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ABSTRACT

Myofibroblasts are an important cellular component of the tumour
microenvironment and play an essential role in facilitating carcinogenesis
through bidirectional communications with epithelial cells. Accumulation of
myofibroblasts is associated with poor prognosis in colorectal cancers.
Myofibroblasts are distinguished from skin fibroblasts by positive expression of
amine oxidase, copper containing 3 (AOC3) and NKX2-3. The current project
aims to study the in vitro interactions between myofibroblasts and colorectal
cancer (CRC) epithelial cell lines and their effects on gene expression in

myofibroblasts, primarily AOC3 and NKX2-3.

In vitro interactions between myofibroblasts and CRC cell lines were analysed
using various assays. An increase in cancer cell growth, myofibroblast migration
and formation of bigger lumens in CRC cell lines was found in co-culture as
compared to monoculture (Chapter 3). The results show high expression of
NKX2-3 in all myofibroblasts, while AOC3 expression was more heterogeneous.
These data suggest NKX2-3 to be a key mediator for maintaining the
myofibroblast phenotype, while AOC3 serves as a negative indicator for their
activation state. Knockdown experiments indicated NKX2-3 to be a regulator for
AOC3 and ACTA2 expression in myofibroblasts. AOC3 expression in
myofi broblasts i s doqRGFrROGRrAAaandeCE. Onrydatal GF b 1
indicate that PDGF-AA and CC are significant players for the interactions
between myofibroblasts and CRC cell lines. The fibroblast activation protein

(FAP) was shown to be an indicator of myofibroblast activation whose regulation



by PDGF-AA differed between normal and cancer-derived myofibroblasts
(Chapter 4). Lastly, we established a serum free chemically defined (NEW)
medium which supports the growth of myofibroblasts but not CRC cell lines

(Chapter 5).

In conclusion, our results illustrate in vitro cross-communication between
myofibroblasts and CRC epithelial cell lines with a significant role for the PDGF-
A and C/PDGFRA signalling pathway in the interactions between those two cell

types. (295 words)
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CHAPTER 1: GENERAL INTRODUCTION

1.1 Colonic crypt structure

The mammalian intestinal epithelium turnover is a rapid process which occurs
throughout the life of the organism (Stappenbeck et la., 1998). The stable state
of cell growth of normal colonic epithelium is sustained by a dynamic balance
between continuous cell renewal and shedding of cells at the top of the colonic
crypts. Stem and progenitor cells which can be found at the base of the crypt
drive this process and give rise to various differentiated cell types (van der Flier
and Clevers, 2009). The development and turnover of these stem cells are
controlled by several signalling pathways which involve Wnt, Hedgehog and

Noggin (Lickert et al., 2000; Wang et al., 2002; Haramis et al., 2004).

Stem cell daughters divide and move toward the upper crypt regions before
gradually losing the capacity to proliferate and become more differentiated cells
and eventually die by apoptosis (Lipkin, 1983; Traber, 1994; Hall et al., 1994).
Mesenchymal cells of the intestine found in Ilamina propria include
myofibroblasts, bone marrow-derived stromal cells and smooth muscle (Powell

et al.,, 2011; Hsia et al 2016). The crypt is surrounded by extracellular matrix

(ECM) that hel ps t o ma-idiménsionat architecturei The e st |

colonic crypt organization is shown in Figure 1.1.
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Figure 1.1

lllustration of the organization and different cell types in colonic crypt.
Small numbers of stem cells are found at the bottom of the crypt. These cells
differentiate into progenitor cells and subsequently into three types of fully
differentiated cells: goblet cells, enterocytes and enteroendocrine cells.
Myofibroblasts line the crypt of the colon and rectum and are separated from

epithelial cells by ECM (extracellular matrix).

1.2 Microenvironment and its influence on colorectal cancer

progression

The tumour microenvironment includes several components that play essential
roles in determining the progress of malignancy in solid tumours. These can be
divided into three major groups: cells of haematopoietic origin, cells of
mesenchymal origin and non-cellular components. Depending on the origin of

the tumour and stages of the cancer progression, these components may



present in different proportions. Major cell types of tumour microenvironment
include myofibroblasts, macrophages, blood vessels and are associated with
the ECM (Simon-Assmann et al., 1995; Pattabiraman and Weinberg, 2014). For
the present study, we are going to focus more on the potential role of

myofibroblasts, instead of other cell types, in promoting cancer progression.

Cross talk between tumour cells and adjacent stroma or microenvironment
supports progression of many human solid tumours. Activated stroma makes up
a significant proportion of various human solid tumours particularly non-small
cell lung, pancreatic, breast and colorectal tumours (Yazhou et al., 2004). The
presence of a high proportion of myofibroblast-rich stroma in individual tumours
is normally associated with high-grade malignancy (Maeshima et al., 2002,
Tsujino et al., 2007, Tothill et al., 2008, Farmer et al., 2009, Ootani et al., 2009).
Investigation into the nature of the tumour-myofibroblasts interaction may
therefore provide better insight on potential therapeutic avenues to eradicate the
tumour (Eberlein et al., 2015). Contrary to this notion, Ozdemir et al. (2014)
haver eported that deyofibeobldsts lradstd varld® Mdverse
outcomes mainly by suppressing immune surveillance (increased CD4(+)
Foxp3(+) the regulatory T cells i Tregs) which resulted in poor survival in a
pancreatic ductal adenocarcinoma (PDAC) mouse model. These studies
indicate that the complex role of myofibroblasts in cancer may variy depending
on the type and progression of cancer. Bidirectional communication of tumour
cells with activated stroma are mediated by secreted products such as
cytokines, growth factors, chemokines, proteases and components of the ECM

(Kaler et al., 2014; Brennen et al., 2004).



Colorectal cancer (CRC) is the third most commonly diagnosed malignancy
worldwide and one of the leading causes of cancer death in both male and
female (Torre et al., 2015). The approach of studying the treatment and related
molecular characteristics of CRC has evolved over the past decades. Instead of
focusing on the malignant cancer cells only, the scientific community started to
explore the role of tumour microenvironment in driving the CRC progression.
Accumulation of myofibroblasts around adenomatous colorectal polyps
(Adegboyega et al., 2012) and primary tumour sites has been associated with

poor prognosis and a higher rate of disease recurrence (Tsujino et al., 2007).

1.3 Stromal cell classification

Poor understanding of the stromal fibroblast has led to rather confusing and
contradicting terminology on the different cell types found in the cancer
microenvironment. Among many terms used to refer to stromal cells associated
with colon cancer are cancer associated fibroblasts (CAFs), stromal fibroblasts,
peritumoral fibroblasts, myofibroblasts or alpha-smooth muscle actin (USMA)-
positive myofibroblasts (Orimo and Weinberg, 2007, De Wever et al., 2008,
Semba et al., 2009). U S M Alefines the previously most commonly used
phenotypic characteristic of myofibroblasts and is a main factor that
contributes to the enhanced contractile force generation by these cells (Hinz
et al., 2012). Myofibroblasts in the tumour context are generally referred to as
tumour-associated fibroblasts or CAFs (Kalluri and Zeisberg, 2006) whose

recruitment and activation are mainly influenced by the cytokines secreted by



cancer cells and infiltrated immune cells. This definition was derived from an
early publication by Olumi et al. (1999) where he used a functionally based
definition of CAFs to differentiate them from conventional fibroblasts. Based on
their report and more recent study (Augsten, 2014), CAFs can be defined in
simpler term as a form of activated myofibroblasts that possesses elevated
expression of US MAn comparison to fibroblasts in normal tissue. CAFs
terminology is used in next sections in this thesis to refer to the population of

activated myofibroblasts.

Single cell analysis provides more detailed information on the existence of
different sub-populations of fibroblasts in the stroma. More recent study by Xie
et al. (2018) has reported six mesenchymal cell types (myofibroblasts, Col13al
fibroblasts, Coll4al fibroblasts, lipofibroblasts, mesenchymal progenitors,
mesothelial and endothelial cells) in normal lung and seven in fibrotic lung of
mice (sub-population of cells mentioned before and addition of Pdgfrb high
cells). A more thorough single cell transcriptomics of cellular stroma component

of human colon has yet to be described in great details.

The association between various populations of stromal cells and prognosis of
cancer has been explored by many researchers in the recent years. Costa et al.
(2018) have reported on four CAF subsets in breast cancer characterized by
specific phenotype and activation levels. In addition, Su et al. (2018) have
described the presence of a subset of CAFs characterized by two cell-surface
molecules (CD10* and GPR77*) which correlate with poor response to

chemotherapeutic agents in breast and lung cancer patients. Heterogeneity of



CAF populations also was described in pancreatic cancer whereby two
spatially separated, reversible, and mutually exclusive subtypes of CAFs were
found located either adjacent or distal from neoplastic cells (Ohlund et al.,
2017). In the CRC context, poor prognosis of the cancer relates to the
upregulation of mesenchymal genes expressed by tumour-associated stromal
cells instead of epithelial tumour cells (Calon et al., 2015). In addition, pro-
tumorigenic properties of CAFs in the colon were reported suggesting that CAFs
increased the frequency of tumour-initiating cells which was greatly enhanced

by transforming growth factor (TGF)-b signalling.

1.4  Myofibroblasts

Myofibroblasts can be found in normal tissues such as lymph nodes, blood
vessels, uterine submucosa, intestinal villous core, lung septa and stroma of
testis (Tomasek et al., 2002). These cells also were detected in reactive lesions,
the locally aggressive fibromatoses, benign tumours and sarcomas (Fletcher,
1998). Pathologically, different tumours possess variability in the amount of
myofibroblasts and heterogeneity of myofibroblasts in tumour stroma has been
reported (Kojima and Ochiai, 2016). The origins of myofibroblasts are still a
matter of debate among scientists and various research groups seem to be in
agreement that sources of myofibroblast may differ between individuals, organs,
animals, or particular injury models. Bochaton-Piallat et al. (2016) has described
myofibroblasts as a phenotypic variant of many cell types which developed upon

the appearance of appropriate stimuli.



A previous publication from our lab has defined pericryptal cells in the human
colon as myofibroblasts, as originally identified by PR2D3 mAb staining
(Richman et al., 1987), followed by the U S M &taining (Sappino et al., 1989) as
well as supported by co-staining results with various markers to confirm these
pericryptal cells are indeed PR2D3*, U S M*AVimentin* and CD31" (Hsia et al.,
2016). Table 1.1 shows markers that have been used to distinguish different cell

types, namely myofibroblasts, fi-beatedo| ast s

skin fibroblasts) and vascular smooth muscle cells (Hsia et al., 2016).



Cell type AOC3 NKX2-3 SHOX2 USMA Desmin Vimentin | Smoothelin | THY-1

CD90
Myofibroblasts + + - +, + - + _ n
Fibroblasts - - ++ + - + - ¥
Activated - - + ++ - + - i
fibroblasts
Vascular + + - + + - + _
smooth

muscle cells

Table 1.1

Molecular markers for distinguishing among myofibroblasts, fibroblasts, activated fibroblasts and vascular smooth
muscle cells.

Heterogeneous U S M #taining was found in myofibroblasts and skin fibroblasts (* +, +: the majority of the myofibroblasts were

stained by U S M:A: only a subset of fibroblasts was positive for U S M)ATable is taken from Hsia et al. (2016).




1.4.2 Markers for myofibroblasts

Microarray analysis between myofibroblasts and skin fibroblasts performed by
our group suggested several differentially expressed genes (DEGSs) as potential
markers for myofibroblasts, namely AOC3, NKX2-3 and LRRC17 (Hsia et al.,
2016). A specific gene for skin fibroblasts, SHOX2, also was identified. A
volcano plot of the microarray data is summarized in Figure 1.2. In the next
section, DEGs between myofibroblasts and fibroblasts (AOC3, NKX2-3 and

LRRC17) will be discussed.
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Figure 1.2

Volcano Plot representation of microarray data between myofibroblasts
and fibroblasts

Microarray gene expression profiles of myofibroblast cultures group (positive
foldchange) vs fibroblast cultures group (negative fold-change) were plotted
according to the log2 fold change (X axis) and -logl0 p-value (Y-axis).
Significant changes in the gene expression were identified if the corrected p-
value was less than 0.05 and fold change is greater than 2 (blue dots) (Image
taken from Hsia et al., 2016).
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1.5 Amine oxidase, copper containing 3 (AOC3)

1.5.1 The structure of AOC3 (VAP-1)

AOC3, (amine oxidase, copper containing 3) encodes vascular adhesion protein
(VAP-1). AOC3 is one of the members of cell surfacei expressed,
semicarbazide-sensitive amine oxidases (SSAO; EC 1.4.3.6) family (Smith et
al., 1998). This peripheral plasma membrane protein possesses 2 interrelated
functions in the regulation of physiological trafficking and inflammation as both
adhesive and an enzyme (Salmi and Jalkanen, 2001; 2005). AOC3 can serve

as a traditional adhesion molecule on endothelial cells.

The human VAP-1 (hVAP-1) is a 180 kDa dimeric membrane glycoprotein
consisting of a very short 4 amino acid N-terminal cytoplasmic tail, a single
transmembrane segment and a sequence of large extracellular domains (Smith
et al., 1998; Salmi and Jalkanen, 2001; 2005). The structure of a VAP-1
homodimer composed of chains A (A55i A761) and B (B57i1B761). Each
monomer (90 kDa glycoproteins) contains a copper atom, two calcium atoms
and N-acetylglucosamine sugar units at two separate sites (Airenne et al.,
2005). A soluble form of hVAP-1 has been found in humans which is
presumably a product of the proteolytic cleavage of membrane bound hVAP-1
(Abella et al., 2004; Stolen et al., 2004). The molecular structure of hVAP-1 is
the heart-shaped copper dependent amine oxidase (CAQO) fold consisting of
domains D2 (residues 551 169), D3 (residues 1701 300), and D4 (residues 3011

761) (Airenne et al., 2005). The structure of VAP-1 is illustrated in Figure 1.3.
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1.5.2 Functional activity of AOC3 (VAP-1)

AOC3 oxidizes primary amines to the corresponding aldehyde, H202 and
ammonium through enzymatic (deamination) reaction. At the first step of this
two-step reaction involves the formation of a transient Schiff-base by the amine
substrate with the enzyme. The enzyme is reduced, and the aldehyde is
released. In the second part of the reaction, the enzyme is oxidized and returns
to its original form which in a reaction, also leads to production of ammonium
ions and hydrogen peroxide. A simplified enzymatic reaction of AOC3 is shown

as below (reviewed by Jalkanen and Salmi, 2008):

R-CH2-NH2 + O2 + H20 Y -CRIO + NH3 + H20>

These products of VAP-1 enzymatic reaction, namely aldehyde, ammonium and
hydr ogen per oxi dedependentt chemmkine seddti@enB and
adhesion molecule expression in liver endothelium (Lalor et al., 2007; Jalkanen
et al., 2007) and may initiate oxidative stress due to formation hydroxyl free
radicals from H202. VAP-1 is also detected in adipocytes and smooth muscle
cells. The in vitro provision of SSAO substrates to these cells produced insulin-
like effects on their metabolism, which is mediated via PI3-kinase activation by

H202 (Marti et al., 1998; Enrique-Taranco et al., 2000).
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Figure 1.3

Structure of AOC3 (VAP-1).

The ribbons for hVAP-1are illustrated (A) where each domain is denoted with a
different colour; D2, green; D3, blue; D4 of subunit A, orange; and D4 of subunit
B, gray. The ECAO ribbon is shown in grey. The copper atom of the active site
is indicated as a yellow sphere (Image taken from Airenne et al., 2005). (B)
Molecular cloning of AOC3 indicated a type 2 glycoprotein with potential N-
glycosylation sites and putative O-glycosylation sites (denoted by N or O and
arrows). The transmembrane domain is between residues 5 and 27 (TMD:

transmembrane domain) (Figure taken from Smith et al., 1998).
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1.5.3 The role of AOC3/ VAP-1 in pathological condition

VAP-1 is found not only in endothelial cells but also in fibrotic septae where it
co-localizes with U S M*Amyofibroblasts. Both in vitro hepatic stellate cells (HSC)
and active myofibroblasts express VAP-1 and possess amine oxidase activity
which is comparable to that of sinusoidal endothelial cells (SECs). Activated
HSC induced in vitro migration of lymphocytes through amine oxidase
enzymatic activity and this process was reduced either by H202 or GPCR
signalling inhibition (Torok, 2015). Regulation of VAP-1 expression occurs in a
tissue- and cell type-selective manner and upregulation of this gene required a

correct micromilieu for it to happen (Arvilommi et al., 1997).

The expression of AOC3 is associated with the prognosis of various types of
cancer (Toiyama et al., 2009; Yasuda et al., 2011; Kostoro et al., 2016). Higher
mean levels of serum soluble VAP-1 (sVAP-1) level were detected in CRC
patients than in controls, and it decreased with cancer progression. The sVAP
also acts as an independent marker to predict lymph or hepatic metastasis.
Levels of serum VAP-1 were found to be significantly higher in hepatocellular

cancer patients when compared to controls (Kemik et al., 2010).

Others have reported conflicting findings on the association of levels of VAP
expression and progression of cancer in various organs where strong expression of
VAP-1 was found in some cancers including head and neck and liver cancers.
Patients with lower sVAP-1 appear to have poor prognosis of CRC in

comparison to those with higher sVAP-1 level (Toiyama et al., 2009). A similar
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correlation with low sVAP-1 and poor prognosis in gastric cancer also was
described (Yasuda et al., 2011). Wu et al. (2014) reported the association of
monoamine oxidase A (MAO-1) expression with poor prognosis of cancer and it
is correlated with the progression of prostate cancer and metastasis. It has been
stated that serum sVAP-1 level is lower in CRC patients in comparison to
controls (patients not having CRC). Western blot analysis also revealed lower
VAP-1 protein level in CRC compared to its matched normal colon tissues

(Ward et al., 2016).

