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ABSTRACT

Disruption of goblet cell differentiation, resulting in reduced numbers of goblet cells is
one of the major features of colorectal cancer (CRC). Therefore, investigating the
regulatory mechanisms associated with goblet cell differentiation is important for a
better understanding of CRC and finding new approaches to its prevention and

treatment.

The Cancer and Immunogenetics laboratory own a large collection of CRC cell lines,
which have been thoroughly examined regarding gene expression and mutation
analyses. We assessed MUC2 and TFF3 protein expression levels in 100 CRC cell
lines and categorised them into 5 distinct groups. These groups included high,
medium, and low MUC2/TFF3-expressing cell lines, cell lines with no/very low MUC2
but high TFF3 expression, and cell lines completely lacking these proteins. MUC2-
negative and TFF3-positive cell lines are novel CRC types that have not been
described before.

While tracking goblet cell differentiation, we detected that TFF3 is expressed earlier
than MUC2, possibly due to its faster folding and low molecular weight. It is also
needed for holding mucin together during secretion. The proportion of MUC2/TFF3-
positive cells was much higher in single-derived LS180 colonies compared to bulk

culture.

We also investigated the effects of the main transcription factors on goblet cell
differentiation. Downregulation of ATOH1, SPDEF, CDX1, and CDX2 led to a
significant reduction in MUC2/TFF3-positive cells in multiple CRC cell lines. Among
these factors, ATOH1 had a more substantial effect compared to others. But it is still
not enough to induce MUC2/TFF3 expression in completely negative CRC cell lines.
Suppression of methylation had variable effects on different CRC cell lines. We
suggest that in the group 4 cell lines, MUC2 is most likely methylated as opposed to
other group cell lines that might be regulated by demethylation of transcription factors,
such as ATOH1 and HES1.
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CHAPTER 1: INTRODUCTION

1.1 Large intestine: anatomy and function

The large intestine consists of the colon and rectum and has a length of approximately
150 to 180 cm in adults (Baran et al., 2018; Siri et al., 2020). Its segments include the
cecum, appendix, ascending colon, hepatic flexure, transverse colon, splenic flexure,
descending colon, S-shaped sigmoidal colon, rectum, and anus (Kahai. et al., 2022).
The right-sided colon refers to the first four parts and the upper two-thirds of the
transverse colon, whereas the remaining sections belong to the left-sided colon (Baran
et al.,, 2018). The large intestine plays a key role in the absorption of water,
electrolytes, and vitamins from waste products, as well as storing faeces prior to their
elimination. It also acts as a host for commensal microbiota which metabolises partially
absorbed energy substrates and produces short-chain fatty acids and vitamins (Milla,

2009; Okumura & Takeda, 2017).

The large intestinal wall is composed of four layers, namely mucosa, submucosa,
muscularis propria, and serosa (Siri et al., 2020). Mucosa is the inner layer of the
intestinal wall and comprises the epithelium, lamina propria, and muscularis mucosa
(a muscle layer). It is lined with epithelial cells that form a tubular configuration known
as a crypt. In contrast to the small intestine, the colon lacks villi structures which are
small finger-shaped projections which increase the surface area of the small intestine
(Kong et al., 2018). The submucosa is a layer of connective tissue surrounding the
mucosa. The large intestine is mainly supplied with blood and lymph vessels through
this section (Kachlik et al., 2010; Siri et al., 2020). The muscularis propria is made up
of two types of muscle layers, including longitudinal and circular muscle layers

interacted via nerves (Washabau & Day, 2013). These muscle layers enable the
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passage of food from the proximal to the distal direction by peristaltic movements. The
outer surface of the intestine is covered by a protective layer known as the serosa

which includes squamous epithelial cells and the mesothelium (Siri et al., 2020).

1.2 Colonic crypt structure and stem cell niche

The large intestine, or colon, contains lamina propria, connective tissue, and multiple
crypts. A colonic crypt is a tubular invagination that forms the main functional unit of
the epithelium. It consists of distinct types of epithelial cells, surrounded by

myofibroblasts and an extracellular matrix (Figure 1.1).

Stem cells control intestinal integrity by self-renewal and differentiate into mature cells.
They are located at the bottom of the crypts and can give rise to progenitors. Following
several cycles of division, progenitors are able to differentiate into either absorptive or
secretory lineages (Figure 1.1) (Noah et al., 2011). The enterocytes are absorptive
cells, whereas the mucin-secreting goblet and hormone-producing enteroendocrine
cells are considered the secretory lineages. As the cells migrate to the top of the
crypts, they undergo terminal differentiation and are shed into the lumen. The colonic
epithelium is the most rapidly regenerating tissue in mammals with a turnover time of

3-5 days (Dame et al., 2014).
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Figure 1.1 Colonic crypt microarchitecture and stem cell differentiation. Colonic stem
cells are located at the bottom of the crypt. Progenitors give rise to absorptive and secretory
lineages. The figure of the colonic crypt structure was modified from Haoyu Liu’s DPhil thesis
(2017) in the Bodmer lab.

In the small intestine, stem cells are able to differentiate into five various cell types,
namely enterocytes, goblet cells, tuft cells, enteroendocrine cells, and Paneth cells.
Paneth cells are the only specialised cell type in the intestine that move to the basal
part of the crypt after differentiating from stem cells (Lueschow & McElroy, 2020). Their
main function is to provide antimicrobial peptides and proteins, including a-defensins,
lysozymes, angiogenin-4, and cryptdin-related sequence peptides. These proteins,
alongside mucus, form a protective barrier to prevent bacteria from accessing the
intestinal epithelium (Wallaeys et al., 2023). Paneth cells are normally present
throughout the right colon into but not beyond the transverse colon but may be seen
in the left colon following longstanding mucosal injury (e.g. IBD) (Elphick & Mahida,

2005; Simmonds et al., 2014). This could be explained by the protective role of



metaplastic Paneth cells against bacterial invasion in damaged colonic epithelium

(Elphick & Mahida, 2005).

Intestinal stem cells are protected by the surrounding cellular and physical niches
(Meran et al., 2017). The physical niche comprises the extracellular matrix, a fibrous
network of structural proteins that preserve the three-dimensional organisation of the
intestine. The cellular niche is formed by various types of stromal cells, such as
fibroblasts, pericryptal myofibroblasts, immune cells, endothelial cells, and neural cells
which are embedded in the extracellular matrix. Intestinal stem cells and niches
interact with each other to maintain a balance between cell proliferation and
differentiation. This communication is mediated by several proteins and signalling
pathways, such as Wnt/B-catenin, Notch, Hedgehog, Phosphatidylinositol-3-kinase
(PI3K)/Protein kinase B (Akt), and Transforming growth factor-beta (TGF-f)/bone
morphogenetic protein (BMP) pathways (Gjorevski & Ordonez-Moran, 2017; Kim &

Khan, 2013; Meran et al., 2017).

1.3 Intestinal goblet cells

1.3.1 Goblet cells and mucus organisation

Goblet cells are one of the three differentiated epithelial cell types within the large
intestine and are named for their typical goblet- or cup-like appearance. The nucleus,
Golgi apparatus, endoplasmic reticulum, and mitochondria are localised at the base
of the cell, while the remaining part of the cytoplasm is filled with mucin granules. The
proportion of goblet cells increases from the duodenum (4%) to the distal colon (16%),
corresponding to a rise in microorganisms in the same direction (Paone & Cani, 2020;

Zhang & Wu, 2020).



Goblet cells are responsible for synthesizing and secreting mucins which are crucial
components of the mucus layer. Mucus is found in different parts of the body, such as
the ocular surface, upper and lower respiratory tracts, gastrointestinal system, and
reproductive organs (Bansil & Turner, 2018). Mucus is made of water, mucins,
electrolytes, lipids, ions, components of the immune system, anti-microbial peptides,
and other proteins (Kim & Khan, 2013; Paone & Cani, 2020). Additional to mucins,
goblet cells produce and release a variety of other compounds, such as trefoil factors
(TFFs), Fc gamma binding protein (FCGBP), Calcium-activated chloride channel
regulator 1 (CLCAT), and Resistin-like molecule 3 (RELMpB) which contribute to the

composition of intestinal mucus (Gustafsson & Johansson, 2022; Yang & Yu, 2021).

The mucus layer coats epithelial cells and protects them against pathogens, toxins,
and allergens. Mucus has lubricating and moisturizing properties that prevent
epithelial cells from dehydrating and being mechanically stressed during peristalsis. It
also allows nutrients, ions, and other small molecules to penetrate through the layer
and access the enterocytes (Paone & Cani, 2020). In the human body, a thin layer of
mucus also covers the stool, which facilitates its removal and minimizes mechanical

stress (Gustafsson & Johansson, 2022; Kamphuis et al., 2017).

The colon has one inner and one outer mucus layer, whereas the small intestine has
only one mucus layer. The inner layer is attached to the colonic epithelium and
impenetrable to bacteria, whereas the outer mucus layer contains commensal
microbiota (Hansson, 2020). The inner mucus layer undergoes volume expansion by

endogenous proteases, causing its transformation into the outer mucus layer.

Goblet cells were also described to have an immunological role in antigen sampling

and delivery. A distinct subtype of goblet cell creates goblet cell-associated antigen
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passages (GAPs) (Gustafsson et al., 2021) and presents luminal substances to
CD103*CD11c* dendritic cells in the lamina propria (Johansson & Hansson, 2016).
These dendritic cells interact with T cells, triggering an immune response. According
to the study by Gustafsson et al., GAP formation is not compulsory for the
maintenance of mucus secretion or mucus barrier integrity (Gustafsson et al., 2021).
Instead, GAPs serve as enhanced transport machinery that allows the delivery of

luminal antigens via endocytosis.

Another distinct subset of goblet cells, called sentinel goblet cells, are able to
internalise microbe-associated molecular patterns that penetrate the inner layer
(Birchenough et al., 2016; Gustafsson & Johansson, 2022). They trigger a cascade of
events, leading to mucus secretion from surrounding goblet cells via intercellular gap
junctions. This coordinated response washes away pathogenic bacteria and prevents
severe damage to colonic crypts. Once the sentinel goblet cells release their contents,

they are expelled into the lumen.

1.3.2 Mucins and MUC2

Mucins are large, complex, and viscoelastic glycoproteins that are the major building
components of mucus. Various mucin types were distinguished according to their
structure and localization. Mucins can be classified into transmembrane or secreted,
with the latter being further subdivided as gel-forming or non-gel-forming mucins.
Transmembrane or membrane-bound mucins include MUC1, MUC3A/3B, MUC4,
MUC12, MUC13, MUC14, MUC15, MUC16, MUC17, MUC20, MUC21 and MUC22

(Dhanisha et al., 2018; Song et al., 2023). Secreted gel-forming mucins are MUC2,



MUCS5AC/5B, MUCG6, and MUC19, whereas MUC7, MUC8, and MUC9 belong to

secreted non-gel-forming mucins (Zhang & Wu, 2020).

Transmembrane mucins are typically found in the apical part of epithelial cells and
contain an extracellular N-terminal domain, mucin domains, a transmembrane
domain, and a short cytoplasmic C-terminal tail. They play a significant role in building
a protective glycocalyx coat across the intestinal epithelium. Additionally,
transmembrane mucins are actively involved in cell signalling and sensing processes

(Grondin et al., 2020; Johansson et al., 2013).

Gel-forming mucins are produced and secreted by goblet cells. Mucin 2 (MUC2) is the
first secretory mucin identified in humans and is the most abundant mucin in the
intestine (Kim & Ho, 2010). It has a crucial role in gut homeostasis by contributing to
mucus production and preventing pathogen invasion. MUC2 deletion or deficiency in
mice results in tumour development and chronic inflammation (Gundamaraju &

Chong, 2021).

MUC2 contains a protein core coated with linear and branched oligosaccharide
chains. A MUC2 monomer has over 5000 amino acids and its central part is enriched
with tandem repeats, predominantly composed of proline, threonine, and serine amino
acids (known as PTS domains) (Figure 1.2). O-glycosylation occurs in the hydroxyl
groups of threonine and serine residues, whereas proline holds the unfolded structure
of MUC2, facilitating the initial glycosyltransferase to access its correct sites during
the O-glycosylation process (Liu et al., 2023). There are five sugars, including N-
acetylgalactosamine (GalNAc), galactose (Gal), N-acetylglucosamine (GIcNAc),
fucose (Fu), and sialic acid (SA), commonly observed in mucin oligosaccharides and

linked to the protein core though covalent bonds (Kim & Khan, 2013).
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Figure 1.2 Domain structure of MUC2. MUC2 contains cysteine-rich N- and C-terminal
regions as well as three complete (D1-D3) and one partial (D’) von Willebrand D (VWD)
domains located at the N-terminus and one VWD4 domain at the C-terminus. The central PTS
domains are separated by the CysD domains. CK: cysteine-knot; GD/PH: Gly-Asp-Pro-His.

The figure was adapted from Johansson et al. (2011).

MUC2 undergoes different modifications prior to being packed into secretory mucin
granules (Figure 1.3). It is co-translationally translocated to the endoplasmic reticulum
where it acquires N-glycosylation and C-terminal dimerisation in Cys-knot domains via
disulphide bonds (Dhanisha et al., 2018; Hansson, 2019). MUC2 is then exported to
the cis-Golgi network where it is O-glycosylated and the N-glycans are further
modified. O-linked glycosylation of the PTS or mucin repeat domains starts with the
addition of GalNAc to the hydroxyl groups of threonine or serine residues via the
peptidyl-GalNAc transferases, resulting in the formation of the Tn antigen (Bergstrom
& Xia, 2013; Hansson, 2020). Once GalNAc is covalently attached to the protein core,
it serves as a substrate for other glycosyltransferases. Various combinations of
glycans give MUC?2 its bottle brush-like appearance and water-binding capacity,
enabling it to form a gel. In the frans-Golgi network, a large and net-like MUC2
structure is arranged via disulphide-bonded trimers in the VWD3 domain of the N-
terminal regions and localised inside the secretory granules (Ambort et al., 2012; Liu

et al., 2023).

MUC2 is located within the secretory vesicles prior to secretion, and this process

requires an increase in Ca?* concentrations and a reduction in pH. When MUC2 is
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released by goblet cells, it undergoes significant volume expansion (100-1000 times),
which entails lower Ca?* concentrations and higher pH (Figure 1.3) (Birchenough et

al., 2015; Schroeder, 2019).
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Figure 1.3 Biosynthesis and secretion of MUC2. MUC2 involves C-C dimerization and N

glycosylation in the endoplasmic reticulum. Then, it is heavily O-glycosylated in the Golgi
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apparatus before being packed in the secretory vesicles. Following secretion, the volume
expands and MUC2 is stabilised by cross-links. The figure was adapted from Gustafsson and
Johansson (2022) with permission from Springer Nature under the licence number:
5557120891474.

Mucins are secreted into the lumen either through basal or compound exocytosis.
Basal or constitutive mucin secretion leads to the continuous release of individual
mucin granules during normal physiological states. It allows the thickness of the mucus
layer to remain constant. During compound or stimulated mucin secretion, most of the
secretory vesicles release their contents into the lumen under exposure to various
stimuli, such as carbachol, histamine, and acetylcholine (Birchenough et al., 2015;

Yang & Yu, 2021).

1.3.3 TFF3

The trefoil factor (TFF) peptides comprise six cysteine residues connected via
disulphide bridges (Aihara et al., 2017). This structure forms a clover-leaf-shaped
trefoil or P-domain, which is conserved among the various types of TFFs, enabling
them to be more resistant to degradation. Three types of trefoil factors have been
identified in mammals, namely TFF1, TFF2, and TFF3 (Aamann et al., 2014; Aihara
et al., 2017). TFF1 and TFF3 each contain one trefoil domain, while TFF2 is
characterised by having two trefoil domains. Both TFF1 and TFF3 carry an additional
cysteine residue in the C-terminal regions which allows them to interact with TFF
peptides or various other proteins. TFF1 and TFF2 are primarily detected in the
stomach, whereas TFF3 is highly expressed in the human small intestine and colon

(Madsen et al., 2007; Podolsky et al., 1993; Ribieras et al., 1998).
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TFFs have a vital role in promoting epithelial regeneration and mucosal repair within
the gastrointestinal tract. The TFF peptides are connected to mucins in various regions
of the gastrointestinal tract. TFF1, TFF2, and TFF3 colocalize with MUCS5AC, MUCG,
and MUC2, respectively (Aihara et al., 2017). It has been shown that TFFs exhibit
lectin-like activity by recognizing the GIcNAc-a-1,4-Gal disaccharide which enables
them to non-covalently cross-link with mucin glycoproteins (Jarva et al., 2020).
Additional to its non-covalent interactions, TFF3 also forms a heterodimer with

FCGBP, which is then covalently linked to the MUC2 mucin (Albert et al., 2010).

TFF3 protein contains 59 amino acids and its molecular weight is around 6.6 kD for a
monomer and 13 kD for a dimer (Kjellev, 2009). It is produced by intestinal goblet cells
and released into the luminal surface together with mucin glycoproteins (Podolsky et
al., 1993). TFF3, as a secreted protein, was demonstrated to bind to specific receptors
and stimulate intracellular signalling pathways, including signal transducer and
activator of transcription 3 (STAT3) (Rivat et al., 2005), the mitogen-activated protein
kinase (MAPK)/Extracellular signal-regulated kinase (ERK) (Chen et al., 2019), and

PIBK/AKT (Taupin et al., 2000).

Several binding partners have been determined for TFF3 in different organs. In human
ocular surface tissue and conjunctival epithelial cell lines, C-X-C chemokine receptor
type 4 (CXCR4) and CXCRY7 dimers regulate cell migration in a TFF3-dependent
manner, suggesting they might be potential TFF3 binding partners (Dieckow et al.,
2016). Moreover, TFF3 was described to interact with the cluster of differentiation 147
(CD147) receptor and promote cell invasion, proliferation, and migration in several

CRC cell lines (Cui et al., 2021).
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Upon injury, TFF3 was shown to bind to leucine-rich repeat and immunoglobulin-like
domain-containing nogo receptor-interacting protein 2 (LINGOZ2), thereby separating
LINGO2 from the epidermal growth factor receptor (EGFR) (Belle et al., 2019). In turn,
it leads to upregulated EGFR activity, which promotes mucosal barrier function,
enhances immune responses against gastrointestinal parasites and reduces colitis.
LINGOZ is also needed for TFF3-induced STAT3 activation in intestinal cells which
plays an anti-apoptotic role (Belle et al., 2019). Moreover, human deleted in malignant
brain tumour 1 (DMBT1), an upregulated protein during inflammatory bowel diseases,
was shown to also interact with TFF3 dimers (Madsen et al., 2013). It indicates the

role of TFF3 in mucosal defence and innate immunity.

TFF3 affects epithelial integrity, cell migration, and mucosal healing during injury. An
elevated level of TFF3 was detected in ulcerative colitis patients, and it was associated
with the disease's biochemical and clinical characteristics (Gronbaek et al., 2006).
When mice were treated with dextran sulphate sodium, a substance that mimics the
condition of human ulcerative colitis, TFF3 knockout mice displayed more severe
colonic damage as compared to wild-type mice (Mashimo et al., 1996). In TFF3-
deficient mice, although the colon showed a normal crypt structure, epithelial cell
proliferation (Mashimo et al., 1996) and apoptosis were raised (Taupin et al., 2000).
Furthermore, the migration of intestinal crypt cells towards the epithelium lining, as a
part of cell turnover was significantly delayed, suggesting a potential role of TFF3 in

the gut homeostasis (Mashimo et al., 1996).

TFF3 expression was upregulated in various cancer types, including colon, gastric,
prostate, breast, hepatocellular, and pancreatic carcinomas (Busch & Dunker, 2015)

and its overexpression was associated with the promotion of cancer growth (Yang et
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al., 2022). Administration of recombinant TFF3 in HT29 and HCT116 CRC cell lines
resulted in cell detachment and reduced epithelial (E)-cadherin-mediated intercellular
adhesion (Efstathiou et al., 1998). TFF3 overexpression in HT29 cells led to cell
growth and migration, upregulated Vimentin, Twist1, and Snail, and downregulated E-
cadherin expression, indicating its involvement in cancer progression through
epithelial-mesenchymal transition (EMT) (Yusufu et al., 2019). It should be noted that
there are several contradictory reports, leading to uncertainties regarding the function
of TFF3 in cancer development (Uchino et al., 2000; Uchino et al., 1999). Another
study with HCT116 CRC cell line and a rat intestinal epithelial cell line (IEC-6) showed
that exogenous TFF3 prevented cells from apoptosis (Taupin et al., 2000). Blocking
of TFF3 activity by 2-amino-4-(4-(6-fluoro-5-methylpyridin-3-yl)phenyl)-5-oxo-4H,5H-
pyrano[3,2-c]chromene-3-carbonitrile (AMPC) or a siRNA-mediated approach
lowered TFF3-driven oncogenic behaviour and stimulated apoptosis in several CRC

and mammary carcinoma cell lines (Chen et al., 2019; Pandey et al., 2022).

1.3.4 Other mucus components

Apart from MUC2 and TFF3, goblet cells secrete other mucus components. Here we

provide a brief overview of FCGBP, ZG16, and CLCA1 mucus components.

Human Fc gamma binding protein (FCGBP) consists of 5405 amino acids with a
molecular weight of around 500 kDa (Q. Liu et al., 2022). It is considered a mucin-like
protein due to its typical mucin characteristics, such as a high molecular weight,
cysteine-rich regions, extensive glycosylation, intramolecular disulphide bonds,
production, and secretion by goblet cells. FCGBP forms heterodimers with MUC2

(Johansson et al., 2009) and TFF3 (Albert et al., 2010) and prevents bacterial
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attachment to mucosal surfaces and alleviates their removal. However, Ehrencrona et
al. were unable to verify the covalent interaction between FCGBP and MUC2
(Ehrencrona et al., 2021). The predominant existence of FCGBP in the soluble fraction
of the intestinal mucus layer, along with MUC2 being mainly found in the insoluble
component, implies that the majority of secreted FCGBP does not covalently bind to

MUC2 (Ehrencrona et al., 2021).

According to several studies, FCGBP and MUC2 levels diminish along with the
progression of colorectal cancer (Al-Khayal et al., 2016; Mizoshita et al., 2007; Yuan
et al., 2021), thereby leading to an impairment of epithelial integrity and facilitating
metastasis. Downregulation of FCGBP correlated with shorter survival time in the
primary CRC (Zhuang et al., 2021) and CRC with liver metastases (Yuan et al., 2021).
MUC2, FCGBP, and other mucin components also declined in patients with ulcerative

colitis (van der Post et al., 2019).

Zymogen granule protein 16 (ZG16) is a 16 kDa lectin-like protein excreted by goblet
cells and is one of the core components of the mucus layer (Bergstrom et al., 2016).
It functions as a bacterial aggregator by binding to the peptidoglycan of Gram-positive
bacteria’s cell walls (Bergstrom et al., 2016). This cooperation along with the inner
mucus layer holds bacteria at a far distance from colonic epithelial cells, thus retaining
the integrity of the mucosal barrier. Moreover, ZG16 expression was reduced in CRC
patients, which was associated with poor overall and progression-free survivals (Chen

et al., 2016; Meng et al., 2018).

Calcium-activated chloride channel regulator 1 (CLCAT) is another secreted protein
that is found in the intestinal mucosa. Regardless of its ion current activity, CLCA1

protein acts as a metalloprotease by possibly cleaving the N-terminal part of MUC2,
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leading to the expansion of mucus structures (Nystrom et al., 2019). This process
promotes the transition from the inner mucus layer to the outer mucus layer (Nystrom
et al., 2018). A study by Li et al. revealed that CLCA1 levels significantly declined in
CRC patients compared to healthy individuals (Li et al., 2017). Additionally, the study
found that CLCA1 expression showed a negative correlation with CRC progression

and metastasis (Li et al., 2017).

1.4 Study of factors involved in goblet cell differentiation

1.4.1 Notch pathway

Notch signalling plays a substantial role in the regulation of cell proliferation and
differentiation in the intestine. The Notch signalling pathway begins via interactions
between Notch ligands and Notch receptors in neighbouring cells (Figure 1.4). In
humans, there are four transmembrane Notch receptors (Notch 1, 2, 3, and 4) and five
Notch ligands (Jagged (JAG) 1, 2 and Delta-like (DLL) 1, 3, 4) (Totaro et al., 2018;
Zhou et al., 2022). The Notch intracellular domain (NICD) Is released from the cell
membrane by two consecutive proteolytic events mediated by metalloprotease-
disintegrins and y-secretase (complex of presenilin-1 and nicastrin). The NICD
translocates into the nucleus, where it interacts with recombination signal binding
protein for immunoglobulin kappa J region (RPBJ) (also known as CSL or CBF1) and
transcriptional coactivator, Mastermind like transcriptional coactivator 1 (MAML-1)
(Liang et al., 2019). This complex activates the transcription of Notch target genes,
including the hairy and enhancer of split (HES) 1, HESS, Hes related family BHLH

transcription factor with YRPW motif (HEY) 1, and HEY2 (Shaik et al., 2020).
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Figure 1.4 Notch signalling pathway. Following interaction with Notch ligands, Notch
receptors undergo cleavages by metalloprotease (S2) and y-secretase (S3), leading to a
release of Notch intracellular domain (NICD). NICD transfers to the nucleus where it recruits
transcriptional co-activators to activate Notch target genes. The figure was adapted from
Totaro et al. (2018) from Trends in Cell Biology under the licence number: 5584531433459.

It was described that the Notch target gene, Hairy and enhancer of split 1 (HES1), is

overexpressed in both Notch-dependent and Notch-independent manners during
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murine and human intestinal carcinogenesis (Peignon et al., 2011). The Notch-
dependent way leads to high expression of Notch ligands and receptors, whereas the
independent process occurs via direct activation of HES1 promoter through (-
catenin/TCF signalling pathway, suggesting a complex crosstalk between Wnt/(3-
catenin and Notch pathways (Peignon et al., 2011). Another study also reported Notch
as a downstream pathway of Wnt signalling through an interaction between 3-catenin
and JAG1, as well as defining two TCF-binding binding sites in the JAG1 promoter

region (Rodilla et al., 2009).

The blocking of Notch activity in mice causes a reduction of crypt base columnar stem
cells, decreased cell proliferation and programmed cell death in the small intestine
(VanDussen et al., 2012). Mice treated with y-secretase inhibitor (Dibenzazepine,
DBZ) exhibited upregulation of markers associated with enteroendocrine, tuft, goblet,
and Paneth cells, implying that inactivation of Notch signalling induces the overall
expansion of secretory cell populations within the intestine (VanDussen et al., 2012).
Similar results were obtained in the LS174T cell line, as blocking of the Notch pathway
via (N-[N-(3,5-difluorophenacetyl)-l-alanyl]-S-phenylglycine t-butyl ester (DAPT))
resulted in elevated expression levels of Atonal BHLH transcription factor 1 (ATOHT)
and secretory lineage markers, such as MUC2, TFF3, Resistin like beta (RETNLp),
Serine peptidase inhibitor Kazal type 4 (SPINK4), SAM pointed domain containing
ETS transcription factor (SPDEF), Neurogenin 3 (NEUROG3) (Kazanijian et al., 2010).
In addition, upon administration of a gamma-secretase inhibitor, cell viability was
reduced in LOVO, LS174T, SW480, HT29, and HCT116 CRC cell lines, suggesting

the growth inhibitory role of the gamma-secretase inhibitor (Kazanjian et al., 2010).
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Mice carrying deletions of both Notch1 and Notch2 showed enhanced secretory cell
hyperplasia, substantially reduced cell division, and poor crypt regeneration following
irradiation (Carulli et al., 2015). Inactivation of DLL1 and DLL4 simultaneously resulted
in a loss of crypt base columnar stem cells and promoted a complete transformation
of transit-amplifying cells into secretory goblet cells in mice, suggesting cooperation
between DLL1 and DLL4 (Pellegrinet et al., 2011). However, disruption of DLL4 or
JAG1 alone did not impact goblet cell differentiation in the small intestine and colon
(Pellegrinet et al., 2011). Transgenic mice with Notch1 and Notch2 knock-ins
demonstrated higher Notch activity in intestinal stem cells and absorptive progenitors,
whereas cells differentiated into secretory lineages did not exhibit detectable Notch

activity (Fre et al., 2011).

Upregulation of Notch-related factors, such as Notch1, JAG ligands, and HES1 was
observed in human colorectal cancers (Reedijk et al., 2008; Vinson et al., 2016) . A
cohort covering mRNA expression of five ligands (JAG1, JAG2, DLL1, DLL3, and
DLL4), four Notch receptors (Notch1-4), and four Notch target genes (HES1, HESS,
HEY1, and HEY2) in human colorectal adenomas and cancers showed that these
components are highly expressed in colorectal tumours compared to normal samples
(Shaik et al., 2020). Moreover, the overall survival rate was lower in patients with
overexpression of Notch3, Notch4, and HEY 1 genes (Shaik et al., 2020). On the other
hand, there are some studies that suggest low levels of Notch2 expression in
colorectal cancerous tissues and its downregulation during the transition from well to
poorly differentiated tumours, leading to poor survival (Chu et al., 2011; Chu et al.,

2009).
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1.4.2 ATOH1 and SPDEF

ATOH1 (also called Math1 or Hath) is a basic helix-loop-helix transcriptional factor that
plays a primary role in cell fate specification. It is a positive regulator of secretory cell
lineages in the small and large intestines. Depletion of ATOH1 results in a significant
reduction of secretory lineages without influencing absorptive cells in the mouse small
intestine (Yang et al., 2001), whereas induced expression of ATOH1 leads to the

conversion of progenitors into secretory cells (VanDussen & Samuelson, 2010).

The interaction between ATOH1 and Notch pathways controls cell fate between
absorptive and secretory lineages: HES1, a Notch target gene, downregulates the
transcription of ATOH1 (Fu et al., 2020; Zheng et al., 2011). Besides, in the absence
of ATOH1, the Notch pathway loses its function to regulate stem cell proliferation and
absorptive lineage regulation, indicating that Notch activity is strongly correlated with

ATOH1 (Kazanjian et al., 2010).

It was identified that the Wnt/B-catenin pathway can also regulate ATOH1 activity
through Glycogen synthase kinase 3 beta (GSK3B) (Peignon et al., 2011; Tsuchiya et
al., 2007). When the Wnt pathway is active, ATOH1 appears to undergo proteasomal
degradation by GSK3p in CRC cell lines (Aragaki et al., 2008; Tsuchiya et al., 2007).
A study by Tsuchiya showed that the 54th and 58th serine residues of ATOH1 protein
are vital for protein degradation (Tsuchiya et al., 2007). Conditional activation of
ATOH1 by modifying these serine residues or utilising GSK3p inhibitors in CRC cell
lines with an active Wnt pathway led to upregulation of MUC2 expression, thereby

promoting cancer cell differentiation (Aragaki et al., 2008; Peignon et al., 2011).
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ATOH1 also plays a regenerative role during normal conditions and tissue damage in
the small intestine and colon (Ishibashi et al., 2018; Tomic et al., 2018). ATOH1-
positive progenitors were described to revert to the stem cell population upon injury in
mice, thereby providing self-renewal and epithelial regeneration (Tomic et al., 2018).
The plasticity of secretory progenitors is controlled by ATOH1's multiple
phosphorylation sites as mice with phospho-mutant ATOH1 demonstrated poor tissue

regeneration and decreased clonogenicity (Tomic et al., 2018).

ATOH1 expression was dramatically downregulated in CRC by either deletion of its
allele/alleles or CpG methylation (Bossuyt et al., 2009). Overexpression of ATOH1 in
HT29 CRC cell line blocked cell proliferation and growth in both xenografts and soft
agar conditions (Leow et al., 2004). According to a study of HCT116 and LOVO CRC
cell lines, upregulation of ATOH1 through anti-micRNA-613 significantly suppressed

cell division, migration, and invasion (Yang et al., 2018).

SPDEF is another factor shown to promote terminal differentiation and maturation of
goblet cells in the intestine. Intestine-specific SPDEF knockout results in a significant
loss of mature goblet and Paneth cells in mice, accompanied by an accumulation of
immature secretory transit amplifying cells (Gregorieff et al., 2009). Immature goblet
cells exhibit poorly organised vacuoles and a distinct brush border (Gregorieff et al.,
2009). On the other hand, enterocyte differentiation within the intestinal tract remained

normal in SPDEF-deficient mice (Gregorieff et al., 2009).

SPDEF has been reported to be a downstream target of ATOH1, as well as to have
positive feedback on the amplification of ATOH1 target genes (Lo et al., 2017). Several
genes including ATOH1, SPDEF, Regenerating family member 4 (REG4), MUC2,

CAMP responsive element binding protein 3 like 1 (CREB3L1), Kallikrein 1 (KLKT),
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and Solute carrier family 12 member 8 (SLC12A8) were identified to carry SPDEF
motifs and associate with goblet cells (Lo et al., 2017). Interestingly, in ATOH1 deleted
cells of the mouse model, SPDEF, even after its transgenic activation, was not capable
of inducing transcription of KLK1, REG4, CBFA2/RUNX1 partner transcriptional co-
repressor 3 (CBFA2T3), MUC2, SLC12A8, and CREB3L1 genes (Lo et al., 2017).
Furthermore, SPDEF deletion significantly reduced transcription of several genes,
such as MUC2, CREB3L1, REG4, and SLC12A8 during overexpression of ATOH1 (Lo
et al., 2017). These findings indicate a mutual interaction between ATOH1 and

SPDEF.

