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Abstract

Background: Existing chemotherapeutic drugs are inefficient in addressing the rising
incidences of recurrentolorectal cancerGRC). Cancer stem cells are a tumour subset
population underlyin@€RCrecurrenceTo combat recurrent CRC, novel therapeutic strategies
involving the discovery of novel anticancer drugsgeting cancer stem celise urgently
required. We thereforeevaluated anticancer activityf novel series of synthetic tetrazole
dithiocarbamatelerivatives(TDTCs) in CRC cells andcexplored their modulatory anticancer
effects on CRC stem cddliomarkersMethods. Anticancer activityof tennovel TDTCs vere
assesselly an initial qualitative screening usindafar Blue followed bya quantitativecell
death counng usingTrypan bluge and thanhibitory concentratios(IC50) weredeterminedn
HT29 and DLD1 CRC cellsCRC cells were monitored for their growth response to tested
TDTCs usingthe Musecell cycle assay antthe xCelligence real time cell analysdihe CRC
stem cells were studiddr their ability to form spheroglin response tthe TDTCsusing real
time microscopyimaging. The effect ofthe active TDTCs on CRC stem cell markers was
evaluatedusingaproteome prbler assayandreal time PCRResults TDTC1, 2, 4 and 5 were
found to be the most active compour(@iS850<0.1 to 0.4mg/ml)among the tested TDTCs
against CRC cellsActive TDTCs induced cell cycle arresh different phases in HT29 and
DLD1 cells.Active TDTCs targeteéxponentiabnd stationargrowth phasg intreatedCRC
cells. TDTCs also preventsgheroid formatiom HT29 stem cellsActive TDTCs upregulated
E-cadherin andSox17 anddownregulated-catenin VEGF1, VEGFR1andFoxA2 in CRC
stem cellsConclusion Active TDTCs were potent éinancer agents as evident by the present

study and warrant furthém vivovalidation
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Chapter 1
Introduction

1.1 Colorectal cancer in South Africa

1.1.1 South African colorectal cancer epidemiology

Globally, cancer remains one of the most fatal-communicable diseasg4). Even after
treatment, the most devastating aspethisfcancer is recurrence, which is increasingly observed

due to the prevalence of anticancer drug resistance in patients receiving chemd@#)erapy

Cancer of colon and rectum, also known as colorectal cancer (CRC) has a high mortality rate
globally. It is ranked among the top three cancers in terms of prevalethde the top fivewith

regards to mortality. According to a recent WHO report on cancer surveillance, the global CRC
burden is expected to increase by illion new cases and 1lrhillion deaths are expected to
occur by the year 204@). In South Africa, it is ranked sixth most common cancer diagnosed in
females, with a crude incidence of 5.86/100 000 per year; amthfou males with a crude
incidence of 7.34/100 000 per year. The histological CRC frequency in South Africa is summarised
in Table 1 (4). In South Africa, an average of 18% of all CRC cases consist of patretgs 50

years of age, of which approximately 7% are younger than 40 {@ars



Table 1: Summary of the histological diagnosis of CRC in South Africa in 2014 according to gender,

4)

age and ethnicity. Adapted from
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1.2 CRC in young individuals

1.2.1 CRC is aggressive in young individuals

The incidence of CRC has been increasing in recent decades and is predicted to continue to rise in
the coming decadd$). This is attributed to a rise in the incidence of CRC in young adults (<50
years old), which has been named E®lyset CRE (EOCRC)(7). The occurrence of CRC in

young individuals presents as an aggressive metastatic disease. Generally, CRC may be familial
(inherit mutated gene/genes) or sporadic (driven by an accumulation of genetic mutations over the
time, appearing late in lifgB-10). Demographic patterns show that most cases are present with
sporadic CRC. However, in young individudiamilial and sporadic CRC are more aggiee in
comparison to older people of >50 years of élgy. CRCin young individuals is diagnosed at

more advanced stages (stage ll, Ill and stage 1V), often presenting withgratgh@C, leading

to poorprognosig12, 13) Thesebring about challenges in the management of @R@e cancer

might have reached metastasis. The {ggide CRCis reported asconsisting of poorly
differentiated tumours with vasculawiasion(14, 15) This type of histopathology accounts for
10-16% of all CRC, but for young individuals accounts for som&4£9% of cases. This $tological

pattern is similarlyobserved in several placesdifferent counties including the United States,
England, Japan and West Afri¢d2, 16) In South Africa, tumours are commonly invasive
adenocarcinomas and avften present in the left colon (Fig 1). The polyps however are tubular
adenomas (TAs) and are gener&dly grade dysplasigb). The common global histological pattern

of CRC further highlights CRC as a global burden.



Polyps in young patients found on left side of the colon

Transverse Colon )
Right Side of the colon - Left side of the colon

Ascending Colon Descending Colon

 Tubular adenomas (Low
j” grade)
ye=Tubulovillous adenomas
(High grade)

Rectum

Figure 1: Younger patients show polyp®n left side of the descending colorrow indicates the tubular adenomas
and tubulovillous adenomas. Adapted fr(Bh

1.2.2 What is CRC and how is it diagnosed?

CRC is a malignancy that arises from the inner wall of the colon (large intestilsg)htracterized

by adenomas or polyps, these being a mass of cells that proliferate rapidly, which eventually
protrude through the gastmotestinal trac{17). The polyp penetrates thugh the gastrintestinal

tract to spread eventually to distant orgél®). CRC is diagnosed through the identification of
polyps using various techniques, including colonosddgy. The colorectal polyps are classified

as adenomatous neoplastic, hyperplastic, hamartomatous or inflamr{fatpryhe neoplastic

polyps are of importance as they have the potential to develop into a malignant @)our

Themalignanttumouris stagedoy physiciango indicate the spread of the colorectal tumadine

staging is critical for assigning the possible treatment for the patient, where the earliest stage for
CRC is termed stage 0 and then continues from stage | (1) to stage IV (4), these are known as stage
grouping. Each tumour is described in detaitluding size of the tumour, tumour growth and

breadth of tumour sprea@1, 22) The staging provides an indication of patient survival.

The TNM system is commonly used for the staging of cancer. The staging tool is maintained by

the American JoinCommittee on Cancer (AJCC) and the International Union for Cancer Control
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(UICC) (23). The system describes the size of tilmour (). This is how far has the tumour

grown into the wallof the colon or rectum. The layers of the colon from the inner to the outer
region include the mucosa (inner lining), from which all CR@oursoriginate. The mucosa
includes the muscular mucosa (thin muscle layer), the submucosa (fibrous tissue beneath
muscularis mucosa); the muscularis propria (thick muscle layer); and the subserosa and serosa, the
thin outermost layers that cover colon, but not the rectum) (see Fig. 2 below). Cancer spreading to
the nearby lympmodes is denoted by (Fig 2). In the saging process, metastasis is denoted by

M, this being the spreading of the cancer to distant lymph nodes or distant or organs, for example
liver or lungs. There aneumbers or letters that folloafter T, N, and M that give more details on

each of the stagg criteria. The higher the number, the more advartbheccancer. Once all
mentioned categories are combined, stage grouping is done to assign the overall stage of cancer
(21, 24,25).

Mucosa

oy B()“’(“l - 2 Muscularis Propria

_———Subserosa and Serosa

Lym ph Node
"“L.

Metastasis

LY

Figure 2: CRC staging (TNM system). Adapted fromCancer Research UK(26). Key: T1 to T4 represents the
stage groupings. N is associated with tumour negith the lymph node. The tumour has metastasized (M), moved
into distant organ.



1.2.3 Additional factors included in staging, influence treatment and prognosis

Other factors can be taken into consideration when staging tumours, for example, gnadimgy G
informs on how weldifferentiated the cancer cells are. A number is usually assigned when grading
the cancer cell®7). A low-grade means the cancer cells are \déferentiated, while higlgrade
cancer cells are poorly differentiaté2B). High-grade cancers tend to grow rapidigd have a
worse prognosi$29). Although the grading of cancer does not affect the cancer staging it may
affect prognosis and treatment. Higind lowgrade cancers may be treated differently due to the

difference in the rate of cancer cell groW24).

1.3.Poorly differentiated tumours are source of aggressive metastatic CRC.

Poorly differentiated of tumours are reported to contain colon stem cells and progenitor cells that
fail to differentiate; and epithelial cells undergoing mesenchymal transitions that lead to increased
motility and migration of the cell@0). Such cells drive the aggressive nature of CRC and lead to
metastasis. It is reported that poorly differentiated clusters (PDCs) are associated with poor

prognosis, esp@illy when there is a large amount of PDCs, irrespective of cancer(8tgge

1.3.1 Wnt signaling pathway is implicated in the occurrence of poorly differentiated tumours

The PDCs are strongly associated with the dysregulation of the Wnt&etain signalling
pathway leading to overexpression of metalloproteinases and stemocedirkér dysfunction of
E-cadherin a celtell adhesion proteif32). As a result, cells are enabled to evade cell cycle
checkpoints while proliferating. The dysregulation of normal cellular behaviour is described as
hallmarks of cancg33).



1.3.2 Cancer halinarks

The fhallmarks of cancércoined by Weinberg and Hannahan characterise the behavioural
characteristics of cancer cel(83, 34) Briefly, cancer cells are able to sustain proliferative
signalling, evade growth suppressors, resist cell death, acquire immortality, induce angiogenesis,
and stimulate invasion and metastasis (Fig 3). Underlying these altemadtehistics is genome
instability, which helps drive the genetic diversity of the tumour, promoting the accumulation of
multiple halkmarks (34). Each of the hallmarks are described in more detail below.

Sustaining Evading
proliferative tumour

signaling growth

Activating
Resisting ‘ S invasion
cell death and

metastasis

Inducing Enabling
angiogenesis replicative
immortality

Figure 3: Hallmarks of cancer (Adapted from (33, 34).

The figure summarises tumour cell behaviour. These characteristic features are referred to as the hallmarks of cancer.
Primary hallmarksf cancerinclude sustaining proliferative signalling, evading growth suppressors, resisting cell
death, inducing angiogenesis, enabling replicative immortality, activating invasion and metastasis.

1.3.3 Genome instability

Genome instability is characterized by mutatiamgrotoo n ¢ o g e-catersn), DNA repair
genes (MLH1, MSH 2 and 6) and tumour suppressor genes (APC, PTEN, anLp53%)
Epigenetics has a secondary role in destabilizing the genome. For instance, in cancer, proto
oncogene promoters are generally hypomethylated, leading taceease in expression of the
oncaproteins. Similarlyfumour suppressor promoters are hypermethylated in most cancers, thus
preventing gene transcription; and the tumour continues growth expressingrotesns(36).

Histone modifications have a similar influence on cancer hallmarks.



The histones are responsible for condensing the DNA (chromatin), protecting its integrity and
regulating geneexpression. Histones can alter the expression status of the whole stretch of
chromatin and can change chromatin into its different forms, that is, heterochromatin and
euchromatin(37). Modification of histones occurs covalently on histone tails and can include
acetylation, methylation, phosphorylation, ubiquitination, sumoylation andcoding RNA
regulation(38). Modification on histones can lead to formation of a relaxed state of chromatin or
euchromatin, where the DNA is accessible to be transcriivesl situation results in some 90% of
proto-oncogenes being irregularly transcribed through histone modification. On the other hand,
histone modification induced heterochromatin formation leads to chromatin condensation
restricting access to transcriptiofactors. Sincetumour suppressor genespccur within
heterochromatin they remain untranscribed in caf@®r mRNA regulation also determines the
fate of expression of protoncogenes or tumour suppressor genes. CommmoitiNAs are non

coding RNAs and they bind to target mMRNA leading to its degradation. Normally miRNAs acts as

suppressors of oncogenes and are downregukded

Genome instability of any sort promotes aberrant cell behaviour. whertifeative signalling
is sustained , involving changes in growth signalling pathways, abnormalities in cell cycle

regulation and marked alterations in cellular homeos{asis34)

1.3.4 Evasion of tumour suppression mechanisms

Tumour suppressor genes are essential to regulate cell proliferation and importantly they inhibit
the proliferation of the cells containing mutaf@dA (41). Tumour suppressors can activate many
cell death pathways, like apoptosis, which can eliminate tumour(42)lsSometimes, the tumour
suppressors are silenced either by epigenetic régulat acquired through mutations rendering

by nonactive proteins, for example, TP53, Rb (retinoblastoma), APC (Adenomatous Polyposis

Coli) and PTEN are inactivated in many types of can@s43, 44)

1.3.5 Resisting death and gaining immortality

Uncontrolled cell proliferation of cancer cells occurs due to them escaping from cell death
mechanisms (apoptosis). Apoptosis or programmed cell death is activated in normal cells with the
detection of genomic instability. However in cancer, cells evade apoptosis byrdguating

pro-apoptotic genes, such as, caspases, TRAIL, Bak and£ax46) and upregulating anti
8



apoptotic genes, including, B2| survivin, and XIAR47, 48) Resistance to apoptosis hence leads

cancer cells to acquire immortality.

Usually, cell proliferation is permitted when there are no DNA mutations. In every successive
proliferative cycle, DNA length dgeases. In normal cells, this decrease eventually leads to cell
death. To a certain extent DNA length is maintained by the telomeres, repeat sequences found at
the end of DNA, which to protechromosomal end3he telomere shortens with each successive
cell division. The telomere lengths amaintained by the enzyme hTERT (human reverse
transcriptasef49, 50) As comparedo normal somatic cells, cancer cells have enhanced activity
of telomerase, the enzyme which extends the telon(&dgs The expression of telomerase is
upregulated through mutations on the promoter of hTEBRA). Cancer cells may also use
homologous recombination to sam their telomere lengtl53). Continued maintenance of
telomere length leads to cell immortalization in cancer cells. Similarly stem cell populations also
possess an increased telomerase ac{vdy In contrast, normal somatic cells have a specific life

span wherein telomere length is not continuously maintained.

1.3.6 Angiogenesis

Angiogenesis is a process involving the proliferation, morphogenesis and migration of endothelial
cells from existing vessels into new blood vessels in a time limited manner. This occurs under
physiological conditions. Tumour angiogenesis occurs in a thdependent manner. It does

continue to occur if the tumour promoting angiogenesis is pré€sgnt

In growing cancers, endothelial cells which form blood vessels are energetically active because of
the release of growth stimulating factors, for examMEGF, prostaglandin E1, oestrogen, basic

and acidic FGF; and these can stimulate endothelial cell growth and metigy if the anti
angiogenic factor production is reduq&®, 57) The endothelial cells proliferate and migrate into

the perivascular zone, where they form primary sprouts. These primary sprouts mature to form
capillary loops tht lead to the synthesis of the new basement membrane and blood ¥88%els
Tumour cells depend on local neovascularization to supply the tumour with oxygen, crucial
nutrients, dispose of metabolic waste, sustain tumour extension and infiltrate to nearby adjacent
tissueg59). Neovascularization is characterized by formation of new blood vessels usually in the
form of functional microvascular networks, capable of perfusion by red blood cells, that form to

serve as primary circulation mesponse to local poor perfusion especially in tumour ¢el}
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Local neovascularization is essential for distant metastasis. Local neovascularization happens when
tumour cell migrates away into a hypoxic environment wherebyéhe express high levels of
VEGF. VEGEF initiates neovascularization. As cells receive oxygen from the primary sprouts
VEGF expression is decreasé€@ll). Local neovascularization is supported by neighbouring
tissue/cells. VEGF is generated and secreted by tumour cells so signalling and , activating the
angiogenes pathway in neighbouring cel{§2). In this way, tumour cells thus depend on new

blood vessels initiated by surrounding c€8, 63)

1.3.7 Stimulation of invasion and metastasis

The onset of angiogenesis coexists with an amplified entry of neoplastic cells into the circulation
to enable metastaqi@4). Epithelial to mesenchymal transition (EMT) is thought to be one of the
key initial steps of metastasis. Iniglprocess, epithelial cells lose their properties of-adll
adhesion and undergo tradiferentiation to form motile mesenchymal cells. These cells retain a
mixture of epithelial and mesenchymal traits during the trans{86h) EMT provides epithelial
neoplastic cells with an increase ability of invasiveness togethir am ability to degrade
extracellular matrix proteing6). During EMT there is a loss in epithelial biomarkers like E
cadherin(67), with an increase in mesenchymal proteins, such as fibronectadherin, and
vimentin(68). The process of EMT is regulated by specific ENMANnscription factors, including
Twistl, Twist 2, Slug, Zeb 1, Zeb2, Smuc and S(&8l. Another migratory processmoeboid
migration is independent of proteolytic matrix degradation and adhesion to the extracellular matrix,
that facilitates invasion. This process requires enhaneddcantractility and is quicker than
mesenchymal migratiofr0). With these events, the tumour cells are able to migrate and invade

the surrounding stroma, bloeéssels and lymph nodes leading to metasf@sijs

A tumour is physically and genetically a heterogenous mass of(€2)|sonsistingof epithelial

cells, transitioning cells (EMT) and cancer stem célW8, 74) The ntratumour genetic
heterogeneity arises froulifferent epigenetic and genetic profiles of these cell subtypes
Transitioning cells and cancer stem cells accelerate the progression of (F&).cEvidence of
cancer stem cells or stem celile cells was deduced from the investigations of circulating tumour
cells (CTC9. In these cells, it was found that binding sites of transcription factors such as Oct4,
NANOG, SOX2 which aressociated with stemnesgere hypomethylate(V'7). This means that

the transcription factors have unrestricted access to their target genes, thus stemness is
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maintained.Aggressiveness and poor prognosis associated with stem cells or stéke aalls,
makes these cells important deug targes by articancer agents as they accelerate tumour
progressionAs cancer stem cells express Oct4, NANOG, SOX2 they may be identificleand

functioral in diagnosis.

1.4 Colon cancer stem cells
Colon cancer stem cells (derived from adult intestinal stem cell® hacapacity known as
0 st e mn e srenéw ahdoforns prdgenitor cells that can differentiate into different cell types.
Stemness is regulated by stem cell biomarkers (Oct4, NANOG, SOX2) which are controlled and
maintained by the Wnt Pathwég8). CRCstem cells have been implicated in resistance to therapy.
There are many other stem cell biomarkers such as-8pb@arotein (AFP), GATA4, PDX
1/IPF1, Otx2, TP63/TP73L, Goosecoid, HCG, Sox17 and FoxA2vaedah mediating anticancer
drug resistance and stem cell properties. AFP acts as a stem cell biomarker in liver s{@®).cells
This wellrecognized liver injury biomarker is also at times foun@RC tumourg80). GATA-4
is known to be involved in cardiogenesis by promoting differentiation of cardioblasts. Absence of
GATA-4 halts cardiogenesis and it leads to extensive apoptosis of cardidBBstn CRC,
GATA-4 is a tumour suppressor (prevents continuous replication of colon stem cells), and its
expression is found reded in CRC(82). PDX-1/IPF1 controls pancreatic cell proliferation and
differentiation. Its overexpression in human pancreatic adenocarcinoma is associated with
metastasi$83), while in CRC, it is overexpressed in metastatic tig84¢ Otx2 is overexpressed
in medulloblastoma, driving proliferation of medulloblastoma tumour cellstiasiag cell cycle
genes(85). During development Otx2 facilitates differentiation of embryonic stem cells into
endoderm and ectoder{86). TP63/TP73L is predominantly expressed in keratinocyte stem cells
promoting the survival of the cells. TP63/TP73L also allows the stem cell to diftee€B7, 88)
Goosecoid (Gsc) is a homeobox transcription factor and acts as a facilitator of cell migration as a
gastrula organizer. In human breast tumours, GSC is overexpressed and the tumours have very
invasive characteristio89). GSC expression in ovarian tumours induced chemoresistgxre
HCG expressed in adenocarcinomas leads to bowel invasiongd€it/e tumours are also found
susceptible to lymph node, peritoneal or liver metast@e92) CRCliver metastasis is driven
by FOXA2 and HNF1A which are livespecific transcription factor®3). Mostrecognisedstem

cell biomarkes areimplicated in cancer proliferation, migration, and metastasis.
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1.5 Dysr e gQatemntanddownsiréam bffects
b-catenin is a key transcription factor associated with the Wnt signalling pathway, possessing both
structural and signalling functions. Structurally, it associates withdberin at the cell membrane,
wher e -Catemimuaits form cethdherence junitins and help to maintain calell contact
(94). As an intgral cell signalling factor, it interacts with various transcription factors, allowing

for expression or repression of targeted genes.

The signalling function i s f-eatennin theadytepthsmby ¢
leading to its translotai on t o t he nucl e-oageninintéracthwitm TCE/BEE n u c
factors facilitating the transcription of its target genes involved in cell proliferation, metastasis, and
cell survival(95). The target genes includeJtJN, FRA 1 (transcription factors), cyclin D1 c

MYC, human reverse transcriptase (hTERT), vascular endothelial growth factor (VEGF), matrix
metalloproteinas@ (MMP-7) and Survivin (96-100). These genescatenegul at
TCF/LEF conplex are implicated in progression of CRC and other cancers.

