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Abstract

Colorectal cancer has a 9.8% cumulative incidence rate, making it the third most common
cancer in the Western world. Despite a8 response rate in patients to current
cancer therapies, drug resistance and tumour relapse remain a concern. White curren
therapies reduce the tumour mass, they possibly fail to eradicate a unique population of
pluripotent tumour resident cells. These cells, known as cancer stem cells, may have
similar properties of seffenewal and proliferation to embryonic and adultrst®lls, as

they also express a number of key pluripotent transcription factors, including amongst
others, NANOG, OCT3/4 and SOX2. Furthermore, since discreet groups of such stem
cells are proposed to essentially drive tumourigenesis, they presenteasigbatovel
targets for cancer therapyl'his study aimedo isolake a putative CSC population from

the advancedcolon adenocarcinomaell lines HT29 and DLD1 andto assess the
therapeutic #ects of the epigenetic drugs Valproic acid arnebdlarine on plripotent

gene expression.

As cancer stem cells may be isolated from general tumour cell populations due to their
expression of unique cell surface markers, this shefyan with annvestigaion of the
existence of putative cancer stem cells in humdarectal adenocarcinoma cell lines.
Using flow cytometry, the surface expression of the stemspeltific biomarkers,
CD133 and EpCAM were evaluated in each of the SW1116, HT29 and DLD1 cell lines;
these being representative of earlynid and latestage colon adenocarcinomas,
respectively. In the SW1116 cell line, 88.70 percent of cells were EgCisNhe HT29

cell line, 94.10 percent of cells were EpCAMNd in the DLD1 cell line, 89.50 percent

of cells were EpCAM. Moreover, CD133 was expresseddther with EpCAM within a
subpopulation of each cell line: 2.33 percent of cells were CIEBBAM" within the
SW1116 cell line; 5.11 percent of cells were CD1IBRCAM" within the HT29 cell line;

while the DLD1 cell line contained some 10.30 percent D83 /EpCAM" expressing

cells. These results suggest that the raised frequency of CD133 expression may well be

associated with increased tumour stage.

It wasthenof particular interest to evaluate timevitro growth properties and clonogenic
potental of CD133/EpCAM" cells derived from the more advanced HT29 and DLD1



cell lines. To accomplish this, magnetic cell separation was used to isolate a pure
population of CD133EpCAM" cells from each of these cell lines (CDI&pCAM’

cells were not isolad from the SW1116 cell line, as this represents an early stage, non
mefstatic colon adenocarcinomap 98.60 and 98.00 percent purification of
CD133/EpCAM" cells was obtained from the HT29 and DLD1 cell lines, respectively.
CD133 was shown to be an ionpant surface marker to isolate putative colorectal cancer
stem cells, as am vitro sphere formation assay showed that 21 percent of cells from
each of the cell lines had clonogenic potential. Moreover, using indirect
immunofluorescence, confocal misgopy localised CD133 and EpCAM expression to
the cell membrane and within the cytoplasm of both HT29 and DLD1 derived cancer
stem cells. While the cytoplasmic expression of CD133 may indicate cell invasiveness, it
is nevertheless cell surface expressibboth CD133 and EpCAM that are considered to

be markers of putative cancer stem cells.

As epigenetic mechanisms such as methylation of gene promoters and histone activity are
involved in the regulation of stem cell transcriptional programs and in gutaten of
seltrenewal and differentiation, it was of particular interest to evaluate gene and protein
expression of the pluripotency associated transcription factors, NANOG, OCT3/4 and
SOX2in the CD133/EpCAM" HT29 and DLD1 derived cancer stem cell$hese cells

were treated with varying concentrations of a histone deacetylase inhibitor, Valproic acid
and a DNA methyltransferase inhibitor, Zebularine, respectively; and their modulatory
effects on protein expression of NANOG, OCT4 and SW¢&2e assewd by confocal
microscopy and on gene expression by quantitativetimmal PCR analysis. Confocal
microscopy showed that 2.5mM and 5mM Valproic acidregulated nuclear NANOG

and OCT4, respectively in HT29 putative cancer stem cells; whereas 250uN0@uod 5
Zebularine upregulated nuclear NANOG equally, and 500uM Zebularineagulated
nuclear OCT4 in these cellp € 0 . OHe modulatory effects of these drugs on nuclear
NANOG and OCT4 expression in DLD1 putative cancer stem cells were inconclusive
(p>0.05). Interestingly, nuclear SOX2 protein expression was unaffected by either drug
in both HT29 and DLD1 derived cancer stem cells. Statistical analys¢aANOGand

OCT4 gene expression data indicated no significant change in mRNA transcript levels.
Surprisingly, SOX2 mRNA transcripts were undetectable in both HT29 and DLD1

Vi



putative cancer stem cells. A subsequent study showed that its absence was characteristic
of these cells. Thus, a mechanistic model was proposed, wherein particular post
translatonal modifications of SOX2 regulate the negative fbadk loop in HT29 and

DLD1 putative cancer stem cells.

In summary, Valproic acid and Zebularine modulate nuclear NANOG and OCT4 protein
expression in HT29 putative cancer stem cells. As altered sstpre of either
transcription factor is reported to induce differentiation in embryonic and adult stem cells,
this similarly may induce differentiation in the HT29 derived cancer stem cells. Further
research is needed to confirm whether Valproic acid ambularine induce
differentiation, as these drugs may sensitise these cells to currentiacer therapies

and possibly prevent tumour relapse.
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CHAPTER 1

INTRODUCTION

Cancer is a worldwide burden in both the developed and developing world. In 2008, as
many as 12.7 million cancer cases, and 7.6 million cancer deaths were estimated to have
occurred. Colorectal cancer has a 9.8% cumulative incidence rate making itcthedst
common cancer in the Western world (Jemiahl, 2009). It is estimated that colorectal
cancer will cause as many as 26 270 malel 24 040 femaideaths in the United States

in 2014 (Cancer Facts and Figures, 2014). In 2007, The South ANmonal Cancer
registry had statistics on colorectal cancer prevalence in South Africans, for men it was
4.47% and women 3.59%. The age standardised incidence rafel®gser 10@00 men

and 4.34 per 100 000 women; whereas, liflietime risk of develping colorectal cancer
before the age of 74 was 1/115 men and 1/199 women. The lifetime risk was highest in
Caucasian men (1/50) and women (1/85), followed by Asian men (1/59) and women (1/90)
(Table 1.1). Although these figures may seem somewhat somappared to those of the
Western world, they are indeed significant. To demonstrate their significance, women
living in Uganda and Zimbabwe have a lower risk of developing cancer by the age of 65
compared with Western Europe; however, the risk of candatede death is almost
doubled (Ferlayet al, 2004). This emphasises the need to study cancer prevention
strategies and to design novel azdancer therapeutics to treat colorectal cancer in African

populations.

Table 1.1: The lifetime risk (ages -@4 yeas) of developing colorectal cancer per

population group in South Africa.

Population | Males | Females
Caucasian | 1/50 | 1/85

Asian 1/59 | 1/90

Coloured | 1/63 | 1/100
Black 1/314 | 1/434
All 1/115 | 1/199




The standard treatment for patients with localised colorectal camcgriressurgeryto
remove the cancgiwhereas, the treatment for patients watfvancednetastatic disease
involves chemotherapy and/or radiotherdpilowing surgery(DeSantiset al, 2014.
Adjuvant chemotherapy and/or radiotherapy may also be utilised to treat localised, disease
but this is dependent on the patient and the grade of the tunitwer.chemotherapiic

agents used include:Muorouracil, Leucovorin, Oxaliplatin, Irinotecamd combinations
thereof, for exampld=FOLFOX (5Fluorouracil, Leucovorin and Oxaliplatin) and FOLFIRI
(5-Fluorouracil, Leucovorin and Irinotecanjlgl Gramontet al, 2000; Falconeet al,

2007). In some instances, these drugs may be combined with geteththerapeutic
agents Bevacizumab or Cetuximab, these being monoclonal antibody derived inhibitors of
vascular endothelial growth fact/EGF) andepidermal growth factor recept¢EGFR),
respectively Hurwitz et al, 2004; Giantonit al, 2007; Salt et al, 2008; Van Cutserat

al., 2009;Dranitsariset al, 2010) However, despite a 580% response rate in patients to
these chemotherapeutic agents, drug resistandetuanour relapse remains a concern
(Paldinoet al, 2014).

It has been suggested that a subpopulation of tumour cells, the tumour initiating cells or
cancer stem cells (CSCs), are highly resistant to these chemotherapeutic agents and are
responsible for tumour relapse following therapy (Visvasteal, 2008; Lin, 2014). In

this regard, it is thought that CSCs may actively evade cytotoxic or radiothenagy

further, that quiescenCSCsmay possibly be more resistant to theragj.correct, this

implies that theremay be aneed to develop novel therapies thatget these CSCs
specifically (Visvader & Lindeman, 2012) Therefore, in this thesig,putativecolorectal
CSCsubpopulation will be isolatefilom two invasive colon adenocarcinoma cell lines
determine the potential regulatory etigg that the epigeetic drugs \lproic id (VPA)

and Zebularine (ZEB) have on pluripotent marker gene expression in these cells. Since
CSCs are highly resistant to current cancer therapies, it is thought that altering the
expression of key pluripotent genes that maintasmmt e mness” i n these ce
cell differentiation and make them more susceptible to current therapy (€thadu2010;

Gudas & Wagner, 2011brahimet al, 2012; Munozt al, 2012; Zhangpt al, 2012; Chen

et al, 2013; Shiozawat al, 2013)


http://www.ncbi.nlm.nih.gov/pubmed/?term=Dranitsaris%20G%5Bauth%5D

1.1 The Adenoma-carcinoma Sequence

At a molecular level, colorectabncer is known to arise from the sequential accumulation
of multiple mutations in a single cell targefhe sequence of genetic and epigenetic events
leading to the initiation angrogression of tumourigenesis in the colon is referred to as the
adenecarcinoma sequence, as shown in Figute (Eearon & Vogelstein, 1990)The
transformation of normal colonic epithelium to an adenoma occurs over a pésezd
years, and its progssion to a carcinoma occurs anywhere frorh55years, as seen in
Figure 1.1. There are two major pathways associated with the adermamanoma
sequence, these being chromosomal instability (CSI) and microsatellite instability (MSI)
(Grady & Carethers, Z1B). These events are driven by the dysregulation of nhumerous

signalling cascades implicated in colorectal cancer metastasis (see Figure 1.2).

DNA hypomethylation

Loss of

I 5 activation 189

oss of 5q (TSG)

(APC) of K-RAS loss of 17p
l l l (TP53)
er;:?r::liilm - hggi?tzzllfusrgc —»| o2 +I2:iirr:g?1?ellaste - —>[carcinoma —»| invasion & metastasis
5-20 -
years > 5-15 years >

Figure 1.1. Colorectal tumour progression and the points where oncogene and tumour
suppressor gene mutations occur. Initially, an epithelial cell acquires a mutation in the
tumour suppressor gedPC, followed by DNA hypomethylation. This is followed by a
sequentianccumulation omutations in the oncogen&sRAS RAF and PIK3CA and the
tumour suppressor gen€$SG) TP53 and Transforming growth factor betél GFD).
Additionally, there is a loss of chromosome 18dpere several other tumour suppressor
genessuch asSMAD4are locatedWeinberg, 200).
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Figure 1.2. Cell signalling pathways involved in the tumourigenesis and metastasis of
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chromosomal andnicrosatellite instability involved in the adenomarcinoma sequence

(Qiagen).



1.1.1 Chromosomal Instability

CSl in the colon is characterised by the allelic loss of the chromosomal reggons
(Adenomatous polyposis colPC), 18g Mothers againstdecapentaplegic homolog 4
SMAD49 and 17p Tumour protein 53 TP53 (Weinberg, 2007). Additionally,
deoxyribonucleic acid(DNA) hypomethylation and alterations ithe oncogenesRat
sarcoma (RAS, Rapidly acceleratedibrosarcoma (RAF and Phosphatidylinogol-4,5
bisphosphate -Binase(PIK3CA) occur (Weinberg, 2007). The functionables of these
genesand their los®f-function,are briefly discussed below.

1.1.1.1 Loss of APC

Loss of APC function occurs in more tha80% of sporadic colorectal cancegidorin et

al., 1997) APC, located on chromosome 5q, functions as a negative regulator of the
canonicalWingless type(WNT) signalling pathwayand is additionallya regulator of

apoptosis and cellycle progression (Fearon & Vogelstein, 1990; Goss & Groder))200

In the absencef WNT signalling, APC andAxis inhibition proteinl (AXIN) bind to

newl y sy ncaténm.sAl deseruttiorpcomplex consisting@dsein knase [(CKIl)
andGlycogensynthase kinaS8e(GSK-3) p h o s p h o-catgrlinaat S&ne #d Threonine
residues on 1its amino a-caferdn rdcreits niqoitthndigase P h o s
(Betatransducin repeat containing protemTrCP) resultingin its degradatior{(Reya &

Clevers, 200b Therefore, |l oss of APC f-caterentini on r e
the nucleus where it activates the transcriptionitef target genes (Markowitz &
Bertagnolli, 2009. SinceAPC plays a role in manyetl regulatory functions, it is not

surprising that the loss ofAPC function is considered to be a driver of colorectal

tumourigenesis.
1.1.1.2 Loss of SMAD4

The tumour suppressor geSBMAD4 located on chromosome 18q, is a mediator in the
Transforming grwth factor beta TGF[B) and Bone morphogenetic protei{BMP)

signalling pathwaygDupont et al, 2009) The binding of TGFB | i gands t o t
receptors recruits type | receptonghich phosphorylateeceptofregulated SMAD2 and 3
(R-SMAD) (Massagueet al., 2005; Roy & Majumdar, 2012) R-SMAD associates with


http://www.uscnk.com/directory/Beta-transducin-repeat-containing(BTRC)-2251.htm

SMAD4 and together this complex translocates to the nucleus where it activates the
transcription of its downstream target genes to regulate cell proliferation, differentiation
and apoptosigHeldin et al, 1997; Duff & Clarke, 1998; Roy & Majumdar, 2012 the

BMP signaling pathway, SMAD4 associates with receptegulated SMAD1 and ,5
where it too activates the transcription of genes involved in regulating cell proliferation,
differentiation andapoptosis(Medvedevet al, 2009. The loss oSMAD4is frequently

found in 3040% of colorectal cancers and its loss is also associated with liver metastases
(Miyaki et al, 1999;Kodachet al, 2008) . Furthermore, it pr
TGFB tumour suppressor activity to tumour promosativity (Zhang et al, 2010).
Voorneveldet al. (2014) also showed that in the absence of SMAD4, BMP signalling
enhances both cell invasion and metastasis through its activatiodiAID&independent

BMP signdling pathways.
1.1.1.3 Loss of TP53

TP53(also known ap53) is a tumour suppressor gene located on chromosome 17p. Itis
considered to be the *“guardian of the geno:
cycle progression, as well as ébility to stimulate DNA repair and promote cellular
apoptosigLane, 1992) TP53mutations are highly abundant in colorectal cancer (Sameer,

2013). While mutations in this gene resuit the loss of tumour suppressor actiygpme

mutations mayoweverresultin a gainrof-function phenotypéLeslieet al, 2002) Gain

of-function attributes include increased genomic instability, enhanced cell migration and
invasion, as well agesistance to prapoptotic signal§Oren & Rotter, 2010

1.1.1.4 RAS RAF and PIK3CA Mutations

RAS is a mediator in theMitogenactivated protein kinase(MAPK) and
Phosphatidylinositide -Binase (PI3K) signalling pathwaysthat are implicated in
controlling cell growth and survivglCourtneyet al, 201Q Nandanet al, 2011) The
MAPK signalling pathway is activated upon the binding of ligands to tyrosine kinase
receptorsresulting in their activatiorvia phosphorylation Activated receptors activate
RAS proteins which have GTPase actiiBenonos& Kyprianoy 2013) Activated RAS
initiates a sequential phosphorylation cascade whereby it activates RAF which further

activatesMethyl ethyl ketong MEK), and subsequentlylAPK (Zenonos& Kyprianoy


http://www.ncbi.nlm.nih.gov/pubmed/?term=Kyprianou%20K%5Bauth%5D
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2013. Phosphorylated MAPK is translocated to the nucleus where it activates
transcription factors involved in maintaining cell proliferatidfbedaet al, 1999; Nandan
etal., 2011)

The PI3K signalling pathway becomes activated upon the binding of ligands to tyrosine
kinase receptoré&Zenonos& Kyprianoy 2013. PI3K is recruited to the phplorylated
receptors andits catalytic domainPhosphatidylinositide -Binasesubunit alphaR110 &
phosphorylate®hosphatidylinositol 4, %isphosphatéP1P)-2 to PIP3(Pacoldet al, 2000;
Courtney et al, 2010) PIP3 then recruits PDK1 and AKT resulting in AKT
phosphorylation which regulates cell prolifation, survival and migratioiZenonos&
Kyprianoy 2013. RAS can also activate this pathway through itedibinding with

P110 Pacoldet al, 2000)

RAS mutations, specifically of the -RAS isoform are found in 40%of colorectal
tumours. RAS mutations prevehte hydrolysis of R&GTP (active RAS)to RASGDP
(inactive RAS) and therefordRAS continuously signals through the MAPK pathway
(Zenonos& Kyprianoy 2013. It has become of some importance clinically to identify the
specific mutations in th&-RASgene; these being mutations in codons 12 and 13 (about
95% of mutations) and codons 61 and 146 (between 35 to 40% of mutai®palients

with thesemutations a& unresponsive to adEGFR therapy (Cetuximab/Panitumumab)
due to the constitutive uegulation of the MAPK pathway (Tan & Du, 2012; Zeno&os
Kyprianoy 2013). Furthermore mutations ofBRAF also leads to continuous MAPK
signalling and is found in-%0% of colorectal tumouréZenonos& Kyprianoy 2013.
Mutations of PIK3CA, which encodes thel20 a cat al ytic domain of
togetherwith RASmutations. It is found in 280% of colorectal tumours and results in
increased PI3K activityFearon, 2011) Therefore, mutations &iAS RAF and PIK3CA

leadto enhanced cell proliferation, migration and survival.
1.1.2 Microsatellite Instability

MSI is characterised by a les$-function of DNA mismatch repair (MMR) genéGrady
& Carethers, 2008; Boland & Goel, 2010)Microsatellites are tandem repeats of
oligonucleotides and these are highly prone to error during DNA repliqgilatsonet al,

2014) Under normal circumstances mismatch errors are repaired by MMR proteins
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however, these errors cannot be repaired when MMR function i§Haktii, 2010) As a
result, microsatellite erroraccumulatein key regulatory genefMarra & Boland, 1996;
Grady & Carethers, 2008). MSI occurs in-2@% of sporadic colorectal canceid in
more than 95% opatients withhereditary Lynch Syndromgrady & Carethers2008)

In sporadic cases, MSI usually results due to epigenetic silencing of the MMRigéne
homologue MLH1) (Papadopoulost al, 1994). Patients with Lynch syndrome usually
have a germline mutation in the MMR geMutS homologue XhMSHJ) or MutS
homologue ZhMSH2 (Leachet al, 1993;Fishelet al, 1993)

1.1.3 Epigenetic Instability

Although genomic instability is a wedlstablished mechanism in colorectal tumour
initiation and progression, epiutationsalso playa fundamental role and may occur more
frequently than genetic mutationdssa, 2004; Schnekenburger & Diederich, 2012).
Epigeneticgefers toheritablechangef the genome that alter gene expression without a
change in the primary DNA sequen@edicgil, 2006; Goel & Boland, 2012Vligheli &
Migliore, 2012 Schnekenburger & Diederich, 2012Thesemodifications inclué DNA
methylation, histone modifications and rowoding ribonucleic acid (RNAs), and are
briefly presented beloMigheli & Migliore, 2012).

Altered states oDNA methylation, involving both hypeand hypomethylation, is highly
prevalent incolorectal cancer.It involves the addition of methyl groups to CpG islands
often located in the promoter regions of ge(®shnekenburger & Diedeh, 2012) This
modifies the threedimensional conformation of DNA to prevent its interaction with
transcription factorsresulting in gene silencing (Grafet al, 1997). Genomewide
methylation profiling studies have allowed researchers to identifyraeabderrantly
methylated tumour suppressor genes associated with colorectal cancer. Cellular
targets/functions often affected includNT, RAS and MAPK signalling, cell cycle
regulation, calciumand lipid metabolism, cell adhesioand migration DNA repar and
apoptosis Goel & Boland, 2012;Schnekenburger & Diederich, 2012 Furthermore,
colorectal tumours may be classified as having a CpG methylator phenotype (CIMP),
should these methylated CpG islands o@uensively (Curtiret al, 2011). Toyoteet al.
(1999) proposed a role of CIMP in colorectal tumour development and to date many



colorectal cancers are characterised as CIMP higigheli & Migliore, 2012. The
number of effects that aberrant methylation has on cell function undoubtedly deatemnstr

its role in colorectal tumourigenesis and progression.

Histone modifications such as histone acetylation and deacetylation, and histone
methylation and demethylation are best characterised in colorectal cancers, but their
patterns are less underystl compared to DNA methylatior{van Engelandet al, 2011

Goel & Boland, 2012. Histone modifications occur at histones H2A2B, H3 and H4,

which associatevith 150-200bp of DNA, termed thaucleosoméKornberg, 1974; Luger

& Richmond, 1998; Kornberg &.orch, 1999) Histone tails protrude from these
nucleosomes and are subject to gomtslational modificationsncluding amongst thers,
acetylation, methylationybiquitylation sumoylation and phosphorylatioNdkazawaet

al., 2012; Schnekenburger &iederich, 2012). Of these modifications, the best
understood ones include the acetylation of lysine residues, and methylation of lysine and
arginine residues (Schnekenburger & Diederich, 2012). Histone -au®iglation is
catalysed by histone acetylagéfATs) and lessens the association of DNA with the core
histone proteins, whereas histone mordi and trimethylation is catalysed by histone
methyltransferases (HMTs) and strengthens their associatithn DNA (Bannister &
Kouzarides 2011). RNApolymerase can easily bind to DNA that is loosely associated
with histones to allow gene expressidrigure 1.3 (Goel & Boland, 2012 Migheli &
Migliore, 2013.
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Figure 1.3. Histone methylation and acetylation alter gene expression. When histones are
methylated (left) they tightly associate with DNA resulting in gene silencing. However,
when histones are acetylated (right) they loosely associate with DNA to allow effective
binding of RNA polymerase for gene transcription, and hence gene exprésdapted

from Figure 1 in McClearhWheeleret al, 2013, 213 p.)

The dysregulation of histone modifications, in addition to DNA methylation, contributes to
colorectal carcinogenss The overexpression of histone deacetylases (HDACs) which
catalysethe removal of acetyl groupse associated with enhanced cell proliferation and
cell survival Mariadasonret al, 2008; Weicheret al, 2008). It was shown that class |
HDACs (HDAC1, HDAC2 and HDAC3) are uegulated in colorectal cancer, and that
their overexpression is associated with poor patient survival (Weietbeal, 2008;
Ashktorabet al, 2009). During colorectal tumourigenesis, the overexpression of HDAC2
in particular is followed by the acetylation of lysine residue 18 at histone 3 (H3K18) and
lysine residue 12 at histone 4 (H4K12). As a result, thegeneismarks aregood
prognostic markers for predicting patient survivabkliktorabet al, 2009). Similarly,
dysregulated methylation is observed in patients with colorectal cancer. Methylation of
histones may result in either transcriptional activationrepression depending on the
methylated site (Cloost al, 2008). Trimethylation of lysine 4 at histone 3 (H3K4me3) is
catalysed by the trithorax group (TrxG) of proteins and is associated with transcriptional
activation; whereas, tmethylation of Igine 27 at histone 3 (H3K27me3) is catalysed by
the polycomb repressive complex 2 (PRC2), a class of the polycomb group (PcG) proteins,
and is associated withene silencingeenunduret al, 2010). Genetocated between
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these “Dbival ent domai n” chromatin mar ks ar

to be transcriptionally activated at a later stage (Felici, 201Enhancer of zeste

2 polycombrepressive compleXEZH2), the catalytic subunit of PRC2 of the polycomb
complex, has been reported to be overexpressed in 87% of colorectal cancers and is
associated with poor patient survivBrécken& Helin, 2009; Creaet al, 2011; Takawaet

al., 2011). Overall, the dysgulation of histone modifications contributes to colorectal

tumourigenesis.

Micro RNAs (miRNAs) are an additional mechanism of epigenetic regulatibhey are
small noncoding RNAs generated from precursor RNAs that play a role in transcriptional
and pat transcriptional geneexpression (Raneet al, 2007). They anneal to
complementary mRNA, often resulting in gene silencing. In colorectal cancer, miRNAs
play a role in WNT signalling, cell migration and invasion, epithelial differentiation and
cell cyde regulation (Lujambio et al, 2007 Shi et al, 2007 Huang et al, 2008
Schnekenburger & Diederich, 2012Table 1.2ists some miRNAs involved in colorectal

carcinogenesis, and their functional roles.

Altogether, epimutations involving thedysregulation of DNA methylation, histone
modifications and miRNAs, contribute to colorectal tumourigenesis and therefore, the
mechanisms involved are potential therapeutic targatee epimutations are possibly
reversible (Peltomaki, 2012). The thezapc targenhg of epigenetic mechanisms is

further discussed in section 1.6.
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Table 1.2: miRNAs and their role in colorectal cancer.

mMiRNA Function

MiRNA-145

miRNA-135a | \wNT/ -ateninsignalling (Shi et al, 2007 Arndt et al., 2009;
MIRNA-135b Sarveret al, 2009; Obergt al, 201))

mMiRNA-139

MiRNA-145

MiRNA-134a

miRNA-133b Apoptosis (Arndet al, 2009; Earlest al, 2010)

MiRNA-195

miRNA-34b/c p53 signalling (Voget al, 2011)

mMiRNA-18a

MIRNA-143 Proliferation (Arndtet al, 2009; Motoyamaet al., 2009; Earlest
miRNA200c | & 2010)

MIRNA-373 Cell migration and invasio(Huanget al, 2008)

miRNA-520c

miRNA-141 | Epithelial differentiation(Burk et al, 2008)

MiRNA-200c

miRNA-124a

mMiRNA-34a Cell cycle regulation (Lujambiet al, 2007 Arndt et al, 2009;
MIRNA-192 Earleet al, 2010; Tsangt al, 2010

MiRNA-215

MiRNA-675

MiRNA-126

mMiRNA-200a/b/c

mMiRNA-520c

Migration, invasion, metastasis (Arndt al, 2009; Earleet al,
2010; Tsanget al, 2010)
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1.2 Colonic Stem Cells - a Target of Transformation

The colon and rectum as described by Ellis (2010) form the large intestine. The colon can
be subdivided into ascending, transverse, descending and sigmoid sections. The colon was
previously thought to play an unnecessary role in humans, but in faciltmecoepithelial

lining is essential for nutrient absorption; also it serves as a barrier to the external
environment and provides a microenvironment for gut microflora (Edwards 1997,
Andersoret al, 2011).

Colorectal cancer occurs in the epitheliaing of the colon and the rectum. The colonic
epithelium is constantly being renewed by stem cells (SCs) located within the bottom of
the villus crypts Booth & Potten, 2000Marshmanet al, 2002 Andersonet al, 201).
Generally, 46 SCs reside in the crypt base, which continuouslyrseéw via symmetric

cell divisions and generate tranamplifying cells via asymmetric cell division (Pottet

al., 1997 Marshmanet al, 2002 Barker & Clevers, 2007). Transamplifying cells
terminally differentiate to produce onefolr cell types, each with a specialised biological
function. These differentiated cell types include: colonocytes (absorptive cells), goblet
cells (secrete mucin), enteroendoericells (produce hormones) andneth cells (secrete
antimicrobial moleculés(Andersonet al, 2011) They are located in the upper third of

the colonic crypt and are shed into the lumen evefydays (Williset al, 2008).

Since the colonic epithelium is constantly beingenged by longdived SCslocated within

the crypt baiom, as opposed to transimplifying and differentiated cells that are short
lived, it is likely that SCs are the targets of transforming mutati@moth & Potten,

200Q Marshmanet al, 2002 Vermeulen.et al, 2008; Wanget al, 2013). This would

imply a hierarchical organisation of cells within a tumour whereby transformed SCs, better
known asCSCsor tumour initiating cells, are capable of producing the heterogeneous
population of cells that comprise a tumour. This is best explained by the CSC model

which is further discussed in section 1.2.

The exact origin of colorectal CSCs remains unknowthe@g may also arise from the-de
differentiation of transtamplifying and differentiated cells that have been subjected to
transformation (Vermeulergt al, 2008; Andersoret al, 2011; Wanget al, 2013).

However, it islikely that they arise from adluSCs as they share many common features
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with embryonic SCs. These common features include the ability to proliferate indefinitely
whilst maintaning pluripotency, differentiatiopotential and migration capacifizvans &
Kaufman, 1981; Martin, 1981; Wongt al, 2008; Schoenhalst al, 2009; Kimet al,

2010; Mizunoet al, 2010; Shatet al, 2011). Figure 1.4hows a colonic crypt and the
various cell types that comprise it. Also indicated in this figure are thg eents where

transforming mutations, leading to the formation of CSCs, might occur.