1.4.3 CDX1 and CDX2

Caudal Type Homeobox 1 (CDX1) and 2 (CDX2) are transcription factors involved in
the regulation of intestinal epithelial development. In contrast to CDX1, CDX2-null
mice are lethal during embryogenesis, which could be explained by their initial
expression in extraembryonic tissue (Silberg et al., 2000). Their expression pattern
varies during postnatal development with both displaying an increased trend from the
proximal to the distal small intestine while CDX1 being the highest and CDX2 being
lower or absent in the distal colon (Silberg et al., 2000). Mice with CDX1 knockout
scaled up CDX2 expression levels in the distal colon where its existence is limited,
suggesting a compensatory interaction between CDX1 and CDX2 (Bonhomme et al.,
2008; Grainger et al., 2013). Conditional ablation of CDX2 in adult mice showed that
endodermal cells in the intestine were incapable of differentiating into enterocytes,
Paneth or goblet cells despite maintaining long-term viability, highlighting the
importance of CDX2 in intestinal stem cell differentiation and homeostasis (Stringer et

al., 2012).
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CDX1 was identified to modulate the expression of cytokeratin 20 (KRT20), a marker
of differentiated intestinal cells, as well as the expression of glycoprotein A33 cell
surface protein by interacting directly with their promoter regions (Chan et al., 2009;
Johnstone et al., 2002). CDX2 controls the expression of intestinal specific proteins,
such as MUC2, sucrase-isomaltase, and carbonic anhydrase | (Drummond et al.,
1998; Suh et al., 1994; Yamamoto et al., 2003). It was also described to regulate cell
proliferation in CRC cell lines through binding B-catenin and interrupting its interaction
with TCF complex, causing downregulation of Wnt target genes, such as MYC Proto-
Oncogene, BHLH Transcription Factor (c-Myc), Cyclin D1, and Lymphoid enhancer-

binding factor 1 (LEF1) (Guo et al., 2010).

CDX1 expression was reduced in colonic adenocarcinomas when compared with
normal crypts (Silberg et al., 1997). A study of 37 CRC cell lines conducted by our lab
revealed that a substantial proportion of the cell lines exhibit a lack of CDX1
expression due to promoter methylation, presumably resulting in decreased
differentiation and increased growth rate (Wong et al., 2004). Based on research on
HT29, HTC116, and SW1222 CRC cell lines, HCT116, which does not express CDX1,
represents a more aggressive phenotype due to its lack of differentiation ability and
primarily stem cell characteristics (Yeung et al., 2010). Induced expression of CDX1
in HCT116 caused fewer colonies and promoted lumen formation in Matrigel (Yeung

et al., 2010).

The role of CDX2 in colon cancer is controversial. Some reports suggest that CDX2
expression is lower in colonic carcinomas compared to adenomas and tumours
lacking CDX2 expression display poor differentiation, advanced TNM stage, and a

lower survival rate (Bae et al., 2015; Bakaris et al., 2008; Hinoi et al., 2001). However,
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a study by Witek et al. (2005) pointed out the overexpression of CDX2 mRNA and
protein levels in colorectal tumours in comparison with adjacent mucosa that was
histologically normal (Witek et al., 2005). Moreover, the disruption of CDX2 prevented
the anchorage-independent cell growth in LOVO and cell death in SW48 CRC cell
lines (Dang et al., 2006). According to a population-based study covering 796
metastatic CRC patients, CDX2 expression in BRAF-mutated patients is associated
with a better outcome as opposed to controls, whereas the absence of CDX2 in a
small proportion of KRAS-mutated patients had a poor prognosis (Aasebg et al.,
2020). CDX1 and CDX2 expression in the COLO205 CRC cell line promoted a pattern
of gene expression associated with differentiation, activated cell adhesion, and

reduced cell proliferation (Keller et al., 2004).

1.4.4 GATAG6 and ETS2

GATA binding protein 6 (GATAG) is a zinc finger transcription factor expressed along
the gastrointestinal tract (Haveri et al., 2008). It plays an important role in the earliest
stages of embryogenesis and continues its expression during adulthood. GATAG-null
mice embryos died before the heart formed, displaying atypical characteristics at 5.5
days postcoitum (Koutsourakis et al., 1999). Mice lacking GATA4 and GATAG in the

intestine were lethal during 24 hours of birth (Walker et al., 2014).

GATAG occupancy in promoter or enhancer regions of several genes, such as SPINK4
and solute carrier family 9 member A2 (SLC9A2) was detected by chromatin
immunoprecipitation (ChIP) analysis in the LS174T cell line (Beuling et al., 2012).
Another gene, intestinal fatty acid binding protein (IFABP), a marker of intestinal

enterocytes, contains GATA-binding sites in the promoter region, suggesting it being
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a potential target for GATA family proteins, including GATA4, 5, and 6 (Gao et al.,

1998).

GATAG was described to be expressed in dividing crypt cells and all differentiated cell
types in the mouse colonic epithelium (Beuling et al., 2012). Deficiency of GATAG
caused morphological changes, a reduction in cell division and migration from the
crypt base to the surface in the colon (Beuling et al., 2012). Furthermore, it
downregulated the expression of goblet- and enterocyte-specific genes, as well as
hormone production by enteroendocrine cells in the colon, implying its dual role in cell
proliferation and differentiation (Beuling et al., 2012). Similar results were obtained in
the LS174T cell line in terms of goblet- and colonocyte-associated genes during the
knockdown of GATAG (Beuling et al., 2012). A recent study by Laudisi et al. revealed
that mice with GATAG6 deletion exhibited disrupted mucosal barrier and intestinal
homeostasis, as well as enhanced dysbiosis (Laudisi et al., 2022). GATA6 gene
expression was observed to diminish during colon cancer progression from adenoma
to carcinoma (Haveri et al., 2008) and in inflammatory bowel diseases (Laudisi et al.,
2022). Study with GATAG Antisense RNA 1 also supports its reduction during Crohn's
disease, ulcerative colitis, and coeliac disease and this dropdown correlates with more
severe ulcerative colitis conditions by affecting mitochondrial respiration (Sosnovski et

al., 2023).

ETS proto-oncogene 2, transcription factor (ETS2) is considered a Wnt target gene
and its disruption led to higher levels of cell proliferation at the base of the intestinal
crypts and increases colonic crypt fission (Munera et al., 2011). During the
administration of dextran sulfate sodium and azoxymethane, ETS2-deficient mice

were more susceptible to developing adenomas than wild-type animals (Munera et al.,
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2011). A recent study by Chen et al. revealed that the transcriptional activity of ETS2
is controlled by distal super-enhancer regulatory elements, which recruit the MDS1
and EVI1 complex locus (MECOM) transcription factor. This complex was remarkably
increased in colorectal cancer, as well as in inflammatory bowel disease (Chen et al.,

2023).

Overall, the transcription factors involved in goblet cell differentiation in the colon can

be visualised in Figure 1.5.
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Figure 1.5 Differentiation pathway in normal colon. ATOH1 is the key transcription factor
for secretory lineage differentiation and is negatively regulated by Notch target gene, HES1.
SPDEF is involved in terminal differentiation of goblet cells. The figure was adapted from

Professor Walter Bodmer.
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1.5 Colorectal cancer: epidemiology, causes, and genetics

Colorectal cancer (CRC) ranks third in the world for the number of diagnoses and
second in terms of mortality (Hossain et al., 2022; Sawicki et al., 2021). CRC can be
categorised into three types: sporadic, hereditary, and colitis-associated (Hossain et
al., 2022). The majority of colorectal cancer cases are sporadic, while others are
familial or hereditary and are associated with inflammatory bowel diseases
(Hisamuddin & Yang, 2006; Yamagishi et al., 2016). Genetic and environmental
factors that provide survival advantages for stem or progenitor cells contribute to CRC
progression. Suggested environmental factors include a sedentary lifestyle, high
consumption of red meat and preserved foods, obesity, smoking, and alcohol

consumption.

Familial CRC can be divided into two groups: hereditary polyposis CRC and hereditary
non-polyposis CRC (Rebuzzi et al., 2023). The most frequent and well-defined
hereditary non-polyposis CRC condition is Lynch syndrome, caused by mutations in
key DNA mismatch repair genes, including MLH1, PMS2, MSH2, MSHG6 or epithelial
cell adhesion molecule (EpCAM) (Fearnhead et al., 2002; Hossain et al., 2022;
Rebuzzi et al., 2023). Patients with hereditary non-polyposis CRC have high levels of
microsatellite instability because of DNA replication errors (Hisamuddin & Yang, 2006;
Rebuzzi et al., 2023). Microsatellite instability in sporadic CRC is generally associated
with hypermethylation of the MLH1 promoter rather than gene mutation as in inherited

cancers (Bodmer, 2006; Li et al., 2021).

Familial adenomatous polyposis (FAP) is the most typical cause of hereditary
polyposis CRC, accounting for less than 1% of CRCs (Fearnhead et al., 2002; Rebuzzi

et al., 2023). FAP syndrome is due to germline mutations in the Adenomatous
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polyposis coli (APC) tumour suppressor gene which plays an essential role in the
Whnt/B-catenin signalling pathway, cell adhesion and apoptosis (Hisamuddin & Yang,
2006; Rebuzzi et al., 2023). In addition to germline mutations, somatic mutations
and/or loss of heterozygosity of the APC gene have been identified in the sporadic

CRCs (Bodmer, 2006; Hull et al., 2020).

Somatic APC mutations occur in nearly 80% of colorectal cancers and traditional
adenomas (Bodmer, 2006), whereas BRAF mutations are commonly found in serrated
polyps (Kuipers et al., 2015; Nguyen et al., 2020). Other driver genes mutations, such
as tumour protein p53 (TP53), Kirsten rat sarcoma viral oncogene homolog (KRAS),
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA), and
SMAD family member 4 (SMAD4) were detected at the late stages of the transition
from adenoma to carcinoma, well before the development of metastasis (Figure 1.6)

(Bodmer, 2006; Hull et al., 2020; Li et al., 2021).

P16, SMADA4, E-CaQherinN m—m—m—m— - = = - -

- = = —ee NMSH2, hMLH 1 s = = = = = =
APC K-ras —D5 3
Normal Early adenoma Late adenoma Carcinoma

(e ® QO
@O YoX ®
- ©
Y ®X
(X &

Adhesion.

Signallin G =—— — ANQiogenesis =—

Growth factors

Apoptosis

28



Figure 1.6 Adenoma to carcinoma transition. The schematic describes the stages and
factors involved in the adenoma to carcinoma sequence in colorectal cancer. The figure was
adapted from Fearnhead et al. (2002).

Tumours in the right- and left-sided colon vary in terms of their histological, molecular,
and genetic characteristics. A higher proportion of right-sided colon cancer cases was
observed among women and older individuals, whereas left-sided colon cancer tends
to be more common among men (Baran et al., 2018). In terms of signet-ring cell
carcinomas, sessile serrated adenomas, and mucinous adenocarcinomas, there are
larger increases in the prevalence of these types in right-sided colon cancer than in
left-sided colon cancer, making right-sided colon cancer difficult to detect at early

stages (Baran et al., 2018; Nawa et al., 2008).

Right-sided colon cancer patients are usually considered large, poorly differentiated,
and advanced tumours (Baran et al., 2018; Benedix et al., 2010; Bustamante-Lopez
et al.,, 2019). In terms of genetic composition, right-sided cancers exhibit higher
microsatellite instability (MSI) and CpG island methylation phenotype (CIMP),
whereas left-sided cancers present chromosomal instability (CIN) related mutations,
such as APC, KRAS, and p53 mutations (lacopetta, 2002; Sugai et al., 2006). Based
on a cohort that included 17,641 CRC patients (8297 right-sided and 9344 left-sided),
the metastatic spread was different between the two types and right-sided carcinomas
had a considerably poorer outcome as compared to left-sided colon cancers (Benedix
et al., 2010). Furthermore, there was a higher incidence of hepatic and pulmonary
metastases in left-sided carcinomas, while peritoneal metastases were often detected
in right-sided colon cancer patients (Benedix et al., 2010). Another retrospective study

of 206 right-sided and 214 left-sided colon cancer patients in The Cancer Genome
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Atlas (TCGA) revealed that patients with right-sided colon cancers have a lower 5-

year overall survival rate than those with left-sided cancers (Ward et al., 2022).

1.6 Goblet cell in colorectal cancer

Colorectal cancers can be classified as mucinous with abundant MUC2 secretion and
non-mucinous with reduced or absent MUC2 secretion, emphasising dysregulation of
goblet cell differentiation. Mucinous adenocarcinoma is defined as a tumour in which
mucin covers more than 50% of the extracellular space (Huang et al., 2021; Luo et al.,
2019). This type of cancer is more frequent in females and younger individuals, and it

is usually determined at a later stage of its progression (Luo et al., 2019).

The incidence of mucinous carcinomas, in general of cancers in the small intestine is
much lower than in the large intestine (Kim & Ho, 2010), representing around 10-20%
of colorectal cancers (Gundamaraju & Chong, 2021; Luo et al., 2019). Cancers with
elevated MUC2 levels appear to have lymph node metastasis, microsatellite instability,
an increased recurrence rate, and a diverse mutation pattern (Gundamaraju & Chong,
2021). The frequency of B-Raf proto-oncogene, serine/threonine kinase (BRAF), and
KRAS mutations was greater in mucinous carcinomas, while the frequency of TP53

mutations was lower (Huang et al., 2021).

It has been suggested that in colorectal cancer, there are two main alterations in
mucins, including abnormal glycosylation and gene expression. MUC2 is highly
expressed in mucinous carcinomas due to aberrant genetic and epigenetic regulation.
MUCSAC, despite its primary expression in the respiratory tract and stomach, is also
overexpressed in mucinous carcinomas (Luo et al., 2019). In addition, truncated

glycan structures and a raised level of neo-glycans, such as sialylLeA and sialylLeX
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antigens were defined in both mucinous and non-mucinous carcinomas (Hollingsworth

& Swanson, 2004; Kim & Deng, 2008; Kim & Ho, 2010).

Compared to their non-mucinous counterparts, mucinous colorectal adenocarcinomas
are mostly diagnosed at a more advanced stage (Kim & Ho, 2010) and have poorer
response rates to chemotherapy (Luo et al., 2019). The study by Reynolds et al.
revealed that the mucinous adenocarcinomas showed upregulation of various genes,
such as Thymidine phosphorylase (TYMP) and Glutathione S-transferase Pi 1
(GSTP1) involved in 5-fluorouracil (5-FU) and oxaliplatin drug resistance, respectively
(Reynolds et al., 2020). These modifications might cause a poor therapeutic response
owing to accelerated drug metabolism and detoxification. Furthermore, mucus
released during mucinous adenocarcinomas could potentially act as a physical

obstacle for drugs, prohibiting their effective delivery to cancer cells.

Signet-ring cell carcinoma is a very rare CRC subtype which is identified by having
more than 50% intracellular mucin content with signet-ring cell appearance (An et al.,
2021; Kim & Ho, 2010). Similar to mucinous carcinoma, signet-ring cell carcinoma
exhibits high BRAF mutations, an MSI-high status and a CIMP-positive phenotype
(Luo et al., 2019). Patients with signet-ring cell carcinoma have a poorer survival rate
and increased risk of developing metastases at distinct sites (An et al., 2021; Luo et

al., 2019).
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1.7 Aims of the project

Colorectal cancer is primarily characterised by the low frequency of goblet cells and
an impaired mucus barrier. This was our main reason for focusing on goblet cell
differentiation. Investigation of the mechanisms responsible for goblet cell
differentiation is essential to improve current efforts in the prevention and treatment of

CRC.

Our laboratory has a large collection of CRC cell lines, well characterised and truly
representative of the tumours from which they are derived (Mouradov et al., 2014;
Wilding & Bodmer, 2014). We used in vitro cell line models to study goblet cell

differentiation and aimed to address following objectives.

« Reclassification of primary CRC cell lines based on MUC2 and TFF3 protein
expression profile. Validation of our classification in human tissue sections, as

well as in single-cell RNA sequencing data.

« Toidentify what triggers the goblet cell differentiation process in the colon using
our cell lines as the models for CRC? Why do most CRC cell lines not produce
differentiated goblet cells and when they are produced, why goblet cells present
at such a low frequency except for the rare signet ring tumours or mucinous

carcinomas?

e Analyse the roles of known, and possible new factors involved in goblet cell
differentiation in the CRC cell lines, for example, by knocking them out or in, by
studying the timing of differentiation in clonal outgrowth, and by single-cell

mRNA analysis of cell lines under various conditions of growth.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Cell culture methods

2.1.1 Cell lines

Human colorectal cancer (CRC) cell lines were obtained from the Cancer and
Immunogenetics Laboratory (CIL) cryogenic collection at the Weatherall Institute of

Molecular Medicine (WIMM), Oxford, UK. All the cell lines used in this study are listed

in Table 2.1.
Cell line name Source and catalogue number
C10’ Cancer Immunogenetics Laboratory (W. Bodmer and D. Bicknell)
C106 Cancer Immunogenetics Laboratory (W. Bodmer and D. Bicknell)
C10A' Cancer Immunogenetics Laboratory (W. Bodmer and D. Bicknell)
C10S’ Cancer Immunogenetics Laboratory (W. Bodmer and D. Bicknell)
C125PM Cancer Immunogenetics Laboratory (W. Bodmer and D. Bicknell)
C2BBE1? ATCC® CRL-2102™
C32 Cancer Immunogenetics Laboratory (W. Bodmer and D. Bicknell)
C70 Cancer Immunogenetics Laboratory (W. Bodmer and D. Bicknell)
C75 Cancer Immunogenetics Laboratory (W. Bodmer and D. Bicknell)
C80 Cancer Immunogenetics Laboratory (W. Bodmer and D. Bicknell)
c84 Cancer Immunogenetics Laboratory (W. Bodmer and D. Bicknell)
C99 Cancer Immunogenetics Laboratory (W. Bodmer and D. Bicknell)
CACO2? ATCC® HTB-37™
CAR1 JCRB0207
CC20 Kind gift from Dr. Anne R. Kinsella, Paterson Laboratories,
Manchester M20 9BX, UK
CCKa81 JCRB0208
CCO7 JT Immunotech, USA
CL14 DSMZ: ACC-504
CL40 DSMZ: ACC-535
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Cell line name Source and catalogue number
COLO2013 ATCC® CCL-224™
COL0O205° ATCC® CCL-222™
COL0O206° DSMZ: ACC-21
COLO320DM* ATCC® CCL-220™
COLO320HSR* ATCC® CCL-220.1™
COLO678 DSMZ: ACC-194
CW2 RCB0778
CX1° DSMZ: ACC-129
DLD1® ATCC® CCL-221™
GP2D’ ECACC: 95090714
GP5D’ ECACC: 95090715
HCA46 Kind gift from Dr. S.Kirkland, Royal Postgrad School, London
HCA7 Kind gift from Dr. S.Kirkland, Royal Postgrad School, London
HCC2998 Obtained from NCI-FREDERICK CANCER DCTD tumour/cell line
repository, vial designation: 0507244
HCC56 JCRB1037
HCTS8 ATCC®
HCT116 ATCC® CCL-247™
HCT15° ATCC® CCL-225™
HDC111 Obtained from Prof. Manfred Schwab under an MTA, DKFZ,
Hedelberg, Germany
HDC114 Obtained from Prof. Manfred Schwab under an MTA, DKFZ,
Hedelberg, Germany
HDC135 Obtained from Prof. Manfred Schwab under an MTA, DKFZ,
Hedelberg, Germany
HDC142 Obtained from Prof. Manfred Schwab under an MTA, DKFZ,
Hedelberg, Germany
HDC143 Obtained from Prof. Manfred Schwab under an MTA, DKFZ,
Hedelberg, Germany
HDC54° Obtained from Prof. Manfred Schwab under an MTA, DKFZ,
Hedelberg, Germany
HDC578 Obtained from Prof. Manfred Schwab under an MTA, DKFZ,
Hedelberg, Germany
HDC73 Obtained from Prof. Manfred Schwab under an MTA, DKFZ,
Hedelberg, Germany
HDC8 Obtained from Prof. Manfred Schwab under an MTA, DKFZ,
Hedelberg, Germany




Cell line name

Source and catalogue number

Obtained from Prof. Manfred Schwab under an MTA, DKFZ,

HDC82 Hedelberg, Germany
Obtained from Prof. Manfred Schwab under an MTA, DKFZ,
HDC9
Hedelberg, Germany
HRA19 Kind gift from Dr. S.Kirkland, Royal Postgrad School, London
HT29° ATCC® HTB-38™
HT55 ECACC: 85061105
ISRECO1 Kind gift from Pr. Richard Hamelln, INSERM U434-CEPH, 75010
Paris, France
JHCOLOYI RCB1706
KM20L2 Obtained from NCI-FREDERICK CANCER DCTD tumour/cell line
repository, vial designation: 0503425
Kind gift from Dr. Joan K. Heath, Ludwig Institute for Cancer
LIM1215 .
Research, Australia
LIM1863 R.Whitehead, Australia
LIM2405 Kind gift from Dr. Joan K. Heath, LudV\{|g Institute for Cancer
Research, Australia
LOVO ATCC® CCL-229™
LS1034 Kind gift from Dr. Laurent Suardet, ISCRE, Switzerland
LS123 ATCC® CCL-255™
LS174T° ECACC: 87060401
LS180° ECACC: 87021202
LS411 Kind gift from Dr. Laurent Suardet, ISCRE, Switzerland
LS513 ATCC® CRL-2134™
NCIH508 ATCC® CCL-253™
NCIH548° ATCC® CCL-249™
NCIH716 ATCC® CCL-251™
NCIH747 ATCC® CCL-252™
OUMS23 JCRB1022
OXCO1 Kind gift from Prof. Vincenzo Cerundolo, Weatherall Institute of
Molecular Medicine, University of Oxford, Oxford OX3 9DS
OXCO2 Kind gift from Prof. Vincenzo Cerundolo, Weatherall Institute of
Molecular Medicine, University of Oxford, Oxford OX3 9DS
OXCO3 Kind gift from Prof. Vincenzo Cerundolo, Weatherall Institute of
Molecular Medicine, University of Oxford, Oxford OX3 9DS
PCJW Kind gift from Prof. Christos Paraskeva, Department of Pathology

and Microbiology, University of Bristol, UK
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Cell line name Source and catalogue number
PMFKO14 RCB1426
RCM1 JCRB0256
RKO ATCC® CRL-2577™
RW2982 Kind gift from Dr John Mariadason, Montefiore Medical Center, 111
E210th St. Department of Oncology, Bronx NY
RW7213 Kind gift from Dr John Mariadason, Montefiore Medical Center, 111
E210th St. Department of Oncology, Bronx NY
SKCO1 ATCC® HTB-39™
SNU1235 KCLB No. 01235.1
SNUC1 ATCC® CRL-5972™
SNUC2B ATCC® CCL-250™
SW1116 ATCC® CCL-233™
SW1222 ECACC: 12022910
SW1417 ATCC® CCL-238™
SW1463 ATCC® CCL-234™
SW403 ATCC® CCL-230™
SW48 ATCC® CCL-231™
Sw480'"° ATCC® CCL-228™
SW620"° ATCC® CCL-227™
SW837 ATCC® CCL-235™
SW9o48 ATCC® CCL-237™
T84 ATCC® CCL-248™
TT1TKB RCB1185
VACO10MS Kind gift from J.McBain, VA Res.Ser. Madison, Wisconsin
VACO4A" Kind gift from J.McBain, VA Res.Ser. Madison, Wisconsin
VACO4S™ Kind gift from J.McBain, VA Res.Ser. Madison, Wisconsin
VACO5 Kind gift from J.McBain, VA Res.Ser. Madison, Wisconsin
WIDR® Kind gift from J.McBain, VA Res.Ser. Madison, Wisconsin

Table 2.1 List and source of studied CRC cell lines. The table depicts a list and source of

all CRC cell lines used in this study. Cell lines originated from the same patient were indexed
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with an identical number. ATCC: American Tissue Culture Collection, DSMZ: German
Collection of Microorganisms and Cell Cultures GmbH, ECACC: European Collection of
Authenticated Cell Cultures, DKFZ: Deutsches Krebsforschungszentrum (The German
Cancer Research Centre), JCRB: Japanese Collection of Research Bioresources, KCLB:
Korean Cell Line Bank, RCB: Research Cell Bank.

2.1.2 Cell culture conditions and maintenance

The cell lines were cultured in 75 cm? sterile tissue culture flasks (Corning® flasks)
with 10 millilitre (ml) complete Dulbecco's Modified Eagle Medium (DMEM, Gibco)
supplemented with 10% fetal bovine serum (FBS, Gibco®) and 1%
penicillin/streptomycin (Lonza). Cells were also grown in 6-well, 12-well, 24-well, 48-
well, and 96-well cell culture plates (Corning® tissue culture-treated plates). Flasks
and plates were kept in a humidified incubator (Heracell 150 incubator, Thermo
Scientific, Massachusetts, USA) at 37°C, 10% CO:2 environment. In order to avoid

cross-contamination, a maximum of five cell lines were incubated at any given time.

All the cell lines in Table 2.1 except for NCIH716 are adherent cell lines. The medium
was changed every 2-3 days. When the cells reached around 70-80% confluency as
observed under the microscope, they were passaged. Cell passaging starts with
removing cell culture medium and carefully washing the cells with 10 ml 1X Phosphate
Buffered Saline (PBS). After the washing step, cells were treated with 1 ml 0.5% 10X
Trypsin-EDTA (Gibco, Ref. 15400-054) for 3-5 minutes (min) to achieve detachment
from the flask. Then, 5 ml of complete medium was added to neutralize the effect of
the dissociation reagent. The cell suspension was harvested and centrifuged at 1000
rpm for 5 min at room temperature (RT). The supernatant was discarded, the cell pellet
was gently tapped and then resuspended in 10 ml complete medium by pipetting up

and down gently to break cell clumps. Depending on cell line doubling time, the dilution

38



factor varied from 1:5 to 1:20 and the cells were transferred into a new 75 cm? cell

culture flask containing pre-warmed medium.

For the suspension cell line, the medium was replaced every 2-3 days. When cell
clumps were apparent under the microscope, cells were collected and centrifuged at
1000 rpm for 5 min at RT. After the removal of the supernatant, the cell pellet was

resuspended with complete medium and appropriately sub-cultured.

2.1.3 Cell line storage and retrieval

Cell lines were kept in liquid nitrogen for long-time storage after the first passage.
When cells were 70-80% confluent, they were washed with 1X PBS and underwent
trypsinisation. Then, we resuspended the cells with 5 ml complete medium and
centrifuged them at 1000 rpm for 5 min at RT. The supernatant was removed, and the
cell pellet was resuspended in 1 ml of freezing medium, consisting of 10% Dimethyl
sulfoxide (DMSO, Fisher Bioreagents™) and 90% FBS. Five hundred microliter (ul) of
cell suspension were then transferred into sterile cryogenic vials (Corning, USA),
placed in a Mr Frosty Freezing Container (Thermo Fisher Scientific, UK) and stored at
-80°C overnight to achieve slow-freezing. The next day, the tubes were transferred to

liquid nitrogen.

In order to recover frozen stocks, cryogenic vials have to be thawed in a water bath at
37°C for 1 min prior to resuspending in 5 ml of complete medium. Cells were then
centrifuged at 1000 rpm for 5 min at RT and the supernatant was carefully removed.
Ten ml of complete culture medium was added to the cell pellet and cells were

transferred into 75 cm? sterile tissue culture flasks. The medium was replaced the
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following day and thawed cells were generally only used for experiments after two

passages.

2.1.4 Cell counting

Cell counting was performed in the Cellometer Auto T4 device (Nexcelom
Biosciences, USA) by loading 20 ul of cell suspension into a cell counting chamber
(SD100, Nexcelom Biosciences, USA). The chamber is then inserted into the cell
counter and the cells were imaged. The machine uses brightfield images of eight
individual areas by considering cell size and morphology to calculate cell

concentration per ml.

2.1.5 Mycoplasma contamination testing

Cell lines were routinely tested for mycoplasma contamination using the MycoStrip™
Mycoplasma Detection Kit (InvivoGen, UK). The test principle of the kit was based on
isothermal PCR of the 16S rRNA gene which is most frequently detected in

mycoplasma species.

Cells were cultured at least 48 hours before the mycoplasma test. One ml of the cell
culture supernatant was transferred to a microcentrifuge tube. The medium was
centrifuged at 16,000 g for 5 min. The supernatant was gently discarded without
touching the pellet. Next, 500 pl of sterile 1X PBS was added to the pellet and mixed
well. In order to increase sensitivity, previous steps were repeated starting with
centrifugation. Afterwards, 5 ul of Reaction Buffer and 5 pl of the prepared sample
were added into the tube containing 15 pl of Reaction Mix aliquot. The tube was

incubated in a heat block at 65°C for 40 min. In the next step, we added 200 ul of
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Migration Buffer into the tube and mixed it well before loading the mixture into the
cassette. Positive and negative controls were also used according to the protocol. One
band (C’ band only) in the cassette represents that mycoplasma was not detected in
the sample, while two bands (C’ and T’ bands) indicate contamination of cell culture

by mycoplasma.

2.2 Drug studies

2.2.1 Notch gamma-secretase inhibitor treatment

Dibenzazepine (DBZ), a Notch gamma (y)-secretase inhibitor was purchased from
Merck Millipore and 1 mg of DBZ was reconstituted in 1 ml DMSO. Then, it was
aliquoted and stock solutions were stored at -20°C. Before treatment, cell lines were
passaged and counted as previously described. An appropriate number of cells
(30000-50000 cells per ml) depending on the cell line’s doubling time were seeded in
24-well and 96-well plates prior to the treatment. After 24 hours, the medium was
removed and DBZ at a working concentration of 200 nanomolar (nM) within the
appropriate amount of medium was added to the cells. The cells were cultured for an
additional 24 and 48 hours to analyse the effect of the drug. DMSO was used as a

solvent control.

2.2.2 5-aza-2’-deoxycytidine treatment and recovery

5-Aza-2'-deoxycytidine (5-AZA-CdR, decitabine) is an epigenetic agent that prevents
DNA methyltransferase activity resulting in DNA demethylation. The drug solution was
prepared by dissolving 50 milligram (mg) of 5-AZA-CdR powder (Merck Millipore) in 1

ml of DMSO. Aliquots of the stock solution were stored at -20°C.
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According to the cell line growth rate, the cells (20000-50000 cells in 1 ml) were
seeded before 24 hours of drug treatment. The next day, the cells were incubated with
complete medium containing 5-AZA-CdR at a final concentration of 10 micromolar
(MM). DMSO was used as a control and followed the same procedures as the drug.
The medium containing the drug was added for different incubation times (24-, 48-,

72-, 96-, and 120 hours) before being fixed for immunostaining analysis.

During the recovery experiment, the cells were incubated in 24-well and 96-well plates
and were allowed to adhere to the surface for 24 hours. Then, they were treated with
5-AZA-CdR for 72 hours as previously described. After 3 days, the drug treatment was
stopped and the cells were allowed to recover for varying amounts of time (24-, 48-,
72-, 96-, 120 hours) by replacing the complete medium every 2 days. Then, some
plates were fixed for immunostaining and others were prepared for different

experiments.

2.2.3 Sulforhodamine B protein staining assay

The Sulforhodamine B (SRB) assay was widely used and optimised in our lab and by
other scientists (Vichai & Kirtikara, 2006). It evaluates the total amount of cellular
protein content which corresponds to cell number. The SRB assay was conducted in
a 96-well plate following the appropriate drug treatments to study the effect of various

concentrations and lengths of treatment on the cell lines.

The cells were washed with 1X PBS once and were prepared for the assay by being
fixed with Paraformaldehyde (PFA, Thermo Fisher Scientific, UK) for 1 hour. After
removing the PFA, the cells were washed with water four times and plates were tapped

on a tissue paper to remove the remaining water. Then, 100 pl SRB solution (0.057%
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Sulforhodamine B sodium salt (Sigma, S1402) in 1% acetic acid (Alfa Aesar, Thermo
Fisher Scientific) was added to the cells and it was allowed to interact with proteins for
30 min. Any remaining SRB was removed from the wells and the wells were then
washed four times with 200 ul 1% acetic acid. Afterwards, 200 ul of 10 millimolar (mM)
Tris base was added to each well and the absorbance was measured at 520

nanometre (nm) on a pQuant™ spectrophotometer (BioTek Instrument, USA).

