
of novel and better-targeted therapies. Antibodies against the vascular endothelial growth factor
(VEGF) such as bevacizumab, and anti-EGFR antibodies such as cetuximab and panitumumab are now
being successfully investigated as adjuvant therapies (Arnold and Schmoll, 2005, Van Cutsem et al.,
2009b). Treatments using non-steroidal anti-inflammatory drugs (NSAIDs) such as sulindac are now
considered for post-surgery chemoprevention. in high-risk patients (Kim et al., 2014) following studies
in human colorectal cancer cell lines (Liggett et al., 2014, Williams et al., 1999a, Flis and Splwinski,

2009) and in vivo models (Chiu et al., 1997).

An early study helped to identify adenomas as the starting point for most colorectal carcinomas,
outlined some common genetic alterations and loss of functions at various stages of cancer
development (Vogelstein et al., 1988). The 'Big Bang' model now suggests that colorectal tumours

grow predominantly as a single expansion populated by numerous intermixed sub-clones, with
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alterations arising early during growth and increasing numbers of mutations and gene copy numbers
over time. This model allows a quantitative framework to interpret tumour growth dynamics and
predict early malignant potential with significant clinical implications (Sottoriva et al., 2015). With
compounding mutations found in both primary and advanced CRC and differences in mutation
sequences in different forms and stages of CRC (Rhodes and Campbell, 2002), there is a severe lack of
effective treatments, which highlights the need for more innovative approaches for diagnosis and

therapy.

Specific features and molecular/genetic markers are becoming more of a focus due to our improved
understanding of the molecular biology of CRC, and it is hoped this will obtain maximal benefit for
each therapeutic option available to smaller patient groups and individualised therapies in the future.
The main area of therapeutic potential is arguably to target common changes in molecular biology
seen in colorectal cancers. The impact of mucosa-associated E. coli on cancer-associated signalling

warrants attention as a therapeutic target.

9.5.2 Targeting mucosa-associated E. coli in colorectal disease

One particular focus has been on antibiotic treatment of mucosa-associated E. coli. There is evidence
of metronidazole with azathioprine and ornidazole treatment as prophylaxis limiting the
postoperative recurrence of Crohn's disease, which could be beneficial in preventing disease
progression into CRC (D'Haens et al., 2008, Rutgeerts et al., 2005). Quinolone-based antibiotic
regimens have also been effective in targeting intra-macrophage E. coli isolates in vitro (Subramanian
et al.,, 2008), and antibiotic combination therapies such as ciprofloxacin, tetracycline, and
trimethoprim could prove clinically relevant and reduce the risk of drug resistance, a problem that has
been previously highlighted using mucosa-associated E. coli isolates from CD patients (Dogan et al.,
2013). Nitroimidazole compounds have shown efficacy in Crohn's disease, decreasing recurrence rates
in operated patients. However, one major problem has been the appearance of adverse systemic

effects limiting the long-term use of antibiotics as a preventative Crohn's disease therapy. Rifaximin,
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a semi-synthetic derivative of rifamycin, has given some promising results in inducing remission of CD

with an excellent safety profile (Scribano and Prantera, 2013).

9.5.3 Targeting inflammatory cyclooxygenases and prostaglandin production

Studies suggest that targeting prostaglandin production can reduce the incidence of colorectal
adenomas, colorectal cancer, and deaths from colorectal cancer. Recent results are now being used
to help explain the beneficial effects of non-steroidal anti-inflammatory drugs (NSAIDs) in animal
models and human disease. With bacterial infections causing increased cyclooxygenase/prostaglandin
production, such as those modelled in this study with mucosa-associated E. coli, the impact of

infections in CRC could be minimised by preventing inflammatory signalling.

Long-term intake of compounds inhibiting cyclooxygenases has been shown to reduce the overall
relative risk for developing colorectal cancer (Gupta and Dubois, 2001), with selective COX-2 inhibitors
now approved for use as therapy in patients with familial polyposis (Brown and DuBois, 2005). Animal
and human studies suggest that regular use of aspirin may also decrease the risk of colorectal
adenomas, the precursors to most colorectal cancers (Baron et al., 2003). Daily use of aspirin is
associated with significant reduction in the incidence of colorectal adenomas in patients with previous

colorectal cancer (Sandler et al., 2003).