Differentiated cells De-differentiating

mutation
Transforming '@&A

mutation Malignant

cell
% ~ % Cancer
b / cell
Transforming

R fHltiateEn Malignant

Transit-Amplifying
Cells

Stem Cell l |
compartment D | | % ﬁ
€ - Transforming &
A /ol el 7 mutation Cancer
- P
Lt cell

Basement Mesenchymal
membrane Cell

cell

Figure 1.4. The colonic crypt showing the lower SC compartment (purphe),transi
amplifying cells (dark pink) and the differentiated celight pink) located in theupper
third of the crypt Indicated on the rigtdre the points where transforming mutations may
occur in colonic crypt cell&dapted from Figure 1 in Andsonet al, 2011 321 p).

1.3 The Cancer Stem Cell Model

It has long been believed that tumours are comprised of a heterogeneous population of
cells wherein a discrete subpopulation of CSCs are able to give rise to the remaining cells
that comprise a tumoybDalerbaet al, 2007a O’ Btral, 2007; RicciVitiani et al,
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2007 andvermeulenet al, 2009. Thiskey concept forms the basis of the CSC model. It
differs to the conventional modéhat proposetumour growth resultdrom the sel
renewal and ifferential potential of every cell typpresent within the tumoyVillis et al,
2008) The hierarchicalorganisation of cells within a tumour, as proposed by the CSC
model is best described by Vermeuktral (2008) and is illustrated iRigure 1.5 In this
figure, it is shown thatumourigemc CSCs derived from adult SCs, or via the- de
differentiation of somatic cells, caelf-renew tomaintain theSC pool. In addition,they

are precursors to transimplifying cells that furtherproduce nontumouigenic

differentiated cells.

CSC

-self-renew

-differentiate

-tumourigenic

-novel target in cancer therapy

Transit-amplifying cell

Fully differentiated cancer cells
-not tumourigenic

Differentiation grade

—— Differentiation
Key:
------ * De-differentiation

Figure 1.5. The cancer stem cell model and the hierarclocghnisation of cells within a

tumour (Vermeuleret al,, 2008).
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Evidence for the existence of a CSC subpopulation in tumours was first shown by Lapidot
et al. (1994). They reported that a subset of acute myeloid leukaemia (AMIls) c
characterised asluster of differentiation@D) 34'/CD38, could regenerata phencopy

of the original leukemia when these cells were transplanted into severe combined
immunodeficient (SCID) mice However, and in contrast ©D34/CD38 cells, AML

cells characterised a&D34/CD38 or CD34/CD38 were unable to engraft tumours in
immunodeficient mice. Similarly, evidence that a CSC population exists in malignant
tumours was further extended to show that a CSC population exists in solid tumours. Al
Hajj et al. (2003) identified and isolated breaSSCs characterised apithelial cell
adhesion moleculeEQCAM)*/CD44/CD24"" and demonstrated that these cells could
produce tumours when serially transplantetb immunodeficient mice. Since then,
studies have provided evidence for the existenca @SC population in several solid
tumours, including amongst others braginghet al, 2009, colon Dalerbaet al, 2007b;

O’ B ret at, 2007 and lung Eramoet al, 2008.

1.4 Characterisation of Colorectal CSCs

A distinct profile of cell surface magks is used to characterise and isolate colorectal CSC
populations (Horset al, 2008; Yeunget al, 2010; Reret al, 2013). Currently, CD133
(also known as prominit) is one of the bestharacterised markers used to identify and
isolate colorectal CSCthrough its binding with the antibodies AC133 that recogrtise
CD133/1 epitopeand AC141 and 293C that recognise the CD133/2 epitope @haly

2007; Kempetet al, 2010 ). It is a promising marker since its increased expression has
been correlated with increased tumour stage and reduced overall patient survival (Shimada
et al, 2011). Moreover, CD133 expression has been correlated with increased WNT
activity in putative colorectal CSCs, a driver of colorectal tumourigenesis. Gairlab
(2012) showed WNT signalling was activated in CD182ico2 and HCT116 cells. An
increase in WNT activity resulted in the-tggulation of SRp20, a splicing factor whose

activity has been linked to cell proliferation. In a study by Malal. (2012), they showed

the association of CD ic&ehin stabitityhin CGaEbA brectain h a n ¢

cancer cells.
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Although te biological function of CD133 is unknown, this fitrangnembrane
glycoprotein is however believed to be associated with eedll and celHmatrix
interactions (Miraglieet al, 1997; Yin et al., 1997; Reet al, 2013). This protein was
originally discovered as a marker foeuroepithelial progenitor cells iImouse embryos,
and later in humans as a marker of haematopoietic &gMmannet al, 1997; Yinet al,
1997) Figure 1.6shows a structuranodel of CD133 as proposed by Miragka al.
(1997). Thetransmembrane protein is characterised by an extracellutarnNnus, a
cytoplasmic Germinus and two extracellular loops that contain glycosylation sites that
AC133 antibodies bind to.

<«— AC 133

<— GLYCOSYLATED REGION
OF CD133

EXTRACELLULAR REGION

00000cho 'ohofofooo0oe
SO0000CPOYUPOYO0000s

CYTOPLASM

CELL MEMBRANE

Figure 1.6. The five-transmembrane glycoprotein CD133: the glycosylated region of
CD133, present in the extracellular region of the cell, can bind with AC133 antibodies used
to isolate and characterise stem cells expressing the CD133 protein (adapted from Figure 1
in Yu et al. 2011 255 p).

Two independent etalt(2007) amdRicch\WtianOet & (200¢€)indicated

that CD133 can be used as a biological marker to isolate and characterise colorectal CSCs.
Both investigators isolatedD133 colon cancer cedlfrom primary tumours and evaluated

their tumourigenic potentiain vivo. They reported thathe transplantation of CD133

colon cancer cells, and not D@33 cells could initiate tumourigeesis in

immunocompromised mice, whilst preserving the original tumour phenotype.
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However, and in contrast to these studi@bmelkovet al. (2008) observed that both
CD133 positive and negative colon cancer cslidated from a metastatic tumowquld

elicit tumour formation in immunocompromised mice; althqutiie CD133 cells were

found to be less aggressive, they &dm larger tumours Similarly, Kawamotoet al.

(2010) observed that both CD133 colon cansabsets were abléo elicit tumour
formation in immunocompromised miceShmelkovet al. (2008)took their study further

and tracked the expression of CD133 in the colon. To do so, they generatednkiaank
reporter CD133°“*) mice, and reported that CD133 was expressed in both
undiffereniated and differentiated cells. They further demonstrated that CD133
expression was not restricted to CSCs of primary human and murine colorectal tumours.
Based on these findings, it was concluded that CD133 expression is controversial and that
it may rot be a reliable marker when used alone to characterise and isolate colorectal
CSCs.

It shouldhoweverbe taken into consideration thahmelkovet al. (2008) isolated CD133
subsets from a metast at ietcal (2007nandRicg-Vitlarlhet r e a s |,
al. (2007) isolated these subsets from primary tumours (Reral, 2013). During
metastases, epithelial cells undergo epith@iakenchymal transition (EMT) which
enables cells to migrate to and invade distant tissues (T&¥&ng 2013. During this
phenotypic change, cells can be induteedainSC characteristics which may explain why

the CD133 subset was able to elicit tumour formationvivo (lrollo & Pirozzi, 2013).
Nonetheless, this does not explémmelkov s f i n d i mundifferéndated ana t
differentiated cells express CD133 in murine colonic epithelial tissue, as well as in human

and murine colorectal tumours.

Since the use of CD133 as a marker to identify putative colorectal CS&sréently
controversial, Kemperet al. (2010) investigated possible regulatory mechanisms of
AC133. As a first approach, they investigat€®133 promoter activity and mRNA
expression in undifferentiated and differentiated cells of primary colorectal tumours. They
reported that its promateactivity did not differ considrably between these cell types
however, they did find thain vitro AC133 expression decreased almost-fal@ in
differentiated cells with unchange@D133 mRNA expression when compared to

undifferentiated CSCs. Since protar activity could not explain differential AC133
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recognition, they further investigated whether alternative splicifgif33mRNA could
influence the expression of the AC133 epitope. From their findings, they showed that
alternative splicing did not odribute to differential recognition of AC133, since
alternative splicing does not influence the extracellular loop where the AC133 epitope
resides. Therefore, they further investigated the glycosylation status of CD133 upon CSC
differentiation.  Glycosytion is a translational and pédsanslational modification
governed by the binding of glycan molecules to proteins (Irollo & Pirozzi, 2013).
Surprisingly, they reported thatfidirential glycosylation resulteid the differential folding

of CD133 whichmay mask the AC133 epitope therefore, making it undetectable in
differentiated cells. Based on their findings, it was concluded that both CSCs and
differentiated cells express CD133 however, it is likely that AC133 is masked during cell
differentiation. Furthermore, the consensus was #h@t33 could be used to characterise

and isolate CSCs when used with caution.

Therefore, other markers have been used in combination with CD133 to better identify
colorectal CSCs.These markers include amongst oth&@B44 (Dalerbaet al, 2007b;
Vermeulenet al, 2008 Du et al, 2008;Chuet al, 2009 Haraguchiet al, 2008 Chenet

al., 2011, EpCAM (Langaret al, 2012; Melinet al, 2012)andCD166(Vermeuleret al,

2008 Fanget al, 2010), and these are discussed below.

CD44 was initially used as a biological marker for the identification of breast CSCs, and it
was later proposed to be a marker of colorectal Q8CHajj et al, 2003). It is a surface
adhesion molecule involvedchicellcell and celmatrix interactions through its high
affinity for binding hyaluronic acid and various components of the extracellular matrix
(ECM), such as collagen aritbronectin (Naor et al, 1997; Sahlbergt al, 2014). The
CD44 gene contains tenty exons, ten of which remain unchangeékthe remaining ten
exons are subject to alternative splicing and are referred to as variable exei®)(v1
(Naoret al, 1997; Sahlbergt al, 2014). Standard CD44 contains only the fiestd last

five- unchamged exonshowever, the utilisation of the variable exons gives rise to many
splice variants containing different combinations ofwlD. The functional role of these
splice variard is poorly understood;lthough, certain cancers including gastrointestinal
cancers, express variant CD44 isoforms that are thought to mediate tumour mefastasis (

19



et al, 2008;Banky et al, 2012). Thus,the existence of multiple CD44 splice variants
needsa be considered as thasiestionsits use as aeliableCSC marker.

EpCAM, also known as ESA, is used in combination with CD133 to characterise putative
colorectal CSCs (Fanet al, 2010). EpCAM was discovered in 1979, and it is a 40kDa
glycoproteininvolved in celicell adhesioncell-signalling, proliferation, migration and
differentiation {[rzpiset al, 2007; Schnelét al, 2013). It is a promising marker used to
characterise putative CSGssits overexpression has beearrelated with reduced overall
survival in patientswith breast(Spizzoet al, 2004), gall bladder (Vargat al, 2004),
urothelial (Brunneet al, 2008)and colorecta(Patriarcaet al, 2012)cancers It consists

of three regions, an extracellular region containing three domains with several
glycosylation sites, a transmembrane region and a cytoplasgimn known asEpCAM
intracellular domai{EpICD) (Figure 1.7 (McLaughlinet al, 1998;Dyer, 1999 Chong &
Speicher, 2001Sieverset al, 2001; Dillman, 2002Munz et al, 2009) EplICD functions

as an oncogenic signal transducer in the WNT signalling pathway which is activated
following its cleavage by proteases and its release into the cytoplad@D Hpen forms a
complex with 3-catenin,Lymphoid enhancebinding factor(LEF) and Four and a half

LIM domainsprotein2 (FHL2) which is translocated to the nucleus where it activates the
transcription of genes involved @ell adhesion, proliferation andigration Maetzelet al,

2009 Munzet al, 2009).
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Figure 1.7. The glycoprotein EpCAM showing its extracellular, transmembrane and

cytoplasmic domains (adapted from Figure 1 in Armstrong & Eck, 2003, 321 p.).

CD166, also known aactivated leukocyte cell adhesion molec{A&CAM) is a 105 kDa
transmembrane protein, and as its alternative name suggestsliates celtell adhesion
(Weidle et al, 2010). CD166is a member of the immunoglobulin superfamily of
receptors. It consists of three domains, a short cytoplasmic domain, a transmembrane
domain and an extracellular domain that contains fimenunoglobulinlike domains
referred to a¥VC2C2C2 (Piazzat al, 2005; Weidleet al, 2010; Andersomet al, 2017).

This protein is expressed on a number of different cells including activated T cells and
monocytes, epithelial cells, endothelial cells and fibroblasts although, its expression is
usually restricted to cellular subsets involved in tissue maintenaegelopment and
migration (Boweret al, 1995; Swart, 2002) Furthemore it has beershown to mark the

SC niche in the colonic crypt and therefore, it is uasda marker of colorectal CSCs
(Levin et al, 2010).

Chenet al.(2011) evaluated the expression of the surface markers CD44 and CD133 in the
colorectal carcinoma cell line HCT116. They hypothesised that the use of both markers
would further enrich for a tumodnitiating cell population. Four subpopulations were
identified, these being: CD44ACD133, CD44/CD133, CD44/CD133 and CD44
/CD133. They evaluated the sefnewal potential of these subsets using a colonosphere
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assay and reported that the CD'&D133 subset was the most efficient at generating
colonospleres.

Similarly, Wanget al. (2012) enrichech tumour initiating subpopulation of cells using
antibodies to the surface markers CD44 and CD133. They isolated four cellular subsets
from the colorectal cancer cell line SW620 and showed that the subsettehsea as
CD44/CD133 formed colonospheres the mosfficiently and with the highest
proliferation rate; whereas, the CDA2D133 subset was the least efficient with the lowest
proliferation rate. Furthermore, the CDA3D133 subset was more efficieat forming
colonospheres with a higher proliferation rate when compared to the "CID4B3
subset, and the CDA€D133 subset was more efficient at forming colonospherigls a
higher proliferation rate when compared to the CB2R2133 subset. From he results of
these two studies, it was suggested t6&44 contributes to colony formation and
proliferation in the HCT116 and SW620 cell lines, and the addition of this marker further

enriches for cells with a stelike phenotype.

Dalerbaet al. (2007b)showed that a subpopulation of colorectal cancer cells with- stem
like features could be isolated based on CD44 and EpCAM surface marker expression.
Flow cytometry analyses of these markers revealed that two distinct populations were
present in tumours deed from six patients with primary colorectal cancer, these being
EpCAM™"/CD44" and EpCAM“/CD44. A subsequent tumourigenicity assay in
immunodeficient mice showed that the cellular subset characteriggpiCasM™"/CD44"

was able to elicit tumour formation whilst maintaining a differentiated phenotype.
Furthermore, phenotypic heterogeneity resembling the primary tumour was maintained.
Further screening of markers in tBeCAM""CD44" cellular subset showed that CD166

was ceexpressed with these cells. To determine whether it could be used as an additional
marker to identify cells with steitike properties, a tumourigenicity assay was again
utilised. The results showed tumourigenicity resided in the CIOB166 subset
indicating that CD166 could be used as an additional marker to further enrich for colorectal
CSCs.

In contrast to the above mentioned studies, Muedral. (2012) evaluated the stelike

features of putative CSC subpopulations isolated from ten estblsblorectal cancer
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cell lines, and reported that neither of the putative CSC subpopulations showdtketem
characteristics. They isolated putative CSC subpopulations with the following expression
phenotypes: CD133 CD166/CD144 and CD44/CD24 howewr, all three cell
subpopulations failed to elicit tumour formation in immunodeficient mice and further
lackedincreased resistance to the chemotherapeutic drdsosouracil, Oxaliplatin and
Irinotecan. Itwas suggested that putative CSCs isolated fstablished cell lines might

113 ”

not show stemness featur es airsvivd leisyis | ac k
important as signals from the microenvironment modulate marker expression and
tumourigenicity; therefore, the expression profile of pu&ati@®SCs resident in solid
tumours could differ to those present in established cell lines cultukatio (Visvader&

Lindeman 2012). To illustrate the effect of the tumour microenvironment on
tumourigenicity, Racet al. (2012) showed that murine tumeassociated macrophages
enhanced the tumourigenicity potential of CD4#lorectal tumour cells, as these cells
produced increased levelsadteopontin, a protein that has been found to be overexpressed

in a number of cancers, including colorectal cancee(lal, 2012).

It should be noted that the detection of surface marker expression in both cell lines and
tumours is dependent on the type of antibody used, as different antibodies recognise
different epitopes. Moreover, the presence of different splice variants intpiesome
epitopes may be lost and would thus be undetectable. With regards to CD133 detection, it
was demonstrated by Kempet al. (2010) that glycosylation can alter the three
dimensional structure of CD133 thus masking the AC133 epitope. Thereti®, c
positive for CD133 mRNA and protein expression might not be characterised as positive

depending on the antibody used.

To further demonstrate the significance of using different antibodies, Sabktbar¢2014)

utilised three different antibodies tdetermine the percentage of DLD1, HCT116 and
HT29 cells that express CD24. It was shown in the DLD1, HCT116 and HT29 cell lines
that 28%, 20% and 65% of these cells expressed CD24, respectively when the clone ML5
was used; whereas, these cells expre€%edB% and 95% of CD24, respectively when the
clone 32D12 was used. CD24 was not detected in either of these cell linethe/tlene

SN3 A5 2H10 was used. These data demonstrate thef as#erent antibodies resuii

ambiguous data, which makesiiffidult to compare expression profiling studies.

23


http://www.ncbi.nlm.nih.gov/pubmed?term=Lindeman%20GJ%5BAuthor%5D&cauthor=true&cauthor_uid=22704512

In addition to the use diternatively sourcedntibodies resulting idisparatedata, the use

of cell lines and different techniques are also contributing factors. €hah (2011)
reported that moréhan 60% of HCT116 cells eexpressed CD44 and CD133; whereas,
Wanget al.(2012) reported that only 14.8% of these cells were CD44 and CD133 double
positive. Again this may be attributed to the use of different antibdolisnay also be
attributed to he use oflifferent culturing techniques. In tlstudy by Wanget al. (2012),
Western blot analysis of CD133 protein expression in the DLD1 cell line showed the
protein was absent however, flow cytometry analysis of surface marker expression showed
that 12.00 £ 0.38% of these cells expressed CD1@3ch demonstrates that the use of
different molecular techniques leadsdifferent results. Together, these studies illustrate

the difficulties involved when comparing studies amongst researchers. Thettedoeeis

an increasing need to identify universal markers to better characterise CSCs and to

elucidate their cellular functions in both normal and cancerous intestinal epithelia.
1.5 Signalling Pathways and Transcription Factors Maintain Pluripotency

CSCs carbe further characterised based on the activity of extrinsic signalling pathways
and the expression of intrinsic pluripotent transcription factBtaripotencyof embryonic

stem cells (ESCsis defned by the ability of these celts producecells of tre three
germinal layers (ectoderm, mesoderm and endoderm, excluding extra embryonic tissue)
and gametes, through the processdlitferentiation (Medvedeet al, 2008). Pluripotency

of human embryoniand adult SCs such as CSCs is maintained by the kngnpathways
WNT, BMP, T G Rafid, HEDGEBHGGHas well as by the transcription factors
NANOG, Octamerd (OCT4), Sex determining region Y (SR¥glated high mobility
group (HMG) box 2 (SOX2, Kruppetike factor 4 (KLF-4) and V-myc avian
myelocytomatosisiral oncogene homoloe-MYC) (Figure 1.8 (Medvedewet al, 2008).

The expression of these signalling pathways and pluripotency associated transcription
factors is modulated by epigenetic mechanisms that include DNA methylation, chromatin
remodelling, PcG proteins and miRNAs (Orkin &lochedlinge, 2011). Aberrant
epigenetic modulation of these pluripotency associated signalling pathways and
transcription factors drives colorectaimourigenesisBerdasca& Esteller 2010; Munoz

et al, 2012).
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Genes associated with pluripotency and
self-renewal of cells

/ ACTIVATION \

\ SUPPRESSION /

Genes of cell differentiation

Figure 1.8. A representation of the crosalk that occurs between key signalling pathways
(left) and transcription factors (right) involvednmaintaining pluripotency in human ESCs
These pathways and transcription factors activate the transcription of genes involved in the
maintenance of ESC proliferation and seihewal. In promoting pluripotency, the
transcription of genes involved in cell differentiation are suppresaptel from Figure

1 in Medvedeet al, 2008 1378 p).

1.5.1 Extrinsic Signalling Pathways

WNT signallingmaintains pluripotency in both mouse and human ESCs, and in adult SCs
located in the colonic crypt, through the binding of WNT ligands to the Frizibd/
receptosrelated proteinfLRP) co-receptor (Roy &Majumdar, 2012). Activation of the
Frizzled/LRP cereceptor leads to the recruitment of AXIN to the plasma membrane,
which disrupts the destruction complex. Additionally, Dishevelled is activated via
phosphorylation which furtheinhibits GSk3 activity, a component of the destruction
complex(Zenget al, 2008; Roy & Majumdar, 2012)B-cateninaccumulates in the cell
cytoplasm and is translocated to the nucleus where it associatesTwih factor
(TCH)/LEF, and together they activate the transasiptof genes involved in maintaining

pluripotency and celproliferation (Figure 1.p(Reyaet al, 2003; Shimiziet al, 2008).
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Figure 1.9. The synergistic interaction between BMP and LIF signalling, as well as WNT
signalling, in maintaining pluripotency in mouse ESCs (adapted from Figure 6 ietHao
al., 2006 89 p.).

Within the colonic crypt there is a gradient of WNT activity along the eeggiired for
compartmentalisation of the various dstbes comprising it (Figure 1.10 WNT activity

is highest in the SC compartment where it maintains pluripotency and SC proliferation, and
it is gradually reduced along the axis towards the top ottyy@ where the differentiated
cells are located (Tesoet al, 2013). The aberrant activation of WNT signalling in adult
SCs located in the colonic crypt &ssociated with colorectal tumourigenefifoy &
Majumdar, 2012) Gain-of-function mutationsn the gene encodingrcatenin(CTNNBJ,

or lossof-function mutations iPAPC are well characterised in colorectal tumourigenesis
(Barker & Clevers, 2006; Fodde & Brabletz, 2007; Vermeeleal., 2010). The enhanced
stabilisation of3-cateninresults in constitutive WNT activity that designates the colorectal
CSC population\{ermeulenet al, 2010). Aberrant epigenetic modulation of the genes
encoding WNT signalling players also drives colorectal tumourigenesis.  DNA
hypermethylation of the WT inhibitors SFRP2 WIF-1, DKK1, DKK2, DKK3, DKK4 and
SOX17 as well asAPC and AXIN, are silenced in colon canceBuzuki et al, 2004,
Taniguchet al, 2005 Ying & Tao 2009). Furthermore, aberrant gene silencing by
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MIiRNA-145;-135a;-135b;-139 and-145is also associated with colorectal tumourigenesis
(Schnekenburger & Diedrich, 2012; Voorhatral, 2013).

Differentiated cells
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Basement
membrane Cell

Mesenchymal

Figure 1.10. The colonic crypt showing the lower SC compartment (purghe)transi
amplifying cells (dark pink) and the differentiated cdlight pink) located in theupper
third of the crypt Indicated on the righare the WNT, BMP and NOTCH signalling
gradientghatare required for compartmentalisati@uapted from Fjure 1 in Andersoet
al., 2011 321 p).

Like WNT, BMP signalling maintains pluripotency in both mouse and human ESCs
however, with an opposite effect. In mouse EXige morphogenetic proteth(BMP4)
together withLeukaemia inhibitory facto(LIF) maintains pluripotency. BMP4 binds to
type | (BMPR1A/B and type Il receptorthat phosphorylat& MAD1 and 5 (RSMAD)
(Massaguéet al, 2005; Rettinget al, 2009) R-SMAD associates with SMAD4 and
together this complex translocates to the nucleus wihexetivates a set of inhibitor of
differentiation (d) genes to preant SC differentiatn (Figure 1.9 (Medvedevet al,
2008) Upon LIF binding to the GP130 receptorJanusinaseprotein (JAK-P)
phosphorylateSignal transducer and activatortodinscription JSTAT3), a transcription

factor that enters the cell nucleus where it activates the transcription of genes required to
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maintain pluripotencyHao et al., 200§. The binding of LIF to GP130 also activate
MAPK, which is inhibited by BMP4 meptor binding(Figure 19). Therefore, in the
absence of BMP4 signalling, activated MAPK activates SMAD1 Bmhich inhibit the
activation ofld genes leading to cell differentiatio”do et al., 2006 Medvedevet al,
2008).

Unlike mouse ESCs, LIF isot associated with human ESCs and the activation of BMP
signalling leads to cell differentiation as opposed to the maintenance of pluripotency
(Medvedewet al, 2008. Ratherfibroblast growth facto(FGF) signalling together with a

balance of BMP and TGB si gnal ling is required to mai

(Jameset al, 2005; Wanget al, 2005; Xuet al, 2005). Upon FGF binding to iteceptor,

the PI3K pathways activated which further agates AKT via phosphorylation. Activated
AKT is able to maintain pluripotency as it promotes cell proliferation and survival
(Hammermaret al, 2005 Kim et al, 2005. BMP signalling promotes differentiation
upon receptor activation of SMAD1 and 5 whered$GHf3 signalling
pluripotency upon receptor activation of SMAD2 and 3 (Ckemal, 1998; Haoet al,
2009.

Within the colonic crypt, a gradient of BMP activity is maintained by the expression of
NOGGIN, an antagonist of BMP signalling. NOGGIN is expressed in the intestinal SC
compartment where BMP activity is diminished to allow forl gebliferation and the
mainterance of pluripotency (Figure 1J10Amit et al, 2000; Xu et al, 2005).
Furthermore, the overexpression of NOGGIN enhances the translocation of cytoffasmic
catenininto the nucleus suggesting there is ctiadls between WNT and BMP signalling
(Rao & Wang, 2010).

In colorectal cancer, BMP signalling is impaired by the epigenetic silencing of the BMPRII
receptor. The silencing of this receptor is mediated by PR@&2ein its catalytic domain
EZH2 trimethylates H3at lysine 27 (H3K27me3) resultingn the transcriptional
repression oBMPRII and enhanced tumourigenicity (Pars@atsal, 1995; Krausova
Korinek,, 2012). Furthenore DNA methylation of the BMP2 ligad is associated with
colorectal tumourigenesis (Wet al, 2006; Kodaclet al, 2008; Munozt al, 2012).
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NOTCH signalling is important for maintaining pluripotency of adult SCs located in the
colonic crypt where it also regulates the differentiatiorcrypt cells (Roy & Majumdar,
2012). Its signalling is mediated by the binding of Déka (DLL) and Jagged ligands to
the extracellular domains of the NOTEH -2, -3 and -4 transmembrane receptors
(Krausova & Korinek, 2012). The intracellular regiohNOTCH is cleaved by proteases
to produce the NOTCH intracellular domain. This is translocated to the nucleus where it
associates witlrecombination signal binding protein J kapfRBP-J xto activate the
transcription of downstream target genes sudHaas/ and enhancer of spl{HES), Hairy

ears, ¥linked (HEY) and Hairy/enhancetof-split related with YRPW maotike (HEYLD

that repress genes involved aell lineagedifferentiation (Katoh & Katoh, 2007; Roy &
Majumdar, 2012)

Within the coloniccrypt, a gradient of NOTCH signalling is maintained along the crypt
axis. NOTCH signalling is highest in the SC compartment and is gradually reduced along
the axis towards the top of the crypt where aedightiated cells reside (Fig 1.GRoy &
Majumdar, B12). The dysregulation of NOTCH activity, as seen by an upregulation of
NOTCHlandHES] has been reported in colon adenocarcinomas (Reetdpk, 2008)

however, the epigenetic mechanisms governing this pathway are poorly understood.

Hedgehog (HH) sigalling is important for the maintenance and proliferation of embryonic
and adult SCs. HH ligands bind to the-ttZnsmembrane receptoatehed (PTCH)
resulting in the deepression of the-ransmembrane receptom8othenedSMO). SMO

then mediates a seade of downstream events leading to the activation of the
Glioblastoma(GLlI) transcription factors GLI1, GLI2 and GLI3 that further activate the
transcription of HH target genes involved in maintaining pluripotency (Varjosalo &
Taipale, 2008). Fdnermae, there is croswlk between this pathway and the BMP
pathway in the colonic crypt (Bertrard al, 2012). Transiamplifying cells secrete HH
ligands that associate with PTCH receptors expressed on mesenchymal cells. This induces
the production of BIP ligands that mediate BMP signalling (Madisgtral., 2005).

While the role of HH signalling in colorectal carcinogenesis has remained quite
controversial due to discordant data, Vareatl. (2009) have nevertheless elucidated a

functional role for HH-GLI signalling in early and advanced colorectal cancers. They
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reportedthat GLI1, PTCH1 and Sonic HedgehodSHH) are expressed in primary and
metastatic colorectal cancer samples and@hal expression was enriched in the CD133
putative CSCpopulation of metastatic cancers. Furthere they showed HHGLI
signalling is required for CD133CSC selfrenewaland survivalin vivo and additionally

that high HHGLI is correlated with metastatic behawio

DNA hypermethylation of th@ TCHandHedgehog interacting protei(HHIP) promoters,
the latter an antagonist of HH, both enteiHGLI signalling,and have been implicated
in the development of various cancers including colorectal camaeearguchiet al, 2007).
Also, the loss of miR324-5p that normally functions to suppreSkll expression, has also

been shown to promote tumourigenesis (Feregtil, 2008).