1.5.1 Betacatenin and angiogenesis

Whn t-¢afenin signalling regulates vessel development in normal and pathological conditions
(101) In Wnt/b-cateninaddicted CRC cells, theres a | i n kcatebire and/ eascolar b
endothelial growth factor receptbr(VEGFR1). VEGFRL1 is a synthetic lethal partner to the Wnt
Signalling(102) In an experiment, it was observe@tlVEGFR tyrosine kinase inhibitors were
abl e to i nhi bi tcatanih addiged GRCtcélls, buf not\rcantrobs having normal
wnt function(103). This supportstheln k b et we e n -cated@nraedVRGFRL ¥YEGHF b
binds to both VEGFR1 and VEGFR2, these are the primary receptors participating in angiogenesis.
In nonpathological angiogenesis, VEGFR1 has weak tyrosine kinase activity compared to
VEGFR2. Fascinatinyg, VEGF binds to VEGFR2 with weaker affinity than to VEGFR1, but
VEGFR2 has far stronger tyrosine kinase actiitp4) VEGFR1 is primarily localized
intracellularly in endothelial cells. It has been observed in twnangiogenesis that VEGFR2
undergoes endocytosis, nuclear translocation, and is subjected to ubiquitination in response to
VEGF inducedsignalling through the JNK/dun pathway. Then VEGF/VEGFRL1 signals the
AKt/ERK pathway to halt constitutive ubiquitination and induce rapid accumulation of VEGFR1
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in endothelial cellg105) In CRC cells VEGFRL1 is also strongly expressed and is localized
intracellularly(106)

1. 5-C&enib and EMT

The cyt opl acateminds retatedstetheidovwadulation of Ecadherin(107), allowing
epithelial cells to gain motility to escape their original ni¢h@8). This leads to epithelial to
mesenchymal transitioning ( EMchteninlisalaodnvaived int o i
the regulation of genes involved in the EMT process. One of the genas thatnt r ol-1 ed |
catenin ighe transcription factor TWIS{TL09). Twist is upregulated during CRC metastasis, and

acts in supressingthe transcription of Eadherin(110) In turn, expression of Nadherin and
fibronectin is induced by the transcription factor TWISTc&dherin and fibronectin are inducers

of EMT and cellular invasiofil11). E-cadherin is also repressed by Snail 1 and 2, whereby these
transcrig i on al fact or sc aatreenimo.d uS maield 2 yt rbeatesircr i pt
(112, 113) Once the Wnt signalling is stimulated, upregulation of Snail 1 is ind(E4).
Inactivation of glycogen synthase kinase 3 (GSK3) also corresponds to the increase of Snail 1.
GSK3 phosphor yl adtemis to B maetdd forldegradatiqdIb) -cétenin is

therefore crucial in the initiation of EMT in CRC.

13



1.6 Need to discover novel drugs of prognostic value

1.6.1 Aggressive CRC and patient relapse

Combating aggressive CRADd patient relapse requires urgent attention to improve prognosis. As
mentionedabovesinceCRC stem cells and stelike cells do accelerate tumour progression and

they also persist after chemotherapy leading to tumour re{dgée 117) a broader range of
therapeutic options particularly targeted novel drugs therefore need to be identified. In this view,
we propose to evaluate the anticancer effects of a novel series of synthetic compounds, the tetrazole

dithiocarbamate derivatives against CRC adenocarcirsbena cells and their biomarkers

1.6.2Drug resistance selectivity, and inefficacy of antrtumour drugs

Drug resistance is mostly promoted by intratumour heteroge(iEy 73) This leads to the
prevention of dug binding, activation of compensatory pathways, gain of the cancer stem cell state
and an increase in epithelial mesenchymal transi{iof§6, 118) It can also lead to relapse after

remission.

Besides the ineffectiveness of anticancer agents, the chemotherapeutic drugs also fall short in many
instances. Their effectiveness is reduced by poor selectivity for tumour cells, inadequate
concentrations (lower than required) of the drugs at the tasijet and occurrence of

systemic/localised toxicity in body/organ systeh$9)

Therefore, it is important to introduce more drug candidates that will prevent tumour acquired drug
resistance and act as effective anticancer agents. The current global aim is to introduce anticancer
agents that will be targapecific andess toxic to the human body. The anticancer agents must

address the intramural tumour heterogeneity and the existing limitations of drugs.
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1.7 Tetrazoledithiocarbamate derivatives

1.7.1 Tetrazole moiety

The focus of this study is tetrazole and ditlaid@mmate compounds which have been reported to
have potent anticancer activi(¢20, 121)Tetrazole is a heterocyclic compound that has four
nitrogen atoms in a fivenembered ring. They are used as -otassical bioisostere replacing
carboxylic acid which has poor administration, distribution, metabolism and excretion (ADME)
properties(122) The pharmacophore is highly lipophilic having exceptional interaction with its
targets due to strong hydrogen bonding capacity and it is very thermogiaBl@26) The
tetrazole derivatives have shown a range of biological activities including antifungal, antibacterial,

antihypertensive, aninflammatory and anticancer propert{@27).

The tetrazole erivatives have shown significant interaction with proteins. For instancdjdk)d
substituted tetrazole derivatives inhibited cyclooxygeffagending at the active site of the
enzyme, cyclooxygenase has been implicated in many cgi@disRecently patentedetrazole
derivativeshave beemeported tanhibit thecytochrome p45@amily (128). This inhibition results

in elevation of endogenous retinoic acid resulting in a ceasing of cell proliferation. The inhibitory
effect on cytochrome p450 family contributes to the treatment of various disorders such as prostate
cancer, bowel inflammatory diseasatherosclerosis vascularization, posnopausal breast
cancer and skin disordér28) Forty-three tetrazole basedutjs have been approved by the FDA
thusfar, making itanimportant chemical scaffold to be used to synthesize novel comp(i2fils

130).

1.7.2 The dithiocarbamate moiety

Another important moiety, dithiocarbamate, is part of the carbamate family with two sulphur atoms
instead of oxygen aton{831) The moiety is a good chelating agent, a biological linker capable
of binding to enzymes and contributes to insheg the biological activity of a drud 32, 133) It

has also been observed that dithiocarbamate can protect amine groups within (h84)rddne
combinaion of the moiety and other molecular structures has elicited various biological activities
such as antifungal properti€431, 135) The potency of the dithiocarbamate moiety being
combined with other molecular structures as shown in the conjugation of dithiocarbamate with

gold (lll) which has shown anticancer potency iaga cisplatinresistant cancer celld36) The
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moiety has also shown an inhibitory effect on VEGF&®I mTOR (mammalian target of

rapamycin serving as a potential angiowsis inhibitor(137)

1.7.3 Tetrazole dithiocarbamate

Triazole (tetrazolejlithiocarbamate derivatives, have shown to be potent anticancer @gg8)ts

Zheng et al., (2013) synthesized triazdithiocarbamate compounds that specifically inhibited
Lysine Specific Demethylask (LSD1) which is overexpressed in many cancers such as breast,
colon and gastric cancét38-140) It was observed that the triazalghiocarbamate compounds
impeded cell invasion, reduced cell proliferation and reduceduumassn vivowith no signs of
adverse side effectél38) The tetrazolalithiocarbamate derivatives have thus proved to be
effective conpounds possessing the potential of combating anticancer drug resistance mechanisms,

cancer cell invasion and being tumour selective.

Based on the potential of tetrazole dithiocarbamate acting as anticancer and antiangiogenic
scaffold, ten novel tetrazoldithiocarbamate derivatives termed TDTC10 (ig 4a & b) were
synthesized (by our collaborator Dr. MY Wani at the Department of Chemistry, University of
Jeddah, Kingdom of Saudi Arabiand were proposed as possessing possible anticancer activity
against CRC adenocarcinoma cells representing an early (HT29) and late (DLD1) tumour stage,
respectively. The identifiednticancer TDTC compounds were then screened to target the CRC
stem cel of the early and late staganour cells As stem cells are believed to directly influence
CRC recurrence and drug resistance, the effect of active TDTCs on the expression of stem cell

regulatory markers was assessed.
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Figure 4: Schematic of the TiT10 novel synthetic compounds(141, 142)

4a. The scaffold structure of the benzene ring conjugated to tetrazoledithsechrbamate moiety is represented
above. 4b. The scaffold has amine substituents, which are a unique for each compound-@@ildstrated by the
diagram 4b.
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1.8 Conventional drugs used in treating colorectal cancer
Individuals diagnosed with egrktage (Stage llC) CRC are treated with surgery to remove the
tumour and to drain the lymph nodes according to standard oncologic prindigi®s In
comparison, patients with advanced tumour stages (Stag®d)l and relapse are given
conventional chemotherapy or targeted therépi4). Briefly, the drugs used to e advanced

tumours and relapse are as follows.

1) Fluorouracil (5FU), can be given intravenously with a second drug known as leucovorin, which
boosts 5FU activity (145) As 5FU was used in the present study, it is described further below.

2) Capecitabine (oral%U) is a prodrug that once reaching the target site converts Kt 546).

3) Oxaliplatin is a platinum derivative that is active against digestactcancers. ItauseDNA

damage in cancer cells inducing apopt¢$#/). Oxaliplatinis given intravenously146).

4) Irinotecan is a DNA topoisomerase inhibitor, which is given intravendqtd8). Irinotecan an
analogue of camptothegiwhen upon binding to topoisomerase it causesDNA single-strand

breaksresuling in cell cycle arrestollowed bycell death(149).

5) Trifluridine-tipiracil has two components trifluridine and tipiracil and is given orally. This drug

is used for patients who are resistant to co
above mentioned drud$50). Trifluridine-tipiracil is an antimetabolite agent, where trifluridine is

a thymidinebased nucleoside analogue. Tipiracil is a thymidine phosphorylase inhibitor.
Trifluridine is activated by phosphorylatipmnd once it has been phosphorylateéde drug
intercahtes with the DNA leadintp the cessation dfell proliferation. Tipiracil enhances the
availability of trifluridine in the syster(l51). Thesedrugs target rapidly growing cancer cells and
nondividing cells are therefore supposed to be less affected by chemotherapy. However, in
addition, rapidly dividing somatic celiscluding hair lining of the gastrointestinal tract and bone

marrow are also affected by these dr(ig&5).

1.8.1 Targeted Therapy

In more recent years smlled targeted therapies have been developed against calserhese
are typically either antibodies or small molecules that inhibit specific proteins implicated in the
growth and survival of cancer. These are said to be more specific and depending on their target,

have unique side effec{$52) Some of these therapeutic agents are described below (see 1.9.6).
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1.8.2 VEGF/VEGFR targeted therapy

Currently used targeted therapy in CRC includes Bevacizumab, which binds to MEGF
Bevacizumab improves the atimaour effect of other chemothgeg drugs. It is given with other
drugs such as-BU (or capecitabine), irinotecan and oxalipla{itb4). Ramucirumab is a
monoclonal antibodythat binds to VEGFR2and also improves the antiumaur activity of
chemotherapy drugs. It is used in combination with an oxaliptatimaining regimeror with the
irinotecanbased regimen in patients treated with bevacizur(tdb, 156) Intravenously
administered Aflibercept traps VEGF, preventing it from interacting with its receptors omrtumo
cells (157) It is taken in combination with the irinotechased regimen. It is given to patients,
where the tumar has progressed while using an oxalipkatimtaining regimen, with or without
bevacizumal§146) Regorafenib is given orally in the form of a pill and blocks VEGF receptors
nd other kinases. It is given patients who show resistance to fluoropyrimidine, irinotecan and

oxaliplatin containing regimens and other targeted therdpts.

18.3EGF/EGFR Targeted Therapy

Cetuximab (Erbitux), is @ monoclonal antibody which is effective in targeting uncontrolled growth
factor responses. In particular, it bend the epidermal growth factor receptor (EGFR) preventing
binding of epidermal growth factor that normally stimulates cell prolifergtié@). It is effective

either alone or in combination with other chemotherapeutic dhuigsmore effective in tumours

that have mutations in the RASicogeneAlso it is effective in tumours that pesss a specific
mutation in the BRAF oncayene termed V600E (160) Another monoclonal antibody,
Panitumumab also targets EGFR, effectively acting on tumours lacking RAS or BRAF (V600E)
mutationg(146, 161)

1.8.4 Immunotherapy

| mmunot herapy is a more recent devel opment
immune system to attack and kill cancer c€ll62) Nivolumab (Opdivo) and pembrolizumab
(Keytruda) ardooth monoclonal antibodies which are inhibitorsnomune checkpoist Theseare

effedive in patients havingtumaur that has mismatch repair deficien(dg3).
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1.8.5 Chemotherapy inSouth Africa

Both aarly and advan@eCRC n South Africas treaed with Capecitabine alone or in combination
with other chemotherapeutic agents. The Capecitabine is administeredwdnalhyis preferred
over intravenous FU/Leucovorin due to practiay reasons. Another well used drug is
Oxaliplatinwhichis usedalone orin combinationwith fluoropyrimidine Thesecond line regimen

irinotecan is also used in certain cases of CRGA4)

1.8.6 Use of positive control drugs

In the present stud®-FU a conventional treatmeribr CRCwas used as a positive control drug
5-FU exerts its anticanceactivity through inhibiting thymidylate synthase (TS) resulting in
incorporation of thymine pyrimidines into DNA and RNHus inhibitingDNA and RNA synthesis
(165). Also, Vorinostat (SAHA) a histone deacetylase inhibitor was utilised as it is known to target
cancer stem cells by altering the epigendf®®) (fig 5). SAHA was originally approved by the
Federal Drug Administration (FDA) to treat cutaneousell lymphomas, a heterogeneous group
of nonHodgkin's lymphomagq164) This is a cancer othe immune system whereby the
monoclonal Fcells penetrate the sk{t67) SAHA is being investigated in other cancers, such as
breast, pancreatic, head and neck c4@é8&170), and preliminary results have shown #imlity

of SAHA to target cancer stem ce{lis71).
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Inhibits DNA synthesis,
by blocking activity of
thymidylate synthetase
S-Fluorouracil (converts deoxyuridylic
acid to thymidylic acid.)

XX [ oo

,, H Histone Deacetylase (HDAC) Inhibitor
Prevents deacetylation of histone tails

/-

Vorinostat, SAHA (suberanilohydroxamic acid)

Figure 5: Positive drug controls, adaptedfrom (172, 173)

a.5Fluorouracil is an anticancer agent commonly used to treat colorectal cancer. It inhibits DNA synthesis, through
blocking the activity of thymidylate synthetase which normally acts to convert deoxyuridylic acid to thymidylic acid.
b. Vorinostat alsokown as Subernilohydroxamic acid (SAHA) is a Histone Deacetylase (HDAC) Inhibitor, it prevents

deacetylation of histone tails.
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19 Aims

This study aims to investigatéhe possible anticancer activityof novel synthetictetrazole
dithiocarbamate derivativesdto evaluate their ability to targ€&RCstem cells.

1.10 Objectives of thestudy

The objectives of the present studglude the following

1. To study the anticancer activity 3DTC 1-10 by determining inhibitory concentrations
(IC50) against a CRC stage Il cell line (HT29) a@RC stage Il cell line (DLD1)to
identify the activeanticancer compound(s).

2. To identify if the compounds are selectivéoxic to cancer cellsnly. For thisobjective,
non-cancerous cellHEK293 (Human embryonic kidney cellsire exposed to the active
TDTC compoundsand were used to studpeir off-targetinhibitory effects (at their
respectivdC50s).

3. To study the effect of active TDT@s the growth phases of tegage [I(HT29) andstage
[l (DLD1) CRCcells A reattime cell impedance assaasperformed using a redime
RTCA cellanalyser in the CRC cells in the absence/presence of TDTCs

4. To investigate if the active TDTC compounds can arrest the cell cyel€28 and DLD1
cells, respectively

5. To evaluate the effect of active TDTCs on stemness of CRC stem cells by studying spheroid
formation ability of HT29 stem cells (isolated CD133+cfran) in the presence/absence of
active TDTCs.

6. Toassess the effect of active anticancer compound(s) on the stemisetatefistem cell
(CD133+) fractions of HT29 and .Dl1cells by evaluating thestem cell biomarker
proteome response to the active compounleated stem cellgsing a dedicateduman
pluripotent stem cell arrayitk

7. To confirm thegeneexpression oelectedproteinsmodulated by activd DTCs using
relative quantitativeealtime PCR
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Chapter 2

Material s and Methods
The research approachrepresentedh theflow diagram belowfig 6).

Grew CRC HT29, DLIM and HERK223 (non-cancerous cells) cell line in optimal medinm

PhaseI: Anticancer Test concentrations 2mgml-0.125mg/ml (wiv).

Contrals : DM50 vehicle comtrol + Untreated cells

L. . Dirug Treatment TDTC1-10
Activity against colorectal

(CRC) adenocarcinoma pegection of the anticancer activity using Alamar Blue (HT29 cell used)

cancer cell lines "
Determined ICS0 and selectivity of the active compounds using Trypan Blue (HT29, DLD1 and HEK293 cells

used)

i+

Compound Activity identified and selectivity identified

Grew CRC HT22 and DLD1 cell line in optimal medium and seed in E-16 plate

Phase I1: Anticancer Drug treatments: Treated the cells with IC50s of active
validation compounds
Controls: Vehicle control, nntreated cells, cells treated
with 5-Fn
Growth Evaluation using xCelligence RTCA system
4

Affected Growth phase (5) identified

Grew HI29, DLDT cell line in optimal medinm

i
Phase III: Effects ‘

. P Isolated ol CRC stem cells by CID33+ magnelic seleclion
on stemness in CRC

stem cells From wash: CD133- Non stem cells l Elution: CD133+ Stem cells

With HTZ9 CD133+ Stem cells conducied spheroid assay
Drug treatment: Treated HT2Z9 siem cells with ICS0 ol active compounds
Controls: Vehicle control, ontreated HT29 stem cells, stem cells treated with 5 Fu and SAHA

CD133 and CD133- cells grown in optimal medinm
4

Dirug treatment: ICS0of aclive compounds
Controls: Vehicle control, unireated CIN33+, ontrealed CI133- cells

1. Proteln Extraction 1. Primer deslgn and synthesks
1. Qubit Assay, determine 2. RNA extractlon

protein concentration 3. cDNA synthesls

Studied Proteomic
response to the active

TDTC compounds Studied the gene

(‘IPI'PH‘\'iDII response

Froteome |'r5|'mnw assessment
using Human Pluripstent Stem

Cel ProteomeArray by R&D Studied response of gene expression to
active compounds whether it is
responsible for affected protein using
real time PCR system

Figure 6: Flow diagram representing the experimental procedures performedin a selfillustrative workflow
explained abovethe anticancer activity ofovel tetrazole based dithiocarbamate derivatwese assessed first by

screening with Alamar blue identify the active compoun@sd therby quantifying cell death induced lilge active
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compounds using Trypan Blugaining The selectivity of the active compoundsas assessebly treating non
cancerous cells (HEK29®jith the active compound$heanticancer activitpf the compoundwas further evaluated
usingthe xCelligencereal timecell analyser to monitor cell growtolon cancer stem cells (CD133+) were isolated
from theHT29 and DLDIcolon cancer cell lines using magnetic cell separation. After this, the ability of the stem cells
to form spheroids was assessed in the presence/absaheeastive TDTCsA proteome pofiler arraywas usedo
determine the response of stem cell associated factors to TDTC treatmdiniabypdmRNA expression of selected

genes wasguantified using Real time PCR.

2.1 Cell Lines, cell culture conditions

The colorectal adenocarcinoma cel|DLDUATOC®S H
CCL-2 2 1 aBd HEK 293ATCC® CRL-1 5 7 3 (Human embryonic kidney cellsyere all

mai ntained and grown insMedumHansEle OMEMAW) @:L)f | e d
(Gibca®, USA), supplemented with 10%/v Foetal Bovine Serum (FBS) (Gibco®&SA) and

1000 u/mlv/v penicillin-streptomycinCultures werericubated at 37°C in 95% humidity with 5%

atmospheric carbon dioxide (GO

During subculturing,the previous mediurwasdiscarded, and the celigerewashed with 22 ml

of phosphate buffered saline (PESjbco)two-three times. Then-2 ml trypsinwasadded to the
cells, and incubated for 3 minutes af@7After ths incubation the trypsinwasinactivated with
DMEM-F12 supplemented with 10% FBS. The cellerecollected into a 15 ml falcon tube and
centrifuged for 3 minutes at 300 xt@ pellet the cellsThe supernatarwasaspirated and fresh
DMEM-F12 supplemented with 10% v/v FB&d 1000 u/ml penicillirstreptomycinwasadded
to the cells. Then the celigerealiquotedinto flasks with 5 ml of fresh DMEMF12 supplemented
with 10% FBS and 1000 u/ml v/v penicillstreptomycin. The flaskeere labelled with the
passage number, cell type, and date and incubated air89%9% humidity with 5% atmospheric
COs.
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2.1.1 Stem cell isolation

HT29 and DLD1 stem cells were isolated from the heterogeneous cell misietion of the

stem cells was based on the differential cell surface expression of CD133 between the general
cancer cell population and stem cellfie stem cells were isolated using Hematopoietic Human
Tissue Kit (Miltenyi Biotec) using CD133 MicroBeal These beads recognise and bind
specifically to the CD133 epitope on the cancer stem cells, thus isolating stem cells from the entire
cancer cell populatioft should be noted that only the cancer stem cells expressed cell surface
CD133.