2.3 Transient small interfering RNA transfection

Small interfering RNA (siRNA) transfection was conducted using Lipofectamine
RNAIMAX Transfection Reagent (Invitrogen, UK). Pre-designed siRNAs against
ATOH1 (Assay ID. 147381 and #M-008915-00 [Dharmacon™]), SPDEF (Assay ID.
115943 and sc-45845 [Santa Cruz Biotechnology]), CDX1 (Assay ID. 106590), CDX2
(Assay ID. 106423), OLFM4 (Assay ID. 140038), TFF3 (Assay ID. s14040), and
GATAG (Assay ID. 115635) were purchased from Thermo Fisher Scientific (UK) in
addition to the ones shown in square brackets. The tube containing 5 nanomole (nmol)
of siRNA powder was briefly centrifuged and 250 yl nuclease-free water was added
into the tubes to prepare the stock concentration of 20 uM. The prepared siRNA

solution was mixed well, aliquoted, and stored at -20°C.

In the siRNA transfection experiments, 20 nM siRNA was used as a final
concentration. As a first step, the transfection mix was prepared for 96-well and 24-
well plates as follows: 0.84 ul siRNA (stock 20 uM), 1.4 pl Lipofectamine RNAIMAX,
and 140 pl Opti-MEM™ Reduced Serum Medium (Gibco). The mixture was gently
pipetted up and down and incubated for 15 min. Subsequently, 50.000 cells (24-well

plate) and 10.000 cells (96-well plate) were diluted in an antibiotics-free medium with
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10% FBS and ‘reverse’ transfected with the appropriate siRNA. A total volume of 700
ul diluted cells (1 x 10° cells per ml) was added to the siRNA transfection mix. We
plated 600 pl and 120 pl into each well of 24- and 96-well plates, respectively. The
plates were incubated for 72 hours by replacing the medium with complete medium
after 24 hours of seeding. When siRNA combinations were analysed, the volume of
siRNAs (20 nM each) increased twice. As a control, untreated cells were used

alongside scrambled RNA treatments.

2.4 RNA methods

2.4.1 RNA extraction

RNA extraction was performed according to the ReliaPrep™ RNA Cell Miniprep
System protocol (Promega, UK). Cultured cells in a 24-well plate were washed with
1X PBS and 250 ul BL buffer with 1-Thioglycerol was added to break nucleoprotein
complexes. Once the lysate has been pipetted up and down several times, 85 pl of
100% isopropanol was applied. The lysate was then loaded onto a Minicolumn in a
collection tube and centrifuged at 13.000 g for 30 seconds (sec) which allows nucleic
acids to bind to the column membrane. Next, 500 yl RNA Wash solution was added
and centrifuged as in the previous step. In order to break down contaminated genomic
DNA, 30 pl of RNase-free DNase | incubation mix (24 ul of Yellow Core buffer, 3 pl of
MnCl2, 3 pl of DNase 1 per sample) was applied straight to the membrane with 15 min
incubation time. The total RNA was washed with Column Wash solution once and
RNA Wash solution twice to be purified from salts, cellular components, and other
contaminants. Then, the column was moved to an Eppendorf tube, and 30 ul of
RNase-free water was added to the centre of the column membrane. After a 2 min

incubation time, the samples were centrifuged at 13.000 g for 1 min to elute the total
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RNA. The concentration and quality of RNA were checked using NanoDrop™ One®

Microvolume UV-Vis Spectrophotometer (Thermo Scientific) and kept at -20°C.

2.4.2 Quantitative real-time polymerase chain reaction

Quantitative real-time polymerase chain reaction (QRT-PCR) was conducted using
TagMan® RNA-to-CT™ 1-Step Kit (Applied Biosystems). TagMan® Gene Expression
Assay probes for all the genes of interest were purchased from Thermo Fisher

Scientific (Table 2.2).

Target gene Reference Source
ATOH1 Hs00944192_s1
CDX1 Hs00156451_m1
CDX2 Hs01078080_m1
DLL4 Hs00184092_m1
GAPDH Hs02786624 g1 Applied Biosystems
GATAG6 Hs00232018_m1
HES1 Hs00172878 m1
SPDEF Hs00171942_m1
TFF3 Hs00902278 m1

Table 2.2 List of TagMan® Gene Expression Assay (20X) probes. The table describes an
overview of TagMan® Gene Expression Assay probes used in this study, as well as their

references and sources.

In the first step, RNA was extracted, measured on the NanoDrop as previously
described and diluted with nuclease-free water to 20 nanogram/ul (ng/ul). Then, the
reaction master mix containing 1 pl of TagMan® Gene Expression Assay (20X) probe,

10 pl of TagMan® RT-PCR Mix (2X), 0.5 ul of TagMan® RT Enzyme Mix (40X), and
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4.5 ul of nuclease-free water per sample was prepared. A total of 16 pl reaction master
mix was added to each well of a MicroAmp Fast Optical 96-well Reaction Plate
(Applied Biosystems, Ref. 4346906) Each well was then loaded with 4 pl of diluted
RNA (20 ng/pl) after adding the master mix. The plates were sealed with MicroAmp
Optical Adhesive film (Applied Biosystems, Ref. 4311971) and centrifuged briefly
before running the reaction. Experiments were conducted in triplicate and
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a reference gene
or internal control. The qRT-PCR was performed in a 7500 Fast Real-Time PCR

System (Applied Biosystems, Ref. 4351107) with a cycling condition described in

Table 2.3.
Step Temp (°C) Time Stage
Reverse transcription 48 15 min Holding
Enzyme activation 95 10 min Holding
Denature 95 15 sec
Cycling (40 cycles)
Anneal/Extend 60 1 min
Storage 4 Infinite

Table 2.3 Thermal cycling conditions for qRT-PCR. TagMan® RNA-to-Ct™ 1-Step qRT-

PCR was performed by using the condition described in the table.

gRT-PCR results were analysed by using the delta-delta Ct method, also known as
the 2”(—delta-delta CT) method. Cycle threshold (Ct) values were normalised to

GAPDH, the internal control. Following were the calculations involved:

1. Calculate the delta Ct value (ACt) which is the difference between the Ct mean
value of the gene of interest and the Ct mean value of the reference gene for a

given sample.
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ACt = Ct mean (gene of interest) — Ct mean (housekeeping gene)

2. Compute the delta-delta Ct (AACt) value which defines the difference in ACt
values of treated and untreated samples.
AACt = ACt (gene of interest) — ACt (control)

3. ldentify the relative expression (fold change) of the gene of interest.

Relative quantification (RQ) = 2*-(AACt)

2.4.3 Microarray gene expression analysis

We have microarray mRNA expression data of 95 CRC cell lines that were analysed
by former researchers of Prof. Walter Bodmer's laboratory. The experiment was
conducted using the Affymetrix GeneChip Human Genome U133 Plus 2.0 Array
(Affymetrix, USA) and detailed information about the procedure was described by
Wilding et al. (2010). In brief, the manufacturer's instructions were followed for the
extraction of total RNA using the Qiagen RNeasy Mini kit (Qiagen). Next, 20
microgram (ug) of RNA from each cell line was delivered to the Paterson Institute for
Cancer Research (UK) to study gene expression profiling, as instructed by the

manufacturer (Affymetrix).

2.5 Molecular cloning methods

2.51 List of gene expression plasmids and vector backbones

The open reading frame (ORF) clones of ATOH1, SPDEF, CDX1, CDX2, HESH1,
GATAG, and TCF4 genes were obtained from the OriGene company. Table 2.4 shows

an overview of the plasmids used in this thesis.
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. . Restriction sites Source and Notes and
Plasmid name | Selection .
used Catalog number plasmid map
. Promega .
pCl-neo AMP variable E1841 Results section
OriGene .
pCMV6-ATOH1 KAN EcoRI/Notl RC210192 Results section
CMV6-SPDEF KAN EcoRI/Notl OriGene Results section
P RC232468

Table 2.4 List of tagged/untagged ORF clones and vector backbones. The table
describes information on the bacteria used to select the vectors, the restriction sites for

cloning, and the source of the vector.

2.5.2 Restriction digests

The ORFs were cloned in pCl-neo empty vector (Promega, UK) to have the same
backbone. A complete set of restriction enzymes and buffers was purchased from New
England Biolabs (NEB). Among the ORFs, only the CDX1 construct was prepared
using a single restriction enzyme digestion; the others were cut by two restriction

enzymes.

The digestion reaction for ORF clones and vector backbone was conducted at 37°C
for 1 hour according to the conditions described in Table 2.5. We then analysed
linearised backbone DNA on a 1% ultra-pure agarose gel, followed by extraction using

the QIAquick Gel Extraction Kit (Qiagen, UK).

A. B.
Component Reaction Component Reaction
Restriction enzyme 2 ul Restriction enzyme 1.5 yl each
DNA 5 ug DNA 5 ug
Restriction enzyme buffer 5l Restriction enzyme buffer 10 ul
Nuclease-free water up to 50 pl Nuclease-free water up to 50 pl
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Table 2.5 Reaction condition for restriction digest. The table presents a reaction condition

for single (A) and double (B) restriction enzyme digestion.

PCl-neo has been dephosphorylated for CDX1 to prevent self-ligation. Once the
restriction reaction was finished, 6.1 pl of Cut Smart 10X (NEB, Ref. B7204S) and 5
ul of shrimp alkaline phosphatase (NEB, Ref. M0371S) were added to the restriction

mix and incubated for an hour at 37°C.

2.5.3 Agarose gel electrophoresis

Linearised DNA fragments were analysed by agarose gel electrophoresis. A 1%
agarose gel was prepared by melting 1 gram (g) of electrophoresis-grade agarose
(Invitrogen, USA) in 100 ml 1X Tris-Acetate-EDTA (TAE, Fisher Scientific, Ref.
BP1332-1) buffer. The solution was microwaved for two min while checking every 30
sec and swirling the flask to ensure all powder was dissolved. It was then allowed to
cool before adding 10 ul of SYBR™ Safe DNA Gel Stain (Thermo Fisher Scientific,
Ref. S33102). The solution was poured into a gel tray with appropriate comb sizes and
set until solidified. Next, the comb was removed and solidified gel was transferred to
a MINI SUB™ DNA CELL electrophoresis unit (Bio-Rad). The gel box was filled with
1X TAE buffer and 10 ul of GeneRuler DNA Ladder Mix (Thermo Fisher Scientific, Ref.
SMO0333) was carefully added to the gel. Each DNA sample was mixed with 6X
TriTrack DNA Loading Dye (Thermo Fisher Scientific, Ref. R1161) before being
loaded into the wells. Samples were run at 70-100 Volt until the dye line reached
around 80% of the gel's length. In the final step, DNA fragments were visualised using

a Fusion Fx gel imager (Vilber).
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2.5.4 DNA extraction from agarose gel

Extraction of DNA fragments from the agarose gel was performed using the QlAquick
Gel Extraction kit (Qiagen, Ref. 28704). The gel was put on the UV light
Transilluminator (Alpha Innotech, LM-26E) and excised with a sterile and sharp
scalpel. A gel slice was weighed, and three volumes of Buffer GC were added before
being incubated for 10 min at 50°C. The gel slice was melted completely and mixed
with one gel volume of isopropanol (Fisher Scientific, UK). After loading the sample
on a QIAquick spin column, it was centrifuged at 17900 g for 1 minute and flow-through
was discarded. In the following step, 500 pl of Buffer QG was added to the QlIAquick
column and centrifuged for a minute. The column was then washed with 750 pl of
Buffer PE and centrifuged for 1 minute. To remove the residual buffer, the QlAquick
spin column was centrifuged for another minute and transferred into a clean 1.5 ml
microcentrifuge tube. For the elution of DNA, 30 pl of Buffer EB was added and the
column was incubated for 1 minute before being centrifuged at 17900 g for 1 minute.
Through nano-drop spectrometry, the quality and concentration of DNA were

measured.

2.5.5 Ligations

The ligation reaction was performed at RT for 30 min as described in Table 2.6. The
concentrations of digested vector and insert DNA needed for ligation were calculated

using the NEB Cloning calculator (https://nebiocalculator.neb.com/#!/ligation).

Component Reaction
T4 DNA Ligase Buffer (10X) 2yl
Vector DNA 50 ng
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Insert DNA variable

T4 DNA ligase 1 pl

Nuclease-free water up to 20 pl

Table 2.6 Reaction set-up for ligation. The amount of restriction-digested DNA insert was

determined based on the insert size.

2.5.6 Bacterial transformation

For the transformation of plasmid DNA into Escherichia Coli (E.Coli), 5 ul of ligation
product was mixed with 50 ul of thawed NEB 5-alpha competent E.Coli (NEB, Ref.
C2987H) cells and incubated for 5-10 min on ice. Next, the cells were heat shocked
by placing the tubes in a 42°C water bath for 45-60 sec. The tubes were immediately
transferred back into ice and incubated for 2-3 min. Afterwards, the cells were added
to 1 ml of Lysogeny broth (LB) medium and incubated at 37°C for an hour at a speed
of 220 rpm in a bacterial incubator shaker (New Brunswick™ Scientific, Innova® 44).
The tube was centrifugated at 13000 g for 1 minute and most of the supernatant was
removed. The remaining 100 pl sample was resuspended, plated on an LB agar plate

containing the correct antibiotics for each plasmid and incubated overnight at 37°C.

2.5.7 Plasmid DNA extraction from E.Coli

A single colony was picked from an LB agar plate and transferred to 2 ml antibiotic-
selective LB broth. After growing them overnight at 37°C in the incubator
(Gallenkamp), plasmid DNA was extracted and purified using a QIAprep® Spin
MiniPrep kit (Qiagen, UK). Briefly, we centrifuged the bacterial overnight culture at
6800 g for 3 min at RT. The bacterial pellet was resuspended in 250 ul P1 buffer and

transferred to a new Eppendorf tube. This was followed by the addition of 250 pl P2
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buffer and 4-6 times inversions of the tube. After lysing cells for approximately five
min, 350 pl of N3 buffer was added to stop the reaction and immediately mixed by
inverting the tube 4-6 times. Samples were centrifuged at 17000 g for 10 min at RT. A
total of 800 ul of supernatant was applied to a QlAprep 2.0 spin column, which was
centrifuged for 1 minute at 17000 g at RT. After washing the column with 500 ul of PB
buffer, it was centrifuged again for one minute. The column was filled with 750 pl of
PE buffer and centrifuged for one minute. A second centrifugation was carried out for
1 minute to remove any residual wash buffer from the column. For eluting the DNA,
the column was put in a new Eppendorf tube and incubated in 30 ul EB buffer (10 mM
TrisCl, pH 8.5) for 2 min before centrifugation for 1 min. The concentration and quality
of the DNA were determined by Nano-Drop Spectrophotometry. The correct vector
sequences for the DNA plasmids were verified by Sanger sequencing and restriction

digestion as described in chapter section 2.5.2.

2.5.8 Sanger sequencing

Plasmid DNAs were sent for sequencing in the MRC WIMM Sequencing Facility to
confirm the accuracy of our results. A summary of the primers used in sequencing is
provided in Table 2.5. Sequence analysis and visual representation were performed

using ApE software (A Plasmid Editor by M. Wayne Davis).

2.5.9 Isolation of high-quality plasmid DNA for in vitro experiments

As soon as the sequences were verified, we aimed to achieve high-quality and large
quantities of plasmid DNA using the PureLink HiPure Plasmid Midiprep kit (Thermo

Fisher Scientific, Ref. K210004).
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Initially, a bacterial transformation was performed similarly to the procedure described
in section 2.3.4. A small amount of plasmid DNA (1-2 ul) was added to 50 pl of
competent E. Coli cells and incubated on ice for 5-10 min. The tubes were placed in a
water bath at 42°C for 1 minute and then immediately moved to the ice for a few min.
As a next step, the cells were incubated in 1 ml LB medium for one hour at 37°C in a
bacterial incubator shaker. After an hour, the cells were poured into a flask containing
50 ml of LB medium along with 50 pl of specific antibiotics and allowed to grow

overnight in a bacterial incubator shaker.

The next day, the midiprep procedure was carried out to obtain high quality and yield
of plasmid DNA. Firstly, we applied 10 ml of equilibration buffer to the HiPure Midi
Column and allowed it to drain by gravity. The overnight LB culture was centrifuged at
4000 g for 10 min and the supernatant was discarded. The cell pellet was resuspended
in 4 ml of resuspension buffer with RNase until it became homogenous. Afterwards,
the cells were mixed gently with 4 ml lysis buffer by inverting the tube five times and
were incubated for 5 min at RT. During precipitation, 4 ml precipitation buffer was
added to the cells and the mixture was homogenized by inverting the tube. The lysate
was centrifuged at 13000 g for 10 min at RT and the supernatant was loaded onto the
equilibrated column for binding. After washing twice with 10 ml wash buffer, the column
was placed in a sterile 15 ml centrifuge tube. The purified DNA was eluted through
gravity by applying 5 ml of elution buffer to the column. The eluate was mixed well with
3.5 mlisopropanol and centrifuged at 13000 g for 30 min at 4°C. Following the removal
of the supernatant, 3 ml of 70% ethanol was added to the pellet and centrifuged at
13000 g for 5 min at 4°C. The supernatant was discarded, and the pellet was air-dried.
The purified plasmid DNA was resuspended in 200 pl TE buffer, measured by Nano-

Drop Spectrophotometry, and stored at -20°C.
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2.6 Site-directed mutagenesis and screening

ATOH1 and SPDEF clones contained Myc and Flag tags before the stop codon. The
tags were removed using site-directed mutagenesis as they may affect the 3D
structure and function of the protein. Site-directed mutagenesis was performed using

the In-Fusion® HD Cloning Kit (Takara Bio Inc., Ref. 639650).

Initially, a linearized vector was generated using a double digestion technique as
shown in section 2.3.4. After digestion, the linearized vector was run in agarose gel
and purified using the QIAquick Gel Extraction kit (Qiagen, Ref. 28704). Then, gene-
specific primers containing 15 bp extensions (5 end of the primer) that are
homologous to vector ends were designed in the In-Fusion Cloning Primer Design

Tool (https://www.takarabio.com/learning-centers/cloning/primer-design-and-other-

tools). Genes of interest were amplified using Polymerase Chain Reaction (PCR).
DNA template (10 ng) was added to a reaction master mix containing 12.5 pl of
CloneAmp HiFi PCR Premix, relevant forward and reverse primers (0.3 uM each), and
distilled water to a final volume of 25 pl per well and run using the following condition

(Table 2.7).

Following PCR, the amplified target fragment was verified by agarose gel
electrophoresis and purified. The In-Fusion Cloning procedure was conducted once a
single band of the desired size had been obtained. For each sample, a total of 5 pl mix
containing 100 ng of purified PCR fragment, 50 ng of linearised backbone vector, 1 pl
of 5X In-Fusion HD Enzyme Premix, and distilled water was incubated for 15 minutes

at 50°C. Negative and positive controls were included with each assay.
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Step Temp (°C) Time Number of cycles
Initial denaturation 94 5 min
Denaturation 98 10 sec
Primer annealing 55 15 sec 35
Extension 72 1 min
Final extension 72 5 min

Table 2.7 PCR cycling parameters. The table shows polymerase chain reaction conditions

used in site-directed mutagenesis.

For screening, the new construct was transformed into Stellar™ competent cells
(E.Coli HSTO8 strain, Takara Bio Inc., Ref. 636763). Competent cells were mixed with
2.5 pl of the In-Fusion reaction product and placed on ice for 30 min. The cells were
heat-shocked for 1 min at 42°C and then kept on ice for 2 min. Following this, 1 ml of
warm Super optimal broth with catabolite repression (SOC) medium was added to
each tube and incubation was carried out by shaking at 220 rpm for 1 hour at 37°C.
The samples were centrifuged at 13000 g for 1 min at RT and most of the supernatant
was discarded. After resuspending the remaining 100 ul of the sample, it was plated
on the LB agar plates containing the appropriate antibiotics for each plasmid and

incubated overnight at 37°C.

On the next day, a single colony was selected from an LB agar plate and placed in 2
ml of antibiotic-selective LB broth. After growing them overnight at 37°C, plasmid DNA
was extracted and purified exactly as described in section 3. To determine whether an

insert had been inserted, restrictions digestion and DNA sequencing were performed.
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2.7 Transient mammalian cell transfection

Genes of interest were exogenously overexpressed by adding DNA-Polyethylenimine
(PEI) mix to the cells. The following mixes were prepared for a 96-well plate: 0.5 ug
DNA diluted in 25 yl OPTIMEM, and 1.5 ug PEI (from 1 pg/ul stock) diluted in 25 ug
OPTIMEM. After mixing diluted PEI with diluted DNA, the tube was incubated at room
temperature for 30 min. The PEI-DNA mixture was then carefully added to each well
of adherent cells and kept for 6 hours before replacing the medium with complete
medium. Protein overexpression was analysed using immunofluorescence after 5

days.

2.8 Western blotting

2.8.1 Preparation of cell lysates and supernatants

Cells were plated in 6-well or 12-well plates and were cultured for 3 days until they
reached 80% confluency. Prior to washing cells with 1X PBS once, the plates were
kept on ice and the medium was collected. Cells were lysed in 50-200 pl of RIPA buffer
(0.5% sodium deoxycholate, 150 mM NaCl, 1% Triton X-100, 50 mM Tris-HCL (pH
8.0), 0.1% sodium dodecyl sulphate (SDS)) depending on cell confluency for 30 min
by pipetting up and down every 10 min. Cell lysates were collected and centrifuged at
10000 g (Eppendorf, Centrifuge 5417R) for 10 min at 4°C. Supernatants were carefully

transferred into a new Eppendorf tube for Western blotting.

Protein secretion was examined by collecting the medium before washing the cells
with PBS and centrifuging at 1000 g for 5 min. Supernatants were transferred to a new

tube and prepared for Western blotting.
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2.8.2 Bicinchoninic acid (BCA) assay

The concentration of protein collected from lysates and supernatant of cell lines was
checked based on the BCA™ Protein Assay (Pierce, USA). Briefly, a set of protein
standards (0-2000 pg/ml) were prepared from an ampule of 2 mg/ml Albumin
Standard. The working reagent was made up of 50 parts of BCA Reagent A and 1 part
of BCA Reagent B. Twenty-five yl of standards and protein samples in replicates were
added to a 96-well plate and mixed with 200 pl of working reagent. Plates were
covered, incubated at 37°C for 30 min and cooled to RT. Then, the absorbance was
measured at 562 nm on a plate reader (uQuant, Bio-Tek Instrument, USA). To identify
each sample's concentration, a standard curve was calculated after subtracting a

blank standard measurement.

2.8.3 SDS-polyacrylamide (SDS-PAGE) gel electrophoresis

As part of sample preparation, a reducing/denaturing condition for TFF3 was applied
as follows: 10 pl of Dithiothreitol (DTT), 20 uyl of SDS sample buffer (0.25 M Tris-HCI
(pH 6.8), 10% SDS, 50% glycerol, and a small grain of bromophenol blue), and 70 pl
of lysate/supernatant. Samples were then heated at 90°C for 5 min and loaded
alongside molecular markers into the gel wells. A non-reducing condition was used for

MUC2, which excludes DTT and sample heating.

Depending on the size of the protein, Tris-glycine (Novex™ WedgeWell™ 14%) and
Tris-Acetate (NUPAGE 3 to 8%) gels were used. Samples were run in 1X Running
buffer in a Mini-PROTEAN®-II vertical electrophoresis unit (Bio-Rad, UK) at 130 V with
approximately 20-25 pl of sample per lane. A running buffer was prepared according

to the gel type (for 20X Tris-Acetate SDS Running buffer: 89.5 g of Tricine, 60.6 g of
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Tris base, 10.0 g of SDS fill up to 500 ml with ultrapure water; for 1X Tris-Glycine SDS-
PAGE Running buffer, 100 ml of 10X Running buffer (144.0 g of glycine, 30.0 g of Tris

base, fill up to 1000 ml), 900 ml of ultrapure water and 5 ml of 20% SDS).

2.8.4 Immunoblotting

SDS-PAGE gel electrophoresis was followed by wet transfer (tank transfer) of the
proteins to polyvinylidene difluoride (PVDF) membrane (Amersham Biosciences,
USA). Initially, the membrane was activated in 100% methanol, washed briefly with
distilled water, and then immersed in 1X Transfer buffer (for 3-8% Tris-Acetate gels:
50 ml of 20X Transfer buffer (52.4 g of Bis-Tris, 40.8 g of Bicine, 3.0 g of EDTA in 500
ml of water), 100 ml of methanol, 850 ml of water; for 14% Tris-Glycine gels: 50 ml of
10X Tris-Glycine SDS Running buffer, 200 ml of methanol, 750 ml of water). After that,
the membrane was compressed in a transfer buffer-soaked sandwich of sponge-
paper-membrane-gel-paper-sponge and the air bubbles were removed. The gel
should be positioned closest to the negative electrode, and the membrane closer to
the positive electrode. Proteins were transferred for 60 min at 115 V and subsequently
visualized using Ponceau Red Stain (0.1% Ponceau S (Sigma-Aldrich) in 5% glacial

acetic acid) for a short time.

Following a rinse with MilliQ water, the membrane was blocked in 4% semi-skimmed
milk dissolved in 1X PBS for an hour at RT. The membrane was incubated with the
primary antibody diluted in PBST buffer (0.1% Tween-20 in 1X PBS) containing
4% semi-skimmed milk overnight at 4°C. After three washes (10 min each) with PBST,
the membrane was incubated with the HRP-conjugated secondary antibody (1:3000)

diluted in PBST buffer consisting of 4% milk for an hour at room temperature. For the
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final step, the membrane was washed three times (10 min each) with PBST before

being incubated with ECL™ Western Blotting Detection Reagents (VWR International

Ltd, RPN2209) for 3-5 min. The blot was detected in a dark room with X-ray films (CL-

XPosure™ Film, Life Technologies Ltd) processed by the ECOMAX X-Ray Film

Processor (Protec).

2.8.5 Antibodies used in Western blotting

A list of antibodies used in Western blotting is presented in Table 2.8.

1°Ab | Species Source and Dilution | 2° Ab Sourceand |y ion
catalogue number catalogue number
FI:/IRU5CE)25 mouse In-house 1:250
( ) GAM- Bio-Rad 13000
MUC2 mouse Cell Signaling Tech. 1:2000 HRP 1706516
(CCP58) #88686 '
Monoclonal . Abcam )
TFF3 rabbit ab108599 1:1000
Polyclonal . Raybiotech, Inc _ GAR- Bio-Rad _
TFE3 rabbit 130-10147 1:500 HRP 1706515 1:3000
Polyclonal . Cell Signaling Tech. ]
HSP90 rabbit 44874 1:1000

Table 2.8 Summary of antibodies used in Western blotting. GAM-HRP: Goat-anti mouse
IgG (H+L)-Horseradish peroxidase (HRP) conjugate, GAR-HRP: Goat-anti rabbit IgG (H+L)-
HRP conjugate.
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2.9 Immunofluorescence and immunohistochemistry methods

2.9.1 Immunofluorescence staining in CRC cell lines

An appropriate number of cells was seeded on the plate and allowed to grow for three
days before carrying out immunofluorescence staining. The medium was removed
after 72 hours, and the cells were washed twice with 1X PBS. Afterwards, fixation was
performed by using 4% Paraformaldehyde (PFA, Thermo Scientific™, Ref. 28908) for
20 min, followed by three washes with 1X PBS. The cells were permeabilized with
0.2% Triton X-100 (Sigma) for 5 min at RT and washed three times using 1X PBS. To
reduce non-specific interactions, the cells were blocked with 1% bovine serum
albumin (BSA, Fisher BioReagents™, Ref. BP9700-100) for an hour at RT. Following
this, the primary antibody was diluted in 1% BSA in PBS and incubated at room
temperature for an hour or overnight at 4°C. The cells were washed three times with
1X PBS and incubated with Alexa Fluor-conjugated secondary antibodies for 30 min.
After the final washes and incubation with 4',6-diamidino-2-phenylindole (DAPI-10 mg,

Invitrogen™, Ref. D1306) at 1:10000 dilution for 10 min, the samples were imaged.

2.9.2 Immunofluorescence staining in FFPE human tissue sections

Formalin-fixed paraffin-embedded (FFPE) human tissue sections were collected from
normal and cancer patients for the study titled “Investigating molecular markers in
samples collected from patients who took part in QUASAR 2, VICTOR and SCOT
trials”. Human tissue sections were obtained from Dr. David Church (Wellcome Centre
for Human Genetics, University of Oxford), and approved by the North West —

Liverpool Central Research Ethics Committee.
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The immunofluorescence analysis was carried out on 4 normal and 21 colorectal
cancer FFPE human tissue sections. We first heated the slides at 60°C for an hour so
that the paraffin loosens from the tissue. Then, tissue sections were deparaffinized in
xylene three times for 5 min and rehydrated in 100% ethanol/Industrial Methylated
Spirit (IMS), 90% ethanol/IMS, and 70% ethanol/IMS, respectively, for 5 min each.
The slides were rinsed with distilled water three times before an antigen retrieval step.
The antigen unmasking process was carried out using a heater containing a beaker
filled with 1X citrate buffer (10 mM citrate buffer, pH 6.0) and the slides were sub-
boiled for 10 min inside the beaker. The slides were then allowed to cool at room
temperature in the antigen retrieval buffer for 20 min. Afterwards, they were washed
twice in 1X PBS and permeabilized with PBSTX buffer (0.1% Triton X-100 in 1X PBS)
for 10 min at RT before being rinsed in 1X PBS. The slides were blocked with 5% BSA
in 1X PBS for an hour, then incubated overnight with primary antibodies diluted in 1%
BSA in 1X PBS. Following three rinses with PBST buffer (0.1% Tween-20 in 1X PBS)
for 5 min, the slides were incubated in the humidifier for an hour with secondary
antibodies diluted in 1% BSA in 1X PBS. After three times washing with PBST buffer,
mounting medium containing DAPI (Fluoromount-G™ with DAPI, Invitrogen, Ref. 00-

4959-52) was applied before placing a coverslip, and the slides were then scanned.

2.9.3 Immunohistochemistry staining in CRC cell lines

The CRC cells were plated in an 8-well chamber slide until they reached 70-80%
confluency. For immunohistochemistry (IHC) staining, they were washed once with 1X
PBS and fixed with 4% PFA for 30 min at RT. The cells were incubated in 3% hydrogen
peroxide for 20 min before being washed with 1X PBS. For blocking, 5% BSA diluted

in 1X PBS was used for an hour, and then the cells were incubated with primary
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antibody diluted in 1% BSA in 1X PBS overnight at 4°C. Following 3 washes with PBST
buffer, a horseradish peroxidase (HRP) conjugated secondary antibody was applied
for an hour at RT. After the removal of the secondary antibody, the cells were washed
two times with PBST and once with 1X PBS for 5 min each. HRP-catalysed oxidation
of 3,3'-diaminobenzidine (DAB) by hydrogen peroxide was detected using a Pierce™
DAB Substrate Kit (Thermo Scientific, Ref. 34002). To prepare the 10X DAB solution,
2.5 ml of DAB was thoroughly mixed with 22.5 ml of Stable Peroxide Substrate buffer.
A brow’ precipitate was formed by the oxidised DAB at the HRP location and was
visible under a light microscope. The signal was observed under a light microscope
and the cells were then rinsed with distiled water before being mounted and

scanned.

2.9.4 Immunohistochemistry staining in FFPE human tissue sections

The IHC analysis was performed on 1 normal (obtained from Dr. Shazia Irshad) and
3 colon cancer (provided by Dr. David Church) FFPE sections. The tissue sections
were first heated at 60°C for an hour and deparaffinized in xylene three times for 5
min each. Afterwards, the slides were rehydrated in 100%, 90%, and 70% ethanol for
5 min, respectively, and rinsed in distilled water three times for 5 min. The slides were
treated with 3% hydrogen peroxide for 20 min at room temperature to block
endogenous peroxidase activity and then washed once with distilled water. The
antigen retrieval process was performed by sub-boiling the slides in 1X citrate buffer
(10 mM citrate buffer, pH 6.0) for 10 min and the slides were then cooled at the same
buffer for 20 min at RT. As a next step, the slides were rinsed twice in 1X PBS,
permeabilized with PBSTX for 10 min at RT, and washed once in 1X PBS once for 5

min. The steps for blocking, primary and secondary antibody incubation are identical
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to those in IHC on CRC cell lines. After the washing steps, the DAB solution was
prepared as shown in the previous section and used immediately. The signal was
developed within 2-7 min before being washed with distilled water. The slides were
then dehydrated in 70%, 90%, and 100% ethanol for 10-15 sec each, and air-dried for
30 min. As a final step, the slides were mounted on Fluoromount-G™ with DAPI

(Invitrogen, Ref. 00-4959-52) and scanned after the coverslips had been applied.

2.9.5 Haematoxylin and eosin staining in FFPE human tissue sections

A total of 4 normal and 21 colon cancer human FFPE sections were stained using
Haematoxylin and Eosin (H&E) Staining Kit (Abcam, Ref. ab245880) according to the
manufacturer’s instructions at the Translational Histopathology Laboratory (University

of Oxford).