Altogether, these signalling pathways intricately maintain the pluripotency of adult SCs
located in thecolonic crypt and their dysregulation through epigenetic modulation drives

colorectal carcinogenesis.
1.5.2 Intrinsic Transcription Factors

The core transcription factolANOG, OCT4 and SOXZare central to maintaining
pluripotency in embryonic and aduBCs, although other transcription factors such as
KLF-4 and eMYC are also involvedNiwa et al,, 2000; Avilionet al, 2003; Mitsuiet al,

2003; Roddaet al, 2005) As they are widely expressed in many cancers, including
colorectal cancer, thissuggest t hat t hese “stemness”™ associ
an essential role in driving colorectal carcinogenesis Baathet al, 2008; Liuet al,

2013).

NANOG of t en r emmag tr eerdwag fiost dadsribeal bWanget d. in 2003.

It is a homeodomain transcription factor that is specifically expressed in embryonic and
adult SCs where it maintains seéinewal capabilitfTai et al, 2005; Liuet al, 2013). In

ESCs, the dowsnegulation ofNANOGis associated with cell ddrentiation whereas, in
adult and cancer SCie upregulation or dowsregulation ofNANOGis associated with
differentiation Wanget al, 2003 Hyslopet al, 2005;Zaehre<t al, 2005 Alvarezet al,

2010; Kallaset al, 2014). Alvarezet al. (2010 showed that the overexpression of
NANOGiIn human mesenchymal SCs resulted in their differentiation into Rdweatells
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as seen by the expressi on -tlbulintamdglialritzillary a |
acidic protein. In a study by Ka#ieet al. (2014), they showed that NANOG protein
expression was dowregulated in the human ESC line H9 foliog differentiation
induced by sodium utyrate an inhibitor of HDAC activity,whereasin the human
embryonal carcinomderived (hEC) cell lingit remained high. Based on their findings, it
was suggested thidANOGi s r egul ated differently in

cells.

In contrast tdNANOG small changes i@CT4expression, whether it be wpgulation or
downregulation, can induce ESfifferentiation therefore, suggesting that its expression is
tightly regulated(Niwa et al, 2000; Matinet al, 2004 Niwa et al, 2005;Zaehreset al,

2005; Rodriguezt al, 2007; Kallaset al, 2014). OCT4, also krown asOCT3/4 or
POUSF1,is a homedomain transcription factor belonging to tR®U family (Tai et al,
2005). OCT4 can heterodimerise with SOX2, a member of the-isR¥d HMG box
(SOX) family, and together they regulate the transcription NANOG and other
downstream target genes needed to maintain pluripot&uoye(et al, 2005; Medvedeet

al., 2008) Altered expression @0OX2is also associated with celifferentiation (Chewvet

al., 2005; Masukt al, 2007; Koppet al, 2008;Adachiet al, 2010; Kallaset al, 2014).
Similarly to NANOG Kallas et al. (2014) reported that OCT4 protein expression was
downregulated upon H9 cell line differentiation, wherea®mhained high in the hEC cell
line. This again suggesthat OCT4is also regdt ed di fferentl y I
compared to hEC cells. Interestingly, they reported that SOX2 protein expression
remained the saenfollowing ESC treatment with sodiunutyrate This led them to
conclude thatNANOG and OCT4 are regulated at an epigemetevel whereas, other
mechanisms such as pasinslational modifications, reqate SOX2 expression in H9
human ESCs

Since NANOG, OCT4 and SOX2 avedely expressed in colorectal tumoutisey may

play an essential role in maintaining CSC pluripotency to drive colorectal carcinogenesis
(Shiet al, 2012; Aminiet al, 2014). Shet al. (2012) evaluated the expression of these
transcription factors in the colorectal cancer cell [in@g480, SW620 ath HT29. They

also assessedheir expression in putative CS&riched tumour spheresAlthough dl

three transcription factors were expressed in all of the cell, [thesmajority of their
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expression was confined to thecorrespondingCSGenriched tumon spheres. A
subsequent knoettown study ofNANOGIn the SW620 cell line showed that these cells
formedtumour spheres less efficientlthey proliferated less efficiently vitro and had
reduced tumourigenicityn vivo. Their findings emphasisethe importance of these
transcription factors, inparticular NANOG in maintaining CSC tumourigemity in

colorectal cancer.

KLF-4 and eMYC are two additional transcription factors that maintain pluripotency in
embryonic and adult SCsKLF-4 (Kruppetlike facta 4) is a zinc ihger transcription
factor thatfunctions to maintain cell proliferation, differentiation and apoptdsis & Ai,
2013. KLF-4 has also been shown to be an upstream regulafdABIOGVvia its direct
binding to its promoter (Chaat al, 2009). Moreoverits involvement in maintaining
pluripotency in breast (Yat al, 2011) and colon CSCs (Leegal, 2013)has been shown

(Lenget al, 2013). This is considered in relation to colon CSCs below.

Leng et al. (2013) investigated whethd&LF-4 expressiorwas essential for maintaining
selfrenewal capability and tumourigenicity in DLD1 colorectal CSCs. Firstly, they
cultured the DLD1 cells under special culture conditions to enrich for putative CSC
spheroids and confirmed that these spigsreexpressed the CSC associated markers
CD133 CD166, LGRS ALDH1, NANOG OCT4 and SOX2 They observed that the
expression levels of these markers were higher in the putative CSC spheroids than in the
DLD1 parental cell line. Next, they silencKdlF-4 expression in these spheroids using a
lentiviral vector bearingKLF-4 short hairpin RNA ¢hRNA). Knockdown of KLF-4
reduced the expression 6D133 CD166 LGR5andALDH1. Importantly, the stertike
characteristics of these cells were altered, as theg Vess invasive and had reduced
migration capabilityin vitro. Furthemore they were less tumourigenic bathvitro and

in vivoandhadincreasegharmacologicasusceptibility to 5 Fluorouracil

c-MYC, a member of th&1YC family of transcription factors, maintains pluripotency via
the transcription of itenany downstream target genes. Its role in maintaining pluripotency
has been demonsteat by its ability to reprogrammouse embryonic fibroblasts into ES
cell-like cells, termed induced pluripotent SCSP8Cs) orin vitro engineered cells,
together withOct4, Sox2andKIf-4 (Takahashi & Yamanaka, 2006). Its putative role in
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maintaining pluripotency and tumourigenicity has also been shown by ¥{aig2008).
Wang et al (2008) elucidated the functional role ofMYC in glioma CD133 cells
isolated from primary tumours by investigating teects) of c-MYC knock-down in
these cells. They reported that its knadkvn impaired the ability of these cells to form
neurospkresin vitro indicating thatc-MYC is important for maintaining setenewal
capability. Additionally, c-MYC regulated cell proliferation and survival in CD133
glioma cells, as its knoetown reduced the number of cells that entered thbaSe of the
cell cycle, and thus reduced their surviwralitro. Lastly,c-MYC knock-down impaired
the ability of CD133glioma cells to initiate tumourigenesisvivo, as hese cells failed to
form tumoursin immunodeficient mice. Altogether, their findings demonstrate the

importance ot-MY Cexpression in maintaining CSC pluripotency and tumourigenicity.
1.5.2.1 Epigenetic Regulation of Pluripotent Transcription Factors

The epigertic modulation of pluripotency associated transcription factors in cancer
remains poorly understood. In embryonic and CSCs, the promotiisNOGandOCT4

have been shown to be methylated upon cell differentiation (Farttingl, 2008;
Meissner, 2010Wanget al, 2013). Wanget al. (2013) explored the methylation status

of theNANOGpromoter in CD133""putative colorectal CSCs isolated from the HCT116

cell line and reported that not only was its methylation reduced compared to the parental
cell line, but that its expression was increased. Their results demonstrate the role that
DNA methylation has on modulatinANOG expression in CSCsvhich may drive

colorectal tumourigenesis.

The polycomb repressive complex 2 (PRC2) has also been showndtdateoNANOG
expression in iPSCs (Villasanet al, 2011). Villasanteet al. (2011) reported that two
NANOG expressing subpopulations were present in iPSCs, these being NAgb@nd
NANOG-low. In the NANOGhigh population it was observed that EZH2 eegsion was
absent and was associated with low H3K27me3 at the promoter, whereas in the NANOG
low population, EZH2 expression was high and correlated with high H3K27me3.
Chromatin immunoprecipitation(ChIP) showed the presence of the histone mark
H3K4me3whichis associated with gene transcription; and H3K27mbigh is associated

with gene silencing at tiRANOGpromoter. Based on these data, it was thought that the
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NANOG promoter was bivalepthowever, a further study using ChIP revealed that the
NANOG-high population was associated with the H3K4me3 mark and the NAN®G
population was associated with the H3K27me3 mark. These findings provide good

evidence for the regulation BANOGby EZH2in the maintenance of pluripotency.

In order to elucidate the mechanisms involved in the epigenetic modulation of pluripotency
associated transcription factors in cancer, Wahgl. (2013b) evaluated the epigenetic
status oNANOG OCT4 SOX2 KLF-4 andc-MYCin a variety of cancer cell lines. They
characterised epigenetic signatures based on promoter methylation status and on the status
of the histone marks H3K4me3 and H3K27me3. Some of these findings are presented

below.

The NANOG and OCT4 promoters,and exon 3 ott-MYC, were hypomethylated in the
primary hepatocellular carcinoma (HCC) cell line PLC and in the metastatic HCC cell line
97L when compared to the normal hepatocyte cell line LO2 whereas, they were all found
to be hypermethylated in the ool carcinoma cell line HCT116. TI&OX2andKLF-4
promoters were unmethylated in all of these cell lines. Altogether, this suggested a
differential methylation profile oNANOG OCT4 and SOX2in HCC versuscolorectal
carcinoma cell lines. They furtheorcelated the expression BIANOG OCT4 c-MYC
andKLF-4 with methylation status and reported that the expression of all these genes was
high in the 97L cell line but low in the HCT116 cell line, with the exceptioKIdF-4,

when compared to their expressiin the LO2 and PLC cell lines. Their results suggested
that DNA methylation negatively regulatS\NOG OCT4andc-MY Cexpression.

Chromatin mark analyses using ChIP showed H3K4me3 was highly associated with the
NANOGand OCT4 promoters and exon 3 @fMYCin 97L cells compared to LO2 and
HCT116 cells, whereas the histone mark H3K27me3 was low in all of these cells. With
regards to th&KLF-4 promoter, H3K4me3 was high in the 97L cell line and moderate in
the HCT116 cell line; whereas H3K27me3 was Iowethe HCT116 cell line than in the

97L cell line, which accounts for the high expressiorKbf-4 observed in both these
cells. Together their results show that DNA methylation and histone modifications

modulate pluripotent gene expression.
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1.6 Implications of the CSC model and Therapeutics

Current anticancer therapies target the bulk of the tumour mass bufdiidp eradicate
the CSC populatioms these cells express multidrug resistance transporters that provide
them with the ability @ cope with toxic chemotherapeutic8dtchkina, 2013 Other
resistant mechanisms used by these celldude slow cyclingthe presence of highly
efficient DNA repair systems arttie expression of antapoptotic proteins (Woodward &
Bristow, 2009; Pajonlet al., 2010). If the CSC model is correct, these CSCs would be
able to recapitulate theumour heterogeneityhrough seHrenewal and differentiatign
resulting in relapse after therapganerji & Los 2006; Dalerbaet al, 200%&; Rashediet

al., 2007; Vermalen et al, 2008 Meacham& Morrison, 2013; Puglisiet al, 2013;
Easwararet al, 2019. Therefore, it is critical to develop newerapiesthat target and
eradicate the CSC population. Although CSC targeted theragliesot eliminate the
tumour masstheywill prevent tumour growth, metastasiadrelapse(Figure 1.1} (Reya

et al, 2001;Dalerbaet al, 200D; Vermeuleret al, 2008).

Conventional Therapy { ) Tumour Relapse

\ > <

P b @
R * 1~ Q\ ¢
- )/ Tumour Regression (;’

Figure 1.11. A representation of CSC targeted therapmrsusconventional therapy.
Conventional therapy targets the bulk of the tumour (pink) but is unable to eliminate CSCs
(purple) leading to tumour relapse. CSC therapy aims gettahe CSC population to
resultin tumour regression. An effective therapeuwtiould be to combine CSC targeted
therapy with conventional therapy (adapted from Figure 3 in Da&drblg 2007a, 279 p.).

Based on the roles of extrinsic signalling pathways and intrinsic transcription factors in

maintaining pluripotency, and that epmgic mechanisms modulate their expression in
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embryonic and adulSCs it is thought that targeting these pathways and transcription
factors in CSCs could inhibit their activity and induce cell differentiation to ultimately
sensitise these cells to curremtti-cancer therapie€Gudas & Wagner, 2011; Cai & Zhu,
2012; Munoz et al, 2012; Cheret al, 2013) Therapeutic strategies include the use of
smallmolecules that either block or promotke activity of pluripotencyassociated
signalling pathwaysandthe use of epigenetic drugs that target the enzymes involved in
epigenetic  modulatign namely histone deacetylases HDACs) and DNA
methyltransferase ©DNMTSs) (Zhanget al., 2012).

The nonsteroidalanti nf | ammat ory drug Cel eco-gatein has b
dependent transcription in colorectal cancer cells (Lepoureetdt 2004; Tuynmaret al,

2008 . Di s r-caterini aotivity redults [ the inhibition of celighferation and

induces apoptosis (Anastas & Moon, 2013; Puglisal, 2013). Differentiation therapy

involving the use of BMP4 to stimulate BMP signalling activity has been shown to induce

the differentiation of these cells vitro and increase theessitivity of CD133 colorectal
adenocarcinoma CSCs the chemotherapeutic drugsFhiorouracil and ®aliplatin in

vivo (Lombardoet al, 2011).

The use of anicancer epigenetic drugs, namélpAC inhibitors and DNMTinhibitors,

can beutilised in caner differentiation therapyPeedicayil, 2006).HDAC inhibitors are
classified into four groups, nanyethe short chain fatty acidsog@ium butyrate, Valproic
acid), hydroxamic acids (Vorinostat, Panobinostat and Trichostatin A), cyclic tetrapeptides
and kenzamides (Yoo & Jones, 2006). The exact mechanism by which these inhibitors
mediate their activity remains unknown; although, it is known that Vorinostat inhibits

histone deacetylation by bindingt he enzyme’ s catalytic domai
suggested that other hydroxamic acids inhibit histone deacetylation in a similar manner

(Yoo & Jones, 2006).

DNMT inhibitors are classed as either nucleoside analogues (Zebulagnac¥idine and
5-azadeoxycytidine) or nenucleoside analogugwhereDNA methylation is inhibited by

the direct binding of nomucleoside analogues to the catalytic domain of DNMT (Yoo &
Jones, 2006). Antisense oligonucleotides, complementary to mRNA, comprise a third
class of DNMT inhibitors (Peedicayil, 2006). Two pdtelly useful epigenetic
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therapeutics, Valproic acigHDAC inhibitor) and Zebularine(DNMT inhibitor) are
described below, as tle vitro effects of both are assessed in the current study.

Valproic acid (VPA, 2propylpentanoic acid) is a wetistablishedshort chain fatty acid
drug used for the treatment of epilepsy and bipolar disorder (Léscher, 2002). The exact
mechanism by which this drug mediates its activity is not well understood. It is however,
believed to act by increasing gamiaainobutyric ad levels in the brain, or alternatively,

it may alter the properties of voltage gated ion channels (McLean & MacDonald, 1986;
Owens & Memeroff, 2003). VPA has attimour properties and is able to inhibit the
growth of various cancer cells, promote ceffetentiation, induce apoptosis, and inhibit
angiogenesis (Blaheta & Cinatl, 2002; Kawagete al, 2002; Phillipset al, 2003;
Michaelis et al, 2004; Tanget al, 2004; Zgourast al, 2004; Blahetaet al, 2005;
Kuendgen & Gattermann, 2007). It canumed for prolonged periods of time and may
enhance the effect of other cancer therapies (Karagiatngs, 2006). The chemical
strudure of VPA is shown in Figure 1.12).

A B ,;_-
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Figure 1.12. The chemical structure of (A) Valproic acid and (B) Zebularine (Boébn
al., 2008).

Zebularine, a drug originally developed as a cytidine deaminase inhibitor €Kia,

1986; Lalibertéet al, 1992), is an inhibitor of DNMTs. It prevents the transfer of methyl
groups to the cytidines of CpG dinucleotides, resulting in the inhibition of DNMTs, as well
as the reactivation of tumour suppressor genes previously silenced by DNMTs (Robertson
& Jores, 2000; Eggest al, 2004). It is a promising antancer drug, because it is highly
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stable in acidic and neutral solutions, is low on cytotoxicity thivo andin vitro, and
can be administered orally. Furthermore, it has been shown to prefibyenatiget cancer
cells in a variety of cancer cell lines, including T24, SW480 and HT29 (Catiad,
2004). The chemical structure &ébularine is showabovein Figure 1.12B).

1.7 Research Aims

The role of SCs in the onset of haematopoietic cancenglisdescribed. As there is
compelling evidence for a role of SCs in the initiation and maintenance of solid tumours,
and that these cells contribute to the development of therapeutic resistance, the aim of this
study is to evaluatpotential gene regulary effect(s) ofVPA and ZEBon pluripotency
associated transcription factors in putative colorectal CSCs isolated from adcatmed
adenocarcinoma cell linesThe research specific objectivés this study are prested

below.

1 Evaluate CD133 and Ep@Asurface expression in ti&WV1116, HT29 and DLD1 cell
lines which represenearly, mid- and latestage colon adenocarcinomassing flow
cytometry. These markers are of particular interest here as they are both linked to the
canonical WNT signalling patvay whichis dysregulated icolorectalcancer

1 Isolate a putative colorectal CSC subpopulation from the two advanced colorectal
adenocecinoma cell lines HT29 and DLDusing magnetic cell separation.

1 Chauicterise the selfenewal capability of HT29 and DLD1 putative CSi@svitro
using a sphere formation assay.

7 Culture and treat HT29 and DLD1 putative CSCs with the epigenetic diRrgsand
ZEB, to assespotential gene regulatory effects of these drugblaNOG, OCT4and
SOX2gene expression.

o Evaluate the cellular expression of each of the pluripotency associated
transcription factors NANOG, OCT4 and SOX2 following pharmacological
treatments using confocal microscopy

o Following on from the above, gene expreasprofiling will be used to assess
epigenetic modulation diANOG OCT4andSOX2at the mRNA level.

1 Proposea mechanism that potentially regulates SOX2 function in HT29 and DLD1
putativeCSCs.
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CHAPTER 2

CANCER STEM CELL ISOLATION AND
CHARACTERISATION

The characterisation of colorectal cancer stem cells (CSCs) has important clinical
relevance as they are suggested to be responsible for tumour initiation, metastasis and
relapse, as proposed by the CSC model (Banerji & Los 2006; Dab¢rah 2007a;
Rasediet al, 2007; Vermeulert al, 2008, Meacham & Morrison, 2013; Pugleti al,

2013; Easwaraet al, 2014). Moreover, as they are also resistant to current eremo
radiationtherapies, they have become a novel target in cancer therapy (Detleaba
2007 a; e0Odl,BQ07; RicciVitiani et al, 2007; Vermeulewrt al, 2008; Visvadeet

al., 2008; Saigusat al, 2010; Lin 2014).

CSCs are potentially identified based on the expression of a unique panel of cell surface
markers, which di#r from differentiated, netumourigenic cells (Horset al, 2008;
Yeunget al, 2010; Reret al, 2013). A well characterised marker used to identify and
isolate putative colorectal CSCs is the cluster of differentiation 133 (CD133). This marker
holds particular promise as its increased expression has been correlated with enhanced
tumour aggressiveness and reduced overall patient survivalgjpet al, 2003; Maedat

al., 2008; Zepperniclet al, 2008; Shimadat al, 2011; Patriarcat al, 2012). However,

it has yet to be established whether its mere presence identifies colorectal CSCs or whether
its abundance holds greater value (Botchlenal., 2009).

In the current study a dual approach is used to identify putative CSCs from colorectal
cancer cell lines representative of tumour stages and then to further characterise CSCs
derived from two advanced colorectal cancer cell linegg a sphere formation assay. As

the use of CD133 as a sole kearto identify putative CSCs murrently contoversial, a
second CSC marker, epithelial cell adhesion marker (EpCAM), will be used in conjunction
with CD133. EpCAM is a promising marker of putative colorectal CSCs as it has been
used to identify CSCs in breast (Ahjj et al, 2003) pancreatic (Let al., 2007) and
hepatocellular (Yamashitat al, 2009; Cheret al, 2012) carcinomas. Furthermore, its

overexpression has been correlated with reduced overall survival in patients with a variety
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of cancers including breast (Spizat al, 2004), gall bhdder (Vargaet al, 2004),
urothelial (Brunneet al, 2008)and colorectal (Patriarezt al, 2012) carcinomas.

In this study, it is of particular interest to evaluate the potenti@xpoession of CD133

and EpCAM in the advanced colorectal adenocaroia cell lines HT29 and DLD1, as this
may increase the probability of identifying putative CSCs. Moreover, these markers are of
particular significance here as their expression have been associated with WNT activity in
SCs Munz et al, 2009; Mak et al, 2012), WNT being a key signalling pathway
dysregulated in colorectal cancer. In this regard, mutations in the transcription factors
APC and/or 3-cateninlead to enhanced WNT activity (Moriet al, 1997). Since the
HT29 (Dukes’ s t a g estaBe)C) @elhlides Ipth bave njuiatiokgdP€ ’
(Sahlberget al, 2014), these markers make good candidates to identify, isolate and
characterise putative CSCs in these cell linddditionally, as a comparisorD133 and

EpCAM expression will be assessedtheearlyDu k e s stage A col on
cell line, SW1116 since previous studies have correlated the overexpression of these
markers with poor overall survival in patients with advanced stages of disease (Seimada
al., 2011; Patriarcat al, 2012; Yinget al, 2013) It is of interest here to determine
whether there is a correlation between the proportion of cells that express these markers

and tumour stage.

Next, after assessing surface expression of cells potentialgxmessing CD13Z&nd
EpCAM, this particularcell subpopulatiorwill be isolated from the HT29 and DLD1 cell

lines using magnetic cell separation. Since this study focuses on epigenetic modulation in
putative CSCs isolated from advanced adenocarcinoma cell lines, GEAGBM* cells

will not be isolated from the SW1116 cell line as it represents an-stadg colon

adenocarcinoma.

Once isolated, CSCs can be further characterised in relation to their growth properties.
Such SCs have an inherent capacity to maintainterrg selfrenewal and proliferatiom

vitro and/orin vivo. One such assay, the xenotransplantation assay is used to assess
“ st e mine@w. sl this test, CSCs are serially transplanted into immunodeficient mice
and their “ st emn e stiseir capasity td éomrmo alosal turadurs that b y

resemble the primary tumour from which the cells were isolated (Sampieri & Fodde, 2012;
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Dalerba et al, 2007a; Vermeuleret al, 2008). However, as such facilities were
unavailable for this study, the classit vitro sphere formation assay will be used to
evaluate the growth properties of the isolated cells. This assay utilises-dithessional

cell culture system together with a serimree CSC enrichment medium (Singh al,
2004; Pontiet al, 2005) to asss s “ s tirewitino.e k ghis test, the selenewal
capability of single cells is evaluated by their ability to grow as free flozphgroids in
nonadherent culture conditionsor as adherent spheres when cultured on a -three

dimensional substratefor example Matrigel™

(BD Biosciences). Furthermore, in
subsequent work presented here, the expression of a number of essential SC associated
transcription factors are determined in HT29 and DLD1 putative CSCs using both confocal

microscopy and quantiiae reattime polymerase chain reactioRCR) (Chapter 3).
2.1 Materials and Methods
2.1.1 Cell Lines

The cell lines SW1116 (donated by Dr J. Magré, INSERM), HT29 (AP@t&rican Type

Culture Collection) and DLD1 (HSRRBealth Science Research ResourceskBdapan)

are human colorectal adenocarcinomas. The SW1116 cell line was isolated from a 73 year

ol d male Caucasian and repr ATCEINTheHTR9cBIlu k e s’
line, isolated in 1964 froma4dear ol d femal e Caucasi an, i
cancer (Fogh & Trempe, 1975). The DLD1 cell Jinaginally isolated from a male adult

bet ween 1977 and 1979, i's repr eASTEQ,\wWhichi ve of
has metastasised beyond the intestinal wall of the colon into the lymph nodes (Dukes,
1932).

2.1.2 Cell Culture

An ethics waiver for the culture of commercial cell lines was granted by the Human
Research Ethics Committee, University of the Vditevsrand, Reference: - \@W3}0903173
(Appendix E)

The SW1116 (passage number 10), HT29 (passage number 30) and DLD1 (passage
number 13) cel | |l ines were cultured in Dul

(DMEM:F12) (Lonza), supplemented with 10% haeaactivated foetal bovine serum
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(FBS) (Invitrogen and Lonza) and 10000 IU penicillin and streptomycin (Lonza) in25cm
flasks (Greiner BioOne). Each of the cell lines were routinely maintained at 37°C with an
atmosphere of 5% Cand 90% humidity. Theetls were cultured until reaching -B5%
confluency, following which they were subcultured; the culture medium was discarded and
the cells were rinsed with 3ml phosphate buffered saline (PBS) (Sigma Aldrich). Next, the
PBS was discarded, and 2.5ml of triypsthylenediaminetetraacetic aqilEDTA) (Lonza)

was added to the flask. The cells were incubated at 37°C, 59&1@&00% humidity for

3-5 minutes until they had detached from the culture surface. To neutralise the trypsin, a
2.5ml solution of 5% FBS/DEM:F12, was added to the cell suspension. This suspension
was then centrifuged for 3 minutes at 800rpm in 15ml centrifuge tubes (Greiner) and the
supernatant was discarded. The cell pellet was resuspendedmplete DMEM
supplemented with 10% FBS and I@®énicillin/streptomycin l{onzg and aliquoted into

flasks for further culture and/or experimentation.
2.1.3 Trypan Blue Exclusion Assay

The cells from each cell line were counted using the Trypan Blue Exclusion Assay. To
40ul of Trypan blue (MolecularrBbes), 10pul of resuspended cells were added and pipette
mixed to make a 1:5 dilution. Then 10ul of cells were transferred to ot ahambers

of a fastread haemoytometer slide (Davies Diagnostics). Each chamber is marked by a
grid of ten squaresaeh square containing 16 smaller squares. Using a microscope (Zeiss
Axiovert), the cells were counted in at least two of the larger squares (excluding the cells
that had stained blue and cells that touched the left and bottom borders of each square).
The following equation was used to determine the number of cells present in the cell

suspension:
(Total number of cells/number of squares countedXIdilution factor) = cells/ml

Alternatively, 10ul of cell suspension mixed with Trypan Blue (1:1) tkassferred to one
of the chambers of a BiBad dual chamber counting slide, and the cells were counted

using the BieRad TC10 automated cell counter.

42



2.1.4 Characterisation of CD133 and EpCAM using Flow Cytometry

Up to 10 SW1116, HT29 and DLD1 cells wereseu s pended i n 80wl of
(Sigma Aldrich) containing 2mM EDTA (Sigma Aldrich) and 0.5% bovine serum albumin

(BSA) ( Si gma Al dfragneeht)crystalkz@bje | regiofFcR) blocking reagent

(Miltenyi Biotec), 1 0 p | -CB133/2 (293C3hycoerythrin (PE), 50pug/ ml) for
Mi |l tenyi Bi o tEpCAM dflnodesceirdigothiocganat@&El TC), pg/ ml ) fr
BD Biosciences respectively. Unstained cells, which served as a gating control, were re
suspended as above,ance r e i ncubated with 20upl FcR bl o
HT29 and DLD1 cells were also stained with eitt@133PE or EpCAMFITC. These

single stained cellserved as compensation controls,et;m s ur e t hat t here
" of F [E THannel. The cellst were wadhed in 2ml of stain/wash buffer
(Appendix A.4), and centrifuged for 10 minutes at 300g. Next, the cells wstspended

over

in 500wpl of stain/wash buffer for analysis
wi t h t hseo f*tDW a/rAe 7 .

The unstained cell l i nes were aareal(R56ARd i n
versusforward scatteheight (FSGH) graph to differentiate doublets from singlets. The
singlets were gated for each cell line respectively. Data kes acquired for both the
unstained and stained samples respectively, and the data was then evaluated using

“FI owJo” flow cytometry analysis software (°
2.1.5 CSC Isolation using Magnetic Cell Separation

The MACS cell separator syste(Miltenyi Biotech) was used to magnetically isolate
CD133 cells from cultured HT29 and DLD1 cells. HT29 and DLD1 cells were
trypsinised and centrifuged at 300rpm for 10 minutes. The supernatant was aspirated off
and the cell pellets were -seispendedn 30Qul of stain/wash buffer (Appendix A.4)
respectively, per Fcells. FcR blocking reagent (100ul pef t@lls) was added to the-re
suspended pellets, followed by the addition of 100ul CD133/1 (clone AC133) MicroBeads
per 16 cells (Miltenyi Biotech). The cell suspensions were pipette mixed and incubated at
4°C for 30 minutes. To each cell suspension, 10pl pércélls of conjugated antibody
CD133/2 (293C3E, Miltenyi Biotech) was added, pipette mixed and incubated at 4°C for

5 minutes. A CD133/2antrol antibody (Miltenyi Biotech) was used together with flow
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cytometry to evaluate the success of the magnetic cell separation and to determine the
purity of CD133 cells obtained using the MACS cell separator system. As CD133 is co
expressed with EpCANh the HT29 and DLD1 cell lines (Figure 2.2 B and Figure 2.2 C),

it follows thatmagnetically sorted CD132ells will express EpCAM.