It has been suggested that VAP-1 supports the lymphocyte recruitment where anti-
VAP-1 mAbs blocks the natural killer (NK) adhesion and tumor infiltrating
lymphocytes to VAP-1+ neovessels within the tumors (Irjala et al., 2001). VAP-1
knock-out mice of a melanoma mouse model has been shown to have impaired
ability to form new tumour vessels. VAP-1 inhibition reduced tumour infiltration by
CD8+ T cells and myeloid-derived suppressor cells (MDSCs) thus suggesting
that VAP-1 supports tumorigenesis through the recruitment of immunosuppressive

cells (Marttila-Ichihara et al., 2010).

1.6 NKX2-3

1.6.1 NKX2-3 expression and domain structure

NKX2-3 is another candidate marker for myofibroblasts. NKX2-3 (NK2

homeobox 3) located on chromosome 10g24, belongs to a family of genes that

encode transcription factors which contain homeodomains and its function is

16



implicated in basic developmental processes. The NKX family in general is
involved in the regulation of various fundamental cellular processes, including
head patterning, cardiac and lung devel op
(McGinnis and Krumlauf, 1992; Biben et al., 2002; Garcia-Fernandez, 2005).
Expression of Nkx2-3 is found in gut mesenchyme and spleen of embryonic and
adult mice. This gene has a vital role in normal development and in the
functions of the small intestine and spleen. Inactivation of the Nkx2-3 gene
leads to a major defect in both organs and early postnatal death in most of the
homozygous mutants (Pabst et al., 1999). Figure 1.4 shows the domain

architecture of human NKX2-3.
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Figure 1.4

Human NKX2.3 mRNA and protein domains.

(A) NKX2-3 position on g arm of chromosome 10 is denoted by the box. (B)
NKX2-3 gene is comprised of two exons of 527 and 1540 bp, respectively and
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one intron of 1496 bp. The NKX2.3 protein is made up of 364 amino acids which
includes a TN (tinman domain), HD (homeodomain), SD (NK2 specific domain)
and TAD (transcriptional activation domain). Figure and data from ENSEMBL

transcript (http://www.ensembl.org/index.html).

1.6.2 NKX2-3 and pathogenesis

Several NKX2 members have been identified as oncogenic drivers in solid
tumours. NKX2-2 is associated as a vital transcription factor that contributes to
the oncogenic transformation in Ewin
(2007) have identified NKX2-1 as a novel candidate proto-oncogene involved in
a significant fraction of lung adenocarcinomas. Another member of the NKX2
family, NKX2-8 has been reported to act as a tumor suppressor in esophageal
squamous cell carcinoma (ESCCs) where its downregulation leads to activation
of NFeB and ESCC is(Lmpieb gl.e 20833. Studies also have
demonstrated that NKX2-1, NKX2-2 and NKX2-5 frequently exhibit genomic
rearrangements which result in dysregulation of expression in T-cell acute
lymphoblastic leukaemia (Nagel et al., 2007; Homminga et al., 2011; Yamaguchi

et al., 2013).

NKX2-3 polymorphism was associated with the susceptibility to inflammatory
bowel disease (IBD) in Caucasian patients (The Wellcome Trust Case Control
Consortium, 2007). CRC is one of the most serious complications of IBD,
notably in ulcerative colitis (UC) where increased risk of developing CRC is
found among these patients (Ekbom et al., 1990). Several studies have

validated the association of single nucleotide polymorphisms (SNPS)
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(rs10883365andrs1190140) in the NKX2-3 gene with Cr o hn o6 s di sease
(Parkes et al., 2007; Meggyesi et al., 2010) and UC in Caucasian and Asian
populations. A meta-analysis using 35358 subjects has established the
association of NKX2-3 polymorphisms to IBD where a significantly greater CD or
UC risk was detected in persons carrying a G allele at rs10883365
polymorphism (A/G) in comparison with those with a A allele (Odds ratio - OR =
1.226, 95% Confidence interval - Cl: 1.177711.277 and OR = 1.274, 95% CI:
1.1751 1.382 respectively) (Lu et al., 2014). These findings corroborate with
other studies where they reported that sequence variants in NKX2-3 gene
predispose to development of CD and UC. The upregulation of NKX2-3
expression was detected in tissue samples from these patients (Fisher et al.,

2008; Arai et al., 2011).

The functional roles of NKX2-3 are poorly understood and there is limited
i nformation on this geneds contribution t
2011). A more recent study has implied NKX2-3 in lymphomagenesis. NKX2-3
induces B-cell receptor signalling by phosphorylation of Lyn/Syk kinases. This in
turn leads to activation of multiple integrins (LFA-1, VLA-4), adhesion molecules
(ICAM-1, MadCAM-1) and the chemokine receptor type 4 (CXCR4). These
molecules promote B cell migration, polarization and homing to splenic and
extranodal tissues which results in malignant transformation via NF-kB and
PI3K-AKT pathways (Robles et al., 2016). As for solid tumour, downregulation of

NKX2-3 has been reported in colorectal cancer (Wang et al., 2008).
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1.7 LRRC17

LRRC17, also known as P37NB, belongs to a member of the Leucine Rich
Repeat (LRRC) superfamily. LRRs are 201 29-residue sequence motifs which
can be found in various proteins with diverse functions and in many organisms
such as viruses, bacteria, archae, and eukaryotes. Most of these proteins may
play a part in protein-ligand and in proteini protein interactions; which includes
innate immune response in mammals (Kobe and Deisenhofer, 1994; Kobe and

Kajava, 2001; Matsushima et al., 2005a; Matsushima et al., 2005b).

The domain structure of LRRC17 is illustrated in Figure 1.5. Human LRRC17
contains ten leucine rich repeats (LRRs). The island region (IR) located at the
centre of LRR region is 641 72 residues long. This IR comprises of a cluster of
six Cys residues (Bella et al., 2008). LRRNT and LRRCT are Cys clusters
including two or four Cys residues; the Cys clusters on the N- and C-terminal
sides of the LRR arcs, respectively. The N-terminal part of the IR is suggested
to act as a cap structure of the first block and its C-terminal part as a cap
structure of the second block. The centre region of the IR with 221 30 residues is

rich in Pro and hydrophilic residues (Matsushima et al., 2009).
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Figure 1.5

Domain architecture of human LRRC17.

The blue circle indicates signal peptide and yellow box corresponds to LRR unit.
Both LRRNT and LRRCT are shown in green. IR is denoted in dark green
(Image taken from Matsushima et al., 2009).

LRRC17 has been implicated in osteoblast differentiation and proliferation (Kim
et al., 2009). The expression of LRRC17 also has been associated with smooth
muscle cells (Yu et al., 2005; Markowska et al., 2014). In the context of solid
tumours, this gene has been identified as a triple negative breast cancer (TNBC)
specific gene (Zaka et al., 2014). In contrast, microarray data analysis of primary
breast tumours has shown estrogen induced the expression of LRRC17/ P37NB
and its expression is correlated with estrogen receptor-positive (ER+) status
(Chanrion et al., 2008). Due to the discrepancy between these reports, the
correlation between LRRC17 expression and different cancer classifications still
have yet to be determined. The differentially methylated region (DMR) of
LRRC17 is associated with survival, where better survival goes with higher
methylation (Mathe et al., 2016). LRRC17 also was expressed in heuroblastoma
and influences the cell migration and invasion process (Lasorsa et al., 2016).

Little is known of the functional activity of LRRC17 in a CRC context.
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1.8 Fibroblast activation protein (FAP)

One of the most prominent genes to identify activated stromal fibroblast like

cells or myofibroblasts is fibroblast activation protein alpha (FAP).

1.8.1 FAP expression in normal and cancer

FAP is a cell surface glycoprotein that shows a strong expression in stromal
fibroblasts in over 90% of epithelial carcinomas, including CRC (Garin-Chesa et
al., 1990; Rettig et al., 1993; 1994). The development of the FAP-specific
monoclonal antibody F19 has shown a reaction with stromal myofibroblasts of
cancer, also known as CAFs. No expression of FAP was found in the stroma of
benign epithelial tumours, epithelial cells (normal and malignant), malignant
hematopoietic cells and normal stromal fibroblasts of fetal colon, lung, cartilage,

kidney and skeletal muscle.

1.8.2 Structure of FAP

FAP is a type Il cell-surface-bound transmembrane glycoprotein (protease)
comprised of 170 kDa homodimer that contains two N-glycosylated 97 kDa
subunits (Aertgeerts et al., 2005). Its monomer structure is comprised of a large
C-terminal extracellular domain and a short, single membrane-spanning domain
that includes 760 amino acids, where most of this part consists of a hydrolytic

area exposed laterally of the plasmalemma. Approximately 20 amino acids are
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in the plasma membrane and 6 amino acids are located in the cytoplasmic

region (Kelly, 2005).

The ectodomain crystal structure of FAP is shown in Figure 1.6 where each
subunit c 0 n-prapeller s(resituese 54-6 9 2 ) and t he

domain (residues 27-53 and 493-760). The FAP catalytic triad which is
composed of residues Ser624, Asp702 and His734 is located between the
interfacepr owgde ltlheer Baydralasetdoreain (Merfgeerts et al.,
2005). Dimerization of FAP is necessary for its catalytic (enzymatic) function
(Park et al., 1999). FAP also can be found as a truncated, soluble form in

human plasma, lacking the transmembrane domain (Lee et al., 2004; 2011).
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(A)

(B)
: Transmembrane Demain
Intraceliular Domain 7-25 a.a
1-6a.a. 28
i Extracellular Domain 26-761 a.a.
® @
99-499 a.a. 500-761 a.a.
7 Bladed {}-propelier «f} Hydrolase
Domain (Catalylic) Domain
Figure 1.6
The structure of FAP.
FAP dimer represented inprompéloinerdi dagmaimn ( :

hydrolase domain are denoted in grey and green, respectively. Active-site
residues Ser 624, Asp 702 and His 734 are shown in ball-and-stick symbols.
T h e-helik which contain the Glu-motif is indicated in yellow and Arrows show
the direction of the central pore (Image taken from Aertgeerts et al., 2005). (B)
The position and amino acid composition of FAP domains (Image taken from
Cheng et al., 2005).

1.8.3 Functional activity of FAP

FAP possess dual-enzyme function as described below (Yu et al., 2010):
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a) Dipeptidyl peptidase activity - This involve the cleavage of two amino
acids off the N-terminus by FAP which occurs after a proline (Pro)
residue

b) Endopeptidase activity i Enables FAP to cleave at a site of more than
two amino acids from N-terminus of a protein. It is limited to the post-Pro

bond after glycine-Pro (Gly-Pro)

FAP harbours a lot of interest among researchers as a potential therapeutic
target for cancer. FAP has been speculated to promote tumour cell invasion.
Gao et al., (2010) has reported that co-culture of human breast tumour stromal
cells expressing FAP with breast cancer cells leads to faster migration of cancer
cell and induction of EMT than did cancer cells co-incubated with FAP negative
fibroblasts derived from the same tumour. It was shown that FAP expression is
associated with metastatic burden in human colon cancer patients (lwasa et al.,
2005). Besides a huge interest in FAP as marker for tumour stroma, it is also
being studied to dissect its role as a protease in other pathological conditions,
including atherosclerosis (Brokopp et al., 2011; Keane et al., 2012). CAFs which
express FAP have been reported to reduce the efficacy of treatment for

pancreatic cancer. Elimination of these FAP+ stromal cells permitted immune

control of tumour growth and revealed the efficacy of 6 ¢c heck poi nt
immunotherapeutic antibodies, namely anti-cytotoxic T-lymphocyte-associated
prot eitOTLAA ) ( h-pdor ammed cel | dPOAL) (Feiglet | | gan

al., 2013).
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1.8.4 Substrates for FAP

The mechanism of the multiple functions of FAP, which involve a variety of
different downstream pathways remains elusive despite many studies. Two
physiological endopeptidase substrates for FAP were discovered, namely;
denatured type | collagen (CN-I ) (Par k et al ., 1999+
antiplasmin ( URP) (Lee et al., 2004; 2011). Collagen fibres which constitute
the largest components of ECM provide structural support for cells and tissues.
The ECM regulates and affects essential biochemical and biomechanical
processes as it binds certain growth factors and bioactive peptides (Frantz et al.,
2010). Although FAP in its native form is unable to cleave the collagen fibres,
partial digestion of collagen fibres by matrix metalloproteinase (MMP) 1 resulted
in the unwinding of collagen fibres which enabled FAP to cleave these fibres as
they are rich in Gly-Pro residues (Park et al., 1999; Christiansen et al., 2007).

ECM remodelling is a common process that occurs in tumorigenesis and

fibrosis. Solubl e F-ARt i( BIFaANR), mhicle ld 2are s

inhibitor of plasmin and this leads to reduction in the rate of lysis of fibrin clots as
plasmin dissolves fibrin clots during fibrinolysis. Thus, this FAP activity affects

fibrinolysis and promotes scar tissue formation (Lee at al., 2006).

1.9 Cross talk between stromal cells and cancer cells

As mentioned earlier in this chapter, the bidirectional communication between
the microenvironment (eg. cellular component such as myofibroblasts) and

cancer cells may contribute to the tumorigenesis process. A wide variety of
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cytokines such as interleukin-1, interleukin-6, tumour necrosis factor-U and

growth factors (e.g. transforming growth

(EGF), platelet-derived growth factor - PDGF) are secreted by both tumour and
stromal cells through autocrine and/or paracrine mechanisms which can induce
neovascularization and tumour growth as well as migration and invasion of
cancer cells (Liotta and Kohn, 2001; Witsch et al., 2010; Erdogan and Webb,
2017). In cancer studies, associations between CAFs and tumour progression
have been referred to in many publications. CAFs release various inflammatory
mediators which include MMPs that can influence ECM modification and support
the invasion and metastasis process (Lochter et al., 1998; Sternlicht et al., 1999;
Kalluri and Zeisberg, 2006). CAFs also secrete other components and growth
factors such as stromal derived factor-1 (SDF-1), VEGF, hepatocyte growth
factor (HGF), insulin-like growth factor (IGF), nerve growth factor, WNT1, EGF
and fibroblast growth factor 2 (FGF2), which can facilitate the growth of adjacent
epithelial cells and formation of new blood vessel within the stroma (Kalluri and

Zeisberg, 2006).

There is much yet to be discovered regarding the activation of myofibroblasts.
Yeung et al. (2013) has reported substantial activation of myofibroblasts,
stained with US MAand anti-AOC3 in Hsia et al., (2016) in lymph nodes
containing metastatic colorectal adenocarcinoma. Greater myofibroblast
activation was observed in larger metastatic deposits. This finding suggests

strong dependency of metastatic cancer cells on their microenvironment.
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1.10 Culture medium to study myofibroblasts-CRC cells interactions

Some of the growth factors and cytokines mentioned above are detected, at
various concentrations in the fetal bovine serum (FBS) that is used widely as a
supplement to culture cells in vitro (Zheng et al., 2006). These components (eg.
PDGF and T GFkénilbg foumd i8 buman serum (Josh et al.,, 2013).
Cocktails of different growth factors and components in serum are therefore

used to provide essential supplements for cell grown in the absence of FBS.

An appropriate culture medium is the most important factor in cell culture
technology. It supports cell survival and proliferation, as well as cellular
functions, that directly determine the research outcome (Yao and Asayam,
2017). It is essential to select an appropriate medium with defined components
that is suitable to culture myofibroblasts as the presence of numerous
unidentified growth factors in FBS may influence the properties of
myofibroblasts. The invention of serum free, defined medium with addition of
specific, known components (which includes growth factors like PDGF, EGF,
TGF) has enabled the study of cells in culture under more controlled conditions
(Gstraunthaler, 2003). Different formulations of serum free media have been
suggested to culture various types of cells (Chase et al., 2009; Chieregato et la.,

2011; Martin et al., 2015).
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1.11

Aims of this thesis

As discussed, a growing body of evidence has suggested bidirectional

communication between myofibroblasts and cancer cells. The main goal of this

thesis is to study in vitro the interactions between myofibroblasts and colorectal

cancer (CRC) epithelial cell lines and its effects on differentially expressed

genes in myofibroblasts. The thesis also will discuss the design of a serum free

medium, which can potentially be used for myofibroblasts and CRC co-culture in

vitro.

In summary, the primary aims of this thesis are as follows:

1.

Design in vitro assays to evaluate the interactions between
myofibroblasts and CRC cell lines (proliferation, differentiation, cell
migration and invasion)

Characterize the expression of AOC3 and NKX2-3 in primary
myofibroblasts derived from normal and cancerous colon tissues

Identify candidate growth factors that influence the expression of AOC3
and NKX2-3 in myofibroblasts

Evaluate the effects of growth factor treatments on other selected genes/
proteins in myofibroblasts such as FAP, U S MAnd LRRC17

Study the effect of AOC3 and NKX2-3 knockdown in myofibroblasts in co-
culture conditions with CRC cell line

Formulation of a serum free defined medium for myofibroblasts for

prospective application in cell culture
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MATERIALS AND METHODS
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CHAPTER 2: MATERIALS AND METHODS

2.1 Reagents and suppliers

Reagents and chemicals were acquired from Sigma-Aldrich (UK) unless stated
otherwise. Cell culture flasks and plates were purchased from Corning (USA).
All the cell lines were maintained in Gibco® cell culture media by Life

Technologies.

2.2 Cell culture methods

2.2.1 Celllines

All colorectal cancer (CRC) epithelial cell lines, myofibroblasts and fibroblasts
used in this thesis were obtained from cryogenic storage of the Cancer and
Immunogenetics laboratory (CIL) at the Weatherall Institute of Molecular
Medicine (WIMM), Oxford, UK. Several of the CRC cell lines were selected to be
included in the study, namely RKO, HT29, LS180, SW480, SW620, VACO400,
OXCO1, NCIH716, HCT116, CC20, Lovo, SW1222, SKCO1, HDC9 and
Colo320DM. The properties and details of the cell lines are summarized in
Table 2.1. SW480 and SW620 have been isolated from the same patient.
SW480 was established from a Dukes' stage B colon carcinoma of a 50-year-
old male patient whereas SW620 is derived from a lymph node metastasis of

the same patient (Leibovitz et al., 1976).
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CRC cell Catalogue number, Source Differentiation state
lines in Matrigel
RKO ATCC®CRL-257 7 E Non-lumen forming

HT29 ATCC® HTB-3 8 E Intermediate  (poorly
differentiated)
LS180 Kind gift from B.H.Tom, NW Uni Med | Lumen forming
Centre, Chicago
SW480 ATCC®CCL-2 2 8 E Non-lumen forming
SW620 ATCC®CCL-22 7 E Non-lumen forming
VACO400 | Dr Elizabeth Zborowska (obtained | Non-lumen forming
under an MTA, Case Western
Reserve University, Cleveland, Ohio)
OXCO1 Cerundolo, WIMM, Oxford Non-lumen forming
NCIH716 | ATCC®CCL-251 E Intermediate
HCT116 ATCC®CRL-2 4 7 E Non-lumen forming
CC20 A.R. Kinsella Non-lumen forming
Lovo ATCC®CRL-2 2 9 E Intermediate
SW1222 M. Herlyn, Wistar Institute Lumen forming
SKCO1 ATCC® HTB-3 9 E Intermediate
HDC9 M. Schwab, DKFZ, Germany Intermediate
Colo320DM | ATCC® CCL-2 2 0 E Non-lumen forming
Table 2.1

List of CRC epithelial cell lines used in this study.