Briefly, the FFPE sections were first deparaffinized and hydrated with distilled water.
The tissues were then counterstained with Mayer’'s Haematoxylin (Lillie’s Modification)
and incubated for 5 min. Excess stain was removed from slides by rinsing them twice
in distilled water. Next, the tissue sections were thoroughly covered in Bluing Reagent
for approximately 10-15 sec and washed twice with water. After dipping the slides in
absolute alcohol and blotting off the excess, they were incubated with Eosin Y Solution
(Modified Alcoholic) for 2-3 min. The slides were rinsed with absolute alcohol and
dehydrated through three changes of absolute alcohol. As a final step, we mounted

the slides and scanned them on a Phenolmager scanner from AKOYA Biosciences.

2.9.6 Antibodies used in IF and IHC staining

Table 2.9 provides an overview of antibodies used for IF and IHC staining.
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Source and
1° Antibod Species Dilution Application
y Catalogue number P PP
MUC2 .
(PR5D5) In-house mouse 1:250 IF
TFF3 Abcam . .
monoclonal Ab108599 rabbit 1:1000 IHC, IF
TFF3 Raybiotech, Inc . )
polyclonal 130-10147 rabbit 1:500 IF
EpCAM .
(AUA1) In-house mouse 1:500 IF
Atlas Antibodies . )
ATOH1 HPA049400 rabbit 1:500 IF
c-Myc AF488 Santa Cruz Biotechnology
1: IF
conjugated sc-40 AF488 mouse 500
2° Antibod lers Species | Dilution | Application
y Catalogue number P PP
Thermo Fisher Scientific )
Alexa Fluor 488 A11001 GAM 1:500 IF
Thermo Fisher Scientific )
Alexa Fluor 568 A10042 DAR 1:500 IF
Alexa Fluor 647 Thermo Fisher Scientific DAM 1:500 IF
A31571

Table 2.9 Summary of antibodies used in IF and IHC staining. GAM: Goat anti-mouse,
DAR: Donkey anti-rabbit, DAM: Donkey anti-mouse.

2.10 Microscopy

Immunofluorescence imaging was performed at 20X, 40X, 100X, and 5X
magnifications using a Zeiss Axio Observer Z1 inverted fluorescence, Zeiss LSM 880
confocal laser scanning, and Zeiss spinning disk confocal microscopes (WIMM,
University of Oxford). The H&E-stained tissue sections were scanned on a
Phenolmager scanner from AKOYA Biosciences (Old Road Campus, University of
Oxford). The FFPE tissue sections and 8-well chamber slides stained with IHC were

imaged using Olympus BX60 microscope (WIMM, University of Oxford).
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2.11 Lumen formation assay in 3-dimensional (3D) culture

The procedure was performed in Matrigel (Corning, Ref. 354234) as a base for a 3D
cell culture system according to Ashley et al. (2013). Firstly, Matrigel was mixed with
1:1 ice-cold DMEM and a Matrigel/DMEM layer (40 pl per well in a 96-well plate) was
allowed to solidify for 30 min at 37°C. Five hundred single cells were obtained by
filtration through 20 micrometre (um) filters (Celltrics, Partec, Germany) and were
loaded to 20 pl of 1:1 DMEM/Matrigel mixture. Matrigel-coated cells were then
incubated at 37°C for an additional 30 minutes before the culture medium was added.
The cells were grown at 37°C for two weeks, with the medium being changed every

three days.

IF staining was initiated by removing the medium and adding 100 pl of 4% PFA in PBS
for 20 minutes. The fixed cells were washed with PBS and permeabilised in 0.2%
Triton X-100 for 10 minutes. After washing the cells 3 times with 50 mmol/L glycine in
PBS, the colonies were stained with primary (MUC2 and TFF3) and secondary
antibodies. The colonies were then rinsed 3 times with PBS and a DAPI solution was
added to each well. As a final step, the plate was imaged using a Zeiss Axio Observer

Z1 inverted fluorescence.

2.12 Antibody purification and conjugation

MUC2 (PR5D5) and EpCAM (AUA1) antibodies were purified before being labelling
with Alexa Fluor dyes. Initially, the antibodies were measured by Nanodrop and diluted
in 10X PBS at a 1:1 ratio. Next, 0.5 ml of the immobilised Protein G agarose (Pierce™
Protein G Agarose, Thermo Scientific™, Ref. 20397) was pipetted into a 15 ml tube

and mixed with 10 ml of 1X PBS until a homogenous solution was formed. The mixture
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was centrifuged at 500 g for 1 min and the liquid was removed with a needle. A second
round of washing was also performed. A diluted primary antibody was added to Protein
G and placed on a rotor in the cold room for 30 min. Following centrifugation at 500 g
for 1 min, the mixture was washed twice with 1X PBS, and the supernatant was
removed. Two ml of the Pierce™ IgG elution buffer (Thermo Scientific™, Ref. 21004)
was added, mixed well, and centrifuged at maximum speed for 1 min. The supernatant
was transferred to a clean tube and 300 pl Tris solution (1M, pH 8, Santa Cruz
Biotechnology, Ref. sc-296649) was added. The resin was resuspended with the
elution buffer (1 ml) and the tubes were placed on the rotor for 5 min. After a
centrifugation step, the supernatant was collected and immediately mixed with 150 pl
Tris. The collected antibody was measured and stored at 4°C. The antibodies (500
ul/per cassette) were loaded into Slide-A-Lyzer Dialysis Cassettes (Thermo
Scientific™, Ref. 66383) to enable buffer exchange and the removal of salts and small
contaminants. The cassettes were maintained in 1X PBS by changing the buffer every
few hours. After 3 rounds of buffer exchange, the purified antibodies were collected

and transferred to new tubes.

For labelling the protein, APEX™ Alexa Fluor® 647 (Invitrogen™, Ref. A10475) and
Alexa Fluor™ 488 (Invitrogen™, Ref. A20181) Antibody Labeling kits were used. A 1
molar (M) solution of sodium bicarbonate was first prepared by resuspending
Component B (sodium bicarbonate) in 1 ml of distiled water. The antibody
concentration was adjusted to 1.0 mg/ml before adding 1/10™ volume of the sodium
bicarbonate solution. Then, 100 pl of the antibody solution was gently mixed with the
vial of Alexa Fluor® dye and incubated for 1 hour at RT. The vial was gently inverted
several times throughout the labelling process. In the meantime, the purification

column was prepared, and 1.5 ml of resin bed was formed using Component C
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(purification resin). The column was then centrifuged at 1100 g for 3 min. The reaction
mix was added to the column and centrifuged at 1100 g for 5 min to obtain the labelled

antibody.

2.13 Single-cell clonal selection analysis

Serial dilutions and fluorescence-activated cell sorting (FACS) were performed to
identify the time-dependent expression of MUC2 and TFF3. A combination of the BD
FACS Aria™ Ill and Fusion was used to carry out single cell sorting using a 100 ym
nozzle at 20 pounds per square inch (psi). For serial dilutions, a single cell in 100 pl
medium was seeded in 96-well plates. The cells were fixed at different time points and

analysed by IF.

For the time-dependent experiment, an appropriate number of the cells (day 1: 20.000
cells/well; day 3: 15.000 cells/well; day 5: 10.000 cells/well; day 7: 5.000 cells/well;
day 9: 2.500 cells/well) were passed through a 20 uym filter (Celltrics, Partec, Germany)
and seeded in 96-well plates. Cell mixes were prepared by using a series of sequential

dilutions.

2.14 Fixed and Recovered Intact Single-Cell RNA (FRISCR) sequencing

Single-cell MRNA sequencing (scRNA-seq) was conducted to interpret patterns of
expression of MUC2, TFF3, and other genes that may explain the intra-cell line
variations. A 50:50 mix of MUC2-positive (LS180) and -negative (COLO678) cell lines
were chosen, sorted, and prepared for sequencing according to the protocol
previously published (Thomsen et al., 2016) and fixed and recovered intact single-cell

RNA (FRISCR) sequencing was performed by Neil Ashley (Sequencing Facility,
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WIMM). There were 50.000 barcodes (single cells) and 25.345 Unique Molecular
Identifiers (UMIs) (genes) returned as output, representing the gene expression level
in counts. A previous DPhil student of the Bodmer Laboratory, Dr Jeff (Ta-Chun) Liu
developed a new GMMchi-based single-cell sequencing pipeline which allows a better
separation of cell types of similar origin. A detailed description of the pipeline was

provided in Dr Jeff’s DPhil thesis (Liu, 2021).

2.15 Computational and statistical analysis

Tables and statistical tests were analysed and visualised by the GraphPad Prism

version 9.5.0 software (California, USA, www.graphpad.com). P-values were obtained

using a t-test from biological replicates. P < 0.05, p < 0.01, p £ 0.001, p £0.0001, p >

0.05 were denoted by *, **, *** **** and ‘NS’ respectively.

Microarray data from 79 CRC cell lines were analysed by Gaussian Mixture Model
(GMM). Python (GMMchisquare library) and R programming languages were used to
process the microarray data. Details about GMMchi are described in the literature (T.
C. Liu et al., 2022), and the Python package can be downloaded from GitHub at

https://qgithub.com/jeffliu6068/GMMchi. | am grateful to Dr Jeff (Ta-Chun) Liu for

making his GMM with a tail-fitting algorithm available for use in this thesis.

The molecular profiles of CRC patients and normal samples were compared using the
TCGA RNA-seq data, which contained 689 CRC and normal colon samples (51 non-
tumour and 638 tumour samples). Furthermore, the scRNA-seq data that was
generously shared by Professor Alison Simmons was analysed in addition to our

LS180-COLOG678 single-cell data (Parikh et al., 2019).
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Fiji/lmaged (https://imagej.net/softwareffiji/) and QuPath (https://qupath.github.io/)

software were used to visualise IF and IHC images. Quantification of MUC2/TFF3-
positive cells was performed using the CellProfiler 3.0.0 software

(https://cellprofiler.org/). Sequencing results were visualised using the ApE

(https://jorgensen.biology.utah.edu/wayned/ape/) software. DNA sequences of genes

of interest were obtained from UniProt (https://www.uniprot.org/).
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CHAPTER 3

CHARACTERISATION OF HUMAN
CRC CELL LINES
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CHAPTER 3: CHARACTERISATION OF HUMAN CRC CELL LINES

3.1 INTRODUCTION AND AIMS

Cell lines are valuable in vitro models to study biological processes and identify novel
markers for various diseases. They can also be used to assess hypotheses for
personalised cancer therapy and drug toxicity in preclinical studies. Cell lines provide
many advantages, such as affordability, ease of use and propagation, abundant
supply, and lack of ethical concerns regarding animal and human samples. Several
studies have demonstrated that cancer-associated changes identified in tumour
tissues can be efficiently mapped in cancer cell lines, making them efficient models
for understanding cancer progression and invasion (lorio et al., 2016; Mirabelli et al.,
2019). While cancer cell lines imitate a variety of mutations, chromosomal changes,
MRNA expression and DNA methylation patterns observed in cancer, there are no
genetic changes in major driver genes after prolonged in vitro cultivation (Mouradov
et al., 2014; Wilding & Bodmer, 2014). It is important to acknowledge that cross

contamination or mislabelling of cell lines remains a serious issue.

Consensus molecular subtype (CMS) classification based on differential gene
expression profiles is widely used to identify tumour subtypes in CRC. In this
classification, CRC is divided into four subtypes (CMS1-4), each with different
molecular and biological characteristics (Ten Hoorn et al., 2022; Valenzuela et al.,
2021). CMS1 is characterised by immune activation, microsatellite instability, and high
frequency of BRAF mutations; CMS2 is associated with Wnt and MYC signalling
activation; CMS3 exhibits epithelial characteristics with enriched KRAS mutations and
metabolic abnormalities; and CMS4 has mesenchymal features with angiogenesis and

stromal invasion (Ten Hoorn et al., 2022; Valenzuela et al., 2021).
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Several studies have demonstrated that CMS3 subtype colon tumours are highly
enriched with goblet cell markers (Buechler et al., 2020; Miller et al., 2021; Ragulan et
al., 2019). Particularly, mucinous adenocarcinomas are only associated with high
expression of MUC2 compared to CMS3-classified tumours that display increased
expression of all goblet cell markers, such as MUC2, TFF3, and FCGBP (Miller et al.,
2021). It is possible that metabolic pathways are stimulated in CMS3 subtype tumours
because of the high metabolic demands of goblet cells, or that the factors released by

goblet cells might also trigger metabolism in non-goblet cells (Miller et al., 2021).

Single cancer stem cells originated from certain CRC cell lines can form crypt-like
structures (“lumens”) under 3D conditions in a Matrigel-based assay (Ashley et al.,
2013; Richman & Bodmer, 1988; Yeung et al.,, 2011; Yeung et al., 2010). These
structures consist of cell-free central lumens surrounded by polarised columnar cells
similar to crypts in the normal colon. Lumen formation is characterised by cellular
polarisation, expression of cytoskeletal proteins, brush border markers, and tight
junctions (Ashley et al., 2013). A tumour’s ability to form lumens can be considered to

assess its differentiation pattern with respect to enterocytes.

Lumen-forming colonies maintain self-renewal ability, as well as being able to give rise
to three differentiated cell types (Ashley et al., 2013). CRC cell lines that are unable to
make lumens contain poorly differentiated cells. For example, HCT116, DLD1, and
HT29 CRC cell lines were identified as non-lumen-forming cell lines (Ashley et al.,
2013). Compared to lumen-forming colonies, cells derived from non-lumen colonies
showed enhanced tumorigenic ability in mouse xenografts due to lack of differentiation
(Ashley et al., 2013; Yeung et al., 2010). It was identified that hypoxia maintains the

clonogenicity of cancer stem cells and inhibits cell differentiation (Yeung et al., 2011).
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The hypoxic condition (1% O-) also prevented lumen formation in CRC cell lines, such
as LS180, CCK81, and SW1222, which can differentiate into lumen-forming colonies
under normoxia (Yeung et al., 2011). During hypoxia, these cell lines developed small
and non-lumen forming colonies similar to those found in HCT116, where nearly all

cells are cancer stem cells (Yeung et al., 2011).

Despite the importance of mucins and goblet cells, there is no clear classification of
colorectal tumours in terms of goblet cell differentiation. It creates a gap in
understanding of cell differentiation within colorectal cancers, as well as the
mechanisms involved in goblet cell differentiation. To address this issue, Chapter 3
aims to categorise a large panel of human CRC cell lines in terms of goblet cell
differentiation by using immunofluorescence and microarray expression data.
Screening of CRC cell lines was done using in-house PR5D$ antibody against MUC2
and commercial Anti-TFF3 (Raybiotech, Inc). Furthermore, Chapter 3 explores the
correlation between goblet cell differentiation and lumen formation. The pattern of cell
differentiation in various time points was also tracked by using single cells. This will
enable us to define important time points and establish a clear hierarchy between

MUC2 and TFF3 expression.
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3.2 RESULTS
3.2.1 Categorisation of CRC cell lines based on MUC2 and TFF3 mRNA

expression levels

Microarray data from 79 CRC cell lines were analysed using software developed in
our lab called GMMchi, which converts continuous expression data into categorical
regions by optimising a Gaussian Mixture Model (GMM) on the data. GMM is a
probabilistic model that uses an expectation-maximization algorithm to fit either one
or two normal distributions to the observed expression levels across the whole cell line
panel for any given gene. It detects when there are non-normally distributed tails to an
observed distribution, and eliminates observations in a tail, starting from the most
extreme outlier, until the remaining distribution can be fitted by either one or two
normal distributions. When the fit involves two normal distributions, the threshold for
separating high and low expression is determined by the point where the two fitted
normal distributions intersect. A more comprehensive description of the GMMchi
pipeline can be found in Dr Jeff Liu’'s thesis and recently published paper (Liu, 2021;
T. C. Liu et al., 2022). A Python library was developed by Dr Jeff Liu to enhance the
practicality and accessibility of the GMMchi pipeline

(https://qgithub.com/jeffliu6068/GMMchi).

The initial analysis was conducted on our microarray data by assessing the gene
expression levels of the primary goblet cell-associated markers, namely MUC2 and
TFF3. Sixteen cell lines showed MUCZ2 expression, of which the top three (CL40,
RW7213, and NCIH508) exhibited the highest levels of MUC2 gene expression
(Figure 3.1). In Figure 3.1, the continuous line represents a bimodal distribution. The

fraction of CRC cell lines expressing MUCZ2 is about around 23% of the total as
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depicted in Figure 3.1. Based on the GMMchi-based cut-off threshold (27:°8), two

groups were categorised in Bodmer microarray data: MUC2-positive/high and MUC2-

negative/low cell lines (Table 3.1).

MUC2

I Background threshold
1 Two o background threshold
B MUC2-positive

36 -

32-

28 -

24 -

20 -

16 -

12-

Number of CRC cell lines

5 6 7 8 9 10 1" 12
Log2 (expression value)

Figure 3.1 MUC2 gene expression in CRC cell lines. Histogram shows MUC2 expression
levels in our microarray data analysis for a panel of 79 CRC cell lines. The x-axis of the
histogram represents gene expression levels based on our microarray data measured on the
log2 scale, whereas the y-axis displays the number of CRC cell lines corresponding to the
given expression levels. The continuous curve is the bimodal mixed Gaussian distribution.
The yellow bar indicates near background levels, while the pink bar refers to the background

threshold detected across a panel of cell lines. The vertical dotted red line delineates the two
groups: MUC2-positive and MUC2-negative (or low) cell lines at the value 27%,
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MUC2-positive

MUC2-negative cell lines

C125PM
C80
C84

CL40
HCA46
HDC111
HDC143
HDC73

LOVO
LS174T
LS180
LS411
LS513
NCIH508
RW7213
T84

C10
C106
C32
C70
C75
C99
CACO2
CAR1
CC20
CCKs1
CCo7

CL14 HDC114
COLO201 HDC135
COLO320DM  HDC142
COLO678 HDC57
cw2 HDC8
DLD1 HDC82
GP2D HDC9
HCA7 HRA19
HCC2998 HT29
HCC56 HT55
HCT116 ISCEROL

JHCOLOY1

LIM1863
LS1034
LS123
NCIH716
NCIH747
OUMS23
OXCO1
OXCO2
OXCO3
PCJW

PMFKO014
RCM1
RKO
RW2982
SKCO1
SNUCA1
SNUC2B
SW1116
SwW1222
SW1417
SW403

Sw48
Sw480
Swa37
SWo48

VACO10M

VACO429

VACO4A
VACO5

S

Table 3.1 Categorisation of CRC cell lines based on MUC2 mRNA microarray

expression. The table describes 79 CRC cell lines categorised as MUC2-positive and MUC2-

negative cell lines according to GMMchi characterisation on our microarray dataset.

Following that, a TFF3 gene expression analysis was carried out, and the results are

presented in Figure 3.2. In the figure, the dotted curves demonstrate the two fitted

normal distributions, while the continuous line represents the fitted mixed binormal

distribution. Compared to MUC2-positive cell lines, there are more CRC cell lines that

express TFF3 (45 CRC cell lines versus 16 CRC cell lines).

76



TFF3

[ Background threshold
L [ Two o background threshold
8 14 - B2 TFF3-positive
£
= 12-
[}
o
O 10-
1
Q 8
©
[ .
2 6-
£
S
Z 4-
2_
0_

6 7 8 9 10 1 12 13
Log2 (expression value)

Figure 3.2 TFF3 gene expression in CRC cell lines. Histogram illustrates TFF3 mRNA
expression levels across a panel of 79 CRC cell lines. In the figure, the x-axis shows the log2
transformation of gene expression values according to our microarray data, whereas the y-
axis indicates the number of CRC cell lines. The vertical dotted red line separates the two
groups of cell lines, TFF3-positive and TFF3-negative/low, based on the two distinct fitted
normal distributions with a threshold value of 27%3. The yellow bar refers to near background
levels, based on a separate analysis of the overall pattern of gene expression observed in the

cell lines.

We then studied the correlation between MUC2 and TFF3 gene expression in our
microarray data. Table 3.2A describes a 2x2 table analysis that provides a pairwise
comparison between MUC2 and TFF3, and Table 3.2B shows the different groups
according to the expression levels of both MUC2 and TFF3. A total of 14 cell lines
exhibited both MUC2 and TFF3 expression (MUC2+TFF3+). Interestingly, TFF3 is
expressed without MUCZ2 in 31 CRC cell lines (MUC2-TFF3+), however, only two cell

lines (MUC2+TFF3-), namely C125PM and LOVO, demonstrate MUC2 expression
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without apparent TFF3. MUC2-TFF3+ cell lines are a major novel subset that needs
further characterisation and to see whether this subset clearly exists, as would be
expected, in primary tumour tissue and whether such CRCs can be considered
incompletely or partially differentiated goblet cell-containing cell lines or cancers. It is
also important to consider what the implications of this characterisation of CRCs are

for clinical outcome.

MUC2

+ -
' 2 32
Chi-squared p-value = 9.38E-03
B.
MUC2+ TFF3+ | MUC2+ TFF3- MUC2- TFF3+ MUC2- TFF3-

C80 LS174T C125PM C106 HT29 SKCO1 Cc10 HCA7 OUMS23
C84 LS180 LOVO C70 HT55 SNUC1 C32 HCC2998 OXCO1
CL40 LS411 C99 JHCOLOY1 SNUC2B C75 HCT116 OXCO3

HCA46 LS513 CL14 LIM1863 SW1222 CACO2 HDC114 RKO
HDC111  NCIH508 COL0201 LS1034 SW403 CAR1 HDC135 SW1116
HDC143 RW7213 CwW2 NCIH716 SWo48 CC20 HDC8 SW1417

HDC73 T84 Gp2D OXC02 VACO10MS CCK81 HDC82 SW48
HCC56 PCJW VACO429 Ccco7 HRA19 SW480
HDC142 PMFKO014 VACO4A COLO320DM ISCEROL SwW837
HDC57 RCM1 COLO678 LS123 VACO5

HDC9 RW2982 DLD1 NCIH747

Table 3.2 Chi-square analysis and categorisation of CRC cell lines in terms of MUC2
and TFF3 mRNA expression detected by microarray analysis. (A) A 2x2 table shows the
number of cell lines that fall into each category. (B) A total of 79 CRC cell lines were divided
into 4 categories, namely MUC2+TFF3+, MUC2+TFF3-, MUC2-TFF3+, MUC2-TFF3-.
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We also used RNA-seq data of CRC cancer cell lines in the Cancer Genome Atlas
(TCGA) to identify expression levels of various goblet cell-associated genes. TCGA is
a large database that includes molecular analyses of more than 20,000 primary cancer
samples, together with normal samples. One major drawback of the TCGA is the
inclusion criteria for clinical samples. It is essential for tumour samples to contain at
least 80% tumour nuclei, which implies that up to 20% of patient samples may contain
non-tumour tissue, including normal healthy tissue, immune cells, fibroblasts,

endothelial cells, and blood cells (Aran et al., 2015).

Our lab developed a model to eliminate non-tumour expression from bulk expression
RNA-seq data in the TCGA. Detailed information about the pipeline can be found in
Dr Jeff Liu’s thesis (Liu, 2021). Briefly, copy number variation in CRC tumours and the
cell-type composition of the paired normal expression data were used as reliable
indicators to distinguish normal tissue from cancerous samples. After GMMchi-based
TCGA purification, we obtained a total of 637 CRC samples and 51 non-tumour normal

samples.

Figure 3.3 illustrates that MUCZ2 and TFF3 genes are highly expressed in normal
samples from the TCGA dataset. The distribution of MUCZ2 gene expression exhibits
a clear bimodal pattern, indicating distinct positive and negative groups. TFF3 gene
expression demonstrates a positive unimodal distribution with a tail, indicating that the
majority of CRC samples exhibit TFF3 expression. This observation correlates with

the findings from our microarray data.
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Figure 3.3 MUC2 and TFF3 gene expression in the TCGA dataset. The histograms depict
the distribution of MUC2 and TFF3 gene expression in combined paired CRC tumours and
normal samples from the TCGA dataset. The x-axis shows the log2-transformed values of
gene expression, while the y-axis represents the number of normal and CRC samples. In the
figure, the overall distribution in the lighter blue includes both normal and tumour specimens.

Hatched healthy tissue highlighted in dark blue was defined based on our analyses (Liu, 2021).

Next, a 2 by 2 contingency table (2x2) was produced to define binary correlations
between MUCZ2 and TFF3 expression in the CRC patients from the TCGA database
(Table 3.3). Patients were grouped according to their gene expression levels, where

“+” represents positive or high expression levels, and “-” represents negative or low

expression levels.

Our 2x2 table analysis generates three main outputs: a Pearson correlation coefficient,
an association pattern between two categorical variables and a p-value. The Pearson
correlation coefficient, also known as Pearson’s R or R-value, measures the direction
of the correlation. It falls between -1 and 1, where a value closer to +1 indicates a
strong positive correlation, a value closer to -1 indicates a strong negative correlation,
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and a value closer to 0 suggests a weak or no linear correlation. The 2x2 table
association pattern exhibits the counts of observations, allowing us to determine the
relationship, inclusion, and exclusion criteria between the variables. In the case of a
positive correlation (R>0), we can define whether the combinations of “+/-“ and “-/+”
are skewed towards one direction, while in the case of a negative correlation (R<0),

we measure whether “+/+” and “-/-“ are skewed towards a certain direction. We used

the formula (‘;liz (where a and b are the combinations described above) and

compared the value to the 99% confidence interval of a chi-squared distribution (k=1,
p-value=0.01) to assess the inclusion and exclusion criteria (Bodmer & Cavalli-Sforza,
1976). The p-value is assigned from Fisher’s exact test and evaluates the significance

level of the correlation between the variables.

According to the Table 3.3, there is an overlap between MUC2 and TFF3 expression
in most patients (468 out of 698) across the TCGA CRC RNA-seq dataset (Table 3.3).
The presence of a very high proportion of MUC2/TFF3-positive tumours versus
negative tumours is almost certainly due to contamination by up to 20% of normal
cells. Despite that, the MUC2 and TFF3 association is striking and fits entirely with our
microarray data on the relatively high proportion of MUCZ2-TFF3+ tumours. Based on
the analysis, 192 (27.5%) out of 698 samples express TFF3 without the presence of

MUC2 (MUC2-/TFF3+) (Table 3.3).

MUC2 +/+ +/- -+ - P-value R-value Inc!us[on
criteria
TFF3 468 9 192 29 7.47E-09 0.23 Significant

Table 3.3 Association between MUC2 and TFF3 gene expression in the TCGA CRC
dataset. 2x2 table shows that a positive correlation between MUC2 and TFF3 expression with

inclusions (skewed -/+). The p-value is calculated from Fisher’'s exact test and indicates the
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significance of a correlation between two variables. A Pearson correlation coefficient, or R-

value, represents the direction in which correlations occur.
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3.2.2 Further categorisation of a large panel of CRC cell lines based on

MUC2 and TFF3 protein expression levels

In order to determine whether CRC cells differentiate into goblet cells, we analysed a
large panel of CRC cell lines in immunofluorescence using antibodies against MUC2

(PR5D5, in-house) and TFF3, the main markers of goblet cells in a normal colon.

To begin with, the LS180 cell line was selected since it is a well-characterized CRC
cell line, as well as the first goblet cell line transcriptome profiled in the Bodmer
laboratory collection. Only some LS180 cells were co-stained with MUC2 and TFF3
antibodies (Figure 3.4). These cells were larger than the other cells and had a shape
similar to what has been previously described for goblet cells. All the cells that were
positive for MUC2 staining were also positive for TFF3, confirming that LS180 belongs

to the MUC2+TFF3+ category.

DAPI MuUC2 TFF3

LS180

DAPI TFF3

LS180

Figure 3.4 Staining of MUC2 and TFF3 and of Epithelial cell adhesion molecule (EpCAM)

in LS180. The cells were grown for three days before fixing and staining. EpCAM was used
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as an epithelial specific cell surface marker that is expressed in nearly all CRC cell lines. Scale

bar: 10 pm.

Next, we quantified the number of goblet cells (by MUC2 and TFF3 staining) in LS180
and found that it varied between 2.81% and 4.14% at three days after seeding (Figure
3.5A). To determine whether time in culture affected the number of goblet cells, we
analysed the cells over a period of nine days (Figure 3.5B). To achieve similar
confluency on the day of analysis we seeded the cells at different densities for different
time points. On day 0, the cells were allowed to attach after plating the cells and then
fixed from starting on day 1. The time in culture influenced the percentage of goblet
cells, with a lower percentage at days 1 and 9 as compared with the rest of the time
points (Figure 3.5B). Figure 3.5C provides examples of representative images

obtained at different time points.
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LS180

Figure 3.5 The percentage of goblet cells in LS180. Goblet cells were identified by MUC2
staining in immunofluorescence. (A) Eight independent experiments were quantified, with ten
different fields imaged and analysed per experiment (n=3000-5000 cells per experiment). The
nuclei, stained by DAPI, were counted using CellProfiler 3.0 and goblet cells, stained by
MUC2, were counted manually. Error bars: mean with standard deviation. (B) The percentage
of goblet cells was calculated as in (A) for six independent experiments during the indicated
time course. (C) Examples of representative images at various time points are illustrated.

Scale bar: 50 pm.

A similar analysis was also carried out on the RW7213 CRC cell line which is one of
the highest MUC2 expressing cell lines according to our microarray analysis,
presumably derived from a highly mucinous carcinoma. MUC2 and TFF3 showed

overlapped patterns in the RW7213 cell line as was seen for LS180 (Figure 3.6).

DAPI MUC2 TFF3 Merge

Figure 3.6 Staining of MUC2 and TFF3 in RW7213. The cells were cultured for three days
before being stained with MUC2 and TFF3. Scale bar: 50 ym.

RW7213

RW7213
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As compared to LS180, a much higher proportion of cells were co-stained with MUC2
and TFF3 antibodies. Indeed, quantification after three days showed that 22.62% to
23.13% of cells were co-stained with MUC2 and TFF3 (Figure 3.7A). The percentage
of goblet cells varied at different days of culture, with a slight increase from day 3 to
day 7, followed by a decrease at day 9. There was a substantial increase (nearly two-
fold) between day 1 and day 3 (Figure 3.7B). Examples of representative images taken

over different time points are shown in Figure 3.7C.
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Figure 3.7 The percentage of goblet cells in RW7213. Goblet cells were quantified based
on MUC2 staining in immunofluorescence. (A) Three independent experiments were
performed, with ten different fields imaged and processed per experiment (n=2000-4000 cells

per experiment). The nuclei were stained with DAPI and measured using CellProfiler 3.0 while
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goblet cells were stained with MUC2 and counted manually. Error bars: mean with standard
deviation. (B) The percentage of goblet cells was calculated as in (A) for three independent
experiments over the indicated periods. (C) The figure displays a representative image from

each of the time periods. Scale bar: 50 um.

After identifying the key time point for goblet cell differentiation, we analysed 100 CRC
cell lines and quantified cells expressing MUC2 and TFF3 proteins. An
immunofluorescence analysis based on MUC2 and TFF3 staining in a large panel of
CRC cell lines was compared with mRNA expression data of MUC2 and TFF3. During
screening, at least three independent replicates were carried out for each experiment

using PR5D5, an in-house antibody against MUC2 and a commercial TFF3 antibody.

According to our analysis on a panel of 100 CRC cell lines, we categorised 5 distinct
groups in terms of goblet cell differentiation based on the proportions of MUC2 and
TFF3 positive cells in the lines. Representatives of the 5 groups are illustrated in
Figure 3.8 and five-fold tabulation of all the lines, giving the observed percentages of
MUC2 and TFF3-positive and negative cells in each line is shown in Table 3.4. A
representative image of each categorised CRC cell line, as well as classification table

are provided in Appendix Figure 1 and Appendix Table 1.

Group 1 includes 10 cell lines that exhibited high levels of MUC2 and TFF3 expression,
suggesting them being highly mucinous carcinoma derived cell lines. In Group 1, cell
lines can be subdivided into two groups, with some producing more goblet cells than
others marked with an * in Table 3.4. Group 2 cell lines expressed medium levels of
MUC2 and TFF3. Within the group, some cell lines (C84, HT29, and HDC73)
expressed more TFF3 than MUC2, while HDC114 showed the opposite. A total of 14

out of 100 cell lines belonged to Group 3 that produced low levels of both MUC2 and
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TFF3. Group 4 covered the cell lines that did not express MUC2, but almost all cells
stained for TFF3. These MUC2-negative, TFF3-positive cell lines represent a unique
subset of CRC cell lines, and so presumably CRCs, that have not been previously
described. There was a subset of cell lines in group 4 (labelled as 4*) expressing
relatively low levels of MUC2 but a large amount of TFF3. The SNUC2B cell line
(indicated as 4**) was the only line that was not stained with MUC2 and had only about
17% staining with TFF3. The remaining 37 cell lines were classified as both MUC2-
and TFF3-negative cell lines and were listed as group 5, the largest category. These

cell lines were used as negative controls in various assays.

According to mRNA expression analysis, LOVO is one of only two MUC2-positive and
TFF3-negative cell lines (Table 3.2B). In contrast to the TFF3 mRNA data, some cells
in LOVO were TFF3-positive in immunofluorescence staining. In addition, there were
MUC2 positive cells that did not express TFF3 (Figure 3.8, Group 3 cell line: LOVO,
cells indicated by arrows). This shows that gene expression analysis can sometimes
categorise gene expressions as negative or having very low expression levels,

especially when the gene is only expressed in a very small subset of cells.