The cells were washed in 2ml of stain/wash buffer respectively, and were centrifuged at
300rpm for 10 minutes. The supatant was aspirated off and the cells wersuspended

in 500ul of stain/wash buffer. Two MACS MS columns were placed in the magnetic field
of the MACS separator (Miltenyi Biotech). The columns were washed with 500ul of
stain/wash buffer followed by ¢haddition of the HT29 and DLD1 cell suspensions,

respectively.

The flowthrough (negative fraction) was collected in a flow cytometry tube. The columns
were washed three times with 500ul of stain/wash buffer and thetfflmugh was again
collected ina second flow cytometry tube. The columns were removed from the magnetic
field of the MACS separator, placed over a new flow cytometry tube, whereupon one ml of
stain/wash buffer was added. The cells, representing the positive fraction, were then
flushedinto a clean tube. In order to increase the cell purity, the positive cell fraction was
applied to a second MACS MS column.

The cellswere analysed on BD FACSCalibur (Beckton Dickinson), calibrated using the
FACSComp software (Version 5.2.1), togethéth BD Calibrite beads (BD Biosciences).
The data was acquired for each of thdabelled, labelled but unseparated, negative and
positive (separated) samples, respectively. The data was then evaluatetFuisimgw J o ”
(version 9.4.11) The forwardversts side scatter profiles for the CD133 positive fraction
of HT29 and DLD1 cellsvere gated and these gates were used to-gpatekthe forward
versusside scatter profiles of the unstained cells (Figure 2The purification of CD133

cells obtained usinagnetic cell separation was then determined.
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Figure 2.1. Flow cytometry dot plots showing forward scatter heigitsusside scatter
height profiles for HT29 (A) and DLD1 (B) cells expressing CD133 following magnetic
cell separation (left) and unstained cells (right). The forwardusside scatter profiles
corresponding to the CD133 positive cell fractions were gated and thesavgegassed to

backgate the forwardersusside scatter profiles of the unstained cells.

2.1.6 Three-Dimensional Cell Culture

The purified CD133HT29 and DLD1 cell fractions were seeded iptdri-dishes and/or
flasks precoated with 2% agar (Appendix A.1As agar prevents cell attachment, the cells
grow in suspension, forming fréating spheroids in aefined serunfree cancer stem

cell enrichment medium supplemented with epidermal growth factor (EGF; 20ng/ml) and
basic fibroblast growth factor (bFGF1Ong/ml) (Mather, 2008) (Appendix A.1l)
Alternatively, these cells were seeded into peishes and/or flasks premated with
growth factor reduced Matrigel (BD Biosciences) or GeltréX (Gibco) and were

cultured as adherent spheres. Matfijednd GeltreX™ are soluble forms of basement

45



membrane extracted from Engelbrétbim-Swarm (EHS)mousesacoma cells. These
matrices containaminin, collagen IV, entéin and heparin sul@te proteoglycans that
mimic thein vivo tumour microenvironment (BD Bsciences; Life Technologies). The
thin gel (nongelling) method was used to coat the pdishes and/or flasks and this

method can be found in Appendix B.1.
2.1.7 Sphere Formation Assay

To evaluate the clonogenic potential (seiiewal capacity) of CIB3" HT29 and DLD1

cells, 1G cells were seeded into the wells of a 6 well plate that had beerogied with
GeltreX™ (Gibco) (Appendix B.1). The cells were seeded at a low density to prevent the
fusion of nascent spheres. The cells were cultured for 14 days in a CSC enrichment
medium (Appendix A.1). The resulting spheres were counted under a light microscope
(Zeiss Aiovert 25) and the clonogenic efficiency was calculated as the ratio of the number
of spheres produced relative to the number of cells plated per well (Rafahi2011).

The assay was repeated a further two times (N=3).
2.1.8 Statistical Analyses

Statistical analyses were performed using Microsoft Office Excel, 2010. The results are

presented as median expression and median counts, where appropriate.
2.2 Results

Anti-CD133/2 (PE) and arnEpCAM (FITC) were used to characterise the surface marker
expression of CD133 and EpCAM in the cell lines, SW1116, HT29 and DLD1, which are
representative of eadymid- and latestage colon adenocarcinomas, respectively. The
percentage of cells expressing CDIBBCAM, CD133/EpCAM’, and CD13¥EpCAM*

in each ell line are shown in Table C1 in Appendix C. For unstained cells, 99.50% of the
SW1116 cells were negative for CD133 and EpCAM, and 100% of the HT29 and DLD1
cells were negative for these markers (Figure 2.1). For cells stained with both CD133 and
EpCAM, it was found that EpCAM was expressed with CD133. Note that a
CD133/EpCAM cell population was not identified within any one of these cell lines.
Within the SW1116 cell line, three distinct isotypic cell populations were identified
including, CD133EpCAM’, CD133/EpCAM®, and CD133¥EpCAM’, as shown in Figure
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2.2 A. In contrast, only two distinct populations were identified in each of the HT29 and
DLDL1 cell lines, these being, CD1ABpCAM" and CD133/EpCAM’, as shown in Figure

2.2 B and Figure 2.2.
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Figure 2.2. Flow cytometry detection of CD133 (PE) and EpCAM (FITC) in SW1116
(A), HT29 (B) and DLD1 (C) cell lines. Left to right these figures show unstained cells
followed by triplicate cell staining of each cell line with CD1BB and EpCAMFITC

antibodies. The unstained SW1116 cells show some degree dfuamugscence as 0.42%

of these cells fluoresce in the PE and FITC channels (upper right quadrant). The gated

cells ceexpress CD133 and EpCAM, whereas thegated cells do roexpress CD133

but may express EpCAM.

In the SW1116 cell line, 9.03% of these cells are CDEREAM, 88.70% of these cells
are CD133EpCAM" and 2.33% of these cells are CDI/EPCAM" (Figure 2.3 AC). In
the HT29 cell line, 0.58% dhesecells areCD133/EpCAM’, 94.10% ofthesecells are
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CD133/EpCAM" and 5.11% ofhesecells are CD133EpCAM’ (Figure 2.3 AC). In the
later stage DLD1 cell line, 0.19% diiesecells are CD13ZEpCAM, 89.50% ofthese
cells are CD133EpCAM" and 10.30% ofhesecells are CD133EpCAM’ (Figure 2.3 A

C). These results indicate that there is an increase in the proportion of GB(p8&ssing

cells with advancement of tumour stage.
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Figure 2.3. Flow cytometry analyses of CD138pCAM (A), CD133/EpCAM’ (B) and
CD133/EpCAM" (C) expression in the SW1116, HT29 and DLD1 cell lines. The
columns represent the median expression of each cellular subset and the lines show the

maximum and minimum ranges of the data.

As the focus of this study centres on epigenetic modulation of ETHBCAM" cells
isolated from advanced cell lines, MACS magnetic cell separation was used to isolate
CD133 cells from the HT29 and DLD1 cell lines, but not from the eathge SW1116

cell line. Furthermore, as CD133 is-erpressed with EpCAM (Figure2), magnetically
sorted CD133 cells will express EpCAM. A 98.60% and 98.00% purification of
CD133/EpCAM’ HT29 and DLD1 cells were obtained respectively, as confirmed by flow
cytometry (Figure 2.4).
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Figure 2.4. Flow cytometry analyses showing the efficiency of CD133 magnetic cell

separation in the HT29 (A) and DLD1 (B) cell lines.
gated, unstained cells followed by the percentage of cells expressing Gib83o and

following separation.

Next, the CD133EpCAM" cells were cultured as threlimensional fredloating
spheroids and/or as adherent spheres in a defined CSC enrichment medium supplemented

with bFGF and EGF. CD13&EpCAM" HT29 and DLD1 cells produced frdlating

spheroids

t hat

ranged i

n

si ze from

Left to right these figures show

ess

cultured over a period of two weeks (Figure 2.5). THuiegensional cultures are favoured

over twodimensional monolayer cultures as they better reflect the physichogly

microenvironment of arn vivo tumour (Pampalonet al, 2007; Friedrichet al, 2009;

Vinci et al, 2012).

whereas their corresponding parental cell lines doubled approximately 24¢engurs.

Furthermore, these cells doubled approximately eveid2 4&urs

These findings indicate that CDI28pCAM" HT29 and DLD1 cells cycle much slower

than their parental cell lines. This phenomenon of longer cycling times could possibly be
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used in addition to botim vitro sphere formation assays aindvivo tumourigenic assays,

to further characterise putative CSCs.

Figure 2.5. Brightfield images of HT29 (left) and DLD1 (right) fréating putative
CSC spheroids (Zeiss Axiovert 25, Original magnification 5X).

Subsequently, a sphere formation assay was carried out to determine trenesgHl
capacity of these cells. This assay essentially recapitulat@s ¥he xenotransplantation
assayijn vitro. The number of spheres produced were counted (Table Cgpendlix C)

and the clonogenic efficiency was calculatasl the ratio of the number of spheres
produced to the number of cells plated per well. The clonogenic efficiency of both the
CD133/EpCAM" HT29 and DLD1 cells was 21%. Therefore, approximately % wf

each of these cells produced spheres. Figure 2.6 shows the number of spheres produced

per 1G cells plated per well.
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Figure 2.6. Sphereforming capacity of CD133EpCAM’ HT29 and DLD1 cells. Equal
numbers of CD132EpCAM" HT29 and DLD1 cells (F0cells/well) each produced
twenty-one spheres. The columns represent the median results, and the lines show the

upper and lower interquartile ranges.
2.3 Discussion

In this asgect of the study, it was determined whether CD133 and EpCAM were co
expressed in three established colorectal adenocarcinoma cell lines that represent the three
progressive stages of colorectal candérwas queriedwhether an increase in their
expressioncould be correlated with tumour stage, and whether they could be used to
isolate and characterise putative CSCs from advanced colorectal adenocarcinomas. These
markers were of interest here as their increased expression has been correlated with

enhancedVNT activity, a driver of colorectal tumourigenesis.

Flow cytometry characterisation of CD133 and EpCAM surface expression revealed the
presence of three distinct populations in the SW1116 cell line (CIE[83AM, CD133/
EpCAM" and CD13%EpCAM"), andtwo in the HT29 and DLD1 cell lines (CD133
EpCAM" and CD133EpCAM") (Figure 2.2). The expression of EpCAM was high in all

of these cell lines and ranged from 889010% (Figure 2.3 B). However, and in contrast

to EpCAM expression, CD133 expressioassMfound to vary from 2.33% in the SW1116
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cell line to 5.11% and 10.30% in the HT29 and DLD1 cell lines, respectively (Figure 2.3
C). These data clearly indicate that there is a correlation between the number of cells
expressing CD133 and tumour stageor#specifically, there was a twold increase in

the number of HT29 cells expressing CD133, when compared to the number of SW1116
cells expressing this marker. Similarly, there was aftld increase in the number of
DLD1 cells expressing CD133 compdrto the HT29 cell line and a fodwld increase,
relative to the SW1116 cell line. CD133 was also shown to {expressed with EpCAM.

It has similarly been reported by Ri€¢itiani et al. (2007) and Horset al. (2008) that
CD133 colorectal cancer tls also express EpCAM.

While the data reported here differs to other studies, it must however be emphasised that
published data relating to CSCs is quite varied. This relates to the veseooiscell lines,
differing culture conditions, prolonged cealulture, cells sourced from patient tumours,
different antibody clones and binding epitopes used to detect the same antigens @Dittfeld
al., 2009; Hermansert al, 2011; Sahlbergt al, 2014), combined with very different
platforms for analysis. Sonexamples relating to colon CSCs are discussed below.

leta et al. (2008) using flow cytometry, evaluated the expression of CD133 in twelve
colorectal cancer cell lines, including HT29 and DLD1; and reported that while 47.50% of
the HT29 cells expressed @B3 only 0.40% of the DLD1 cells expsesl this marker. In
contrast Elsabaet al. (2010) found that the HT29 cell line had in excess of 95% CD133
expression, whereas, the DLD1 cell line lacked CD133 expression. More recently,
Sahlberget al. (2014) repded that 63% of the HT29 cells and 14% of the DLD1 cells
expressed CD133, respectively. It should be noted thatetesh (2008) used an anti
CD133 antibody (clone not mentioned), Elsadtaal. (2010) used an ar€D133/1
antibody and Sahlbergt al. (2014) used an ar€D133/2 antibody which may contribute

to the inconsistencies found amongst their data.

In contrast to the use of established cell lines to evaluate CD133 expressio\/ifRioci

et al. (2007) investigated the expression of CD133 ineh@ell lines derived from many
colonic tumour s, r a).gAltmoggh they repoudd ¢hat 2455121% a g e s
of cells expressed CD133 in the majority of the colonic tumours, there was however, no

evident trend associating CD133 expression withour stage (Table C3 in Appendix C).
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In Table C3, the expression of CD1@8&ries from 0.72.4%i n Duk e s’ stage A
from 0.76.1%i n Duk es ' s tfrangle42.Boitnu nbouvkress’ stamdge C t
in one Dukesstage D tumour, the expressiof CD133 was 2. 5 %et Si mi
al. (2007) investigated CD133 expression in 17 colonic tumours (six were primary
tumours). Of these 17 colonic tumours, eleven were stage IV, three were stage IlIC, one
was stage IIB and two were stage |I. Over@ID133 expression ranged from -28.5%

(Table C4 in Appendix C). The expression of CD133 in stage | tumours ranged from 9.3
12.0%, in a stage IB tumour the expression of CD133 was 14.0%, in stage IlIC tumours the
expression ranged from 71%.9% and instage IV tumours the expression ranged from

1802 4 . 5 %. Further mor e, O'"Brien and coll eag
CD133 in the normal colonic tissues of six patients. CD133 was expressed in these normal
tissues, however, CD133 expressivas greater in the correspondimgmour tissues

(Table C4). Overall, the findings reported by Rivdianietal.( 2007 ) a ®tdl, O’ Br i ¢
(2007) suggest that there is no evident trend associating CD133 expression with tumour

stage.

It is evident fromthe above that proportions @SCs vary greatly even within samples
derived from patients. Furthermore, it is difficult to compare the data obtained from
established cell lines with clinical specimens, as established cell lines lack a tumour
microenvironnent that modulates surface marker expression (Riatdt 2007; Dittfeldet

al., 2009; Racet al, 2012;Visvader& Lindeman 2012 GrosseGehlinget al, 2013; Hsu

et al, 2013). In vitro approaches at best attempt to mimic itheivo environment with

defined growth factors, and extracellular matrices to maintain stem growth.

Despite these differences, CD133 and EpCAM are assdciith poor prognosis in
colorectal cancer patients. Homst al. (2008) evaluated CD133 expression in patient
derived colorectal tumours using immunohistochemistry and reported that a high
expression of CD133 was associated with worse overall survSahilarly, in a meta
analysis study by Cheet al. (2013), they too reported that a high expression of CD133
was associated with a worse prognosis. High EpCAM expression has also been shown to
be associated with advanced tumour stage and with a worss| ®stevival (Patriarcat

al., 2012). However, and contrary to these findings, Leghl. (2010) reported that low
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levels of membranous EpCAM, as opposed to high levels of EpCAM, is prognostic.
Therefore, the use of EpCAM as a prognostic marker meg fugther validation.

Having confirmed the surface -@xpression of CD133 and EpCAM in the SW1116, HT29

and DLD1 cell lines, magnetic cell separation was used to isolate a CBdlBBopulation

from the advanced colorectal adenocarcinoma cell lines Harg® DLD1. MACS
magnetic cell separation is a technology used to isolate frequent or rare occurring cell
populations. It uses paramagnetic microbeads, as small as 50nm in size, which have been
conjugated with an anti bod\yMilteng Biotecf. iTbe t o t I
rationale for subsequently isolating putative CSCs based on CD133 expression emanates
from two studies by RiceVitiani etal.( 2 00 7 ) a retdal. (ZD0O7R rRic@\itiani et

al. (2007) evaluated the tumourigenic potential of CD1&3on cancer cells isolated from
primary tumours and found that these cells could initiate a tumour when they were
transplanted into SCID mice. However, this was not true for the Cxbd@ cancer

cells, as the transplantation of these cells into SCID mice failed to elicit tumour formation.
Si mi | ar | stal(2a07)Bhowee that colorectal cancer initiating cells were CD133
whereas, CD133cells were unable to initiate tumourigenesis when tiansgd into

immunodeficient mice.

Prior to magnetic cell separation, it was found that 36.50% and 68.60% of the HT29 and
DLD1 cells expressed CD133, respectively (Figure 2.4). These values differ considerably
to those previously reported here, that is5866 versus5.11% in the HT29 cell line, and
68.60%versusl0.30% in the DLD1 cell line. These discrepancies most likely result from
the use of different flow cytometry gating strategies. Furthermore, these findings highlight
the importance o$tandardising methods as the use of different mettawlead tovaried

datg making it difficult to compare data amongst studies.

The gating strategy used for analysing CD133 and EpCAM surface expression in the
SW1116, HT29 and DLD1 cell lines involvegting on a singlet population. This is the
preferred strategy (Figure 2.2) whereas, the gating strategy used for analysing the
effectiveness of magnetic cell separation involved kgating on the forwardersusside

scatter profile of the CD133ell fractions (Figure 2.1). The unstained HT29 and DLD1

cells that were gated using the bagting strategyhave a low forward scatterersusa
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low side scatter profile. As CSCs are known to be smaller in size and less complex
compared to the remainder dfet population, it is likely that putative CSCs reside in a
population ofcells with a low forward and side scattére(Paivaet al, 2006; Allenet al,

2009; Allahverdiyevet al, 2012). Ideally these gating strategies should have been the
same however, the parameters required to analyse a singlet populatiedatpost
acquisition were not set when the magnetic sorting data was captured. The inability to
change the paramete postdata acquisition is one of the disadvantages of using an
analogue instrument such as the BD FACS Calibtnereas, this could have been done

had the data been captured on a digital instrument such as the BD Fortessa. Although not
ideal, the gatingstrategy used to analyse the -pa@ad posimagnetic cell separation data

was not a limiting factor in this study as flow cytometry was merely used to determine the
efficiency of magnetic cell separation. A 98.60% and a 98.00% pure population of
CD133 cdls were obtained from the HT29 and DLD1 cell lines, respectively. Therefore,
magnetic cell separation was shown to be a valuable tool that can successfully be used to

isolate and enrich for CD138ells.

Since not all CD133cells are putative CSCs, ahere formation assay was used to
determine the spheferming capacity of these CD13EpCAM" HT29 and DLD1 cellsn

vitro. This assay evaluates the gelhewal capability of these cells. In the present study,
approximately 1 in 5 (21%) CD13EpCAM" HT29 and DLD1 cells produced spheres
when cultured in a defined CSC medium that
percentage of such cells could be predicted to initiate tumours upon transplantation into
immunodeficient mice. A xenotransplantatiassay should be used to compardrthavo

properties of these cells with theim vitro growth patternshowever, as previously
mentionedpage 4} , such facilities were unavail abl
et al. (2007) reported a far Veer value, wherein only 1 in 262 CDI3ells were capable

of initiating colorectal tumourigenesis when transplanted into immunodeficient mice. The
relatively high percentage of spheres obtained here in the present study, may well reflect
the use of thedditional CSC enrichment step using magnetic cell separation. The use of
additional markers may well be important to better define putative CSC populations and

some of these are discussed below.
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Other markers used to identify putative CSC include amaoipstrs CD44, CD166 and
CD24 (Dalerbeet al, 2007b; Cheret al, 2011; Wanget al, 2012; Sahlbergt al, 2014).
Although, the use of these markers may further enrich for colorectal CSCs, they may not
be entirely reliable and their expression may notagsvbe restricted to putative CSCs
(Medema, 2013). For example, Cheal. (2011) and Wangt al. (2012) showed that

CD44 could be used to further enrich for putative CSCs that express CD133. However,
since multiple CD44 splice variants exist whose fiomal roles remain poorly understood,

this challenges its use as a marker of putative CSCs @taal, 1997; Medema, 2013;
Sahlberget al, 2014). Similarly, Dalerbat al. (2007b) showed that CD44, when used in
combination with EpCAM®" marks coloretal CSCs and that CD166 could further enrich

for CD44 putative CSCs. However, and in contrast to these studies, Metratg2012)
showed that neither of these markers could be used to identify and characterise putative
CSCs in any of the ten coloratitancer cell lines used in their study. The differences in
these findings may again be attributed to the lack of a tumour microenvironment when
using established cell lingsvhich has been shown to modulatarker expression and
tumourigericity in vivo (Raoet al, 2012;Visvader& Lindeman 2012), as well as due to

the use of different antibodies and techniques (GrGsddinget al, 2013; Sahlbergt al,

2014). Nonetheless, these differences highlight the imporwinickentifying novel and
universal markers that can be used to identify and characterise colorectal CSCs, as well as

the importance to standardise the use of antilsaate techniques.

Although it was shown here that approximately 1 in 5 CD/ERSCAM" HT29 and DLD1

cells were capable of producing spheiewitro, other studies have shown that CD133
cells are also capable of forming spheressitro (Botchkina et al, 2009; Chenet al,

20128, Hsu et al, 2013) and initiating tumourigenesis vivo (Dalerbaet al, 2007b;
Shmelkovet al, 2008; Chuet al, 2009; Kawamotcet al, 2010). Cheret al. (2012)
identified and isolated four cellular subsets characterised ad3ZMEBpCAM',
CD133/EpCAM, CD133/EpCAM’ and CD133EpCAM from the hepatocellular
carcinoma cell line Huh7. Although, all the cellular subsets showed some degree of
“stemness’”, the subpop (WEpEAM mraduced mare eolorties r i s e ¢
thatwere larger in size compared to the other cellular subsets. Also, they possessed more

biological features of CSCs including enhanced differentiation potential and enhanced
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resistance to the chemotherapeutic agemt&luorouracil and Doxorubicimn vitro, and

enhanced tumourigenicity vivo.

Shmelkovet al. (2008) and Kawamotet al. (2010) showed both CD132ind CD133
colorectal cancer cells could elicit tumour formation in immunocompromised mice.
Shmelkovet al. (2008) isolated CD133and CD133 cells from a metastatic tumour
wher eas, I n cont r asaetal(2007)taidRice¥itiani dtiale(3007h y O’ B
they isolated CD133and CD133cells from primary tumours. Since epithelial cells
undergo EMT during metastasis, these cells a@uire SC characteristics and this might
explain why the CD133cells showed tumourigenicitin vivo (Tsai & Yang, 2013).
Another explanation is based on the findings by Kengbeal. (2010) who reported that
CD133 expression is not confined to the pueaCSC population, but rather the AC133
epitope is masked due to differential folding of the CD133 protein and therefore, CD133
would not be detected in differentiated cells when using AC133 antibodies. In the present
study, the antibodies CD133/1 (liet to MACS magnetic beads) and CD133/2
(conjugated with PE) were used. Since both these antibodies recognise the AC133 epitope,
their use was not a limiting factor with regards to putative CSC identification, isolation and
characterisation in the HT29 abd D1 cell lines as botlof these cell lines were shown to
express AC133. In addition, their CD133 cellular fractions were shown to have

clonogenic potentiah vitro.

Hsu et al. (2013) also showed that CD138nd CD133cells isolated from the metastati
colorectal cancer cell line SW620 hadonogenic capabilityn vitro and tumourigenic
potentialin vivo. Both the cellular subsets showed similar characteristics with regards to
their morphology, proliferative potential and resistance to thetamtbur drugs Taxol,
Cisplatin, Actinomycin D and Camptothecin when cultured under standard conditions.
However, the CD133cells showed enhanced growth potential when expose8Dto
Matrigel culture conditions and enhanced tumourigenicity when injected into
immunocompromised mice suggesting that the tumour microenvironment may modulate
metastatic progression. Therefore, they exposed the CRhBED133 cells to hypoxic
conditions, cell adhesion free conditions and to ECM, the three environmental stressors
facal by metastasising cells. Exposure to these conditions was found to promypecell

switching, a phenomenon wherein CD132lls switch to CD133cells andvice versa
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Exposure to hypoxic and cell adhesion free conditions enhanced the switching & CD13

cells to CD133cells whereas, exposure to ECM enhanced the switching of CR&B8

to CD133 cells. Based on their findings, they proposed a model on metastasis progression
that might explain why CD133cells, and not just CD133cells, show tumougenic

potentialin vitro andin vivo. In this model, both CD133and CD133cells are released

into the bloodstream and migrate to the metastatic site where they are faced with
environmental stressors. Exposure to ECM promotes the switching of CBdlg3to

CD133 cells thereby enhancing their proliferation ability. Once colonisation has been
established these cells are exposed to hypoxic and adhesion free conditions, which
promotes the switching of CD13%llstoCD133c el | s t o emmamrsse tamai n

initiate tumour growth.

Altogether, the findings reported in the present study, as well as those of other studies,
indicate that not all CD13%ells are necessarily putative CSCs. In this regard, the stable
retention of SC propertiesargghh | v | i kel y to be influenced &

factors and ECM molecules, within threvivo and/orin vitro culture environments.
2.4 Conclusion

In this chapter, the SW1116, HT29 and DLDL1 cell lines were shown-éxmess CD133

and EpCAM. The percentage of cells expressing EpCAM was higharh of these cell
lines whereasthe percentage of cells expressing CD133 increased with tumour stage.
Furthermore, using magnetic cell separation, a pure population of C2EE8 were
isolated fromthe advanced colorectal adenocarcinoma cell lines, HT29 and DLD1. In
evaluating theirin vitro growth properties, some 21% of these sahowed clonogenic
potential. The use obther markers, in addition to CD133 and EpCAM, would be useful
for furtherenrichment of putative CSCs in the HT29 and DLD1 cell lines.

The following phase of this study employs CDIEpCAM’ cells for subsequent
epigenetic studies that focus on epigenetic modulation of the plurigassotiated
transcription factorlANOG, OCT™ and SOX4n these cells.
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CHAPTER 3

THE EFFECT(S) OF EPIGENETIC MODULATION
ON PLURIPOTENT MARKERS

Colorectal cancer is known to arise from an accumulation of mutations in both oncogenes
and tumowsuppressor genes, as proposed by Vogelsteal. (1988), as well as due to
epigenetic modifications (Isset al, 2004; Barker & Clevers, 2007; Vermeulen al,

2008; Markowitz & Bertognolli, 2009; Goel & Boland, 2012; Schnekenbur§er
Diederich, 2012). Epigenetic modifications include alterationspatterns of DNA
methylation, histone modifications and the influence of -coding RNAs on post
translational protein regulation, all of these being important in colorectal cancer initiation
and progression (Mighetit al, 2012). Of the three modificatis, DNA methylation is the

best understood and it involves the addition of methyl groups to CpG islands often located
in the promoter regions of genes, thereby resulting in gene silencing @Bmff 1997;
Migheli et al, 2012). In colorectal canceg\weral genes are known to be methylated that
affect cellular processes, including amongst others DNA repair, apoptosis, WNT
signalling, cell cycle arrest, invasion and metastasis (Migheli, 2012; Schnekenburger

& Diederich, 2012).

Histone modificabns, although less understood than DNA methylation, involve the
addition and removal of acetyl and methyl groups from histone tails that protrude from
nucleosomes, and these may either enhance or repress gene transcription (van Engeland
al., 2011; Goek Boland, 2012). In addition to histone acetylation and methylation, other
histone modifications include phosphorylation, ubiquitylation and sumoylation although,
acetylation and methylation are best characterised in colorectal cancers (van Ergeland
al.,, 2011; Goel & Boland, 2012; Nakazawa al, 2012; Schnekenburger & Diederich,
2012). Noncoding miRNAs further regulate gene expression by annealing to
complementary mRNA resulting in mRNA degradation and gene silencing @aade

2007; Fabiaretal., 2010). Cellular processes affected by miRNA regulation in colorectal

cancer include WNT signalling, cell migration and invasion, epithelial differentiation and
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cell cycle regulation (Lujambiet al, 2007; Shiet al, 2007; Burket al, 2008; Huanggt
al., 2008; Schnekenburger & Diederich, 2012).

Since epigenetic defects are potentially reversible, and CSCs are thought to trigger tumour
initiation, progression and metastasis, it is of interest here to evaluate the cellular
expression of each of tHeC associated pluripotent factddANOG, OCT4 and SOX2
following epigenetic treatmenia putative CSCs derived from the HT29 and DLD1 cell
lines. These keypluripotency associatetlanscription factors are widely expressed in a
variety of cancers, inctliing colorectal cancer, suggesting that they might also play an

essenti al role in maintaining the st emne:
colorectal CSCs (BeRorathet al, 2008; Liuet al, 2013). Therefore, each of these
transcription faairs are potential targets for the treatment of colorectal cancer in patients

with advanced staged disease.The expression dlANOG OCT4and SOX2are tightly

modulated by epigenetic mechanisms to allow them to maintain pluripotency in embryonic

and adult SCshowever these mechanisms are poorly understood (Fartrehagl, 2008;

Meissner, 2010; Villasantet al., 2011; Wanget al, 2013). Additionally, they further
modulatetheir own expression via an awtegulatory feeeback network (Figure 3.1 A)

and regulate the transcription NANOGand downstream target genes via a fsdiard

loop (Figure 3.1 B; Boyeet al, 2005).