Human foreskin fibroblasts and normal skin fibroblasts were also included in the
research to enable the comparison between myofibroblasts and normal
fibroblasts. CCD-18Co, a myofibroblast line from neonatal colonic mucosa, was
acquired from American Type Culture Collection (ATCC, no. CRL1459). CCD-
18Co was used as a main model for myofibroblasts based on previous work
performed in our laboratory. CCD-18Co for up to passage 21 was used for
subsequent experiments. Foreskin fibroblasts were purchased from ATCC and
skin fibroblasts were derived from a healthy donor. The isolation of these skin
fibroblasts was conducted in the Bodmer laboratory using the conventional

enzymatic method.
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2.2.2 Establishment of primary myofibroblasts

Primary myofibroblasts were derived from surgical samples. Colon tissue from
patients, who underwent surgery for colorectal tumours (Oxford University
Hospital, UK) were collected with informed consent (ethically approved under
the OCHRe Biobank approval no. 09/H0606/5+5). The study using primary
tissues was approved by the local research ethics committee. Isolation of
myofibroblasts from normal and cancerous colonic regions was performed

based on the examination by the pathologist.

In the current study, the primary cultures of myofibroblasts were isolated using
collagenase enzymatic treatment. The acquired colon tissue was washed
thoroughly with sterile phosphate buffered saline (PBS) and any fat or debris
were removed using a scalpel. The specimen was dissected into smaller
sections and transferred into a solution of collagenase IV (1 mg/mL;
Worthington, Bi ochemical Corporation
Medium (DMEM) (Invitrogen, CA). The tissue was minced into tiny pieces before
being transferred into a Bijou tube. Then, the mixture was put under agitation for
3h using a magnetic stirrer at 37e¢eC
suspension was passed through a 100
Inc, Rockford, IL, USA) to remove tissue clumps. The cells were collected after
centrifugation at 250 x g for 5 min and transferred in a 24-well plate allowing cell
attachment and growth. To minimise the risks of contamination, myofibroblasts

were cultured in DMEM medium supplemented with 10% fetal bovine serum

)

preg
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(FBS), 100 UmL penicillin and 100 ¢ gglutarhine,st r ept
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1: 100 of 250 e€g/ mL of amphotericin

cells were split and transferred to a 6-well plate once they had reached
confluency. Cryovial stocks of these cultures was produced at the earliest
possible passage (passage 2). The established primary myofibroblasts from this
study are Myo 7395, Myo 8835C, Myo 8836, Myo 8849, Myo 8852C, Myo 8853,
Myo 8872C, Myo 8873, Myo 0164C and Myo 0165. Primary myofibroblasts (Myo
6526, Myo 6550 and Myo 6551C) previously established from our lab were also
included in the study. The details of the primary myofibroblast cultures (eg.
localization site of the tissue) are summarized in Table 2.2. Primary cultures,
which have a limited lifespan of maximum passage number of 10, were used for
the experiments. Throughout this thesis,t h e t e r mmyodfipnoblastsbnefgrs
to myofibroblasts established from surgical samples, although technically after
the first passage, myofibroblasts maintained in culture could be considered as
already myofibroblast line. This is based on the traditional definition whereby the
first harvesting and subculture of the cell population isolated from a tissue

results in the formation of a cell line (Freshney, R.I., 1987).

Myofibroblasts Location Type of tissue
Myo 6526 Sigmoid colon Normal
Myo 65501 Sigmoid colon Normal
Myo 6551C* Sigmoid colon Cancer
Myo 7395 Sigmoid colon Normal
Myo 88352 Sigmoid colon Normal
Myo 8836C? Sigmoid colon Cancer
Myo 8849 Ascending colon Normal
Myo 8852C3 Rectum Cancer
Myo 88532 Sigmoid colon Normal
Myo 8872C* Ascending colon Cancer
Myo 8873 Ascending colon Normal
Myo 0164C° Caecum Cancer
Myo 0165° Ascending colon Normal
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Table 2.2
The primary myofibroblasts isolated from surgical samples.
Myofibroblasts from the same patient are given identical numbers following the

cell line name.

2.2.3 Cell culture conditions

All CRC cells, myofibroblasts and fibroblasts were grown, unless otherwise
indicated, in complete medium consisting of DMEM supplemented with 10%
FBS, 100 U/ mL penicillin and 100 eg/ mL

mM L-glutamine in either 25cm? or 75cm? tissue culture flasks. The cells were

strer

maintainedina humi di fi ed i nc ub)ardaculture(nedivgn@as 10 % C

replaced every 2 or 3 days.

2.2.4 Cell culture maintenance

Cells were maintained in flasks with complete DMEM and passaged when they

reached 70-80% confluence. Cells were split into new flasks by discarding the

old medium and washed with sterile PBS before detached by adding 2 mL of

trypsin/ EDTA solution (Lonza, USA) and i nc

mL of complete medium were added to neutralize the trypsin. The cell
suspension was mixed gently to break the cell clumps. Subsequently, the cells
were spun at 250 x g for 5 min and the cell pellet was resuspended with
complete medium. Depending on the cell line growth characteristics, the cell
suspension was split at 1:5 to 1:20 dilution for CRC cell lines and at 1:3 dilution

for myofibroblasts and skin fibroblasts.
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2.2.5 Cell counting

Automated counting of the cells was performed using Cellometer Auto T4
(Nexcel om Biosciences, USA) . To count the
was loaded into the cell counting chamber and inserted into the Cellometer. The
software allows the cell count from eight different areas of the cell counting

chamber and gives directly the cell concentration per millilitres.

2.2.6 Cryopreservation and retrieval of cells

For cell storage, CRC cells, myofibroblasts and fibroblasts which reached 80%
confluence were washed with PBS and detached with trypsin/EDTA solution
before being centrifuged at 250 x g for 5 min. Cell pellets were then re-
suspended with freezing medium which consists of a solution of FBS containing
10% dimethyl sulfoxide (DMSO). The cell suspension was then transferred to a
sterile cryovial (Corning, USA). The vial was placed in Mr Frosty freezing
container (Thermo Fisher). The collected vials from the container then were
transferredto a -8 0 ¢ C f overmighteand subsequently into a liquid nitrogen

tankat-196e C for |l ong term storage.

To retrieve the cells, the f waelathfockr yovi al
min. The cell suspension then was mixed with 10 mL of medium and centrifuged
at 250 x g for 5 min. The cell pellets then were re-suspended with 10 mL of

medium and transferred into a 25 cm?2 or 75cm? cell culture flask.
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2.5 Cell proliferation and viability assays - (Calcein AM) staining

Staining using calcein-acetoxymethyl ester (Calcein AM) was performed to
analyse the viability of the cells. Calcein-AM (BioLegend, USA), a non-
fluorescent lipophilic ester, is able to penetrate cellular membranes where the
diacetate groups are rapidly cleaved by nonspecific cytosolic esterases. This will
produce calcein (a fluorochromic alcohol), among other products, that chelates
labile iron under quenching of the green fluorescence (Tenopoulou et al., 2007).
For microscope viability assays, cul
serum free medium containing calcein AM (stock concentration of 1 mM) at
1:1000 dilution. Cells were then observed using a fluorescence microscope

(Axio Observer.Z1, Zeiss) and representative pictures were taken.

2.4  Cell proliferation assay

To study the influence of myofibroblasts on the proliferation of the CRC cells
using co-culture conditions, 8 x 10* CRC cells was seeded on top of a confluent
layer of 4 x 10* CCD-18Co seeded on Matrigel® Growth Factor Reduced (GFR)
Basement Membrane Matrix, Phenol Red-Free (BD Biosciences, USA). A total
of 100 pL Matrigel layer were diluted with an equal volume of serum free culture
medium (DMEM) and added to a 24-well plate. Control groups of CRC cells or
myofibroblasts alone on Matrigel layer were included. The CRC cells and
myofibroblasts were respectively pre-labelled with cell linker; PKH67 (red) and
PKH26 (green) (Sigma-Aldrich, UK). After one week of co-culture, the

morphology and the growth of the CRC cells was observed using a fluorescence
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microscope. Parallel experiments without Matrigel were also conducted to

assess its efficiency and influence as a substrate.

2.5 Differentiation assays

Two in vitro assays were designed to study the CRC cells differentiation under
co-culture conditions with myofibroblasts. The first assay involves combination
of both CRC cells (LS180) and myofibroblasts (CCD-18Co) in Matrigel solution
to be co-cultured in a plate. Cells were counted after trypsinization and filtered
t hr oughm fitédds (Gelltrics, Partec GmbH) to acquire a single-cell
suspension. A total of 1 x 102 LS180 cells and 1 x 10* of CCD-18Co were mixed
i n 40 ¢ L -cad 1:1anixture af &atrigel and DMEM. The resulting cell
suspension was seeded in a 96-well plate. The Matrigel was left to harden at
37°C for 30 min, and serum free culture medium was then added to the wells.

The cells were cultured for 14 days, with medium changes every 3 days.

The second assay was performed by seeding CRC cells in a Matrigel
suspension on a myofibroblast lawn. The CRC cell (1 x 10° LS180) suspension
was mixed with 40 pl Matrigel diluted with serum free DMEM (1:1) and cultured
on top of a CCD-18Co lawn. The myofibroblast lawn consists of 2 x 10* CCD-
18Co seeded in a 96-well plate 48 h prior to adding the CRC and Matrigel layer.
The plate was i ncub aford4days befo Btairing with @ CO
e g/ mL -diathiNjgo-2-phenylindole (DAPI) (Sigma) and F-actin. The

differentiation of LS180 was observed using a fluorescence microscope.
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Quantification of the lumen size and number was performed using ImageJ

software.

2.5.1 F-actin staining

Prior to the staining, the old medium was discarded, and the cells were washed
with PBS (2 x 5 min). A tot al of 100 €L
(VWR Chemicals, France) in PBS was added to the plate for 20 minutes. Then,
PFA was discarded and the plate was washed with PBS (3 x 5 min) before 100
eL of O0.-X% PBSrwag adlded for 10 minutes. The fluid was removed,
and the wells were washed with 50 mmol/L glycine in PBS for 4 times. Next, 100
e L T Rahdll@din (stock concentration of 200 U/mL) in PBS (1:1000) was
added and the plate was incubated at 4°C overnight. The plate was then
washed 3 times with PBS. Then, 100 €L of
well. The formation of lumen which is indicated by the F-actin staining was

analyzed using a fluorescence microscope.

2.6  Treatment with conditioned medium (CM)

2.6.1 Preparation of conditioned medium (CM) from CRC cells

CRC cells (RKO, HT29, SW480, SW620 and OXCO1) were cultured in
compl ete DMEM at:2uBilfeaching 60% eonfl@zare. Cells were
washed twice with PBS and incubated with serum free DMEM for 48 h, after

what the CM was collected. The CM was filtered to remove any cell debris and
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use immediately for experiments or stored in aliquots at -2 0 efd no longer than

2 weeks until use.

2.6.2 Treatment with CM from CRC cells

To study the effect of CM from epithelial cells on the expression of selected
genes in myofibroblasts, CCD-18Co cells were seeded and incubated with CM
from RKO, HT29, SW480, SW620 and OXCO1 cells or with serum free DMEM
as the control. After 72 h of treatment, a cell pellet from each group was
collected and washed with PBS. Total RNA was extracted, and quantification of

gene expression was performed using gRT-PCR.

2.7 Migration assay i Transwell assay

To analyse the role of CRC cells as chemoattractant, 2 x 10% epithelial cells
(RKO, HT29, and LS180) were seeded in a 24-well plate. After 48 h, the
medium was discarded and replaced with 800 ¢ L DMEM + 0.5% FBS. A total
of 1 x 10* CCD-18Co cells were added in a Transwell insert with 8.0 um pores
(Greiner Bio-One, Germany). The insert was then transferred to the wells
containing epithelial cells or to a well containing only DMEM + 0.5% FBS as a

control.

After 48 h of co-culture, the insert was removed and non-migrated
myofibroblasts on the inside of the insert were scraped off gently using a cotton

swab. The insert was then stained with Kwik-Diff kit (Thermo Fisher Scientific,
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UK). The cells were fixed for 5 sec (5 x 1 sec in fixative solution) followed by
staining with eosin for 30 sec and methylene blue for 10 sec (5 x 2 sec). Then,
the insert was rinsed with distilled water to remove excess staining solution and
air-dried overnight. Migrated cells were examined using the EVOS® XL core
microscope (Life Technologies, USA). A total of 5 fields were chosen randomly
from an insert and the total of migrated cells was quantified using ImageJ
software. Experiments were conducted in triplicate. The same methodology was
used to study the migration of epithelial cells in co-culture conditions with
myofibroblasts. In this experiment, myofibroblasts were cultured in the bottom
chamber and epithelial cells were seeded in the upper chamber (Transwell

insert).

2.8 Invasion assay

A total of 1 x 10* epithelial cells and 5 x 102 myofibroblasts or fibroblasts were

separately mixed with a cold 1:1 mixture of Matrigel and DMEM serum free

medi um. Then, 3 ¢eL of t &Gsadddtiaaarsingleet8-well cel | s

plate, forming a blob of cells, where for co-culture experiments, two individual
blobs of epithelial cells and either myofibroblasts or fibroblasts are seeded apart
from each other in the same well. For controls (monoculture), empty Matrigel
blobs (50% Matrigel and serum free DMEM blob without any cells) were

included in the same well with either epithelial cell, myofibroblast or fibroblast

blobs. The plate was pl aamstidtheagel haBl@hedCNext,1 0 % CO
pure Matrigel was added to the well, to cover the area surrounding the blobs
foll owed by an additional step of solidifi
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of serum free DMEM were added to the well and the plate was incubated in a
humidified incubator. After 5 days ofco-cul t ur e, cell s wer
of Calcein AM labelling (1 pM) and 100 d@ng/omif). TieA#ld wele
visualized using a fluorescence microscope. The assessment of lumen
formation in LS180 was conducted at Day 7 using F-actin staining. The distance
covered by invaded myofibroblasts and fibroblasts from triplicate experiments
was measured using ImageJ software and compared to the control. The

experimental layout of this assay is shown in Figure 2.1.
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(A)

Matrigel
MFs/ Fs cell blob
Epithelial cell blob

L

From the top

(B)

From the side

dh 4

Maximum distance covered by

invading cells (um)

Myo7395 (control)

200 um

Myo7395 + HT29

Figure 2.1

The Matrigel based blob invasion assay.

43



The experimental layout is illustrated in (A). An example of the quantification for
the invasion assay is shown in (B). The boundary of each blob (either an empty
blob or blob containing cells) is indicated by the black curved line. On day 0, the
cells in the blob appear rounder and no invasion of cells out of the blob was
found. After 5 days of experiment, myofibroblasts invaded the Matrigel layer
which surrounds the Matrigel blobs. The red dotted line indicates the maximum
distance of myofibroblast invasion (um) from the edge of the Matrigel blob
containing cells at the end of the experiment (Magnification: 5x) (MFs:

myofibroblasts; Fs: fibroblasts).
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2.9 Growth factor treatment

To study the influence of growth factors on differentially expressed genes in

myofibroblasts, a screen using eight candidate growth factors was performed.

The selected

epidermal growth factor (EGF), tumour necrosis factor-al p h a
fibroblast growth factor (FGF-b ) ,
endothelial growth factor (VEGF), platelet derived growth factor-AA (PDGF-AA),
platelet derived growth factor-CC (PDGF-CC) and insulin-like growth factor 1
(IGF1). All the growth factor solutions were prepared using serum free culture

medium (DMEM). Table 2.3 shows the information for each growth factor used

in the screening.

growth factors were transfor

hepatocyte gr owt h

Growth factor Working concentration Source
TGFb1 10 ng/mL PeproTech
EGF 3 ng/mL PeproTech
TNFU 20 ng/mL Bio-Vision
FGF-b 1 ng/mL Lonza
HGF 50 ng/mL PeproTech
VEGF 20 ng/mL Invitrogen
PDGF-AA 100 ng/mL PeproTech
PDGF-CC 50 ng/mL PeproTech
IGF1 40 ng/mL Invitrogen

Table 2.3

Respective working concentrations and suppliers for the selected growth

factors used in screening.
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2.9.1 Blocking of EGFR

The specificity of EGF effects on the regulation of AOC3 in myofibroblasts was
tested using an anti-EGF-receptor (EGFR) recombinant monoclonal antibody
(cetuximab, clone C225, Merck). Selective binding of cetuximab to EGFR lead
to competitive inhibition of endogenous ligand binding resulting in the inhibition

of the associated downstream signalling (Mendelsohn and Baselga, 2003).