88



Group 1

RW7213 NCIH716

LS513

DAPI

TFF3

% MUC2 % TFF3

98.8 | 994

246 | 24.6

69.4 : 88.9

89



Group 2

7.2

7.6

DAPI MUC2 TFF3 Merge % MUC2 % TFF3
6 7.2
o
L
3
O 6.9
3.3

LS174T

3.3

90



Group 3

14

0.3

DAPI MUC2 TFF3 Merge % MUC2 % TFF3
0
S
; 14
»n
o
B 0.8
-
0.9

LS1034

1.1

91



Group 4
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Group 5
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Figure 3.8 Representative images of IF staining for MUC2 and TFF3 for the 5 different
categories of 100 CRC cell lines based on the proportions of cells staining positive for
MUC2 or TFF3. The cells were grown for three days before being fixed and stained using
MUC2 (PR5D5, 1:250) and TFF3 (1:500) antibodies. At least three independent experiments
were conducted. None of these antibodies reacted with goblet cell-negative cell lines which

belonged to group 5 category. Magnification: 20X, scale bar: 50 pym.

It is important to note that COLO320HSR and COLO320DM; LS174T and LS180;
SW480 and SW620; GP5D and GP2D; HT29, CX1, WIDR, and KM20L2; VACO4S
and VACO4A; HDC57 and HDC54; DLD1 and HCT15; C2BBE1 and CACOZ2;
COLO201, COLO205, COLO206, and NCIH548 belong to a sets of cell lines derived

from the same cancers that may mostly be expected to be of duplicates.

The protein-based classification matches perfectly with our microarray data, showing
most CRC cell lines do not differentiate and MUC2-TFF3+ cell lines define a novel

CRC subtype.

Table 3.4 (the following page) Five categories of 100 cell lines based on MUC2 and TFF3
staining cells in each cell line. (A) After cultivating for three days in culture, cell lines
included in groups 1, 2, 3, 4, and group 5, were fixed, stained with MUC2 (PR5D5, green,
1:250) and TFF3 (red, 1:500) antibodies in immunofluorescence analysis. MUC2- and TFF3-
positive cells were measured at protein level using CellProlifer 3.0 software, as well as
manually. A minimum of three independent experiments were performed for each cell line and
the table presents the average value of measurements based on DAPI, MUC2, and TFF3
staining. Ten different fields were imaged and analysed per experiment. (B) Table 3.4B
summarizes the protein expression pattern of MUC2 and TFF3 across all five groups, with

high levels at 14-100%, medium levels at 2-8%, and low levels at 0.5-1.5%.
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Group 1.

Cell line MUC2 TFF3
% %
C99* 93.3 100.0
CL40* 94.4 100.0
HCA46* 100.0 100.0
HDC9 14.3 23.8
LS411* 38.5 994
LS513* 69.4 88.9
NCIH508 16.1 16.1
NCIH716* 98.8 994
PCJW 34.3 34.3
RW7213 24.6 24.6

Group 2.
Cell line ME;OCZ Tf/f?’
C125PM 6.0 6.0
C80 6.6 6.6
c8a 6.9 7.6
HDC111 7.2 7.2
HDC114 25 18
HDC143 4.1 4.1
HDC73 35 6.3
HT29 19 2.4
LS174T 3.3 3.3
LS180 3.4 3.4
T84 44 44
VACO4A 3.8 3.8
WIDR 3.4 4.1
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Group 3.

Cell line MUC2 TFF3
% %
CCKs81 0.8 0.8
cw2 1.3 1.5
CX1 1.0 1.7
HCC56 1.0 1.0
HDC54 0.7 1.2
HDC57 1.2 1.3
JHCOLOYI 0.5 1.5
KM20L2 0.6 1.2
LOVO 0.8 0.3
LS1034 0.9 1.1
SW1222 0.7 1.0
SW1463 0.5 0.7
SW948 1.4 1.4
VACO4S 1.3 1.3

Group 4.

Cell line Ml(f/fz Tf/f?’
C106 0.0 100.0
c70 0.0 100.0
cL14 0.0 100.0

COLO0201 0.0 100.0

COLO0205 0.0 100.0

COLO206 0.0 100.0

GP2D 0.0 100.0
GP5D 0.0 100.0
HDC142 0.0 100.0
NCIH548 0.0 100.0
PMFKO14 0.0 97.6
RCM1 0.0 100.0
RW2982 0.0 100.0
SKCO1 0.0 100.0
SNUC1 0.0 100.0
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Group 4 (continued).

Cell line MUC2 TFF3
% %
SW403 0.0 100.0
SW620 0.0 100.0
TT1TKB 0.0 97.9
VACO429 0.0 100.0
HCT8* 0.8 100.0
HT55* 8.7 100.0
LIM1863* 0.6 100.0
O0XCO2* 0.4 100.0
SNU1235* 2.9 99.0
VACO10MS* 9.2 99.0
VACO5* 2.3 100.0
SNUC2B** 0.0 18.7

Group 5.
Cell line Ml(f/fz Tf/f 3
c10 0.0 0.0
C10A 0.0 0.0
C10S 0.0 0.0
C2BBE1 0.0 0.0
C32 0.0 0.0
c75 0.0 0.0
CACO2 0.0 0.0
CAR1 0.0 0.0
cC20 0.0 0.0
cCo7 0.0 0.0
COLO320DM 0.0 0.0
COLO320HSR 0.0 0.0
COLO678 0.0 0.0
DLD1 0.0 0.0
HCA7 0.0 0.0
HCC2998 0.0 0.0
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Group 5 (continued).

Group 1
Group 2
Group 3
Group 4

Group 5

++

For MUC2: +++ (14-100%) ++ (2-8%)

For TFF3: +++(14-100%) ++(2-8%) +(0.5-1.7%) ++++ (100%)

TFF3

+++

++

++++

+(0.5-1.7%)

Cell line MUC2 TFF3
% %
HCT116 0.0 0.0
HCT15 0.0 0.0
HDC135 0.0 0.0
HDCS8 0.0 0.0
HDC82 0.0 0.0
HRA19 0.0 0.0
ISRECO1 0.0 0.0
LIM1215 0.0 0.0
LIM2405 0.0 0.0
LS123 0.0 0.0
NCIH747 0.0 0.0
OoumMs23 0.0 0.0
OXCO1 0.0 0.0
OXCO3 0.0 0.0
RKO 0.0 0.0
SW1116 0.0 0.0
SW1417 0.0 0.0
SW48 0.0 0.0
SW480 0.0 0.0
SW837 0.0 0.0
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3.2.3 Association between goblet cell differentiation and lumen formation

In this section, we aimed to understand the association between goblet cell
differentiation and lumen formation in our panel of CRC cell lines. Lumen formation
data had been collected by the Cancer and Immunogenetics Laboratory, WIMM,
University of Oxford (Liu, 2017). In total, 60 CRC cell lines were examined, and 13 cell
lines (21.7%) were able to form lumens in 3D culture (Table 3.5A/B). Lumen formation
ability of 17 cell lines (C106, CACO2, CC20, CL40, COLO320DM, CX1, DLD1,
HCT116, HRA19, HT29, HT55, LOVO, LS180, NCIH508, OUMS23, RW7213,
SW1222) was also tested in 3D culture by Dr Johanna Michl from the Department of
Physiology, Anatomy, and Genetics (DPAG, University of Oxford) and the results

perfectly aligned with the previous classification (unpublished data).

Using chi-squared analysis, the association between goblet cell production and lumen
formation was tested in a 2x2 table (Table 3.5). For goblet cells, we used our
classification based on immunofluorescence analysis. Both MUC2 and TFF3
expression was considered goblet cell defining markers, therefore groups 1, 2, and 3
were included in the 2x2 table. Pearson’s Chi-square analysis was used to determine
the relationship between goblet cell production and lumen formation in a 2x2
contingency table. With a degree of freedom, the Chi-square and p-value are 0.9141
and 0.3390, respectively, less than the critical value (3.84 for 95% significance).
According to Fisher’'s exact test, the p-value is 0.4908 which is greater than 0.05, a
measure of statistical significance to support or reject the null hypothesis. There is
thus no evidence of an association between goblet cell differentiation and lumen

formation.
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A.

Group Lumen formation
classification Lumen + Lumen -
CL40 a9
1 HCA46 NCIH508
RW7213
C80 C125PM HDC114 LS174T
2 LS180 C84 HDC73 WIDR
HDC111 HT29
3 LS1034 CX1 JHCOLOY1 LOVO
SW1222 HDC57 KM20L2 SW948
C106 COL0201 PMFKO014 SW403
HT55 GP2D RCM1 TT1TKB
4 GP5D RW2982  VACO10MS
(* **)
’ HDC142 SKCO1
LIM1863 SNUC2B
CACO2 C2BBE1 HCA7 SW1417
HRA19 C32 HCT116 SW48
OXCO1 CAR1 LIM1215 SW480
5 0OXCO3 CC20 LIM2405 SW837
COLO320DM LS123
COLO678 OUMS23
DLD1 RKO
Lumen + Lumen - Total
Groups (1,2,3) 7 16 23
Group 5 4 18 22
Total 11 34 45

Table 3.5. Association between lumen formation and goblet cell differentiation. (A)
Summary of the CRC cell lines in terms of lumen formation (originated from our lab data) and
group classification based on our immunofluorescence analysis. (B) Number of observed

phenotypes in terms of lumen formation and goblet cell differentiation were evaluated.

100



As shown in Table 3.5, most of the groups 2 and 3 cell lines were unable to form
lumens, even though they can differentiate into goblet cells to some extent (Table 3.5).

In total, 16 out of 23 (69.6%) cell lines from groups 1-3 failed to produce lumens.

We conducted a lumen formation assay on several CRC cell lines, including LS180
and RW7213. Lumens were visualised by Phalloidin staining in brush borders and
MUC2 was detected within secretory granules of goblet cells or in secreted forms
(Figure 3.9). The results showed that for these two goblet and lumen forming cell lines,
only a small proportion of the cells within a lumen formed goblet cells, suggesting that
the lumen formation was not key to goblet cell differentiation which is consistent with

the lack of correlation between lumen forming and goblet cell producing cell lines.

A.

DAPI MUC2 Phalloidin DAPI MUC2 Phalloidin

LS180

LS180
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DAPI MUC2 Phalloidin DAPI MUC2 Phalloidin

RW7213

DAPI MUC2 Phalloidin

RW7213

RW7213

Figure 3.9 Lumen formation assay in LS180 and RW7213 CRC cell lines. Single-cell
suspensions were seeded in Matrigel, incubated for 15 days, then fixed before prior to staining.
The colonies were stained with DAPI (blue, 1:10000) for nuclei, Phalloidin (red, 1:1000) for F-
actin, and PR5D5 (green, 1:250) for MUC2 staining. Magnification: 20X, scale bar: 50 um.
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3.2.4 Single-cell clonal selection analysis in the LS180 cell line

We conducted a single-cell clonal selection analysis of LS180 CRC cell line to
determine the hierarchical pattern of MUC2 and TFF3 in terms of time. Three
independent serial dilutions and two FACS experiments were performed as described
in the Materials and Methods section (Chapter 2.13). A combination of the BD FACS
AriaTM Il and Fusion was used for single cell sorting by the FACS facility (MRC WIMM,
University of Oxford). After seeding individual cells in 96 well plates, the cells in the
wells were fixed at various time points after initiation of growth and analysed by
immunofluorescence using MUC2 (PR5D5) and TFF3 antibodies to identify MUC2 and

TFF3 producing cells.

Initially, the expression of MUC2 in the LS180 CRC cell line was tested from days 3 to
42 with a 3-day interval to identify when MUC2 was first produced (Figure 3.10). Single
cell suspensions obtained from serial-dilutions were seeded in a total of 60 wells per
each day. Cells were fixed at the indicated time points and stained with the in-house

PRS5D5 antibody for MUC2 and DAPI for nuclei staining.

As illustrated in Figure 3.10A, MUC2 started showing up on day 6 and continued to
appear until day 42. Approximately 50% of total colonies arising from single cell
suspensions formed goblet cells in the 2D culture. We then quantified the number of
MUC2-positive cells in each colony. The results showed a high percentage of MUC2
positive cells compared to the 3-4% which was what was usually seen in bulk culture
of LS180. This suggested that wells were mainly assessed when they contained stem
cells from the cell line and that it is only colonies derived from the LS180 stem cells
that will differentiate to produce MUC2 expressing cells that are on their way to

becoming goblet cells. (Figure 3.10B).
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Figure 3.10 Single-cell clonal selection analysis based on MUC2 expression in LS180.
(A) Cells were cultured as single cells obtained from serial dilutions. In the following step, they

were fixed, and immunofluorescence was performed with antibodies against MUC2 (PR5D5,
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green, 1:250) and DAPI (blue, 1:10000) for nuclei staining over the indicated time periods.
Magnification: 20X, scale bar: 50 ym. (B) MUC2-positive colonies were quantified using
CellProfiler 3.0.0 software and manual counting. The x axis represents the number of days
cell cultures were incubated, whereas the y axis represents the percentage of MUC2-positive

cells. Error bars: mean with standard deviation.

Following this, we examined when exactly MUC2 begins to be expressed and how this
compares with the onset of TFF3 expression in colonies derived from single cells.
LS180 cells were incubated over from 1 to 9 days, fixed, and then stained with MUC2
and TFF3 antibodies for each period. The number of MUC2/TFF3-positive colonies
and the number of positive cells within each colony were counted for each of the days
of culture from day 1 to 9. Figure 3.11A shows representative images of MUC2 and
TFF3 from five independent single-cell experiments (three serial dilutions and two
FACS experiments) using the LS180 cell line (Figure 3.11A). According to the results,
TFF3 seems to be expressed earlier than MUC2 on day 3 in 2D culture while MUC2
was detected on day 4 in 2D culture. The high molecular weight and glycosylation
pattern of MUC2 might be influencing this timing, though the MUC2 antibody probably

recognises the MUC2 protein background before any glycosylation.
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Figure 3.11 Single-cell clonal selection analysis based on MUC2 and TFF3 expression
in LS180. (A) Cells were serially diluted and cultured as single cells. Then, they were fixed
and stained with DAPI (blue, 1:10000), MUC2 (PR5D5, green, 1:250), and TFF3 (red, 1:500)
antibodies. Magnification: 20X, scale bar: 50 um. (B) The proportion of MUC2/TFF3-positive
colonies from day 1 to day 9 was measured using CellProfiler 3.0.0 software and manual
counting techniques. Error bars: mean with standard deviation for three independent
experiments. (C) The percentage of MUC2/TFF3-positive cells within the colonies was also

quantified. Error bars: mean with standard deviation.

Each single-cell experiment was conducted in 60 wells of 96-well plates.
Approximately 50% of colonies (derived from a single cell) formed goblet cells in the
2D culture based on independent three serial dilutions and two FACS analyses (Figure
3.11B). As before, the percentage of MUC2/TFF3-expressing cells in single cell-
derived colonies is much higher than in bulk culture (Figure 3.11C). This suggests that
the colonies giving rise to goblet cells contain cancer stem cells and keep dividing. We
also confirmed this hypothesis by quantifying colony size between goblet cell-forming
and non-goblet cell colonies (Figure 3.12). Our results showed that colony sizes based
on the number of cells in goblet cell-forming colonies are significantly bigger than non-

goblet cell forming colonies.
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Figure 3.12 Comparison of colony size derived from single cell suspensions between
goblet cell-forming and non-goblet cell-forming colonies. The x axis of the graph indicates
the duration of time cells were in culture, while the y axis represents the size of colonies.
Colony size was based on DAPI staining and measurement was conducted via CellProfiler
3.0.0 software. Error bars: mean of 5 independent experiments per each day with standard

deviation.

ATOH1, CDX1, and CDX2 transcription factors were also studied using single-cell
analysis at different time points (Figure 3.13). ATOH1, CDX1, and CDX2 were
expressed at all the given times, suggesting they are involved in the early stages of
differentiation. We used ATOH1 with MUC2 (Figure 3.13A) and CDX1 with TFF3
(Figure 3.13B), and CDX2 with TFF3 (Figure 3.13C) to match different species of
antibodies. Analysis also indicated that MUC2 expression began at day 4, whereas

TFF3 is started to be expressed on day 3.
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Figure 3.13 Protein expression of ATOH1, CDX1, and CDX2 transcription factors in
single cell derived LS180 colonies. Cells were cultured over the indicated period and fixed
prior to being stained with DAPI (blue, 1:10000), (A) ATOH1 (red, 1:500) and MUC2 (PR5D5,
green, 1:250); (B) CDX1 (green, 1:500) and TFF3 (red, 1:500); (C) CDX2 (green, 1:500) and
TFF3 (red, 1:500) antibodies. Magnification: 20X, scale bar: 50 ym.
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3.2.5 MUC2 and TFF3 secretion assay in a panel of CRC cell lines

Our next objective was to investigate whether MUC2-positive cell lines can
secrete mucin. Studying MUC2 in a secreted form was quite challenging due to its
high molecular weight, complex glycosylation pattern, and difficult detection

properties.

We tested multiple conditions using in-house PR5D5 (mouse, monoclonal) and
commercial CCP58 (mouse, monoclonal) antibodies. The following conditions were
used during Western blotting: heating samples with and without dithiothreitol (DTT),
and no heating with and without DTT in the sample mix. Detailed description of the
Western Blot experiment is provided in the Materials & Methods chapter (Chapter

2.8).

It was identified that CCP58 (mouse, 1:2000) commercial antibody worked in both
heated and DTT-containing samples as opposed to PR5D5. CCP58 antibody detected
over the 460 kDa molecular weight of MUC2 protein expression in MUC2-positive cell
lines (Appendix Figure 2). This antibody did not show reactivity in most MUC2-
negative cell lines, except in certain cell lines where non-specific or smeared bands
were observed (Appendix Figure 2A). However, several issues occurred while using
this antibody. First, we were unable to detect MUC2 in supernatants to reveal whether
MUC2 is secreted (Appendix Figure 2B). Additionally, it failed to recognize
medium/low levels of MUC2 expressed cells belonging to groups 2 and 3. A variety of
reasons could account for this, such as the fact that supernatants should
be concentrated, that the antibody itself has low detection sensitivity, that MUC2-
positive cell lines do not release MUC2, and that CCP58 cannot react to secreted

forms of MUC2 protein.
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To address these issues, we concentrated the supernatants using Amicon® Ultra-0.5
centrifugal filters that perform ultrafiltration with a 100 kDa molecular weight cutoff
Ultracel® membrane (Appendix Figure 2C). This approach was not successful in
detecting MUC2 secretion from four MUC2-positive cell lines, including LS180,
LS174T, LS513, and RW7213. The problem could be related to the specificity of the
antibody or the possibility that the cell lines do not secrete mucin. Then, we conducted
a deglycosylation procedure using the Protein Deglycosylation Mix Il kit (P6044S, New
England Biolabs) to remove glycans from MUC2 in LS180, LS174T, and LS513 CRC
cell lines. Although there was a slight shift in molecular weight in lysates, no bands
were detected in supernatants (Appendix Figure 2D). Due to the fact that the CCP58

antibody could not detect supernatants, we stopped using it for Western Blot analysis.

Following this, the in-house PR5D5 antibody was tested in CRC samples under no
heat and no DTT conditions which showed a reactivity in both lysates and
supernatants. The majority of MUC2-positive celllines secreted mucin,
with the exception of a few cell lines, including CCK81, KM20L2, HCT8, JHCOLOY]I,
LIM1863, and HT55 highlighted in Figure 3.14. It is important to emphasise that among
group 4 cell lines, only a small subset (7 out of 27) showed the secretion of MUC2

(Figure 3.14). Absolute amount of secreted MUC2 in group 4 cell lines was mainly low.
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Figure 3.14 MUC2 secretion assay in a panel of CRC cell lines. In total, fifty-six CRC cell
lines were analysed in terms of their mucin secretion profiles. Lysates from each cell line
served as controls for intracellular MUC2, whereas secreted extracellular MUC2 was identified
in the culture medium by utilising in-house MUC2 (PR5DS5, 1:250) mouse monoclonal
antibody. Heat Shock Protein 90 kDa (HSP90, 1:1000) was used as a loading control.

Highlighted lines showed no apparent secretion.

Additionally, we quantified the amount of MUC2 in both cell lysates and supernatants

after normalisation procedures (Table 3.6).

Group 1 Group 2
% of MUC2 in % of MUC2 in % of MUC2 in % of MUC2 in
lysate supernatant lysate supernatant
Cc99 56.4 43.6 C125PM 214 78.6
CL40 56.7 43.3 C80 80.3 19.7
HCA46 17.95 82.05 Cc84 33.1 66.9
HDC9 27.8 72.2 HDC111 20.6 79.4
LS411 32 68 HDC114 70.5 29.5
LS513 52.1 47.9 HDC143 41.8 58.2
NCIH508 26.6 73.4 HDC73 63.4 36.6
NCIH716 59.4 40.6 HT29 61.3 38.7
PCJW 53.7 46.3 LS174T 55.7 443
RW7213 26.8 73.2 LS180 49.5 50.5
T84 61.4 38.6
VACO4A 39.7 60.3
WIDR 27.6 72.4
Group 3 Group 4
% of MUC2 in % of MUC2 in % of MUC2 in % of MUC2 in
lysate supernatant lysate supernatant
CW2 27.3 72.7 HCT8 9.4 90.6
CX1 92.5 75 HT55 100 0
HCC56 45.9 54 1 LIM1863 100 0
HDC54 29.9 70.1 0OXCO02 5.6 94.4
HDC57 75 25 SNU1235 25.5 74.5
KM20L2 100 0 VACO10MS 53.7 46.3
SW1222 30 70 VACO5 23.6 76.4
SW1463 17.4 82.6
VACO4S 50.4 49.6

Table 3.6 Quantification of intracellular and extracellular MUC2 across a panel of 39
CRC cell lines. The percentage of MUC2 was determined after normalisation based on the

dilution factor.
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We also aimed to determine whether TFF3 is released by CRC cell lines. Initially,
commercial monoclonal TFF3 antibody was tested in multiple conditions to ensure that
it would work in both cell lysates and cell culture medium. Three CRC cell lines, namely
RW7213, PMFKO14, and SW403 were screened in the following conditions: heating
samples with and without DTT, and no heating with and without DTT (Figure 3.15).
We concluded that all three CRC cell lines exhibited reactivity when samples were

heated and treated with DTT.
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Figure 3.15 Examination of rabbit monoclonal TFF3 antibody under various conditions.
Three CRC cell lines, namely (A) RW7213, (B) PMFKO14, and (C) SW403 were selected to
evaluate the effectiveness of monoclonal TFF3 antibody. Assessment was conducted in both
cell lysates and supernatants using following conditions, heating samples with and without
DTT, and no heating with and without DTT. The antibody worked efficiently in samples that
are both heated and supplemented with DTT in all three CRC cell lines. HSP90 (rabbit, diluted

at 1:1000) was utilised as a loading control.
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To investigate whether TFF3 is released by CRC cell lines, Western blot analysis was
conducted using a monoclonal rabbit TFF3 (Abcam, catalogue number: 108599)
antibody (Figure 3.16). The antibody showed specificity and revealed a band at around
10 kDa molecular weight. In the next chapter section (Chapter 3.2.6), we will discuss
the reasons for choosing a different commercial TFF3 antibody in Western blot
analysis. Similar to MUC2, most of analysed CRC cell lines appeared to release TFF3,
except HDC114 and C125PM which are both included in the group 2. It should also

be noted that KM20L2 and T84 seemed to release a small amount of TFF3.

TFF3 secretion in CRC cell lines
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Figure 3.16 TFF3 secretion assay in a panel of CRC cell lines. In total, twenty-nine CRC
cell lines were analysed based on their TFF3 secretion profiles. Intracellular and extracellular
TFF3 that is released by the cells was detected in nearly all the cell lines by using a rabbit
monoclonal TFF3 (1:1000) antibody. HSP90 (rabbit, 1:1000) was used as a loading control.
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3.2.6 Comparison of monoclonal and polyclonal TFF3 antibodies

In this study, we used two TFF3 antibodies, including a polyclonal rabbit TFF3
(Raybiotech, Inc, catalogue number: 130-10147) and a monoclonal rabbit TFF3
(Abcam, catalogue number: 108599). As described in Chapter 3.2.5, a polyclonal
rabbit TFF3 antibody was utilised to classify CRC cell lines in terms of protein
expression level of TFF3 through an immunofluorescence assay. In Western blot
analysis, a polyclonal TFF3 antibody showed reactivity in a band at approximately
50 kDa, despite its predicted molecular weight of 8.6 kDa according to GeneCards

(https://www.genecards.org/cqgi-bin/carddisp.pl?gene=TFF3) and UniProt resources

(https://www.uniprot.org/uniprotkb/Q07654/entry) (Figure 3.17). This could be due to

either its interaction with other proteins, such as FCGBP and MUCZ2, or the possibility
of cross reactivity with other proteins of the polyclonal TFF3 antibody in Western blot.
Polyclonal TFF3 antibody also reacted in several TFF3-negative cell lines, such as
CACO2, COLO678, DLD1, and HCAY (Figure 3.17A). Furthermore, it was unable to
detect TFF3 in cell culture medium (Figure 3.17B). These statements suggest that the
polyclonal TFF3 antibody did not work effectively during Western blot analysis. To

validate this argument, further analysis was conducted.
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Figure 3.17 Detection of TFF3 protein expression in CRC cell lines using a polyclonal
TFF3 antibody. (A) shows presumed intracellular TFF3 protein levels in various CRC cell
lines. The four highlighted cell lines, classified as MUC2/TFF3-negative, showed reactivity
with the polyclonal TFF3 antibody. (B) represents presumed intracellular and extracellular
TFF3 expression in four cell lines, namely LS180, RW7213, CC20, and COLO205.

In order to evaluate the specificity of the polyclonal TFF3 antibody, we carried out a
knockdown experiment using siRNA against TFF3, as well as scr-siRNA as a control.
The reactivity of the antibody was assessed in both Western blotting and
immunofluorescence analyses. In Western blot assay, no visible difference was
observed compared to scr-siRNA, despite the knockdown being successful (Figure
3.18A). By contrast, TFF3 protein expression was significantly decreased in
immunofluorescence analysis, indicating that the polyclonal antibody reacts properly

during immunofluorescence assay (Figure 3.18B).
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Figure 3.18 Investigation of a polyclonal antibody during the knockdown of TFF3 mRNA
in CRC cell lines. (A) depicts the results of gqRT-PCR and Western blot analyses
while downregulating TFF3. For the Western blot analysis, a polyclonal TFF3 antibody was
used, and no difference was observed between the control and siRNA-treated samples. (B)

illustrates immunofluorescence staining conducted utilising DAPI (1:10000), MUC2 (1:250),
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and polyclonal TFF3 (pTFF3, 1:500) antibodies in both control and siRNA-treated samples of
LS180 and LS513 cell lines. Scale bar: 50 ym.

As a next step, we compared our results obtained with the polyclonal antibody
relative to the monoclonal TFF3 antibody by performing immunofluorescence and
immunohistochemistry analyses in multiple CRC cell lines, as well as in human FFPE
tissue sections (Figure 3.19A/B/C). Additional representative images are included in

Appendix Figure 3.

We confirmed the accuracy of our classification by choosing cell lines from each group
and analysing them with the monoclonal TFF3 antibody. As expected, the monoclonal
TFF3 antibody showed positivity with cell lines from groups 1, 2, and 4 (Figure 3.19A).
Additionally, three cell lines, namely COLO206, NCIH548, and SW620 were tested by
immunohistochemistry using the monoclonal TFF3 antibody and validated that nearly
all cells stain with TFF3 (Figure 3.19B). Healthy and colon cancer human tissue
sections were also analysed, and the results agreed with those achieved using the

polyclonal antibody (Figure 3.19C).
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VT11401 (CRC cancer)

Figure 3.19 Detection of TFF3 protein expression using a monoclonal TFF3 antibody in
CRC cell lines and human tissue sections. (A) illustrates detection of TFF3 protein using a
monoclonal rabbit antibody (mTFF3, 1:1000) in several CRC cell lines, namely LS513,
LS174T, SNUC2B, NCIH548, and VACO0429. (B) and (C) describe TFF3 expression utilising
a monoclonal rabbit antibody (mTFF3, 1:1000) and HRP-conjugated secondary antibody
(1:3000) in CRC cell lines and human FFPE slides through immunohistochemistry.
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3.3 DISCUSSION

We classified a large panel of CRC cell lines and grouped them into five distinct
categories, including MUC2/TFF3-high, MUC2/TFF3-medium, MUC2/TFF3-low,
MUC2-negative (or low) and TFF3-high, and MUC2/TFF3-negative. Our classification
validates and improves the current mRNA-based classification of CRC cell lines in
terms of MUC2 and TFF3 genes. We demonstrated that TFF3 can exist without MUC2
at a protein level in many CRC cell lines. Initially, this was observed based on our
microarray and TCGA RNA-seq datasets and then was validated through mainly

immunofluorescence, as well as immunohistochemistry assays.

Although there are previous publications indicating MUC2 and TFF3 as the primary
markers of goblet cells based on their high mRNA expression levels, to our knowledge,
this is the first classification that has been verified through a protein expression profile
(Miller et al., 2021; Rodriguez-Salas et al., 2017; Sadanandam et al., 2013). A study
by Miller et al. documented that mMRNA expression of MUC2, TFF3, and FCGBP were
notably elevated in CMS3 subtype TCGA colon adenocarcinoma and CRC cell lines
(LS174T and HT29) (Miller et al., 2021). However, the expression levels of these
goblet cell-associated markers showed heterogeneity in a descending order from the
CMS1 subtype (SNUC1) to CMS2 (LOVO), and further to CMS4 subtypes (HCT116
and SW480) which was in agreement with our findings at a protein level (Miller et al.,

2021).

Lumen formation is a key indicator of cancer stem cell differentiation in a 3D
environment (Ashley et al., 2013; Yeung et al., 2010). We examined whether lumen

formation is associated with goblet cell differentiation. According to our analysis of the
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preliminary data, there was no significant correlation between the two. This result is

consistent with previous findings (T. C. Liu et al., 2022; Yeung et al., 2011).

In this chapter, secretion of MUC2 and TFF3 was also investigated. Mucin is produced
and secreted by intestinal goblet cells and its fast turnover protects epithelial cells
against pathogens, as well as damage. It was known that MUC2 expression
significantly reduced in colon cancer which is strongly correlated with increased
metastasis and shorter survival rate (Bhatia et al., 2019; Li et al., 2018). The study by
Ribeirinho-Soares et al. showed that stage || CRC patients with low levels of MUC2
exhibited a more favourable response to adjuvant chemotherapy compared to those
with high levels of MUC2 expression (Ribeirinho-Soares et al., 2021). Patients with
mucinous carcinomas, distinguished by abundant extracellular secretion of MUC2,
displayed reduced sensitivity to chemotherapy (Green et al., 1993). For TFF3, several
reports indicated that upregulation of TFF3 associates with the advanced stage of
CRC, poor prognosis, and lymph node metastasis (Babyatsky et al., 2009; Yusufu et

al., 2019; Yusup et al., 2017).

Most research on MUC2 secretion was performed following bacterial exposure and
treatment with secretagogues, such as acetylcholine and carbachol (Etienne-Mesmin
et al., 2019; Gustafsson et al., 2012; Halm & Halm, 2000; T. H. Jung et al., 2015). Our
study shows that a few cancers may not secrete MUC2 though they produce it
and likewise for TFF3. Considering that most of the CRC cell lines release MUC2, it
raises several questions regarding the potential benefit of mucins for cancer cells.
Numerous studies have reported mucin's role as an obstacle to drug delivery which
ongoing pharmaceutical research is trying to address this issue (Boegh & Nielsen,

2015; Sigurdsson et al., 2013).
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To define the hierarchical pattern of goblet cell differentiation in terms of MUC2 and
TFF3 expression, single-cell experiments were conducted. The results showed that
TFF3 was expressed prior to MUC2, suggesting it is most likely needed to hold mature
mucin together. MUC2 expression might be delayed due to its high molecular weight

and extensive glycosylation pattern of MUC2.

We also analysed the differences between monoclonal and polyclonal TFF3
antibodies to ensure that our novel classification matches both types of antibodies. It
is important to carefully select antibodies for the research which is also confirmed by
our study. It would be feasible to consider the use of monoclonal antibodies, whenever
possible. Further discussion of what might control these differences will be described

in Chapter 6.
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CHAPTER 4: VALIDATION OF OUR CLASSIFICATION IN TISSUE

SECTIONS FROM CRC PATIENTS

4.1 INTRODUCTION AND AIMS

Results in the previous chapter were all based on evaluating CRC cell lines in terms
of goblet cell differentiation. To confirm our classification, we performed extensive

studies on human FFPE colon tissue sections.

Formalin-fixed paraffin-embedded (FFPE) tissue samples are essential resources for
identifying biomarkers and investigating the molecular profiling of various cancers.
FFPE sections have multiple advantages in comparison to fresh frozen tissue. FFPE
samples can be stored at room temperature without losing their cellular and structural
characteristics for several years. They are easily accessible as FFPE blocks are
mostly kept in pathology laboratories under the term "pathology archive". Although
during fixing and archiving procedures, FFPE sections experience certain alterations,
including cross-linking and DNA fragmentation, which in turn, impact the amount and

quality of the DNA that is extracted from sections (Gao et al., 2020).