; B
]
F OCT4 -
Id A —» | NANOG
e SOX2 —
> B OX2 | ---e-ee-- » SOX2
— NANOG
> NANOG ~ ---eeee- » (NANOG v
ES Cell
I Genes

Figure 3.1. Transcriptional regulation dIANOG OCT4andSOX via an auteregulatory
feedback loop (A); and transcriptional regulation ANOGand ESC genes via a feed
forward loop (B). The promoters of genes are indicated as blaekb and regulators are

indicated as green ovals (adapted from Figure 4 in Betyal, 2005, 952 p.).
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In this chapter, the potential regulatory effects of Valproic acid (VPA) and Zebularine
(ZEB) on NANOG OCT4 and SOX expression in HT29 and DLD1 putative CSCs are
investigated. To date, no studies have explored the effects of these two drtigs on
expression of these genes in putative CSCs derived from colorectal adenocarcinomas. In
the first section of this chapternfocal microscopy is utilised to qualitatively evaluate the
expression of each of these pluripotency factors following epigenetic treatmeriti.

In the second section, and following on from the above, gene expression profiling (QPCR)

will be usedo quantitatively assess epigenetic modulatioNANOG OCT4andSOX2

VPA, an inhibitor of class | and lla histone deacetylase (HDAC) activity, relaxes the
association of core histones with DNA to allow transcription and hence, gene expression.
Furthemore, its biochemical actions have been shown to inhibit cancer cell proliferation,
promote differentiation, induce apoptosis, and inhibit angiogenesis in a number of cancer
cell lines, including breast and colon adenocarcinomas (Goéttiethadr, 2001; Piel et al,

2001; Blaheta & Cinatl, 2002; Kawage¢ al, 2002; Phillipset al, 2003; Gurvichet al,

2004; Michaeliset al, 2004; Tanget al, 2004; Theleret al, 2004; Zgouragt al, 2004;
Blahetaet al, 2005; Friedmanet al, 2006; Kuendgen & Gtarmann, 2007).

ZEB, a nucleoside analogue of cytidine, inhibits DNA methyltransferase (DNMT) activity
by inhibiting thetransfer of methyl groups to the cytidines of CpG dinucleotides, serving

to prevent the maintenance of DNA methylation (Yoo & Jorg)6). This allows
transcription factors to bind to the promoters of their target genes resulting in gene
expression. Compared to similar DNA methylation inhibitoraz&2 ° deoxycyt i di
5-azacytidine, ZEB has low cytotoxicity boti vitro andin vivo, is highly stable in acidic

and neutral solutions; and can be administered orally (Batchl, 1992; Chenget al,

2003).

Based on the inhibitory activity that VPA and ZEB have on HDACs and DNMTSs, it is
proposed here that these epigenetic drugs pgomote the ugregulation of NANOG
OCT4andSOX expression in HT29 and DLD1 putative CSCs. Since thenegplation

in embryonic and adult SCs has been shown to promote cell differentiation ¢Nava
2000; Rodriguezet al, 2007; Koppet al, 2008; Alvarez et al, 2010), epigenetic
modulation of these transcription factors in C®@s/make these cells more susceptible to
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current anticancer therapies. Ultimately, this could result in tumour regression and may

prevent tumour relapse.

(1) Confocal Microscopy
3.1 Materials and Methods
3.1.1 CD133 and EpCAM

Prior to drug treatments, confocal microscopy was used to confirm the expression of
CD133 and EpCAM in HT29 and DLD1 putative CSCs, isolated using magnetic cell
separation (Chapter 2.1.5). HTaAd DLD1 putative CSCs were seeded onto sterile glass
coverslips, placed in 30mm Petri dishes, and cultured in a serum free CSC enrichment
medi um at 3 7Zuntlthdy reacheth6@0®confluency. Next, the cells were
rinsed with PBS and fixed for Ihinutes in 3% formaldehyde diluted in PBS, followed by
three PBS washes (refer to Appendix A.2). The cells were then permeabilised for 5
minutes in a PBS solution containing 0.b%vine serum albumirBSA) and 0.25% Triton

X-100 (refer to Appendix A.2)followed by three PBS washes. The coverslips were
incubated overnight at 4°C, in a moist sealed container with 1:100 of rabbit polyclonal
ant-CD133 (H284, Santa Cruz Biotechnology) and goat polyclonaltBp&€AM (A-20,

Santa Cruz Biotechnology). The vaslips were washed three times with a 0.5%
PBS/BSA blocking solution (refer to Appendix A.2); and excess liquid was blotted on
tissue paper. The coverslips were then incubated with 1:200 of Alexa Fluor 594, donkey
antirabbit 1I9G (H+L) (Invitrogen), tadetect CD133; and Alexa Fluor 568 donkey anti
goat IgG (Invitrogen), to detect EpCAM. Incubations were carried out in a moist sealed
container in the dark at room temperature for one hour. The coverslips were washed three
times in 0.5% PBS/BSA and blotte This was followed by one hour incubation in the
dark, in a moist sealed container with 1:20 Phalloidin (Alexa Fluorg#88n) (Lonza).

Again the coverslips were washed three times in 0.5% PBS/BSA and blotted, and then
incubated with 1:10000 @f, 6-diamidina2-phenylindole(DAPI) (Cambrex) in PBS for 5
minutes in the dark at room temperature, in a moist sealed container. The coverslips were
washed a further three times in 0.5% PBS/BSA, followed by a PBS wash. The coverslips
were blotted and mounteahto slides using Gel Mount Aqueous Mounting Media (Sigma

Aldrich) and allowed to set. The slides were viewed on the Zeiss-T&Mconfocal
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microscope. Negative controls were carried auherein either primary or secondary
antibodies were omitted, resgively. In such cases, cells were incubated with PBS/BSA

for equivalent time periods to the experimental conditions.
3.1.2 Drug Treatments

Having confirmed the expression of CD133 and EpCAM in HT29 and DLD1 putative
CSCs, these cells were seeded atéwile coverslips and were serum starved for 12 hours

to synchronise the cell cycle. The cells were treated for 24 hioutsplicate, with the
epigenetic drugs VPA (Sigma) and ZEB (Santa Cruz Biotechnology) respectively, to
assess their possible effe@nNANOG, OCT4 and SOX2 expressiom range of drug
concentrationsvere tested, including 1mM, 2.5mM and 5mM VPA; and 100uM, 250uM
and 500uM ZEB, respectively. Controls included untreated cells, and cells treated with
dimethyl sulphoxide ®MSO) (Sigmg (ZEB carrier). The range of drug concentrations
were carefully selected based.(2001), Rhiest f ol | ¢
al. (2001), Chenget al. (2004), Gurvichet al. (2004), Scottet al. (2007), Billamet al.

(2010), Venkataranma et al. (2010), Marquardet al. (2017, and Wittet al. (2013). Next,

the coverslips with attached cells were processed for indirect immunofluorescence staining
as previously described in Section 3.1.1. The coverslips were incubated overnight at 4°C,
in a moist sealed container with 1:100 of goat polyclonat AtNOG (W-18, Santa Cruz
Biotechnology), 1:100 of goat polyclonal a@iCT3/4 (N19, Santa Cruz Biotechnology)

and mouse monoclonal a#80X2 (Abcam). The coverslips were washed three timds wit

a 0.5% PBS/BSA blocking solution (refer to Appendix A.2); and excess liquid was blotted
on tissue paper. The coverslips were then incubated with 1:200 of Alexa Fluor 568,
donkey antigoat 1gG (Invitrogen) to detect NANOG and OCT4; and Alexa Fluor 488
donkey antimouse IgG (Invitrogen) to detect SOX2. Incubations were carried out in a
moist sealed container in the dark at room temperature for one hour. The coverslips were
washed three times in 0.5% PBS/BSA and blotted, and then incubated with 1:10000 of
DAPI (Cambrex) in PBS for 5 minutes in the dark at room temperature, in a moist sealed
container. The coverslips were washed and mounted onto slides as previously described in
Section 3.1.1. The slides were viewed on the Zeiss -Z8M confocal microscap

Negative staining controls were performed by omitting either the primary or secondary
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antibodies in each case and replacing these with an equivalent amount of PBS/BSA

solution.
3.1.3 Scoring of Pluripotent Marker Expression

The drug treated HT29 and_.D1 putative CSC confocal images were analysed and scored
according to zero, low, intermediate and high pluripotent marker expression in the nucleus.
The scoring system used in this study is based on the system usecbgsl{2010). Six

to eight cels per field of view were assessed. A score of zero was assigned to cells with no
marker expression, one was assigned to cells with low marker expression, two was
assigned to cells with intermediate marker expression and three was assigned to cells with
high marker expession. The median fluorescerseores were plotted onto bar graphs.
Cytoplasmic expression dANOG, OCT4 and SOX2vas of less interest here as the
exclusion of these transcription factors from the nucleus prevents them from binding to the
promoters of their target genes (Balaisal, 2009).

3.1.4 Statistical Analyses

The KruskalWallis and ManAWhitney tests weresed to assess whether there were any
significant changes in pluripotent marker expression, with respect to drug treatment. The
KruskalWallis test examines variance in more than two independent samples and being
nontparametric does not assume a normalfribistion, whereas the MarWhitney test
examines variance between two independent samples (Swinscow & Campbell, 2001). In
analysing the confocal microscopy scored data, where the Kil&kidE test indicated
significant changes imuclear expression, aMannWhitney post hoc analysis was
subsequently performed. A two sample Malthitney test was also used to determine
whether there were significant differences between the untreated/no treatment (NT) and
DMSO treatment groups. These statistical analygesr e carri ed out usi |
software, version 2.17c (Hammetral, 2001). Statistical significance was consideatda

p-value< 0.05.

The sign test was also considered to examine the data for.tréhstests less powerful
than the KruskaWallis and MannWhitney tests as it only considers the medians of
variables whereas, the Kruskaallis and ManrAWhitney tests consider the spread of
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unmatched and unpaired variables, respectively (Hart, 2001; Pappas & DePuy, 2004).
However the smallesp-valuethat can be obtained when using the sign test on a sample

size of three is 0.25 (orsded) or 0.50 (tws i ded) , assuming that t
“negatives”) occur consecutively. Conseque
size of severshould be used when evaluating data using the sign test (Haetra&r

2001).
3.2 Results and Discussion

Immunofluorescence staining confirmed the expression of CD133 and EpCAM in HT29
and DLD1 derived putative CSCs following their isolatiom this apect of the study,
confocal microscopy shows that CD133 and EpCAM are localised on the cell membrane
and in the cytoplasm in both HT29 and DLD1 putative CSCs (Figure8.3)2 The
primary and secondary antibody staining controls are shown in Figura Bdpendix D

and indicate a complete lack of repecific antibody binding or fluorescence.

Figure 3.2. Immunofluorescencenages showing CD133 expression in HT29 and DLD1
putative CSCs. Cells were stained with Phalleiliexa Fluor 488 conjugate {&ctin)
indicated in green, DAPI (nuclei) indicated in blue and CD133 detected with Alexa Fluor
594, donkey artrabbit IgG (H+) indicated in red, as shown by the arrows. (Original
magnification 63X).
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Figure 3.3. Immunofluorescence images showing EpCAM expression in HT29 and DLD1
putative CSCs. Cells were stained with Phalloifliexa Fluor 488conjugate (Factin)
indicated in green, DAPI (nuclei) indicated in blue and EpCAM detected with Alexa Fluor
568 donkey amtgoat IgG indicated in red, as shown by the arrows. (Original

magnification 63X).

Similar to the findings reported here, some staidiave described that CD133 is expressed
exclusively on the membrane (Kojine al, 2008; Liet al, 2009; Wanget al, 2009;
Garciaet al, 2011), whilst others have reported that it is expressed on the cell membrane
and in the cytoplasm of colorectalncr cells (Takahaslet al, 2010; Xi & Zhao, 2011;
Cocoet al, 2012; Liet al, 201d; Reggianiet al, 2012). Although it is cell surface
expression of CD133 that is prognostic, the shift in its expression from the cytoplasm to
the surface on the cell membrane is believed to be a characteristic of cell invasiveness
(Takahashiet al, 2010; Cheret al, 2013). Therefore, the cytoplasmic expression of
CD133 in HT29 and DLD1 putative CSCs may indicate the invasive nature of these cells.
Similarly, cytoplasmic expression of EpCAM has been described in colorectal carcinoma
cells (Gosenst al, 2007; Yanamatet al, 2007). These findings support the observations
that CD133 and EpCAM are expressed on the cell membrane and in the cytoplasm in
HT29 and DLD1 putative CSCs.

Having confirmed CD133 and EpCAM expression in HT29 and DLD1 putative CSCs,
these cells wre treated with varying concentrations of VPA and ZEB to evaluate the
epigenetic modulatory effects that these drugs have on NANOG, OCT4 and SOX2
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expression in these cells. Cell proliferation and morphology were not affected by these
epigenetic drugs. Re confocal images of drug treated HT29 and DLD1 putative CSCs are
shown in Figures DPD13 in Appendix D (N=1). The primary and secondary antibody
negative staining controls indicate a complete lack ofspmtific fluorescence (refer to
Figure D14 in Appndix D).

Confocal microscopy shows that these proteins are localised in the nucleus and cytoplasm
in HT29 and DLD1 putative CSCs. Figure 3.4 shows an example of nuclear and
cytoplasmic expression of these transcription factors in untreated HT2%@uZ8Cs.
Although these proteins were shown to localise in the cell nucleus and cytoplasm, it is
nuclear expression that is of particular interest here as the exclusion of these transcription
factors from the nucleus prevents them from maintaining mterxy as they are no
longer able to bind to the promoters of their downstream target genes.

Figure 3.4. Immunofluorescence images showing nuclear (N) and cytoplasmic (C)
expression of NANOG, OCT4 and SOX2 in untreated HT29 putative CSCs. Cells were
stained with DAPI (nuclei) indicated in bluBLANOG detected with Alexa Fluor 568
donkey antigoat IgG indicatd in red, OCT4 detected with Alexa Fluor 568 donkey- anti
goat IgG indicated in red and SOX2 detected with Alexa Fluor 488 donkesnantie 1gG
indicated in green. (Original magnification 63X).

Similar to the findings reported here, Guo et al. (2011)rtegahat NANOG and OCT4
localised in the cell nucleus and cytoplasm in human glioma cells whereas, SOX2 localised

exclusively in the nucleus. Despite the difference in SOX2 localisation, SOX2 has been
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reported in other studies to shuttle from the nucletrs the cytoplasm in SCs, and in
colorectal cancer celldin et al, 2010) In a study by Ishiguret al.(2012), they reported

that NANOG predominantly localised in the cytoplasm in HT29 and SW620 colorectal
cancer cells whereas in Te2ecells, it pedominantly localised in the nucleus. Alternative
splicing of NANOGand OCT4mRNA transcripts, and pestanslational modifications of
NANOG and OCT4 proteins, could explain their nuclear and cytoplasmic localitiegfLee
al., 2006; Gucet al, 2011). r example, the alternatively spliced and translated protein
OCTA4A is localised in the cell nucleus of pluripotent cells where it maintains pluripotency
whereas, the alternatively spliced and translated protein OCT4B is localised in the
cytoplasm of tumouand pluripotent cells (Cauffmaat al, 2005 Leeet al, 2006). The
functional role of OCT4B remains unknowmowever, it may play a role in regulating the
cell-cycle, and in regulating cell proliferation and survival (Coesicks et al, 2013).
CortesDericks et al. (2013) showed that the knodown of OCT4B in the lung
adenocarcinoma cell line A549 increased the sensitivity of these cells to the
chemotherapeutic drug Cisplatin by promoting -cgltle progression, cell proliferation

and apoptosis.Altogether, these findings support the observations N#YOG, OCT4

and SOX?2are expressed in the nucleus and cytoplasm in HT29 and DLD1 putative CSCs,
which as stated above may indicate tNRANOGand OCT4 are alternatively transcribed

and translated inthese cells. Furthermore, the differential localisation of these
pluripotency associated transcription factors in HT29 and DLD1 putative CSCs suggests
that apart from their functional role in maintaining pluripotency, they might also

participate in reguling other cellular functions.

Next, the nuclear expression of NANOG, OCT4 and SOX2 in HT29 and DLD1 putative
CSCs were scored according to zero, low, intermediate and high expression (N=3). The
data was then analysed using the Krudkallis and ManrAWhitney tests to determine
whether VPA and ZEB significantly modulate the expression of these markers at a protein
level. The medians of the scored expression data are shown in TabGs i@ ppendix

C and the results of the statistical analyses are showalles C7C8 in Appendix C. The
median expression of nucleddANOG, OCT4 and SOX2 in drug treatétT29 and DLD1
putative CSCss graphically represented using bar graphs, and these are shown in Figures

3.53.10. The effects of VPA and ZEB on the nucleapression of these transcription
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factors was analysed relative to untreated and DMSO treated cells, respectively. Statistical
significance whereg0.05 is also presented in these figures.
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Figure 3.5. Confocal microscopy analyses of nuclear NANOG in HT29 putative CSCs
treated with VPA and ZEBThe columns represent the median fluorescence and the lines

show the maximum and minimum ranges of the dataQ’@b; N=3).
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Figure 3.6. Confocal microscopy analyses of nuclear OCT4 in HT29 putative CSCs
treated with VPA and ZEBThe columns represent the median fluorescence and the lines
show the maximum and minimum ranges{®5; N=3).
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HT29 CSCs-nuclear SOX2

(3] e
]
!
)
]
]
!
)
]

—
1

Fluorescence Score

(=]

Treatment

Figure 3.7. Confocal microscopy analyses of nuclear SOX2 in HT@ative CSCs
treated with VPA and ZEBThe columns represent the median fluorescence and the lines

show the maximum and minimum ranges<B5; N=3).
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Figure 3.8. Confocal microscopy analyses of nuclear NANOG in DLD1 putative CSCs
treated with VPA and ZEBThe columns represent the median fluorescence and the lines

show the maximum and minimum rangessB5; N=3).
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Figure 3.9. Confocal microscopy analyses of nuclear OCT4 in DLMative CSCs
treated with VPA and ZEBThe columns represent the median fluorescence and the lines

show the maximum and minimum ranges<B@5; N=3).
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Figure 3.10. Confocal microscopy analyses of nuclear SOX2 in DLuRtative CSCs
treated with VPA and ZEBThe columns represent the median fluorescence and the lines
show the maximum and minimum ranges<B@5; N=3).

71



In HT29 putative CSCs, 2.5mM and 5mM VR#-regulate nuclear NANOG and OCT4,
respectively (Figures 3.5 and 3.6). When these cells are treated with ZEB, concentration
of 250uM and 500uM wpegulae nuclear NANOG equally whereas, ZEB at 500uM up
regulates OCT4 in these cells (Figures 3.5 and. 3M8gither VPA nor ZEB modulate
SOX2 expression in these cells, as its expression remained unchanged (Figure 3.7).

In DLD1 putative CSCs, neither VPA nor ZEB modulate NANOG, OCT4 and SOX2
expression (Figures 3810) as sample size may have been a limgittactor Due to
financial and time constraints experiments were carried out in triplicate, which is common
amongst molecular and cellular biologists (Vaux, 20k2)wever, treatment of these cells
with DMSO, a ZEB carrier, dowregulates OCT4 relative tuntreated cells (Figure 3.9).
Although DMSO was used as a drug catrrier, it is also a differentiation inducing agent that
hasbeen shown to induce the differentiation of embryonic SCs (Tetral 2012; Chetty

et al, 2013). Torre®t al. (2012) repaed that the treatment of E14Tg2a embryonic SCs
with DMSO induced their differentiation. Moreover, they reported that DMSO reduced
the expression oNANOG and OCT4 by 0.18+0.07 and 0.70+0.02old, respectively.
Although DMSO did not reduce the expressiof NANOG in HT29 and DLD1 putative
CSCs, it was shown in the present study to reduce the expression of OCT4 in DLD1 CSCs.

Taken together, specific concentrations of VPA and ZEB were shown to modulate nuclear
NANOG and OCT4 expression in HT29 putative@S Whether these drugs modulate
NANOG and OCT4 expression in DLD1 putative CSCs remains inconclusive as a larger
sample size is required to verify results. Moreover, SOX2 protein expression remained
unchanged in both HT29 and DLD1 putative CSCs follgwiineir treatment with VPA

and ZEB. This finding is worthy of note as SOX2 and OCT4 cooperatively regulate
NANOGtranscription. Consequently, it is thought that VPA and ZEB woutdegplate

SOX2 protein expression, especially in HT29 putative CSCéese tdrugs were shown to
up-regulate NANOG and OCT4 expression in these cells. Similar to the finding reported
here, Kallaset al. (2014) reported that SOX2 protein expression remained unchanged in
the human ESC line H9 followinigs differentiation indued by sodium btyrate, whereas
NANOG and OCT4 were dowregulated upon differentiation. Based on their findings,
they concluded tha&ANOGandOCT4are regulated at an epigenetic level whereas, other

mechanisms such as pdsinslational modifications, regulate SOX2 expression in H9
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ESCs. Although it is yet to be determined whether specific concentrations of VPA and
ZEB induce the differentiation diT29 and DLD1 putative CSCs, the findings reported
here suggest that additional mechanism(s), other than epigenetic mechanisms, might

modulate SOX2 expression in these cells.

In Part 2 of this chapter, gene expression profiling (QPCR) is used to Hesegsgenetic
modulatory effec that VPA and ZEB have oNANOG OCT4 and SOX2expressionn

HT29 and DLD1 putative CSCs. Surprisingly, SOX2 mRNA transcripts were
undetectable, or even absent, in HT29 and DLD1 putative CSCs. This finding might
provide an explanation as to why SOX2 protein expression remained unchanged in HT29

and DLD1 putative CSCs following epigenetic drug treatments.
(i)  Gene Expression Profiling (QPCR)

3.3 Materials and Methods

3.3.1 Primer design

Gene specific DNA primers tdlANOG OCT4 and SOX2were designed using various
bioinformatic tools. The bioinformatic programs used for the design of these primers
included: UCSC Genome Bioinformatics (UCSC), Ensembl Genome Browser (Ensembl)
and Primer Blast NCBI (NCBI). Ensembl was usedltain candidate gene sequences.
UCSC Genome Bioinformatics (Blat) and Primer Blast NCBI were used to ensure that the
DNA primers bound specifically to the candidate genes, and in usisgico PCR to
ensure an optimal product size of 1PT0 base past The primers were specifically
designed to span the exons of the candidate genes. All of these primers ranged3fom 20
base pairs in length and contained a GC content é6046. Furthermore, they were
designed to have melting temperaturesy)(Tthat ranged between 55°C and 65°C
[calculated using the formula:yT= 4(G+C) + 2(A+T)]. The primers were synthesised
either by the Department of Molecular and Cell Biologpjversity of Cape Town or by
Integrated DNA Technologies (lowa). However, as theghesl primers failed to amplify
their target regions, possibly due to the existence of pseudogenest @, @005;Zhang

et al, 2006), published primers were used. The published primer seq@acgsown in
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Table 3.1. The coding sequences, accessiombers and mapped primers to these genes
are includedn Figures D18)17 (Appendix D).

Table 3.1: Primer pair sequences fNIMRNOG OCT4andSOX2

Primer Pair Sequence (forward and reverse, respectively)

NANOG(Freberget al, 2007) 52CAA AGG CAAACAACCCACTT-3"’
5-TCT GCT GGA GGC TGA GGT AF3°’

OCT4(Freberget al, 2007) | 5 < ACA TCA AAG CTC TGC AGA AAG AAC-3 ’
5:CTG AAT ACC TTC CCA AAT AGA ACC C-3

SOX2(Chenet al, 201) 5-AAA ACAGCCCGGACCGCGTG3’
5:CTCGTC GAT GAACGG CCGCT3"’

3.3.2 Drug Treatments

HT29 and DLD1 putative CSCs were cultured in a CSC enrichment medium (Chapter
2.1.6). The culture medium was aspirated off once the cells had reached 60% confluency,
and were then serum starved for 12 hours in DMEM:F12 supplemented. @@go U
penicillin and streptomycin. Following this, the sertree medium was aspirated off and

the cells were pharmacologicaltyeated in triplicate with VPA and ZEB (see Section
3.1.2) for 24 hours. The cells were harvestamhtrifuged at 800rpm for 5 minutes and
their pellets resuspended in 6Q0 RLT lysis buffer (Qiagen). The cell lysates were stored

a-70° C for up to six months.
3.3.3 RNA Extraction

For the extraction and purification of total RNA, the Qiagen RNA extraction kit was used
and the protocol modéd to accommodate for the use of bothcotumn DNase treatment
(Qiagen) and oftolumn DNase treatment (New England Biolabs) (refer to Appendix B.2

for protocol).

The concentration as well as the purity of RNA (260/280 ratio) was measured on a
NanoDrop1000 spectrophotometer (Nanodrop Technologies) and the samples

standardised to a concentration of 50ng/ul.
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3.3.3.1 Assessment of RNA Integrity

The Agilent RNA 6000 Pico Kit (Agilent Technologies) was used to determine RNA
integrity numbers (RINs). This ¢Bnique is superior to gel electrophoresis, as it is
standardised. A software algorithm is applied to RNA following microfluidic
electrophoresis, to estimate total RNA integrity, this being classified from a range of one to
ten (Schroedeet al, 2006). A RIN of one is representative of completely degraded RNA
and a RIN of ten is representative of completely intact RNA (Schreeadédy 2006).

RNA samples were diluted to 5000pg/ul, in RN&®s® water. The RNA ladder and gel

dye mixwasprepa ed according to the manufacturer’s
wells of a RNA chip, together with the RNA conditioning solution and the RNA marker.

Next, the RNA samples were loaded into the wells of the RNA chip, and the chip was
vortexed for 1 nmute at 2400rpm in an IKA vortexThe RNA chip was run on the Agilent

2100 Bioanalyzer and RINs were acquired. The output data is viewed as an
electropherogram (Schroedet al, 2006). Figure 3.11 shows an example of an
electropherogram for the RNArms@le DLD1 NT1 with a RIN of 8.60. In this study, RINs

ranged between 6.30 and 9.60 indicating that all the samples were intact and were of
similar integrity (Table C9 in Appendix C).

DLDINT1
RIN: 8.60
[FU]
18S

2004 288
100
0_ o pr— 4 W

1 1 1 1

25 200 1000 4000 nt]

Figure 3.11. An electropherogram dRNA isolated from untreated (NT1) DLD1 putative
CSCs showing the 18S (left) and 28S (right) rRNA peaks, respectively.

75



3.3.4 Reverse Transcription

The TagMan Reverse Transcription reagents kit (Applied Biosystems) was used to reverse
transcribe total RNAd complementary deoxyribonucleic acidDNA), using random

hexamer s, according to the manufacturer’s
reverse transcription reactions were prepared for each sample; one containing and one
excluding, reverse transctgse (the latter referred to as the negative/minus RT). The latter
was performed as a control to rule out genomic DNA contaminatidhe reverse
transcription thermal cycling parameters used are showiabte C11 (Appendix Cand

include an initial inobation at 25°C for 10 minutes, followed by one cycle of reverse

transcription at 48°C for 30 minutes and Taq inactivation at 95°C for 5 minutes.
3.3.5 Quantitative Real-Time PCR (gPCR) Optimisation

gPCR reactions were prepared on ice, in duplicate, igng cDNA from the untreated
HT29 and DLD1 putative CSCs, with primersix@ctin (ACTB) (a reference gene used as

a positive control)NANOG OCT4andSOX2 The gPCR reactions were prepared with a
SYBR Green master mix in a total volume of 10ul, accagdint o t he manuf a«
protocol (Applied Biosystems) (Table C12 in Appendix C). The reactions were run on the
7500 reaftime PCR system (Applied Biosystems) with the following thermal cycling
parameters: an initial incubation step at 50°C for 2 minatémt start step at 95°C for 10
minutes, followed by 40 cycles of denaturation at 95°C for 15 seconds and 40 cycles of
primer annealing/extension at 55/60/65°C for 1 minute. This was followed by a
dissociation/melt curve analysis of the PCR produ&snealing/extension temperatures

for primer pairsACTB NANOG and OCT4 were optimised to 60°C. Primers pairs to
SOX2could not be optimised &0X2expression was undetectable in untre&i@@9 and

DLD1 putative CSCs. Based on this latter findiB@X2is further investigated in HT29

and DLD1 putative CSCs, and in their parental cell lines, in Chapter 4.

3.3.6 Selection of Reference Genes using ggeNORM

geNORM is an algorithm that determines the most stably expressed reference/house
keeping genes tested under certain experimental conditions, to ensure an accurate measure

of candidate gene expression (Vandesompgelal, 2002). Reference genes although
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constitutively expressed, may differ in expression in various tissues and under different
experimental conditionsSpanakis 1993;Thellin et al, 1999; Bustin, 20005Suzuk et al,

2000; Warringtonet al, 2000). Therefore, it is important to determine and validate the
expression of a number of referenceng® to ensure reliable normalisation of candidate

gene expression.