In this experiment, CCD-18Co was seeded in a 6-well plate and left to attach
overnight in DMEM + 10% FBS. The cells then were incubated for 24 h in serum
free medium. Next, the cells were pre-treated with cetuximab at 10 pg/mL for
either 1 or 3 h before incubation with EGF for 72 h in serum free DMEM.
Controls of cetuximab or EGF alone, diluted in serum free medium were
included in the test. The experiment was repeated with a primary myofibroblast
line T Myo 7395. Similar experimental setups using two monoclonal blocking
antibodies to HER2 (a family of EGFR family), namely Trastuzumab and
Pertuzumab (Roche, UK) (both at 20 pg/mL) also were performed. Cells were
harvested for RNA extraction and subsequently analysed for AOC3 expression

using gRT-PCR and western blots.
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2.10 RNA methods

2.10.1 RNA extraction

Total RNA was extracted from cells using the RNeasy (Qiagen, USA) kit
foll owi ng t he mannsfPacr tothe RNA @dractiom, setlsrware t | o
washed with PBS and then 350 pl lysis buffer RLT was added. The cell lysates
were left for 1 min to homogenize and diluted with 350 pL of 70% ethanol.
Diluted samples were transferred into a RNeasy Mini spin column and
centrifuged for 15 sec. The column was then washed with 700 pl RW1 buffer.
The column was spun for 15 sec before 500 pL of wash buffer RPE was added
twice to it. Total RNA was eluted with 40 pL of nuclease-free water. The
quantification of the extracted RNA was done using Nano-Drop

spectrophotometry. The RNAwas storedat-2 0e C until wuse.

2.10.2 Reverse transcription

Synthesis of the complementary DNA (cDNA) from RNA was performed using
High Capacity cDNA Reverse Transcription kits (Applied Biosystems Inc., CA)
according the manufacturero6s instructions.
mixed with 10X RT buffer, 25X dNTP mix, 10X RT random primers, multiscribe
transcriptase and RNAse free water. Reverse transcription was performed by
using the thermal cyclerandt he opti mi zed protocol ; 25e¢C

120 min and 85eC for 5 min.
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2.10.3 Gene expression analysis 1 Quantitative real-time PCR (QRT-PCR)

TagMan® Gene Expression Assay, 20X FAM dye-labeled kit was used for the
quantification of mMRNA where pre-designed, manufacturer-validated primers
and probes of genes of interests were added to the cDNA. The details of the

TagMan probes used in this study are shown in Table 2.4.

Target Reference Source
AOC3 Hs02560271 sl Applied Biosystems
NKX2-3 Hs00414553 gl Applied Biosystems
ACTA2 Hs00426835 gl Applied Biosystems
FAP Hs00990791 ml Applied Biosystems
LRRC17 Hs00957873 m1l Applied Biosystems
SHOX2 Hs00243203 ml Applied Biosystems
UBC Hs00824723 ml Applied Biosystems

Table 2.4
Summary of 20X TagMan Gene Expression Assays details used in this

thesis.

Briefly, cDNA was mixed with 20X TagMan® Gene Expression Assay, 2X
TagMan® Universal PCR Master mix and nuclease-free water to make up the
final volume of 20 L/ reaction in MicroAmp Fast Optical 96-well Reaction plates
(Life Technologies, USA) sealed with MicroAmp optical adhesive film (Life
Technologies, USA). The samples then were run for gRT-PCR using a 7500
Fast Real Time PCR Systems machine (Applied Biosystems). Experiments were
conducted in triplicate. The Ct values of the mRNA were normalized to a

selected housekeeping gene i ubiquitin C (UBC) by using the comparative Ct

met hod. The converted a&Ct mean values

the control. The calculation involved as follow:
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Cycle threshold: Ct

aCt=Ct Target | Ct reference

The mean a&Ct was calcul ated fsom three ind
Converted &Ct me&a2d &9 ue = 2
Where n = Arbitrary value greater than the

Rat her than using the standard @eaese®ian met ho
arbitrarily identified reference sampl e,

used. Since @aCt i's i nver sel ysopmRolAasptnet i on al
&eCt values were converted by deducting th
value represented from the same experiment and converting these resulting

values to a linear scale from a logarithmic value.

2.11 Protein Methods

2.11.1 Protein lysate preparation

Cells were cultured in 75 cm? cell culture flask until 70-80% confluence. Next,
the cells were washed with ice cold PBS, then the cell were lysed with 100-500
pL radioimmunoprecipitation assay (RIPA) or lysis buffer (1% Nonidet P-40,
0.5% nordeoxycholate, 150 mM sodium chloride, 50 mM Tris base, pH 8.3) with

protease inhibitor cocktail (Complete Protease Inhibitor Cocktail tablets, Roche,
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Switzerland). The cells were kept on ice for 30 min with regular vortexing every

5-10 min followed by centrifugation at maximum speed 20000 x g (12000 rpm)

for 20 min at 4eC. Tot al c el land ltrgnsfeare¢de ( s up
into a new microfuge tube and stored at -20e C unt i | use. The

consists of the cell debris was discarded.

2.11.2 BCA assay

The bicinchoninic acid colorimetric assay (BCA™ Protein Assay) (Pierce
Chemical Company, USA) was used to determine the total concentration of
protein in the protein lysate. The principle for this assay depends on the
conversion of Cu?* to Cu* in an alkaline solution whereby the Cu* will be
detected by the BCA. This reaction results in the formation of purple colour. The
protein concentration was measured spectrophotometrically by comparison with
known standards. Protein standards at different working concentrations (0-2000
png/mL) were prepared by diluting a vial of Albumin Standard (2 mg/mL, Pierce
Chemical Company, USA) in lysis buffer. The BCA working reagent was
prepared combining BCA solution A and B (50:1). A total of 200 pL of the
working solution then was mixed with 25 pL of protein standards or the protein
lysate of the sampleina 96-wellp| at e. The micropl ate was i
30 min and followed by absorbance reading at 562 nm using a plate reader
(uQuant, Bio-Tek Instrument, USA). The absorbance value of the sample was
extrapolated from the generated standard curve to derive the protein

concentration.
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2.12 Western blot

2.12.1 SDS poly-acrylamide gel electrophoresis

Electrophoresis of the protein samples was performed using a Mini-PROTEAN®
vertical electrophoresis unit (Bio-Rad, USA). A total of 30 pg of protein was
mixed with 5X sample buffer (16% (v/v) of 2 mM Tris HCI (pH 6.8), 50% (v/v)
glycerol, bromophenol blue without 2-mercaptoethanol) before being spun for a
few sec. The sample mixture then was loaded into each lane of the gel. The
percentage of the gel to be run was determined by the size of the target protein
(eg. AOC3 which is approximately 150 kDa and NKX2-3 at 39 kDa require a
10% and 12% gel respectively). A pre-stained rainbow molecular weight marker
was included during the electrophoresis. The samples were stacked in a 4%
upper gel and then resolved in a 10 or 12% separating gel at 90 V for
approximately 2.5 h in 1X SDS running buffer (25 mM Tris base, 19.2 mM
glycine and 0.1% SDS). The SDS gel was removed from the glass plate after
the completion of the electrophoresis and submerged in semi-dry transfer buffer

for a few min before immunoblotting.

2.12.2 Immunoblotting

For the transfer of the protein, polyvinylidene difluoride (PVDF) membrane
(Amersham Biosciences, USA) was used. The membrane was activated by
soaking in 100% methanol solution for 1 min and rinsed once in transfer buffer.

Semi dry electrophoresis transfer method was applied whereby the proteins
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were transferred to the PVDF membrane in semi dry transfer buffer (20% (v/v)
methanol, 7.2 g glycine and 25% (v/v) ml Tris, pH: 7.5) at 12 V for 2 h. After the
transfer, the membrane was stained with Ponceau S (0.1% (w/v) Ponceau S in
5% (v/v) acetic acid) to visualize the protein. The membrane then was washed
3x in distilled water for 5 min. Next, the membrane was submerged in blocking
solution of 1% w/v bovine serum albumin (BSA in PBS for 40 min at room
temperature on a rocking platform. The membrane was then incubated with
primary antibody in blocking solution ove
15 min, 3 times with 1x TBS-T (Tris buffered saline, 0.1% Tween 20). Then, the
membrane was incubated with secondary antibody for 2 h at room temperature
before washing again (3 times for 15 min washing) with TBS-T solution. To
detect the bands, the membrane was incubated with ECL Prime Western
Blotting Detection System solution (GE Healthcare, UK) for 5 min and the blot
was exposed to a film (Fujifilm Corporation, Japan). The film was developed in a

dark room using a film processor.

2.13 Nuclear and cytoplasmic fraction preparation

Localization of AOC3 and NKX2-3 in the myofibroblasts was determined through
the preparation of cytoplasmic and nuclear extracts from CCD-18Co using the
Ther mo ScieREREi lEcNEar and Cytoplasmic E
(Pierce Biotechnology, USA). Sub-confluence CCD-18Co cells were washed
with PBS after harvesting and then spun at 500 x g for 3 min. Supernatant was
removed and 100 pL of ice-cold CER I solution was mixed with the cell pellet.

Then, the cell suspension was vortexed for 15 seconds followed by incubation
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on ice for 10 min. Next, 5.5 L of ice-cold CER Il was added and the tube was
vortexed for 5 sec and incubate on ice for 1 min. The tube was vortexed again
for 5 sec and centrifuged for 5 min at 16000 x g. The supernatant (cytoplasmic
extract) was transferred to a pre-chilled centrifuge tube and kept on ice. A total
of 100 pyL of NER was added to suspend the pellet, which contained nuclei.
After vortex for 15 sec every 10 min for 40 min and centrifuged at 16000 x g, the
supernatant (nuclear extract) was transferred to a pre-chilled tube. Both

cytoplasmic and nuclear extracts were keptat-8 0 e C t i | | use.

2.14 Immunofluorescence (IF) staining

For immunofluorescence staining, a total of 1 x 102 of myofibroblasts or 2 x 103
of CRC cells were seeded in 96-well plate. The cells were incubated in complete
DMEM for 2 days before the staining. Prior to the staining, the cells were
washed twice with PBS. For fixed staining, the cells were fixed either with 4%
(v/v) PFA for 10 min at room temperature (RT) or with ice-cold methanol for 10
mi n at 4ecC. Live staining for AOC3 di c
permeabilization step. The fixed cells were permeabilized with 0.2% Triton in
PBS solution for 10 min at RT before incubated with blocking solution (PBS +
2% FBS) for 30 min. The primary antibody containing solution diluted with
washing buffer (PBS + 2% FBS) was added to the wells and the cells were kept
at 4eC for overnight. Nt RBS,(3 xtltrein) ollewetl s wer e
by incubation with secondary antibody for 1 h at RT. After washing with PBS,
the cells were stained with DAPI (1: 10000) for 5 min. The staining was

examined with fluorescence microscope
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2.15 Flow cytometry

CCD-18Co cells were cultured to confluence then washed with PBS. Non-
enzymatic Cell Dissociation Solution 1x (C5914, Sigma) was added to detach
the cells and the cell suspension was centrifuged. The cell pellet was
suspended in an adequate volume of wash buffer (PBS + 2% FBS) in a pre-
labelled tube. The primary antibody (EGFR conjugated with Phycoerythrin)
(Abcam, UK) or the isotype control was added to the cell suspension and the
tube was incubated on ice for 45 min before washing buffer was added and the
tube centrifugedat250x g for 5 min at 4eC. Supernat a
tube was tapped slightly to homogenize the cell pellet. Cells were re-suspended
in wash buffer with DAPI (1:10000) for 10 min before being analysed using the

Dako Cytomation CyAn ADP Flow Cytometer (Dako).

2.16 Immunohistochemistry (IHC) staining on (formalin-fixed paraffin-

embedded) FFPE sections

For IHC staining, FFPE slides of the parental tumour were acquired from the
BioBank, Oxford University Hospital. The correspond slides used for the staining
were pairs of normal and tumour colon tissue, listed in Table 2.5. The slides
were deparaffinized with Histo-Clear solution (National Diagnostics, UK) for 5
min (twice) and the slides were submerged in 100% ethanol solution for 5 min.
Next, the slides were re-hydrated with 100% IMS (industrialized methylated
spirit) solution (5 min) followed by 90% IMS (5 min), 70% IMS (2 min) and 70%

IMS (2 min). Then, the slides were rinsed with PBS. Next, an antigen retrieval
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step was

perfor med

by

heating

t he

sl i des

EDTA (1ImM, pH 8) and then cooled for 1 h at room temperature. The slides

were washed with PBST (2 x 5 min) followed by blocking for 30 min with PBS +

2% FBS. Primary antibody diluted in PBS + 2% FBS was added to the slides

and incubated overnight a t

4ecC.

The

sl i des

wer e

washed

then stained with secondary antibody (dilution of 1: 150) for 1 h at room

temperature. After washing with PBS, the slides were stained with DAPI (1:

10000, 10 min at RT). Vectashield solution was added and a coverslip was

mounted on each slide. The staining was observed using a fluorescence

microscope.
Myofibroblasts Type of tissue
Myo 8835 Normal
My 8 836 C Cancer
Myo 8852C Cancer
Myo 8853 Normal
Myo 8872C Cancer
Myo 8873 Normal
Table 2.5

The formalin-fixed paraffin embedded (FFPE) slides of parental tumour for

IHC staining.
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2.17 Antibodies

The details of antibodies used for western blot, immunofluorescence and
immunohistochemistry are summarized in Table 2.6. Secondary antibodies

were purchased from Life Technologies (USA) or DAKO (USA).

(A)
Antibody Species Supplier Catalog Dilution/
number | Concentration
VAP-1 (TK8- Mouse Santa Cruz Sc-33670 | WB 1:500
14) monoclonal IF1:100
19G2a IHC 1: 50
NKX2-3 Rabbit LSBio LS-C30713 | WB 1:1000
polyclonal IF 1:100
lgG IHC 1: 250
Fibroblast Mouse Olivia - WB: 5 pg/mL
activation monoclonal | Newton-John
protein (FAP) Cancer
(F19) Research
Institute
Alpha smooth Mouse Sigma A 2547 | WB 1:500
muscle actin | monoclonal IF: 1:400
( US Mans) 19G2a IHC: 1: 800
EpCAM Mouse In house - IF: 1:100
(AUAL) monoclonal
Lamin A/C Mouse Cell Signaling 4777S WB 1: 2000
(4C11) monoclonal
19G2a
Myosin heavy Mouse Santa Cruz sc-65733 | IF 1:250
chain 11 monoclonal
(MYH11) (ID8) lgG1
b-tubulin Mouse Sigma T5201 WB 1: 5000
(TUB 2.1) monoclonal
1gG1
b-actin Mouse Sigma A5441 WB 1: 5000
(AC-15) monoclonal
lgG1
U-tubulin Mouse Abcam ab7291 | WB: 1: 5000
(DM1A) monoclonal
lgG1

56




(B)

Method Secondary Dilution Supplier
antibody
Western blot Goat anti-mouse | 1: 10000 Dako
(GAM)
Swine anti-rabbit | 1: 10000
(SAR)
Rabbit anti-mouse | 1: 20000
(RAM)
Immunofluorescence | Alexa Fluor goat | 1: 200 Life
and anti-mouse Technologies
immunohistochemistry | (GAM)-488
staining Alexa Fluor | 1: 150
donkey anti-rabbit
(DAR)-555

Table 2.6

Antibody dilutions used in this study.

(A) The dilutions of primary antibodies used in this study. The list of secondary
antibodies is shown in (B).

2.18 Transient siRNA transfection

Direct transfection was performed using Oligofectamine transfection reagent
(Life Technologies, USA) to deliver short interfering RNAs (SiRNAS) into
myofibroblasts. Pre-designed siRNAs were purchased from GE Healthcare

Dharmacon (USA). The target sequence of each siRNA is shown in Table 2.7.
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SiRNA Catalog Concentration Target Sequence
number

SiIGENOME D-010143-01 5 nmol CCACCUUGCUCAACUAUGA
SMARTpool

SiRNA

Human

AOC3

SiIGENOME D-016090-01 5 nmol GGACAAGUCUCUGGAGCUU
SMARTYpool

SiRNA

Human

NKX2-3

Table 2.7
Details of the siRNAs used in the thesis.

Cells were seeded in 24-well or 6-well plates one day before the transfection in
DMEM + 10% FBS without antibiotics. For the transfection in a 24-well plate
format, 2.5 pL of 20 uM of the siRNA stock is diluted with 40 pL of serum free
Opti-MEM® (Life Technologies, USA). This mixture then was added to the
solution consisting of 2 puL Oligofectamine and 7.5 pL of serum free Opti-MEM
followed by 20 min incubation at room temperature. As for the 6-well plate
format, the siRNA complex comprised of 10 puL of 20 uM of siRNA stock solution
in 40 pL of DMEM which is added to 4 pL Oligofectamine in 15 pL of DMEM.
This si RNA complex was added to the

DMEM containing 3X of the normal serum concentration was added. The
transfection efficiency was evaluated after 24, 48 and 72 h post-transfection.
Control groups of cells treated with scrambled RNA and untreated cells were

included.
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2.19 Senescence-associated beta-galactosidase staining

The senescence beta-galactosidase staining kit from Cell Signaling Technology
(USA) was used to assess cell senescence. A total of 5 x 103 of myofibroblasts
were seeded in a 24-well plate for 2 days until 50% confluence in complete
medium Cells were then rinsed once with 1 mL of PBS and fixed for 15 min with
a fixative (1X) solution provided in the kit. Next, the plate was rinsed twice with
PBS before 1 mL of pH 6 beta-galactosidase staining solution (combination of
1X staining solution, 1X solution A, 1X solution B and 1 mg/mL X-gal stock
solution) was added to the cells. The plate was sealed with parafiilm to avoid
evaporation. Next, the plate was incubated in a dry incubator without CO: for at
least 18 h. The presence of CO2 might alter the pH of the solution thus affecting
the staining results. CCD-18CO at a very late passage (passage 21) were used
as a positive control. Staining of the senescent cells is characterised by a dark

blue green colour and was examined with light microscopy.
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2.20 Serum free chemically-defined culture medium

To study the specific growth factors supporting the growth and attachment of
myofibroblasts, a serum free chemically-defined medium was designed based

on the medium formulation of PPRF-msc6 medium (Jung et al., 2010) (Table

2.8).
Component Concentration

DMEM/ Hamés F12 wit 1X
Chemically defined lipid concentrate 0.1% viv
Sodium bicarbonate 20.5 mM
HEPES 4.9 mM
Bovine insulin 4.01 uM
Human transferrin 0.318 mM
Putrescine dihydrochloride 55.9 uM
Sodium selenite 27 nM
Progesterone 0.018 uM
Heparin 0.7 U/mL
FGFb 2 ng/mL
TGFb1 1 ng/mL
Ascorbic acid 50 pg/mL
Fetuin 1g/L
Hydrocorstisone 100 nM

Table 2.8

Components of the PPRF-msc6 medium.