It was recently reported by Gao et al. that mutation analysis of a 22-gene panel
conducted on fresh frozen tissue and FFPE tissue sections can still reveal some
differences, even though matched samples showed strong agreement between the
two types (Gao et al., 2020). This study recommends prioritising the use of fresh frozen
tissue sections for gene mutation analysis, while acknowledging FFPE sections as

acceptable alternatives (Gao et al., 2020).

RNA degradation during processing of FFPE sections is another technical challenge,

which subsequently affects gene expression profiling of FFPE sections. There are
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currently two commonly used platforms for analysing gene expression in FFPE
samples: the Nanostring nCounter® platform and the Affymetrix GeneChip® Human
Transcriptome Array 2.0. A study conducted by Zhu et al. assessed the expression of
516 prognostic gene signatures (obtained from frozen CRC tissue samples) using two
platforms in 42 FFPE tissue sections (Zhu et al., 2016). The findings of the study
indicated that good quality RNA extracted from FFPE samples could be a reliable
source for identification of prognostic genes originating from frozen tissue in CRC
patients (Zhu et al., 2016). Nevertheless, it remains as a difficult task to

evaluate studies on gene expression profiling involved in CRC progression.

Human tissue sections were analysed for CRC classification originated from the
Vioxx® in Colorectal Therapy: Definition of Optimal Regime (VICTOR) study. VICTOR
was an international trial that enrolled 7000 patients for five years (Pendlebury et al.,
2003). Patients with histologically approved stage Il and |ll CRC who received curative
therapy were included in this study (Midgley et al., 2010; Pendlebury et al., 2003). The
primary aim of the trial was to compare survival rates of patients following treatment
with rofecoxib, a cyclooxygenase-2 inhibitor, relative to a placebo. Based on the
analysis of 2434 patients, rofecoxib did not improve survival rates, which led to trial
interruption (Midgley et al., 2010). Furthermore, patients showed a high frequency of

cardiovascular thrombotic events after rofecoxib administration (Kerr et al., 2007).

Chapter 4 aims to validate our CRC cell lines classification based on protein
expression profiles of MUC2 and TFF3 in human specimens. It also examines

histopathological reports and mutational data from analysed patients' tissue sections.
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4.2 RESULTS
4.2.1 Analysis of tissue sections from of CRC patients to compare with
the cell line characterisation - in collaboration with Professor David Kerr,

Professor Marco Novelli, and Dr David Church

Prior to analysing FFPE tissue sections from the VICTOR clinical trial, multiple sections
of human colonic tissue were tested in order to identify the correct conditions for MUC2
and TFF3 staining. The detailed information about immunofluorescence analysis in

tissue sections was described in the Materials and Methods section (Chapter 2.9.2).

During the analysis, we used in-house PR5D5 antibody for MUC2 and a polyclonal
commercial TFF3 antibody for TFF3 staining. In order to make a combination of MUC2
(mouse), TFF3 (rabbit) antibodies, and in-house EpCAM (AUA1, mouse) as a cell
surface marker, we purified MUC2 and AUA1 antibodies and conjugated them with
Alexa Fluor 488 and Alexa Fluor 647 dyes, respectively, following the protocol shown
in Chapter 2.12. Conjugated antibodies were tested on LS180 and LS174T cell lines
(Figure 4.1A), human normal (Figure 4.1B), and CRC tissue sections (Figure 4.1C).
Combining conjugated EpCAM with conjugated MUC2 and unconjugated TFF3
showed some overlap between EpCAM and MUC2/TFF3 staining in a normal colon
FFPE tissue sample, G15003 kindly provided by Dr Shazia Irshad from Radcliffe
Department of Medicine (University of Oxford) (Figure 4.1B). There may be a technical
issue involving the conjugation, or the antigen retrieval step during
immunofluorescence requires different boiling temperatures for conjugated MUC2 and
EpCAM. By contrast, EpCAM is nicely revealed in epithelial cell membranes when we

stain tissue sections with TFF3 and conjugated EpCAM (Figure 4.1C).
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Figure 4.1 Staining of conjugated and unconjugated antibodies in fixed CRC cell lines
and human FFPE tissue sections. (A) Immunofluorescence analysis of conjugated MUC2
(c-MUC2/c-PR5D5, mouse, 1:250), unconjugated TFF3 (rabbit, 1:1000), and conjugated
EpCAM (mouse, 1:500) antibodies in LS180 and LS174T cell lines. (B) Same staining was
also conducted in G15003 normal colon. (C) Confocal images of VT11147, human colonic
mucosa, stained by TFF3 (rabbit, 1:1000) and conjugated EpCAM (mouse, 1:500) antibodies.
Magnification: 20X, scale bar: 50 ym.

We then decided to use CellBriteTM Fix membrane stain (Biotium), which covalently
binds to membrane proteins in epithelial and non-epithelial cells. CellBrite is easily
detectable under both boiling and unboiling conditions during the antigen unmasking
process. Multiple tests were conducted to determine optimal conditions for staining

MUC2 and CellBrite (Figure 4.2).
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Figure 4.2 Staining of MUC2 and CellBrite in two normal colon tissue sections, namely
G14585 and G14842. Immunofluorescence analysis was conducted using MUC2 (PR5D5,
1:250) and CellBrite (1:2000) in G14585 and G14842 normal colon FFPE tissue sections.
Scale bar: 50 pm.

A combination staining of MUC2, TFF3, and CellBrite was also tested on the IBD2566
tissue section kindly provided by Dr Shazia Irshad and the results are shown in Figure
4.3. More representative images are provided in Appendix Figure 4. Next, we

confirmed that MUC2 and TFF3 overlap in normal colon tissue (Figure 4.4).

IBD2566

TFF3 Cell Brite Merge

Figure 4.3 Staining of MUC2, TFF3 and CellBrite in the IBD2566 tissue section.
Immunofluorescence analysis was performed using MUC2 (PR5D5, 1:250), TFF3 (1:1000),
and CellBrite (1:2000) in IBD2566 FFPE tissue section. Scale bar: 50 ym.
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G14842 G14842 G14842
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Figure 4.4 Staining of MUC2 and TFF3 in the normal colon tissue section, G14842.
Immunofluorescence analysis was conducted using MUC2 (PR5D5, 1:250) and TFF3
(1:1000) in G14842 normal colon FFPE tissue section. Scale bars: 30 um and 70 pm.

The main objective of using human CRC tissue sections was to check whether our cell
line classification (based on MUC2 and TFF3 protein expression levels) matches the
human tissue sections. For our analysis, we used a total of 21 human CRC FFPE
tissue slides from the VICTOR study and matched normal colon tissue sections as

controls. Besides immunofluorescence, we conducted H&E staining, where
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haematoxylin was used to colour cell nuclei in a purplish-blue, while eosin stained the
cytoplasm, extracellular matrix, and other structures in five different shades of pink. |
am very grateful Leticia Campo from Translational histopathology laboratory for
processing the slides and imaging them using Phenolmager from AKOYA

Biosciences. A detailed description of the protocol can be found in Chapter 2.9.5.

A total of 21 human colon cancer tissue sections from the VICTOR trial were analysed
in our study. Immunofluorescence and H&E staining of matched healthy tissues were
illustrated in Figure 4.5A/B. A total of four matched colon tissue slides, including
VT11127, VT11140, VT11146, and VT11184 were stained with H&E (Figure 4.5A).
Immunofluorescence analysis was conducted on two healthy colon FFPE tissue
sections, namely VT11146 and VT11184 (Figure 4.5B). In each case, the H&E section
is shown as (A) and the immunofluorescence staining in (B) showing good results for
the combination of MUC2, TFF3, and CellBrite staining in normal colon tissue (Figure
4.5). Additional H&E and immunofluorescence images of normal colon are shown in

Appendix Figure 5.
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Figure 4.5 H&E and immunofluorescence staining of two matched healthy colon tissue
sections, VT11146 and VT11184. (A) describes H&E staining, (B) illustrates
immunofluorescence staining of MUC2 (PR5D5, 1:250), TFF3 (1:1000), DAPI (1:10000), and
CellBrite (1:2000). Scale bar: 50 pm.

We first determined whether the analysed 21 CRC tissue sections included some
normal colonic tissue. If there was any piece of normal tissue, the proportion of normal
colon tissue within a given section based on the images taken was estimated. In
addition, histological assessment in terms of cancer penetration was done by
quantifying the surface area of normal colon and cancerous tissues relative to total
tissue through QuPath software (Table 4.1A and Appendix Figure 6). Next, we
indicated for each of the CRC tissue slides what we considered was their constituent
classification with respect to the grouping of our cell line panel into 5 categories

described in chapter 3 (Table 4.1B).
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Cancer penetration
N° of IF Histological assessment
Presence | . N° of IF % of IF % of IF
of any images images N®of IF images images
ID number of with . images in . . Cancerous Ratio of o
FFPE slides normal normal with total per with with H‘Ta"hy colon colon tissue . healthy versus .A' of co-lor-l
colon colorectal normal | colorectal| tissue area Total tissue area tissue within
. colon out . sample . area cancerous .
tissue carcinoma colon |carcinoma (UmA2) . total tissue
of total (um*2) colon tissue

VT11179 v 9 17 26 34.6 65.4 14459561 70950077 218845653 0.20 39.03
VT11181 X 0 44 44 0 100 0 66032963 204153129 0.00 32.34
VT11384 v 5 16 21 23.8 76.2 33080839 72372418 378749211 0.46 27.84
VT11386 v 3 17 20 15 85 6411765 88878156 351049346 0.07 27.14
VT11429 v 8 15 23 34.8 65.2 72363181 50086002 291362976 1.44 42.03
VT11147* X 0 20 20 0 100 0 180501041 261884130 0.00 68.92
VT11148* X 0 22 22 0 100 0 123602597 250107631 0.00 49.42
VT11189 X 0 22 22 0 100 0 113936036 255655183 0.00 44 57
VT11197 X 0 30 30 0 100 0 116314355 264850538 0.00 43.92
VT11294 X 0 34 34 0 100 0 146680409 205078686 0.00 71.52
VT11385 v 1 19 20 5 95 21981474 146476957 327225091 0.15 51.48
VT11387 X 0 20 20 0 100 0 29317451 297806318 0.00 9.84
VT11401 X 0 20 20 0 100 0 50261955 107034595 0.00 46.96
VT11150 v 18 2 20 90 10 51748596 645303 211734526 80.19 24.75
VT11195 X 0 20 20 0 100 0 149099140 303330950 0.00 49.15
VT11276 v 20 10 30 66.7 33.3 28072057 32604574 137133525 0.86 44.25
VT11280 X 0 25 25 0 100 0 166925892 322774404 0.00 51.72
VT11282 X 0 26 26 0 100 0 83579118 189747183 0.00 44.05
VT11290 v 7 13 20 35 65 14775130 102642797 175932090 0.14 66.74
VT11389 X 0 23 23 0 100 0 109632195 386109645 0.00 28.39
VT11393 v 5 15 20 25 75 11561017 38482603 194705108 0.30 25.70
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MUC2 and TFF3 proteins expression profiles

Ne of images representing each category

% of each group within colorectal cancer

Main
1D number of | roupin | 1 | 2 | 3 | 4 | 5 |cown | 1| 2| 3| 4| s | ¥PC
FFPE slides
MucC2 +++ ++ + - - MUC2 +++ ++ + - -
TFF3 +++ ++ + +++ - TFF3 +++ ++ + +++ -
VT11179 7 0 0 5 5 412| 0 0 294|294 1
VT11181 43 1 0 0 0 97.7 | 2.3 0 0 0 1
VT11384 10 6 0 0 0 625(37.5| 0 0 0 1
VT11386 13 0 0 0 4 76.5| 0 0 0 | 235 1
VT11429 15 0 0 0 0 100 0 0 0 0 1
VT11147* 2 0 0 18 0 10 0 0 90 0 4
VT11148* 3 0 0 19 0 136 O 0 [864]| 0 4
VT11189 0 0 0 22 0 0 0 0 100 0 4
VT11197 4 0 0 26 0 13.3|] O 0 [8.7| 0 4
VT11294 5 2 0 | 27 0 14.7 | 5.9 0 [794] O 4
VT11385 0 0 0 14 5 0 0 0 |73.7] 26.3 4
VT11387 0 0 0 16 4 0 0 0 80 20 4
VT11401 6 0 0 14 0 30 0 0 70 0 4
VT11150 0 0 1 0 1 0 0 50 0 50 5
VT11195 0 0 0 0 20 0 0 0 0 100 5
VT11276 0 0 0 0 10 0 0 0 0 100 5
VT11280 0 0 0 11 | 14 0 0 0 44 56 5
VT11282 0 0 9 7 10 0 0 | 346 26.9| 38.5 5
VT11290 0 0 0 0 13 0 0 0] 0 100 5
VT11389 0 5 6 0 12 0 (2171 261| 0 | 522 5
VT11393 0 0 0 0 15 0 0 0 0 100 5
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Table 4.1 Examination of CRC tissue sections relative to normal tissue and protein
expression profiles of MUC2 and TFF3. (A) describes the proportion of cancer infiltration
within a given tissue section. The first section of the table shows the presence of normal tissue
defined through immunofluorescence analysis. Then, the surface area (measured in ym?) of
healthy, colon cancerous and total tissues was quantified using QuPath software. (B)
illustrates the classification of FFPE tissue sections according to the protein expression
patterns of MUC2 and TFF3. The last column of the table displays the predominant category
based on the highest observed proportion. The slides were arranged according to their primary
category. VT11147 and VT11148 highlighted in "*" are duplicate tumours.

It should be noted that the slides stained with H&E and MUC2/TFF3 antibodies were
originated from different sections of the same tumour. Representative images for each
group within a tissue section are visualised in Figure 4.6A/B. Additional images are
shown in Appendix Figure 7. According to our findings, out of 21 CRC tissue sections,
5 (23.8%) fell into group 1, 8 (38.1%) into group 4 and an additional 8 (38.1%) for

group 5.
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VT11429 (colorectal cancer)

B.

Group: 1

Figure 4.6 Representative H&E and immunofluorescence images of 21 colon cancer
tissue sections derived from the VICTOR trial. The FFPE tissue slides were stained with
H&E staining kit (Abcam) for histology assessment (A), as well as MUC2 (PR5D5, 1:250) and
commercial polyclonal TFF3 (1:1000), DAPI (1:10000), and CellBrite (1:2000) for group
classification (B). Figures contain examples of both normal colonic mucosa and colorectal

carcinoma. Scale bar: 50 um.
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4.2.2 Analysis of the relationship of the FFPE characterisation to the

pathology description

Histopathology and molecular data from the 21 CRC tissue sections were also
analysed. Histopathology reports were provided by Professor Marco Novelli
(University College London Hospitals) and Dr David Church (Henry Wellcome Building
of Genomic Medicine, University of Oxford) and mutation screening was performed by
Dr Enric Domingo. Table 4.2 summarises the available data for the analysed tissue
sections. Comprehensive details regarding to the molecular profiing and the
association of molecular/clinical variables of VICTOR trial samples are in the papers

by Domingo et al. (2013) and Mouradov et al. (2013).

It is worth mentioning that even though VT11150 is described as normal based on
H&E screening (Professor Novelli's histopathology report), in the immunofluorescence
assay we can see a low proportion of tumour presence. This suggests that some
tumours may be hidden deeper in the blocks, as the slides stained with H&E and
antibodies were derived from distinct sections of the same tumour block. Additionally,
despite VT11429 being classified as normal according to Dr Church's classification,
we defined a small proportion of tumour belong to group 1 category. The molecular
data for this block in Table 4.2 shows molecular alterations found in a tumour block,
not the normal block. The blocks have been used for several research projects and
sectioned quite a lot in some cases and less in others. It is perfectly possible that what
was first thought to be a normal block now could show some bits of tumour. Or the
other way round, some tumour blocks may only show now normal tissue. Overall, this

emphasises the importance of using specific biomarkers during screening.
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IDlumbet N Histopathology report_1 H'S:ZP?):O;OEVI
of GroupID | tissue S port_< KRAS | BRAF600 | NRAS | PIK3CA | TP53 | FBXW7 | CIN | MSI
. (Prof Novelli’s classification) (Dr Church’s
FFPE slides presence . .
classification)
VT11179 1 v ModerateIY differentiated Moderate mut wt wt wt mut wt i MSS
adenocarcinoma (scanl) (Grade 1)
Mucinous well-differentiated Moderate
VT11181 1 X . mut wt wt mut - - CIN MSS
adenocarcinoma (scanl) (Grade 1)
VT11384 1 V4 ModerateIY differentiated Moderate mut wt wt wt mut wt CIN MSS
adenocarcinoma (scan2) (Grade 1)
Mucinous moderately to Moderate
VT11386 1 v poorly differentiated wt wt wt wt wt wt CIN MSS
. (Grade 1)
adenocarcinoma (scanl)
M ly diff i
VT11429 1 v oderate y differentiated Normal mut wt wt wt mut wt CIN MSS
adenocarcinoma (scan2)
VT11147* 4 X Moderately‘dlfferentlated Moderate wt wt wt wt mut wt N MSS
adenocarcinoma (scan4) (Grade 1)
VT11148* 4 X Moderately_ differentiated Moderate wt wt wt wt mut wt CIN MSS
adenocarcinoma (scan2) (Grade 1)
VT11189 4 X ModerateIY differentiated Poor mut wt wt wt wt wt CIN MSS
adenocarcinoma (scanl) (Grade 2)
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DL/ ALl Histopathology report_1 Hlstzpztr:m;ogy
of GroupID | tissue St U PO_Z | KRAS | BRAF600 | NRAS | PIK3CA | TP53 | FBXW7 | CIN | MSsI
. (Prof Novelli’s classification) (Dr Church’s
FFPE slides presence . .
classification)
Mucinous moderately
. . . Moderate
VT11197 4 X differentiated adenocarcinoma wt wt wt wt mut wt CIN MSS
(Grade 1)
(scan4)
VT11294 4 X ModerateIY differentiated Moderate wt wt wt wt mut wt negati | |\ oo
adenocarcinoma (scanl) (Grade 1) ve
Mucinous moderately Moderate "
VT11385 4 v differentiated adenocarcinoma mut wt wt wt wt wt negatl | s
(Grade 1) ve
(scanl)
VT11387 4 X Moderate!y differentiated Moderate wt wt wt wt mut wt CIN MSS
adenocarcinoma (scan1/5) (Grade 1)
Mucinous moderately Moderate "
VT11401 4 X differentiated adenocarcinoma mut wt wt mut wt wt negatl | viss
(Grade 1) ve
(scanl)
VT11150 5 v N | colon (scan5) Poor wt wt wt wt CIN
ormal colon (scan - - -
(Grade 2)
Lymph node with poorly Poor
VT11195 5 X differentiated adenocarcinoma (Grade 2) wt wt wt wt mut wt CIN MSS
(probably MSH) (scanl)
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LTS A CLuiEl Histopathology report_1 Hls:zpztr*tw;ozv
of Group ID | tissue R s i i KRAS | BRAF600 | NRAS | PIK3CA | TP53 | FBXW7 | CIN | MSI
. (Prof Novelli’s classification) (Dr Church’s
FFPE slides presence . .
classification)
VT11276 5 V4 ModerateIY differentiated Moderate wt wt wt mut mut wt negati | o
adenocarcinoma (scanl) (Grade 1) ve
Mucinous moderately to
VT11280 5 X poorly differentiated Moderate wt mut wt wt wt wt CIN MSS
adenocarcinoma (mostly (Grade 1)
necrotic) (scanl)
VT11282 5 X ModerateIY differentiated Moderate mut wt wt mut wt wt CIN MSS
adenocarcinoma (scanl) (Grade 1)
VT11290 5 v ModerateIY differentiated Moderate wt wt wt wt wt wt CIN MSS
adenocarcinoma (scanl) (Grade 1)
M ly diff i M
VT11389 5 X oderate y differentiated oderate wt wt wt mut wt wt CIN MSS
adenocarcinoma (scanl) (Grade 1)
Moderately differentiated Moderate "
VT11393 5 \/ adenocarcinoma (mucinous wt mut wt wt wt mut negatl MSI
. (Grade 1) ve
diff) (scan3)
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Table 4.2 Histopathology reports and molecular profiling of analysed CRC tissue
sections. Two histopathology reports were made in addition to the information about group
classification and the presence of normal tissue. The mutation data cover mutations in CRC
driver genes, including KRAS, BRAF600, NRAS, PIK3CA, TP53, and FBXW?7. In the table,
"wt" denotes wild type, whereas "mut" indicates the presence of a mutant form. V111147 and
VT11148 tumour blocks (highlighted in "*") belong to the same patient/tumour, hence all their
associated data are duplicated. The chromosomal instability (CIN) and microsatellite instability
(MSI) features were also identified for each tumour. VT11147 and VT11148 tumour blocks
(highlighted in "*") belong to the same patient/tumour, hence all their associated data is

duplicated.
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4.3 DISCUSSION

It is notable that many of the CRCs seem to contain segments showing the presence
of more than just one category, as might be expected from somatic evolutionary
progression. Category 4 (high TFF3, no/low MUC2) stands out very clearly as we
predicted quite early in these studies. Categories 2 and 3 are sometimes hard to
distinguish and are associated very clearly with single cells that may express only
MUC2 or only TFF3, as we have seen in the cell lines. We also see secreted MUC2
outside cells in a way we do not see in the cell lines because it gets washed away as
soon as we do the staining. This suggests that category 4 may occasionally secrete

low levels of MUC2.

We suggest that category 1 is what is called mostly mucinous while category 4 has
not been previously identified. Perhaps artificial intelligence approaches could identify

Category 4 just from H&E when trained on our IF-based categorisation.

Despite the relatively small number of human CRC tissue samples, we were able to
validate our proposed classification based on protein expression profiles of MUC2 and
TFF3 in CRC cell lines. Validation of our classification in human tissue sections
proves that cancer cell lines are representative of real tissues and can be used to
study biologic processes in primary tumours which is consistent with other reports
(Goodspeed et al., 2016; Mirabelli et al., 2019; Wilding & Bodmer, 2014). Our results
further support the suggestion that the integration of machine learning and H&E-
stained tumour sections may provide a novel approach to categorising tumours when
H&E sections are trained on their cellular content as obtained, for example, by
immunofluorescence. This possibility has been an area of recent interest (Kleppe et

al., 2022; Kleppe et al., 2021).
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CHAPTER 5

SINGLE-CELL SEQUENCING
ANALYSIS
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CHAPTER 5: SINGLE-CELL SEQUENCING ANALYSIS

5.1 INTRODUCTION AND AIMS

Single-cell RNA sequencing (scRNA-seq) is an advanced technology that involves
sequencing individual cells rather than bulk samples. It is widely applied in cancer
studies to define tumour heterogeneity, rare subpopulations, and specific markers for
the development of new diagnostic and therapeutic approaches (Tang et al., 2019).
The cell clusters produced by single-cell sequencing allow scientists to define subset
cell groups within selected cell lines and interpret patterns of gene expression that

might explain the intra-cell line variations.

Cancer cells accumulate genetic and epigenetic changes from time to time, as part of
their somatic evolutionary progress resulting in genetic heterogeneity. Conventional
mRNA sequencing methods have some limitations to detect individual cell
populations. Therefore, mMRNA heterogeneity present in cancerous cells is most likely
be masked or overlooked using bulk sequencing. By contrast, a time-dependent
analysis of scCRNA-seq data can reveal genetic and epigenetic alterations that occur
in cancer over time. Becket et al. examined single-cell profiles of 27 normal tissues,
48 polyps, and 6 CRCs, and revealed that a significant portion of polyps and CRC
cells display features similar to stem cell phenotype (Becker et al., 2022). Another
study described biclonal origin of CRC cells detected through scRNA-seq analysis (Yu
et al., 2014). The predominant CRC subtype had APC and TP53 mutations, while
another subtype lacked these mutations, but exhibited cell division cycle (CDC27) and

Poly(A) binding protein cytoplasmic 1 (PABPC1) gene mutations.
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There are several droplet-based platforms, such as Chromium Controller (10X
Genomics), InDrop (1CellBio), and ddSEQ (lllumina/Bio-Rad Laboratories) that are
utilised to perform scRNA-seq analysis (Haque et al., 2017). The workflow of scCRNA-
seq contains multiple consecutive steps to obtain reliable data (Figure 5.1). These
steps include the isolation of individual cells from the sample of interest, cell lysis,
preparation of complementary DNA (cDNA) through reverse transcription of poly(T)-
primed mRNA, cDNA amplification, library preparation, single-cell sequencing, and

data analysis using bioinformatic and computational tools (Haque et al., 2017; Klein et

al., 2015).
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Figure 5.1 Workflow of scRNA-seq preparation. Cells are enclosed in droplets together
with cell lysis buffer, reverse-transcriptase reagents, and barcoded primers. Following the
encapsulation of cells in droplets and the release of primers, a reverse transcription reaction
occurs. Consequently, cDNA within each droplet is labelled with a unique molecular identifier
(UMI). Droplets are then ruptured which allows the contents of all cells to be linearly amplified
before undergoing sequencing. The figure was adapted from Klein et al. (2015) with

permission from Elsevier under the licence number: 5557120487465.

The 10X Genomics Chromium platform is a commonly used droplet-based platform,
capturing gene expression profiles of single cells at high throughput. This system
isolates individual cells into nanoliter-scaled droplets using a Gel-bead in Emulsion

method. Each droplet is composed of a single cell, a unique barcode-embedded bead,
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a reverse transcription reaction mix, a lysis buffer, and sequencing adaptors/primers.
A droplet is separated from its neighbours via a carrier oil and afterwards passes

through a chromium system for sequencing (Klein et al., 2015).

Although scRNA-seq is a powerful and comprehensive tool for assessing a wide range
of biological processes, it requires substantial optimisation to minimise the technical
noise produced during multiple steps. As such, post-processing scRNA-seq data
presents some challenges such as empty droplets, multiple cells containing droplets
(doublets), a “soup” of cell-free RNAs, and dealing with a high dropout rate (Young &
Behjati, 2020). Current research using scRNA-seq mainly concentrates on gaining
insights into diverse populations of cell types in tissue samples and biopsies.
Therefore, there are several pipelines available for scRNA-seq data analysis, including
using t-distributed stochastic neighbour embedding (TSNE) or uniform manifold
approximation and projection (UMAP). However, there is a lack of research regarding

the comparison of mixed cell lines that originate from the same tissue.

The aim of this chapter is to investigate scRNA data from LS180-COLOG678 cell lines
and Professor Alison Simmons data (GEO accession number: GSE116222). In this

chapter, we studied the following objectives:

e Compare a goblet cell cluster with other cell types and explore variations within
the goblet cell cluster in a single-cell profile of human normal colon tissue
(Professor Simmons data)

e Identify intra-cell line variations of MUC2 and TFF3 genes expression and
analyse their correlation with other genes in LS180 and COLO678 single-cell

data
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5.2 RESULTS

5.2.1 Single-cell mMRNA sequencing analysis in normal colon

To study molecular profiling of the normal colon, Professor Alison Simmons’ group
(MRC Weatherall Institute of Molecular Medicine, University of Oxford) kindly provided
us with single-cell data from healthy volunteers. First, colonic biopsy samples were
taken from healthy individuals. Following the dispersion of normal colonic crypts into
single cells and selection of epithelial cells using an anti-EpCAM antibody, droplet-
sequencing technology was used to sequence the normal colon derived epithelial
cells. Detailed information about collecting data and sequencing technology is
described in Parikh et al. (2019). Sequencing data files can be accessed using the

GEO accession number: GSE116222.

K-means clustering was performed on the post-processed scRNA-seq data and
visualised using UMAP plots. In the normal colon, cell types generally can be classified
as stem cells, transit-amplifying cells or progenitors, enterocytes or colonocytes,
goblet cells, and enteroendocrine cells. We also added immune cells clusters after
checking markers for lymphocytes which had not been completely removed by the
anti-EpCAM selection. Overall, K-means clustering was used with k=6 which clearly
separated 6 major cell type clusters that reflect different cell types within the normal
colon (Figure 5.2). Every cluster was identified based on the gene expression of
various markers specific to that cell type. Alongside discrete values representing all
cells with any message, the five different levels of gene expression across whole cell
population were described through UMAP plots. The code for the analysis carried out
according to a pipeline developed by Dr Jeff Liu is shown in Code Appendix 1 (Liu,

2021).

162



UMAP of human colonic epithelium data
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Figure 5.2 Two-dimensional K-means (k=6) display of scRNA-seq data obtained from
epithelial cells from normal colon tissue of healthy individuals. The dataset was from
Parikh et al. (2019) and the pipeline for the analysis was generated by Dr Jeff Liu (Liu, 2021).

Stem cells are the continually dividing cell types that are responsible for homeostasis
and regeneration of the intestinal epithelium. Progenitor or transit amplifying cells are
produced by the stem cells and are the cells that eventually differentiate into the three
major cell types in the colonic crypts as described in Figure 1.1. We used different

markers to define intestinal cell types and immune cells, as illustrated in Table 5.1.
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Different biomarkers were selected and analysed to define intestinal cell types and
immune cells, as illustrated in Table 5.1 and Figure 5.3. Overall, gene expression
analysis suggests that clusters 0 and 4 are associated with enterocyte differentiation,
cluster 1 represents goblet cells, cluster 2 probably includes the stem cell, 2 and 5
contain the transit-amplifying cells, and cluster 3 indicates immune cells, almost all

lymphocytes.
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Gene description

References

Stem/progenitor
cell markers

ASCL2 - Achaete-scute family BHLH transcription factor 2
AXIN2 - Axin 2

CCNA2 - Cyclin A2

CDCA?7 - Cell division cycle associated 7

EPHB2 - EPH receptor B2

FOXM1 - Forkhead box M1

LGRS - Leucine rich repeat containing G protein-coupled receptor 5
LRIG1 - Leucine rich repeats and immunoglobulin like domains 1
MCMS5 - Minichromosome maintenance complex component 5
MEX3A - Mex-3 RNA binding family member A

MKI67 - Marker of proliferation Ki-67

MSI1 - Musashi RNA binding protein 1

MYBL2 - MYB proto-oncogene like 2

NUSAP1 - Nucleolar and spindle associated protein 1

OLFM4 - Olfactomedin 4

PTKY - Protein tyrosine kinase 7

RGMB - Repulsive guidance molecule BMP co-receptor B
SMOC2 - SPARC related modular calcium binding 2

TOP2A - DNA topoisomerase Il alpha

WDHD1 - WD repeat and HMG-box DNA binding protein 1

Ashley et al. (2013); Barriga
et al. (2017); Habowski et al.
(2020); P. Jung et al.
(2015); Wang et al. (2020)
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Enterocyte cell
markers

ALPI - Intestinal alkaline phosphatase

AQP8 - Aquaporin 8

BEST4 - Bestrophin 4

CEACAM1 - Carcinoembryonic antigen-related cell adhesion molecule 1
CEACAMEG6 - Carcinoembryonic antigen-related cell adhesion molecule 6
CEACAM?7 - Carcinoembryonic antigen-related cell adhesion molecule 7
GUCAZ2A - Guanylate cyclase activator 2A

GUCAZ2B - Guanylate cyclase activator 2B

MS4A12 - Membrane spanning 4-domains A12

OTOP2 - Otopetrin 2

SLC26A3 - Solute carrier family 26 member 3

TMEM37 - Transmembrane protein 37

Burclaff et al. (2022);
Dalerba et al. (2011); Kanke
et al. (2022); Parikh et al.
(2019); Wang et al. (2020)

Goblet cell
markers

ATOH1 - Atonal BHLH transcription factor 1

BEST2 - Bestrophin 2

CLCA1 - Calcium-activated chloride channel regulator 1
FCGBP - Fc Gamma Binding Protein

FFAR4 - Free fatty acid receptor 4

ITLN1 - Intelectin 1

MUC2 - Mucin 2

REG4 - Regenerating family member 4

SPDEF - SAM Pointed Domain Containing ETS Transcription Factor
SPINK4 - Serine protease inhibitor Kazal-type 4

TFF3 - Trefoil factor 3

ZG16 - Zymogen granule protein 16

Hu et al. (2023); Ito et al.
(2013); Wang et al. (2020)
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Enteroendocrine
cell markers

CHGA - Chromogranin A

FEV - FEV transcription factor ETS family member
INSM1 - INSM transcriptional repressor 1
NEUROD1 - Neuronal differentiation 1

Wang et al. (2020)

Immune cells
markers

CD52 - CD52 molecule

HOPX - HOP homeobox

LSP1 - Lymphocyte specific protein 1

PTPRC - Protein Tyrosine Phosphatase Receptor Type C

Bourque et al. (2021);
Donovan and Koretzky
(1993); Hermiston et al.
(2003); Moutel et al. (2020);
Wang et al. (2020)

Table 5.1 Genes selected to define intestinal cell types and immune cells in human normal colon scRNA-seq data. The references for

the markers were provided in the last column of the table. Overall, we chose 20 markers for stem and progenitor cells, 12 markers for both

enterocytes and goblet cells, and 4 markers for both enteroendocrine and immune cells.
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UMAP2

Single-cell data analysis of normal colon (Stem / progenitor cell markers)

FOXM1 LGR5

ASLC2 AXIN2 CCNA2 CDCA7 EPHB2
LRIG1 MCM5 MEX3A MKI67 Msi

OLFM4 continuous PTK7 continuous RGMB continuous SMOC2 continuous TOP2A continuous

MYBL2 NUSAP1 continuous

WDHD1 continuous

UMAP1
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UMAP2
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Single-cell data analysis of normal colon (Enteroendocrine cell markers)
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Figure 5.3 UMAP of scRNA-seq data of markers for intestinal cell types, along with
immune cells. The graphs indicate the expression levels of stem/progenitor (A), enterocyte
(B), goblet (C), enteroendocrine (D), and immune cell markers (E). Expression patterns were

described using continuous values for each gene.