Ten reference genes were selected based on literature review and availability; these
included: ACTB GUS b 2 MGAPDH, HPRT, TBP, UBC, YWHAZand TR (Integrated

DNA Technologies). Primeit® these reference genes were obtained from the Department
of Internal Medicine, University of the Witwatersrand, and their sequences are shown
Table C13 (Appendix C).

gPCR reactions were prepared, in duplicate, using 50ng cDNA from HT29 and DLD1
CSCs that had been treated in the following ways: untreated, 5mM VPA, 500uM ZEB and
DMSO, respectively. qPCR reactions were prepared in a total volume of 10ul as
previously desribed (Section3.3.5. The plates were run on the 7500 +&mle PCR
system (Applied Biosystems) with the aforementioned thermal cycling parameters
(annealing/extension at 60°C). The dat a
(qBasePlus). The referem genes were ranked according to their expression stability. A
minimum of three reference genes were required for reliable normalisation, thesé-being
Actin (ACTB), Hypoxanthine phosphoribosyltransferase (HPRT) and Tyrosine 3
monooxygenase/tryptophad- monooxygenase activation protein, zeta polypeptide
(YWHAZ. The coding sequences, accession numbers and mapped primers to these

reference genes are included in Figures-D28 (Appendix D).
3.3.7 qPCR of NANOG and OCT4

Following geNORM analysis, gPCReactions were prepared in duplicate as above
(Section3.3.5 using 50ng cDNA from all of the treatment groups with primer\oTB
HPRT, YWHAZ (reference genes), and with primers N&\NOG and OCT4 (genes of
interest) Controls included a minus RT carit{genomic deoxyribonucleic acigiPNA)
contamination), a kD control (PCR product contamination) and an hpilate calibrator
(IPC) control. The IPC control consisted of a mix of cDNA from 29 and DLD1
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treated putative CSCs to correct for iaten variation when samples were distributed
across plates.

The following equation was obtained from the TATAA Interplate Calibrator SYBR
protocol (TATAA Biocenter) and was used to manually adfusintification cycle(Cg

values to correct for intgulate variation:

8 [ /]
chorrected: Cquncorrected_ CqIPC+ 8_ B Fol ri<|PC

Having adjusted the {values, the data was analysed usgiasePlus (Biogazelle).

gBasePlus uses the following equatiormapiantification model:

E&Cr,gm'

NRQ — goi

This model allows for the use of several reference genes and is compliant with the
minimum information for publication of quantitative reaahe PCR experiment§VIQE)
guidelines (Bustiret al, 2009) and therefore it was theeferred method. The lggf*# <

data, which is gene expression data that has been calibrated and normalised using the
2#4C9 method (Livak & Schmittgen, 2011)re shown in Tables C14 and C16 in
Appendix C.

3.3.8 Statistical Analyses

The Krusk&Wallis and ManAWhitney tests were used to assess statistical significance in
pluripotent marker expression, with respect to drug treatment (see Section 3.1.4 for a
description of these statistical tests). Statistical significance was considerpdate<

0.05. The sign test wasilso considered toexaminethe datafor trends;however, as
previously mentionedp@ge 6% a minimal sample size of severequiredto evaluate

data using this test
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3.4 Results and Discussion

In this aspect of the studgPCR was used to quantify any changes that VPA and ZEB
have onNANOG OCT4 and SOX2gene expression in HT29 and DLD1 putative CSCs.
As SOX2expression was absent, or at least undetectable, in HT29 and DLD1 putative
CSCs, onlyNANOGand OCT4 gene expression was quantified. The raw data obtained
from the gPCR assay showBtANOGand OCT4 expression. Th&, values of the raw

data were manually adjusted to correct for hiate variation, and the data was analysed
usinggBasePlus. The genapession data (lag*** % from gBasePlus is quantitative
data that has been calibrated and normalised relative to the referenc&GaiBesiPRT

and YWHAZ and to the global mean expressiomMN&NOGand OCT4 (Hellemanset al,

2007). The gene expresnidata are shown in Tables C14 and C16 (Appendix C). The
median expression AIANOG and OCT4 prior to and following drug treatments were
plotted onto bar graphs (Figures 3.12 and 3.13) and the effects of VPA and ZEB on their
expression were statisticallgnalysed relative to untreated and DMSO treated cells,

respectively. The results of the statistical analyses are shown in Table C18 (Appendix C).

HT29 NANOG HT29 OCT4

060 -

Treatment

Figure 3.12. Relative gene expression BIANOGand OCT4in VPA and ZEB treated
HT29 putative CSCs. The columns represent the sample median and the vertical lines

show the maximum and minimum ranges{®5; N=3).
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Figure 3.13. Relative gene expression BIANOGand OCT4in VPA and ZEB treated
DLD1 putative CSCs. The columns represent the sample median and the vertical lines

show the maximum and minimum ranges{®5; N=3).

Statistical analyses show that VPA and ZEB do not modIN&NOG and OCT4 gene
expression imoth HT29 and DLD1 putative CSCs. Statistical significance may have been
obscured due to the large range in gene expression, as seen in Figu®43.1Respite

best efforts to control for intgrlate variation, experimental error is always a concern.
This is apparent in the data from the third run of the replicates, as the gene expression
values are consistently higher than those from the first and second runs. The RNA used for
the first and second runs was extracted from HT29 and DLD1 putative th&Cwere

drug treated simultaneously, whereas the RNA used for third run was extracted from CSCs
that were drug treated approximately three months later. Although the cells were cultured
under the same conditions, these cultures may change over tinody; mvly account for

some of the variation and potential experimental error observed in the third run.

Overall, the modulatory effects that VPA and ZEB haveNANOG and OCT4 gene
expression could not be determined in this aspect of the,stiitlysample sie being a
limiting factor. Even though these results are currently inconclusive, these drugs were
shown to upregulate nuclear NANOG and OCT4 protein expression in HT29 putative

CSCs. Previous studies have shown that altering the expression of thegetesit
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associated transcription factors above and below endogenous levels in embryonic and adult
SCs stimulates cell differentiation (Niwet al, 2000; Wanget al, 2003; Matinet al,

2004; Hyslopet al, 2005; Niwaet al, 2005; Zaehrest al, 2005;Rodriguezet al, 2007;
Alvarez et al, 2010; Kallaset al, 2014). Therefore, it would be of future interest to
determine whether the wpgulation of NANOG and OCT4 in HT29 putative CSCs is
associated with cell differentiation, as this may sensitisgetleells to current artiancer
therapies. Differentiation therapy holds promise as the use of the differentiation inducing
agent Retinoic acid has been shown to have high cure rates in patients with acute
promyelocytic leukaemia (Huangt al, 1988). Maeover, differentiation therapy
involving the use of BMP4 molecules has been shown to stimulate the differentiation of
putative colorectal adenocarcinoma CS@svitro and enhance their sensitivity to the
chemotherapeutic agentsFhiiorouracil and Oxaligltin in vivo (Lombardoet al, 2011).
Therefore, stimulating putative CSC differentiation with epigenetic drugs that target the
mechanisms involved in maintaining pluripotency may enhance their sensitivity to current
chemeo and radiatiortherapies. Ultimatly, this approach could lead to tumour regression

and prevent tumour relapse.
3.5 Conclusion

In this chapter, the effects of VPA and ZEB on the expression of the SC associated
pluripotent transcription factors NANOG, OCT4 and SOX2 were investigated i8 HAQ

DLD1 putative CSCs. Confocal microscopy showed that CD133 and EpCAM were
expressed on the cell membrane and in the cytoplasm; and that NANOG, OCT4 and SOX2
were expressed in the nucleus and cytoplasm in HT29 and DLD1 putative CSCs. Specific
concentations of VPA and ZEB were shown to-tggulate the expression of nuclear
NANOG and OCT4 in HT29 putative CSCs whereas, neither drug modulated the
expression of these transcription factors in DLD1 putative CSCs. Moreover, SOX2
expression was not affectdry either of these drugs in both HT29 and DLD1 putative
CSCs. Next, gene expression profiing was used to quantitatively assess the
pharmacological effects of VPA and ZEB BIANOG OCT4and SOX2gene expression.
Interestingly,SOX2expression was eithemdetectable or possibly absent, in HT29 and
DLD1 putative CSCs. The results obtained from the gene expression profiling assay of

NANOG and OCT4 were inconclusive possibly due to the amount of variability in gene
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expression Bearing in mind that statistal power is affected by sample size, expanding

the sample size of this study would improve statistical robustness.

In Chapter 4 of this studygOX2is further considered in HT29 and DLD1 putative CSCs
and in their parental cell lines. Moreover, a mechanism that potentially regulates SOX2

function in HT29 and DLD1 putative CSCs is proposed.
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CHAPTER 4

POST-TRANSLATIONAL MODIFICATIONS ALTER
SOX2 FUNCTION

SOX2is a member of the SR¥lated HMG box $0OX family. It is an introAess gene
located within theSOX2overlapping transcript gene sequence (Patitil, 2013). There

are twoSOX2splice variants, these beil80X2001 and SOX2201, each has a transcript
length of 2500bp and 1318bp, respectively (Flietkal, 2014). The protein coding
sequence of these two variants codes for the same 317 amino acid long proteine{Flicek
al., 2014). The accession numbers for these transcmgtprateins are shown in Table
C19(Appendix C).

SOX2primarily functions to maintain pluripotency in embryonic and adult S@Css(i et
al., 2007). The putative role d8OX2in cellular pluripotency involves the dimerisation of
SOX2 and OCT4 to regulatke transcription oONANOG and other key pluripotent factors
(Boyer et al, 2005; Medvedeet al., 2008). SinceSOX2imbues cells with pluripotent
qualities by controlling ta expression of a variety 6§temnessfactors its expression is
tightly controlled vigpositive and negativieedback loogs, andby numerous feedorward
loops that respond t80X2regulated gengroducts (Boyeet al, 2005;0Ormsbeeet al,
2013). However, the exact mechanism by whis®X2is regulated in pluripotent cells is
not well understood (Boyaeat al, 2005; Ormsbeet al, 2013).

To elucidate a mechanism that modul&@€xX2gene expression in human embryonic SCs,
Ormsbeeet al. (2013) hymthesised that an increase in endogenous SOX2 inldkips2
transcription via a negative feddck loop. Theyested this hypothesis usiggnetically
engineered embryonic SCs that inducibly expr@§sT4 SOX2 KLF-4 and c-MYC (i-
OSKM-ESC) when treated #i Doxycycline. They reported that elevating the expression
of these transcription factors resulted in the phosphorylation of AKT, a player in the PI3K
signalling pathway, which activates a negative fbadk loop that specifically modulates
SOX2expression in these celldn a study byKuzmichevet al. (2012) they showed that

SOX2 regulatesSox21 transcription to represSdxX2 in mouse colorectal cancer cells. As
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Cdx is a repressor 080X transcription, its repression fyox1 allows these dbs to
maintain pluripotency (Kuzmichest al, 2012). Together, these studies illustrate that the

mechanisms involved in modulating SOX2 expression are complex.

CSCs arghought to trigger tumour initiation, progression and metastasis. SQe&
functions to maintain SC identity in embryonic and adult SCs, its dysregulation in CSCs is
likely to play an important role in tumourigenesis. In this regafX2dysregulation has
been reported in cancers of theeast BenPorathet al, 200§, gastrointestinal tract
(Otsuboet al, 200§, lung Basset al, 2009 Maier et al, 2011, oesophagugBasset al,
2009 Maier et al, 201]) and colon Neumannet al, 201). A SOX2knock-down study

by Han et al. (2012 showedreducedWNT signalling inthe colorectal cell line SW620
resulting in mesenchymalpithelial tansition(MET). As a consequence, these cells lost
their ability to metastasiga vitro and invade surrounding tissirevivo (Hanet al, 2011).

In anotherSOX2knock-down study byAlonsoet al. (2011), brain tumor SCs cultured as
neurospherest their ability to selrenew. These studies demonstrate the importance of
SOX2in maintaining selenewal and pluripotency, and that its aberrant expressiy
possiblydrive cancer pathogenesis.

In the present study§OX2mRNA transcripts were surprisingly undetectable by qPCR
assay in both HT2&nd DLD1 putativeCSCs. Even so, the transcription facteas
clearlylocalised subcellularly in these cells,@gviouslyshown by confocal microscopy

The lack of mMRNA transcripts in the presence of expressed psopeissibly suggests
unusual postranslational processing &OX2 In an attempt to determine whether this
phenomenon is restricted to putative CSCs,3fX2gene and its expression is further
explored in HT29 and DLD1 putative CSCs, and in their parental cell lines. The results
obtained in this aspect of the study are interpreted by a conceptual model.

4.1 Materials and Methods

As SOX2failed to amplify at he mRNA level in both HT29 and DLDfutative CSCs,
PCR amplification was carried out using genomic DNA (gDN&onfirm the presence
of this gene irHT29 and DLD1putativeCSCs and in their parental cell linegDNA was
extractedusing theQlAamp DNA Mini Kit (Qiagen) according to the manufacturer
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protocol (Appendix B.5).The concentration, as well as the purity, of gDINAs measured
on aNanoDrop1000 spectrophotometer (Nanodrop Technolggies

Next, PCR reactionsvith primersthat span th&0OX2coding sequence were prepared, as in
section3.3.5, in a total volume of 10ul (refer to Table 3.1 for primer pair sequences). The
reactions were run on the 7500 réale PCR system (Applied Biosystems) with the
following thermal cycling parameters: amitial incubation step at 3C for 2 minutes, a
hot start step at 98 for 10 minutes, followed by 40 cycles of denaturation &C¥r 15
seconds and 40 cycles of primer annealing/extension°@tf6% 1 minute. AH,O control
was included to rule out agent contamination.For gel electrophoresis, 5ul of PCR
product was mixed with 2ul loading dye, anehs run on a 1.5% agarose gel for
approximately one hour at 100V in 1X TBE buffer (Appendix A.Bhe gel was analysed
on the BieRad Gel Doc EZ Imagerystem, together with the Image Lab software (version
5). A dissociation/melt grve was generated on the 75@aktime PCR system (Applied
Biosystems) with the remaining 5ul of PCR products.

Having confirmedhe presence of thi®OX2gene in HT29 and DLD putativeCSCs and

in their parental cell linesa subsequent PCR assay was carried out to evaluate its
expression in these cellRNA was extracted fronthe HT29 and DLD1 putativ€SCs
andfrom their parental cell linesas previously described in Gitar 3.3.3. The RNAom
each of the samples was standardised to 50ng/ul amsee transcribed (see Chapter
3.3.4). Next, PCR reactions with primers $®X2and ACTB (positive control) were
prepared, as in Chapt8r3.5 in a total volume of 10ul. Theeactions were run on the
7500 eattime PCR system (Applied Biosystems) with the same thermal cycling
parameters describedbove. Negative/minus RT controls adgD controls were included

to rule out gDNA contaminationnd reagent contamination, respectivelyFor gel
electrophoresis, 5ul of PCR product was mixed with 2pl loading dyeyamdn a 1.5%
agarose gel for approximately one hour at 100V in 1X TBE buffer (Appendix A&

gel was analysed on the BRad Gel bc EZ Imager system, together with the Image Lab
software (version 5)As previously, adissociation curve was generated on the 7500 real
time PCR system (Applied Biosystems) with the remainjgod PCRproducts.
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4.2 Results

As there was no amplificatioin the minus RTand HO controls cDNA samples were
neither compromised by gDMreagent contamination, nor by primer dimer formation
ThePCR analys ofthe gDNA confirmed the presence tife SOX2genein both the HT29

and DLD1 putative CSC lines, aiml their parental cell linesyith an amplicon of 176bp
(Figure 41 A). The dissociation curve analysis produced a reproducible melting
temperature of 87.12°C for each sample analySeglire 4.1 B) A subsequerRCR study
using cDNA as a templateépgether with gel electrophoresand melt curve analysis,
showsthat SOX2was not expressed at detectable levelgitherHT29 or DLD1 putative

CSC lines Whereas, in the HT29 and DLD1 parental cell lines it was expressed at low

levels when compared ®CTB(Figure 4.2 A).
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Figure 4.1. A 1.5% agarose gel (A), and its corresponding dissociation/melt curve (B)

showing the presence of ti8&X2amplicon (176bp) in gDNA isolated from DLD1 and

HT29 cells, and from their associated putative CSCs. In Figure 4.1 A, lane 1 is a 100bp

DNA ladder (Fermentas); lane 2 iS&X2H,0 control; lanes 3, 4 al®OX2amplicons in

DLD1 and HT29 cells respectiwellanes 5, 6 ar&0OX2amplicons in DLD1 and HT29

putative CSCs, respectively. In Figure 4.1 B, the melt curve showS@é2amplicons
melt consistently at 87.12°C.
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Figure 4.2. A 1.5% agarose gel (A), and its corresponding dissociation/melt curve (B)
showing the presence of t#CTB (192bp) andSOX2amplicons (176bp) in DLD1 and
HT29 cells, and the absence of ®@X2amplicon in DLD1 and HT29 putative CSCs. In
Figure 4.2 A, lar 1 is a 100bp DNA ladder (Fermentas); lanésa2eACTBamplicons in
DLD1 cells, HT29 cells, DLD1 putative CSCs and HT29 putative CSCs respectively; lanes
6-9 areACTBminus RTs for all cell types; lane 10 is AGTBH,O control; lanes 112

are SOX2amgicons from DLD1 and HT29 cells, respectively; lanes183showSOX2
amplicons from DLD1 and HT29 putativ€SCs and lane 15 is 80X2H,0 control. In
Figure 4.2 B, the melt curve sho&&TBamplicons melt at ~85.3°C in DLD1 and HT29
putative CSCs, and itleir parental cells lines; where8®X2amplicons melt at ~87.12°C

in DLD1 and HT29 cells only.
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4.3 Discussion

The present findings indicate that the apparent (ackat least, undetectable levels) of
SOX2mRNA is characteristic othe HT29 and DLD1putative CSCs and not of their
corresponding parental cell linesThe absence c5OX2mRNA transcripts in putative
CSCs was unusual as the SOX2 protein was previously shown to |adbsellularly in
these cells This deficiency cannot be accounted Iy the genotype dhese cellsas the
SOX2gene sequence was confirmed to be present inthetftHT29 and DLDJputative
CSC lines,andin their parental cell linesMoreover, the absence 8 OX2mRNA does
not result from alternative splicing as the tgin coding sequences of its two variants are
the sameKlicek et al, 2014. In this aspect of the study, ti8&OX2primers used for the
PCR assay spanned the protein coding sequeAsé&SOX2is known to regulate its own
transcription via a negative feddck loop (Ormsbeet al, 2013), it ispossible that post
translational modifications of SOX2 alter the negative regulatory-lheed mechanism in

putative CSCs.

In embryonic and adult SCs, pdsinslational modifications such as sumoylation,
phosphorydtion and acetylation are known to modulate SOX2 function in these cells
(Tsuruzoeet al, 2006; Baltuset al, 2009 Jeonget al, 201Q. Posttranslational
modifications alter protein function by affecting DNA binding capability, localisation and
stability (Jeonget al, 2012). Sumoylatiomnvolves the conjugation of small ubiquin
related modifier (SUMO) proteins to cellular proteins and affects their ability to bind to
target DNA. Such alterations to the DMNvnding properties of proteins masither
enhance or prohibit this interaction (Johnson, 2004; Badtual, 2009). Sumoylation
alters SOX2 function by reducing its binding affinity to DNA, thus inactivating its
transcriptional activity and pluripotent functiomsuruzoeet al, 2006). Bosphorylation

of SOX2 enhances its nuclear stability by blocking the ubiquitination process that would
otherwise result in proteolysis (Jeoegal, 2010) whereas, acetylation of SOX2 results in
its nuclear export to the cytoplasm where it can no longentain pluripotency (Baltust

al., 2009).

As these postranslational modifications are known to modulate SOX2 function in

embryonic and adult SCs, it is possible that these modifications are tailored to alter SOX2
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function in putative CSCs. The rdgtion of SOX2geneexpression an&OX2function in
HT29 and DLD1 putativeeSCs and in their parental cell linesjay be explained by the
model developed through this stuffigure 43). It is proposed here that HT29 and
DLD1 putative CSCs, pogtandational modifications of SOX2 resuin high levels of
activdstable SOX2 in the nucleus These modifications might include SOX2
phosphorylation (Jeongt al, 2010). It is here within the nucleuthat active SOX2
associates with OCT4, where togetheytlupregulate the transcriptioof SC associated
pluripotent genes to imbue cells with pluripotency potenBalyeret al, 2005; Medvedev

et al, 2008). Moreover, a high level of active SOX2 in the nucleus prevents fG@P
transcriptionvia a negative feetlack loop (Ormsbeeet al, 2013). EventuallySOX2
MRNA is degraded and this would account for its absence in these cells. Alternatively,
SOX2transcription might occur at levels low enough to maintain a SOX2 threshold level

however these levels may be too low to detect with PCR assay.

Conversely, in the HT29 and DLD1 cell lines, it is proposed here thattpaostational
modifications of nuclear SOX2 reduces its bindaffynity to DNA (referred to as inactive
S0OX2) and/or resultsiiits export to the cytoplasm. These gipahslational modifications
might include sumoylation and acetylation, respectively (Tsuretad, 2006; Baltuset

al., 2009). SuchSOX2status would result in the reduced expressabrpluripotency
associatedranscription factors followed by cell differentiation. Moreover, a constant low
level of active SOX2 in the nucleus would allow for continuous SOX2 transcription and
this would account for its detection by PCR assay in the HT29 and DLD1 cell lines.
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4.4 Conclusion

In this chapter, theSOX2 gene and its expression at the mRNA level were further
investigated in HT29 and DLD1 putative CSCs, and in their respective parental cell lines.
PCR assay analyses showed that $i8X2gene was present in all of these cell types
although, its expression was restricted to the HT29 and DLD1 cell lines. As the genotype
of these cells did not account for the absenc&0X2expression in HT29 and DLD1
putative CSCs, and that alternative splicing was not responsible for its absemodela
involving posttranslational modulation of SOX2 function in these cells was proposed. In
HT29 and DLD1 putative CSCs, it was hypothesised that selectivetrpostational
modifications of SOX2, such as phosphorylation, result in high levels ieka80OX2 in

the nucleus. Active SOX2 maintains pluripotency by increasing the transcription of
pluripotent genes and by repressing its own transcription via negativebdekd
However, within the general population of HT29 and DLD1 cells, selective- post
translational modifications, including sumoylation and acetylation, may result in low levels
of active nuclear SOX2. This leads to reduced pluripotent gene expression and allows for
increasedSOX2 transcription.  Thus, postanslational modifications oSOX2 may

possibly act as a {airectional switch to modulateOX2expression.
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CHAPTER 5

CONCLUDING REMARKS AND FUTURE
RESEARCH

The possible generation of cancer stem cells (CSCs) from adult stem cells (SCs) during
early carcinogenesis may involve epigenetic reprogramming leading to altered gene
expression, wherein genes associated with cell differentiation may be silenced and SC
specific genes wpegulated. In cancer, the continued existence of treatment resistant
tumour associated SCs poses a therapeutic challenge. A better understanding of epigenetic
events in cancer SC biology may lead to the development of new therapies)lqdyt

since epigenetic changes are potentially reversible.

The present study assessed the epigenetic modulation of key pluripotency genes in putative
colorectal CSCs at both a protein and gene expression (MRNA) level. The cells were
selectively ischted from colorectal adenocarcinoma cell lines on the basis of their
expression of the cell surface markers CD133 and EpCAM. CD133 was found to be
expressed at lower levels in the early stage colorectal adenocarcinoma cell line SW1116
(Duk es’' )santdangre abdndantly in the later stage HT29 and DLD1 cell lines
(Du k e s’ anmdtCasgppectiRly); whereas, EpCAM was expressed at high levels in all

the cell |l i nes representative of Dukes’ st a

The later stage putative CSCs derived from the HT29 abB1Dcell lines showed

clonality, a reproducible feature of SCs. The effects of two epigenetic drugs, Valproic acid
(VPA), a histone deacetylase inhibitor, and Zebularine (ZEB), a DNA methyltransferase
inhibitor, were assessed on gene and protein expresgidlANOG OCT4 and SOX2

t hese being uni ver sal genes necessary for
continued cell proliferation. VPA and ZEB 4pgulated nuclear NANOG and OCT4
expression in the HT29 derived CSCs, while the effects of these anugsclear NANOG

and OCT4 expression in the DLD1 derived CSCs were unclear. Nuclear SOX2 protein
expression remained unchanged in either of the late stage derived CSCs. The gene

expression profiling studies indicated a lack of modulation of BNOGand OCT4in
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both the HT29 and DLD1 sourced CSCs, wiS@X2mRNA was undetectable. The lack

of detectableSOX2mRNA transcripts was a feature that was unusual yet unique to these
cells and in this regard, a regulatory model was proposed to account fobskivation.
These findings however suggest a potential -prasislational response MANOG and
OCT4to epigenetic treatments in the HT29 derived CSCs, v@@X2would appear to be
unresponsive to either epigenetic drug in CSCs derived from both k@ &hd DLD1 cell

lines. Altering the expression of either transcription factor may possibly induce cell
differentiation; however, further research would be needed to confirm this. Should VPA
and ZEB induce cell differentiation, these drugs when combuitdd current anticancer
therapies, may result in tumour regression and prevent tumour relapse. A model that
captures the concept of combining CSC targeted therapy with current therapy is shown in

Figure 5.1.

CSC Targeted Therapy + Conventional Therapy

Altered N ] ‘_ .
NANOG & OCT4 -~ & Tumour Regression el
—> * . . > ( L °)

3 Relapse Prevented R t.

Differentiation?

Figure 5.1. A conceptual model showing how combined CSC targeted therapy and
conventional therapy results in tumour regression and prevents relapse (adapted from
Figure 3 in Dalerbat al, 2007, 279 p.).

5.1 Future Directions

In this study, CD133 was shown as auaddle marker to isolate and characterise putative
CSCs from the HT29 and DLD1 colon adenocarcinoma cell lines. However, as the sphere
formation assay indicated that only 21% of these cells had clonogenic patentiad, it

would therefore be of futerinterest to determine whether additional markers, such as
CD44, CD166 and CD24 could further enrich putative CSC isolation from these cell lines.
It would also be relevant to further characterise CD¥8B29 and DLD1 cells based on

their invasive potemdl and sensitivity to current chemotherapeutic drungsitro; and to

evaluate the tumourigenic potential of these cells using a xenotransplantation assay, as this

met hod iIis the gold standanrvibo (Waolfret ald 206M).nst r at
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Moreover, as some studies have shown that CD&&8B8 show clonogenic potential
vitro and tumourigenic potentiah vivo (Shmelkovet al, 2008; Kawamotceet al, 2010;
Hsu et al, 2013), it would also be important to determine whether CDHI29 and

DLD1 cell s also show features of stemness

The treatment of HT29 putative CSCs with VPA and ZEB were shown {egupate
nuclear NANOG and OCT4 in these cells but their effects on transcription factor
modulation in DLD1 putative CSCs were ugat. Moreover, there was no clear evidence
showing that these drugs modulaAtANOGandOCT4gene expression at the mRNA level

in HT29 and DLD1 putative CSCs. As sample size may have been a limiting factor in this
study, it would be of future interest tincrease the sample size and to verify the
pharmacologicagéffects of VPA and ZEB oNANOGandOCT4gene expression in these
cells. It would be important to determine whether VPA and ZEB induce cell
differentiation following NANOG and OCT4 modulation, tine HT29 and DLD1 derived
CSCs, as these drugs may potentially prevent tumour relapse when combinedrreitit
antircancer therapies. An experimental approach would be to wuse flow
cytometry/immunofluorescence microscopy together with antibodies to ediffation
specific markers, such as CK20, a marker specific to differentiated colorectal cells (Wildi
et al, 1999; Chen & Wang, 2004).

Since pluripotency of embryonic and adult SCs is also maintained by the pluripotent genes,
KLF-4 (Lenget al, 2013) ad c-MYC (Takahashi & Yamanaka, 2006; Waepal, 2008),

as well as by a network of signalling pathways, including WNT and BNif&tlyedevet

al., 2008;Roy & Majumdar, 2012), it would be relevant to investigate the potential effects
of VPA and ZEB on thes markers, and on signal transduction, in HT29 and DLD1
putative CSCs. The epigenetic status of these pluripotency associated geaed, pret
treatment would also be of interest asmpitations are known to drive tumour initiation in

the colon.

Ladly, in the context of the previously proposed model, the regulation of SOX2 function in
HT29 and DLD1 putative CSCs may be of some importance. It would therefore be of
future interest to elucidate the mechanism(s) that modulate SOX2 function in tHese cel

A relevant approach here would be to assess the interaction of SOX2 with partner binding
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proteins, using chromatin immunoprecipitation (ChIP) assays. It is suggested that
elucidating the underlying cell biological mechanism(s) involve8@¥X2reguldion, may

well lead to the identification of potential targets for amancer therapies.
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Appendix A

Procedures

All the chemicals used in this section of this stwdgre sourced from Sigma Aldrich

unless otherwise stated.