Several components from the PPRF-msc6 medium formulation were selected to
make a modified version of the original medium which was called modified
PPRF medium (Table 2.9). This medium was then further optimized to make the
final formulation of a serum free chemically defined medium which was then

renamed as NEW medium.
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Components Concentrations Company
DMEM F12 with GIUTAMAX 1X Life Technologies
FGB 2 md./ Cell Guig

System
L-ascor bi@phashp| 5 CgimL Santa Cruz
magnesium sal't
Hydrocortisone 100 nM Si gma
Fetuin 1.0 g/ MPBi omedi
Chemically de 0.1 % ( Life Techi
concentrates
TGHh 1 1 md./ Peprotec

Table 2.9

Individual components of modified PPRF medium.

In the initial stage of medium development, the influence of modified PPRF
medium on the growth of myofibroblasts was tested. A total of 5 x 102 CCD-
18Co were seeded in complete DMEM (DMEM + 10% FBS) in a 24-well plate
and left in the humidified incubator for overnight to allow cell attachment. The
medium was then discarded and replaced with either modified PPRF medium,
complete medium with addition of serum or basal medium alone (control group).
CRC cells (HT29) and skin fibroblasts were also included in the comparisons to
analyse the effect of the modified PPRF medium on cancer cells and normal

fibroblastsdéd growth respectively (se

The second stage of the experiment involved testing collagen type | as a
substrate for direct seeding and culture of myofibroblasts using modified PPRF
medium. The effect of collagen coating was studied by using collagen type |
from rat tail (stock concentration: 3.6 mg/mL). The collagen was diluted using

17.5 mM acetic acid according to calculated concentrations:
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Cecoliagen [Mg/mL] = (Acoating [sz] X5 ug/ sz)/ V [mL]

A 24-well plate was pre-coated with 1 mL of 20 pg/mL of collagen type | and
i ncubated at 37eC for 1 h. The pdriedtine was
the culture hood. CCD-18Co was then seeded in the pre-coated well with

o8modified PPRF medium.

Modi fied PPRF frnuerdtihuenr woapst i mi zeflf by momit tst i

formul ation asdphewnoussdathebn on the exfy

myofibroblasts. The final formulation of t
medi um. Each component of the NEW medium
Tabl 0 2.
Components Concentrations Company
DMEM F12 with GIUTAMAX 1X Life Technologies
FGB 2 ng/ m Cel | Gui g
System
L-ascor bi@phashp| 5Ckg/ mL Santa Cruz

magnesium salt

Hydrocortisone 100 nM Si gma
Fetuin 1.0 g/ MP Bi omed
Chemically de 0.1 % (| Life Techi

concentrates

Table 2.10

Concentrations of the individual components in the NEW medium.

The influence of NEW medida®dCon Myof BB78bl
0164C armd 6Myo and a panel of CRC cell l i ne:

cells were seededl omoactodd rafyleamaet ytpaei ned i n
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medium for 6 days. Calcein AM staining was

tested cell Il inesriamenthe end of the expe

TheNEW medi um al so wtalse et welstt erde frmai nt enan

myofi bramd aGRG ckhlthiseexpéBCmeand CED ce

l i nes (HT29e omi xLeSdl 8t0o))gem her i n NEW medi um

of col |l agens. c dCastlende rpel artaei nt ai ned for 6 day
AUA1 and vimentin. Controls of monocul tur e
l ines only) were included in the experi men

2.22 Statistical met hods

2221 Gener al data analysis

The data in this etdebystweremenapvaseeres N

mean (SEM), assuming a nor mal -vail sutersi bwetrieo
cal cul ated using easn ,i nudsa megn deret bti ol ogi cal
Excel , Mi crosoft CorporatiesesopnpswWasSlpe dforl ed

than 0.05 (p<0.05) was denoted by *, and p

2222 Microarray data anal yses

Microarray data of the CRC cell line panel as well as from myofibroblasts and
fibroblasts wer e obtained I n Wa | t MAr Bodnm

samples to the Paterson Institute for Cancer Research in Manchester for gene
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expression analysis. The Human Genome Affymetrix GeneChip U133 plus 2.0
array was used to determine expression levels of 54,675 probe sets (covering
20,741 uniqgue genes). The expression profiles between myofibroblasts and
fibroblasts were compared using the Partek genomic suite (Partek, St Louis,
Missouri, USA). Step-up correction for multiple testing was used (with a
Benjamini and Hochberg step-up false discovery rate-corrected p value cut-off
of 0.05) for genes with significant differential expression. The data on
differentially expressed genes between normal skin fibroblasts and
myofibroblasts described in this thesis are based on a previous article by Hsia et
al. (2016) and have been deposited in the Gene Expression Omnibus (GEO)

database, www.ncbi.nlm.nih.gov/geo (accession no. GSE77474).
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CHAPTER 3: IN VITRO STUDIES OF THE INTERACTIONS BETWEEN

MYOFIBROBLASTS AND COLORECTAL CANCER (CRC) CELL LINES

3.1 Introduction

Bidirectional communications between CRC cells and myofibroblasts can be
evaluated through in vitro co-culture conditions. The interactions between these
two cell types may affect cell proliferation, migration, invasion and differentiation.
Robust and valid in vitro assays need to be designed to determine the nature of
these interactions. In this chapter, the influence of co-culture of myofibroblasts
and CRC cells is discussed using various in vitro tests such as direct co-culture,
Transwell assay and Matrigel-based experiments. Epithelial cells from several
different cell lines and different lines of myofibroblasts were selected to assess

the variations between different types of cells.

To address the influence of co-incubation on cell proliferation, we have chosen
touse adirectco-cul ture met hod. The epithel
assessed under co-incubation with CCD-18Co. Migration activity of
myofibroblasts and CRC cells was studied using a Transwell assay, also known
as the modified Boyden chamber. Subsequently, a Matrigel based invasion
assay was designed to evaluate the invasion of myofibroblasts in the presence
of epithelial cells. Matrigel was used in this assay to mimic the ECM in in vivo
conditions. Several myofibroblasts and normal skin fibroblasts were included to

compare the invasiveness of these cells under similar experimental conditions.
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3.2 Results

3.2.1 Direct co-culture

The effect of the co-culture of CRC cells and myofibroblasts grown on either a
Matrigel layer or normal culture plates without any Matrigel coating was
analysed. Figure 3.1 shows representative images of HT29 maintained in the
presence of CCD-18Co under serum free conditions. PKH26-labelled HT29
(green) shows greater proliferation in co-culture with myofibroblasts (CCD-18Co
labelled with PKH67, red) where bigger colonies were formed when compared
to HT29 alone. This effect was more striking when both cells were grown on 1:1
Matrigel and DMEM (serum free) substrate (50% Matrigel) than on uncoated
plates, where significantly smaller colonies of HT29 were observed. Similar
observations were made with CCD-18Co where the myofibroblasts were
growing at an optimum rate on a Matrigel layer in comparison to an uncoated
surface (plastic). This finding proves that Matrigel acts as an efficient scaffold for
cells to grow on. Quantification of the HT29 colony size, represented by total
surface area covered by HT29, in monoculture and co-culture condition, either
seeded on top of 50% Matrigel or plastic alone, performed using ImageJ

software is shown in Figure 3.1.
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Growth of HT29 in monoculture
and co-culture condition with CCD-
18Co
120000 -

100000 A
80000 -
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Colony size (pixel)
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Matrigel No matrigel
m Monoculture mCo-culture

Figure 3.1
Co-culture of CCD-18Co with HT29 on (A) 1:1 Matrigel and DMEM (serum

free) substrate and (B) uncoated surface (plastic).
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Co-culture with CCD-18Co (PKH67 i Red) supports the growth of HT29 (PKH26
i Green). (A) Matrigel acts as a substrate and facilitates the proliferation of the
HT29 cells. (B) The cells grew poorly after 8 days without serum, as seen for
HT29 seeded on plastic alone. This is in agreement with Huschtscha et al.,
(1991) where it is stated that HT29 requires a coating (FBS coated) as one of
the requirements to grow (Magnification: 20x) (Scale bar: 20 um). Higher value
of the total area covered by cells in a field, quantified using ImageJ software

from a single experiment corresponds to greater colony size.

Similar co-culture experiments using a 50% Matrigel substrate were repeated
with LS180 and RKO. As shown in Figure 3.2, there was an increase in the
proliferation of LS180 in co-culture with CCD-18Co when compared to LS180
alone. This was illustrated by the bigger colonies and lumen size formed by
LS180 grown in the presence of CCD-18Co. The LS180 colonies also appeared
to be more flattened when compared to monoculture. RKO also grew better in
the presence of CCD-18Co when compared with RKO alone. Quantitative
analysis for this experiment is not performed as the it was difficult to define a

surface area that is covered by CCD-18Co, both in monoculture and co-culture.
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(A) CCD-18Co only LS180 only LS180 + CCD18Co

(B) CCD-18Co only

Figure 3.2

Co-culture of CCD-18Co with CRC cell lines (RKO and LS180) on 1:1
Matrigel and DMEM (serum free) substrate.

The growth of CRC cell line was significantly increased in co-culture with CCD-
18Co after 8 days of incubation with serum free medium. Significant lumen
formation was observed in co-culture of LS180 + CCD-18Co (shown by arrows)

as compared to monoculture (LS180 alone) (Magnification: 20x) (Scale bar: 20

pum).
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The effect of full Matrigel as a substrate for cells also was tested. For this
experiment, either LS180 and RKO was co-cultured with CCD-18Co on a 100%
Matrigel layer. Figure 3.3 shows that a pure Matrigel layer was inefficient for the
cell growth as compared to 50% Matrigel. This is indicated by the lack of cell
proliferation, both for CCD-18Co and CRC cells, where the cells clumped
together instead of spreading and attaching to the surface. A positive effect of
the co-culture on the growth of RKO was obser ved wher e bigger 0|
cells were formed in RKO + CCD-18Co when compared to monoculture (RKO

alone). The total area covered by cells was quantified using ImageJ software.

As seen in all direct co-culture of CRC cells and myofibroblasts, the effect on the
growth of myofibroblasts after culturing together with CRC cells was
inconclusive. This is mainly due to the morphology of myofibroblasts which was
not as clearly defined as for CRC cells. A more accurate way to quantify both
cells is to label each cell type (eg. PKH67 in Figure 3.1), and this would enable

us to differentiate directly myofibroblasts and CRC cell lines in a mixed culture.
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(A) CCD-18Co only LS180 only LS180 + CCD18Co

Effect of co-culture with CCD-18Co
on the growth of LS180 and RKO
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Figure 3.3
Co-culture of CCD-18Co with CRC cell lines (RKO and LS180) on full
Matrigel substrate.

CRC cells and CCD-18Co clumped together forming clusters of cells on the

Matrigel. Significant increase in cell numbers of both CCD-18Co and CRC cells
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was seen in co-culture (more prominently in CCD-18Co + RKO) as compared to
monoculture (Magnification: 20x) (Scale bar: 20 um). Higher value of the total
area covered by cells in a field, quantified using ImageJ software from a single
experiment corresponds to greater cell growth.

3.2.2 Effect of co-culture on CRC cell differentiation

Our laboratory has shown that a subset of CRC cell lines when grown in
Matrigel is able to form either large crypt like structures comprised of polarised
cells surrounding a cell-free lumen that can be identified using F-actin staining,
or instead form small non-lumen colonies. The three types of differentiated
colorectal epithelial cells can be found in these lumen colonies (Ashley et al.,
2013). Hence, lumen formation has been considered as an indication for the
differentiation of CRC cell lines. In order to study the influence of co-culture with
myofibroblasts on CRC cell differentiation we have performed two different types
of Matrigel-based experiments. As illustrated by Figure 3.4A, the first assay
consisted of layering a suspension of LS180 and Matrigel: DMEM (1:1) in the
presence or absence of a myofibroblast lawn. There was a striking difference in
the colony morphology and growth of LS180 after being co-cultured with CCD-
18Co for 10 days, in comparison to monoculture (LS180 alone) (Fig 3.4B). A
greater number of LS180 cells was found on co-culture, which suggests the
positive influence of myofibroblasts on CRC cell proliferation. Moreover, LS180
colonies also appear to be more elongated and in close contact with the
myofibroblasts. This contrasts with LS180 in monoculture where LS180 cells
formed rounder and more uniform colonies. Notably, LS180 cells in co-culture
gave rise to significantly larger lumens than LS180 alone.
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Figure 3.4

CCD-18Co supports the growth and lumen formation of LS180.

The experimental layout of the Matrigel-based differentiation assay is shown in
(A). (B) Cells were incubated with serum free (DMEM alone) medium for 14
days. The lumens formed in LS180 co-culture group appeared to be more
elongated and larger as compared to the control (LS180 alone). It is worth
noting that LS180 is able to grow at an optimal rate in co-culture condition with
myofibroblasts without the addition of serum, where both cell lines were
maintained in serum free DMEM (DMEM alone). Hence, the presence of
myofibroblasts may promote the growth of LS180 (MF: Myofibroblast)
(Magnification: 20x).
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The second assay was performed to confirm the effect of co-culture on CRC cell
differentiation and is illustrated in Figure 3.5A. Here CCD-18Co and LS180 cells
were directly mixed in 50% Matrigel solution. In comparison to LS180 alone, the
sizes of LS180 lumens in the co-culture setting were significantly larger
compared to the monoculture group as measured using ImageJ (Fig 3.5B). No
significant difference was observed in the number of colonies between the two

conditions.
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Figure 3.5

Co-culture with CCD-18Co supports the cell proliferation of LS180.
The experimental setup of the Matrigel-based differentiation assay is shown in

(A). No significant difference in colony count between monoculture and co-
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culture groups was found. Significantly larger size lumens (measured in length)
were observed in LS180 + CCD-18Co after 14 days of culture as compared to
LS180 alone, shown by F-actin staining (B). (Magnification: 5x) (*p<0.05
significant different when compared to monoculture from three biological
replicates. The diameter of the lumens (length) from 45-50 cells in each field (3
fields for each group i monoculture and co-culture groups) was quantitated
using ImageJ software. Average values of lumen size of both respective groups

were recorded in Figure 3.5C.

3.2.3 Migration assay

A Transwell assay using a modified Boyden chamber was used to study the
migration of CCD-18Co (Fig 3.6A) where CRC cells are seeded at the bottom of
the well and CCD18CO are seeded in the Transwell insert. There was
significant migration of CCD-18Co through the Transwell pores when compared
to the control (without CRC cells) after 48 h of co-culture with CRC cells such as
RKO, HT29 and LS180 under minimal serum conditions (0.5% FBS) (Fig 3.6B).
The highest number of migrated CCD-18Co was found in the co-culture group

with RKO, followed by HT29 and LS180.
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Figure 3.6

Epithelial cells support the migration of myofibroblasts.

The experimental layout of the migration assay is shown in (A). (B) Significant
migration of CCD-18Co when co-cultured with CRC cells in comparison to
control (Only DMEM + 0.5% medium, no CRC cell lines at the bottom) after 48 h
of co-incubation (**p<0.001, *p<0.05 from three biological replicates) (MFs:

Myofibroblasts).
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The chemoattractant ability of CCD-18Co to induce the migration of CRC cells
also was studied using another similar approach, namely reversing the positions
of the CRC and MF cells (Fig 3.7A). Figure 3.7B shows the number of migrated
CRC cells after 48 h of co-incubation with CCD-18Co. Both RKO and HT29
migrated significantly through the Transwell pores in comparison to the control
(CRC cells only, absence of CCD-18Co). The results demonstrated that RKO
cells were found to have significantly higher capacity of migration when
compared to HT29, whereas LS180 did not show any migration. The highest
number of migrated RKO cells was found in RKO + CCD-18Co co-culture,
followed by co-culture of HT29. No significant migration of LS180 was found.
Representative images of migrated and stained CRC cells with and without the

presence of CCD-18Co are shown in Figure 3.7B.
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The presence of CCD-18Co influences the migration of CRC cells.

Figure 3.7A illustrates the experimental setup of the Transwell assay. Different
CRC cells exhibit different abilities to migrate when co-incubated with CCD-
18Co (MFs) (Fig 3.7B). Significant migration of CRC cells was observed in co-
culture for RKO & HT29 (*p<0.05 from three biological replicates).
Representative images from the assay show significantly higher numbers of
migrated RKO compared to HT29 and LS180 in the presence of CCD-18Co
(Migrated CRC cells stained in blue) (Magnification: 20x) (MFs: Myofibroblasts).
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3.2.4 Invasion assay

The invasive property of myofibroblasts was analysed using a Matrigel-based

Abl obo assay. The different myofi brobl ast

different abilities to invade Matrigel under co-culture with CRC cells. The
selection of CRC cells was based on their differentiation status in Matrigel
(Table 2.1). After 6 days of co-culture, significant invasion of CCD-18Co was
observed with all the selected CRC cells (RKO, HT29, LS180, SW480 and
SW620) (Fig 3.8B) when compared to monoculture (myofibroblasts alone).
SW620 induced the strongest effect on CCD-18Co invasion among other
epithelial cells. Similar experiments were performed using two primary
myofibroblasts (Myo 6526 and Myo 7395) from normal colon tissues as well as a
pair of myofibroblasts from normal and cancerous colon tissues isolated from
the same patient (Myo 6550 and Myo 6551C respectively). As illustrated in
Figure 3.8B and C, apart from RKO, all CRC cell lines are inducing invasion of
both Myo 6526 and Myo 7395. For the tumour/normal pair, the same pattern
was found with the normal line Myo 6550 whereas the cancer derived Myo
6551C demonstrated some invasive properties only with the SW480 and SW620
cell lines (Fig 3.8D and E). Altogether, our data strengthen the evidence for

invasive properties of myofibroblasts.
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Figure 3.8

Invasion assay of (A) CCD-18Co; normal primary myofibroblasts: (B) Myo

6526 and (C) Myo 7395 and a pair of matched myofibroblasts from (D)

normal (Myo 6550) and (E) cancerous tissue (Myo 6551C).
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To study the invasion of myofibroblasts, a Matrigel-based invasion assay was
conducted where either myofibroblasts or CRC cell lines were seeded in a
Matrigel blob separated from each other by Matrigel layer. Both of the cell-
containing blobs (myofibroblasts and CRC cell lines) were included in a same
well for co-culture groups whereby monoculture involves only a blob of either
myofibroblasts or CRC cells, seeded together with an empty Matrigel blob
(control). In this assay, the average (Av) of maximum distance of myofibroblasts
invasion from Matrigel blob when co-cultured either with CRC cells or empty
blob (control) was measured after 6 days of incubation. Selected CRC cells from
different cell lines possess different capacities to induce invasion of various
myofibroblasts under co-culture condition (*p<0.05 from three biological

replicates, significant different from control).
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This Matrigel-based blob assay also was repeated to study the invasion of
normal skin fibroblasts when co-cultured with CRC cells (Fig 3.9). No significant
invasion of foreskin fibroblasts was found in the presence of selected epithelial
cells. This differs from adult skin fibroblasts (skin fibro 3) where significant
invasion was observed under co-culture with SW480 and SW620. Different
expression profile between these two fibroblasts may contributed to this
observation. For example, skin fibroblasts expressed high level of PDGF-C

while low expression of this gene was found in foreskin fibroblasts (Fig 4.21).