Anti-CD133 lab#ed magnetic microbeads captured the stem celteedfiT29 and DLD1 cells
respectively Stem cell isolation buffer contaimg PBS, pH 7.2, 0.5% (v/v) bovine serum albumin
(BSA) (SigmaAldrich) and 2 mM of EDTA (Sigma&ldrich) was preparedThe buffer was kept

at 4 °C allowing for optimum functioning.he unseparatedell populationwas culturedto 90%
confluency and then harvested using trypsin. The wadle trypsinized and washed as described
aboveand centrifuged for 3 minutes at 30@ %o pellet the cells. The supernatant was discarded,
and5 ml of PBSwas usedo wash the cellsThe washed cell suspension was centrifuged for 10
minutes at 300 x g. The resulting pellet was subjected to 300 pl of stem cell isolation buffer,
100 pl of the FcR Blocking Reagent was added together with 100 pl of CD133 MicroBeads. The

solution was mixed well and incubdtir 30 minutes in the refrigerator.

After the incubationmagneticseparation was performed with MS columns. MACS separator was
placed onlte magnetic field, followed biye insertion of the column. The column was rinsed with
500 pl of stem cell isolation buffer. After this, 500 pl of the microbeads solution was passed
through the column. The column was further washed 3 times with 500 pl of isolation buffer to elute
the unlabelled cells. The column was then removed from the magnetic field and 1 ml of the stem
cell isolation buffer was pipetted into the column. Immediatbly magnetically labelled cells

(stem cells) were flushed into a sterile collection tube by pushing the plunger.

The isolated CD133 positive (CD18Bstem cells were grown and maintained WalkariSTEM
Human ES/iPS Cell MediuriMerck). The CD133 negatiy€D133) population was grown and

maintained in DMEM: Hams-E2 medium supplemented with 5% (v/v) FBS and antibiotics. The

cells were cultured in an incubator with 5% £8@5% humidity at 37°C.

For all of the reported assays, the cells were grown ainttaireed under the above conditions.
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2.2 Synthesis of etrazole based dithiocarbamate derivatives
The tetrazole based dithiocarbamate derivatifESTC) used in the present studsere a kind
donationfrom Dr W. Younis at the Universiyf Jeddah, Kingdorof Saudi Arabiawho originally
synthesizedhese compound4.41). For information purposed)¢ synthesis of the derivatives is

briefly described below.

TheTDTC derivativeqT1-T10) were obtained from-phenyt2H-tetrazole(fig 7, [2]) through an
intermediate Zoxiran2-ylmethyl)-5-phenyt2H-tetrazole(fig 7, [3]) by treating the former with
epichlorohydrin at 120°C for 8{142). The eaction off 3] with different amines in 1:1 molar ratio
in presence of GSand HO at room temperaturerf 8h, resulted in the formation of the respective
target derivativessDTC 1-TDTC 10 (fig 4). The structures oéach of theselerivativeswere
established by elemental analysiegjuding FTIR, 'NMR, *CNMR and ESIMS spectra(141,
142),

N=

N\ N:N\ fo
N NH N
N ~, - ~. .-
©/\CN NaN3‘ ZnBr2 ©/LN + 07/\C| ﬂ» ©)\N
> 8h

H,O
(1) ) 3)

N=N  OH

Amine, CS, \ |

(3) > @’Q _N S _N_ !
H,O, r.t, 8h N A D

(T1-T10) S amine

Figure 7: Synthesis of tetrazole based dithiocarbamate derivativeg141)

2.2.1TDTC treatment of cells.
For use inn vitro cell culture analyses, stock solutionstoé TDTC were solubilizeth dimethyl
sulfoxide (DMSO) (Sigma Aldrich, Germany) and stored2it°C. Thesestock solutionsvere

further diluted to the regred concentrations in culture medium.

2.2.2Controls
The control experiments consisted of either untreated cells and/or vehicle controls, where an

equivalent volume of DMSO used in diluting the TDTC compounds was added to the culture
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medium.In downstream studies such as feale cell impedance-5U was used asdrugpositive
control. In sphere assayPJ was used and SAHA was useddrsg positive control that targets

colon cancer stem cells.

2.3 Alamar Blue Screening Assay
The Alamar Ble screening assay is high throughput drug screeoinigusedto monitor cell
metabolism Alamar Blue is aaontoxic resazurin dye that is metabolized byiriy cells toform
the productresorufin thatgivesa magenta coloun culture mediaWhen cells are exposed tiest
compoundsthis dye isincludedto discriminate compounds thatay have anticancer activity
through inducing cell deatfihe colour change induced by test compounds may be assessed both
qualitatively or quantitatively as Almar Blue emits fluorescendéhe fluorescence was measured
with the 96 well plate spectrophotomes&b70 nm with 600 nm as a refereneeavelength With

activeanticancer compoundthe dye remaisblueas the affected cells are metabolically inactive.

The cells werecultured to reach 6@0% confluency in 96 well culture plat€gvhite Head
Scientific) At this point,the cells were washed with sterile Phosphate Buffered Saline (PBS)
(Gibco) and serum starved for 10 hours. Next, cells were treatedamitientrations ranging from
0.02-0.4 mg/ml of eachof the10 TDTC compoundtr 48 hoursControls includedintreated cells

and vehicle control (@-0.5%v/v of DMSO). After 40 hours of treatment, HT2@lIs were stained
with a solution o2.5mM AlamarBlue. Metabolically active cells reduced Alamar Blue (resazurin)
producing a magenta calg while with norresponsive cellsAlamar Blue remainednchanged

in colour. In the casef effectivetest compounds, it was expected for the Alamar Blue to remain
unreducedWhile the approach was to scrddm29 cellswith the test compoursgd to identify the
active TDTCs, subsequentLD1 cells representing stage Il of colorectal cancer weeated

with these selected active compounds.
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24 Trypan Blue Exclusion Assay

Where treated cells werdentified by the Alamar Blue assag be metabolically inactive, these
cultures were further subjectéal the Trypan Blualye eclusionassay. This was done to assess

the percentage of cell deatlausedby the TDTCcompounds and to determine the inhibitory
concentratiorat which50% of the cellsverenon-viable (IC50%). The IC50 concentration was
obtained by exposing the cells to different concentrations of the compounds. Cell death percentages
were obtained usingutomated cell coumiy. The concentration at which 50% cells were dead and

50% cells were living was consideredtls|C50 concentration. Readings were done in duplicate.

Both HT29 and DLD1 cellsvere used in this assajhe cells were seeded into 6 welates (25

10* cells/well) andcultured until reaching 6670% confluencyand were therserum starved
overnightto synchronise the cells in GO of the cell cycle. After this, they were treated for 48 hours
with the active compounds diluted in culture madicontaining serumFollowing TDTC
treatment, the cells weriased in PBSharvestedvith trypsin and further washed with PBS before
stainingwith 0.2% (v/v) Trypan BlueStained ells were mixed by pipetting and immediately
loadedinto a haemocytometer slide and read iR@untess Il FLautomated cell counter (Life
Technologies, GermanyThesereadings were performed in duplicatad with two biological
repeats The cell viability percentage was retrieved from the cell coume. Jercetage of dead

cells were expressed as maaBtandard Error of the Mean (SEM).

2.5 Selectivity Assay

A selectivity assay was performed to identifietherthe active compoundsereselectively toxic

to cancer cells onlyHere,HEK293 cells (Human embryonic kidney cells) were usethason
cancerous celinodelthat were exposed to the respective IC5@athactive compound for 48
hours.As described abovdrypan Blue was used to assess the toxicity of the active compounds
aganst HEK293 cells.

The HEK293 cells were seeded into 6 well plg&s x10* cells/well) andreated with eachctive
concentratiorafter reaching 600% confluency and being serum starved overnigfter drug
treatmentor 48 hoursthe cells wereinsed in PBS harvestedvith trypsindigestionand further
washed with PBS before stainimgth 0.2% (v/v) Trypan BlueAs described abovihe dained
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cellswere subjected to the Countess Il FL cell counter to obtaitetheiability and tke percentage
of dead cellsiheant Standard Error of the Mean (SEM)

2.6 Realtime cell impedanceassay, assesy) growth rate of the cells

The xCelligence Ral Time Cell Impedancenstrument(ACEA Biosciencs Inc) is able to non
invasively monitor cell status, including factors such as number, shape or size and cell adhesion.
The cellsare seededn high densitygold electrode arraplates. The celladheresand grow on the

gold electrode plates influencing the electrical impedance across the array. This electrical
impedance isecorded andneasured bxCelligence softwaras the @Il Index. The moreapid

the cell growvth the greatethe value othe cell index |t is possible to monitor cedhape, size and

cell adhesiorby this instrument in real tim@ 74) In this study, itwas usedpecifically to assess

the growth rate of the cellsy plotting a growth curve in real timeBefore cell prepation, the
experimental schedule was programmed intoRREA control unit Suchinformationincluded
thelayout of the experimenincorporatinghenumber and types of cebgededand thereatment

and controlwvells. Eachexperiment was performed in duplicate.

Thenonstem cell population (CD138ells) oftheHT29 and DLD1CRC cell lineswereisolated
during the magnetic cell isolation process explainecabovein section 2.1.1The cells were
maintained in DMEMF12 medum (Gibco) supplemented with 5% FBS (SigAddrich) and
penicillin-streptomycin antibiotics (Thermofishefhese were culture 100% confluencyand
thenwere harvestedi cell count was performed usigd% Trypan bluestaining for seedingnto
the wels of the RTCA plates=or HT29cells, 1.345 x 10cells/ml were harvested, and 600 cells
were seeded per well in ti€elligence 16 Eplate (ACEA Bioscience Inc). For DLDdells 8,25

x 1P cells/ml were harvested, and 40 000 cells were seeded per Wedl.seeded cells were
maintained with 20Qul of DMEM-F12 medium supplemented with 5% FBS and penieillin
streptomycin antibiotics. Before seeding the cétis,calibration purpose$00 pl of the culture
mediumwas added to {platesanda blank reading wagerformedfor 1 minute.Once the cells
wereseededthey were allowed to settler 30 minutes anavere thencultured for24-25 hours
before TDTC treatment.With treatment,ld culture medium was replaced withiesh medium

containing tle relevant IC50 concentration/stbe DMSO solubilizedTDTC compounds.
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ThelC50 concentrations of the drugsedwere:-

TDTC 1= 0.4 mg/mj TDTC 2=0.4 mg/m|] TDTC 4= 0.3 mg/mj TDTC 5= 0.35 mg/ml. The
treatmens lasted for 100120 hours.

2.7 Cell Cycle Assay
The cell cycle assayas conducted using the MUSE Cell Cycle Kit (Merck Millipore,
Germany), which contains the DNA intercalating dye propidium iodide (Pl) and RNAse to
distinguish cell cycle stages and increase specifi€itg. HT29 and DLDZXells were seeded in 6
well culture plates (2-5x10* cells/well) grown to 66870% confluency and were serum starved
overnight.Next, the cells were exposedtioe IC50 of the active DTC compoundsThe treatment
was done for 48 hours; and included both untreated cells and vehicle contrf@®@MSO),

respectively.

After 48 hours the cells were washaad harvestedith trypsin The cells were then transferred
toal2 x 75 mm polystyrene tube and centrifuged at 300 x g for 5 mirattesom temperature
Thesupernatant was discarded, and cells were further washed with 1 ml PBS and centrifuged again
at 300 x g for 5 minute§he supernatant was discarded without disturbing the cell pellet, leaving
50 pl of PBS Next, the cells were resuspended in the resiB& and then 1 ml of 70% chilled
ethanol prepared with cold deionized water (storediC prior to using) was added in a dropwise
fashion, whilst vortexingThe tube and the chilled 70% ethanol were always kept inTive.

ethanolfixed cellswereimmedately stored in80°C for future use.

For Muse cell cycle analysis, ethasiidled cells were thawed and 2Q0 of the cells were
transferred to new 12 x #m polystyrene test tubeentrifuged at 300 x g for 5 minutes and the
supernatant was discarded. The cell pellas resuspended withml of PBS and centrifuged at

300 x g for 5 minutesThe supernatant was aspirated off and the cells were resuspended with 200
ulof MUS EE C elé Reag€mandincubated at room temperature for 30 minutethe dark.

For cell cycleanalyss, 50 pl of the stainedell suspensiowas diluted with 150 pl of PBS ih.5

ml microcentrifuge tubesnd then analysed using the flow cdéloublet discrimination was
performedby excluding cells that were not sorted as single form. The cells that did not form part
of definite cluster were excludebeing considered a=lls below baselinedHT29 cells that were

included had a cell size indexnging from 24, with anincreasing DNA content index ranging
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from 4-10 throughout the treatmer8imilarly, DLD1 cells that were included for analysis had a

cell size index ranging from-2, butwith anincreasing DNA content index ranging fror92

2.8 Spheroid Formation Assay
A 1.5 % solution of agaiBioRad) was prepared in sterile waitela Schott bottleandthen placed
in anautoclavefor a cycle of30 minutesto melt and sterilie it for cell culture useOnce cooled,
the agarose was stored at 4%zhen the cells were ready for harvestitige agar was warmed in
a microwave at medium heat for 2 minut&nce liquefied1.5 ml of agar was pipetted into each
well of a6 well plate. The gel was left t@tfor 20 minutes at room temperature in theitzan

flow.

Following this,theCD133+HT29 CRCstem cellgrownto confluency of 80% were harvested.
The CD133+ HT29 stemellswereisolatedfrom the HT29 CRC population as explained in section
2.1.1

HT29 CRC stem cellswere maintainedas adherent culturés 25 cnt flasks in PluriSTEME
culture nedium (Merck) supplemented with petrep antibiotics. Accutase (Biowest) was used to
harvest the stem cell\ccutasas preferred over trypsin for stem cell harvesting, as it specifically
disociates noradherentcells growing in clustersThe @Il count was done using 0.4%ypan
Blue, and the cells were mixedhoroughlyby pipetting to ensure that there was a single cell
suspension, tebtain accurate reading®\ final volume of 3ml wagrepared containing a cell
suspension of 30 000 <cell s, in Pl uri-SteEME
antibiotics. Included in this solution was either an active TDTC compound or a pabitige
control (5FU and SAHAJrefer tothe test compouhand positive drug formulation appendhix
table 12. The 3 ml solution was pipetted ineach ofthe wells. The cellsvere placed in the
incubator and culturefbr 7 days(168 hours) Each daythe cells were monitored for sphere
formation.In order b replenish evaporated mediumn day 4 of culture, 1.5 ml of fresh medium
was added with half the concentration of the active compounds, to each culturdigéehl
images werecaptured at different time points usinghe Floid™ Cell Imaging System

(Thernofisher).
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2.9 Analysis of the $em cell biomarker proteome
The cancerstem cell biomarker proteome was analysed usirty @rotéome Profiler Human
Pluripotent Stem Cell Antibody ArrayKit ( R & D Sy s tThisisgnentiardiased h n e )
antibody array that simultaneously detectsdéognisedgtem cellbbiomarkersTheincludedstem
cell biomarkerswere Oct4/3, Nanog, Sox2,-Eadherin, Sox17, AFP, Snail, VEGFR2, HCG,
GATA-4, Goosecoid, Otx2, FoxAPDX-1 and TP63.

This analgis requird the preparation of cell lysates thaere incubated with anitrocellulose
membrane spotted with 15 different antibodies printed in duplicatietecthe stem cell markers

All requiredbuffers, biotinylated detection antibodies, streptavidRP, and chemiluminescent
reagentsvereincludedwith this kitto enable the detection of stem cell markers from cell lysates.

The preparation of the cell lysates is described below.

2.9.2 Proteome ample preparation

The HT29 and DLD1 stem cells were grown undeiath@ementioned conditions. The stem cells
were treated with the active compoufd3TC 1 (0.4 mg/ml), DTC 2 (0.4 mg/ml), DTC4 (0.3
mg/ml) and DTC 5 (0.35 mg/m), DMSO (vehicle control) respectivelyat a confluency of 60
70%.The treatmentlurationwas for48 hours. Before cell treatment, the cells were synchronized
by serum starvation overnighhe PluriStem mediurwasremoved the stem cells were rinsed in
serumfree DMEM-F12andweremaintained with DMEM12 mediuntontainingonly antibotics.

The study also includedhe untreated CD133population of the HT29 and DLDzells,

respectively

After the 48 hours of treatment, the cells wiémeed in PBS andarvestedy mechanicasaaping.

After adding 2 ml of fresh PBS into the flask, using a sterile cell scraper, the cells were dislodged
from the culture surface into solution. The PBS cell solution was transferred into a 15 ml Falcon
tube andcentrifuged aB00 x g for 3 minutes, to pellet the cells. After this the supernatant was
aspirated offand the cells were further washed in 2 ml of PBS by centrifugation; and the PBS was
aspirated offThe cell pellet was solubilized in Lysis Buffer (8 & D) that containea protese
inhibitor cocktail The solution was mixed by pipettiagdthen thecell lysate was rocked gently

at 4 °C for 30 minutes. After if) the solution was transferred to microcentrifuge tubes and
centrifugel at 14000 x g for 5 minutes at room teemature. The supernatants were aliquantéal

clean test tubeand stored af70°C for further use.
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To normalize protein concentratiopsptein concentration was determined using the Qubit Protein
Assay (Thermofisherps compared tQubit Protein Standards. Tpeotein standards and protein
samples were mixed with Qubit working solution in clear PCR t(ibes Qubit working solution

was made up of Qubit Protein Reagent and Qubit Protein Buffer using a dilution of I:@00).
microliters of protein standard were mixed with 190 uthaf working solution.To measure the
protein samples, 2 pl of the protein was mixed with 198 pl of the working solution. The mixture
was incubated for 15 minutes at room temperature. After 15 minutesath@ards and samples

were readn the Qubit 2.0 Fluorometer (Thermofisher).

2.9.3 Proteome Procedure

2.9.3.1Membrane incubation with protein lysate

Once oncentrations obtained from Qubit were normalineth reference to the lowest protein
concentrationprotein profiling wascarried out.The maximum protein volume that was required

for incubation with the membrameas 167 pl and where there was a deficit in volurttes was
supplemented with Lysis Buffer 16. To the 167 pl of proteilume, 833 pl of Array Buffer 1 was
added to each sample. Before normalization, the membranes were blocked with Array Buffer 1 at
room temperature in a mulivell dish for an hour onraorbital shaker. All procedures were
performed whilst membranes werne the shaker. After an haumcubation, Array Buffer 1 was
aspiratedoff, and the 1 ml solution of protein sample was added into eachanelincubated
overnight at 4°C.

2.9.3.2Primary antibody incubation

Following overnight incubatiomwith protein ysates the membranes were washed 3 times for 10
minutes with Washing Buffer prepared according to manufactinerotocol. The primary
biotinylated antibody cocktaivas reconstituted with deionized water, then further diluted with
Array Buffer 2/3 (a mixure of ArrayBuffer 2 and Array Buffer 3). When the washing was done,
1 ml of primary antibodgolutionwas addedo the membrane andcubated for two hours at room

temperature.

Note: Note that following each incubation in the detection procedure atisved by washes.

During wasling, the membranesereplacedin separate containers whilst the mwiell dishwas

cleaned with deionized water. After the wash, the excess wash tuaféeirained off from the
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membranes. fier this the membranewere always placed into the muitvell dish with liquid

already present in the dish.

2.9.3.3Streptavidin -HRP incubation

After washing off unbound primary antibodfet next step in the procedure was to incubate the
membrane with StreptavidiHRP The streptavilin conjugated to horseradipleroxidasewas
diluted with Array Buffer 2/3 according to the dilution factuppliedon the vialwhich is 1:2.
Once thavashes were completed, membranes were immersed in 1 ml of Streptdiidisolution

andincubated for 8 minutes at room temperature.