Another method of reducing the downstream effects of prostaglandins would be to limit interactions
with receptors. The predominant prostaglandin species in benign and malignant colorectal tumours is
PGE;, which is known to acts via four EP receptors, termed EP1 to EP4 (Hull et al., 2004). EP receptors
have been identified as potential targets for prevention of a variety of cancers, including skin
(Rundhaug et al., 2011), breast (Reader et al., 2011) and non-small cell lung cancer (NSCLC) (Gray et
al., 2009). Signalling through EP receptors has been linked to several cancer signalling pathways. EP2
receptor activation leads to GSK-3 phosphorylation, and subsequent inactivation (Fang et al., 2000),

which has been linked to increased B-catenin/TCF transcriptional activity.
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The importance of the prostaglandin synthesis pathway and in particular the rate-limiting step
involving cyclooxygenases in colorectal carcinogenesis is important in the development of novel
colorectal cancer therapies aimed at bacterial infection. Sustained use of other NSAIDs such as
celecoxib could permit increased surveillance intervals in the expectation of reduced risks of colorectal
cancer (Baron et al., 2006). However, the potential toxicities of non-aspirin NSAIDs would need to be
weighed against their benefits in the context of the risk reduction already provided by periodic
surveillance colonoscopy and polypectomy, meaning that even proven efficacy of these drugs would

not automatically justify their wide use for chemoprevention (Baron et al., 2006).

Prostaglandin production is fast becoming a key focus in CRC diagnosis and treatment. Increased
expression of COX-2 leads to an increase in prostaglandin E2 (PGE2) production, promoting cancer cell
growth via EP2 receptor-mediated signalling (Castellone et al., 2005). COX-2 targeted inhibition using
NSAIDs such as aspirin reduces CRC incidence and improves clinical outcome following CRC surgery
(Tougeron et al., 2014), and may be beneficial in reducing the downstream effects of mucosa-

associated E. coli infection.

9.5.4 Targeted inhibition of canonical Wnt signalling

Since Wnt signalling results in diverse downstream intracellular events including proliferation,
invasion and angiogenesis, targeted inhibition of Wnt/beta-catenin signalling would be a rational new
approach for CRC therapy (Qi and Zhu, 2008). The added implications of mucosa-associated E. coli and
several other bacteria inducing Wnt signalling mean that Wnt targeted therapies could reduce the

burden brought about by pathogenic bacteria.

There has been an increase in interest in developing therapeutics targeting Wnt-mediated
transcription and inactivating Wnt target genes (McDonald and Silver, 2011). Destruxin B (DB) isolated
from fungus (Metarhizium anisopliae) has been identified for pre-clinical evaluation as a Wnt signalling
target suppressing progression of colorectal cancer. It has been shown to suppress the proliferation

of and induced cell cycle arrest in HT29, SW480 and HCT116 cells (Yeh et al., 2012) causing down-
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regulation of B-catenin/Tcf4 transcriptional activity leading to decreased expression of target genes
and inducing apoptosis in HT29 cells. DB-treated mice consistently demonstrated suppressed B-
catenin expression and increased caspase-3 expression, supports destruxin B as an inhibitor of Wnt

pathway that may be beneficial in CRC treatment (Yeh et al., 2012).

An extensive review of small molecule inhibitors reveals the importance of targeting Wnt signalling in
the future of cancer treatment. A number of compounds are able to inhibit Wnt signalling, such as
sulindac targeting the Wnt protein Dishevelled, bosutinib targeting Src kinase, ethacrynic acid
derivatives targeting Lef-1 and a number of compounds targeting B-catenin directly (Voronkov and
Krauss, 2013). The leucine-rich repeat-containing G protein-coupled receptor 5 (LGR5) has also been
identified as a surface marker of colorectal cancer stem cells. LGR5 expression is known to be
frequently elevated in human CRC, which has been demonstrated to be associated with CRC initiation
and progression, and recent findings suggest that LGRS plays a vital role in CRC pathogenesis and has
the potential to serve as a diagnostic marker and a therapeutic target for CRC patients (Hsu et al.,
2014). Targeting individual components of the Wnt pathway could be one way of eliminating the
impact of E. coli-induced Wnt signalling in CRC. However, as Wnt signalling through B-catenin is
required for homeostasis and regeneration of the adult intestinal epithelium, therapeutic targeting of

this pathway could be challenging (Phesse et al., 2014).

Advancements in targeting ligand/receptor interactions in Wnt signalling have also shown promise in
colorectal cancer. Frizzled 7 (FZD;) is a Wnt receptor commonly up-regulated in a variety of cancers,
including colorectal cancer, and has been targeted using small molecule inhibitors and antibodies.
Secreted Frizzled-related proteins (sFRPs) have also been in focus as targets for cancer therapy, with
peptide fragments of Wnt ligands binding FZD receptors also proposed as potential therapeutic agents
(Zhang and Hao, 2015, Blagodatski et al., 2014). However, it has been stated that further clinical
studies of these therapeutic agents targeting ligand/receptor interactions are required to confirm

their safety in patients (Zhang and Hao, 2015).
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9.5.5 Targeting downstream of Wnt signalling

As described in chapter 5, the expression of a number of other downstream Wnt targets were found
to be increased. For example, the expression of VEGF was found to be increased consistently across
both SW480 and DLD-1 cell lines. By targeting downstream of Wnt signalling, this would likely be a last
resort therapy. However, with some already established treatment currently in clinical trials for this is

a possibility.