Interestingly, our analysis revealed the different basal levels of invasion
(monoculture, without presence of CRC cell lines) in both myofibroblasts and
skin fibroblasts. The cancerous Myo 6551C has noticeably the lowest basal
level of cell invasion when compared to the 4 normal myofibroblasts (CCD18Co,
Myo 6526, 7395, and 6550) (Fig 3.10). Higher basal levels of invasion in skin
fibroblasts were observed in the monoculture group in comparison to

myofibroblasts.
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Figure 3.9

Invasion assay of (A) foreskin fibroblasts and (B) skin fibroblasts.

In this assay, the average (Av) of maximum distance covered by invaded skin
fibroblasts from Matrigel blob when co-cultured either with CRC cells or empty
blob (control) was measured after 6 days of incubation. Unlike with the
observation with myofibroblasts, no CRC cell lines induced invasion of foreskin
fibroblasts and only a subset of CRC cell lines could induce significant migration
of skin fibroblasts (* p<0.05 from three biological replicates, compared to

control).
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Figure 3.10

Basal level (monoculture) of myofibroblasts and skin fibroblasts invasion
in monoculture conditions.

Foreskin and skin fibroblasts possess higher basal level (monoculture) of
invasion in comparison to myofibroblasts. Myo 6551C has the lower basal
invasive property when compared to its normal counterpart i Myo 6550 and
other selected myofibroblast lines. As shown earlier in Figure 3.8 and 3.9, the
basal level of cell invasion is lower in comparison to co-culture with CRC cell

lines.

The viability of CRC cells under this experimental setup was verified using
Calcein AM staining. Figure 3.11 shows representative images of epithelial cells
under monoculture and co-culture in the presence of CCD-18Co. No significant
difference was observed in the morphology and growth of CRC cells in the
Matrigel blob between the control and co-culture groups except in LS180 +
CCD-18Co where more lumen formation can be seen when compared to LS180

alone. This corroborates the data shown previously in Figure 3.4B and 3.5B.
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Figure 3.11

Viability and differentiation of CRC cells in Matrigel-based assay.

Calcein AM shows the viability of CRC cells cultured in Matrigel blob. Minimal
DAPI staining was detected in tested CRC cells. No significant changes in the
morphology of the epithelial cells from the CRC cell lines was observed except

for LS180 co-culture where more prominent lumen formation was observed.
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3.3 Discussion

This chapter discusses different in vitro assays that can be used to study
various properties of myofibroblasts and CRC cells and their interactions,
including cell proliferation, migration, invasion and differentiation under co-
culture condition. All the assays were conducted under serum free (DMEM
alone) or minimal serum (DMEM + 0.5% FBS) conditions to minimise the effect
of serum on our observations and make it more specific to the co-culture
conditions. This exclusion of serum was essential as serum has been found to
improve cell proliferation and attachment as it is rich in essential components

(eg. various growth factors).

We found that the CRC cell proliferation was poor in the absence of serum but
greatly improved in co-culture with myofibroblasts. That observation was
consistent across three different CRC cell lines regardless of their differentiated
state (RKO, undifferentiated; HT29, poorly differentiated and LS180, well-

differentiated).

Matrigel has components of the ECM such as laminin, collagens and fibronectin
as well as growthfact or s and cytokines such as

and adhesion of CRC cells and myofibroblasts. The concentration of Matrigel
used was an important factor that can affect the results as both myofibroblasts
and CRC cells did not grow well on full Matrigel. A more diluted Matrigel at 50%
concentration proves to be optimal to culture both types of cells. The physical

properties of Matrigel may contributed to these observations. It stems from
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earlier studies which report on the influence of stiffness or compliance of ECM
on cell signalling, that in tum affects the cell morphology, cell-cycle progression
and differentiation. It is most likely that 100% Matrigel is not suitable to support
CRC cells and myofibroblasts in in vitro conditions, when compared to more
diluted Matrigel mixture. Thus, it is essential to modify the concentration of
Matrigel used in the experiment to ensure an optimal growth and attachment of

cells (Fischer et al., 2012).

A Matrigel based differentiation assay was conducted to study the differentiation
of LS180 in the presence of myofibroblasts. Our lab has shown the ability of
differentiated CRC cells to form lumen structures when grown in Matrigel. LS180
was selected for this assay due its well-established ability to form lumens. The
result from the first assay shows more flattened colonies of LS180 that
proliferate alongside the CCD-18Co as compared to the control, which were
rounder in shape (Fig 3.4). The size of these lumens in the co-culture groups
was significantly larger than in monoculture. This finding was supported by the
second differentiation assay where larger lumens were observed when LS180
was co-cultured with CCD-18Co (Fig 3.5). The variation in the LS180
morphology observed through Matrigel based differentiation assays is probably
due to different experimental layouts of the tests. LS180 either was seeded in
Matrigel on top of myofibroblasts lawn or mixed with myofibroblasts in Matrigel
solution before being added to a well. The presence of the myofibroblast layer
attracts LS180 and migrated cancer cells grown very closely to the CCD-18Co
cells, as shown in the first assay. In the second assay, as both LS180 and CCD-

18Co were suspended in Matrigel, both cells proliferate separately, or formed
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colonies of cells. This enables us to observe more clearly the individual cells of
LS180 as there was no overlap of them and CCD-18Co as in first Matrigel
assay. Both differentiation assays demonstrated the formation of bigger LS180
lumens when co-cultured with CCD-18Co. As shown in Figure 3.5C, in
monoculture, the average lumen size of LS180 was approximately half of those
in co-culture condition. Bigger lumens formed in LS180 co-cultured with CCD-
18Co may illustrate the positive influence of myofibroblasts on the CRC cells

differentiation and to some extent, on cell proliferation.

Greicius (2018) has reported that secreted R-spondins from pericryptal
myofibroblasts, particularly R-spondin3 (RSPO3) increased the formation of
epithelial cell organoids. Moreover, they also showed that RSPO3 supresses the
expression of MUC2, which marks the differentiation of goblet cells. This study
suggests the positive influence of myofibroblasts in promoting the proliferation
and support of the stemness of epithelial cells through stimulation of Wn T /-
catenin signalling. Interestingly, our microarray data revealed low RSPO3
expression in all primary myofibroblasts with exception of Myo 1998, which is
derived from normal colon. The basis of differential RSPO expression between
samples is remains unexplained. It seems likely that RSPO3 expression varies
between different sources of myofibroblasts and this difference presumably

would affect the growth and differentiation of epithelial cells in in vivo.

The Transwell assay was chosen to assess the migration properties of both
myofibroblasts and epithelial CRC cells under co-culture. Very minimal numbers

of migrated CCD-18Co cells were observed in the absence of CRC cells in the
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bottom chamber. It is apparent from this assay that CRC cells secreted
components that support the migration of myofibroblasts. Transwell assays of
myofibroblasts also showed that the extent of migratory activity of CCD-18Co
was dependant on the epithelial cell line used in the co-culture. The maximum
number of migrated CCD-18Co cells were observed in the presence of RKO,
when compared to HT29 and LS180. This suggests that RKO cells may secrete
more growth factors or/and cytokines that promote the migration of CCD-18Co
than do HT29 or LS180. For example, our microarray data shows higher mRNA
level of T G F birl RKO in comparison to HT29 and LS180. A difference in the
pro-migration activity of CCD-18Co on different CRC cells also was also
observed. Thus, RKO and HT29 migrated significantly more in the presence of
the myofibroblasts, than did LS180. The lack of specific secreted factors from
CCD-18Co or the absence or low expression of receptors on LS180 could be an

explanation of this result.

The invasion of myofibroblasts was also studied using a Matrigel based blob
assay. Strong pro-invasive effects of CRC cell lines (RKO, HT29, LS180,
SW480 and SW620) on CCD-18Co were observed. Similar results were
obtained with other primary myofibroblasts from normal colon tissues except for
co-culture with RKO. As described by the ATCC, although it is not an
immortalized cell line, CCD-18Co may possess certain characteristics, including
its gene expression profile, that vary from myofibroblasts that were established
from patientos sampl es. One of t he pr of
myofibroblasts from CCD-18Co is the population doubling rate (PDR), which

refers to the total number of times the cells in the population have doubled since
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their primary isolation in vitro. The PDR of CCD-18Co is significantly higher than
other primary myofibroblasts used in this thesis. Primary myofibroblasts isolated
from the surgical samples can be maintained in culture up to a maximum
passage number of 10 unlike CCD-18Co that can be cultured till passage 20
before the cells start to senesce. In comparison to other primary myofibroblasts
which derived from cancer and older patients, CCD-18Co was isolated from the
colon of a much younger individual (2.5 months of age) (ATCC) which may

explain the difference in the PDR between those myofibroblast lines.

As for the comparison between myofibroblasts from normal colon and tumour,
the results from my experiments show that both cells have different basal levels
of invasion in monoculture. Myo 6551C from cancerous tissues has a weak
ability to invade the Matrigel layer even in the presence of CRC cells, unlike its
normal counterpart T Myo 6550. This poor invasive ability of Myo 6551C may be
due to its slow growth rate, which is typically seen with other primary
myofibroblasts from tumour samples. These myofibroblasts may need different
components or growth factors in the medium to support their proliferation in

vitro.

No invasion of CRC cells into the Matrigel layer was seen although the cells
were clearly viable from the Calcein AM staining. No significant changes were
noticed in the morphology of the CRC cells under the same experimental
conditions although the formation of larger lumens in the LS180 co-cultures was
observed as in other assays described earlier. Even though the invasion

Matrigel blob assay provides crucial information on the invasive properties of
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different myofibroblasts, the fact that it presents little information of the effect of
co-culture on CRC growth and morphology, shows the lack of versatility of this
assay to portray the bidirectional communication between myofibroblasts and

CRC cells.

Although these assays give insights on the bidirectional communications
between myofibroblasts and CRC cell lines, there are still limitations that need to
be addressed. As is true for many in vitro assays, there is a lack of specific and
versatile experimental tests to evaluate the physiological process that occurs in
vivo. For example, even though the Transwell assay has been considered as a
mainstream experiment to study the migration of cells, it poses the question of
the effect of increased proliferation in a co-culture setting which may influence
the endpoint measurement of migrated cells. Ki-67, which is a cellular marker for
proliferative cells may be included to assess the growth of cells (monoculture vs
co-culture). This would verify that indeed increased numbers of stained cells in
the insert of the Transwell assay are contributed by the pro-migration effect of
the chemoattractant (cells at the bottom chamber) insteafdgreater growth of cells.
Furthermore, the inability of these tests to reproduce the 3-dimensional
architecture of tumour and its microenvironment at many levels in the colon also
limits the information that can be acquired to further explain the relationships
between myofibroblasts and epithelial cells. Considering the pros and cons of
each test, the Matrigel based assay shown in Figure 3.4 is more likely to mimic
the in vivo physiological interaction between myofibroblasts and epithelial cells.
Additional screening with other CRC cells using this assay will help to elucidate

the nature of myofibroblasts/cancer cells bidirectional communications.
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THE REGULATION OF AOC3 AND NKX2-3,
TWO DIFFERENTIALLY EXPRESSED GENES

IN MYOFIBROBLASTS

94



CHAPTER 4: INFLUENCE OF GROWTH FACTORS ON THE REGULATION
OF AOC3 AND NKX2-3, TWO DIFFERENTIALLY EXPRESSED GENES IN

MYOFIBROBLASTS

4.1 Introduction

Many publications have suggested the contribution of the reciprocal relationship
between myofibroblasts and cancer cells in the progression of colon cancer. The
communications between these two types of cells involve the secretion of
growth factors, cytokines and chemokines from CRC cells that affect the
properties of both of myofibroblasts and vice versa. These growth factors may
lead to activation of the myofibroblasts in which these cells become more
contractile and able to migrate and promote the invasion of cancer cells which

eventually resulted in metastasis from primary site to the other organ(s).

This chapter discusses the influence of selected growth factors on the
expression of AOC3 and NKX2-3, which are two of the differentially expressed
genes in myofibroblasts, in comparison to skin fibroblasts. Other associated
genes expressed in myofibroblasts, specifically ACTA2 (protein: alpha smooth
muscle actin, U S M)Aand FAP (fibroblasts activation protein, alpha) were also
studied to elucidate the in vitro effects of these growth factors on their
expression. Initial screening of AOC3 and NKX2-3 expression in different cell
types (myofibroblasts, fibroblasts and CRC cells) was performed to prove the
elevated relative expression of these genes in myofibroblasts. The in vivo

expression of AOC3 was verified using immunohistochemistry staining of
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patientdéds colon samples (nor mal and
NKX2-3 also was analysed in various primary myofibroblasts derived from
different colon tissues. The expression level of AOC3 also was studied across
different cell passages of myofibroblasts to find out if there was any correlation

between AOC3 expression and cell senescence.
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4.2 Results

4.2.1 Expression of AOC3 and NKX2-3 in different cell types

From microarray data, several differentially expressed genes between
myofibroblasts and normal skin fibroblasts have been identified. As described by
Hsia et al. (2016), AOC3 and NKX2.3 are two of the most highly differentially
expressed genes in myofibroblasts. Figure 4.1 shows the mRNA level of those
genes in 8 different cell lines (4 myofibroblasts and 4 normal skin fibroblasts).
The myofibroblasts which were included in the microarray analysis included
CCD-18Co, a myofibroblasts purchased from ATCC, and three different primary
myofibroblasts grown from patients?o

6024). The four normal skin fibroblasts include foreskin (F) fibroblasts and three
other skin fibroblasts from three healthy adults (skin fibro_1, skin fibro_2 and
skin fibro_3). None of the skin fibroblasts express AOC3 at an apprecable level,
while it is expressed at high levels in a subset of the myofibroblasts such as
CCD-18Co, Myo 1998 and 2020. The transcription factor NKX2-3 is, however,
expressed at a significantly high level in all myofibroblasts, whereas all the skin

fibroblasts only express this gene at a very low level (Fig 4.1).
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Figure 4.1

Expression of AOC3 and NKX2-3 in myofibroblasts and skin fibroblasts.
Microarray data shows high AOC3 expression in all but one of the
myofibroblasts (Myo 6024) as compared to various skin fibroblasts. NKX2-3 is
expressed at a high level in myofibroblasts whereas very low expression of this
gene is detected in skin Fs in comparison to skin fibroblasts (Hsia et la., 2016)

(F_fibro: foreskin fibroblasts).
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The mRNA expression of AOC3 and NKX2-3 in the Bodmer CRC panel was
extracted from the microarray data and the results are summarized in Figure
4.2. Only a small number of CRC cell lines shows detectable levels of AOC3
and NKX2-3. It is worth noting that these mRNA values of AOC3 and NKX2-3 in

CRC cell lines are relatively quite low (less than 200 for almost all the cell lines).
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Figure 4.2
The mRNA levels of (A) AOC3 and (B) NKX2-3 in CRC cell lines.

x-axis: CRC cell lines, y-axis: mRNA level.
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Screening of AOC3 and NKX2-3 expression in the three CRC lines that express
it at different levels in the microarray data (High mRNA levels of AOC3 and
NKX2-3 in VACO400, high expression of NKX2-3 but low AOC3 expression in
LS180 and low mRNA levels of both AOC3 and NKX2-3 in HT29) and in CCD-
18Co using qRT-PCR confirms the high expression of both genes in
myofibroblasts in comparison to CRC cell lines (Fig 4.3). This result is verified at
a protein level using western blots (Fig 4.4A) where a strong band for AOC3
was found in CCD-18Co whereas no band was detected for the CRC cell lines.
As previously shown in our laboratory, the absence of serum increases the
expression of AOC3. We therefore also compared the AOC3 expression under
serum starvation and found that AOC3 is upregulated in CCD18Co which is in
agreement with our previous finding (Hsia et al., 2016) but not in CRC cell lines

as illustrated by the absence of band in the western blots.

The NKX2-3 protein expression in myofibroblast was compared to skin
fibroblasts and CRC cells. Figure 4.4B shows the high expression of NKX2-3 in
myofibroblasts (CCD-18Co, Myo 7395 and Myo 8853), while only quite faint
bands were observed for skin fibroblasts and foreskin fibroblasts and finally no
NKX2-3 expression was detectable in CRC cells (LS180, VACO400 and
RW7213) including even LS180 which showed the highest relative expression of

NKX2-3 mRNA in the CRC cell line panel (Figure 4.2).

101



(A) AOC3 (B) NKX2-3

60 80 1
S 5
1 ]
> 50 A >
g S 60 -
E 40 £
g =
E 30 - § 40 - 3
[
> 2 £
5 207 8 E
o o 20 1 e
. [+*]
‘2-" 10 - S T
2 S5
0 e o B 0 ' - EE
) 2 N o o 0 N o
00’ ~ v.O S A ?.0
(&) ) ¢ A\
Figure 4.3

The expression of (A) AOC3 and (B) NKX2-3 in CCD-18Co and selected
CRC cell lines (HT29, LS180 and VACO0400), analysed by gRT-PCR.