Whilst the membranes were being washed Chemi Reaggrydiogen peroxide solutiomnd 2

(luminol solution)were preparetly mixing equal amounts of the two soloitis;andthis mixture

was protected from light. When the washing wampleted 500 pl of Chemi Reagent Mix was
pipetted onto the membranaad incubated for onminute. Afterthis, the excess reagent was
removed through a capillary effeabhdthe membranes wetbencarefully wrapped with plastic

wrap. It was important to msue thatthe Chemi Reagent Mix was evenly spread tad there

were no air bubblegapped between the membrane and the plastic. Witsgo nembranes were
exposed for 10 mi nut eisSystem (BioRagl). The enembwes WereX R S

analysedising H image software, to give the spot intensity.

2.10 Quantitative Polymerase Chain Reaction (gPCR) (relative
guantification)

Relative real time reverse transcription quantitative PCR was used torasssssger RNA levels
of selected genes following treatment with the active TDT@Gs.sample preparation for FACR

is described below.

2.10.1 RNA Sample Preparation

As described previously, the HT29 and DLD1 CRC stem cells were maintained in PIiMStem
medium (Merck) to growthconfluency of 6670%. After reachinghis growth phasdresh culture
medium was supplemented with tH@50 concentrations of thactive TDTCs and cells were

cultured for a further 48 hours.
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After 48 hours, the culture medium svaspirated off and the cells were wasbadein sterile

PBS. After adding 2 mlof fresh PBS into the flask, using a sterile cell scraper, the cells were
mechanically dislodged from the culture surface into solution. The PBS cell solution was
transferrednto a 15 ml Falcon tube armentrifugedat 300x g for 3 minutes, to pellet the cells.
After this the supernatant was aspiratéid and the cells were furtherashed in 2 ml of PBS by
centrifugation; and the PBS was aspirated off. Then, in preparation for RNA extraction, 600 pl of
RTL lysis buffer (Qiagen) was added to the pellet and the cells were gently mixed until the solution
was homogenous. Once complgtbised, the samples were stored@Q1°C until RNA isolation

wasperformed

2.10.2 RNA isolation

RNA extraction was performed using the RNeasy RNA extraction kit (Qiagen), according to the
manufacturerds instructi on sce. Tigeni70@l of 0% ethanad s a
was added to the samples. Next, this solution was transferred into an RNeasy Mini spin column,
placed in a 2 ml collection tube. The spin columns were centrifuged for 15 secoatd@dg)x g,

this being done twice. Aftazach centrifugation, the flothrough was discarded. Subsequently,

700 pl of buffer RW1 (wash buffer) was added to the spin column and this centrifuged for 15s;
followed by adding 500 ul of RPE buffer to the spin column and centrifuging for 15s. Following
this, 500 ul of RPE was added to the column for centrifugation for 2 minugslonged
centrifugation ensures that no residual ethasdéft as this may have a negative effect on a
downstream application, such g8CR.The RNeasy spin column was plddato a new labelled

1.5 ml tube. Thirty microliters of RNageee water were added directly to the spin column
membrane. This was centrifuged for 1 minute to produce an eluate of purified RNA. Since RNA is
susceptible to enzymatic degradation, the tube placed immediately in ice. The RNA was then

stored at80°C for further processing.

2.10.3 Quality Assessment oRNA

The RNA was thawed on ice for evaluation using the Nanodrop Spectrophotometer; to quantify
the RNA, to assess sample purity (A260/2800) and quality (A260/230 ratio). Before reading

the concentration of the RNA, the Nanodrop pedestal was cleaned with -R&aseater and
blanked with the RNaskee water. An amount of 2 ul of each RNA sample was placed on the

i nstr ume nt résgectrpphatoestric mkasurement. A260/A280 ratio assesses the purity
of the RNA, checking for DNA/Protein contamination. The A260/A230 ratio, assesses for the

residual ethanol or salt contamination.
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The Nanodrop gave RNA concentrations ranging from 9356789 ng/ul. The RNA was pure as

the A260/A280 ratio was2fand above. The RNA had a little trace of residual ethanol or salt
contamination as the A260/A230 ratios ranged between 1,42 (shows trace of residual ethanol or
salt contamination) to 2,07 (freé residual ethanol or salt contamination). Pleasé\ppendixH

the table of RNA concentrations together with values obtained for the ratios.

2.10.4 Complementary DNA (cDNA) synthesis

The RNA concentration was normalized with reference to the towgsentration. For cDNA
synthesis 747,76 ng of RNA was used. Those samples with high RNA concentrations were diluted
with nucleasdree water to achieve 747,76 ng of RNA in a thin wall PCR reaction tube, as 8 pl
was the final volume for the RNA templaiféhe 8 pl was supplemented with 1 pl of 10X dsDNase
Buffer and 1 ul of dsDNase (Thermo Scientific). All reagents were stored on ice. After gently
mixing, the mixture was briefly centrifuged using a Comsin minifuge (BOECO) for 30 s. The

tubes were theimcubatedor 2 minutesat 37C in an MJ Mini preheated thermocycler (Bfad).

After this, the RNA template solution was chilled in an ice block and briefly spun for 30 s and
placed in the ice block again. In the same tubes, more components were added including, 4 pl of
5X ReactionMix, 4 ul of nucleasdree water and 2 ul of Maxima Enzyme Mix (Thermo
Scientific). The components were gently mixed and centrifuged in the &mmbior 30 s. Then,
incubated in thermomixer (MJ Mini preheated thermocycler -@aal) for 10 mins at 25 °C
followed by 15 mins at 50°C and the reaction was terminated by heating the solutions at 85°C for
5 mins. The cDNA was stored -&0°C for gqPCRcDNA quality and concentration were assessed
using again the Nanodrop Spectrophotometer. Pure cDNA was ediiaenA260/A280 ratio ere

> then 1,6 and A260/A230 ratio was > 1,5, the samplere free of contaminationThe cDNA
concentrations ranged from 1166,82367,10 ng/ulPlease sedppendixl f or each sam
concentration and ratiofhe cDNA was dilutedvith a 1:180 dilution with nucleadeee water and

further normalized with reference to the lowest concentratid667,28 ng of cDNA was used for
gPCR

2.10.5 Primer Preparation
Primers were designed using the PrisB&ast from National Centre for Biotechnology Information
(NCBI). Homaosapiengranscripts/mRNA were specifically used retrieved from GeneBank, NCBI.

Amplicon products were less than 235 nucleotides, an acceptablecpsize for reatime PCR
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(175). The length of the primers ranged from2® nucleotides. The melting temperatures of the

primers were 60+0.7°C; and the GContent was approximately 4560%.

The self

complementarity score was <4 and self3' complementarity was <1. This is important to prevent the

dimerization of primerd.ow complementary scorasdicateless chances of primer dimerization

The Gene Bank accession numbienseach gea used for the primer design are summariped

Table2.
Table 2:Summary of the primers used in the assessment of active TDTC modulation of gene expression
of colorectal stem cells
Gene Name Gene Bank | Sequence Gene Identity Optimal Annealing
of the Primer Accession Temperature (°C)
Number
RPLO-Forward NM_001002.4 CAATGTTGCCAGTGTCTGTCTG | Housekeeping 60
F) NM_053275.3 gene (HKG)
RPLO-Reverse TTGACCTTTTCAGCAAGTGGGA HKG 60
(R)
E-cadherin -F Z13009.1 AGCCCTTTCTGATCCCAGGT Target Gene | 54
(TG)
E-cadherin -R CGTACCGCTGATTGGCTGA TG 54
Beta Catenin -F | NM_001904.4 TGCTAGGGTGGTGAGTGTTTG TG 60
Beta Catenin -R GGTCCACGGTTCCCATTTAGT TG 60
Fox A2 -F NM_153675.3 GGCGAGTTAAAGTATGCTGGGA | TG 60
Fox A2 -R CATGTTGCTCACGGAGGAGT TG 60
Sox17 -F NM_022454 .4 GGACCGCACGGAATTTGAAC TG 54
Sox17 -R GGACACCACCGAGGAAATGG TG 54
VEGFA-F NM_001025366.3 TCACCAAGGCCAGCACATAG TG 60
NM_001171623.1
VEGFA-R CACCAACGTACACGCTCCA TG 60
VEGFR1-F NM_002019.4 GGTCTTTGCCTGAAATGGTGAG | TG 60
VEGFR1-R TGGTTTGCTTGAGCTGTGTTC TG 60 and 54 (HT29 cells)
VEGFR2-F NM_002253.3 CTCTGTGGGTTTGCCTAGTGT TG 54
VEGFR2-R AAGCCAGTCCAAGTCCCTCT TG 54
VEGFR3-F NM_182925.5 CCATGACCCCAACGACCTAC TG Not established ( Gene
not amplified )
VEGFR3-R CTCCGACAGCTCCCCATACT TG Not established ( Gene
not amplified )
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2.10.6 Solubilization of Primers

The primers were synthesized by Integrated DNA Technologies (IDT) (Whitehead Scientific). The
lyophilized primers contained in sterile tubes were first centrifuged in afogeifor 30 s; and

then nucleas&ee water was addeddble 3) to solubilize them. Using nuclease free water, the
primers were prepared as a 10 x nanomole stock solution, according to the data sheet. From this
stock, 20 ul of each primer solution was aliqubieto a sterile tube for gqPCR. The primers were

stored at20°C for subsequent use. Nine genes were used for the gene expression study.

Table 3: Summary of each pri mer 6 s schagacteristic c s (IDT)
Primer Molecular Weight Moles (nmol) Nuclease -free Water Melting
(g/mol) added (ul) Temperature (°C)
(nmol x 10)
VEGFA-F 6.080 40 400 57.4
VEGFA-R 5.686 30.7 307 57.7
RPLO-F 6.732 455 455 56.4
RPLO-R 6.765 37.7 377 56.9
VEGFR3-F 5.957 37 370 57.7
VEGFR3-R 5.957 39.7 397 58.5
VEGFR2-F 6.450 45.3 453 57
VEGFR2-R 6.022 394 394 58.2
VEGFR1-F 6.821 35.9 359 56.3
VEGFR1-R 6.465 33.4 334 56.2
a-catenin -F 6.529 36.5 365 57.2
a-catenin -R 6.388 40.1 401 57.1
FoxA2 -F 6.879 48.1 481 57
FoxA2 -R 6.173 38.1 381 57.3
Sox17 -F 6.151 37.9 379 57
Sox17 -R 6.185 36.8 368 58.2
E-Cadherin -F 6.044 43.2 432 58.4
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E-Cadherin -R 5.819 39.3 393 57.6

2.10.7 Relative real time quantitative PCR PCR)

Following on from the results obtained in the proteome analysis,sgghticantly downregulated
andupregulated proteins were selected for mMRNA expression analysis using relative quantitative
real time PCRLog2 (fold change) values >2 for upregulated genes aiddl>for downregulated
genes wreconsidered as values that indichtiee effectivenes®f the test compounds on the stem

cell biomarker gene expressidrhis was done using SYBR green assays. SYBR Green dye binds
to doublestranded DNA especially at the minor grooves of the desipésnded DNA. The
fluorescence intensity of the dye increases bmds to newly synthesized doukdanded DNA

in the polymerase chain reaction. Thus the quantified fluorescence intensity correlates to the
amount of DNA amplified176)

FourMicroAmp™ Optical 96well Reaction Plates (Thermofishavere run in triplicate using the
Applied Biosystems 7500 retime PCR system. Each well contained 5 pl of SYBR green master
mix, 0,5 pl of forward and reverse primer, 4 pl of cDNA. The cDNA as mentioned above was
further diluted.

Normalization calculations were done, with the lowest concentration being use@faseaae.
Samples with high cDNA were further diluted with nucleige water to a total volume of 4 pl.

The mixing of componentsasall performedn theMicroAmp™ Optical 96well Reaction Plates
(Thermofishey on an ice block. After adding all components to the plates, these were briefly
centrifuged at 1500 rpm for 1 min ensureproper mixng of the solution ando remove air
bubbles. The reaction cycle is describedrable 4 below. After the PCR amplificain, a melt

curve analysis was run for each gene. The majority of the primers produced a specific amplification
with single amplitude curves being observed, indicating a lack of primer dimer formation
(AppendixL).
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Table 4: The Cycles for gPCR

Cycling conditions Duration Temperature °C Reason
Step 1 5 minutes 95 Hold stage and  Activate the polymerase
Step 2 ( 40 cycles) | 15seconds 95 Denaturing Double -Stranded cDNA
15 seconds | 60 and 54 Primer annealing
10 seconds 72 Elongation
Melt cycle 10 seconds 95 Initial Dissociation of Double -Stranded DNA (amplicon)
conditions
10 seconds 0.2 increment each Final Dissociation of Double  -Stranded DNA (amplicon)

from 60 -95
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Chapter 3
Results

3.1 Anticancer activity of TDTCs
Out of the ten TDTC compounds tested, four of these showed anticancer activity against HT29
CRC cells as indicated by Alamar Blue screening. Alamar Blue remained unreduced in cells
exposed to each of TDTC 1, 2, 4 and be anticancer activity of the TDTC compounds was seen
at concentrations of 0.224 mg/ml. TDTC1 and TDTC2 were activly inhibiting the CRC cells
at 0.4 mg/ml, TDTGI wasactiveat 0.22 mg/ml and TDTG wasinhibitory at 0.35 mg/ml.Alamar
Blue was redced in cellgreated wittDMSO (vehicle control)indicatingthat DMSOhad no toxic
effects on cell metabolism and thiid notcontribute to the effects of tlaetive TDTC compounds
(Table §.

Table 6: Alamar Blue assay, anticancer screening of TDTC compounds against HT29 CRC cell lines.
TDTC compounds Concentration (mg/ml) HT29 CRC cell line

TDTC 1 0.4 0.2 0.1 0.05
Active @ Yes No No No
TDTC 2 0.4 0.2 0.1 0.05
Active @ Yes No No No
TDTC 3 0.4 0.2 0.1 0.05
Active @ No No No No
TDTC 4 0.22 0.11 0.055 0.0275
Active @ Yes No No No
TDTC 5 0.34 0.17 0.085 0.0425
Active @ Yes No No No
TDTC 6 0.16 0.08 0.04 0.02
Active @ No No No No
TDTC 7 0.6 0.3 0.015 0.0075
Active @ No No No No
TDTC 8 0.14 0.07 0.035 0.0175
Active @ No No No No
TDTC 9 0.34 0.17 0.085 0.0425
Active @ No No No No
TDTC 10 0.14 0.07 0.035 0.0175
Active @ No No No No

[a] For active compounds Alamar Blue remained blue (not reduced) indicatingthat cel | s are metabolicall
the cells should be metabolically inactive if Alamar Blue is not reduced
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3.2 Active TDTCsinduced cell death inCRC cell lines (stage Il and stage
1)

TDTC compounds (TDTC,2, 4 and5) were selected for further anticancer evaluation usiag
Trypan Blue dye exclusion assay. HT29 (stage Il) and DLD1 (Stage Ill) cells were treated with the
compounds for 48 hourdig 8). With HT29 cells, at 0.3 mg/ml TDTC 2, and 5 induced
approximately64.74+2.90% to 52.62+180% cell death. Whilst in DLDIcells 56.36:1097%
t021.70+£094% cell death was observed. At 0.2 mg/ml in HT29 cellS&%32%t0 16.72+389%

cell death was induced by TDTC 1, 2, 4 andMbilst in DLD1 cells, at 0.2ng/ml 6341+331%to
9.18+069% cell death was induced. For 0.1 mg/ml,58t026%1t011,99+1.21% cell death was
induced in HT29 cells by TDTC, 2, 4 and Sin DLD1 cells68.94+4.89%to 8.28+0.2% cell death

was induced. TDTQ! at 022 mg/ml induced 663+311% in HT29 cellsandin DLD1 cells
53.75+200% cell death was induced. The active TDTC compounds were less effective in HEK293
cells (Human Embryonic Kidney cells), haviagell death percentage ranging frol88t175%
t01.85+161%. Overallthe TDTC 12 and 5 compounds were more effective at low concentration

against the DLD1 cell line.

Cell death profile BHT29
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Figure 8: Bar graph representing the cell death profile after TDTC treatment in each of HT29, DLD1 and
HEK?293 cells.
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The cell deathprofile was evaluad with the Trypan Bluedye eclusion assayAnticancer activity isepresenteéh
terms of mean + SEMf the cell death percentagedyis) induced by the TDTC 2,4 and 5 (xaxis)in HT29, DLD1
and HEK293 cells. The TDTC compounds induced cell destlying from 66%68% for HT29 cells. In 69%68%
cell death was induced by the compoumdBLD1 cells In HEK293 (normal nofcancerous cellspnly 9%-2% cell
death was observedt respective IC50s of the tested TDTQsL% DMSO represents the vehicle eohtvhere the
cells were treated for 48 houfhevalues were significant gkvalueof ©0,0001(*** ) andfor p value 0f<0,000001
(**++* ) for the relationship between the three cell lir@smparing between HT29 and HEK 293 gedisd between
DLD1 and HEK 293 cells The concentratioeffects of TDTCson cell deaths represented iappendixN, table 20.
Data was analysed usiag-test for independent samples using STATISTICA software.

As high concentration of thective TDTCs caused 50% cell deathrgble 7). Whilst low
concentration of thactive TDTC (fig 8) rendered a higher percentage of cell death. The IC50 of
the HT29 was higher than that of the DLD1 for TDTC 1 and/ldile TDTC 5 hal the same 1C50
concentration for both cell lines. The IC50 of HT29 was 0.4 mg/ml for TDTC 1 and 2, 0.3 mg/ml
for TDTC 4 and 0.35 mg/ml for TDTC 5. In DLD1 the IC50 were 0.3 mg/ml for TDTC 1, < 0.1
mg/ml of TDTC 2, 0.25 mg/ml for TDTC 4 and 0.35 mg/ml f&@TC 5.

Table 7: Indicates the IC50 of the active TDTC compounds against HT29 (stage Il) and DLD1
(stage Ill).
IC50 concentration
TDTC compounds HT29 DLD1
TDTC 1 0.4 mg/ml 0.3 mg/ml
TDTC 2 0.4 mg/ml <0.1 mg/ml
TDTC 4 0.3-0.22 mg/ml 0.25-0.22 mg/ml
TDTC 5 0.35 -0.3 mg/ml 0.35 & 0.2 mg/ml

3.4The active TDTGCs affectsthe growth phasesof CRC cells

The eal time cell impedanceCelligence)assaywas used to assess the growth of GReC cells
exposed to theespectivelC50 of the active test compoundsd conventionalCRC drug 5
fluoruracil (5-Fu) for 100-120 hours.For each treatmenthe cell index which correlates to the
ability of the cells to adhere to the culture surface and prolifeveds, calculated using the

xCelligence analysis software.

As shown in thedT29 growth curvef(g 9), some of thective TDTCsmayhave similar mode of

actionto 5-FU. The conventional drug allosd the cells to grow exponentiglto reach a steep

43



peak (cell index B) at 48 hrsfollowed by a dropn cell growth after 48 hrd he cells exposed to

5-Fu reached a negative cell index-0f2.

TDTC 1 (04 mg/ml), there was no steep growtida slight declinein cell index was observed
fromacell index of 12 to Q4 at 116 hrs. At 0.2 mg/mITDTC 1, showeda much better inhibitory
effecton cell growthcompared to when the concentration of TDIT'S higher (0.4 mg/ml)DTC

1 (0.2 mg/ml) had adecline ofcell indexfrom 1.3 to Q1. TDTC2 (0.4 mg/ml), prevented the cells
from growing exponentially, accelerated decline of cell growth was observed from cell index of 1
at44 hrsto @ at 116 hrsTDTC 4 (0.3 mg/ml) showed no significant inhibitory effect on the CRC
cells as the growth pattern of the cells were similar to unttestiés. The growth pattern observed
with cells exposed to TDTG at 0.35 mg/ml was like cells exposed t6lh The cells exposed to
TDTC 5 had gpronouncedgrowthindicated by cell index of 1.8, which was followed by decline

in cell growth to a cell index of 0.75 at 116 hrs.

The conventional dru§Fumay show greater cell growth inhibition, but taive TDTCsappear

to be inhibiting the exponential phageFu inhibits growth at théeginning of stationary phase.
TDTC 1 is effective around the late stationary phase, it is also showaltve¢r concentratiorof

the compound is more active. TDRPGeduces the exponential growth phase, this is advantageous.
TDTC 4, has shown no impact on the growth phases, as its pati&mtise untreated HT29 cells.

Effects of TDTC 5 was similar to5-FU butwasless potent in reducing cell growth.