A.1 Cell Culture
Serum Free Cancer Stem Cell Selection Medium (Mather, 2008)

The serurdfree cancer stem cell selection medium (DMEWM) was supplemented with

the following cell culture grade ingrestits

6mg/ml glucose

1mg/ml sodium bicarbonate
2mM L-glutamine

4 ug/ mli heparin

4mg/ml BSA

10ng/ml bFGF

20ng/ml EGF

100pug/ ml apotransferrin
25pg/ ml i nsul in

9. 6ug/ ml putrescine
30nM sodium selenitanhydrous
20nM progesterone

Add 1100@QIU penicillinand streptomycin (Lonzger 50ml media
Filter sterilise

Only add bFGF and EGF, once needed
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2% Aqgar

29 Agar (Difco)
100ml distilled water
Autoclave

Once cooled, add enough agacover the area of the growth surface of a dish (plate wells
or flasks)

A.2 Immunofluorescence Microscopy

Phosphate Buffered Saline (PBS)

5 PBS tablets in one litre distilled wa{&igma Aldrich)
Autoclave

Blocking Solution/Buffer
PBS0.5% BSA

50ml PBS

0.25g BSA

Dissolve

Fixing Solution/Buffer

PBS3% Formaldehyde

16.5ml PBS

1.5ml Formaldehyde (37%, Merck)
Mix

Permeabilisation Solution/Buffer
PBS 0.5% BSA 0.25% Triton-X00
20ml PBS

0.1g BSA

50upl Triton X
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A.3 Gel Electrophoresis

10X TBE (Tris, borate, ethylenediaminetetraacetic acid) buffer
108g Tris (Merck)

55g Boric acidMerck)
9.3g EDTA (Merck)

Dissolve and make up to a total volume of 1l, adjust pH to 8.3 and store at room

temperature.

To make a one litre working solution of 1X TBE buffer, mix 100ml 10X TBE buffer with
900ml distilled water.

1.5% agarose gel

1.5g agaroséBio-Rad)

100ml TBE buffer

I n a microwave, dissolve agarose in 1X TBE

bromide (Promega), swirl to mix. Pour into a casting tray with a comb and allow to set.

A.4 Flow Cytometry

Wash Buffer
PBS, 2nM EDTA and 0.5% BSA
80ml PBS

14.89ng EDTA (Merck)
Adjust pH to 80 using10N NaOH
Add 0.5g BSA and dissolve

Make up to D0ml
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Appendix B

Methods

B.1 Thin Gel (non-gelling) Method for Three-dimensional Cell Culture
(Matrigel/Geltrex)

1. Thaw Matrigel/GeltreXBD Bioscience&sibco) on ice
2. Gently pipettemix the Matrigel/Geltrex and dilute 1ml into 29m|I DMEM/F12

3. Add enough diluted Matrigel/Geltrex to cover the area of the growth surface of a

dish (plate wells or flasks)

4. Incubate the coated plastics at 37°C éoe hour, and remove the DMEM/F12

medium

5. Immediately plate cells, or alternatively seal the plastics with parafilm and store at
2-8°C for up to 2 weeks.

B.2 RNA Extraction and DNase Digestion

Oiagen Easy Plus RNA Extraction and On-column DNase Treatment (Qiagen)

This method of RNA exticion utilises a column whereia silica-gekmembranewith
selective binding propertiess placed. The sample is lysadd homogenised. Ethanol is
added to provide appropriate binding conditions, and the sample is tdthes column.

RNA binds to the membranand unbound sample is passed throbgltentrifugal force.

The sample is washed and treated with DNase to ensure complete removal of DNA from

the sample.An appropriate elution buffas applied to the column dnpurified RNAIs

eluted
1. Collect and disrupt cells in60Qul RLT Buffer containing 10u | / ml B
mercaptoethanol (SigmAldrich). The lysatesare stable for up to 6 months -at
70°C.
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. Thaw cell lysates and homogeniseQiAshredder spin columnsentifuged for 2
minutes at 14 00pm.

. Transfer the homogenised lysates to genomic DNA eliminator spin columns and

centrifuge for 30 seconds at 10 900rpm.
. Add 60Qul ice cold ethanol (70%) to the flethrough and pipette mix.

. Transfer up to 70 of the sample to an RNg@aspin column and centrifuge for 15
seconds at 10 900rpm. Add the remainder of the-fltomugh and repeat.

. Discard the flowthrough, add350ul Buffer RW1 and centrifuge for 15 seconds at
10900rpm and discard the flewhrough.

. Add 10pl ofre-constitutedNase mixed in 70pBuffer RDD onto the RNeasy spin
column membrane and incubate at room temperature for 15 minutes fbllpwe
the addition of 350uBuffer RW1. Centrifuge the columns for 15 seconds at
10900rpm and discard the flethroudh. Add 500ul Buffer RPE to the column
and centrifuge for 15 seconds at 10 900rpm followed by an additional wash with
500ul Buffer RPE, centrifuged at 10 900rpm for 2 minutes.

. PlaceRNeasy spin columns in new 2ml collection tubes and centrifuge forutemin
at 14 000rpm.

. Place spin columnis new 1.5ml collection tubes, addjBRNasefree water to the
column membrane and incubate for 5 minutes followed by centrifugation at
10900rpm for 1 minute to elute RNA.

10. Add 5l eluted RNA from step 9 to a 1.5eppendorf tube. Add 85ul RNasee

water, 10pl 10X DNase | Reaction Buffer (New England Biolabs) and 2l DNase |
(RNasefree, 2000U/ml) (New England Biolabs).

11.Incubate for 10 minutes at 37°C followed by the addition of 1ul 0.5M EDTA (filter

sterilisad). Incubate for 10 minutes at 75°C and briefly centrifuge to remove

droplets from the lid.

12.Add 35Qul RLT Buffer, mix and add25Qul ice cold ethanol (9400%). Pipette

mix and apply 750ul of sample to a RNeasy column placed in a 2ml collection

tube, folbwed by centrifugation at 1900rpm for 15 seconds.
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13.Transfer the column to a new 2ml collection tube and add 500ul Buffer RPE
followed bycentrifugation at 1@00rpm for 15 seconds.

14.Discard the flowthrough and ad800ul Buffer RPE followed by centrifugation at
10900rpm for 2 minutes.

15.Repeat steps 8 and 9 to elute RNA.

B.3 Genomic DNA Extraction (Qiagen)

Oiagen OlAamp DNA Mini Kit

This method of DNAextraction utilises a column whereia silica-gelmembranewith
selective binding propertiess placed. The sample is lysadd ethanol is added to provide
appropriate binding conditions. The sample is added to the column and DNA is adsorbed
onto the membrane during centrifugation. The DNA is wasimeldpurifed DNA is eluted

in an appropriate elution buffer.

1. Collect and wash cells with 2ml PBS. Centrifuge cells for 3 minutes at 800rpm,
and discard the supernatant. Repeat the wash asukspend the cell pellet in
200pl PBS, in a 1.5ml microcentrifuge tube.

2. Add 20ul Proteinase K and 200ul Buffer AL. Pulse vortex for 15 seconds and
incubate at 56°C for 10 minutes.

3. Add 200pl ice cold ethanol (9800%) and pulse vortex for 15 seconds.

4. Apply the suspension to a QIAamp spin column placed in a 2ml collectien tub
and centrifuge for 1 minute at 8000rpm.

5. Place the column in a new 2ml collection tube and add 500ul Buffer AW1.
Centrifuge for 1 minute at 8000rpm.

6. Place the column in a new 2ml collection tube and add 500ul Buffer AW2.

Centrifuge for 3 minutes at 1@0rpm.

7. Place the column in a new 2ml collection tube and centrifuge for 1 minute at
14000rpm.
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8. Place the column in a 1.5ml microcentrifuge tube and add 200pl Buffer AE to the
column. Incubate for 1 minute at room temperature, and centrifuge for 1 minute at
8000rpm.
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Appendix C
Tables

C.1 Flow Cytometric Characterisation of CD133 and EpCAM

Table C1: CD133/EpCAM, CD133/EpCAM" and CD133/EpCAM" expressiorin the
SW1116, HT29 and DLDL1 cell lingsl=3).

) Marker Expression (%)
Cell Line - - - < " "
CD133/EpCAM | CD133/EpCAM™ | CD133"/EpCAM
8.96 88.70 2.33
SW1116 12.80 84.50 2.65
9.03 88.70 2.29
Median 9.03 88.70 2.33
0.77 94.10 5.11
HT29 0.58 94.10 5.31
0.34 94.70 4.98
Median 0.58 94.10 5.11
0.19 89.50 10.30
DLD1 0.74 88.60 10.50
0.05 89.80 10.10
Median 0.19 89.50 10.30
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C.2 Sphere Formation Assay

Table C2: Sphereforming capacity oCD133/EpCAM’ HT29 and DLD1 cells (N=3).

] Number of Spheres/well
Replicate
HT29 DLD1
23 29
13 25
. 18 16
Replicate 1 19 18
17 21
14 23
14 13
29 19
) 24 23
Replicate 2 29 o8
16 21
16 19
24 25
28 26
) 29 18
Replicate 3 26 59
17 21
27 15
Median 21 21
Lower Quartile 16 18
Upper Quartile 27 25
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C.3 CD133 Expression in Colonic Tumours

Table C3:CD133 expression in colonic tumours w
from RicctVitiani et al, 2007).

Case | Dukes’ Stage | CD133 Expression (%)
1 C 2.40
2 C 2.00
3 D 2.50
4 A 1.70
5 C 1.40
6 C 2.40
7 C 1.8
8 A 0.70
9 A 2.40
10 B 0.70
11 A -
12 C -
13 B 2.60
14 B 4.10
15 C 2.7
16 B 6.10
17 A 1.70
18 B 4.60
19 D -
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C.4 CD133 Expression in Colonic Tumours and Normal Tissues

Table C4: CD133 epression in 17 colonic tumoursf varying stages, and in their
corresponding normal tissuesli(a pt ed f rabah 2007)Br i en

Patient Number | Tumour Stage | CD133" in tumour (%) | CD133" in normal (%)
1 IB 14.@0 2.10
2 v 5.2 -

3 v 14.70 -
4 v 1.8 -
5 v 24.9 -
6 v 6.3 -
7 I 9.3 1.20
8 nc 7.50 0.40
9 v 12.10 -
10 nc 8.9 1.0
11 v 19.0 -
12 nc 15.90 0.85
13 | 12.@0 1.0
14 v 17.6 -
15 v 18.20 -
16 v 10.0 -
17 v 3.2 -
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C.5 Pluripotent Marker Expression in HT29 putative CSCs

Table C5: Medianpluripotent marker scores HT29 putative CSCs (N=3).

Treatment Median

HT29 NANOG | Replicate 1| Replicate 2 Replicate 3
NT 1.0 1.0 1.0
1mM VPA 1.0 2.0 2.0
2.5mM VPA 2.0 2.0 2.0
5mM VPA 1.0 2.0 2.0
DMSO 1.0 1.0 1.0
100uM ZEB 1.0 2.0 2.0
250uM ZEB 2.0 2.0 2.0
500uM ZEB 2.0 2.0 2.0
HT29 OCT4 | Replicate 1| Replicate 2 Replicate 3
NT 1.0 1.0 1.0
1mM VPA 1.0 1.0 1.0
2.5mM VPA 1.0 1.0 1.0
5mM VPA 2.0 2.0 2.0
DMSO 1.0 1.0 1.0
100uM ZEB 2.0 15 1.0
250uM ZEB 1.0 2.0 2.0
500uM ZEB 2.0 2.0 2.0
HT29 SOX2 | Replicate 1| Replicate 2 Replicate 3
NT 2.0 2.0 2.0
1mM VPA 2.0 2.0 2.0
2.5mM VPA 2.0 2.0 2.0
5mM VPA 2.0 2.0 2.0
DMSO 2.0 2.0 2.0
100uM ZEB 2.0 2.0 2.0
250uM ZEB 2.0 2.0 2.0
500uM ZEB 2.0 2.0 2.0

Key: NT=No treatment, VPA=Valproic acid, B=Zebularine,
DMSO=Dimethyl sulpbxide.
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C.6 Pluripotent Marker Expression in DLD1 putative CSCs

Table C6: Medianpluripotent narkerscoresn DLD1 putative CSCs (N=3)

Treatment Median

DLD1 NANOG | Replicate 1| Replicate 2 Replicate 3
NT 1.0 1.0 1.0
1mM VPA 1.0 1.0 1.0
2.5mM VPA 1.0 1.0 1.0
5mM VPA 1.0 1.0 1.0
DMSO 15 2.0 1.0
100uM ZEB 2.0 2.0 15
250uM ZEB 2.0 3.0 3.0
500uM ZEB 2.0 2.0 3.0
DLD1 OCT4 Replicate 1) Replicate 2 Replicate 3
NT 2.0 2.0 1.0
1mM VPA 2.0 2.0 1.0
2.5mM VPA 2.0 2.0 1.0
5mM VPA 25 3.0 2.0
DMSO 1.0 1.0 1.0
100uM ZEB 2.0 25 1.0
250uM ZEB 2.0 25 2.0
500uM ZEB 25 2.0 2.0
DLD1 SOX2 Replicate 1) Replicate 2 Replicate 3
NT 2.0 2.0 2.0
1mM VPA 2.0 2.0 2.0
2.5mM VPA 2.0 2.0 2.0
5mM VPA 2.0 2.0 2.0
DMSO 2.0 2.0 2.0
100uM ZEB 2.0 2.0 2.0
250uM ZEB 2.0 2.0 2.0
500uM ZEB 2.0 2.0 2.0

Key: NT=No treatment, VPA=Valproic acid, B=Zebularine,

DMSO=Dimethyl sulpbxide.
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C.7 Statistical Analyses of Pluripotent Marker Expression in HT29 Putative CSCs

Table C7: KruskalWallis and ManAWhitney tests ofiuclearNANOG, OCT4 and SOX2

expression in HT29utativeCSCs(N=3).

HT29 putative CSCs

Treatment Statistical Test | NANOG | OCT4 | SOX2
All treatments KruskatWallis | *p=0.08 | *p=0.011 | p=1.00
NT versuslmM VPA MannWhitney | p=0.1& | p=1.0® -
NT versus2.5mM VPA MannWhitney | *p=0046 | p=1.0® -
NT versussmM VPA MannWhitney | p=0.1& | *p=0.046 -
1mM versus2.5mM VPA MannWhitney | p=0.5G| p=1.00 -
1mM versussmM VPA MannWhitney | p=0.72 | *p=0.046 -
2.5mMversussmM VPA MannWhitney | p=0.5® | *p=0.046 -
NT versusDMSO MannWhitney | p=1.00 | p=1.0® -
DMSO versus100uM ZEB | MannWhitney | p=0.1& | p=0.1% -
DMSO versus250uM ZEB | MannWhitney | *p=0.046 | p=0.1& -
DMSO versus500uM ZEB | MannWhitney | *p=0.046 | *p=0.046 -
100uM versus250uM ZEB | MannWhitney | p=0.5G®| p=0.81 -
100uM versuss00pM ZEB | MannWhitney | p=0.5G | p=0.1% -
250uM versuss00uM ZEB | ManntWhitney | p=1.0® | p=0.5G -

*p<0.05 is statistically significant; Key: NT=No treatment, VPA=Valproic acid,

ZEB=Zebularine, DMSO=Dimethy! spihoxide.
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C.8 Statistical Analyses of Pluripotent Marker Expression in DLD1 Putative CSCs

Table C8: KruskalWallis and ManAWhitney tests ohuclearNANOG, OCT4 and SOX2
expression in DLDputativeCSCs(N=3).

DLD1 putative CSCs

Treatment Statistical Test | NANOG | OCT4 SOX2
All treatments KruskatWallis | *p=0.004| *p=0.02 | p=1.0®
NT versuslmM VPA MannWhitney | p=1.00| p=1.00 -
NT versus2.5mM VPA MannWhitney | p=1.00| p=1.00 -
NT versussmM VPA MannWhitney | p=1.00| p=0.1% -

1mM versus2.5mM VPA MannWhitney | p=1.000| p=1.0® -

1mM versussmM VPA MannWhitney | p=1.00| p=0.1% -
2.5mMversussmM VPA MannWhitney | p=1.00| p=0.1% -
NT versusbDMSO MannWhitney | p=0.1% | *p=0.046| -

DMSO versus100uM ZEB | MannWhitney | p=0.4® | p=0.069 -
DMSO versus250uM ZEB | MannWhitney | p=0.15| p=0.063 -
DMSO versus500uM ZEB | MannWhitney | p=0.16} | p=0.(69 -
100uM versus250uM ZEB | MannWhitney | p=0.1%| p=0.4D -
100uM versus500puM ZEB | MannWhitney | p=0.3A | p=0.72 -
250uM versuss00uM ZEB | ManntWhitney | p=0.60 | p=0.4D -

*p<0.05 is statistically significant; Key: NT=No treatment, VPA=Valproic acid,
ZEB=Zebularine, DMSO=Dimethyl sulgixide.
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C.9 RNA Integrity Numbers (RINS)

Table C9: RNA integrity numbers of RNA extracted fromMT29 and DLD1putative
CSCs.

Treatment (N=3) | RINs-HT29 CSCs | RINs-DLD1 CSCs
NT1 7.30 8.60
NT2 8.10 8.10
NT3 9.30 7.70
1mM VPA1 9.00 9.20
1mM VPA2 7.20 8.80
1mM VPAS 8.70 8.50
2.5mM VPA1 8.60 9.20
2.5mM VPA2 8.00 9.00
2.5mM VPA3 6.60 8.80
5mM VPA1 7.20 9.50
5mM VPA2 8.80 9.50
5mM VPA3 8.60 7.40
DMSO1 7.30 9.50
DMSO2 8.90 9.00
DMSO3 8.20 8.10
100uM ZEB1 7.90 9.70
100uM ZEB2 8.30 9.60
100uM ZEB3 9.00 8.20
250uM ZEB1 6.30 9.50
250uM ZEB2 8.30 8.60
250uM ZEB3 8.40 7.60
500uM ZEB1 7.70 8.90
500uM ZEB2 6.70 9.30
500uM ZEB3 7.80 7.80

Key: NT=No treatment, VPA=Valproic acid, B=Zebularine,
DMSO=Dimethyl sulpbxide.
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C.10 Reverse Transcription Master Mix (Applied Biosystems)

Table C10: Stock concentrations and volumes of reagents used per 10ul reverse
transcription reaction.

Reagent Volume and stock concentration
Taq Man Buffer 1.00pl (10X)

MgCl, 2.20ul (25mM)

dNTPs 2.00p! (10mM)

Random Hexamer®ligo d(T)16s| 0.50ul (2.5uM)

RNase Inhibitor 0.20ul (20uM)

Reverse Transcriptase 0.25ul (5U/pl)

RNA + RNase free water 3.85ul (D0-1000ng/ul)

Total volume 10.00ul

C.11 Reverse Transcription Thermal Cycling Parameters

Table C11: Reverse transcription thermal cycling parameters (number of cycles=1).

Step Temperature (°C) | Time (minutes) | Number of cycles
Incubation 25 10

Reverse Transcriptio 48 30

Taq Inactivation 95 5 1
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C.12 SYBR Green PCR Master Mix

Table C12: Stock concentrations and wohes of reagents used per 10ghhtime PCR
reaction.

Reagent Volume and Stock concentration
SYBR green master mij 5.00ul (5X)

Forward primer 1.00ul (2uM)

Reversegrimer 1.00ul (2uM)

cDNA 3.00ul

Total volume 10.00ul
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C.13 Reference Gene Primers

Table C13: Primer sequences oéference genes.

Primer | Sequence (forward and reverse, respectively)
ACTB 52ACC AAC TGGGAC GAC ATG GAG AAA-3 "’
5:TAG CAC AGC CTG GAT AGC AAC GTA3 "’
GUS 52ACG AAC GCC CTG CCT ATC TGT ATFE3’
52ATG AGG AAC TGG CTC TTG GTG ACA3 "’
b2 M 5-TGC TGT CTC CATGTT TGATGT ATC 13’
5:TCTCTG CTC CCC ACC TCT AAG 13’
GAPDH 5:TGC ACC ACCACCTGC TTAGC-3"
5-GGC ATG GAC TGT GGT CAT GAG3 "’
HPRT 5-TGA CAC TGG CAA AAC AAT GCA-3’
5:GGT CCTTTT CAC CAG CAAGCT3"’
TBP 5 TGATGC CTT ATG GCACTG GAC TGA3 "’
5-CTGCTGCCTTTGTTGCTCTTC CAA3 "’
UBC 5-ATTTGG GTCGCG GTTCTF3 "’
5:TGC CTT GAC ATT CTC GAT GGTF3 "’
YWHAZ 5-ACTTTT GGT ACATTG TGG CTT CAA3 "’
5-CCG CCA GGA CAAACC AGT AT-3"’
TR 5:GGC ACC ATC AAG CTG CTG AAT GAA3 "’
5:GTT GAT CAC GCC AGACTT TGC TGA3’
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C.14 Gene Expression (logio2*# % in HT29 putative CSCs

Table C14: ACTB HPRT, NANOG OCT4andYWHAZgene expression in HT Z8utative
CSCs.

Sample ACTB | HPRT | NANOG | OCT4 | YWHAZ
HT29 CSC NT1 -0,01 | 0,06 -0,28 0,26 -0,05
HT29 CSC NT2 -0,15 | 0,06 -0,53 0,00 0,09
HT29 CSC NT3 0,10 | -0,08 -0,22 0,12 -0,02
HT29 CSC 1mM VPA1 -0,10 | 0,07 -0,18 -0,16 0,03
HT29 CSC 1mM VPA2 0,02 | 0,04 -0,03 -0,02 -0,03
HT29 CSC 1mM VPA3 017 | -0,14 0,22 -0,01 -0,03
HT29 CSC 2.5mM VPA1 -0,11 | -0,03 -0,30 -0,22 0,14
HT29 CSC 2.5mM VPA2 -0,01 | -0,04 0,11 -0,02 0,05
HT29 CSC 2.5mM VPA3 0,02 | -0,04 0,42 -0,07 0,02
HT29 CSC 5mM VPAL -0,13 | 0,06 0,00 0,37 0,07
HT29 CSC 5mM VPA2 -0,20 | 0,10 0,07 0,02 0,10
HT29 CSC 5mM VPA3 0,04 | -0,02 0,03 0,02 -0,03
HT29 CSC DMSO1 0,19 | -0,08 -0,43 0,31 -0,12
HT29 CSC DMSO2 -0,06 | 0,03 -0,32 -0,16 0,03
HT29 CSC DMSO3 0,10 -0,01 -0,40 0,18 -0,09
HT29 CSC 100uMZEB1 013 | 0,15 -0,45 -0,06 0,02
HT29 CSC 100uMZEB2 -0,03 | 0,02 -0,34 -0,51 0,01
HT29 CSC 100uMZEB3 0,07 | 0,05 0,45 0,20 -0,12
HT29 CSC 250uMZEB1 -011 | 0,14 0,07 0,14 -0,03
HT29 CSC 250uMZEB2 013 | 0,14 0,26 -0,05 -0,02
HT29 CSC 250uMZEB3 0,00 | 0,07 0,01 0,30 -0,07
HT29 CSC 500uMZEB1 -0,08 | 0,14 0,12 0,11 -0,06
HT29 CSC 500uMZEB?2 -0,02 | 0,03 0,07 0,12 -0,01
HT29 CSC 500uMZEB3 0,18 | -0,02 0,19 0,18 -0,16

Key: NT=No treatment, VPA=Valproic acid, B=Zebularine, DMSO=Dimethyl
sulphoxide.
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C.15 Standard Error in Gene Expression (logig ##©% in HT29 putative CSCs

Table C15: Standard Error inACTB HPRT, NANOG OCT4 and YWHAZ gene
expression in HT29 putativeSCs.

Sample ACTB | HPRT | NANOG | OCT4 | YWHAZ
HT29 CSC NT1 6,28 0,87 0,09 0,34 1,23
HT29 CSC NT2 0,08 | 0,26 0,01 6,30 0,44
HT29 CSC NT3 152 | 0,48 0,12 0,52 2,99

HT29 CSC 1mM VPA1 0,22 | 0,35 0,06 0,19 1,32
HT29 CSC 1mM VPA2 1,64 | 1,93 2,98 1,35 2,36
HT29 CSC 1mM VPA3 0,79 | 0,24 0,28 5,50 0,83
HT29 CSC 2.5mM VPAL | 0.27 | 1,45 0,12 0,14 0,92
HT29 CSC 2.5mM VPA2 | 847 | 2,60 1,12 5,84 6,09
HT29 CSC 2.5mM VPA3 | 0.58 | 0,39 0,49 0,56 1,31
HT29 CSC 5mM VPA1 018 | 1,79 | 1985 | 0,19 0,50
HT29 CSC 5mM VPA2 0,27 | 0,77 0,65 1,79 1,16
HT29 CSC 5mM VPA3 0,80 | 3,59 2,48 1,13 0,72

HT29 CSC DMSO1 059 | 0,64 0,03 0,40 0,24
HT29 CSC DMS02 101 | 0,86 0,07 0,28 1,47
HT29 CSC DMSO3 0,19 | 6,97 0,01 0,10 0,18

HT29 CSC 100uMZEB1 0,76 0,11 0,07 0,63 1,27
HT29 CSC 100uMZEB2 0,78 1,20 0,07 0,05 10,42
HT29 CSC 100uMZEB3 0,49 0,61 0,13 0,28 0,30
HT29 CSC 250uMZEB1 0,50 0,27 0,42 0,69 0,94
HT29 CSC 250uMZEB2 0,24 1,01 0,28 1,21 5,40
HT29 CSC 250uMZEB3 4,61 0,26 1,57 0,10 0,22
HT29 CSC 500uMZEB1 0,23 0,24 0,94 1,08 0,75
HT29 CSC 500uNEEB2 2,47 2,13 0,46 0,37 2,97
HT29 CSC 500uMZEB3 0,44 1,18 0,15 0,33 0,12

Key: NT=No treatment, VPA=Valproic acid, B=Zebularine, DMSO=Dimethyl
sulphoxide.
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C.16 Gene Expression (logio “*# <% in DLD1 putative CSCs

Table C16: ACTB HPRT, NANOG OCT4 and YWHAZ gene expression in DLD1
putativeCSCs.

Sample BA HPRT | NANOG | OCT4 | YWHAZ
DLD1 CSC NT1 0,00 | 0,00 -0,19 -0,10 0,00
DLD1 CSCNT2 0,07 | -0,16 -0,15 -0,40 0,09
DLD1 CSC NT3 -0,05 | -0,04 0,04 0,41 0,10
DLD1 CSC 1mM VPA1 0,06 | 0,15 -0,11 -0,01 -0,21
DLD1 CSC 1mM VPA2 0,07 | -0,11 -0,02 -0,08 0,04
DLD1 CSC 1mM VPA3 0,07 | -0,10 0,27 0,31 0,03

DLD1 CSC 2.5mM VPA 0,19 | -0,11 -0,26 -0,21 -0,08
DLD1 CSC 2.5mM VPA2 0,07 | -0,12 -0,42 -0,34 0,05
DLD1 CSC 2.5mM VPA3 0,02 | -0,17 0,56 0,11 0,14

DLD1 CSC 5mM VPAl 0,22 | -0,13 -0,25 -0,16 0,01
DLD1 CSC 5mM VPA2 0,04 | -0,13 0,16 0,13 0,08
DLD1 CSC 5mM VPA3 -0,02 | -0,10 0,59 0,07 0,12
DLD1 CSC DMSO1 -0,06 | 0,10 -0,27 -0,36 -0,04
DLD1 CSC DMSO2 -0,37| 0,16 -0,71 -0,51 0,22
DLD1 CSC DMSO3 -0,14 | 0,06 0,26 0,19 0,08
DLD1 CSC 100uMZEB1 -0,06 | 0,15 0,02 -0,26 -0,09
DLD1 CSC 100uMZEB2 0,06 | 0,15 0,24 -0,46 -0,22
DLD1 CSC 100uMZEB3 0,03 | -0,01 0,25 0,31 -0,01
DLD1 CSC 250uMZEB1 0,00 | 0,03 0,32 -0,22 -0,04
DLD1 CSC 250uMZEB2 -0,06 | 0,18 -0,01 -0,30 -0,12
DLD1 CSC 250uMZEB3 -0,03| 0,00 0,48 0,38 0,03

DLD1 CSC 500uMZEB1 0,12 | -0,02 0,15 0,32 -0,10
DLD1 CSC 500uMZEB2 0,01 | -0,17 0,18 -0,11 0,16
DLD1 CSC 500uMZEB3 0,03 | -0,03 0,36 0,23 0,00

Key: NT=No treatment, VPA=Valproic acid, B=Zebularine, DMSO=Dimethyl
sulphoxide.
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C.17 Standard Error in Gene Expression (logio“*# ) in DLD1 putative CSCs

Table C17: Standard Error inACTB HPRT, NANOG OCT4 and YWHAZ gene
expression in DLDDutativeCSCs.