Both AOC3 and NKX2-3 are expressed at very much higher levels in CCD-18Co
than in the CRC lines, substantiating their use as markers for myofibroblasts.
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Figure 4.4

Protein expression of (A) AOC3 in serum free and full serum (10% FBS)
and (B) NKX2-3 in different cell types.

AOC3 expression was upregulated in CCD-18Co under serum free condition.
No detectable expression was observed for AOC3 in the selected CRC cell
lines, regardless of treatment condition (presence or absence of serum). Strong
NKX2-3 expression in MFs was detected. A very faint band was observed in
skin Fs and no detectable band was found in CRC cell lines (MFs:

myofibroblasts; F. fibro: foreskin fibroblasts; skin fibro_1: skin fibroblasts).
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4.2.2 Localization of AOC3 and NKX2-3 in myofibroblasts

As shown in Figure 4.5A, AOC3 staining on live cells produced staining in the
cytoplasmic region of CCD-18Co. The negative control for the AOC3 namely

RKO shows no detectable AOC3 staining (Fig 4.5B).

Immunofluorescence staining also was conducted for NKX2-3 and we found that
NKX2-3 staining pattern differs according to fixative solution that been used (Fig
4.6A). By using ice cold methanol as fixative solution, the staining of NKX2-3 in
CCD-18Co was detected predominantly in the nucleus although faint staining
was observed in cytoplasmic region of the myofibroblasts, which is in agreement
with the localization of this protein according to GeneCards website
(https://www.genecards.org/cgi-bin/carddisp.pl?gene=NKX2-3). The staining
NKX2-3 in cold-methanol fixed CCD-18Co differs from those of PFA and
glutaraldehyde-fixed cells. Cytoplasmic NKX2-3 staining in PFA and
glutaraldehyde fixed-CCD-18Co is not in agreement with predicted localization
of NKX2-3. Hence, NKX2-3 staining using the best available NKX2-3 antibody
(LSBio) used in the present study, performed on cells fixed only in cold

methanol is to be considered reliable for analysis. (Fig 4.6A).
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Figure 4.5

Positive immunofluorescence staining of AOC3 in myofibroblasts (CCD-
18Co) and lack of AOC3 staining in CRC cell line (RKO).

Representative images of live staining of AOC3 (TK8-14, Santa Cruz) in CCD-
18Co visualized at 20x and 40x magnification are shown in (A). (B) RKO was
included in the IF staining (either been treated with serum free medium or 10%
serum) as negative control for AOC3, shows no visible staining (Magnification:
20x). AOC3 (red), DAPI (blue).
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Figure 4.6

Localization and expression of NKX2-3 in different cell types

Variability in the NKX2-3 staining patterns in CCD-18Co, fixed with various
fixative solution (4% PFA (paraformaldehyde), ice cold methanol or 0.02%
glutaraldehyde) using the best commercially available antibody (LSBio) are
shown in (A). Methanol fixation produced most accurate and reliable result of
NKX2-3 staining indicated by strong NKX2-3 nuclear staining and much lower
staining intensity in the cytoplasm. U S M Ataining in CCD-18Co is included as
positive control for myofibroblasts. (B) No visible staining of NKX2-3 and U S MA
was observed in methanol fixed-skin fibroblasts and CRC cell line (HT29).
NKX2-3 (red), U S M fgreen), DAPI (blue) (Magnification: 20x).
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To confirm the localization of both AOC3 and NKX2-3 in myofibroblasts shown
by the IF staining, the expression of these proteins was verified in cytoplasmic
and nuclear fractions of CCD-18Co (Fig 4.7). Notably, AOC3 is found to be
expressed exclusively in the cytoplasm of CCD-18Co whereas NKX2-3 is
expressed in both cytoplasm and nucleus. The appropriate loading controls
were included: beta-tubulin and full length lamin A/C for respectively the
cytoplasmic and nuclear compartments. In contrast to other publications where
b-actin was found mainly in the cytoplasm fraction in comparison to nuclear
extract (Sun etal., 2016),our data shows A{adireprottieinbotht i on o
extracts of cytoplasm and nucleus. This is may be due to the poor quality of the
antibody which contribute to its lack of specificity in assessing the localization of

b-actin in cellular component extracts.
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Figure 4.7

Localization of AOC3 & NKX2-3 in CCD-18Co.

AOC3 is predominantly being expressed in the cytoplasmic fraction whereas

NKX2-3 can be found in both cytoplasmic and nuclear extract of CCD-18Co

(Controls for; Cytoplasm: b-Tubulin, Nucleus - Lamin A/C).
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4.2.3 Regulation of AOC3 and NKX2-3 expression in myofibroblasts

A more thorough screening was performed to compare the protein expression of
both AOC3 and NKX2-3 in a panel of primary myofibroblasts. Western blot
results (Fig 4.8) show that NKX2-3 is highly expressed across all primary MFs
whereas AOC3 expression is more heterogeneous with the highest expression
for Myo 7395 and Myo 8873 (both myofibroblasts derived from normal colon).
Most of the selected myofibroblasts had no or low expression of AOC3 in the
presence of 10% FBS. Skin fibroblasts were used as negative controls for
NKX2-3 expression. Gene expression analysis of AOC3 and NKX2-3 in primary
myofibroblasts cultured in normal culture medium (10% FBS) clearly validates
high mRNA level of these two genes in myofibroblasts when compared to

foreskin fibroblasts (Fig 4.9).
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Figure 4.8

Screening of AOC3 and NKX2-3 protein expression across primary
myofibroblasts after 3 days incubation in full medium (DMEM + 10% FBS).
NKX2-3 is highly expressed uniformly in all myofibroblasts while heterogenous
expression of AOC3 was found across the myofibroblasts samples. Skin

fibroblasts act as negative controls for the screening.
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Figure 4.9
Screening of (A) AOC3 and (B) NKX2-3 gene expression in primary

Comparatively, NKX2

other myofibroblasts.
fibro (F. fibro: foreskin fibroblasts).

myofibroblasts maintained in full serum (10% FBS) using gRT-PCR.

-3 is expressed at a much higher level compared to AOC3

in myofibroblasts. CCD-18Co has lower expression of NKX2-3 in comparison to

No detectable levels of AOC3 and NKX2-3 was found in F.
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To validate the expression level of and the influence of serum in AOC3 and
NKX2-3, a screening using several of the established myofibroblasts was
performed (Fig 4.10). Similar cell passage number for the three pairs of
myofibroblasts (from cancerous and adjacent normal tissues) was used. The
AOC3 expression is clearly upregulated in serum free condition in all
myofibroblasts except for Myo8872C, which supports the previous finding.
NKX2-3 expression seems to be higher under normal culture condition
(presence of 10% serum) in comparison to treatment with serum free medium.
Minor changes were observed in U S M &xpression in different myofibroblasts
between serum free condition and 10% FBS. It is worth noting that this result
(Fig 4.10) represents two different western blot films. Inclusion of a control (cells
with known positive/negative expression of screened protein) in every blot would

provide a normalization for the reading of protein expression in tested cells.

The initial findings on the influence of serum on NKX2-3 expression was
supported by the kinetics study of NKX2-3 expression in CCD-18Co under
serum free and full serum condition. A clear upregulation of NKX2-3 seen in
myofibroblasts maintained in full (10%) serum over time (Fig 4.11A).
Immunofluorescence staining further validates this result where stronger NKX2-
3 staining was detected in CCD-18Co cultured in the medium with 10% serum,
in comparison to serum free condition (Fig 4.11B). A positive control for the
myofibroblasts, U S MAwas included in the experiment. Heterogeneous
cytoplasmic U $/A staining was observed in CCD-18Co under both
experimental conditions although stronger intensity of the staining can be

detected in 10% FBS treated CCD-18Co.
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Figure 4.10

Expression of AOC3, NKX2-3 and U S MAcross primary myofibroblasts
after 72 h of incubation (A) full serum (DMEM + 10% FBS) and (B) serum
free medium.

AOC3 expression in myofibroblasts was, as had been shown before,
upregulated when treated with serum free medium when compared to 10%
serum (FBS). Lower expression of AOC3 was found in myofibroblasts derived
from cancerous tissues in comparison to their matched normal pair (Myo 8853
vs 8852C and Myo 8873 vs 8872C). Upregulation in the expression of NKX2-3
was observed in the presence of 10% FBS, most notably in CCD-18Co and Myo
8872C. Very little difference was seen in U S M Axpression between serum free
condition and 10% serum. Similar passage numbers for three myofibroblasts

pairs were included in the experiment (P = cell passage number).
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Figure 4.11

The influence of serum on the protein expression of NKX2-3 in
myofibroblasts.

(A) Expression of NKX2-3 was upregulated in the presence of 10% FBS as
compared to serum starved CCD-18Co. NKX2-3 expression increases overtime
more notably under full serum condition. (B) The upregulation of NKX2-3
expression in CCD-18Co maintained in DMEM + 10% FBS for 48 h is visualised
with immunofluorescence staining. Weaker NKX2-3 staining intensity was
observed in serum free medium-treated group (Magnification: 5x). Enlarged
representative images of NKX2-3 from each respective group was included in
(B) (Magnification: 20x).
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4.2.4 Immunohistochemistry staining of AOC3 and NKX2-3 in parental

tumour

Immunohistochemistry (IHC) staining of the FFPE sections from the parental
tumours from which myofibroblasts were isolated was performed.
Heterogeneous staining intensity of AOC3 was been observed across different
samples (Fig 4.12). Uniform AOCS staining in pericryptal cells surrounding the
colonic crypt was seen in normal parental tissues in comparison to more
irregular staining profile in cancer samples. Strong staining of AOC3 was
visualized in Myo 8873 while less fluorescence intensity of AOC3 staining was
observed in the other two myofibroblasts (Myo 8835 and Myo 8853). This
observation corroborates with previous western blot results (Fig 4.8) where Myo
8873 expressed higher protein level in comparison to Myo 8835. As for the
parental tumour, the staining of AOC3 evidently shows the accumulation of
myofibroblasts surrounding the crypt. It is also noticeable from the staining of
the cancerous colon tissues that the tissue organization was highly disrupted

due to the formation of the tumour, which is different from normal tissue.

We found discrepancy in the localization of NKX2-3 in IHC staining on FFPE
sections thus the result is not shown. Considering previous immunofluorescence
result where fixation hugely influenced NKX2-3 staining profile (Fig 4.6), NKX2-
3 staining using the antibody from LSBio, included in this thesis, should be
performed on cryosection of tissue fixed with cold methanol, instead of paraffin-

fixed slides.
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Figure 4.12

IHC staining of AOC3 in matched pairs of parental (A) normal and (B)
tumour colon tissues (FFPE sections).

IHC staining patterns of AOC3 (TK8-14, Santa Cruz) on three pairs of normal
and tumour parental tissues (Myo 8835 vs 8836C; Myo 8853 vs 8852C and Myo
8873 vs 8872C) are shown in (A) (Magnification: 20x). AOC3 staining localizes
at the pericryptal cells. Regular AOC3 staining was found in normal parental
tissues while more irregular staining of AOC3 was observed in their matched
cancer pairs. Myo 8873 which has highest AOC3 expression shows the
strongest staining for AOC3 in myofibroblasts in the normal parental tissue. (B)
Enlarged image of AOC3-stained Myo 8873 parental tissue shows staining in
the cytoplasmic region of pericryptal myofibroblasts (magnification: 40x). AOC3
(green), DAPI (blue).
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4.2.5 Microarray data for other myofibroblast associated genes.

In addition to AOC3 and NKX2-3, several other genes that are apparently
associated with the activation of myofibroblasts were studied, namely ACTA2
MYH11 and FAP. Activation of myofibroblasts is often manifested by increase
expression of ACTA2 and MYH11, while FAP is strongly expressed by stromal
fibroblasts of epithelial carcinomas. Figure 4.13 shows the microarray data for
the ACTA2, MYH11 and FAP expression in myofibroblasts and skin fibroblasts.
Both cell types show positive ACTA2 expression. Only moderate expression for
MYH11 was found in all myofibroblasts and skin fibroblasts except for Myo 2020
which expressed high mRNA level of the gene. As for CRC cell lines, high
expression of ACTA2 was detected in only 4 of CRC cell lines while only 2 CRC

cell lines expressed high level of MYH11 (Supplementary data S3).

Significant expression of FAP can be detected in all the myofibroblasts and skin
fibroblasts, with Myo 6024 and skin fibro_2, showing markedly higher levels than
the others (Fig 4.13). The mRNA level of FAP in CRC cells is shown in Figure
4.14. Nearly all the epithelial cells have very low expression of FAP. Only lines
OXCO1 and NCIH716 cell lines have markedly high levels of FAP expression
but with possibly increased levels in three other lines. Interestingly, both OXCO1
and NCIH716 have been classified by our laboratory as epithelial-mesenchymal
transition (EMT)-like CRC cells based on their level of expression of EMT

markers.
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Figure 4.13

Microarray data of FAP expression in myofibroblasts and skin fibroblasts.

ACTAZ2 is highly expressed by different samples of myofibroblasts and skin
fibroblasts (A). Moderate expression of FAP was found in both cell types (MRNA
levels of approximately 200) except for Myo 6024 and skin fibro 2, where higher
MRNA values were detected as compared to other samples. MYH11 expression
levels in all samples are lower when compared to the two other genes although

a relatively high mRNA level was seen in Myo 2020 (skin fibro: skin fibroblasts).
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Figure 4.14

The expression of FAP in CRC cell lines.
High mRNA level of FAP was only detected in 6 CRC cell lines where OXCO1 and NCIH716 are the two lines with the highest

expression of this gene. The FAP expression in OXCO1 and NCIH716 was compared to those lines with low expression of

FAP such as Lovo, SW1222, SW480, CC20, HCT116 and RKO, shown in later section of this chapter.
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4.2.6 The influence of growth factors on the regulation of AOC3 and

NKX2-3 expression in myofibroblasts

Our previous findings clearly indicate the influence of serum on the expression
of selected genes in myofibroblasts and this raises fundamental questions
concerning the role of the growth factors present in serum in the direct
regulation of those genes. The choice of the candidate growth factors tested
was based on a thorough literature search on the composition of serum together
with previous data from our laboratory. The influence of arrange of growth
factors including TGFb1l, EGF, -ARhEIGF1
on gene regulation in myofibroblasts was investigated. These growth factors
also are potentially secreted by the CRC cells in vivo which may lead to certain
changes in the properties of the myofibroblasts. The candidate genes to be
screened for the effects of growth factors were selected based on the previous
microarray analysis performed by our lab of differentially expressed genes
between myofibroblasts and fibroblasts, namely AOC3, NKX2-3 and LRRC17
(high expression in myofibroblasts) and SHOX2 (low expression in
myofibroblasts). ACTA2 which is expressed at high levels in myofibroblasts,
were also included in the screening along with MYH11. We were also interested
in FAP expression as its expression appears to reflect the activation state of

myofibroblasts.

The data from qRT-PCR revealed that there was significant downregulation of
AOC3 in CCD-18Co after 72 h treatment with 10% FBS, TGFb1,

PDGF-AA (Fig 4.15). NKX2.3 is also downregulated in the presence of serum,
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which contradicts the previous western blot results (Fig 4.11) where the protein
expression of NKX2-3 is upregulated after treatment with full serum medium.
The discrepancy observed in the regulation of NKX2-3 between gene and
protein level is discussed further in Chapter 6. Like AOC3, we observed a

significant downregulation of NKX2-3 in the presence of EGF and PDGF-AA.

Strikingly, analysis of the influence of the growth factors on ACTAZ2

demonstrates that onl y ACTAZFelxptessionpin EQDJd | at e s

18Co. Minimal effects on the ACTA2 expression were observed post-treatment
with other growth factors except for EGF and PDGF-AA. Both EGF and PDGF-
AA significantly downregulate the ACTA2 expression. A similar response was
seen with MYH11 where MYH11 expression was upregulated after incubation
wi t h TGFb1 and d o-treatmeng with aEGE énd PLGFAA.
Screening of LRRC17 in CCD-18Co shows that it is abundantly expressed at
basal l evel. We found t hat only TGFb1
expression. There was no significant effect of growth factors on SHOX2 and

FAP expression in CCD-18Co.
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Figure 4.15
The influence of growth factors on (A) AOC3; (B) ACTA2; C) NKX2-3; (D)
MYH11; (E) LRRC17; (F) SHOX2 and (G) FAP expression in CCD-18Co.
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The effects of various growth factors on AOC3 expression were verified at

protein level using western blots. There was downregulation of AOC3 protein

expression detected in CCD-18 Co i ncubated with TAAFDIZ1, E ¢
in comparison to serum free conditions (Fig 4.16). No significant effects of

growth factor treatment were seen on NKX2-3 regulation in CCD-18Co. which,

again, is in contradiction with the qPCR data (Fig 4.15). Upregulation of US MA
expression was observed upon TGFb1l treat me
significant level when compared to other growth factor treatments. Treatment

with EGF resulted in downregulation of U S M,Awhich is in agreement with

previous gRT-PCR data. The influence of the four growth factors was also

confirmed using immunofluorescence staining of CCD-18Co (Fig 4.17). Strong

AOC3 staining was seen in CCD-18Co treated with serum free condition as
opposed to other groups (10% serum, TGFD1

AOC3 was detected which agrees with the western blot data.
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Figure 4.16

The effect of growth factor treatment on the AOC3, NKX2-3 and US MA
protein expression in myofibroblasts

TGFb1, EGF aAAddowRrdéy@dte AOC3 expression. This finding
verifies the previous results at gene level (Fig 4.15). No significant changes in
the NKX2-3 protein expression were observed after incubation with different
growth factors. Some downregulation in U S M &xpression was found in CCD-
18Co treated with EGF.
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Figure 4.17
The immunofluorescence staining of AOC3 in CCD-18Co incubated with

(A) serum free medium; (B) 10% FBS; (C) TGFb1 and (D) EGF for 72 h.
Strong staining for AOC3 was detected in serum starved CCD-18Co in
comparison with other groups indicating upregulation of AOC3 expression after

treatment with serum free medium alone.
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The effect of various growth factors on protein expression in a primary
myofibroblasts from a normal section of colon (Myo 8873) also was performed to
confirm the previous finding in CCD-18Co. Western blot results show a similar
pattern of AOC3 expression in Myo 8873 and CCD-18Co after incubation with
different growth factors except for the IGF1 treatment group (Fig 4.18). The
presence of ser um, -AA&# IGHEL dowarégualated Fh® BIC3
expression in Myo 8873. Minimal affect was observed in NKX2-3 expression

after treatment with growth factors.
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Figure 4.18

The influence of growth factor treatment on the expression AOC3 and

NKX2-3 in primary myofibroblasts (Myo 8873).