HT29 growth curve
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Figure 9: HT29 cell growth phases are affected by the active TDT€ompounds
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A cell index vs time plot shows the growth of the HT29 cells exposadtiee TDTC compounds. The ability of the

cells toattach and grow is reflected #w cell index.A decrease ircell index indicates lessell attachment to the
substratandicating loss of cell viabilityTDTC 1 (T1 Q4 mg/mlgreer) and0.2 mg/mITDTC 1 (dark greehwere
effective around late stationary phase of cell growth. TDTC 2 (#2v@/ml ) reduced exponentigrowth

phase of the cell&ell index of lreducedo 0.3). TDTC4 (T4 03 mg/mlpink) was similar to untreated cells which

had high cell index of .B and low index of @ at 116 hrs. TDTC 5 (T5.85 mg/ml ) had similargrowth
suppressive trends5-Fu having steepest cell index8latexponential phase and a drop of cell index . #b05FU
(5Fu-200 plred) showed greater potency in terms of reducing the cell index. It had steep growth, but the cell index
dropped ta0.2. 5- Fuwas most effective dheearly stationary phase.

In latestageCRCcell line DLD1 (stage Ill)fig 10), the compounds and conventional drugd-(5
affected the cells growth differently. DLD1 cells grew rapidly reaching a maximum cell index of
6.6 at 24 hrs, whilst HT29 cells reached maximum cell index7&t®28 hrs.5-Fu (200 uM) was
potent in inhibiting cell growth of DLD1 cells from maximum cell index @@ & Q2. TDTC 1
(0.4 mg/ml) reduced the cell growth of DLD1 cells fror 8ell index to 2. TDTC1 (0.2 mg/ml)
had same effect on the cells as TDT@®.24 mg/ml). TDTC 2 (04 mg/ml) reduced cell index from
8.8 to 32. TDTC 4 (03 mg/ml) had a maximum cell index of.20the compound reduced the
index to 68. Untreated DLD1 and cells exposed tb% DMSO (vehicle control) had similar cell
index andgrowth pattern.Untreated DLD1 cells and vehicle controls grew reachingx@muan
cell index of9 and9.4, respectivelyIn the span of 100 hours the growthtleé untreated DLD1
and vehicle contraflropped tacell index of6.4 and6.2, respectively TDTC 4 and TDTC5 had

similar growth patteras tha of the untreated DLD1 and vehicle control

In DLD1 cells, 5FU reduced cell growth at late exponential phase. TR Mzas most effective at
late stationary phase. TDTC 2 reduced cell growth at latenexpi@al phase. TDTC 4 and TDTC

5 had no effect on the cell growth phases when compared to untreated and vehicle controls.
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Figure 10: DLD1 cell growth phasesare affected by the active TDTC compounds

A cell index vs time plot shows the growth of DeD1 cells exposed tactive TDTC compounds. The ability of the
cellsto attach and grow is reflecténl terms ofthe cell index.A decrease irell index indicatd detachment of the
cells from substrate as a result of adath TDTC1 (T1 04 mg/mlgreer) waseffective around late stationary phase
of cell growth. Same was with T12mg/ml @ark greel both concentrations had a maximuasil index of 92 and

cell index reduced t0.3. TDTC 2 (T2 0.4 mg/ml ) reducectell growth at lateexponential pasereducingcell
indexfrom 88 to 32. TDTC 4 (T4 03 mg/mlpink) andTDTC 5 (T'5 0.35 mg/ml ) had similarcell growth
pattern as untreated DLD1 and vehicle control (0,1% DMSO). The maximum cell indexes oATRarduntreated
DLD1 cells andvehicle control ranged from 1B9. Cell indexes were reduced t8%.2. 5-Fu (5Fu-200 pl red)
showed greater potency in terms of reducing the cell indevadteffective at late exponential phase; it reduced the
cell index from & to Q2.

3.5Effect of the active TDTCson cell cycle inCRC cell lines
An analysis of the cell cycleas conducted on HT29 (stage Il) and DLD1 (stageGRC cell
linesto confirm the effectiveness of the compounds, cell cycle abeisty anmportant property
for anticancer agent$hecompounds arresticell cycle in a differential manner in HT29 cellis.

comparisorin DLD1 cells, the compounds inducadniform pattern ofcell cycle arrest.

In HT29cells TDTC 1 at0.4 mg/mlhad minimal cell cycle arrest at G2/M phagéth TDTC 2
(0.4 mg/ml)treatment &50/G1 phase cell cycle arrest was observed. TDT@C34nGg.m) arrested
cells at S phase and TDTC 5 arrested cells at GO/G1 pitadd & 13).

For HT29 cells, TDTQ, 4 am 5 the cell cycle arrest was significant.

In theDLDL1 cell line,all of the TDTCstreatmentg1,2,4 and 5) arrested cells in the S phéige (

12 & 14).
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When comparinghe vehicle control (0.1% DMSO) with the test compouyrttie difference

observed for HT29 cells treated wikDTC 1 (0.4 mg/ml) was a.35% + 318% and 6% + 368%

increase in gated cells for diploid nucleus and aneuploid cells respectively. Therd%fas+7
4.88% increase in double diploid gated cells. In [l Biploid cellsweredecreased by 240% +

3.68%, aneuploid and double diploid gated cells increased.B$%B+ 8, 0% and 865% + 248%

respectivelyin the presence GiDTC 1

With HT29 cells exposed to TDTC 2 (0.4 mg/ml) there wakla5% + 1761% and 4.50% =+
3.68% increase in diploid and aneuploid gated cells respectively, whilst there wa$5863%
7.57% decrease in double diploid gated cells. DLD 1 diploid cells decreasedilby 32@5%,
aneuploid and double diploid cells increased bg2% + 276%and 38% + 028% respectively.

HT29 cells, exposed to TDTC 4 (0.3 mg/ml) had an increase .d0%0+ 5.66% diploid cells,
32.80% + 566% increase in aneuploid gated cells and 31%94% decrease in double diploid
gated cells. Whilst in DLDdiploid population decreased by .B@% +5.94% and aneuploid and
double diploid population increased by.4%2% * 460% and 9% + 9% individually.

The HT29 cells, exposed to TDTC 5 (0.35 mg/ml) had .83%% + 1039% and 16% + 240%
increase in gated cells forpdibid and aneuploid population respectively. Decrease @532 +
4.31% gated cells were observed for double diploid population. In DLD1 cells diploid population
and aneuploid population increased by2b% + 559% and 11% + 877% respectively, while
double diploid decreased by®+ 7495%.
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HT29 cell cycle profile
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Figure 11: TDTC compounds induced differential cell cycle arrest in HT29 cells

With reference to the control @ DMSO),HT29 cells that were treated wifDTC 1 (0.4 mg/ml) showedno
significantincrease/decrease in the percentage of gated \détls.cells exposedTDTC 2 (0.4 mg/ml) there was an
increasegbercentage of gated cells in GO/@dhen compared tthevehicle contralandasignificantdecrease in cells
gated in G2/M phasg < 0.05*). There was an increasegated cellGO/G1 phase compared to control and decrease
in G2/M phase cell. Significant of the G2/M phase was illustrated by (*,.0%.0TDTC 4 (0.3 mg/ml), S phase cell
cycle arrest was observed (p&0(*)) and a significah(p=0.04(*)) decrease in G2/M gated cellr TDTC 5 (0.35
mg/ml), compound inducedignificant GO/G1 cell cycle arrestind significant decrease in G2/M gated cellhie
increase in gated ceNgith reference to the control indicates the phase at which cell cycle arrest occintestfor
independent samplesas conducted for statistiassing STATISTICA software P-value <0.05 considered to be
significantand n=2for each treatmenThe graptplot is of Mean + SEM.
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DLD1 Cell Cycle Profile
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Figure 12: Bar graph representing the DLD1 cell cycle phase following treatment with TDTC for 48hours.
TDTC compounds induced a uniform cell cycle arrest in DLD1 cells

With reference to the contrgklls (0.1% DMSO), TDTC1 (0.4 mg/ml) TDTC 2 (0.4 mg/ml) TDTC 4 (0.3 mg/ml)
andTDTC 5 (0.35 mg/mlhad an increase of gated cells in the S phaseinimal increase was observed for TDTC
5. TDTC 1 hada pronounce (*, p < 0.05) decrease of GO/G1 gated cell®TC2 treatment resdted in a gynificant
decrease in GO/G1 gated cebimt withas i gni f i ¢ ad®1)indrefase in S phagd ceier TDTC 4, there was
a significant decrease B0/G1 gated cells, increase in S phase and G2/M cél& increase in gatetklls with
reference to the control indicates the phase at which cell cycle arrest océutviedifor independent samplegas
conductedusing STATISTICA softwareP-value<0.05 considered to be significaarid n=2 for each treatment. Plots
is of Meant SEM.
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DNA CONTENT PROFILE
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Figure 13: Cell cycle histogransof HT29 cellsfollowing TDTC treatments. a. Control (0.1% DMSO); b. TDTC

1 0.4mg/ml; c. TDTC 2 0.4 mg/ml; d. TDTC4 0.3 mg/ml; e. TDCT5 0.5mg/ml (b) TDTC 1hadasimilar profile
of gated cells in comparison the control(a). (c) With TDTC 2 an increase in @G1 gated cellsvasobserved(d)
There was an increase in cells iplgase withTDTC 4. In HT29 cellstreated withTDTC 5 there was an increase in
percentage of gated cells in GO/G1 and S phaitke,a larger percentage of cells beingdd/G1
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Figure 14: Cell cycle histograms of DLD1 cells. a. Control (0.1% DMSO); b. TDTC1 0.4 mg/ml; ¢. TDTC 2 0.4

mg/ml; d. TDTC4 0.3 mg/ml; e. TDCT 5 0.5mg/mlL.TDTC 1 (), TDTC2 (c), TDTC4 (d), and TDCT5 (g) treated

cells in comparison to control (0.1% DMSO) had increase of gated cells in the Siphheecontrol approximately

56%, 13% and 30%f the cells were in GO/GB and G2/M phase respectivelly comparisorto the control TDTCL

had an increased percentage of gated cells in S phase which was 23%. TDTC 2, 4 and 5 had an increased percentage
of gated cells in S phase, 33%, 26% and 28% respectively. All the compounds induced S phase cell cycle arrest.
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3.6 The active TDTCs canmodulate selfrenewal of stem cells
A spheroid formatiomssay was performed to assess if the active H2&6 prevent formation of
stem cell spheroida HT29 CRC stem cell§ he formatiorof spheroids by cancer stegpresents
a morphologicalmeasure ofstemnesswherebystem cellsare ableto seltrenew and prevent
penetration of compound® the innercells of the spheroid promoting persistent tumour
progression{177).

The HT29 stem cells were grown under ultvav attachment conditi@in agar coated wells and
treated with either the active TDTCs, 0,1% DMS&x|&orouracilor Suberoylanilide Hydroxamic
Acid (SAHA) for 168 hoursHT29 stem cells gw in ultralow attachment conditions, being able
to rapidly form spheroid4178)

It was observed that the active compouadspotent in preventing spherdadmation The active
compounds prevented stem cell aggregatemiony formation)and cells appeared tcemainin
singlecell form. The vehicle control and untreated celerehedthy, lacking anyirregularities in
cell morphology (cells size was normaindas expectedormation of spheroidsvas observed
Notably,the active TDTCs showed greater potenchalting spheroids than SAHAVith regards
to the conducted assay, SAHA did compromise the health of HT29 steratthlisighthe stem
cells appeared to shrink compared to untreated, 0.1% DMSO -&ud & 168hours, they
nevertheless stilllid aggregate with each othiig 15 a, b & g. The conventional drug used to
treat CRC was not effective in preventing HT29 stem cells from forming sphefigidE5(g).
TDTC 1 and 2vasmore effective as it prevented spbidrformation from 48 hoursf culture(fig
15c & d).
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Figure 15: The active TDTCs can modulate selfenewal of stem cellsa, b, c,d, e fand h.

Vehicle control (001% DMSO) and untreated HTZBRC stem cells from 24 hours to 168 hofwsmed spheroidéa
andb respectively) TDTC 1 (0.4 mg/ml)reducedspheroid formation from 2hourstill 168 hours (c). The cellsdid
not aggregate and remainedsagle cels. TDTC 2 (0.4 mg/ml) had same effeesTDTC 1 (d). TDTC4 (0.3 mg/ml)
and TDTC 5 (0.35 mg/mligimilarly prevented spheroid formatiaifect was seen later around 96 howrsid f
respectively). Spheroid formation occurred in the presenc&-6fuorouracil (5Fu, 200 uM)see 5FU-168 hrs(g).
Also, Suberoylanilide Hydroxamic Acid (SAHA.B mg/ml)failed to impedespheroid formationand these formed
even though the stem cells had decreased in size when compared to vehicle control and untrefedagtks
images wereaptured atlifferent time points using the FIdid Cell Imaging Systentcale bar= 100 pm.

3.7The active TDTC compoundsmodulated stem cell biomarkers

A human pluripotent stem cell proteome array wasedto assess the effect of the TDTC
compounds on stem cell§he proteome array contained 15 stem cell biomarkectuding E-
cadherin, VEGFR2, HCG, Nanog, Alpffetoprotein (AFP), Snail, Oct3/4, Goosecoid, Sox17,
Sox2, TP63, GATA4, FoxA2, PDX1, and Otx2DLD1 cells were exposed to TDTG 2,4 and

5, whilst HT29were only exposed to TDTC, 2 and 4 this was done due tolianited number of
membranes The @mpoundsselectedfor the HT29 cells were chosen according to cell cycle
resultsand includedrDTC 1, 2 and 4s thae allinduced cell cycle arrestDTC5 wasomitted
because it had the same cell cycle arrest profile as TDTe reason fareatingDLD1 cells
with all the TDTC compounds was basedtbea TrypanBlue dyeexclusion assay, as tewere
more effective otheDLD1 cells.The cells were exposéd respectivdC50 concentrationsf the
compounds for 48 hours.

The active TDTC compounds showed a significant ability to modulate the stemnes<&Ghe
stem cellsThe expression profile of the stem cell biomarkers was deduced from the pixel intensity
obtained from the exposed membrane image of protein expreghispixel intensity represents

the protein expression of the stem cell biomarldter TDTC treatment othe DLD1 and HT29

stem cells.The significance of the o mp o unodulatiesn capabily was compared to vehicle
control (CD133+ cells exposed to DMSOjsing $udenbt g-test The significance of a
compounds modulation wasasedn ap value < 0.05Each of the biomarkers is briefly described

below.

E-cadherin an epithelial markevherebyits downregulation promotes stemness was upregulated
by TDTC 1, 2 and 4 in HT29 stem cells. In DLD1 stem c¢éfle expression of f€adherin was
similar to the vehicle contrpéxcept for TDTC 5 which downregulatede-cadherin(fig 16).

54



FoxA2 afactor that is essential in the development of digestive system, was significantly
modulated by the active compounds. The active compounds downregulated FoxA2 in both HT29
and DLD1 stem celléfig 17).

Sox17 a tumour suppressor was upregulated by TDT@ 2 & DLD1 stem cells. In HT29 TDTC
4 upregulated the tumour suppres@igy 18).

VEGFR2 a tyrosine kinase receptor that pgrtitss in normal and pathological angiogenesis was
downregulated by TDTQ in HT29 stem cé&d. TDTC4 downregulated VEGFR2 in DLD1 stem
cells butupregulated the receptor expression iRl Btem cellgfig 19).

Oct3/4 an important transcription factor that is involved in regulation of stem cells functioning was
downregulated by TDTC 1 in HT29 stem eeNVhilst TDTC 4 elevated the expression of Oct3/4.
While the rest of the TDTCs had no effect on the expression of the p{ftge20).

Another transcription factor that interacts with Oct3/4 to maintain stemness of cancer stem cells
Sox2 was downregulatl by TDTC 1 in HT29 stem cells. While TDTC 2 had no effect on HT29
and DLD1 stem cells. TDTC 4 and 5 upregulated Sox 2 in HT29 stem cells and DLD stem cells
respectively(fig 21).

GATA-4 is a tumour suppressor was successfully upregulated by TDTC 2@ $#@m cells but
downregulated the protein in DLD1 stem cells. The regtefDTCs didnotaffect theexpression
of GATA-4 (fig 22).

PDX-1 is a transcription factor that regulates insulin expression in the beta cells of the pancreas.
The protein wasipregulated by TDTC 1 and 2 in HT29 stem cells. TDTC 4 and 5 downregulated
the protein in DLD1 stem cel($§ig 23).

Otx2 is known to promote seténewal and growth of cancer stem cells in medullablastoma. The
protein was upregulated by TDTC 4. TDTC214 and 5 had no effect on the expression of Otx2
in DLD 1 stem cellgfig 24).

Goosecoid (GSC) is a transcription factor that facilitates cell migration in embryonic development.
GSC was downregulated by TDTC 1 in HT29 stem c&IBIC 2 and 4 upregulad the protein in

HT29 stem cells. In DLD1 stem the compounds had no effect on the expression of the(figotein

25).

55



Snall is a transcription factdihatregulatespithelialto mesenchymal transitioning in cancer cells
prior to metastasis. Differential modulation of Snail by TDTC 4 was observed. TDTC 4
downregulated the protein in HT29 stem and upregulated the protein in DLD1 stem cells. TDTC
1, 2 and 5 had no effect on the expression of Snail in DLD1 and HT29 steriigeds).

HCG is well known fofacilitating embryo implantation during pregnantie active TDTCs had
no impact on the expression of HCG protein in both HT29 and DLD1 sten{faes).

TP63 is a tumour suppressor that can activate p53 response genes. There was no change in proteir
expression after the HT29 and DLD1 stem cells were exposed to the active TDTCs. The expression
of TP63 was similar to the vehicle contrbg(28).

AFP is a marker of hepatocellular and embryonic carcinoma. The protein expression was not

altered by the aopoundsfg 29).

Nanog like Oct3/4 and Sox2 is an essential transcription factor required for the maintenance of

stem cell activity. Nanog expression was not altered by the compdigas)(

A uniform trend ofmodulation(up/downregulation)of stem celbiomarkers (Ecadherin, Sox17,
FoxA2) was observeth response to active TDT@s both theHT29 and DLD1CRC stem cells
A low expression of the stem cell biomarkers was observed irBER#lls of both HT29 and
DLD1; and high expression was seen in the CRC stem(églfgendix A) Theeffectsof the active

compounds on the stem cell biomarkers will be mapped in detail in the discussion.
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E-cadherin is an epithelial marker, its downregulation promotes stentsesgqression in HT29 and DLD1 stem cells

is represented belotfig 16).
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Figure 16: Active TDTCs upregulated Ecadherin. The ttest for independent samples was conducted using
STATISTICA 13 software. Ralue <0.05 considered to be significant and forZzach treatment. The stem cells were
treated with TDTCs for 48 hour&-cadherin was upregulated by most of the active TDTCs compared to vehicle
control (0.1% DMSOQ)It wassignificantly upregulated by TDTC (**), TDTC 2 (*) and TDTC4 (**) in HT29 CRC

stem cells. In DLDILCRCstem cells, the expression ofcBdherin wasimilar to the vehicle contrglexceptTDTC 5

(*) downregulated Eadherin* p< 0.0 5 a n d .001*The g @lobf protein expression is Mean + SEM, n=2.

FoxA2 is important inthe development of digestive systemd its upregulation promotes CRI& expressions

represented beloyfig 17).
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Figure 17: FoxA2 was profoundly downregulated by the active TDTCs

TDTC1 (* p <005 (DLD1)), TDTC 2 (*** p Q@01(HT29),* p <0.05(DLD1)), TDTC4 (*** p Q@01 (HT29);
p<0.05 (DLD1)) and TDTGS (* p<0.05) significantlydownregulated FoxA2 compared to the vehicle contrdly0
DMSO). The stem cells were exposed to TDTCs for 48 hotutestfor independent samplegas conductedising
STATISTICA 13 software P-value <0.05wasconsidered to be significanthe graph plobf protein expression is
Mean = SEM n=2.
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The expression levels of Sox17 a tumour suppressor is depicted in the plotfigld®)(

Sox17 Expression profile ®HT29
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Figure 18: Sox17 proteinexpression levels in HT29 and DLD1 stem cells.

Sox17 was upregulated by the active TDTC$So0x17 a tumour suppressor v&gnificantlyupregulated by TDTQ
(DLD1), TDTC2 (DLD1) and TDTCA (HT29) (* p< Q05), in comparison to the vehicle contr@RCstem cells were
exposed tactive TDTCs for 48 hours. Thetest for independent samples was conducted using STATISTICA 13
software. Pvalue <0.05 considered to be significariie graph ploof protein expression is Mean + SEM, n=2.

VEGR?2 is a receptdunctional in the angiogenic pathway, its activity being required for vasculariZ&tiain).