Once we defined the clusters, a volcano plot was generated to determine highly
expressed genes within the goblet cell cluster as compared to the combination of all
the other clusters, excluding the immune cells (Figure 5.4). The fold change and p-

values of 56 selected genes from the volcano plot are listed in Appendix Table 2.

ATOH1 and SPDEF are known to be essential regulators of goblet cell differentiation.
Their roles have already been discussed in previous sections, along with the
importance of REG4 and FCGBP. Of the remaining highly goblet expressing genes it
is not easy to determine which are the key controlling genes, which are important for
goblet cell function, and which are simply passengers associated with the key
controlling genes. It is important to emphasise that differences that matter may not just

be presence or absence, but clear difference in levels of expression.

172



Goblet cell cluster versus other clusters excluding immune cells
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Figure 5.4 Volcano plot of gene expression analysis in goblet cell cluster versus other
clusters excluding immune cells in scRNA-seq data of normal colon. The volcano plot
exhibits the log2 of the fold change along the x-axis and the negative log10 of the p-value

across the y-axis. Highly expressed genes were selected and visualised.

We also detected that there are spatial variations, notably between the left and right
side, in expression of several genes within the goblet cell cluster. To identify genes
involved in this expression difference, we used various thresholds, ranging from 5 to
6, and defined the most common genes from the right and left sides of the goblet cell
cluster (Figure 5.5A/B/C). As illustrated in Appendix Figure 8, there was not much
difference between the plots if we look only at the extremes, therefore, we displayed
only the threshold values of 5 and 6 (Figure 5.5B). Appendix Table 3 depicts the fold
change and p-values for selected genes. Middle parts of the volcano plots were

excluded in our analyses.
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Left side of the goblet cell cluster
Gene Count Gene Count Gene Count Gene Count
LYPDS8 11 PKIB 10 LGALS9C 3 PLACS 1
ZG16 11 MT-RNR2 9 APOBR 2 SPTSSB 1
CD177 11 S100A6 8 MTATP6P1 2 FXYD3 1
SCNN1B 11 FRMD3 7 RP11-395B7.2 2 B3GALT5 1
CA1 11 RAB3B 7 C2orf88 2 MUC1 1
TFF1 11 MT-ND5 6 DHRS9 2 CLDNS 1
MT-ND4L 11 SMIM22 5 RPS6 1 CKB 1
PHGR1 11 RPS5P2 5 AMN 1 RP1-261G23.7 1
C190rf33 11 ATP11C 4 CTSE 1
DISP2 10 GSN 4 ST3GAL4 1
FCGBP 10 CEACAMS6 4 TDP2 1
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Right side of the goblet cell cluster
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Figure 5.5 Analysis of the goblet cell cluster using a range of threshold values.
(A) Visual representation of separation interval within the goblet cell cluster. (B)
Volcano plots compare the right and left sides of the goblet cell cluster with threshold
values of 5.0 and 6.0. (C) The gene count was defined by the frequency of presence
of genes within the threshold range of 5 to 6 during the comparative analysis of the
right and left sides of the goblet cell cluster.

On the left side of the cluster, the most commonly expressed genes are LY6/PLAUR
Domain Containing 8 (LYPDS8), Z2G16, CD177, Sodium channel epithelial 1 subunit
beta (SCNN1B), Carbonic Anhydrase 1 (CA7), TFF1, Mitochondrially encoded
NADH:ubiquinone oxidoreductase core subunit 4L (MT-NDA4L), Proline, histidine and
glycine rich 1 (PHGR1), Chromosome 19 open reading frame 33 (C790rf33). In
addition, FCGBP, Galectin 9C (LGALS9C), ST3 beta-galactoside alpha-2,3-
sialyltransferase 4 (ST3GAL4), and MUC1 were also mainly expressed on the left side
of the cluster. Considering the mature goblet cell markers described in the literature,
which will be covered in detail in the Discussion section 5.3, we can hypothesise that
the right side of the cluster are predominantly composed of mature goblet cells and

the left side as cells still in the maturation process.
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5.2.2 Single-cell mMRNA sequencing analysis in LS180-COLO678 CRC cell lines

The scRNA-seq experiment in LS180 and COLO678 CRC cell lines was conducted
as described in the Materials and Methods section (Chapter 2.14). This study intended
to define and compare the expression of goblet cell-associated markers within and
between different CRC cell lines. An initial analysis of a mixture (50:50) of goblet cell-
positive (LS180) and -negative (COLOG678) cell lines showed the potential of this
approach and suggested novel ways to process single-cell mMRNA expression data.
As an input of scRNA-seq in two CRC cell lines, 50.000 barcodes and 25.345 UMIs

were obtained and analysed.

Our lab successfully developed a new GMMchi (GMM with a Chi-square protocol)-
based single-cell sequencing pipeline in Python programming language capable of
effectively preprocessing single-cell data (Liu, 2021). This pipeline covers the following
stages for better separation: a) filtering out empty barcodes and doublets, b)
eliminating barcodes with low library complexity, c) extracting poor-quality barcodes
through analysing the distribution of housekeeping genes, d) library normalisation, e)
removing genes with little or no expression, f) excluding barcodes with high
mitochondrial and ribosomal proteins encoding genes. An overall description of each

step and post-processed outcomes can be found in Dr Jeff Liu’s thesis (Liu, 2021).

Prior to mixing two cell lines, individual cells were not labelled with barcodes. This
made it impossible to determine directly from which cell line a particular cell came
from. Our microarray data and immunofluorescence analysis of LS180 and COLOG78
cell lines indicate that LS180 expresses MUC2, but not placental alkaline phosphatase
(ALPP), while COLOG678 shows the opposite gene expression pattern. It allowed us to

consider MUC2 and ALPP as reliable markers for separating two cell lines and

178



evaluating our post-processing pipeline efficiency. K-means clustering was done on

the post-processed scRNA-seq expression data which identified two clusters that we

could consider the LS180 and COLOG678 cell lines by the presence of MUC2-positive

and ALPP-positive cells, respectively (Figures 5.6 and 5.7A). Figure 5.7B specifies the

count of cells that are positive and negative for ALPP and MUC2, along with total cells.
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Figure 5.6 K-means (k=2) clustering on UMAP of LS180-COLO678 scRNA-seq data. K-
means clustering (n=2) of our scRNA-seq data indicates two major clusters in the data, which
are associated with LS180 (orange) and COLOG678 (blue) cell lines.
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Figure 5.7 UMAP of scRNA-seq data post-processed with GMMchi-based single-cell
sequencing pipeline. (A) UMAP matrix of post-processed scRNA-seq data clearly
distinguishes LS180 and COLO678 cell lines. MUC2-positive cells are labelled in red, while
ALPP-positive cells are represented in purple. (B) The number of ALPP-positive and MUC2-
positive cells is 32 and 16, respectively. The total number of cells within the two clusters is
1226.

As described in the previous section (Chapter 3.2.2), we quantified a range of MUC2
expressed cells (2.81%-4.14%) in the LS180 cell line based on IF analysis. When
focusing specifically on the LS180 cluster in single-cell data, MUC2 expression is
detected in a relatively small proportion, consisting of 16 cells out of a total population
of 514. This complies with a subset of 3.1% of cells within the LS180 cluster that exhibit
MUC?2 expression, indicating a reliable estimate of MUC2-expressing cells (Figure

5.8A).
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According to our IF analysis, TFF3, another goblet cell marker, is also expressed in
LS180 at low levels. Within the LS180 cluster, a subset of 53 cells out of a total
population of 514 express TFF3, which corresponds to nearly 10% of the cells (Figure

5.8B).

A. MUC2 B. TFF3
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Figure 5.8 MUC2 and TFF3 genes expression in LS180-COLO678 single-cell data. The
graph describes that only a small subset of cells expresses MUC2 (A) and TFF3 (B) within the

LS180 cluster. Gene expression levels of MUC2 and TFF3 are illustrated in continuous values.

Based on our time-dependent single-cell experiment, TFF3 appears to be expressed
earlier than MUC2 during differentiation (Chapter 3.2.4). There could be various
reasons why TFF3 appears to represent a higher proportion compared to MUC2: a)
The antibody used in IF may detect TFF3 better when it is more stable, which typically
occurs in the presence of MUC2; b) The MUC2 antibody (PR5D5) used in this study
specifically recognizes mature MUC2 and cannot detect immature forms of MUC2.
This limitation in detection might contribute to the observed smaller proportion of

MUC2-expressing cells compared to TFF3.
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In the previous chapter, we identified that MUC2 and TFF3 are usually overlapped in
the LS180 cell line (Chapter 3.2.2). Accordingly, when we label cells that represent
both MUC2 and TFF3 expression, we can see that 10 out of 16 MUC2-positive cells

also produce TFF3 (Figure 5.9A/B) which, as might be expected, is a highly significant

association.
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“ . . ® MUC2+/ TFF3+
13 . > B_
121 . Genes Count
N . y None 1156
§ . MUC2+ 6
S ; TFF3+ 54
LN MUC2+/TFF3+ 10
1 ac s, . Total 1226
% < ¢ .o o . ¢
8 . i S p value < 0.0001
o ® ¥ K XN )
| Ls180  TYRET, “ig lwiidn e
UMAP1

Figure 5.9 UMAP matrix of scRNA-seq data indicating count of MUC2-, TFF3-, and
MUC2/TFF3-positive cells, along with a total number of cells. (A) In both clusters, cells
expressing MUC2, TFF3, and both MUC2/TFF3 are labelled in red, blue, and green,
respectively. (B) The number of MUC2-positive, TFF3-positive, and MUC2/TFF3-positive is

indicated and a chi-square test was performed.

A volcano plot was generated to identify genes that are significantly up- and down-
regulated in MUC2-positive cells compared to MUC2-negative cells within the LS180
cluster (Figure 5.10A). The code for this analysis is described in Code Appendix 2.

The fold change values were determined by dividing the mean of individual gene
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expression in MUC2-positive cells by that of the MUC2-negative cells in LS180. It
should be noted that the p-values were not adjusted with Bonferroni correction and
only genes with a p-value of less than 0.01 were considered statistically significant
and included in the subsequent analysis. Appendix Table 4A shows a list of 20 genes
selected from the volcano plot (Figure 5.10A) along with their corresponding fold

change and p-values.

A similar analysis was conducted for TFF3, where the volcano plot was used to identify
differentially expressed genes between TFF3-positive and TFF3-negative cells in the
LS180 cell line (Figure 5.10B). Appendix Table 4B contains a list of selected genes

from the volcano plot (Figure 5.10B) together with their fold change and p-values.
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Figure 5.10 Differential gene expression analysis in MUC2/TFF3-positive cells versus
MUC2/TFF3-negative cells in scRNA-seq data of LS180. The log2 of the fold change is
plotted against the negative logarithm (base 10) of the p-value in the volcano plot. (A) Genes
that are differentially expressed between the MUC2-positive and MUC2-negative cells are
labelled. Infinite log2 of the fold change values were plotted separately. (B) Up- and down-
regulated genes between the TFF3-positive and TFF3-negative cells within LS180 cluster are

highlighted. Infinite log2 of the fold change values were visualised in separate axes.

TFF3, FCGBP, regenerating islet-derived family member 4 (REG4), and anterior
gradient 2 (AGRZ2) were among the upregulated genes in MUC2-positive cells, which
are involved in MUC2 maturation and folding. MUCS5AC is typically not expressed in
the normal colon, however, its de novo expression can appear in adenomas and
colorectal cancer (Bu et al., 2010). According to our data on the MSI status of cell
lines, LS180 is classified as an MSI-high cell line. This finding correlates with the fact
that colorectal cancer with high MSI often displays a higher rate of MUC2 and
MUCSAC gene expression (Bu et al., 2010). Keratin 20 (KRTZ20) is primarily expressed
in intestinal epithelial cells and has been widely investigated as a marker of cellular
differentiation. According to the findings in our laboratory, KRT20 is controlled by

CDX1 in 38 primary CRC cell lines (Chan et al., 2009).

MUC2, FCGBP, and REG4 are strongly associated with one another and provide a
stable structure for a mucin layer. TFF1, a trefoil factor family member gene, appears
to have a positive correlation with TFF3. Several studies showed TFF1 and TFF3 were
significantly increased in colorectal cancer patients compared to healthy individuals
(Vocka et al., 2015; Yusufu et al., 2019). Both KRT18 and KRT20 form intermediate
filaments and are well-known intestinal markers. Carcinoembryonic antigen-related
cell adhesion molecule 5 (CEACAMS) and CEACAMG are associated with

differentiation.
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A 2x2 table was generated to identify the correlation between MUC2/TFF3 and other
genes within LS180 cell line (Table 5.2). Cells were classified based on their gene
expression levels, with "+" indicating positive/high and "-" indicating negative/low gene
expression levels. In the association study, genes were selected based on the
Benjamini-Hochberg adjusted p-value with a cut-off of 0.05. According to 2x2
analyses, MUC2 exhibits a strong correlation with TFF3 and FCGBP (Table 5.1A/B),
as might be expected. The inclusion criteria for TFF3 represents that 10/16 (62.5%) of
MUC2-positive cells express TFF3, whereas 43/53 (81.1%) of TFF3-positive cells do
not express MUC2 (Table 5.1B). This strongly suggests that TFF3 is required for
MUC2 maturation, but not vice versa and that many of the TFF3 only expressing cells

may not yet be mature goblet cells.

Associations with MUC2 and TFF3 expression

A) Positive association of MUC2 expression with inclusions (skewed to +/-)

MUC2 ++ +- S+ - P-value R-value Inclusion
criteria
FCGBP 5 11 1 497 8.78E-08 0.50 Significant
B) Positive association of MUC2 expression with inclusions (skewed to -/+)
MUC2 ++ +- A+ - P-value R-value Inclusion
criteria
TFF3 10 6 43 455 2.96E-07 0.31 Significant

Table 5.2 Genes associated with MUC2 and TFF3 expression in scRNA-seq data of
LS180. (A) and (B) describe genes positively associated with MUC2 expression that are
inclusions skewed towards +/- and -/+, respectively. Genes were chosen based on the

Benjamini-Hochberg adjusted p-value with a cut-off of 0.05.
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5.3 DISCUSSION

Our findings in this chapter validate that single cell analysis provides a deeper
understanding compared to the analysis of bulk tissue. As described in normal colon
scRNA-seq data provided by Professor Alison Simmons, we can clearly separate
goblet cells from stem, transit-amplifying cells, and mature enterocytes mostly based

on known expression profiles.

Analysis of the goblet cell cluster difference from other normal cell types showed
expression of many genes that have been clearly associated with goblet cell function
- notably ATOH1 and the co-presence of MUC2 and TFF3. More detailed analysis
suggested that the cluster contained two categories of goblet cells which from the
pattern of differential expression indicated that one group might be mature goblet cells
while the other were cells in which the maturation of MUC2 expression was happening

but not yet complete.

Maturation of goblet cells is a complex process in which they undergo both
morphological and chemical changes. The SPDEF transcription factor plays a key role
in terminal differentiation of goblet cells. Despite the limited research on identifying
markers that distinguish mature and immature colonic goblet cells, it is feasible to make
some hypotheses from the existing literature. The study by Kanke et al. performed
single cell sequencing analysis to examine molecular variances in colonic epithelial
cell types from patients with Crohn's disease and without inflammatory bowel disease
(Kanke et al., 2022). It was identified that Crohn's disease patients exhibited a high
predominance of mature goblet cells based on MUC2, MUC4, and TFF1 expression

among secretory cell lineages. Considering the common expression of TFF1 on the
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left side of the cluster, we can hypothesise that there might be a difference between

mature and not yet mature goblet cells.

ZG16 and LYPD8 were significantly upregulated genes on the left side of the goblet
cell cluster. As described in the introduction section (Chapter 1.3.4), ZG16 protects
the intestinal epithelium by interacting with a membrane of Gram-positive bacteria.
Similarly, Ly6/plasminogen activator urokinase receptor domain containing 8 (LYPD8)
provides a protective lining against Gram-negative bacteria by inhibiting flagellated
bacterial mobility (Okumura et al., 2016). Mice with LYPDS8 deficiency showed higher
sensitivity to colitis induced by DSS (Allaire et al., 2018; Okumura et al., 2016).
Furthermore, in mice lacking ZG16, the thickness of the distal colonic mucus layer
remained constant, but commensal bacteria were able to localise to the colon
epithelium (Allaire et al., 2018; Bergstrom et al., 2016). This suggests that ZG16 and
LYPD8 contribute to intestinal protection through separating commensal bacteria from

epithelial cells.

Another supportive factor for this hypothesis could be the existence of glycosylation
enzymes and molecules on the left side of the goblet cell cluster, which are likely
related to the late stage of mucin maturation. These include Galectin 9C (LGALS9C),
ST3 beta-galactoside alpha-2,3-sialyltransferase 4 (ST3GAL4), and Beta-1,3-

galactosyltransferase 5 (B3GALTYS).

LGALS9C, a soluble galactoside-binding lectin, possesses multiple functions, such as
induction of an adaptive immune system, glucose homeostasis, and regulation of
tumour immunity (Yang et al., 2008). It was reported to interact with either N/O glycans
or both, as well as protein disulfide isomerase which involves the formation of disulfide

bonds in the endoplasmic reticulum (Schaefer et al., 2017). Furthermore, mice with a
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Galectin 9 (LGALS9) deficiency experienced higher susceptibility and defected cellular
proliferation in response to intestinal epithelial damage (Robinson et al., 2020). By
contrast, the expression of LGALS9 elevated in regenerating colonic crypts of patients
during wound healing (Robinson et al., 2020). Beta-1,3-galactosyltransferase 5
(B3GALTY) is involved in translocating Gal to GlcNAc-based molecules and ST3 beta-
galactoside alpha-2,3-sialyltransferase 4 (ST3GAL4) plays an important role in the
formation of N-glycans ending with Neu5Ac(a2,3)Gal through transferring sialic acid
to the last Gal residue (Arike et al., 2017; Qi et al., 2020). Taking into account all of
the above-mentioned statements, we can propose a hypothesis that goblet cell

maturation occurs from the left to right.

As a next step, we analysed scRNA-seq data from LS180-COLO678 cell lines
conducted in our laboratory. The two cell lines analysis shows how easy it is to
distinguish two cell lines even though both are CRCs. Single cell analysis allows
analysing variation within the cell line. It was identified that TFF3 expression was more

than MUC2 but highly associated at the single cell level.

In summary, we compared the goblet cell cluster and identified certain genes
associated with goblet cell formation that require further investigation. It appeared that
there were differences between the right and left sides of the goblet cell cluster. In
addition, the investigation of CRC cell lines at a single cell level is a powerful tool for

defining variations among cells.
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CHAPTER 6

STUDY OF FACTORS INVOLVED
IN GOBLET CELL
DIFFERENTIATION
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CHAPTER 6: STUDY OF FACTORS INVOLVED IN GOBLET CELL

DIFFERENTIATION

6.1 INTRODUCTION AND AIMS

Goblet cell differentiation is a complex process requiring genetic and epigenetic
factors. The Notch pathway controls cellular proliferation and differentiation in the
intestine (Demitrack & Samuelson, 2016; Zecchini et al., 2005). It defines intestinal
cell fate, leading cells to either the absorptive or secretory lineage. Suppression of the
Notch pathway caused a notable reduction in HES1 expression and accelerated

secretory lineage differentiation (Ueo et al., 2012; van der Flier & Clevers, 2009).

Several transcription factors have been reported to be involved in goblet cell
differentiation. ATOH1 is a key transcription factor for the secretory lineage, detected
in both secretory progenitors and mature cell types (Demitrack & Samuelson, 2016).
HES1 was shown to inhibit the expression of ATOH1 via direct interaction with the
promoter region of ATOH1 (Demitrack & Samuelson, 2016; Zheng et al., 2011).
SPDEF plays a role in the terminal differentiation of goblet cells (Gregorieff et al., 2009;
Noah et al., 2010). Other transcription factors, CDX1 and CDX2 regulate the
expression of MUC2 in CRC cell lines through the putative CDX binding sites in the
MUC2 promoter region (Mesquita et al., 2003). DNA methylation patterns in the
intestine show dynamic changes during cell proliferation and differentiation (Huang et
al., 2015; Sheaffer et al., 2014). The study by Sheaffer et al. demonstrated that the
number of differentiated cell types within the small intestine remained mainly
unchanged during loss of methylation (Sheaffer et al., 2014). In Chapter 6, we
investigated the transcription factors involved in goblet cell differentiation, as well as

the effects of Notch pathway and methylation on goblet cell production.
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6.2 RESULTS
6.2.1 Identification of differentially expressed genes based on the groups

determined by microarray and immunofluorescence analysis

Based on our microarray data, MUC2- or TFF3-positive cell lines and MUC2- or TFF3-
negative cell lines were selected for identifying candidate genes involved in the control
of goblet cell differentiation. To achieve this, the gene mRNA expression of these cell
lines was compared using volcano plots (Figure 6.1A/B). Fold change was obtained
by dividing the mean of individual gene expression of the MUC2/TFF3-positive cell
lines by that of MUC2/TFF3-negative cell lines. Appendix Table 5A/B provides all
selected genes with their corresponding fold change and p-values, represented by the

volcano plot on the Figure 6.1A/B.

Goblet cells are defined by the high levels of MUC2 and TFF3 which was also
confirmed by the volcano plots. The analysis indicated that goblet-cell positive cell
lines expressed 7.9-fold and 17.5-fold higher levels of MUC2 (p-value = 3.20E-06) and
TFF3 (p-value = 2.30E-06), respectively, relative to non-goblet cell lines. The p-values

for MUC2 and TFF3 were not corrected for multiple comparisons.
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Figure 6.1 Gene expression analysis in MUC2- or TFF3-positive cell lines versus MUC2- or TFF3-negative cell lines in our microarray

data. In the volcano plot, the x-axis shows the log2 of the fold change, whilst the y-axis illustrates the negative logarithm (base 10) of the p-value.
Key differentially expressed genes between two groups of cell lines are labelled.
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Other goblet cell-associated genes, namely FCGBP (fold change = 7.26) and REG4
(fold change = 11.28), were also found to be highly expressed in MUC2/TFF3-positive
cell lines. ST6 N-acetylgalactosaminide alpha-2,6-sialyltransferase 1 (ST6GALNACT)
is involved in mucin glycosylation, making it significantly upregulated genes in goblet
cells (Zhang et al., 2022). Anterior gradient protein 2, protein disulphide isomerase
family member (AGRZ2), AGR3, Clarin 3 (CLRN3), FAM3 metabolism regulating
signaling molecule D (FAM3D), Hephaestin (HEPH), Cystic fibrosis transmembrane
conductance regulator (CFTR), Resistin-like beta (RETNLB), Interleukin 33 (/L33),
Galectin 4 (LGALS4), TOX high mobility group box family member 3 (TOX3), and

OLFM4 were among differentially expressed genes associated with goblet cells.

The mRNA expression levels of the indicated genes were investigated using our
microarray data as shown in Figure 6.2A. Additionally, TCGA RNA-seq data was
analysed to compare expression levels of the indicated genes related to normal

colonic samples (Figure 6.2B).

Figure 6.2 (the following page) Expression analysis of significantly upregulated genes
in MUC2- and TFF3-positive cell lines. (A) The GMMchi analysis of 16 genes that are
positively correlated with goblet cells. CRC cell lines were classified based on the protein
expression levels of MUC2 and TFF3, and labelled blue for group 1, green for group 2, purple
for group 3, pink for group 4, and yellow for group 5 as discussed in Chapter 3. The genes
identified with multiple probe sets are described with "--" followed by a number defining the
probe set. When there are differences between probe sets this is due to splice variants. (B)
The figures describe the corresponding TCGA RNA-seq data analysis of the same 16
upregulated genes in goblet cell-positive cell lines. These data are based on mRNA

sequencing which does not distinguish splice variants.
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A. Expression in CRC lines
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Among 16 upregulated genes, AGR2, AGR3, CFTR2, CLRN3, FAM3D, FCGBP,
FOXA2, HEPH, LGALS4, ST6GALNAC1, REG4, IL33, and TOX3 genes displayed
clear bimodal patterns in Bodmer microarray data, with higher expression in goblet
cell positive cell lines. According to the TCGA dataset, all except TFF1, TOX3, and
possibly HEPH-2 also showed differences between normal and cancer, but these
differences do not show as clearly because of the normal cell contamination in the

TCGA tumours.

Next, we performed a 2x2 association analysis between MUC2 and TFF3 expression
levels versus all other genes as shown in Tables 6.1A and B. A list of the 10 most
upregulated genes associated with MUC2 and TFF3 was selected for presentation
(Table 6.1A). For MUC2, only REG4 and FCGBP appeared at a p-value cutoff of 0.05
following Bonferroni multiplicity correction. The 20 most upregulated genes for TFF3
(Table 6.1B), all had a p-value < 0.05 after Bonferroni multiplicity correction. We

excluded genes starting with "nan--" from both MUC2 and TFF3 analyses.

Associations with MUC2 expression

A) Top 10 genes positively correlated with MUC2 expression

MuC2 e ek e e OO Ruaie  IMepusion
MESP2--1 3 0 1 12 7.14E-03 0.83 No
LRRC16B 6 1 1 19 1 59E-04 0.81 No

Loins\‘(‘gf? L R 2 17 6.49E-03 0.65 No
C150rf38 5 1 3 20 2 53E-03 0.64 No
REG4 weighted 14 2 12 51 6.36E-07 0.59 Significant

FCGBP 14 2 13 50 1.28E-06 0.57 Significant

RGS12--4 2 30 1.17E-02 0.54 No
LOC648987 4 5 1 33 4.58E-03 0.53 No
ST6GALNAC1 16 0 24 39 4 66E-06 0.50 Significant
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SPINK4 12 4 12 51 4.59E-05 0.49 Significant

Associations with TFF3 expression

B) Top 20 genes that are positively associated with TFF3 expression (Bonferroni

corrected p-value < 0.05)

TFF3 +/+ +/- -/+ -/ C:-r‘::lc::d R-value I'::(:::I:;izn
STARD10--1 39 6 2 32 9.11E-14 0.80 No
SPPL2B--4 24 4 2 21 2.31E-08 0.77 No
nan--9448 24 5 2 24 1.37E-08 0.75 No
BRP44--2 33 2 6 20 6.29E-09 0.73 No
STARD10--2 43 2 12 22 4.89E-09 0.65 Significant
LGALS4 42 3 11 23 1.28E-08 0.64 Significant
CYP39A1--1 22 12 1 30 7.92E-08 0.64 Significant
TDGF1 /Il TDGF3 39 6 8 26 1.22E-08 0.64 No
nan--3808 33 4 7 19 5.47E-07 0.64 No
ALDH2 44 1 14 20 8.53E-09 0.63 Significant
AGR2_weighted 44 1 14 20 8.53E-09 0.63 Significant
LOC100134229 35 2 9 16 7.58E-07 0.63 Significant
PPP1R1B 42 3 12 22 4.50E-08 0.62 Significant
LOC113230 37 2 10 16 8.15E-07 0.62 Significant
CKMT1A /ll CKMT1B 37 8 7 27 5.15E-08 0.61 No
CYP3A5_weighted = 37 8 7 27 5.15E-08 0.61 No
CLRN3 41 4 11 23 4.54E-08 0.61 No
HEPH--2 41 4 11 23 4.54E-08 0.61 No
CDHR5--1 20 10 2 26 2.34E-06 0.61 Significant
PRR15L 44 1 15 19 3.20E-08 0.61 Significant

Table 6.1 Top upregulated genes associated with MUC2 and TFF3 expression in
Bodmer microarray data. (A) describes the top 10 genes positively linked to MUC2
expression. (B) illustrates the top 20 upregulated genes for TFF3 with the p-value corrected

by Bonferroni method. Genes were sorted based on the R value from highest to lowest.

Among the 16 genes analysed in Figure 6.2, FCGBP, REG4--2, and ST6GALNAC1

showed a strong correlation with MUC2 expression (Table 6.1A). Our experimental
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data in LS180 cell line showed that only a small number of cells stain with REG4

similar to MUC2/TFF3 (Figure 6.3).

DAPI REG4 Phalloidin Merge

LS180 LS180

LS180

Figure 6.3 Representative images of REG4 staining in LS180 cell line. Cells were
incubated over three days and fixed before staining with REG4 (1:250), Phalloidin (1:1000),
and DAPI (blue, 1:10000). Scale bar: 50 pm.

The 2x2 analysis suggested that 14/16 (87.5%) of MUC2-producing cell lines express
FCGBP, however 13/27 (48.1%) of FCGBP-positive cell lines do not express MUC2.
There is a possibility that MUC2 forms a subpopulation under FCGBP expression. We
also had a similar finding in TFF3, where almost all MUC2-positive cells express TFF3,
but not vice versa. These results may indicate that FCGBP and TFF3 are necessary

before MUC2 is matured and secreted into the lumen, thus requiring further
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investigation. When we perform the Bonferroni correction with a p-value < 0.05, only

REG4 and FCGBP appeared as only most upregulated gene for MUC2 association.

As a next step, we investigated the pattern of up- and down-regulated genes with the
protein levels using our 5-group classification using volcano plots. The aim was to
identify genes that contribute to differences between various groups. We compared
group 1 versus groups 2 and 3; group 1 versus group 4; MUC2-positive groups (groups
1-3) versus group 4; MUC2/TFF3-positive groups (groups 1-4) versus group 5 (Figure
6.4A-D). Highlighted genes are represented in Appendix Table 5, along with their fold
changes and p values (Appendix Table 6). In Appendix Table 6, genes were sorted
according to their R values. The upregulated genes in groups 1+2+3+4 versus 5 were
largely those we have already associated with goblet cell differentiation. For 1+2+3
versus 4, OLFM4 and perhaps HEPACAM2 are worth further investigating as also

suggested by group 1 versus 4.

Figure 6.4 (the following page) Differentially expressed genes in various groups
originated based on the 5 protein expression levels of MUC2 and TFF3. The x-axis of the
volcano plot represents the log2 of the fold change, while the y-axis displays the negative
logarithm (base 10) of the p-value. (A) compares high MUC2-expressing cell lines versus
medium/low MUC2-expressing cell lines. (B) describes the comparison between groups 1 and
4. (C) depicts up- and down-regulated genes in MUC2-positive groups (groups 1-3) versus
group 4 cell lines. (D) represents differentially expressed genes in both MUC2- and TFF3-

positive cell lines versus group 5.
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6.2.2 Effect of Notch pathway on goblet cell differentiation

We analysed four Notch receptors (Notch 1, 2, 3, and 4) and five Notch ligands (JAG

1,2 and DLL 1, 3, 4) as described in Figure 6.5.
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CRC cell lines
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74
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Figure 6.5 Data analysis of Notch receptors and ligands. Figures A-D show expression
analysis of Notch receptors based on (A) our microarray data, (B) TCGA dataset, (C) single-
cell RNA-seq data of normal colon, (D) single-cell data of LS180-COLOG678 cell lines. Figures
(E-H) represent gene expression analysis of Notch ligands with a similar order as Figures A-
D.

Among Notch receptors, only Notch3 exhibits bimodal distribution in our microarray
data of CRC cell lines. Notch1 and Notch2 shows positively unimodal pattern, whereas

Notch4 demonstrates negatively unimodal distribution. According to scRNA-seq data
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from normal colon tissue, these receptors are primarily expressed in the cluster of
stem cells and progenitors. Goblet-cell negative cell line, COLOG678 exhibits high
expression of these receptors, suggesting its stem-like phenotype. Regarding the
Notch ligands, DLL1 and DLL4 stand out more interesting due to their bimodal pattern

based on GMMchi analysis, as well as mainly expression in the goblet cell cluster.