The presence of 10% ser um, TGFb1, EGF and
expression in Myo 8873. Strong expression of NKX2-3 was observed in all the

treatment groups.
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4.2.7 Microarray data analysis of expression of growth factors and their

respective receptors in myofibroblasts and CRC cell lines

Microarray data analysis was performed to identify the CRC cells, which may
express the growth factors that influence the regulation of AOC3 in
myofibroblasts, n a me JAyand T GThéé régulatith@FAOCF D G F
expression by PDGF-C is explained later in the next section i 4.2.10). Ten of
the lowest and highest expressing CRC cells for T G F h BGF, PDGF-A and C
are listed in Supplementary data S1. From the table, only four CRC cells
(CC20, OXCO1, CCO7 and c10s) express two or more of the selected growth
factors at high levels (top 10 highest). Figure 4.19 shows the ten CRC cell lines

with the highest expression of T G F hEHGF, PDGF-A and C.
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Figure 4.19

Ten of the highest growth factor-expressing CRC cells at mRNA level.
OXCO1, CCO7, CC20 and c10s highly express two or more of selected growth
factors (T G F hEAGF, PDGF-A and C) (*denotes the EMT-like cells).

We have used the microarray data available for the CRC cell lines,
myofibroblasts and fibroblasts to assess the expression of both the ligands
(T GF bHEGF, PDGF-A and C) and their respective receptors. This analysis was
performed to determine the paracrine and/or autocrine signalling pathway
between myofibroblasts and CRC cell lines. Paracrine signalling pathway is
indicated by the expression of either the ligand or its receptor in cells, while cells
that possess high expression of both the ligand and its receptor may indicate
the involvement of autocrine signalling. Positive mMRNA expression is defined by
value more than 100 (High expression: mRNA value of more than 200), while
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MRNA value of lower than that signifies low expression of a certain gene. The
analysis of the expression of the growth factors (receptors and their ligands) is
summarized as below:

a) TGFBRT Hi gh expression of threeTGFBR),f er ent
namely TGFBR1, 2 and 3, was found in majority of CRC cells.
(Supplementary data S2). As shown in Figure 4.20, there is strong
expression of TGFBR1, 2 and 3 in myofibroblasts and skin fibroblasts.

b) TGFBR ligand (T GF bh 1 One of the ligands for TGFBR is TGF b 1
Positive expression of T G F bwhs found in a subset of CRC cell lines (70
cancer cells possesses mRNA level of more than 100). Among the 10
high T G F bxpressing CRC cell lines (Fig 4.19), a total of six possess
EMT-like properties. High expression of T GF bwvas observed in all
myofibroblasts (Fig 4.21A).

c) EGFR 1 Most CRC cell lines expressed EGFR (mMRNA level of more than
100). Myofibroblasts and skin fibroblasts have high expression of EGFR,
with an exception of foreskin fibroblasts (Fig 4.20). This is in full
agreement with the response of MFs to EGF ligand in respect to the
downregulation of AOC3 and ACTAZ2.

d) EGFR ligand (EGF) 17 Several EGFR ligands has been reported in
literatures. The current study mainly focussing on one of ligands, namely
EGF. Majority of the CRC cell lines did not express EGF. EGF
expression was found only in 20 CRC cell lines shown in Figure 4.20.
Low expression of EGF was detected in myofibroblasts and skin
fibroblasts except for foreskin fibroblasts (Fig 4.21).

e) PDGFR i Very low mRNA level of both PDGFRA and B was found in
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CRC cell lines (MRNA level below 100). Myofibroblasts have high mRNA
level of PDGFRA (values of more than 1000) which is a receptor for
PDGF-A and C, except for foreskin fibroblasts (value: 270) (Fig 4.21).
Moderate expression of PDGFR-B was found in myofibroblasts.

f) PDGFR ligands (PDGF-A and C) i Two isoforms of PDGF which make
up PDGF ligands (PDGF-AA and CC) of interest in this study are PDGF-
A and C. Specific binding of these PDGF isoforms to homodimeric and
heterodimeric PDGF receptors induces their cellular effects. As shown in
Supplementary data S4, high expression of both ligands was detected
in CRC cell lines. Myofibroblasts and most of skin fibroblasts did not
express PDGF-A. Foreskin fibroblasts and two of skin fibroblasts have

high expression of PDGF-A and C respectively (Fig. 4.21)

Microarray analysis revealed that CRC cells and myofibroblasts only express
either the ligand or its receptor with exceptions for T G F bahd TGFBRs. High
expression of T G F bwhas found in 70 CRC cell lines and TGFBRs are highly
expressed by all cancer cell lines. Myofibroblasts and skin fibroblasts express
both high level of T GF bdnd TGFBRs. The possibility of a paracrine vs
autocrine signalling pathway between myofibroblasts and CRC cell lines based
on our microarray data analysis is discussed further in the discussion section of

this chapter.
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Figure 4.20

Microarray data on expression of TGFBRs, EGFR and PDGFRA in the
myofibroblast and skin fibroblast cell lines.

TGFBRs, EGFR and PDGFRA are highly expressed by all myofibroblasts and
skin fibroblasts with an exception of F_fibro where lower mRNA levels of those
receptors were found. Differential expression of these genes between F_fibro
and other skin fibroblasts and myofibroblasts may be due to its origin of which
F_fibro was isolated from a neonate, unlike from other samples which derived

from adult tissues (F_fibro: foreskin fibroblasts
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Figure 4.21

Microarray data on the expression of T GF h EGF, PDGF-A and C in
myofibroblast and skin fibroblast cell lines.

High expression of T G F bwhs found in all myofibroblasts and skin fibroblasts,

while EGF and PDGF-A are expressed at low levels in those samples, with an
exception for F_fibro. T GF h EGF and PDGF-A are expressed by F_fibro, at
much higher levels compared to other myofibroblasts and skin fibroblasts. High

MRNA level of PDGF-C was found in two of the skin fibroblasts (skin fibro 2 and

3).
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4.2.8 Regulation of AOC3 and NKX2-3expression by TGFb1l in

normal and cancer pair of primary myofibroblasts

An important signalling pathway in colorectal cancer is the TGFb signalling

pathway. The influence of TGFb1l treatment on t
myofibroblasts (normal and cancerous pair) was studied using gRT-PCR

analysis. As demonstrated in CCD-18Co, there was a significant upregulation in

AOC3 expression in Myo 8835 and 8836C maintained in serum free medium for

72 h. Treat ment wi t h AOCG Expréssiah invboth piganyl at e d
myofibroblasts to comparable level to 10% serum (Fig 4.22). It is worth noting

that Myo 8836C has a slightly lower AOC3 mRNA basal level than its normal

counterpart. Both myofibroblasts have comparable NKX2-3 expression and

TGFb1l treat ment clearly leads to 1ts down
stable expression of NKX2-3 in myofibroblasts, regardless of the origin of the

tissue types (normalorcan c er ) . As f or TAEHAIrdydatiannf | uen
its expression in both Myo 8835 and Myo 8836C was elevated post-treatment

with TGFb1l. The result also shows that Myc

(in the presence of 10% FBS) of ACTA2 when compared to Myo 8835.
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Figure 4.22

Effect of TGFb1l on AOC3, NKX2-3 and ACTA2 mRNA expression in
myofibroblasts from matched normal (Myo 8835) and cancerous tissue

(Myo 8836C).

AOC3 expression in both samples was upregulated in serum free condition.
Comparable basal levels of AOC3 and NKX2-3 expression (10% FBS) were

found in the samples and a higher level of basal ACTA2 expression was
observed in Myo 8836C which is from cancerous colon tissues (*p<0.05 in
comparison to 10% FBS from three biological experiments) . TGFb1
downregulated both AOC3 and NKX2-3 expression but upregulated ACTA2

MRNA level in normal and cancer-derived myofibroblasts.
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4.2.9 Treatment with EGF and its effect on gene expression in

myofibroblasts

EGF is another growth factor of interest that regulates AOC3 expression in
myofibroblasts. Over a duration of 72 h, we have compared the mRNA
expression of AOC3 in serum-free conditions with the addition or not of EGF. In
the absence of EGF, data shows a gradual increase in the AOC3 expression
over time whereas EGF treatment induced a decrease that remains constant for
all time points (Fig 4.23A). There is very little explanation of the effect of serum
starvation on AOC3 expression. It is likely that unfavourable culture conditions
(serum free condition) might lead to accumulation of free radicals and the cells
reacted by producing more AOC3 to convert them to hydrogen peroxide and

oxygen through enzymatic reaction to maintain optimal state for cell survivarhis

postulation has yet to be confirmed.

Expression of NKX2-3 followed the exact same pattern as AOC3 in both
conditions. At protein level, the effect of EGF on the regulation of AOC3
expression in CCD-18Co is more significant at 72 and 96 h of treatment in

comparison to serum free condition (Fig 4.23B).
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Figure 4.23

Kinetic study of EGF in CCD-18Co.

The qRT-PCR data (A) shows the downregulation of AOC3 expression in CCD-
18Co after treatment with EGF in comparison to serum free conditions (a single
experiment). The expression of AOC3 increases over time in serum starved
CCD-18Co. A slight increase in NKX2-3 expression under same experimental
(serum free) condition was observed. (B) The data on the influence of EGF on
AOC3 expression was verified by western blot in which the downregulation of

AOC3 expression by EGF was more prominent after 72 h of treatment.
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As shown by the microarray data, myofibroblasts do express high levels of
EGFR and this was validated by flow cytometry data where a significant shift in
the expression of EGFR in CCD-18Co was found, when compared to isotype
control (Fig 4.24). To confirm the specificity of the EGF activity on
myofibroblasts, Cetuximab (anti-EGFR monoclonal antibody) was used to block
the binding of EGF to its receptor. Figure 4.25 simplifies the experimental layout
that was conducted using this blocking antibody. As expected, AOC3 mRNA
expression was downregulated significantly in EGF-treated CCD-18Co and this
was rescued by the pre-treatment with cetuximab. Both addition of cetuximab at
10 pg/mL for either 1 or 3 h prior to EGF treatment lead to significant
upregulation of AOC3 mRNA expression in comparison to treatment with EGF
alone due to the blocking activity on EGFR. Cetuximab alone did not affect the
regulation of AOC3. This finding was confirmed at a protein level using a
western blot. The total of 3 h of pre-treatment with cetuximab lead to more
efficient blocking of EGF activity on AOC3 regulation. The effect of EGFR
blocking on AOC3 expression also was demonstrated in Myo 7395 where a
similar profile of AOC3 mRNA expression after been pre-treated with cetuximab

was produced.
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Figure 4.24

The expression of EGFR in myofibroblasts.

Microarray data analysis shows high EGFR mRNA level in all candidate
myofibroblasts (A). Positive expression of EGFR in CCD-18Co was confirmed

using flow cytometry (B) (Data courtesy of Dr Djamila Ouaret, Bodmer lab).
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Figure 4.25

Blocking of EGFR activity on AOC3 expression by cetuximab in
myofibroblasts.

The activity of EGF on the expression of AOC3 was blocked by cetuximab
shown by (A) gRT-PCR (*p<0.05 as compared to EGF alone) and (B) western
blot. Pre-treatment with cetuximab (10 pg/mL) for 3 h was more efficient in
inhibiting the EGF activity on AOC3 protein expression in comparison to 1 h of
pre-incubation. C) EGFR activity on AOC3 expression at gene level also was
abolished after pre-treatment with cetuximab (3 h) in primary myofibroblasts
(Myo 7395) (Cetux; cetuximab; SF: serum free; h: hour).
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Two blocking agents against HER2 (human epidermal growth factor receptor 2),
namely trastuzumab and pertuzumab were also tested. Both HER2 and EGFR
are members of HER/ERBB family of receptor tyrosine kinases (RTKsS). As
shown in Figure 4.26, both anti-HERZ2 antibodies exhibit lower efficiency in
blocking EGF activity of the regulation of AOC3 expression in CCD-18Co, as

compared to cetuximab.
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Figure 4.26

Effects of various blocking antibodies (Cetuximab T Cetux; Trastuzumab 1
Tras and Pertuzumab i Pertuz) of EGFR on AOC3 expression in CCD-
18Co.
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Blocking activity of cetuximab (EGFR mAb) was proven to be more efficient as
analysed by (A) gRT-PCR and (B) western blot, in comparison to Trastuzumab
and Pertuzumab (both HER-2 mAD).

4.2.10 PDGF regulation on gene expression in myofibroblasts

One of the tested growth factors that significantly downregulates AOC3
expression is PDGF-AA. Different concentrations of PDGF-AA were tested (20,
50 and 100 ng/mL) and the downregulation of AOC3 mRNA expression was
detected in all treatment groups (Fig 4.27A). The screening was repeated using
various ranges of PDGF-AA concentrations (1, 5, 10 and 50 ng/mL). Dose-
dependent response of AOC3 expression in CCD-18Co was observed where
AOC3 mRNA level was lower after treatment with high concentrations of PDGF-
AA. Similar experimental settings were performed for PDGF-CC, another PDGF
ligand. Unlike PDGF-AA, the effect of PDGF-CC on AOC3 downregulation was
less profound Indeed, PDGF-CC at 50 ng/mL did not downregulate AOC3
expression at a similar extent as in PDGF-AA at the same dosage (Fig 4.27B).
These results were confirmed at protein level using Western blot analysis (Fig

4.27C).
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Figure 4.27

The influence of PDGF-AA & CC on the regulation of AOC3 expression in
CCD-18Co.

PDGF-AA (different concentrations ranges from 20 to 100 ng/mL) strongly
downregulated AOC3 gene expression as shown in (A). (B) Dose-dependent
effects of PDGF-AA and CC on AOC3 downregulation with the most striking
effect observed for 50 ng/mL PDGF-AA. Minimal effect on AOC3 regulation was
observed after similar experimental condition in PDGF-CC-treated CCD18-Co.
groups. (C) Western blot analysis demonstrated the greater potency of PDGF-
AA to downregulate AOC3 expression in comparison to PDGF-CC.
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4.2.11 The effects of conditioned medium from CRC cells on gene

expression of myofibroblasts

Experiments using conditioned medium (CM) provide clues on the secreted
cytokines and growth factors from CRC cell lines and how they can influence
gene expression in myofibroblasts. The selection of CRC cell lines (RKO, HT29,
SW480, SW620 and OXCOL1) for experiments involving CM was done based on
microarray data analysis on the expression of candidate growth factors such as

T G F bathd PDGF-AA.

The conditioned medium (CM) from CRC cells (RKO, HT29, SW480, SW620
and OXCO1) was collected after 48 h of incubation and incubated with CCD-
18Co. The influence of these CM on AOC3, ACTA2, FAP and LRRC17
expression was summarized in Figure 4.28. Two control groups (serum free
and 10% FBS) were included in the test. Significant downregulation in AOC3
expression was observed after treatment with 10% FBS and CM from SW480,
SW620 and OXCO1, in comparison to serum free condition. ACTA2 expression
was significantly downregulated after treatment with all CM except for CM from
HT29. Interestingly, only CM from OXCO1 upregulated the FAP expression in
CCD-18Co. Upregulation of LRRC17 was observed in CM OXCO1 group
whereas this gene was downregulated after treatment with CM from SW620 and
RKO, although not at significant level in comparison to serum free (DMEM
alone). These data are largely consistent with our microarray data analyses of
expression and specific growth factor effects, as discussed further in the

discussion part.

144



(A) AOC3 (B) ACTA2

-
(=]

AOC3, Converted ACt mean value
O =2 N WA N WO

ACTA2, Converted ACtmean value

S I S
W R L > @
sl A 6‘& cs‘@ o

Conditioned medium Conditioned medium

(C) FAP (D) LRRC17

250 +
200 +

150 +

FAP, Converted ACt mean value
(3]
LRRC17, Converted ACtmean value

Conditioned medium Conditioned medium

Figure 4.28

The influence of conditioned medium (CM) from CRC cell lines on
expression of selected genes in CCD-18Co.

CM of SW480, SW620 and OXCO1 downregulated AOC3 expression. ACTA2
expression was suppressed with conditioned medium from RKO, SW480,
SW620 and OXCO1. The upregulation of FAP and LRRC17 expression has
been observed in the group incubated with CM of OXCO1. CM from SW620 and
RKO downregulated LRRC17 gene expression although at an insignificant level
(*p<0.05 in comparison to serum free condition, from three biological replicates).
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4.2.12 Knockdown of AOC3 and NKX2-3 in myofibroblasts using RNA

interference

Kinetic studies of the knockdown of AOC3 and NKX2-3 were performed from 24
to 72 h using RNA interference. Downregulation of AOC3 mRNA expression in
CCD-18Co treated with siAOC3 was observed at 48 h post-transfection and
persisted up to 72 h. Similarly, for NKX2-3, a significant knockdown was seen at
48 and 72 h after CCD-18Co been transfected with siNKX2-3 (Fig 4.29A).
Knockdown efficiency at 48 and 72 h was validated by western blots and the

results agree with the qPCR data (Fig 4.29B).
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Figure 4.29

Knockdown of AOC3 and NKX2-3 in CCD-18Co.

Quantification using by (A) gRT-PCR shows a significant knockdown of both
genes (SIAOC3 and siNKX2-3 groups in comparison to siScra) at 48 and 72 h
post-transfection. (B) Verification of the knockdown was done by western blot

(Unt: untreated; siScra: scrambled siRNA).
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