VEGFR2 expression profile
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Figure 19: VEGFR2 protein expression levels in HT29 and DLD1 stem cell§DTC 1 and TDTC 4 show
potential in reducing angiogenesis
TDTC 1 downregulateWEGFR2 ¢ p<0.05) in HT29 stem cells, and TDTdownregulated VEGFR2 in DLD1 stem

cells ¢ p<0.05). Interestingly TDTG+ upr egul at e d .O0AEGHTRIter( ¢elfsn goraparison to the
vehicle control (AL% DMSO). The stem cells were exposed BI'Cs for 48 hours. Thetest for independent samples

was conduted using STATISTICA 13 softwdealue <0.05 considered to be significarithe graph plot
protein expression is Mean + SEM, n=2.
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Oct3/4 is an essential transcription factor required femtiaintenance of stem cell functionalifig 20).
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Figure 20: Oct3/4protein expression levels in HT29 and DLD1 stem cellEDTC 1 modulates Oct3/4

TDCT 1 downregulates*(p<0.05) Oct3/4 in HT29 stem cells whilst other TDCHad no effect. TDTC 4 acted to
upregulate Oct3/4 (* p<05).The stem cells were exposed to TDTCs for 48 hdthe.ttestfor independent samples
was conductedsing STATISTICA 13 softwareP-value<0.05 considered to be signifidaithe graph plobf protein

expression is Mean + SEM, n=2.

Sox2 is a transcription facttiat is responsible for stemness of cancer stem cells (fig 21).
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Figure 21: Sox2 protein expression levels in HT29 and DLD1 stem cellBEDTC 1 suppresses Sox2

TDTC 1 downregulate$* p<0.05) Sox2 in HT29 stem cells while other TDTCs have no effect on Sox2 especially
TDTC 2 in comparison to the vehicle control{®% DMSQO). TDTC4 (HT29 stem cells) and TDTE (DLD1 stem
cells) upregulated Sox2 (* ps@b). The stem cells were exposted TDTCs for 48 hoursThe ttestfor independent
sampleswas conductedsing STATISTICA 13 softwareP-value<0.05 considered to be significaiithe graph plot

of protein expression is Mean + SEM, n=2.
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GATA4 functions agumour suppressor, regulatirmmnticancer genes (fig 22).
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Figure 22: GATA -4 protein expression levels in HT29 and DLD1 stem cell3DTC 4 differentially modulated
GATA-4.

TDCT 4 upregulated (* p<05) GATA-4 in HT29cellsand downregulated (p<0.05) GATA-4 in DLD1 stem cells
when compared to the vehicle control (0.1% DMSTD)TC 1 and TDTC 2had no &ect, GATA-4 expression was
similar to the vehicle controlThe stem cells were exposed to TDTCs for 48 hdurs.ttestfor independent samples
was conductedsing STATISTICA B software P-value<0.05 considered to be significahe graph plot proteiof

expression is Mean + SEM, n=2.
PDX-1 isa transcription factor that regulates expression of insulieiacells of the pancreas (fig 23).

PDX1 expression profile

*%
*

*k 4
. ** I

0.1% DMSO TDTC 10.4 TDTC 20.4 TDTC 4 0.3 TDTC50.35
CD133+ CD133+ CD133+ CD133+ CD133+

Treatment with TDTCs (mg/ml) for 48 hours

@HT29

3000
@DLD1

y

N
o1
o
S

2000
1500
1000
500
0

Pixel Itensit

Figure 23: PDX-1 protein expression levels in HT29 and DLD1 stem cell®DX-1wasdifferentially modulated
in the HT29 and DLD1 cell lines.

PDX-1 was wupregulated in HT2901)birycorplrisod so the yvehie canmotl (0,6 ( * *
DMSO). TDTC4 and TDTC5 downregulated*(p< 0.05) PDX1 in DLD1 stem cells. The stem cells were exposed
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to TDTCs for 48 hoursThe ttestfor independent samplegas conductedsing STATISTICA 13 softwareP-value
<0.05 considered to be significaihe graph plobf proteinexpression is Mean + SEM, n=2.

Otx2 promotes selfenewal and growth of cancer stem cells in medulloblastoma (fig 24)

Otx2 expression profile
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Figure 24: Otx2 protein expression levels in HT29 and DLD1 stem ce]l®tx2 was modulated by TDTCA4.

In comparison to the vehicle control (0.1% DMSORCT 4 upregulated (* p<05) Otx2 in HT29 stem cells. No
effect of the TDTCs 12,4 and 5 is seen in DLD1 stem cells. The stem cells were exposed to TDTCs for 48 hours.
The ttestfor independent samplegas conductedising STATISTICA 13 softwareP-value<0.05 considered to be

significant The graph plobf protein expression is Mean £ SEM, n=2.

Goosecoid is @rimarytranscription factothat facilitatescell migrationin embryonic development (fig 25)
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Figure 25: Goosecoid expression was modulated by the active TDTCs

Goosecoid was downregulated by TDTE* p< 0.05) in HT29 stentells butwasupregulated (* p<@®5) in DLD1
stem cellswith reference to the vehicle control (0.1% DMSOJDCT 2 ( * *001pa@dTDCT4 (* p<0.05)
upregulated the protein in HT29 stem cells. The stem cells were exposed to TDTCs for 48 hewtest for
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independent samplegas conductedsing STATISTICA 13 softwareP-value<0.05 considered to be significamthe
graphof plot protein expression is Mean + SEM, n=2.

Snail is a transcription factor required for epithelial to mesenchymal transitions (EMT) when cancer cells become
motile prior to metastasi$ig 26).

Snail expression profile
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Figure 26: Snail protein expression levels in HT29 and DLD1 stem cell§DCT 4 differentially modulated Snail.

In comparison with the vehicle control (0.1% DMST)CT 4 downregulated*(p<0.05) Snail in DLD1 stem ced|
and pregulated (* p < @5)it in HT29 stem cellSTDTC 1, 2 and %had no &ect on eithetHT29 or DLD1 stem cells
compared to vehicle control .0 DMSO). The stem cells were exposed to TDTCs for 48 hdimes.ttest for
independent samplegas conductedsing STATISTICA 13 software>-value<0.05 condlered to be significanThe
graph plotof protein expression is Mean + SEM, n=2.

HCG issecreted by syncytiotrophoblast and it facilitates embryo implantation (fig 27).

HCG expression profile
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Figure 27: HCG protein expression levels in HT29 and DLD1 stem cellé\ctive TDTCs did not affect HCG

protein expression
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TDCTs1, 2,4 and 5had no effect ohlCG protein expressioim theHT29 and DLD1 stem cellselative tathe vehicle
control (1% DMSO). The stem cells were exposed to TDTCs for 48 hdtesttestfor independent samplegas
conductedusing STATISTICA 13 softwareP-value <0.05 considered to be significafithe graph plobf protein
expression is Mean + SEM, n=2.

TP63is a tumour suppressor that can activate p53 response genes, resulting iclealiregt and apoptosis.

TP63 expression profile
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Figure 28: TP63 protein expression levels in HT29 and DLD1 stem cell3P63 was not modulated by the active
TDTCs.

No significant changes to the expression of TP63 were observed after HT29 and DLD1 stem cétsavestsvith
eitherTDCT 1, 2, 4 or 5, with relation to the vehicle control (0.1% DMSQhe stem cells were exposed to TDTCs
for 48 hours.The ttestfor independent samplesas conductedising STATISTICA 13 softwareP-value <0.05
considered to bsignificant The graph plobf protein expression is Mean + SEM, n=2.

AFP isa marker of hepatocellular and embryonic carcinoma (fig 29)
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Figure 29: AFP protein expression levels in HT29 and DLD1 stem cell&FP was not influenced by the active
TDTCs.

TDTC 1, 2,4 and5 did not affect AFRPon theHT29 and DLD1 stem cellgts expressiorbeing similar tathe vehicle
controls (01% DMSO). The stem cells were exposed to TDTCs for 48 hobesttestfor independent samplegas
conductedusing STATISTICA B software P-value<0.05 considered to be significanThe graph plobf protein
expression is Mean + SEM, n=2.

Nanog like Oct3/4 and Sox2 is an essential transcription factor required for the maintenance of stem ceffigctivity
30).

Nanog expression profile BHT29
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Figure 30: Nanog protein expression levels in HT29 and DLD1 stem celldlanog expression was not affected

by the active TDTCs

TDTC1,2,4 and 5 did not modulate Nanog in both HT29 and DLD1 stem cells. The expression of Nanog protein was
similar to the vehicle corat (0.1% DMSO). The stem cells were exposed to TDTCs for 48 hdims.ttest for
independent samplegas conductedsing STATISTICA 13 software>-value<0.05 considered to be significafihe

graph plotof protein expression is Mean + SEM, n=2.
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3.8 The active TDTCs regulated gene expressiorof important factors

involved in selfrenewal and maintenance of stem cells
The stem cell biomarkers that were uniformly modulated in the HT29 and DLD1 CRC stem cells
were further subjected to gene expressioalysis as to understand whether the active TDTCs were
modul ating the biomarker at protein express
expressionAs a central stemness regulat@Gatenin waslsoincluded in thgpanel ofgenes that
were stulied presentlyThe CRC stem cells were exposedaspectivdC50s of the active TDTCs
for 48 hours. RNA was extracted amyerse transcribedd complementary DNA (cDNAand was
amplified and quantifiedsing SYBR green as reporiaraquantitativereal timePCR (qPCR).

3.8.1b-catenin

b-cateninwas observed to be highly expressed in-tasge CRC cells (differentiated cells
[CD133], fig 31). With the CRC stem cellglthoughb-cateninwas expressegdthis wasnot as
high, ascomparedo differentiatal cells ig 31). Some of the active TDTCs further decreased the
e X pr e s scatenm indhe CRC stem cells. TDT0.4 mg/ml) downregulated the mRNA
production in both HT29 and DLD1 stem cells. Having a log2(fold chang8)1éf forHT29 stem
cells and-0.3 for DLD1 stem cells. TDT@ (0,4 mg/ml) slightly downregulated gene expression
in HT29 stem cells, log2(fold change) wa&1 . Whi |l st i n DdatBnln wast e m
upregulated by the TDTQ@ compounds, log2(fold change) wad® TDTC 4 (0.3 mg/ml)
downregulatedxpression in HT29 stem cells, log2(fold change) &3 DLD1 stem cells had
upregulation of gene expression b§2) TDTC5 (0.35 mg/ml) downregulated mRNA expression
of both HT29 (log2(fold change) #,18) and DLD1stem cells (log2(fold change)-8.04) (fig

32).
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Betacatenin is a transcriptional activator that regulates stemness of CRC stem cells (fig 31 & 32).

b-catenin Gene Expression Profile
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Figure 31: -cétenin is highly expressed in latstage CRC cells

Differentiated DLD1 cells had high expressiorbet at eni n compared to HT29 cell s (.
for HT29). CRC stem cellsad lower expression®fc at eni n compared to differenti af
much highel( aeC T .86lfd@ HT29 and 189 for DLD1 stem cells). HT29 and DLD1 stem exposed to TG4

mg/ ml) had higher &CT val ues138) mMe2(@d mgd mint rmeatded edt

of 17.16 in HT29 stem cells, whilst in DLD1 stem cells a valueb2Q was observed. TDTE€ @&CT val ue for
stemcellswas 202 and DLD1is18. TDTC 5 was@8B ValrudedT29 stem cell s, whi
is 1687. The cells were exposed to the treatment for 48 hours. The graph was plotted wigtaStiisd deviations).

Hi gher &CT vavergeee expredsigmndldwevalueindicates higlgeneexpressioneCT= CT val ue

test compoundCT value of housekeeping gene.

b-Catenin Fold Change Profile
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Figure 32: Active TDTCs mainlyd o wn r e g uchtenine d b

b-cateninexpression was downregulated by the TDTC 1 in HT29 and DLD1 stem celllog2iffold changg-0.12
and-0.3 respectivelyHT29 stem cells exposed to TDT@2d TDTC sad reduced expressionftatenin (log2(fold
change) =-0.12 and -0.3 respectively whilst in DLD1, b-catenin expression was slightly upregulated (log2(fold
change) = 0,14nd 0.03 respectivelyTDTC 5 also downregulatdztcatenin expression in HT29 and DLD1 (log2(fold
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change =0.18 for HT29 and0.03 respectively). The CRC stem cellsrevexposed to the compounds for 48 hours.

The treatments were compared to vehicle control treated stem cells.

3.8.2FoxA2

FoxA2 gene expression was more pronounced inskaige DLD CRC cells, then iarly stage
HT29 cells(fig 33). DLD1 CD133 cellshad higher expression of FOXA2 then HT29 CD1&8Is
(eeCT = 6. 32 f-and 13I4R DIHTZO DIBIespectively)fig 33). The active
TDTC compounds reducedtie gene and proteiexpression of FOxXA2 in both HT29 and DLD1

stem cells fijg 33 & 17). TDTC 1 downregulated the gene expression in HT29 stem cells by

log2(fold change) 0f0.34 and inDLD1 by -0.3. TDTC 2 downregulated FoxA2 by log2(fold

change) of0.35 and-0.3 in HT29 and DLD1 stem cells respectively. FOxA2 was downregulated

by log2(fold change) of-0.31 and-0.26 in HT29 and DLD1 stem cells exposed to TDZC
respectively. HT29 and DLD1 stem cells exposed to TBHad a log2(fold change) €.38 and
-0.21 respectively, FoxA2 was downregulatéd 34).

FoxA2 Gene expression Profile
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Figure 33: FoxA2 mRNA expression was reducetby active TDTCs

FoxA2 mRNA expression was reduced in HT29 and DORICstem cellsvhen compared to CI33. DLD1 CD133
cells had a hi g.B2) of kopA2enRNA, whilst HT29CAD336had less MRNA & C T 47). 3

Untreated CD33+ cellshadmor e Fox A2 expr es s ide-&9l)(TéeCTDTO canmpguads refluced m 6
the mMRNA expressi oB821(3:®T3)r.a nTgheed hfirgohner1 1t he &CT wval ue

cells were exposed to TDTC (0.4 mg/ml), TDTC2 (4 mg/ml), TDTC4 (0.3 mg/ml) and TDTG (0.35 mg/ml).
The treatment was for 48 houesCT= CT value of test compoun@T value of housekeeping gene.
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FoxA2 Fold Change Profile
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Figure 34: FoxA2 was downregulated by the active TDTCs

FoxA2 was downregulated by all the active TDT@npounds. TDTClinduced downregulation of FoxA2 depicted
bylog2(fold changedf was-0,34 and0,3 for HT29 and DLD1 stem cells respectively. TDZ @ownregulated FoOxA2

in HT29 and DLD1 with dog2(fold change) 0f0.35 and-0.3 respectively. HT29 and DLD1 stem cells exposed
TDTC 4 reduced FoxA2 gene expression this was depictedd®/(fold change) 0£0.31 and-0.26 in HT29 and
DLD1 stem cellsTDTC 5 downregulated FOXABNRNA in HT29 and DLD1 stem cells (log®ld change)= -0.38

for HT29 stem cells aneD.21 for DLD1 stem cells)The treatments were compared to vehicle control treated stem
cells.

3.8.3VEGF was downregulated in latestage CRC by the active TDTCs

Differentiated CRC cells at early stage (HT291X33) showed less expression of VEGF mRNA,
whilst in late stage (DLD1 CI83) the VEGF expression is high. Untreated CRC stem cells have
similar VEGF expression as early stage CRC cells (HT2233D (fig 35). All active TDTCs
managed to downregulate expressioh VEGF in DLD1 stem cells. TDTC1,2,4 and 5
downregulated VEGF in DLD1 stem cells byg2(fold) of -0.21, -0.03, -0.012 and-0.22
respectively. In HT29 stem cells TDTC 1 and 5 downregulated VEGF (log2(fold char@é&p=
and-0.46 respectively). TDTQ@ and TDTC4 upregulated VEGF mRNA expression in HT29 stem
cells (log2(fold change) .08 and Q6 respectivelyffig 36).
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VEGF is a growth factor that promotes angiogenesis (fig 35 & 36).

VEGF Gene Expression Profile
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Figure 35: VEGF is highly expressed in the late stage dfifferentiated CRC cells

VEGF was highly expressed in DLD1 @B3c el | s ( 8 C3b), lonaekpuessiorrwa® seen in HT29 133

cell s ( e&CO). DL®1 anccHT29ktB8mcells (AB3+ ) ( &CT 22aahdd®B7 respettdely) had low
expression oWEGF as comparedto DLD1 dB3c e |l | s . TDTC 1 .1 ®odHT20 stesCcElls and | u e
1793 for DLD1 stem cel |l s. .02DrHT29 &emhcalld ancd BOsC DLD vten cells. o f 1
&CT value of 1643 for HT29 stem cells and 4® forDLD1 stem cells was observed when the cells were exposed to
TDTC4 . TDTC 5, HT29 st em.l%andOLB1 stera ckllsaveresdB5T. vTaH ey eg rod a tleBr
value the lesser is the mMRNA expressed. The treatment was for 48h@iis.= C Tof tesacormpeundCT value

of housekeeping gene.
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Figure 36: Active TDTCs downregulated VEGF in DLD1 stem cells.

TDTC 1 downregulated VEGF mRN& HT29 and DLD1 indicatedy log2 (fold change) of-0.10 and-0.22
respectively. TDTC 2downregulated VEGERRNA bylog2(fold change) 0£0.03in DLD1 stem cellsVEGF mRNA
in HT29 stem cellsvas slightly upregulated (log2 (fold change = 0.08)TC 4 downregulated VEGF mRNA by
log2 (fold change) of0.12in DLD1 stem cells. HT29 stem cells exposed to TDT@&d $lightly upregulated VEGF
MRNA (log2 (fold change) of 0.06).DTC 5 downregulated VEGF mRN#& HT29 and DLD1 stem cells (log2 (fold
change) =0.46 and-0.22 respectively) The treatments were compared to vehicle control treated stem cells
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3.8.4VEGFR1 was downregulated by active TDTCs

VEGFR1 mRNA was simildy and abundantly expressiedboth the differentiated and DLD1 stem
cells. The active TDTCs downregulated VEGFRy 37). The log2(fold changein gene
expressionas compared to untreatedllswas-0.09,-0.4, -0.48 and-0.58 for TDTC1, TDTC2,
TDTC 4 and TDTGC5 respectivelyf(g 38).

VEGFRL1 is a receptor that initiates angiogenesis, it interacts with VEGF under pathological condition (fig 37 & 38)

VEGFR1 Gene Expression Profile
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Figure 37: VEGF1 mRNA was downregulated by the active TDTCs

DLD1 CD133 and DLD1 stem cells had similar expression of VEGKR&C T v 46 for ®LD% 8D133 and
8.26for DLD1 stem cellsTDCT 1 (0.4 mg/ml)reduced VEGFR1 mRNAxpressiomeC T  v=0.8aineDLD1 stem
cellsTDTC 2 also reduce VEGFR1 gene expresse@ T v a | u89. TBCA arld4DTC 5 reduced mRNA of

VEGFR1 indicated by &G Tfespectvelyrbe treatmerit Wwas #1348 laoueelC T1=8 .AT5 v al u.

of test compound CT value of housekeeping gene.
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VEGFRL1 fold change profile
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Figure 38: The active TDTCs downregulated VEGFR1 mRNA

Therelativegene expressiolog2(fold change) wad).09, -0.4, -0.48 and-0.58 for TDTC1, TDTC2, TDTC4 and
TDTC5 respectivelyThe DLD1 stem cells were exposed to the active TDTC compoundslioud. The treatments
were compared to vehicle control treated stem cells

Proteins modulated by the compounds were further studied at their transcriptional levafjnm

whether the protein expression matched mRNA expression. In this pursuit, genes such as Sox17,
E-cadherin, VEGFR3, VEGFR2 in HT29 and DLD1 stem cells; and VEGHARN HT29 stem

cells were not amplified. Due to time constraints, it was not pogsiloemplete this aspect of the

work and will be done at a future time point. Troubleshooting was done by performing gradient
PCR and gPCR was performed again. The genes were amplified through primer annealing
temperature of 54°C instead of 60°C (Table@)e to time constraints, the amplification of the

genes was not done.
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Chapter 4

Discussion
CRC isreportedas beinganaggressive and recurrafiseasen younger South Africanindividuals
(<40 years of age). CRC recurrence is causediftyinsic (primary resistance) or acquired
resistance (adaptive resistance) to conventional chemotheraipli resuls in patientrelapse
(179) The resistance in most cases &adtor heritable resulting in increased drug tolerance even
if chemotherapy is reintroduced after a whil80). The resistance persists because of tumour
heterogenejt The tumour consists of differentiated cells, stem cells andlgteroells (epithelial
cells transitiomg into mesenchyia cells). The observed inefficacy of the chemotherapy is
influenced by CRC stem cells and stéke cells(181) The CRC stem cells, and stéikke cells
possess selenewalproperties and the ability to differentiate into heterogenous lisedgancer
cells, in response to chemotherapy. Alsas CRC stem cellsnay be quiescent, conventional
chemotherapy cannot target sbeells (182) The referenced propertiesseaesponsible for the

inefficacy ofthe conventional chemotherag¥83)

In addition, chemotherapies are toxic and not specific to the tumour. Therefore novel anticancer
compounds and new therapia® requiredo combat drug resistance, drtaxicity and drug
inefficacy Inconsidering this,novel tetrazole dithiocarbamate derivativesre testedfor their
anticancer activity CRC adenocarcinoma cedpresenting earler (HT29 stage 1l) and late
(DLD1 stage Ill) tumour stage. In addition, anticancer mechanismnof the active derivative

compoundsvere testedh cancer stem cells.