We investigated the role of the Notch pathway in goblet cell differentiation by using
dibenzazepine (DBZ), a y-secretase inhibitor. The results revealed a significant
increase in the number of MUC2 and TFF3-positive cells following 48 hours of DBZ
administration in LS180 cell line (Figure 6.6A). qRT-PCR analysis revealed that
ATOHA1, a key transcription factor for goblet cell differentiation, substantially increased,
whereas HES1, which is known to function as a negative regulator of ATOH1, showed
a significant reduction in gene expression (Figure 6.6B). DLL4, a Notch ligand, was

also upregulated following DBZ treatment (Figure 6.6B).
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Figure 6.6 Assessment of the effect of the Notch pathway on the LS180 cell line. (A)
Cells were treated with DBZ (200 nM), a y-secretase inhibitor, for 48 hours, then fixed and
stained with MUC2, TFF3, and DAPI. The number of MUC2- and TFF3-positive cells were
quantified using CellProfiler for nuclei, and manually for goblet cells. (B) represents gqRT-PCR
results of ATOH1, CDX1, CDX2, GATA6, HES1, and DLL4. Statistical analysis was done
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using a t-test to compare DBZ relative to the control group in three independent experiments.
***p < 0.001.

We also assessed the effect of Notch pathway in other cell lines belong to Group 4
and Group 5. Inhibition of Notch pathway didn't induce MUC2 expression in SKCO1
cell line belonging to group 4 (Figure 6.7A). Another group 4 cell line, SNUC2B
exhibited a slight increase in protein expression levels of TFF3 (Figure 6.7B). It should
be noted that this experiment was conducted once, and further replications are
necessary to validate the outcome. There was no notable difference in terms of MUC2

and TFF3 expression levels in group 5 cell lines (Figure 6.7C).

A. B.[" 151 Control DBZ
2
b [}
£ o 10+
c >
] -
-l | O ‘n
o
8 2 54
x o
» S
2
o 0——o——
MuC2 TFF3
SNUC2B
C Merge
L]
©
)
hd
c
(]
- | Y
o
—
o
N
o
(a]

208



COLO678

OXCO3

Figure 6.7 Effect of Notch pathway on the cell lines belonging to groups 4 and 5. (A)
represents the effect of Notch pathway in SKCO1 cell line. SKCO1 cells were treated with
DBZ (200 nM) prior to being fixed and stained with MUC2 (1:250), TFF3 (1:500), and DAPI.
(B) shows the percentage of MUC2- and TFF3-positive cells in SNUC2B cell line. CellProfiler
was used to quantify nuclei, and the number of TFF3-positive cells were defined manually. (C)
displays the impact of Notch pathway on goblet cell differentiation in group 5 cell lines. Staining

was done as shown in (A). Scale bar: 50 ym.

We also studied whether cell density influences goblet cell differentiation in bulk
cultures. To test that, we plated various numbers of LS180 cells in a 96-well plate and
fixed them on day 4 after seeding. According to our results, cell density didn't affect
goblet cell differentiation in the LS180 cell line (Figure 6.8). It is most likely due to

plating the cells in bulk culture where signalling pathways are already established.
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Figure 6.8 Effect of cell confluency on goblet cell differentiation in LS180 cell line. (A)
displays the percentage of MUC2- and TFF3-positive cells according to indicated number of
cultured cells. In the figure, the x-axis displays the indicated number of cells seeded on the
first day of culturing, whereas the y-axis represents the percentage of MUC2- and TFF3-
positive cells. LS180 cells were fixed after 4 days of culturing and then stained with MUC2
(1:250), TFF3 (1:500), and DAPI. (B) demonstrates representative images from each

condition. Scale bar: 50 pm.
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6.2.3 Classification of CRC cell lines based on expression of various

transcription factors

Next, we explored how the expression of transcription factors correlates with our cell
lines classification. CRC cell lines belonging to groups 1-5 were classified according
to mRNA expression levels of ATOH1, SPDEF, CDX1, CDX2, GATA6, HES1, and
ETS2 transcription factors, which appear to be associated with goblet cell
differentiation (Table 6.2). The most striking result in Table 6.2 is the overall high
frequency of lack of expression of the transcription factors ATOH1, SPDEF and CDX1
in the group 5 MUC2-TFF3- cell lines. In contrast CDX1, CDX2, GATAG and ETS2 are
nearly all positive in groups 1,2 and 3, which are the groups that express MUC2 and
TFF3, though at varying levels. HES1 seems to be expressed in nearly all the cell
lines. Group 4 has a lower number of cell lines expressing ATOH1, SPDEF1 and ETS2
suggesting that this combination may have something to do with the group 4's
distinctive expression of TFF3 without MUC2. These results overall provide strong
further evidence for the key role of these factors in goblet cell differentiation and the
control of expression of TFF3 and MUC2. They furthermore suggest that it is
combinations of these factors that may be the determinants of the differentiation, and

variation of the combinations that explains the 5 groups found in the CRC cell lines.
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Group 1.

Cell line % MUC2 | % TFF3 | ATOH1 | SPDEF--1 CDX1 CDX2 GATAG6--1 | HES1--2 ETS2--1
C99 93.3 100.0 negative negative positive positive positive positive positive
CL40 94.4 100.0 negative negative positive positive positive positive positive

HCA46 100.0 100.0 positive negative positive positive positive positive positive
HDC9 14.3 23.8 positive positive positive positive positive positive negative
LS411 23.5 99.4 positive positive negative | positive positive positive positive
LS513 22.6 29.8 negative negative positive positive positive positive positive

NCIH508 16.1 16.1 positive positive positive positive positive positive positive

NCIH716 98.8 99.4 positive positive negative | positive negative positive negative
PCJW 21.2 21.2 negative negative positive positive positive positive positive

RW7213 30.4 30.4 negative negative positive positive positive positive positive

Group 2.

Cell line % MUC2 | % TFF3 | ATOH1 | SPDEF--1 CDX1 CDX2 GATA6--1 | HES1--2 ETS2--1

C125PM 6.0 6.0 negative negative positive positive positive positive positive
C80 6.6 6.6 positive positive positive positive positive positive positive
c84 6.9 7.6 positive positive positive positive positive positive positive

HDC111 7.2 7.2 positive positive negative | negative positive positive positive

HDC114 2.5 1.8 negative negative positive positive positive positive positive

HDC143 4.1 4.1 positive positive positive positive positive positive positive

HDC73 3.5 6.3 positive positive positive positive positive positive positive
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HT29 1.9 2.4 positive positive negative | negative positive positive positive
LS174T 3.3 3.3 negative negative positive positive positive positive positive
LS180 34 34 positive negative positive positive positive positive positive
T84 4.4 4.4 positive negative positive positive positive positive positive
VACO4A 3.8 3.8 negative negative positive positive positive positive positive
WIDR 34 4.1 negative positive negative | negative positive positive positive
Group 3.
Cell line % MUC2 | % TFF3 | ATOH1 | SPDEF--1 CDX1 CDX2 GATAG6--1 | HES1--2 ETS2--1
CCK81 0.8 0.8 positive negative positive positive positive positive positive
Cw2 1.3 1.5 positive negative positive positive positive positive positive
CX1 1.0 1.7 positive negative negative | negative positive positive positive
HCC56 1.0 1.0 negative negative positive positive positive positive positive
HDC54 0.7 1.2 negative negative positive positive positive positive positive
HDC57 1.2 1.3 negative negative positive positive positive positive positive
JHCOLOY1 0.5 1.5 negative negative positive positive positive positive positive
KM20L2 0.6 1.2 negative positive negative | positive positive positive positive
LOVO 0.8 0.3 negative negative positive positive positive positive positive
LS1034 0.9 1.1 negative negative positive positive positive positive positive
SW1222 0.7 1.0 negative positive positive positive positive positive positive
SW1463 0.5 0.7 NA NA NA NA NA NA NA
SW948 1.4 1.4 negative negative positive positive positive positive positive
VACOA4S 1.3 1.3 positive negative positive positive positive positive positive
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Group 4.

Cell line % MUC2 | % TFF3 | ATOH1 | SPDEF--1 CDX1 CDX2 GATA6--1 | HES1--2 ETS2--1
C106 0.0 100.0 negative negative positive positive positive positive positive
C70 0.0 100.0 negative negative positive positive positive positive negative
CL14 0.0 100.0 negative negative positive positive positive positive positive
COoLO201 0.0 100.0 negative negative negative | negative negative positive negative
COLO205 0.0 100.0 negative negative negative | negative positive positive negative
COLO206 0.0 100.0 negative negative negative | negative positive positive negative
GP2D 0.0 100.0 negative negative positive positive positive positive positive
GP5D 0.0 100.0 negative negative positive positive positive positive positive
HDC142 0.0 100.0 negative positive positive positive positive positive negative
HT55 0.0 100.0 negative negative positive positive positive positive positive
NCIH548 0.0 100.0 negative negative negative | negative positive positive negative
PMFKO014 0.0 97.6 negative negative negative | negative positive positive positive
RCM1 0.0 100.0 negative negative positive positive positive positive negative
RW2982 0.0 100.0 negative negative positive positive positive positive positive
SKCO1 0.0 100.0 negative positive positive positive positive positive positive
SNUC1 0.0 100.0 positive positive positive positive positive positive positive
SwW403 0.0 100.0 positive negative positive positive positive positive positive
SW620 0.0 100.0 negative negative negative | negative positive positive negative

TT1TKB 0.0 97.9 NA NA NA NA NA NA NA

VACO429 0.0 100.0 negative negative negative | negative positive positive positive
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HCT8 0.8 100.0 negative negative positive positive positive positive negative
LIM1863 0.6 100.0 positive negative positive positive positive positive positive
OXCO2 0.4 100.0 negative positive positive positive positive positive positive
SNU1235 2.9 99.0 NA NA NA NA NA NA NA
VACO10MS 2.9 99.0 positive negative positive positive positive positive positive
VACOS5 2.3 100.0 negative negative negative | negative positive positive positive
SNUC2B 0.0 18.7 negative positive negative | negative positive positive negative
Group 5.
Cell line % MUC2 | % TFF3 | ATOH1 | SPDEF--1 CDX1 CDX2 GATAG6--1 | HES1--2 | ETS2--1
C10 0.0 0.0 negative negative negative | negative negative positive negative
C10A 0.0 0.0 negative negative negative | negative negative positive negative
C10s 0.0 0.0 negative negative negative | negative negative positive positive
C2BBE1 0.0 0.0 negative negative negative | positive positive positive negative
C32 0.0 0.0 negative negative positive | positive positive positive positive
C75 0.0 0.0 negative negative positive | positive positive positive positive
CACO2 0.0 0.0 negative positive positive | positive positive positive negative
CAR1 0.0 0.0 negative negative negative | negative positive positive negative
Ccc20 0.0 0.0 negative negative negative | negative negative positive negative
Ccco7 0.0 0.0 negative negative negative | negative negative positive negative
COLO320DM 0.0 0.0 negative negative negative | positive negative negative negative
COLO320HSR 0.0 0.0 positive negative negative | positive negative negative negative
COLO678 0.0 0.0 positive negative negative | negative negative positive negative
DLD1 0.0 0.0 negative negative negative | positive positive positive positive
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HCA?7 0.0 0.0 negative negative negative | negative positive positive negative
HCC2998 0.0 0.0 negative negative positive | positive positive positive positive
HCT116 0.0 0.0 negative negative negative | negative negative positive negative
HCT15 0.0 0.0 negative negative negative | positive positive positive positive
HDC135 0.0 0.0 positive negative negative | negative negative positive negative
HDC8 0.0 0.0 negative negative negative | negative negative positive negative
HDC82 0.0 0.0 negative negative positive | positive positive positive positive
HRA19 0.0 0.0 negative negative positive | positive positive positive positive
ISCEROL 0.0 0.0 negative negative negative | negative negative positive negative
LIM1215 0.0 0.0 NA NA NA NA NA NA NA
LIM2405 0.0 0.0 NA NA NA NA NA NA NA
LS123 0.0 0.0 negative negative negative | negative positive positive negative
NCIH747 0.0 0.0 negative negative negative | negative positive positive negative
ouMms23 0.0 0.0 negative negative negative | positive positive positive negative
OXCo1 0.0 0.0 negative negative negative | negative positive positive negative
OXCO3 0.0 0.0 negative negative negative | positive negative positive negative
RKO 0.0 0.0 negative negative negative | negative negative negative negative
SW1116 0.0 0.0 negative negative positive | positive positive positive positive
SW1417 0.0 0.0 negative negative negative | positive negative positive negative
Sw48 0.0 0.0 negative negative negative | positive negative positive negative
SW480 0.0 0.0 negative negative negative | negative negative positive negative
SW837 0.0 0.0 negative negative negative | negative negative positive negative
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Table 6.2 Gene expression analysis of ATOH1, SPDEF, CDX1, CDX2, GATA6, HES1, and
ETS2 transcription factors in a panel of CRC cell lines. The percentage of MUC2 and
TFF3 was identified based on the quantification analysis of protein expression levels. Cell
lines were classified into the 5 groups as before and characterised by mRNA expression levels
of various transcription factors, including ATOH1, SPDEF, CDX1, CDX2, GATA6, HES1, and
ETS2. The threshold values for separating positive/high and negative/low cell lines in terms

of ATOH1, SPDEF, CDX1, CDX2, GATAG, HES1, and ETS2 expression are 2°%, 2844 2880

715 ©7.86 £6.10 10.06
201>, 20°° 2 2

, and , respectively. “NA” indicates that mRNA expression data are not

available for the cell lines, namely SW1463, TT1TKB, SNU1235, LIM1215, and LIM2405.
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6.2.4 Effect of different factors on goblet cell differentiation
6.2.4.1 Effects of ATOH1 and SPDEF knockdown and overexpression

To investigate the effects of ATOH1 and SPDEF in the control of goblet cell
differentiation in our cell lines, we started with LS180. Cells were transfected with
siRNAs against ATOH1 and SPDEF and cultured for 3 days. Next, the number of

MUC2/TFF3-positive cells was quantified.

Knockdown of ATOH1T resulted in a dramatic decrease in goblet cell differentiation,
whereas downregulation of SPDEF had a more modest effect, suggesting a primary
role for ATOH1 in the LS180 cell line (Figure 6.9A). Knockdown of ATOH1 and SPDEF
together did have an apparently modest, though not statistically significant, impact on
goblet cell differentiation when compared to ATOH1 knockdown alone (Figure 6.9A).
The efficiency of the knockdown was checked by qRT-PCR (Figure 6.9B). The
knockdown of ATOH1 and SPDEF appeared to influence each other’s levels,
suggesting mutual interactions. The effect of ATOH7 and SPDEF knockdown was also
checked in LOVO (group 3), RW7213 (group 1), and SW1222 (group 3) CRC cell lines,

all of which showed a significant impact on goblet cell differentiation (Figure 6.9C).
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Figure 6.9. Knockdown of ATOH1 and/or SPDEF in LS180 and other cell lines led to
downregulation of MUC2 and TFF3 expression. (A) LS180 cells were transiently
transfected with siRNAs against ATOH7 and SPDEF and analysed three days post-
transfection. The percentage of MUC2 and TFF3 expression was quantified as in Figure 3.5A.
Statistical analysis was done using a t-test for the different functional transfections compared
to scrambled siRNA (scr-siRNA) in eight independent experiments. ***p < 0.001, 'NS' (p >
0.05) indicates that the comparison was not significant. (B) The efficiency of knockdown was
analysed by RT-gPCR. GAPDH was used as an internal control. (C) The effects of knocking
down of ATOH1 and SPDEF were analysed in RW7213, SW1222, and LOVO cell lines.

According to scRNA-seq data analysis of the normal colon, ATOH1 and SPDEF are
predominantly expressed in the goblet cell cluster (Figure 5.3C). ATOH1 is a
transcription factor that seems to be expressed at low levels overall in many cell lines,

but probably at detectable levels in only a subset of cells. Thus, the categorisation into
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“‘negative” cell lines needs to be interpreted with caution. This emphasises the
question, namely is this a problem of ATOH1 detection or are there additional factors,

other than ATOH1, that control the expression of MUC2 in those cell lines?

It was next explored whether ectopic expression of ATOH1 and SPDEF could induce
goblet cell differentiation in MUC2- and TFF3-negative cell lines. ATOH1 and SPDEF
plasmids were purchased from OriGene and then reconstructed onto the pCl-neo
mammalian expression vector, which served as the backbone for both plasmids.
ATOH1 and SPDEF plasmids consisted of Myc and Flag tags as shown in Figure
6.10A. Therefore, we performed site-directed mutagenesis using the In-Fusion HD
cloning kit (Takara Bio) to remove the tags, as they might affect the 3D structure of
the protein. The general description of the procedure was described in Figure 6.10B.
EcoRI and Notl were used as restriction enzymes for both ATOH1 and SPDEF. After
eliminating the tags, we generated a construct by ligating the plasmid vector to the
pCl-neo expression vector, and this construct was subsequently transfected into the

cells.
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Figure 6.10 Plasmid maps of ATOH1, SPDEF, and pCl-neo and overall description of

molecular cloning procedure. (A) displays schematic structure of ATOH1 and SPDEF. (B)

exhibits a visual schematic representation of cloning process.

After eliminating the tags, we generated a construct by ligating the plasmid vector to

the pCl-neo expression vector, and this construct was subsequently transfected into

cells (Figure 6.11). Overexpression of ATOH1 and/or SPDEF led to an increase in

MUC2- and TFF3-positive cells in LS180 (Figure 6.11A). By contrast, there was no
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effect on goblet-cell negative cell lines, CC20, OXCO3, DLD1, and COLO678 (Figure

6.11B).
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Figure 6.11 Overexpression of ATOH1 and SPDEF in CRC cell lines. A) describes the
effect of ectopic expression of ATOH1 and SPDEF on their own and together on the percent
of MUC2/TFF3-positive cells in the MUC2/TFF3 LS180 cell line. B) shows the lack of effect of

222



ectopic expression of MUC2 in four group 5 MUC2-/TFF3- cell lines. MUC2 (PR5D5, 1:250),

ATOHA1 (rabbit, 1:500), and DAPI were used in immunofluorescence analysis.
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6.2.4.2 Effects of CDX1 and CDX2 knockdown

The mRNA expression analysis of CDX1 and CDX2 is shown in Figure 6.12. In each
case, there is a strong association between high level expression of these genes and
expression of MUC2 and TFF3. There is a clear suggestion that these transcription

factors may be associated together in a transcription factor complex.
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Figure 6.12 GMMChi gene expression analysis of CDX1 and CDX2. The cut-off thresholds
for the difference between low and high expression are 288 and 272, respectively for CDX1
and CDX2.

To validate a role for CDX1 and CDX2 in the control of goblet cell differentiation we
downregulated their expression levels by using siRNAs against CDX7 and CDX2,
respectively, in LS180, with ATOH1 as a positive control. After three days of treatment,
the percentage of MUC2- and TFF3- was quantified by immunofluorescence as before
(Figure 3.5A). Single or double knockdown of CDX7 and CDX2, led to a significant
decrease of goblet cells in LS180, though the effect was not as strong as that of
ATOH1 knockdown (Figure 6.13A). Knockdown of CDX2 has a stronger effect

compared to knockdown of CDX1. The efficiency of the knockdown was checked by
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gRT-PCR (Figure 6.13B). The effects of CDX7 and CDX2 downregulation was also
investigated in LS513 (group 1), RW7213 (group 1), and SNUC2B (group 4) cell lines
(Figure 6.13C). Our results revealed that knockdown of ATOH1 did not significantly
affect the levels of CDX1, and CDX2. Knockdown of CDX1 led to an increase in CDX2
MRNA levels, suggesting a compensatory mechanism. Knockdown of CDX2 resulted

in a dramatic reduction of ATOH1 mRNA level.
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Figure 6.13 Knockdown of CDX7 and/or CDX2 in LS180 caused a significant reduction
in MUC2 and TFF3 protein expression. (A) LS180 cells were transiently transfected with
siRNAs against CDX1 and CDX2 and fixed three days after transfection. The proportion of
MUC2- and TFF3-positive cells was defined as shown in Figure 3.5A. Statistical analysis was
performed using the t-test. **p < 0.01, ***p < 0.001, ****p < 0.0001, 'NS' (p > 0.05). (B) The
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efficiency of the knockdown was evaluated using RT-gPCR. GAPDH was used as an internal

control. (C) The impacts of CDX1 and CDX2 knockdown were analysed in 3 more cell lines.

6.2.5 Effect of methylation on goblet cell differentiation

To study the effect of methylation on goblet cell differentiation, we used 5-AZA-CdR
(5-aza-2'-deoxycytidine), a DNA-hypomethylating drug. First, different drug
concentrations were tested and 10 yM was chosen as the working concentration.
LS180 cell line was treated with 5-AZA-CdR for 48 hours and the percentage of MUC2-
and TFF3-positive cells was quantified (Figure 6.14A). Our results revealed that the
proportion of MUC2- and TFF3-positive cells significantly decreased following 5-AZA-
CdR treatment, compared to the control samples. DMSO was used as the control in
these experiments. Next, we tested mRNA expression analysis of ATOH1, CDX1/2,
GATAG6, HES1, and DLL4 (Figure 6.14B). Gene expression of ATOH1 was markedly
reduced, indicating its regulation through methylation. By contrast, the gene

expression of HES1 exhibited an increase.

A . _ Fkkk *kkk B . 3

® Control

il ﬂﬁﬂmﬂﬂﬂ&

1 I I I I I
MUC2 TFF3 ATOH1 CDX1 CDX2 GATA6 HES1 DLL4

LS180 LS180

H

e Control
e 5.AZA-CdR ;

w
1

% of positive cells
- (X
1 1
mRNA fold change

Figure 6.14 DNA methylation affects goblet cell differentiation in the LS180 cell line. The
cells were treated with 10 yM of 5-AZA-CdR for 48 hours. (A) represents the quantification of
MUC2 and TFF3 immunofluorescence staining in LS180. Statistical analysis was performed

using a t-test of 5-AZA-CdR-treated samples compared to controls. ****p < 0.0001. (B)
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displays mRNA expression analysis of ATOH1, CDX1/2, GATA6, HES1, and DLL4. GAPDH

was used as an internal control.

Next, we investigated the duration of drug efficacy by conducting recovery
experiments. LS180 cells were cultured in multiple 96-well plates and fixed for various
time periods. Treatment was applied from 24 hours to 120 hours, with 5-AZA-CdR
being added every 24 hours. The cells were fixed at indicated time points and the
proportion of MUC2- and TFF3- was quantified (Figure 6.15A). For recovery
experiments, we treated the cells with 5-AZA-CdR for 72 hours and then maintained
them under a drug-free condition from 24 hours to 120 hours, by replacing the media
every 2 days. The number of MUC2- and TFF3-positive cells reduced during the drug
treatment and then began to rise following discontinuing the drug. SRB assay was
carried out as described in Chapter section 2.2.3 to assess cell density (Figure 6.15B).
According to our results, the samples treated with 5-AZA-CdR exhibited lower cell

density than the controls, suggesting drug toxicity.
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Figure 6.15 Assessment of 5-AZA-CdR efficacy on goblet cell differentiation in LS180.
(A) For treatment, cells were subjected to the same procedure as shown in Figure 6.10A.
During the recovery experiments, LS180 cells were administered with 10 yM of 5-AZA-CdR

for 72 hours and then kept in a drug-free environment for the indicated time points. After each
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time point, cells were fixed and quantification of MUC2- and TFF3- positive cells were
performed as shown in Figure 3.5A. (B) SRB assay of untreated and 5-AZA-CdR-treated
samples in LS180. The absorbance was measured at 520 nm. The connecting line represents

the mean value of each replicate.

We also investigated the impact of demethylation on the group 4 cell line, COLO205.
Cells were treated with 10 uM of 5-AZA-CdR, for time periods ranging from 24 hours
to 120 hours. During the recovery experiments, we first treated the cells with the drug
for 72 hours and then maintained them under a drug-free condition at indicated time
intervals before fixing and staining. Representative images from three replicated
experiments were shown in Figure 6.16A. Based on our results, COLO205 started to
express MUC2 after 72 hours of treatment (Figure 6.16A) as opposite to LS180. The
expression of MUC2 remained during the 96- and 120-hour treatment periods, but
then declined gradually during the recovery phase. We can hypothesise that in group
4 cell line, COLO205, MUC2 is most likely methylated. Methylation sequencing
analysis is necessary to confirm this statement and validate it in other group 4 cell
lines. SRB assay was conducted, and the results exhibited a similar trend to that
obtained in LS180 (Figure 6.16B). To sum up, goblet cell differentiation is affected by

methylation in different ways via MUC2 or transcription factor promoters.
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Figure 6.16 DNA methylation induces MUC2 expression in COLO205 cell line. The cells
were administered with 10 yM of 5-AZA-CdR for indicated time periods. (A) describes
immunofluorescence staining of MUC2 and TFF3 during untreated and treated cases in
COLO205. (B) SRB assay indicates a comparison of cell density between untreated and

treated samples. The connecting line indicates the mean value of each replicate.
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6.3 DISCUSSION

Our results showed that the suppression of Notch signalling by y-secretase inhibitor,
DBZ, increases intestinal goblet cell differentiation. This corresponds to previous
results in our lab, which showed DBZ led to enhanced goblet cell differentiation in the
SW1222 cell line during normoxia and hypoxia conditions (Yeung et al., 2011). Other
reports have also documented similar results following DBZ administration (van Es et

al., 2005; Zecchini et al., 2005).

We confirmed that ATOH1 is an essential transcription factor for goblet cell
differentiation. Our findings align with the results reported by other research groups
(Kazanjian et al.,, 2010; Leow et al., 2004; Yang et al.,, 2001; Zhu et al., 2012).
Kazanjian et al. demonstrated that y-secretase inhibitors exhibit their effects in an
ATOH1-dependent manner in both normal and cancerous intestinal epithelium
(Kazanjian et al.,, 2010). According to their study, y-secretase inhibitors did
not promote secretory lineage differentiation of ATOH1-null progenitors, suggesting
that only ATOH1-expressing CRCs will be sensitive to these inhibitors (Kazanjian et
al., 2010). We were also able to demonstrate that group 5 cell lines that lack

ATOH1 expression did not respond to DBZ treatment.

Most CRC cases exhibit loss of ATOH1 due to deletions in the ATOH1 locus or
methylation within the promoter region or coding sequence of the gene, highlighting its
transcriptional silencing through genetic and epigenetic alterations (Bossuyt et al.,

2009; Fu et al., 2020). We also confirmed epigenetic regulation of ATOH1 expression.

SPDEF is involved in the terminal differentiation of goblet cells. Noah et al.

demonstrated that SPDEF is required to stimulate the expression of goblet cell-related
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genes in LS174T cells when they are exposed to Notch-inhibitors (Noah et al., 2010).
SPDEF depletion led to a massive increase in immature secretory progenitors in the
intestine (Gregorieff et al., 2009; Kolev & Kaestner, 2023). Our qRT-PCR results
revealed that there is an association between ATOH1 and SPDEF as knocking down
ATOH?1 led to reduced SPDEF expression, and vice versa. A study by Shroyer et al.
detected a significant enrichment of SPDEF binding regions within ATOH1 target

genes, suggesting their role as co-transcriptional regulators (Lo et al., 2017).

CDX homeodomain proteins were shown to control MUC2 expression (Mesquita et
al., 2003). A study by Yamamoto et al. revealed CDX2-binding sites in the MUC2
promotor region (Yamamoto et al., 2003). However, CDX1 and CDX2 binding sites
are very similar if not identical so that it is very difficult to distinguish their effects and,
in many situations, when one is knocked out the other can most probably take its place
functionally. Considering that the expression of CDX1 and CDX2 is regulated by
methylation, a deficiency or reduced level of these factors can lead to impaired MUC2

expression (Wang et al., 2018; Wong et al., 2004).

We identified that methylation affects goblet cell differentiation in different ways via
MUC2 or transcription factors promoters. Several reports indicated that demethylation
of the MUC2 gene promoter enhanced its de novo expression in CRC cell lines
(Andrianifahanana et al., 2006; Gratchev et al., 2001; Okudaira et al., 2010).
Additionally, the proportion of analysed methylated sites was higher in non-mucinous
carcinomas compared to mucinous carcinomas (Gratchev et al., 2001). For TFF3,
Wang et al. found no significant association between promoter methylation and
TFF3 expression (Yusufu et al., 2019). Overall, it seems most likely that the various

implicated goblet cell controlling transcription factors, we have analysed, act in
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combinations. It is then the disruption of these combinations by selection against
goblet cell differentiation and MUC2 expression during tumour evolution that gives rise
to the 5 different categories of MUC2 and TFF3 expression that have been identified

in the CRC cell line panel.
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CHAPTER 7: GENERAL DISCUSSION AND FUTURE OUTLOOK

Goblet cells are one of the secretory differentiated cells within the intestinal
epithelium. The disruption of goblet cell differentiation has been shown to be
associated with the more aggressive colorectal cancer (Conze et al., 2010;
Gundamaraju & Chong, 2021; Kim & Ho, 2010). In addition to deregulation of cellular
differentiation, hypersecretion of goblet cell product, MUC2 can also create an
environment that allows cancer cells to escape chemotherapy and facilitates immune
surveillance (Cantero-Recasens et al., 2022; Fujishima et al., 2012). Understanding
the mechanisms involved in goblet cell differentiation might enable a more refined

diagnosis of CRC and suggest novel approaches to treatment and prevention of CRC.

Our study reveals a new classification of CRC lines, and do so CRC, in the context of
goblet cell differentiation and a possible novel subtype of CRCs. We categorised CRC
cell lines into 4 groups by level of expression of MUC2 and TFF3 by both mRNA and
immunofluorescence analysis, and a fifth category which was negative for the two

goblet cell markers.

We originally hypothesised that group 1 cell lines, which express high levels of both
MUC2 and TFF3, might be signet ring tumours. However, this is not the case due
to the secretion of MUC2. They probably represent the well-known category of
mucinous colorectal cancers. Most of the MUC2+ TFF3+ cell lines secrete both

proteins with possibly just a small subset of group 3 that do not secrete.

One category displays notably high levels of TFF3 and no (or very low) MUC2

expression which has not been described elsewhere. It is important to investigate
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group 4 cell lines that appear to be in the process of losing differentiation and

potentially becoming more aggressive compared to differentiated types.

We extended our classification to cancer patients' tissue sections and validated the
groups we identified in CRC cell lines. The immunofluorescence analysis was done
with a commercial antibody against TFF3 and one of our antibodies (PR5D5) against
MUC2. Though TFF3 and MUC2 completely overlap on normal colorectal tissue cells,
and the majority of tissue sections showed heterogeneity in group types with respect
to levels of MUC2 and TFF3 expression. This leads to the question of how these goblet
cell differentiation groups relate to the usual pathology classifications and to
clinical prognosis, with the eventual possibility of discovering what the underlying
molecular changes are. The limitation of our study was the low number of slides used.
Examining a much larger number of tissue sections allows us to validate the accuracy
of our classification based on cell lines and explore the range of different associated
prognoses, as well as to train artificial intelligence effectively. This might enable

artificial intelligence to identify categories based only on H&E staining.

Our data agree with the widely reported primary dependence of MUC2 expression on
the transcription factor ATOH1. To investigate what distinguishes the 4 main groups
of cancers expressing MUC2 and/or TFF3, we compared the pairwise differences in
their gene expression patterns. Several transcription factors, such as TOX3 and
FOXA2 were significantly expressed in groups 1-4 versus group 5 which requires

further investigation.

It is the high level TFF3 and completely negative/very low MUC2 expressing cancer
cell lines (group 4) that we think are novel and most intriguing. The effects of 5-AZA-

CdR treatment suggests that the absence of MUC2 expression in group 4 category
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maybe due to methylation of the MUC2 promoter region. However, the result is
confounded by the fact that HES1 increases expression with 5-AZA-CdR, which
should have the opposite effect. We speculate that TFF3 may have a dual role in both
the stimulation of growth in colonic tissues, especially their repair when damaged, and

the maintenance of MUC2 mature structure.

We found no correlation between the groups of cancers we defined by MUC2 and
TFF3 expression and enterocyte differentiation as measured by lumen formation. In
particular, in contrast to enterocyte differentiation, the goblet cell differentiation does

not seem to be dependent on ECM/Matrigel attachment.

Our observations fit in with selection in carcinogenesis, at least for adenocarcinomas,
against differentiation perhaps especially to goblet cells. Is it possible that there is
also selection especially against MUC2 expression, as in group 4, that might be
associated with some advantage in TFF3 expression? Attacking TFF3 function could

lead to new treatment approaches in CRC.

Goblet cells in celllines provide a good model for furtherin-depth studies of
differentiation. Clearly it is of interest to try and identify the driving genetic changes
associated with each of our four main groups. ATOH1 downregulation, possibly by
promoter methylation, could be one factor. However, our data indicate that changes in
the expression of just one transcription factor are not enough. Several factors must be
involved in any one transcription complex, and any one transcription factor is most
probably involved in a variety of different transcription complexes whose functions
might be quite unrelated. Overexpression or knocking down different combinations of

transcription factors needs to be further investigated. Choosing the correct antibodies
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is essential because some may exhibit varying activity on Western blot and

immunofluorescence.

Single cell sequencing technology is quite efficient for determining intracell
line variations, as well as differences between various CRC cell lines. We validated
goblet cell associated genes through the scRNA-seq data of normal colon and LS180-
COLOG678 cell lines. The challenge with the sensitivity of single-cell analysis is that
it helps define cell types but cannot generally explain how they arise. Conducting time-
dependent experiments on various transcription factors can help us track their role in

goblet cell differentiation.
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