Antibodies against VEGF protein are now being successfully investigated in advanced and metastatic
colorectal cancer trials as adjuvant therapies, and with VEGF being induced by E. coli invasion in
epithelial cells (Prorok-Hamon et al., 2014) this could reduce the impact of bacteria-induced CRC
pathogenesis. Both VEGF and microvessel density (MVD) have been associated with greater incidence
of CRC metastases and decreased survival. Meta-analysis was performed on twenty studies focussing
on VEGF and MVD. Increased levels of VEGF were associated with unfavourable survival, with a 4-fold
increase in the rate of distant metastases. Similar analysis on studies for MVD showed that patients
with high MVD expression in tumours again had poorer overall survival and disease prognosis. Results
from this study demonstrate a strong indication of using VEGF and MVD as future prognostic

biomarkers for CRC patients (Wang et al., 2014).

Increased VEGF expression has recently been associated with the presence of the afimbrial adhesin
operon in mucosa-associated E. coli in CD and colon cancer, correlating with diffuse adherence to and
invasion of intestinal epithelial cells (Prorok-Hamon et al., 2014). The specific identification of VEGF
expression in this case also supports the inclusion of VEGF as a future biomarker and a potential target

for reducing the effects of mucosa-associated E. coli in CD and colon cancer.

9.5.6 Enhancing the defences of the intestinal epithelium

An important part of the host-bacterial interactions is the limit of interactions between the two, so it

is then important that the intestinal microbiota is kept at a distance from intestinal epithelial cells to
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minimise the likelihood of bacterial invasion (Brown et al., 2013). Innate immune strategies are in
place to keep much of the microbial community within the lumen of the intestinal tract and limit
invasion of pathogenic bacteria. Specialised functional cells such as goblet cells are responsible for the
production of mucins and Paneth cells producing bactericidal compounds help protect the epithelial
barrier from commensal and pathogenic bacteria. The mucus layer, antimicrobial peptides (AMPs) and
innate lymphoid cells (ILCs) functioning together help to avoid bacterial invasion whilst promoting
mutualistic interactions. Microbial signals can also induce the production of interleukins such as IL-22,

and immunoglobulins such as IgA to aid in barrier function (Brown et al., 2013).

Where obesity, excessive alcohol consumption and high-calorie diets can promote cancer, there is
evidence indicating that diet also be used a form of preventative therapy. Foods containing folates,
selenium, vitamin D, dietary fibre, garlic, milk, calcium, spices, vegetables, and fruits are now known
to be protective against CRC (Aggarwal et al., 2013). Numerous natural agents termed 'nutraceuticals'
have potential to both prevent and treat CRC. Evidence suggests that food-based compounds could
be used to suppress growth of CRC. Use in cell culture and animal models has given insights into
modulation of multiple targets, including transcription factors, growth factors, inflammatory

pathways, invasion and angiogenesis (Aggarwal et al., 2013).

Bacterial adherence to intestinal epithelial cells can be inhibited using complex oligosaccharides such
as those present in bovine submaxillary mucin and soluble edible plant fibres (Martin et al., 2004),
which therefore have therapeutic potential. Elevated risk of colon cancer has been associated with
the suppression of microbial fermentation and butyrate production, as butyrate provides fuel for the
mucosa and is anti-inflammatory and anti-proliferative (Greer and O'Keefe, 2011). A significant
reduction of butyrate-producing bacteria was found in the gut microbiota of CRC patients, and the
subsequent increase of opportunistic pathogens was suggested to constitute a major structural

imbalance of gut microbiota in CRC patients (Wang et al., 2012b).
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Dietary fibres have been shown to produce butyrate by fermentation in the colon. Like other short-
chain fatty acids, such as propionate, butyrate has anti-cancer properties against colorectal cancer
cells. Soluble plant fibres have been extensively studied using in vitro and ex vivo human intestinal
mucosa and animal models. Plantain bananas in particular are able to block the adherence of E. coli
to gut epithelial cells and block translocation across cultured M cells and Peyer’s patches (Roberts et
al., 2010, Roberts et al., 2013). This effect has since been termed ‘contrabiotic’ to distinguish it from
the prebiotic effects of dietary fibres. Clinical trials are now beginning to test natural food-based
agents for efficacy in human disease, and due to their relative safety and affordability in comparison
to pharmaceutical drugs, this could provide a novel opportunity for early treatment and even help
prevent human CRC. The major nutraceuticals and functional foods used to modulate the composition
of intestinal microbiota are represented by prebiotics, probiotics, polyunsaturated fatty acids, amino
acids and polyphenols (Magrone and lirillo, 2013). The cellular and molecular effects of these natural
products in terms of modulation of the intestinal microbiota and mostly attenuation of the

inflammatory pathway should not be overlooked in CRC treatment.