Sample ACTB | HPRT | NANOG | OCT4 | YWHAZ
DLD1 CSC NT1 7,12 1,97 0,16 0,06 4,94
DLD1 CSC NT2 0,54 0,40 0,22 0,05 0,60
DLD1 CSC NT3 0,47 1,39 2,68 0,15 0,51
DLD1 CSC 1mM VPA1l 0,45 0,33 0,47 26,12 0,11
DLD1 CSC 1mM VPA2 0,32 0,06 1,92 0,09 0,53
DLD1 CSC 1mM VPAS 1,81 0,57 0,65 0,30 1,57

DLD1 CSC 2.5mM VPA1 0,53 1,27 0,15 0,18 0,79
DLD1 CSC 2.5mM VPA2 0,17 0,02 0,04 0,04 0,07
DLD1 CSC 2.5mM VPA3 3,30 0,10 0,15 0,38 0,24

DLD1 CSC 5mM VPA1 0,35 0,10 0,04 0,08 5,36
DLD1 CSC 5mM VPA2 1,02 0,15 0,87 0,68 1,05
DLD1 CSC 5mM VPAS 2,64 0,37 1,33 1,86 0,39
DLD1 CSC DMSO1 1,09 0,34 0,19 0,05 1,05
DLD1 CSC DMSO2 0,06 0,20 0,01 0,06 0,35
DLD1 CSC DMSO3 0,30 0,99 0,48 0,42 1,28
DLD1 CSC 100uMZEB1 0,06 0,06 1,06 0,04 0,12
DLD1 CSC 100uMZEB2 1,08 0,27 0,62 0,03 0,21
DLD1 CSC 100uMZEB3 3,51 1,84 0,29 0,52 2,40
DLD1 CSC 250uMZEB1 39,31 | 0,96 0,36 0,09 1,11
DLD1 CSC 250uMZEB2 0,33 0,52 9,18 0,04 0,22
DLD1 CSC 250uMZEB3 2,59 13,85 0,50 0,49 2,13
DLD1 CSC 500uMZEB1 0,42 1,62 0,84 0,20 0,72
DLD1 CSC 500uMZEB2 4,49 0,43 0,37 0,70 0,65
DLD1 CSC 500uMZEB3 2,92 1,27 0,21 0,37 22,40

Key: NT=No treatment, VPA=Valproic acid, B=Zebularine, DMSO=Dimethyl
sulploxide.
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C.18 Statistical Analyses of Gene Expression Profiling

Table C18: KruskalWallis and ManAWhitney tests ofNANOG and OCT4 mRNA
expression in HT29 and DLDOdutativeCSCs.

Statistical Test | HT29 CSCs | DLD1 CSCs

NANOG

NT versusVPA KruskatWallis | p=0.204 p=0621
NT versuslmM VPA MannWhitney | p=0.08 p=0.38
NT versus2.5mM VPA MannWhitney | p=0.38 p=0.6&
NT versussmM VPA MannWhitney | p=0.08 p=0.6&
NT versusDMSO MannWhitney | p=0.6& p=0.6&
DMSO versusZEB KruskatWallis | p=0.218 p=0.4%
DMSO versus100uM ZEB | MannWhitney | p=1.0® p=0.6&
DMSO versus250uM ZEB | MannWhitney | p=0.08 p=0.19D
DMSO versus500uM ZEB | MannWhitney | p=0.08 p=0.3&
OCT4

NT versusvVPA KruskatWallis | *p=0.037 p=0.6D
NT versuslmM VPA MannWhitney | p=0.08 p=0.6&
NT versus2.5mM VPA MannWhitney | p=0.08 p=1000
NT versussmM VPA MannWhitney | p=1.0® p=1.000
NT versusDMSO MannWhitney | p=1.000 p=0.6&
DMSO versusZEB KruskatWallis | p=0.739 p=0.36
DMSO versus100uM ZEB | MannWhitney | p=0.6& p=0.6&
DMSO versus250uM ZEB | MannWhitney | p=1000 p=0.38
DMSO versus500uM ZEB | KruskatWallis | p=0.6& p=0.19D

*p<0.05 is statistically significant; Key: NT=No treatment,
ZEB=Zebularine, DMSO=Dimethyl sulgixide.

VPA=Valproic acid,
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C.19 SOX2 Splice Variants

Table C19: SOX2 transcript and protein accession numb€lisgk et al, 20149.

Name Transcript ID Length | Protein ID Length | CCDS
SOX2-001 | ENST00000325404 2500bp | ENSP0000032358{ 317aa | CCDS3239
SOX2-201 | ENST00000431564 1318bp | ENSP0000043911} 317aa | CCDS3239
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http://www.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000181449;r=3:181429714-181432221;t=ENST00000325404
http://www.ensembl.org/Homo_sapiens/Transcript/ProteinSummary?db=core;g=ENSG00000181449;r=3:181429714-181432221;t=ENST00000325404
http://www.ncbi.nlm.nih.gov/CCDS/CcdsBrowse.cgi?REQUEST=CCDS&DATA=CCDS3239
http://www.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000181449;r=3:181429714-181432221;t=ENST00000431565
http://www.ensembl.org/Homo_sapiens/Transcript/ProteinSummary?db=core;g=ENSG00000181449;r=3:181429714-181432221;t=ENST00000431565
http://www.ncbi.nlm.nih.gov/CCDS/CcdsBrowse.cgi?REQUEST=CCDS&DATA=CCDS3239

Appendix D
Figures

D.1 Immunofluorescence Microscopy-CD133 and EpCAM Negative Staining
Controls

Primary only Secondary only Primary only Secondary only

HT29 EpCAM

HT29 CDI133

DLDI CD133
DLDI EpCAM

Figure D.1. Immunofluorescence images showing primary and secondary antibody
negative control staining for CD133 ampCAM in HT29 and DLD1 putative CSCs.
Cells were stained with Phalloidilexa Fluor 488 conjugate {&ctin) indicated in green

and DAPI (nuclei) indicated in blue. The cells are also stained with CD133 and EpCAM
primary antibodies only, and with AleXduor 594, donkey antiabbit IgG (H+L) and with
Alexa Fluor 568 donkey angoat 1gG, respectively. (Original magnification 63X).
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D.2 Immunofluorescence Microscopy-Drug Treatments

Nuclei NANOG Merge

g
:
~

5SmM VPA

Figure D.2. Immunofluorescence imagebaving NANOG expression in HT29 putative
CSCs treated with varying concentrations of VPA. Cells were stained with DAPI (nuclei)
indicated in blue andNANOG detected with Alexa Fluor 568 donkey agtat 1gG
indicated in red.(Original magnification 63XJN=1).
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Nuclei NANOG Merge

DMSO

250pM ZEB 100uM ZEB

500uM ZEB

Figure D.3. Immunofluorescence images showing NANOG expression in HT29 putative
CSCs treated with varying concentrations of ZEB. Cells were stained with DAPI (nuclei)
indicated in blue andNANOG detected with Alexa Fluob68 donkey amtgoat IgG
indicated in red. (Original magnification 63X) (N=1).
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Nuclei OCT4 Merge
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Figure D.4. Immunofluorescence images showing OCT4 expression in HT29 putative
CSCs treated with varying concentrations of VPA. Cells were stained with DAPI (nuclei)
indicated in blue an@CT4 detected with Alexa Fluor 568 donkey agtiat IgG indicated

in red. (Orginal magnification 63X) (N=1).
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Nuclet OCT4 Merge

DMSO

250uM ZEB 100uM ZEB

500uM ZEB

Figure D.5. Immunofluorescence images showing OCT4 expression in HT29 putative
CSCs treated with varying concentrations of ZEB. Cells were stained with DAPI (nuclei)
indicated in blue an@CT4 detected with Alexa Fluor 568 donkey agbat 1gG indicated

in red. (Original magnification 63X) (N=1).
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Nuclei SOX2 Merge

ImM VPA
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Figure D.6. Immunofluorescence images showing SOX2 expression in HT29 putative
CSCs treated with varying concentrations/6fA. Cells were stained with DAPI (nuclei)
indicated in blue and SOX2 detected with Alexa Fluor 488 donkeynamise IgG
indicated in green. (Original magnification 63X) (N=1).
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Nuclei SOX2 Merge

DMSO

250uM ZEB 100uM ZEB

500uM ZEB

Figure D.7. Immunofluorescence images showin@>&® expression in HT29 putative
CSCs treated with varying concentrations of ZEB. Cells were stained with DAPI (nuclei)
indicated in blue and SOX2 detected with Alexa Fluor 488 donkeynamise IgG
indicated in green. (Original magnification 63X) (N=1).
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Nuclei NANOG Merge

NT

ImM VPA

2.5mM VPA

5SmM VPA

20pm 20pm 20pm

Figure D.8. Immunofluorescence images showing NANOG expression in DLD1 putative
CSCs treated with varying concentrations of VPA. Cells were stained with DAPI (nuclei)
indicated in blue andNANOG detected with Alexa Fluor 568 dkey antigoat 1gG
indicated in red. (Original magnification 63X) (N=1).
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Nuclei NANOG Merge

DMSO

250uM ZEB 100uM ZEB

500uM ZEB

Figure D.9. Immunofluorescence images showing NANOG expression in DLD1 putative
CSCs treated with varying concentrations of ZEB. Cells were stained with DAPI (nuclei)
indicated in blue andNANOG detected with Alexa Fluor 568 donkey agtat 1gG
indicated in red. (@ginal magnification 63X) (N=1).

169



Nuclei OCT4 Merge
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Figure D.10. Immunofluorescence images showing OCT4 expression in DLD1 putative
CSCs treated with varying concentrations of VPA. Cells were stained with DAPI (nuclei)
indicated in blue an@CT4 detected with Alexa Fluor 568 donkey agtiat IgG indicated

in red. (Original magnification 63X) (N=1).
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Nuclei OCT4 Merge

DMSO

250uM ZEB 100uM ZEB

500pM ZEB

20pm 20pm 20pm

Figure D.11. Immunofluorescence images showing OCT4 expression in DLD1 putative
CSCs treated with varying concentratiarisZEB. Cells were stained with DAPI (nuclei)
indicated in blue an@CT4 detected with Alexa Fluor 568 donkey agtat 1gG indicated

in red. (Original magnification 63X) (N=1).
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Nuclei

ImM VPA

2.5mM VPA

SmM VPA

Figure D.12. Immunofluorescence images showing SOX2 expression in DLD1 putative
CSCs treated with varying concentrations of VPA. Cells were stained with DAPI (nuclei)
indicated in blue andSOX2 detected with Alexa Fluor 488 donkey amtouse IgG
indicated in green.driginal magnification 63X) (N=1).
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Nuclei SOX2 Merge

DMSO

250uM ZEB 100uM ZEB

500uM ZEB

Figure D.13. Immunofluorescence images showing SOX2 expression in DLD1 putative
CSCs treated with varying concentrations of ZEB. Cells were stained with DAPI (nuclei)
indicated in blue andSOX2 detected with Alexa Fluor 488 donkey amtouse IgG
indicated in green. (Original magnification 63X) (N=1).
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Primary only Secondary only

HT29 CSCs

DLDI1 CSCs

Figure D.14. Immunofluorescence images showing primary and secondary antibody
control staining for NANOG, OCT4 and SOX2 in HT29 and DLD1 putative CSCs. Cells
are stained with DAPI (nuclei) indicated in blue. The cells are also stained with a
combination oNANOG, OCT4 and SOX2 primary antibodies only, and with Alexa Fluor
568, donkey amgoat IgG and with Alexa Fluor 488 donkey amiouse IgG. (Original
magnification 63X).
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D.3 Mapped NANOG Primers

1
71
141

211
281

351
421
491
561
631
701
771
841
911

ATGAGTGTGGATCCAGCTTGTCCCCAAAGCTTGCCTTGCTTTGAAGCATCCGACTGTAAAGAATCTTCAC
CTATGCCTGTGATTTGTGGGCCTGAAGAAAACTATCCATCCTTGCAAATGTCTTCTGCTGAGATGCCTCA
CACGGAGACTGTCTCTCCTCTTCCTTCCTCCATGGATCTGCTTATTCAGGACAGCCCTGATTCTTCCACC

F primer
AGTCCAAAGGCAAACAACCCACTGCAGAGAAGAGTGTCGCAAAAAAGGAAGACAAGGTCCCGGTCA
AGAAACAGAAGACCAGAACTGTGTTCTCTTCCACCCAGCTGTGTGTACTCAATGATAGATTTCAGAGACA

R primer
GAATACCTCAGCCTCCAGCAGRAAGAACTCTCCAACATCCTGAACCTCAGCTACAAACAGGTGAAG
ACCTGGTTCCAGAACCAGAGAATGAAATCTAAGAGGTGGCAGAAAAACAACTGGCCGAAGAATAGCAATG
GTGTGACGCAGAAGGCCTCAGCACCTACCTACCCCAGCCTTTACTCTTCCTACCACCAGGGATGCCTGGT
GAACCCGACTGGGAACCTTCCAATGTGGAGCAACCAGACCTGGAACAATTCAACCTGGAGCAACCAGACC
CAGAACATCCAGTCCTGGAGCAACCACTCCTGGAACACTCAGACCTGGTGCACCCAATCCTGGAACAATC
AGGCCTGGAACAGTCCCTTCTATAACTGTGGAGAGGAATCTCTGCAGTCCTGCATGCAGTTCCAGCCAAA
TTCTCCTGCCAGTGACTTGGAGGCTGCCTTGGAAGCTGCTGGGGAAGGCCTTAATGTAATACAGCAGACC
ACTAGGTATTTTAGTACTCCACAAATGBATTTATTCCTAAACTACTCCATGAACATGCAACCTGAAG
ACGTGTGA

Figure D.15. NANOGmMRNA sequence showing the forward (F) and reverse (R) primer
binding sites, amplicon size: 158bp (NCBI accession nuniidr:024865.2).

D.4 Mapped OCT4 Primers

1 ATGGCGGGACACCTGGCTTCGGATTTCGCCTTCTCGCCCCCTCCAGGTGGTGGAGGTGATGGGCCAGGGG
71 GGCCGGAGCCGGGCTGGGTTGATCCTCGGACCTGGCTAAGCTTCCAAGGCCCTCCTGGAGGGCCAGGAAT

141
211
281

351
421

491
561
631
701
771
841
911
981

CGGGCCGGGGGTTGGGCCAGGCTCTGAGGTGTGGGGGATTCCCCCATGCCCCCCGCCGTATGAGTTCTGT
GGGGGGATGGCGTACTGTGGGCCCCAGGTTGGAGTGGGGCTAGTGCCCCAAGGCGGCTTGGAGACCTCTC
AGCCTGAGGGCGAAGCAGGAGTCGGGGTGGAGAGCAACTCCGATGGGGCCTCCCCGGAGCCCTGCACCGT
F primer
CACCCCTGGTGCCGTGAAGCTGGAGAAGGAGAAGCTGGAGCAAAACCCGGAG MGG
AGCAATTTGCCAAGCTCCTGAAGCAGAAGAGGATCACCCTGGGATATACAC
R primer
AGGCCGATGTGGGGCTCACCC HEEILICIALLICCCAAGGIALICSSAACGACCATCTGCCGCTT
TGAGGCTCTGCAGCTTAGCTTCAAGAACATGTGTAAGCTGCGGCCCTTGCTGCAGAAGTGGGTGGAGGAA
GCTGACAACAATGAAAATCTTCAGGAGATATGCAAAGCAGAAACCCTCGTGCAGGCCCGAAAGAGAAAGC
GAACCAGTATCGAGAACCGAGTGAGAGGCAACCTGGAGAATTTGTTCCTGCAGTGCCCGAAACCCACACT
GCAGCAGATCAGCCACATCGCCCAGCAGCTTG@RGPAGGATGTGGTCCGAGTGTGGTTCTGTAAC
CGGCGCCAGAAGGGCAAGCGATCAAGCAGCGACTATGCACAACGAGAGGATTTTGAGGCTGCTGGGTCTC
CTTTCTCAGGGGGACCAGTGTCCTTTCCTCTGGCCCCAGGGCCCCATTTTGGTACCCCAGGCTATGGGAG
CCCTCACTTCACTGCACTGTACTCCTCGGTCCCTTTCCCTGAGGGGGAAGCCTTTCCOUGETCT

1051 ACCACTCTGGGCTCTCCCATGCATTCAAACTGA

Figure D.16 OCT3/4(POU5F]1) mRNA sequence showing the forward (F) and reverse
(R) primer binding sites, amplicon size: 127bp (NCBI accession numiibero02701.5).
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D.5 Mapped SOX2 Primers

1 ATGTACAACATGATGGAGACGGAGCTGAAGCCGCCGGGCCCGCAGCAAACTTCGGGGGGCGGCGGCGGCA
F primer

71 ACTCCACCGCGGCGGCGGCCGGCGGCAAGRHRBAEAGCCCGGACCGCAAGCGGCCCATGAATGC

141 CTTCATGGTGTGGTCCCGCGGGCAGCGGCGCAAGATGGCCCAGGAGAACCCCAAGATGCACAACTCGGAG

R primer

211 ATCAGCAAGCGCCTGGGCGCCGAGTGGAAACTTTTGTCGGAGARETRHNEZCGTTCATCGACGAG

281 CTAAGCGGCTGCGAGCGCTGCACATGAAGGAGCACCCGGATTATAAATACCGGCCCCGGCGGAAAACCAA

351 GACGCTCATGAAGAAGGATAAGTACACGCTGCCCGGCGGGCTGCTGGCCCCCGGCGGCAATAGCATGGCG

421 AGCGGGGTCGGGGTGGGCGCCGGCCTGGGCGCGGGCGTGAACCAGCGCATGGACAGTTACGCGCACATGA

491 ACGGCTGGAGCAACGGCAGCTACAGCATGATGCAGGACCAGCTGGGCTACCCGCAGCACCCGGGCCTCAA

561 TGCGCACGGCGCAGCGCAGATGCAGCCCATGCACCGCTACGACGTGAGCGCCCTGCAGTACAACTCCATG

631 ACCAGCTCGCAGACCTACATGAACGGCTCGCCTACAGCATGTCCTACTCGCAGCAGGGCACCCCTG

701 GCATGGCTCTTGGCTCCATGGGTTCGGTGGTCAAGTCCGAGGCCAGCTCCAGCCCCCCTGTGGTTACCTC

771 TTCCTCCCACTCCAGGGCGCCCTGCCAGGCCGGGGACCTCCGGGACATGATCAGCATGTATCTCCCCGGC

841 GCCGAGGTGCCGGAACCCGCCGCCCCCAGCAGACTTCACATGTCCCAGCACTACCAGAGCGGCCCGGTGC

911 CCGGCACGGCCATTAACGGCACACTGCCCCTCTCACACATGTGA

Figure D.17. SOX2mRNA sequence showing the forward (F) and reverse (R) primer
binding sites, amplicon size: 176bp (NCBI accession nuniidr:003106.3).

D.6 Mapped ACTB Primers

1 ATGGATGATGATATCGCCGCGCTCGTCGTCGACAACGGCTCCGGCATGTGCAAGGCCGGCTTCGCGGGCG

71 ACGATGCCCCCCGGCCGTCTTCCCCTCCATCGTGGGGCGCCCCAGGCACCAGGGCGTGATGGTGGGCAT

141 GGGTCAGAAGGATTCCTATGTGGGCGACGAGGCCCAGAGCAAGAGAGGCATCCTCACCCTGAAGTACCCC
F primer

211 ATCGAGCACGGCATCGRECCAACTGGGACGACATGGABARAGGCACCACACCTTCTACAATGAGC

281 TGCGTGTGGCTCCCGAGGAGCACCCCGTGCTGCTGACCGAGGCCCCCCTGAACCCCAAGGCCAACCGCGA

R primer

351 GAAGATGACCCAGATCATGTTTGAGACCTTCAACACCCCAGTABGGIGCTATCCAGGCTGTGCTA

421 TCCCTGTACGCCTCTGGCCGTACCACTGGCATCGTGATGGACTCCGGTGACGGGGTCACCCACACTGTGC

491 CCATCTACGAGGGGTATGCCCTCCCCCATGCCATCCTGCGTCTGGACCTGGCTGGCCGGGACCTGACTGA

561 CTACCTCATGAAGATCCTCACCGAGCGCGGCTACAGCTTCACCACCACGGCCGAGCGGGAAATCGTGCGT

631 GACATTAAGGAGAAGCTGTGCTACGTCGCCCTGGACTTCGAGCAAGAGATGGCCACGGCTGCTTCCAGCT

701 CCTCCCTGGAGAAGAGCTACGAGCTBEACGGCCAGGTCATCACCATTGGCAATGAGCGGTTCCGCTG

771 CCCTGAGGCACTCTTCCAGCCTTCCTTCCTGGGCATGGAGTCCTGTGGCATCCACGAAACTACCTTCAAC

841 TCCATCATGAAGTGTGACGTGGACATCCGCAAAGACCTGTACGCCAACACAGTGCTGTCTGGCGGCACCA

911 CCATGTACCCTGGCATTGCCGACAGGATGCAGAAGGAGATCACTGCCCTSGCACEATGAAGAT

981 CAAGATCATTGCTCCTCCTGAGCGCAAGTACTCCGTGTGGATCGGCGGCTCCATCCTGGCCTCGCTGTCC

1051 ACCTTCCAGCAGATGTGGATCAGCAAGCAGGAGTATGACGAGTCCGGCCCCTCCATCGTCCACCGCAAAT

1121 GCTTCTAG

Figure D.18. ACTB mRNA sequence showing the forward (F) and reverse (R) primer
binding sites, amplicon size: 192bp (NCBI accession nuniidr:001101.3.
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D.7 Mapped HPRT Primers

1 ATGGCGACCCGCAGCCCTGGCGTCGTGATTAGTGATGATGAACCAGGTTATGACCTTGATTTATTTTGCA
71 TACCTAATCATTAT GCTGAGGATTTGGAAAGGGTGTTTATTCCTCATGGACTAATTATGGACAGGACTGA
141 ACGTCTTGCTCGAGATGTGATGAAGGAGATGGGAGGCCATCACATTGTAGCCCTCTGTGTGCTCAAGGGG
211 GGCTATAAATTCTTTGCTGACCTGCTGGATTACATCAAAGCACTGAATAGAAATAGTGATAGATCCATTC
281 CTATGACTGTAGATTTTATCAGACTGAAGAGCTATTGTAATGACCAGTCAACAGGGGACATAAAAGTAAT
F primer
351 TGGTGGAGATGATCTCTCAACTTTAACTGGAAAGAATGTCTTGATTGTGGAAGATBABABIGE C
421 CTTTGCTTTCCTTGGTCAGGCAGTATAATCCAAAGATGGTCAAGGTCGCAAGCTTGC

R primer

491 NECTTCCTCCTCARARAGE AT GTTGGATTTGAAATTCCAGACAAGTT

561 TGTTGTAGGATATGCCCTTGACTATAATGAATACTTCAGGGATTTGAATCATGTTTGTGTCATTAGTGAA
631 ACTGGAAAAGCAAAATACAAAGCCTAA

Figure D.19. HPRT mRNA sequence showing the forward (F) and reverse (R) primer
binding sites, amplicon size: 130bp (NCBI accession nunitidr:000194.2.
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D.8 Mapped YWHAZ Primers

1 CTTTCTCCTTCCCCTTCTTCCGGGCTCCCGTCCCGGCTCATCACCCGGCCTGTGGCCCACTCCCACCGCC
71 AGCTGGAACCCTGGGGACTACGACGTCCCTCAAACCTTGCTTCTAGGAGATAAAAAGAACATCCAGTCAT
141 GGATAAAAATGAGCTGGTTCAGAAGGCCAAACTGGCCGAGCAGGCTGAGCGATATGATGACATGGCAGCC
211 TGCATGAAGTCTGTAACTGAGCAAGGAGCTGAATTATCCAATGAGGAGAGGAATCTTCTCTCAGTTGCTT
281 ATAAAAATGTTGTAGGAGCCCGTAGATCTTGGAGGGTCGTCTCAAGTATTGAACAAAAGACGGAAGG
351 TGCTGAGAAAAAACAGCAGATGGCTCGAGAATACAGAGAGAAAATTGAGACGGAGCTAAGAGATATCTGC
421 AATGATGTACTGTCTCTTTTGGAAAAGTTCTTGATCCCCAATGCTTCACAAGCAGAGAGCAAAGTCTTCT
491 ATTTGAAAATGAAAGGAGATTACTACCGTTACTTGGCTGAGGTTGCCGCTGBTBEAGAAAGGGAT
561 TGTCGATCAGTCACAACAAGCATACCAAGAAGCTTTTGAAATCAGCAAAAAGGAAATGCAACCAACACAT
631 CCTATCAGACTGGGTCTGGCCCTTAACTTCTCTGTGTTCTATTATGAGATTCTGAACTCCCCAGAGAAAG
701 CCTGCTCTCTTGCAAAGACAGCTTTTGATGAAGCCATTGCTGAACTTGATACATTAAGTGAAGAGTCATA
771 CAAAGACAGCACGCTAATAATGCAATTACTGAGAGACAACTTGACATTGTGGACATCGGATACCCAAGGA
841 GACGAAGCTGAAGCAGGAGAAGGAGGGGAAAATTAACCGGCCTTCCAACTTTTGTCTGCCTCATTCTAAA
911 ATTTACACAGTAGACCATTTGTCATCCATGCTGTCCCACAAATAGTTTTTTGTTTACGATTTATGACAGG
981 TTTATGTTACTTCTATTTGAATTTCTATATTTCGOGTGGTTTTTATGTTTAATATTAGGGGAGTAGAG
1051 CCAGTTAACATTTAGGGAGTTATCTGTTTTCATCTTGAGGTGGCCAATATGGGGATGTGGAATTTTTATA

F primer
1121 CAAGTTATAAGTGTTTGGCATABCTTTTGGTACATTIGTGGCTTGMSGGCCAGTGTAAAACTGCTT

R primer

1191 CCATGTCTAAGCAAAGAAAACTGCCAMABCTGGTTTGTCCTGGUREENATAAAAGGGATCATTGGTT
1261 CCAGTCACAGGTGTAGTAATTGTGGGTACTTTAAGGTTTGGAGCACTTACAAGGCTGTGGTAGAATCATA
1331 CCCCATGGATACCACATATTAAACCATGTATATCTGTGGAATACTCAATGTGTACACCTTTGACTACAGC
1401 TGCAGAAGTGTTCCTTTAGACAAAGTTGTGACCCATTTTACTCTGGATAAGBSTBGTTCACATT
1471 CCATTATTTGTAAAGTTACCTGCTGTTAGCTTTCATTATTTTTGCTACACTCATTTTATTTGTATTTAAA
1541 TGTTTTAGGCAACCTAAGAACAAATGTAAAAGTAAAGATGCAGGAAAAATGAATTGCTTGGTATTCATTA
1611 CTTCATGTATATCAAGCACAGCAGTAAAACAAAAACCCATGTATTTAACTTTTTTTTAGGATTTTTGCTT
1681 TTGTGATTTTTTTTTTTTTGATACTTGCCTAACATGCATGTGCTGTAAAAATAGTTAACAGGGAAATAAC
1751 TTGAGATGATGGCTAGCTTTGTTTAATGTCTTATGAAATTTTCATGAACAATCCAAGCATAATTGTTAAG
1821 AACACGTGTATTAAATTCATGTAAGTGGAATAAAAGTTTTATGAATGGACTTTTCAACTACTTTCTCTAC
1891 AGCTTTTCATGTAAATTAGTCTTGGTTCTGAAACTTCTAAAGGAAATTGTACATTTTTTGAAATTTAT
1961 TCCTTATTCCCTCTTGGCAGCTAATGGGCTCTTACCAAGTTTAAACACAAAATTTATCATAACAAAAATA
2031 CTACTAATATAACTACTGTTTCCATGTCCCATGATCCCCTCTCTTCCTCCCCACCCTGAAAAAAATGAGT
2101 TCCTATTTTTTCTGGGAGAGGGGGGGATTGATTAGAAAAAAATGTAGTGTGTTCCATTTRBBAT
2171 ATATGGCATTTTCTAACTTAGGAAGCCACAATGTTCTTGGCCCATCATGACATTGGGTAGCATTAACTGT
2241 AAGTTTTGTGCTTCCAAATCACTTTTTGGTTTTTAAGAATTTCTTGATACTCTTATAGCCTGCCTTCAAT
2311 TTTGATCCTTTATTCTTTCTATTTGTCAGGTGCACAAGATTACCTTCCTGTTTTAGCCTTCTGTCTTGTC
2381 ACCAACCATTCTTACTGGTGGCCATGTACTTGGAAAAAGGCCGCATGATCTTTCTGGCTCCACTCAGTG
2451 TCTAAGGCACCCTGCTTCCTTTGCTTGCATCCCACAGACTATTTCCCTCATCCTATTTACTGCAGCAAAT
2521 CTCTCCTTAGTTGATGAGACTGTGTTTATCTCCCTTTAAAACCCTACCTATCCTGAATGGTCTGTCATTG
2591 TCTGCCTTTAAAATCCTTCCTCTTTCTTCCTCCTCTATTCTANPAATGATGGGGCTAAGTTATACCC
2661 AAAGCTCACTTTACAAAATATTTCCTCAGTACTTTGCAGAAAACACCAAACAAAAATGCCATTTTAAAAA
2731 AGGTGTATTTTTTCTTTTAGAATGTAAGCTCCTCAAGAGCAGGGACAATGTTTTCTGTATGTTCTATTGT
2801 GCCTAGTACACTGTAAATGCTCAATAAATATTGATGATGGGAGGCAGTGAGTCTTGATGATAAGGGTGAG

178



2871 AAACTGAAATCCCAAACACTGTTTTGTTGCTTGTTTTATTATGACCTCAGATTAAATTGGGAAATATTGG
2941 CCCTTTTGAATAATTGTCCCAAATATTACATTCAAATAAAAGTGCAATGGAGAAAAAAAAAAA

Figure D.20. YWHAZmMRNA sequence showing the forward (F) and reverse (R) primer
binding sites, amplicon size: 94bp (NCBI accession nunitidr:003406.3.
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