In the present study 10DTCs were screened using Alamar Blue to iderdifyive anticancer
candidates. Alamar Blue gives indication of which compounds inducedlicdeath The cels
treated with thecompoundswere stained with the notoxic AlamarBlue dyeand incubated
approximately for 4hours. After incubation, wherdhe dyeretains its blue colouremairing
unreduced this indicates cell death has bereduced by the compounds. When the dye changes
colour to pink/magenta this means the cells are alive and can reduce the dye to chang@utolour.
of the tenlO TDTCs, 4 TDTCs wereotentially shown to possessiticancer actity, these being
TDTC 1, 2 4and 5. Theeactive TDTCs were further subjectedtbe TrypanBlue dyeexclusion
assay to further validate their anticancer actibifyassessingell viability andto further identify
thelC50 concentration for each compounflhe DMSO vehicle controlsotably had no effect on

cell viability. Interestingly, te TDTCshad no effect on theon-cancerousHuman Embryonic
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Kidney cell line,HEK293 when treated with the equivalent IC50 values as applied to the colon
cancer cell linedlt thus seemed that #te experimentally deduced IC50 values, the TDTCs were
selectively active only against the CRC cebserall, cell death induced by the TDTCs was much
greater in DLD1 (stage Ill) cells compared to HT29 (stage Il). In HT29 cells, TDTC 1 had strongest
effed in inducing cell death followed by TDTC 4 and TDRCTDTC 5 hadtheweakest effect in
inducing cell death i T29 cells.With DLD1 cells TDTC 2 was thstrongest, followed by TDTC

2, TDTC 5 and least effective was TDTC 5.

Having noted the effects on cell viability and on cell proliferation using cell impedance assays, a
cell cycle analysis was performed on both the HT29 and DLD1 CRC @Gélés.compounds
effectively redued thegrowth rate of the CRC cellalso, cell cycle arrest was induced by the
compounds. In DLDzells, auniform cell cycle arresiccurredat S phaseeinginduced by all the
compounds. Itomparison irHT29 cellsa different cell cycle response was seghereG0/G1,

S, G2/M cell cycle arrest was obsedve

Thestudyalsoassessed the effects of the TDTCs on CD133 positive stem cells isolated from each
CRC cell line. An important indicator of putative stemwllitheir ability to form spheroids, these

being 3dimensional aggregates of cells in cultur&his capability was tested in th€l29 stem

cells (CD133+)whi ch did indeed form spheroids conf |
spheroid formation was inhibited by TDTC treatmetdllowing this, the respons# the HT29

stem cells to TDTC treatmewas evaluated using both protein and gene expression approaches

As depicted in the diagram, a colon cancer tumour may be composed of CRC stem cells (CD133+)
possessinghe ability to selfrenew and undergo multilineage differentiatitmgether withnon

stem cells (CD133, that are able to proliferate and differentiate. As the stem cells are resistant to
chemotherapies, they persist after treatment and may cause patient(fel@pse

The tumour poplation is maintained and regulated by many different signalling pathwas.
CD133+ and CD133roliferation is regulated by important growth and development proteins such

a s-catenin(78). A key pathway in intestinal development and stem cell regulation is the Wnt
pathwayin CRC (seefig 39). In CRC the Wnt associated transcription fadtarateninmay be
constitutively expressed, leading to excessive cell proliferé@d)yFactors maintaining stem cells

and their selrenewal properties including FoxA2, VEGF, VEGFR 1, VEGFR 2, Sbkhog,

Oct3/4, Goosecoid, Snail, PBX Otx2, HCG, GATA4 , AFP t og-eatehireare wi t |

upregulated in CRC. Eadherin a marker of differentiation has been found downregulated in
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cancer cells. Tumour suppressor genes such as SGATA-4 and TP63 are avnregulated
during tumour progressiaii04, 184188)

In the present study, TDTC treatment downregulated mRNA expressibrtaibnin FOxA2,
VEGF, VEGFR 1 and VEGFR in HT29 and DLD1 stem cellfReducecdexpressiorof b-catenin
implies that the Wnt signalling is inactivated. The Watihpvay is involved in proliferatiotinrough
expression ob-catenin. Reduction expression of theatenin retards cell proliferatiowhich is
important in halting tumour progression. As VEGF is an important growth factor required for
angiogenesis, the formation of blood vessels required to supply nutrients to ta&8)ghe

downregulation of this pathway by TDTC is of importance.

Proteins that were significantlypregulated included Sox1& tumour suppressor gene; and E
cadherin an epithelial cell adhesion protein normally expressed in differentiate(l£6l/490)
It would thus seem that TDTCs acted to reduc

increased bhiomarkers associated with cell differentiation.

Aside from affecting the angiogenic pathway, the TDTCs potentially impeded the Wnt signalling
pathway in reducing Batenin expression. As mentioned above the Wnt Pathway is important for
regulating s colonic stem cell growth, preventing differentiation of cells, promoting angiogenesis
and EMT through expression di-catenin as it accumulates in tmecleus (191) When

dysregulated, the Wnt pathway contributes to excessive stem cell proliferation and tumorigenesis.

In conclusion, the TDTCs have the potential to prevent colon cancer stem cell growth, angiogenesis
andEMT actingto promote cell differentiation.iese findings are of particular interest, since to
date no successful therapies have been developed to target the Wnt pBtbwathis analysis a

possible mode of action of the TDTCs was mapped and is presented below in Fig 40.
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Figure 39: Wnt Pathway and its association with CRC adapted fron{191) The Wnt Pathway is essential in

intestinal development, it is actitbroughthe transcription factofy-c at eni n . I n absateninen of Wi
the cytosol is phosphorylated by the desfarctcomplex (Axin, APC, GSK3 and CK1) and is marked for
ubiquitination end up in proteasome -chteninalsb etgractsavidttEi o n .
cadherin to with alpha catenin and actin filament. In this state differentidtomion epithelial cells and reduced stem

cell growthoccurs Angi ogenesi s a Redtenid M inhfbited. rimahte presenbeyof tie Wnt signal

catenin phosphorylation by the destruction complex is ceaseddlierin is ablated. This resultsaccumulation of

b-catenin in the nucleus, it interaetith co-transcription factor TCF. The interaction results in transcription of several
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genes such as-dun, Fra 1, surviving, Oct3/4, Sox2, Nanog, Cyclin D, VEGHyc, hTERT, Twist and
metalloprotenase 7. The activation of these genes results in proliferation of stem cells, angiogenesis and EMT are
promoted especially in CRCPDX-1, AFP, Goosecoid Otx2 and FoxA2 also regulated EMT, angiogenesis,
proliferation of stem cellsDifferentiation is inhibied. During activation of oncogenes tumour suppressors such
GATA-4/GATA-5, Sox17, are £adherin are repressed.
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Figure 40: TDTCs Mode of Action

A tumour is heterogeneous containing cells in varying states of differentiation. A small subpopulation of cells are

tumourstem cells (CD133+ cell population can form sphaspwhile the majority of cells areonstem cels (CD133
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population). Anindicator of putative stem cell is their ability to form spheroids, these bedlim&nsional aggregates

of cells in cultureDuring tumour progression certain factors are upregulated and downregulated. Factars that
upregulated they maintain cell profileration and stem cell growth. These upregulated factors are FoxA2, VEGF,
VEGFR1, VEGFR2p-catenin, Sox2, Nanog, Oct3/4, Otx2, PLXHCG, AFP and Snail, Goosecoid. Downregulated
factors are tumour suppressor sustSax17, GATA4 and TP63. Epithelial marker&dhein is also downregulate.
CD133+ and mixed cell population were exposed to TDTC 1, 2, 4 and 5. Cell viability assays were performed, cell
cycle assay, spheriod assays followed by protein and gene analy@B483+ cells. The finding from the experiments
aided in mapping the TDTCs mode of action, the compounds inhibited cell proliferation (CD133+ and G333
spheriod formation (CD133+) and cell cycle in the mixed population. With protein and geysisrialvas observed

that Ecadherin and Sox17 were upregulated. FoxA2, VEGF, VEGFR1, VEGFRR2-eatetninweredownregulated

The compounds do have the capability to interact with the DNA. The compounds subsituents have beethaported
they interactwith DNA. Evidence for this is that genes such FoxA2catenin, VEGF and VEGFR1 were

downregulated.

4.1 The TDTCs were selectively active
CRC adenocarcinoma cells (HT29 and DLD1) were exposed to the TDTC compounds for 48 hours
and were stained using Atear Blue for an initial colorimetric screening to identify active TDTCs.
Trypan Blue exclusion assay was then performed to quantify the cell death induced by the active
TDTCs in CRC cells and nerancerous cells (HEK293). The compounds have shown to have
anticancer activity in CRC cell linesThe Trypan blue results further showed that higher
concentrationsof TDTC 1, 2, 4 and 5 caused less cell death in DLD1 cells tialower
concentrationdt is possibleherethat the compounds at lower concentratieffisctively disruped
anessential pathwathatthe cells depend on for survivéin analogous example is Taxol which
at alow concentratiorwas reported talisrupt the normatellular microtubule cytoskeletoand
resulted in G2/M phase cell cycle arrsassociation with inactivated Raf which isessential in
blocking cells from entering G2/M phagE92) Activated Rafl washowever observed at raised
concentrations of TaxoBimilarly the low concentrations of active TDTCs may be disrupting an
essatial cellular pathway in the CRC cells, leading to cell death. This would require further

investigation with regards to cell cycle arrest and the initiation of cell death pathways.

Table 6summarzesthe IC50 of the active TDTCs compounds, where the HT29 and DLD1 cells
were exposed to the TDTCEhe compounds were highly effective in DLD1 cells as the IC50s
were much lower indicating that the compourge more effective isargeing late stage CRC

cellsthan early stage CRC cellEhe compound3his means that the active compounds do have
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the potential in reducing metastasis as they were more effective in late stage CRC céfl line.
terms of the cell death induced by the compounds, compbwad more effective in HT29 cells,
followed by compound, compound showed moderate anticancer activity aothpounds had
weak anticancer activity. In DLD1 cells, compouRdad much greater anticancer efficacy,
followed by compoundl, compound5 had malerate anticancer activity and the least active
compound was compourl The anticancer activity was analysed through quantifying the cell
death of the cells

The activeTDTCsshowed selective anticancer activity, as tthielynot induce significant celledith

in thenon-cancerous human embryonic kidney c@H&K 293) The selectivity may be due to the
presence of different functional groups attached to common tetrazole dithiocarbamate scaffold as
moieties or substituents. Compournti@and 2 have benzene rings conjugated to tetrazole and
dithiocarbamate, where compoufhdyenzene ring has a primary amine (aniline)as a substituent.
The Compound2 benzene ringcontains amethylamine as substituent. Compouhanoiety
conjugated to the tetrazoéend dithiocarbamate is a piperidit@ompound 5, theebhst selective
compound,contains amorpholine moiety conjugated to the tetrazole and dithiocarbamate. The
substituents together with the scaffolds (tetrazole and dithiocarbamate) are well knownifr spe
interactions withcancer cellsin this regard, particulacthemical moieties have been reported to
interact specifically with deficiently repaired DNA of cancer cells, allowing for the formation of
DNA adducts. Included here among others are aniinestards with selectivity towards a
leukaemia derived cell lin€193, 194) the methylamine substituent fits within theategory of
alkylating agents, which have shown cancer cell select{t®p) piperidine derivativesvhich
intercalated with tumour cell DNA were reported to hatxegaer cytotoxicity in renal cancer cells,
prostate cancer cells and breast cancer cells compared {cancerous cell§196) and the
morpholine substituent has beéound to interact with phosphoinositide-K3nase (PI3K) in
melanoma cancer cellBhusit is feasibleto mapprecisely which substituents of the active TDTCs

are essential for theselectiveanti-cancer properties
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4.2 Active TDTCs affected growth phasesof CRC cells

Growth phases are used to predict the growth rate of the cells. There are four different phases, lag
phase, exponential phase, stationary or plateau phase and decline or dedttophase treated

CRC cells, HT29 (5000 cells) and DLD1 (4000 cells) with respective IC50s taist compounds

and 5Fu. The growth was recorded in real time in 16 well plate by real time cell analyser
(xCelligence) for 10120 hours.

The active TDTCs compounds had a greater growth inhybtiafile than the conventional drug

5-FU, even thouglb-FU was much more potent in inducing cell death in CRC cé&he.5-FU

killing effect wasnotedin the stationary phase in HT29 celisilst in DLD1 cells, it wa®ccurred

during thelate exponentiafrowth phase. At the late exponential and stationdrgss, the celés

mitotic index decreasef00), this beinghe rate at which the cells divide to form daughter cells.
Cells became quiescent as the mitotic index decreases in late exponential and stationary phase.
Quiescent cellare not found to be susceptible to anéincer drug U. 5FU targets rapidly
proliferating cells with increased mitotic index. The observationEf3nhibiting cell growth at

late exponential and stationary phase is disadvantageous. The observed inhibiBty af 1ate
exponential and stationary phase shows how acquired resistetuoes. Acquired resistance to
chemotherapeutic agents is alarming in clinical settidgsg resistance is acquired when some of

the cells stop proliferating (become quiescent) and remain at GO/G1 phase of the cell cycle. As the
drug decreases in surround, these quiescent cells start proliferggainto form anew tumour

(201, 202)

CompoundLl induced cell death at late stationary phase in HT29 cells and DLD1 Itédlsalso
effective at lower concentrationn late exponential and stationary phases, there is a large
proportion of cells that are quiesceQuiescent cells are not easily targeted by compounds
especially if the compounds are targeting rapidly proliferating célie active TDTCs have the
capability to target quiescent cells as the compounds prevephextoid formation ofsolated
HT29 stencells(CD133+)

Compound was effective at hindering cell growth at initial exponential phase in HT29 cells whilst
in DLDL1 cells the compound induced cell death at the late exponential fites®ebeen assumed

that cells growing at exponential phasesdh@onstant ceitell interactiong203) Compound?
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ability to inhibit cell growth at initial exponential phase, shows the compound 2 influences cell

cell interactions. Celtell interactions are responsible for promoting the tumour cell gr@08).

Compound4 did not induce any death phase on both HT29 and DLD1 Gslmpound induced

a decline in ell growth at stationary phase, but the ingllicell deathwas not as great as compared
to compoundl, 2 and 5-Fu. However, there was no cell death observe®libl cells Even
though low capacity in inhibiting growth was observed for compauadd5, they did prevent
spheroidformation in theHT29 stem cell§CD133+)

4.3 Active TDTCs arrested cell cycle in CRC cells
It is importantwhen evaluating anticancer effects of compoutind cell-cycle functioning is
assessed, sintemour cells dysregulatdeir cellcycle resulting in continuous proliferation. The
cel | cycle assay was Cd Gytle Kitt HT2D and DLD1 gellstwere MU ¢
exposed to the compounds with respective IC50s for 48 hours. The compounds induced cell cycle
arrest in HT® and DLD 1 CRC cell lines. Differential cell cycle arrest was observed in HT29 and
in DLD1 the compounds induced uniform cell cycle arrest. In HT29 cells, active compounds
induced cell cycle arrest at G2/M phase (Compaln@&0/G1 (Compoun@ and5) andS phase

(Compound). All compounds arrested cell cycle at S phase in DLD 1.cells

GO/G1 cell cycle arrest was facilitated by active compaiadd5 in HT29 cells.A significant
reduction inthe percentagef gated cellsvas observed in G2/M phase in HT29 cells exposed to
compound2 and5, where GO/G1 cell cycle arrest was observ@0 phase in the cetlycle is
characterized by quiescent cells, the cells are not dividing to form daughter cells but are
metabolicallyactive G1 phase of the cell cycle is a preparatory phase before proliferation. Growth
factors are produced, and proliferating signals are activated preparing the cells for prolifatation.
late G1 phase, cells do not require growth factors (this is#teation point), its progression into

S phase solely depends on cell size and DNA integ@@). If the cell cycle is arrested at GO/G1
phase, initiation of proliferation is prevented.

Compound4 induced cell cycle arrest at S phase in HT29 cells. Whilst in DLD1 cells, all
compounls induced S phase cell cycle arrest. S phase cell cycle arrest is a result of modulation of

cell cycle genes or proteins involved in S phase progression. S phase cell cycle arrest can occur
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due to DNA damage, malfunction or downregulation of proteindwedon DNA replication such
as DNA topoisomerag@05, 206)

Compoundl induced G2/M cell cycle arrest in HT29 cells. After synthesis of the DNA, DNA is
further scanned for incomplete DNA replication that could result in improper DNA ligation. The
DNA repair occurs irs2 phas€207). After DNA repair, cells proceed to M phase where the sister
chromatids and daughter cells sepai@@8) The G2/M cell cycle arrest surely prevents the
completion of mitosis. The cell cycle arrest indutethis stug by the compounds coulddicate

aninteracton with the DNA.

While compound 4 and5 induced cell death as observed in tiigypan Bue exclusion assay and

cell cycle arresttheir growth inhibitory effect was not deduced frane real time cell growth
analyes The growth phases that are deduced from real time cell growth analysis are associated
with cell cycle phase@01) In this regard its expected that a compouadrestingthe cell cycle
shouldalso havenhibitedcell growth as measured by real time cell analysisther investigation

must be conductedsingslightly increased concentration @3 tolink how compoundg 4 and5

induced cell death and cell cycle arrasttheir inhibitory effecion CRCcell growth

4.4 Active TDTCs inhibited spheroid formation in CRC stem cells

Spheoid assays are importaas thes mimic in vivotumourgrowth, providinga 3D representation

of cell growth (209) and ndably, @ncer stem ckl form spheroids (184) Cells growing as
spheroids have two zonesjouter andaninner zone. The outer zone contains rapidly proliferating
tumour cells while the inner zone contains cells that are quiescent and are hyfiaXiy
Conventional drugs cannot penetratetighto the inner zongdowever, &en if they do,theylack

the abilityto target the quiescent ce{&10) For instance5-FU only affectsrapidly proliferating
cancer celland would thereforenly affect the outer zoneof dividing cellsand not the inner

quiescentone.

With the spheroid formation assay, HT29 stem cellO@Dcells) were exposed to the IC50 of the
test compounds,-bU and SAHA (Vorinostat) for 168hours. HT29 stem cells wsstected over
DLD1 cells, as they readily formesgpheroids inn vitro culture conditionsAll compounds at their
respective IC50s prevented formation of spheroids in HT29 stemloatismparisonSAHA and

5-FU did not prevent spheroid formatiogven after 168 hoursThe effects of the tetrazole
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compounds on inhibiting this fundamental property of stem cells to form spheroids indicates that

they target CRC stem cells and block their ability to-satew.

45 Active TDTCs modulated CRC stem cellproteome
The effectivenesof the compoundst targeging CRC stem cells was further investigataida
protein expression level lguantifyingkey stem cell biomarkers following treatment of HT29 and
DLD1 CRCstem cells; and herbiomarkers that are essential in maintaining stem cells anditumo
progression were differentially expresskdparticular, there were changes in the protein levels of
E-cadherin, Sox17 and FoxA2 both HT29 and DLD1 stem celldlotably,E-cadherin and Sox17

were upregulated in HT29 stem cellghile FoxA2 was downregulateafter treatment.

4.5.1 E-cadherin and Nanog

E-cadherin is implicated in the initiation of EMT. The loss otdtlherin in epithelial cells,
converts epithelial cells into mesenchymal cells. This is when the epithelial cells gailiketem
properties, whereby they express stem cell biomarkers. Tristioaed cells are termed stdike
cells(211) The sterdike cells have upregulated stem cell biomarkers such as Nanog, Oct4, SOX2
and EpCAM. Various small molecules have upregulateddherin expression in CRC, leading to
the reversal of EMT, reduction ccell proliferation and ovezoming drug resistand212). In the
present study, the synthesizsmmpounds upregulateddadhein. In terms of stentike cells the
compounds might affe@MT, which is implicated in metastasis and drug resistance. Compound

1 and 4 were more effective in upregulating-dadherin in HT29 stem cellavhile Nanog

expressiorwasunaffected.