There is now a consistent and convincing body of evidence supporting the protective role of dietary
fibre against colorectal cancer (Norat et al., 2014). CRC prevention methods now include a fibre-rich
and meat products poor diet (Perez-Cueto and Verbeke, 2012). With soluble plantain fibres blocking
the adhesion of intestinal bacteria such as E. coli to the intestinal mucosa and preventing M-cell
translocation of intestinal pathogens (Roberts et al., 2013), this could represent an important novel
mechanism by which soluble dietary fibres can promote intestinal health. Dietary fibre taken from the
medicinal plant Plantago ovato was used in a study to treat patients resected for colorectal cancer
(Nordgaard et al., 1996). Following increased intake of Plantago ovato dietary fibre, the colonic flora
was adapted to increase the production of butyrate and increased faecal concentrations of butyrate

in patients resected for colonic cancer.

Flavonoids such as isorhamnetin have been shown to aid prevention of CRC. Tumorigenesis studies

using an inbred FVB/N strain of mice treated with the chemical carcinogen azoxymethane and
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subsequently exposed to colonic irritant dextran sodium sulphate (DSS) showed dietary isorhamnetin
decreases mortality, tumour number and tumour burden (Saud et al., 2013). An interesting finding in
this study was the reduction of DSS-induced inflammation, as well as inhibition of AOM/DSS—induced
oncogenic c-Src activation and B-catenin nuclear translocation. These observations suggest the
chemoprotective effects of isorhamnetin in colon cancer are linked to its anti-inflammatory activities

and an inhibition of oncogenic Src activity and Wnt signalling (Saud et al., 2013).

Vitamin D supplementation also enhances killing of intracellular AIEC in both murine and human
macrophages, where it stimulates immune response via cellular production of antimicrobial peptides
and defensins, making it a good supplement for Crohn’s disease patients. A significant reduction in
risk of requiring surgery was seen for vitamin D deficient Crohn’s disease patients who normalised
their vitamin D levels with supplementation (Ananthakrishnan et al., 2013), which could help to reduce

IBD-associated CRC cases in particular.

Adherent and invasive E. coli adhesion is believed to be dependent, at least in part, on expression of
type 1 pili on the bacterial surface and carcinoembryonic antigen-related cell adhesion molecule 6
(CEACAMSG) glycoprotein on the apical surface of intestinal epithelial cells (Barnich et al., 2007). With
both CEACAMS5 and CEACAMG6 overexpressed in many cancers associated with adhesion and invasion,
it has been identified as a therapeutic target. Monoclonal antibodies have been evaluated in
migration, invasion and adhesion assays in vitro using a panel of human pancreatic, breast, and colonic
cancer cell lines, and in an in vivo model for human colonic micrometastasis (Blumenthal et al., 2005).
These antibodies were effective at inhibiting cell migration, invasion and cell penetration through an
extracellular matrix (ECM). Antibodies and/or inhibitors targeting either CEACAM5 or CEACAMG6 could
reduce cell migration, cell invasion, and cell adhesion, and have anti-metastatic effects. Targeting
CEACAMBS to reduce the influence of bacterial invasion on colorectal carcinogenesis warrants further

investigation as a novel therapeutic target.
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With adverse systemic effects limiting the long-term use of antibiotics as a preventative therapy, it
would be beneficial to consider targeting the effects of bacterial interactions and limiting interactions
of mucosa-associated E. coli with the gut mucosa. As mucosa-associated E. coli produce an array of
effects associated with both inflammatory and cancer pathways, it may be difficult to show successful
treatment by targeting only one of these mechanisms, meaning combination therapies could be a

reasonable future approach.

9.5.7 Targeting the effects of mucosa-associated E. coli infections using immunotherapy

Immunotherapy is becoming an increasing focus in cancer treatment, and is beginning to be targeted
in other diseases such as diabetes and infectious diseases. Immunotherapy is used to focus the
immune response towards particular antigens presented on the surface of specific cells, such as
tumour cells or infected cells. Increased antigen presentation by these cells can mean a more targeted

effect at these cells, limiting adverse effects.

Immune responses typically involve signalling between T cells and antigen presenting cells (APCs) and
between B cells and T cells. Other accessory signals are necessary, such as the secretion of cytokines
functioning to further enhance, modify, and skew the responding effector cells. T-cell priming and B-
cell activation can occur in absence of CD40 signals, but many cellular and immune functions are
defective in the absence of this interaction, showing the importance of this ligand/receptor pair in the

development of adaptive immunity (Elgueta et al., 2009).

Macrophages are considered the key type of APC involved in fighting bacterial infections, with
phagocytosis and destruction of bacteria and presentation of bacteria-derived antigens to T cells.
However, dendritic cells (DCs) are also capable of phagocytosing particulate antigens, including
bacteria, so DCs may also be important in initiating an immune response to these mucosa-associated
E. coliinfections. Studies have shown stimulation of immune responses by E. coli and Salmonella typhi,
with T cell stimulation also shown in vivo. These cells are normally able to process E. coli and

Salmonella typhi for antigen presentation on the major histocompatibility complex (MHC), which is
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involved in the control of the adaptive immune response. Data shows that these infections can up-
regulate MHC expression, as well as several co-stimulatory molecules and secretion of cytokines. DCs
are now believed to contribute to the immune response to Salmonella infections (Yrlid et al., 2000).
With mucosa-associated E. coli able to survive within macrophages, it may be possible to try to

improve the immune response to these bacteria by stimulating DC responses.

Antigen processing and recognition is a key feature of antibacterial immune responses to intracellular
bacteria, with both conventional and unconventional T cells known to participate in antibacterial
protection. We are now beginning to understand the broad spectrum of antigen recognition and
stimulation of distinct T-cell populations that recognize proteins, lipids and carbohydrates from
bacterial pathogens to strengthen protective immunity (Kaufmann and Schaible, 2005). Pathogens
able to exploit antigen presentation may be able to evade immune responses, but so far few
mechanisms for this have been described in bacterial infections. A new focus on the recognition of
bacterial infections, particularly for those capable of surviving and replicating within immune cells,
may help to improve natural immune responses to infection before chronic inflammation is able to

affect cancer development.

Another important factor could be the role of bacterial DNA in modulating responses from epithelial
and antigen-presenting cells. One study has shown in vitro and in vivo treatment with bacterial DNA
from Bifidobacterium breve and Salmonella enterica can enhance the secretion of cytokines from
epithelial cells and underlying APCs, as well as inducing cytokine secretion from T cells (Campeau et
al., 2012). If the bacterial DNA is able to induce a cytokine response in these cells, it is possible that
certain genes or virulence factors could be found and targeted, either by immunotherapy or a more

directly targeted drug therapy.

In conclusion, if mucosa-associated E. coli can survive and replicate within epithelial and macrophage
cell within the gut mucosa, it seems feasible to try to target these infected cells. As infection of various

cells with different bacteria has been shown to alter antigen presentation, improved targeting of the
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immune response towards antigens presented by infected epithelial cells could limit the cancer-
related impact of chronic infections. Immunotherapies using the same antigens to activate a targeted
response from T and B cells could help to reduce the impact of these infections, and may be worth

investigating.

9.6 Implications for future investigation

While data obtained from our study points towards a clear impact of mucosa-associated E. coli
infections on inflammatory COX-2 signalling and cancer-related Wnt signalling, further investigation is
required. The impact of a number of factors involved in our in vitro and in vivo work could be improved

with more data from additional sources.

SW480 and DLD-1 cells were selected for use throughout our study, both of which are known to have
high basal levels of Wnt signalling (Yang et al., 2006). Whilst high basal levels of Wnt signalling makes
these cell lines a useful model for this study, larger increases in Wnt signalling could be masked in
comparison to other CRC cell lines such as HT-29. There is potential for mucosa-associated E. coli
isolates to have a similar impact in intestinal epithelial cells with lower levels of basal Wnt activity and
those earlier in the intestinal adenoma-carcinoma sequence. Our current in vitro data has focussed
predominantly on the impact of mucosa-associated E. coli infections of CRC cell lines. Use of cell lines
earlier in the the adenoma-carcinoma sequence, such as the early-stage adenoma PC/AA and later-
stage adenoma AA/C1 cell lines (Williams et al., 1990, Paraskeva et al., 1992) in monolayer infection
studies would allow further insight into the impact of mucosa-associated E. coli infections on COX-2
and B-catenin gene and protein expression earlier in the adenoma-carcinoma sequence. Our results
demonstrating that Wnt pathway activation by mucosa-associated E. coli can be attenuated with the
use of COX inhibitors such as diclofenac could also be of high scientific interest, and warrants further

investigation.

We have shown significant increases in intestinal tissue expression of both COX-2 and B-catenin

protein, with the latter showing increased levels of nuclear localisation following mono-association of
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germ-free 1/107" mice with CRC mucosa-associated E. coli isolate HM44. It has been reported that
germ-free /1107 mice nor /107" mice colonized with pure cultures of non-pathogenic E. coli, as well as
other bacteria such as a Bifidobacterium spp. and a Bacillus spp. developed colitis did not develop
colitis, dysplasia or carcinoma (Balish and Warner, 2002). It would therefore be beneficial to
investigate changes in COX-2 and B-catenin protein expression following mono-association of the
same germ-free //107" mice used in our study with other mucosa-associate E. coli as well as non-

pathogenic E. coli K12, to confirm the effect is specific to mucosa-associated E. coli.

The IHC Profiler was used in our study to achieve a final HSCORE value to quantify expression of both
COX-2 and B-catenin protein. As this method is typically used for scoring protein targets with
cytoplasmic and/or nuclear expression (Varghese et al., 2014), it was deemed suitable for scoring total
epithelial levels of COX-2 and B-catenin expression. If such a tissue scoring technique was to be utilised
as a marker for COX-2 or B-catenin in future studies, it would benefit from a comparison to an
established scoring system using tissue pathology. One such system has been developed for visual
analogue scoring in order to quantifying IHC staining, and has been used to compare untreated and
H. felis-infected C57BL/6 mice (Duckworth et al., 2015). This would enable the experimenter to further
confirm the suitability of the automated scoring technique. In order to further minimise the risk of
bias with more valuable tissue, for example limited biopsy tissue being used to determine CRC cancer
risk, it would be beneficial to introduce an image blinding system, where the person evaluating the

staining intensity of each image was blinded as to the origin of the tissue.

It remains clear that more works is yet to be done to test the suitability and compatibility of different
CRC cell lines for 3D culture using the RCCS, with micro-carrier beads as well as in co-cultures with
other supportive cells, such as human fibroblasts and stromal cells. With a fully validated culture
procedure, we would then have an efficient and reliable culture platform available for use in future
studies. In chapter 8, we show changes in COX-2 and B-catenin gene expression. However, we would
benefit from showing the impact of these infections on protein expression, as well as nuclear

translocation. We would also benefit from data using cells at an earlier stage of the adenoma-
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carcinoma sequence in the RCCS, as well as regular colonic cells with no disease association to model

the impact of these bacteria throughout the development and progression of colonic disease.

Following initial results from sequencing the fosmids confirmed to up-regulate COX-2 gene expression,
it would be interesting to look into the genes/operons shared by fosmid clones up-regulating COX-2
gene expression more closely. Once key genes/operons have been identified, it would be useful to
screen all clones for the presence of this operon. Similar to the Prorok-Hamon et al. (2014) study,
where sequence analysis of E. coli HM358 and haemagglutination-positive fosmid clones revealed afa-
1 as an adhesion and invasion factor (Prorok-Hamon et al., 2014), further investigation may confirm
the presence of existing and/or novel genes/operons involved in the adhesion and invasion of mucosa-

associated E. coli and subsequent impact of increased COX-2 and Wnt signalling.

Our study has focussed on the impact of mucosa-associated E. coli infections on COX-2 and Wnt
signalling due to existing links between these E. coli strains and gut infections (Martin et al., 2004,
Darfeuille-Michaud et al., 1998), and links between inflammatory signalling and Wnt signalling
(Castellone et al., 2005). However, other signalling pathways are likely to be involved in disease
pathogenesis implicated with mucosa-associated E. coli infections. Chronic inflammatory signalling as
a result of tissue damage and/or infection is often implicated in altering key cancer signalling
pathways. One example of this is chronic TNF-a and COX-2 release mediating response via NF-kB
signalling (Paik et al., 2002, Lawrence, 2009). Activation of the canonical NF-kB pathway in response
to inflammatory cytokines has shown to be important in the pathogenesis of chronic inflammatory
diseases such as rheumatoid arthritis and IBD (Tak and Firestein, 2001). The NF-kB pathway is also
believed to be important in intestinal innate immunity within intestinal epithelial cells and underlying
macrophages rapidly available to keep potential pathogens under control, as well as in maintaining
mucosal homeostasis (Jarry et al., 2014). NF-kB is known to be involved in the increased expression of
many genes of inflammatory and immune responses and can be upregulated in response to
microorganisms and lipopolysaccharides and is considered a crucial factor in maintaining chronic

inflammation (La Ferla et al., 2004). Normally, NF-kB-containing complexes are sequestered in the
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cytosol in inactive form due to their association with inhibitory proteins. Activation of the canonical
pathway causes nuclear translocation of NF-kB (Scheidereit, 2006) where it induces target gene

transcription including pro-inflammatory cytokines such as TNF-a (Jarry et al., 2014).

Activation of NF-kB has also been demonstrated in situ in macrophages and in intestinal epithelial cells
in the inflamed mucosa from IBD patients (Rogler et al., 1998). With the activation of NF-kB seen in
enterocytes in response to various E. coli, its role in the response of intestinal epithelial cells to
bacterial infections, particularly E. coli, could be crucial (Savkovic et al., 1997, Elewaut et al., 1999).
Increased TNF-a promoter activity in cells stimulated with bacterial isolates from IBD patients suggests
TNF-a plays an important role in inflammation caused by E. coli strains associated with inflammatory
disease (La Ferla et al., 2004, Wang and Hardwidge, 2012). In addition, inhibition of NF-kB in both
colon and mammary carcinoma cells converts the LPS-induced growth response to LPS-induced

tumour regression (Luo et al., 2004).

Molecular mechanisms that link bacterial infections, inflammation and cancer, indicate that certain
strains of E. coli as a risk factor for patients with colon cancer following the acquisition of virulence
factors. One of these factors is a protein toxin named cytotoxic necrotizing factor 1 (CNF1)
(Travaglione et al., 2008), which is reported to induce a long-lasting activation of the transcription
factor NF-kB and COX2 expression, as well as protect epithelial cells from apoptosis and promote
cellular motility. As cancer may arise through dysfunction of similar regulatory systems, it seems likely
that other E. coli infections associated with virulence factors could contribute to tumour development

in a similar fashion.

It would also be beneficial to investigate similar effects of other pathogenic bacteria found in increased
numbers in inflammatory gut conditions. Several studies implicate microbial dysbiosis in the
development of colorectal adenomas and CRC (Wu et al., 2013, Zhu et al., 2014, Chen et al., 2012,

Sobhani et al., 2011). Another recent study characterising the gut microbiome in healthy, adenoma,
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and carcinoma patients representing various stages of colorectal cancer development has added extra

weight to this theory (Zackular et al., 2014).

Alterations in bacterial community composition associated with adenomas may be a contributory
cause of CRC, and these findings could lead to strategies to manipulate the microbiota to prevent
colorectal adenomas and cancer as well as to identify individuals at high risk (Shen et al., 2010, Dulal
and Keku, 2014). Study of the mucosa-associated microbiota has revealed changes including increases
in mucosa-associated E. coli as well as Fusobacterium nucleatum (F. nucleatum). Infection with
F. nucleatum is associated with colorectal cancer (CRC) and linked to adherence, invasion and
induction of oncogenic and inflammatory responses to stimulate growth of CRC cells. F. nucleatum
infection is believed to occur through its unique FadA adhesin, which has been shown to bind to E-
cadherin, activating B-catenin signalling (Rubinstein et al., 2013). With similar traits to mucosa-
associated E. coli, it is possible that similar virulence factors could influence Wnt signalling in a similar
manner. This suggests further investigation into other similar bacteria would be beneficial, and could

be key in identifying other mechanisms by which bacteria can drive Wnt signalling and CRC.

These additions to current in vitro and in vivo data could be important in identifying virulence factors
and other driving forces affecting cancer-associated signalling, particularly Wnt signalling, and could
be a potential diagnostic and therapeutic CRC target. Further investigation into the ability of mucosa-
associated E. coli to activate cancer-promoting proteins within intestinal epithelial cells will improve
our understanding of the potential impact of development, growth and spread of colonic tumours.
Recent reports of a rate-limiting effect of gp130/Stat3 on Wnt signalling, even where B-catenin nuclear
localisation is increased (Phesse et al., 2015), would suggest other assays confirming proliferation and
migration using colorectal cells and tissue, as well as assessing cell viability and metabolism, would be
beneficial in confirming increased Wnt signalling driving phenotypic changes and impacting malignant

development.
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9.7 Final conclusions

The aim of this project was to investigate whether specific mucosa-associated E. coli isolates taken
from IBD and CRC patients possess ability to activate key cancer-promoting proteins within epithelial
cells lining the bowel, including those known to help development, growth and spread of tumours.
The main pathway under investigation was the canonical Wnt pathway signalling through B-catenin,
which helps to regulate cell cycle and cell growth, whilst also playing a crucial role in colorectal

tumorigenesis.

Data obtained throughout the project has pointed towards Wnt activation through B-catenin following
infection of human colorectal cell-lines with mucosa-associated E. coli isolates taken from IBD and CRC
patients. This has been shown consistently alongside increases in COX-2 signalling following infection
of cell lines in vitro and germ-free //10”" mice. Importantly, these changes have not been replicated
following non-pathogenic E. coli K12 infection, which suggests that this impact if conserved for
mucosa-associated isolates. The use of a fosmid clone library has allowed us to sequence fosmid
clones confirmed to up-regulate COX-2 gene expression, which leads us closer to the identification the
factors that might be contributing towards these changes. We have also sought to establish a novel
infection model making use of 3D cell aggregates, and have confirmed changes in COX-2 and B-catenin

gene expression in mucosa-associated E. coli infected aggregates.

The data obtained from this project adds expands on the relationship between bacterial infection,
inflammation and cancer, with a focus on mucosa-associated E. coli that are already shown to be more
prevalent under colorectal disease conditions. This project has shown that mucosa-associated E. coli
canincrease Wnt signalling similar to other pathogenic bacteria, and that this could have future impact
on CRC treatment focussed on limiting the inflammatory and cancer-promoting effects of mucosa-

associated E. coli infection.
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Appendix 1: Nuclear localisation analysis using ImageJ for DAPI/FITC Fluorescence

Prepare image channels

1.

Download and open ImagelJ software

Open image containing DAPI/FITC overlay

Split channels into red/green/blue channels: Image > Color > Split Channels. Channel images
should now be in greyscale.

Retain blue (DAPI) and green (FITC) channels, discard red channel

Subtract background fluorescence for both image channels: Process > Subtract Background.

Pixel radius of 50.0 used; ensure all tick options are not selected.

Define nuclear regions of interest (ROIs)

6.

7.

10.

Duplicate the DAPI image: hover mouse over image > right click > Duplicate

Following background subtraction, use blue (DAPI) channel to define max/min greyscale
thresholds: Image > Adjust > Thresholds. Image background will default to red; match DAPI-
stained cell nuclei (grey) to those of the unaltered duplicate. Click ‘Apply’ and close
Threshold adjuster.

Define nuclear regions of interest (ROls): Edit > Selection > Create Mask

Remove mask outliers: Process > Noise > Remove Outliers. Pixel radius of 2.0, and threshold
of 10 used to remove dark outliers.

Analyse mask particles: Analyze > Analyze Particles. For dark stained nuclei, use maximum
pixel size minus ‘Infinity’ (250-Infinity), and include any measure of circularity (0.00-1.00);
ensure ‘Add to manager’ option is ticked to add nuclear ROIs to ‘ROl manager’ (opens
automatically). Image mask should now contain numbered nuclear ROls corresponding to

ROls in ROl manager.
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Define cytoplasmic region of interest

11. Duplicate the FITC image: hover mouse over image > right click > Duplicate

12. Threshold the FITC image: Image > Adjust > Thresholds. Image background will default to
red; match FITC-staining (grey) to that of the unaltered duplicate. Click ‘Apply’ and close
Threshold adjuster.

13. Define cytoplasmic region of interest (ROIs): Edit > Selection > Create Mask

14. Invert image mask: Edit > Invert. FITC staining should now be white.

15. Remove nuclear staining: Process > Image Calculator. Use this to add (Operation: Add)
nuclear mask (Image 1: mask) to cytoplasmic mask (Image 2: mask). Create a new window
for the mask result; any nuclear staining should have been removed in the new window.

16. Invert result: Edit > Invert. FITC staining should now be black with white background.

17. Select all cytoplasmic staining: Edit > Selection > Create Selection. This will outline all FITC
staining in the cytoplasmic mask.

18. Add cytoplasmic ROl to manager: Edit > Selection > Add to Manager. Cytoplasmic ROl should

have been added to the bottom of the ROl manager. Rename this ROl as ‘Cytoplasmic’.

Quantify ROIs

19. Set required measurements: Analyze > Set Measurements. Set measurements to give a
‘Mean gray value’, plus any other measurement you may require (e.g. Standard deviation).
Select to ‘Display label’ alongside you result to distinguish the cytoplasmic ROI. Do not
redirect measurements (select ‘None’). Select decimal places required. Click ‘OK’.

20. Select the unaltered FITC image (duplicated in step 11).

21. Select all the ROIs from ROI manager (‘Show all’). Nuclei and cytoplasm should be outlined.

22. Quantify staining within ROl Manager: More > Multi Measure. Deselect options for ‘One

Row Per Slice’ and ‘Append results’. Click ‘OK’. Results table should appear automatically.
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NOTE: If only one result appears, close this results tab. Highlight all ROls (nuclear and

cytoplasmic), deselect and then re-select ‘Show all’ and repeat step 22.

23. Copy measurements into an Excel file: Edit > Copy.

24. Save the quantified ROls.

Analyse nuclear localisation

25. Average nuclear ROl data to get a mean nuclear stain.

26. Obtain a ratio for ‘nuclear:cytoplasmic’ staining by dividing your mean nuclear stain by the
mean cytoplasmic stain (use result from defined ‘Cytoplasmic’ ROI).

27. Compare ratios between control and treated cells. Normalise to negative/untreated

controls. Use an appropriate positive control.
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