With regarddo CRC stem cells, upregulation ofdadherin may lead to continuous proliferation.
In embryonic stem cells (ESC),-dadherin can regulate transcription of Nanog through
phosphorylation of STAT3 in ES@R13, 214) It has been found that CRC primary tursohave

two distinct populations of cancer stem cetisepopulationwith upregulated Eeadherin and the
otherlackingE-cadherin. Theells that expressdticadherin, verehighly proliferative while cells
without E-cadherinwere quiescentMoreovercells which expressed-cadherinalso expressd
Nanog at high levels(215) Nanog is a pluripotent transcription factor, that impedes the

differentiation of stem cells allowing them to continuously proliferate symmetrically. Compound
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5 downregulated Eadherin in DLD1 stem cellsmplying that it mayinhibit proliferation of
DLD1 stem cells. The compoundsitherupregulatd nor downregulateé Nanog expression in the
proteome profiler array assay.

45.2 FOxA2

FoxA2 is essential in the developmentlodintestinesFOXA2 seems toegulae many genesni
diverse pathways contributing to intestinal functiocluding tube development, regulation of cell
morphogenesis and solute trans@ft6) and itis upregulated in CRC tissues. Its upregulation is
correlated with lymphatic metastasis. FoxA2 promotes proliferation, migration, invasion and is
also involved in EMT(217). The oncogeiaity of FOXA2 is cell typespecific,being able tact as

a tumaur suppressor in gastric cand@18) The reduction of FoxA2 in CRC cellgs been
reported toresult in apoptosis and uprdgtion of Ecadherin(217) With regards toFoxA2
expression and its role in CRC stem celiésis not well documented. It waseviouslyobserved
thatin patientderived CRC liver metastatic stem cells (CRCLik@rewas ahigh expression of
FoxA2. Triple combination treatment (curcumin;Fo, and oxaliplatin), significantly reduced
FoxA2 expression in CRCLM stem cel{19). In the present study,llaof the compounds
significantlydownregulated FoxA2 in both HT29 and DLDBé&lls Compound 2 and4 werethe
most effective in reducing FOxA2 expression in HT29 stem cells.

45.3S0OX17

Sox17 is transcription factor that regulates differentiation in pluripotent @33 SOX17 has
been shown tpossessumaur suppressor capabilities in CRC. It has been observed that SOX17
inhibited ell proliferation, stemness and EMT regulatedbgatenin/TCF activity. This resulted

in inhibition of invasion and metastasiSimilarly, in cervical cancer SOX1¥altedproliferation

(186) A microRNA, nmR-371-5p wasreportedto be assdated with SOX17 anticancer activity
(190) In the present study,ompound 1 and2 upregulated Sox17 in DLD1 stem celighile
compound4 upregulated Sox17 in HT29 stem cells.

45.4VEGFR2
The VEGF receptor/ EGFR1VEGFR2and VEGFRAll playa role in angiogenesis. Compound
1 reduced expression of VEGFR2 in DLD1 stem celigl @mpound4 reduced VEGFR 2

expression in HT29 stem cells. VEGFR2 in poorly differentiated CRC cells has been found to
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promote differentiation of the undifferentiated CRcells into endothelial cells. The CRC
endothelial cells fronprimitive vascular plexuike structureswhich form matured capillaries.
The ablation of VEGFR2 in @sestem likecellsinhibitsthe formation of vascular structur@21).
VEGFR2 also has a role in CREsociated inflammation. VEGFR 2 promotes tunprogression
and prevents senescence during acute inflammgRf2). Seltrenewal of cancer stem cells is also
regulated by VEGFR2/STAF®ediated upregulation of Myc and Sox2 VEGF interacts with
VEGFR2. This has beemportedin breastand lung cancer stem cel|823) Compoundl and
compound4 may act as VEGFR2 inhibitors, especially in st#a cells. Also, the compounds

may reduce inflammation promoted by VEGFR2 in CRC.

45.50ct3/4

Oct3/4 is essential in maintainitige stem cell statdyeingimplicated in the selfenewal of CRC
stem cells and stetike cells (224). Compoundl significantly downregulated Oct3/4 in HT29
stem cells, whilst compountiupregulated Oct3/4 in HT29 sterells. Compound has a direct

effecton CRC ste cells as it downregulated assential CSC markgp25)

45.6 Sox2

In CRC, SOX2has a role in EMT, tumo migration and invasion. The expression of Sox2 has
been correlated with distant metastases in+sghed colon canc€R26) Overexpression of Sox2

is coupled with quiescence of CRC stem cél27) Sox2 was significantly downregulated by
compoundl in HT29 stem cellsbut compound4 upregulated Sox2 in HT29 stem cells and
compound5 downregulated Sox2 in DLD1 steoells. The downregulation of Sox®ay limit
metastasigpreventingtumourrelapse andCRC stem cellsauld potentiallybe treated withother

drugs.

45.7GATA-4
The promoters of GATAI and GATAS are hypermethylated in primary CRC tissues. GAZA
has tumar suppressor role, it regulates anticancer gé2fs) GATA-4 expression wasnaltered
by compound 1, 2 and 5. Compound4 upregulated GATA4 in HT29 stem cells and
downregulated the protein in DLD1 stem cells. GATA4/5 proteins inhibit proliferation, colony
formation, migration, invasion and anchoragédependent growth in CRC cells.
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45.8PDX-1

PDX-1is a transcription fdor, t hat r egul at es t h ecellsaf the parscieadas.o n
PDX-1 has been classified as an oncogene in pancreatic cancer. ltsdkmatknproved survival
and halted tumar growth in xenograft mouse mod€g3, 185) PDX-1 has been found in CRC
cells, especially in metastatic ce{&1). Compound 1, 2and4 upregulated PR-1 in HT29 stem
cells equally andvas downregulated by Compowsland5 in DLD1 stem cellslt is suggested
here thathese compoundsaycombat metastasis associated with PD&xpression

45.9 Otx2

Otx2 is a wdkknown medulloblastoma (MB) oncogene. Otx2 promotesrsekwal and growth
of MB, preventing differentiation by inhibiting the expression of axon guidance (22@)s Little

is known about Otx2 role in CRC. In this stusiythDLD1 and HT29 stem cells expressed Qtx2
whichwas upregulated by compouddn HT29 stem cedl

45.10Goosecoid

Goosecoid (GSC) is primarily a transcription factor that participates in cell migration in embryonic
developmen{230) GSC has been implicated in chemoresistance. Its high expression in ovarian
and breast cancer has been associated with metastasis. GSC overexpoegsistoth cancers

to be resistant to chemothera(80). In CRC, GSC functions as an EMIducing transcription
factor (231) HT29 stem cells exposed to compouhdnd 4 had upregulated GSC expression
while compourd 1 downregulated GSC in HT29 stem celsitupregulated GSC in DLD1 stem
cells.

45.11 Snail

Snail is implicated in EMT through repressingc&dherinassociated with cell membrandts
overexpression results in stdike cells in CRC and causes metess$(187) It is also expressed

in CRC stem cell$232) Compound! downregulated Snail in DLD1 stem cells and upregulated
Snail in HT29 stencells. The other active compads did not have any effect on&l expression.
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45.12HCG

Human chomwnic gonadotropin (HCGjacilitates embryo implantation and secreted by the
syncytiotrophoblast.Non-trophoblastic solid tumos expressb-HCG, this includes renal
carcinoma, hepatocarcinoma, and bladder carcinbm@RC,t h eHC® expressiotis shown to
correlate with poor prognosis of CRC patigf®8). The cells that express HCG become embryonic
cells, it's ftirther implicated in angiogenesis and invagi@83) HCG expression in DLD1 and

HT29 stem cells was not modulated by the compounds, enabling them to be considered as
anticance agents that can target EMT and cancer stem cells.

45.13TP63

The TP63/p63 gene encodes 6 different isofofsp 6 3 U, TAp63b, TAp630,
andgN p 6 ;iELRC, high expression of p63 was associated with increased survival. TAp63 acts
as a tumar suppressor, whilspN p @ &n oncogene. High levels of TAp63 are responsible for
activating p53 response genes, resulting in cell cycle arrest and ap¢®8dgisAll of the tested
compoundgailed tomodulate the TP63 protein. It would be essential to discriminate the different
isoforms whilst exposing the stem cells to the compounds. As mentidiffedent isoforms have
different roles in CRC and other cancers. In squamous cancer, TP63 promotgaspiagession

(235)

45.13AFP

Elevated levels of AP areassociated with hepatocellular ca@ma or embryonic cell carcinoma
Lung, kidney, gastrointestinal tract and ovary cancer also have high levels of AFRraGdRCing

AFP (CRCGPAFP) is extremely rare. Poor prognosis is associated with CRC producing AFP,
because lymph node or liver metasm®ccurred during the time of diagnogi88, 236) The

compounds did not have any effect on AFP.
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4.6 Active TDTCs modulated gene expression of stem cell biomarkers

4.6.1 b-catenin

It has been suggested tifiatatenin regulates the expression of most stem cell biomarkers directly
or indirectly b-cateninis also important in intestinal developmé@87). Thus, we investigated
hereif b-cateningene expressiowas modulated by thiestcompoundslit was observed that two
compoundsl and5d o wn r e g-catemirt geng expression in DLD1 stem cdlscomparison,

a | four C 0 mp o u n-dasenindgene rexpeegsion thetHd29 stém cells. Only
compoung 2 and4 upregulatedb-catenin mRNA in DLD1 stem cell§he range at which the
MRNA was downregulated by the compounds wx64 to-0,3 (log2(fold change)). Log2(fold
change) ot0,1 and below and 2 and above has been considered significant in our study. It was
observed that latstage CRC cells expressed muchear levels ob-catenin compared to CRC
stem cells. This hints at the involvementbe€atenin in EMT(32). The reduction ob-catenin
MRNA in HT29 stem cells by all compoundsd DLD1 stem cells by compountiand5 suggests

a role in haltingthe maintenance and proliferation of CRC stem ¢2B8).

46.2 FOXA2

In association with a downregulation in mRNA expression, protein levelBogA2 were
decreasedMoreover, FoxA2 mRNA levels wereducedn bothHT29 and DLD1 CRC stem cells
by all of the compound®Vith regards to decreasedotein levelsthe effects were similar for all,
except for compountlin HT29 stencells.Compoundl downregulatedFoxA2 mRNA whilst the
proteinlackedany significant downregulatios FoxA2 is dysregulated in cancer, this may be an

important regulatory effect by these compounds.

46.3VEGF-A

VEGF is a growth factor that is actively involved in angogsis(189) VEGF mRNA was
downregulated in DLD1 stem cells by all the active compounds. In HT29 stem cells conipound
and>5 particularlydownregulated VEGF mRNAvels The active compounds have the potential
to regulate angiogenesis. The compounds downregulatiMEGFA gene expression can be
reflected through how mi® downregulates VEGR expression. MiRL targets VEGFA in CRC
cells. The downregulation of VEGK in CRC leads to a reduction in cell proliferation and

invasion. VEGFA also activates thé/IAPK and PISK/AKT pathwayg. These pathways are
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implicated in cancer progressidviR-1 may affect the MAPK and PI3K/AKT pathway through
downregulating VEGFA (239). Furthermore, the downregulation of VE@RNRNA controls the
production of intracellular VEGH in CRC. Intracellular VEGFA has beenmplicated in ECM

invasion and migration

4.6.4 VEGFR1 was downregulated in late stage of CRC stem cells

When VEGFA encounters VEGRL1 this results in pathological angioge(24y VEGF
A/VEGF-B-VEGFR-1 activation has led to the promotion of ERKR and JNK MAPK
downstream signalling pathways, which has resulted in cell migration, invasion, and colony
formation. Cell migration is regulated by the VEGFR/EGFR1 pathway through moduiah of

FAK activity (241) VEGFRL1 is expressed by immune cells that are present in thautuniabe,

the cells contribute to angiogenesis and cancer progression. VEGFR1 mRNA was downregulated
by the compounds in DLD1 stem cellor@pounds had much greataffecton the downregulation

of VEGFR1 with log2(fold change) 60,58 followed by compound, compound® and compound

1.

4.7 Anticancer adivity of TDTC might be associated with the chemical

structures
The compounds ability to interact with DNA lies in their substituentadility of their moieties
to interact with DNA. Compountihasananiline substituent that has been implicated in interacting
with the DNA via hydrogen bondin@42) A methylamine substituent found in compou?ds
associated with chromatin restructuring and cal3sA cleavage. The methylamine substituent
has been reported to trigger anticancer activity through DNA cleavage resulting in programmed
cell death(243) Compound has apiperidinemoiety, which is known for intercalating with the
DNA (196) Compounds has amorpholinemoiety, which interacts with DNA through groove
binding, electrostatimteractionsand intercalationTheresults from the present study indictitat
thetestcompounds do interact with DNA/RNA.

88



4.8 Future directions
It would be important to perform confocal microscopy to validate the results obtained from the
humanpluripotent stem cell biomarker proteome arrélyis will give a visual representation of

the stem cell biomarkert a subcellular level.

49 Conclusion

Potent anticancer activity was demonstrated by the active TDTC compounds. The compounds
targeed both differentiated CRC and CRC stem cdllge ron-cancerou$iEK293 cellswere not

affectedby thesecompoundsinakingthe TDTCsselectively activenly against cancer cells

The synthesised TDTCs were classified as weak, moderate and active ant@gets. The
compounds were able to arrest different phases of the cell cycle in CRGheslisnodulating their

growthduring thein exponential phase of growth.

Active TDTCs also prevented the spheroid formation in CRC stem cells. The compounds
modulated important stem cell biomarker proteins involved in regulating and maintaining
stemness. The compounds might target EMT, as many important factors involved iwé&®IT
modulated by the compounds sucltdiherin. Compounfl has a potential of halting CRC stem

cell proliferation through downregulatingdadherin in DLD1 stem cells. High expression ef E
cadherin in CRC stem cells isroelated with excessive proliferan of stem cells. The compounds

might also be speculated to inhibit metastasis, as they downregulate FoxA2 expression at gene and
protein level Pathological angiogenesis in CRC might also be alleviated by the compounds in a
unique manneras the compoutis downregulated VEGFR and VEGFA mRNA.

The screening of different stem cell biomarkers proteins has showed potential drug resistance that
may occuy as the compound2 and 4 upregulated Goosecoid whicks implicated in
chemoresistance. The functional group substituents/moieties present on compounds indicate that
the compound does interact with DNA/RNA. Indeed, the compounds did downregulate mRNA of
b-catenin, FoxA2, VEGHA and VEGFR1. The compounds dagmused to treat early and late stage

of CRC.
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4.10 The relevance of thestudy

The study assesdthe activity of TDTCs against the early and late stages of CRC. The compounds
will provideuseful scaffoldsipon whichto design and test more refined iacéncercompounds
thatmaybe beneficial to the healthcare communitize presentompoundsverevery selective,

and with further development mayclusively kill cancer cells. This study hidw potential to be
preclinically translatedanimal studies would need to be carriedtouwtonfirm the the antumour
activities of the compoundsnd pharmacokinetic studiesould need to be performeBDetailed
mapping of the compounds usimgsilico modellingwould assist withunderstanishg their modes

of action.

The study as shown that the compounds can target CRC sterarzkltsuld potentiallprevent
patient relapseue to sem cellpersistenceThe compoundsnay also be able teeduce/inhibit
metastasis and pathological angiogenesis asorfacinvolved in these processesvere
downregulated Finally, in conclusion, it would seem that thesempoundsnay bebeneficial to
cancer therapy as they will address the current situation with conventional thdrammn stem

cells remain unaffected.
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6 Appendices

6.1 Appendix A: Human Pluripotent Stem Cell Biomarker Proteome
Array (R&D) profiling of HT29 and DLD1 cells.
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Figure 41: The active TDTC compounds modulate stemness

The DLD1 and HT29 CRC stem cells were treated with the active TDArC48 hours. Then total proteome was
extracted and subjected to Human Pluripotent Stem Cell Biomarker Proteome Array (R&D) profiling. These are the
images of the spots found in the membranes of the proteome profiler. The spots represent the 15 hure#in stem
biomarkers which are -Eadherin, FoxA2, Sox17, Sox2, Goosecoid, HCG, Oct3/4, Nanog,-BD3P, TP63,
GATA-4, Otx2, VEGFR2 and Snail in the following images A, B, C, D, E and F. Most of the active TDTCs compounds
modulated Ecadherin in both HT29 andLD1 stem cells by increasing the expression of the protein (C& F). FOxA2
was downregulated in both HT29 (TDTZand TDTC4) and DLD1 stem cells by all active TDTCs (B&E). Sox17

was upregulated by TDTC 4 in HT29 stem cells, TDTC 2 and TDTC 4 (A&D).stémness biomarkers are truly
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stem cell biomarkers as little to no expression is observed wsteom cells (CD133. VEGFR2 was downregulated
by TDTC 1 in HT29 cells and TDCT 4 in DLD1 cells (B&E).

6.2 Appendix B: Human pluripotent stem cell array kit (R&D Systems

Biotechne Brand), coordinates

Coordinate Target/Control
AT, A2 Reference Spots
N A7, AB Reference Spots
Human Pluripotent Stem Cell &0 oct-3/4
Array Coordinates o b o

y B5, B6 SOX2

B7, B8 E-Cadherin
O MATINO NSO a, e a-Fetoprotein (AFP)

3,04 GATA-4
(5, C6 HNF-3pB/FoxA2
(7,8 PDX-1/IPF1
D1, D2 SOX17
D3, D4 0tx2
D5, D6 TP63/TP73L
D7, D8 Goosecoid (GSC)
E1, E2 Snail
E3, E4 VEGF R2/KDR/FIk-1
E5, E6 HCG
E7,E8 Negative Control (PBS)
F1,F2 Reference Spots

116



6.3 Appendix C: Cell cycle assay scatter plots used to gate out doublets
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Figure 42: Cell cycle scatter plot used to gate out doublets for HT29 cells following TDTC treatments. a.
Control (0.1% DMSO); b. TDTC 1 0.4 mg/ml; c. TDTC 2 0.4 mg/ml; d. TDTC 4 0.3 mg/ml; e. TDTC ®.35
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mg/ml. HT29 cells with cell size index ranging from42and with increasing DNA content indexl9 throughout
the treatments. This was performed to exclude doublets.
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Figure 43: Cell cycle scatter plot used to gate out doublets for DLD1 cells following TDTC treatments. a.
Control (0.1% DMSO); b. TDTC 1 0.4 mg/ml; c. TDTC 2 0.4 mg/ml; d. TDTC 4 0.3 mg/ml; e. TDTC 5 0.35
mg/ml. DLD1 cells with cell size index ranging from4£and with increasing DNA content index®2hroughout
the treatments. This was performed to exclude doublets.

6.4 Appendix D: TDTC working solutions for Alamar Blue screening

Table 8: Stocks olution for Alamar Blue screening

Compound Name Amount Amount of DMSO (ml) Stock Concentration
of the Compound (mg) ( Diluent) (mg/ml) (w/v)

TDTC 1 10 0.5 20

TDTC 2 10 0.5 20

TDTC 3 10 0.5 20

TDTC 4 10 0.9 11

TDTC 5 10 0.6 17

TDTC 6 10 12 8

TDTC 7 3 1 3

TDTC 8 10 1.5 7

TDTC 9 10 0.6 17

TDTC 10 10 1.5 7

6.5 Appendix E: TDTC solutions

Table 9: Final experimental concentrations of the compounds for Alamar Blue screening
Equation used for calculations: C 1V1=C2V2
C1= Compound Stock concentration
V1 =Initial volume of Stock concentration
C2=Final Concentration of working concentration
V2=Final Volume of working concentration
Compound Name Amount of Amount Of Compound
Compound (VIv) Complete Medium Concentration (mg/ml)
M (Vi) M) (VW) (v 2=600 pl) (C2) (viv)
TDTC 1 12 588 0.4
6 594 0.2
3 597 0.1
1.5 598.5 0.05
TDTC 2 12 588 0.4
6 594 0.2
3 597 0.1
1.5 598.5 0.05
TDTC 3 12 588 0.4
6 594 0.2
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3 597 0.1

15 598.5 0.05
TDTC 4 12 588 0.22

6 594 0.11

3 597 0.055

15 598.5 0.0275
TDTC 5 12 588 0.34

6 594 0.17

3 597 0.085

15 598.5 0.0425
TDTC 6 12 588 0.16

6 594 0.08

3 597 0.04

15 598.5 0.02
TDTC 7 12 588 0.6

6 594 0.03

3 597 0.015

15 598.5 0.0075
TDTC 8 12 588 0.14

6 594 0.07

3 597 0.035

15 598.5 0.0175
TDTC 9 12 588 0.34

6 594 0.17

3 597 0.085

15 598.5 0.0425
TDTC 10 12 588 0.14

6 594 0.07

3 597 0.035

15 598.5 0.0175

Table 1 0: Working concentration of active TDTCs selected from Alamar Blue screening

were added

to increase (Stock concentrations were increased to minimize  DMSO percentage)

Name of Amount of the Volume of DMSO Final

the compound compound added added Stock concentration
(mg) (ml) (mg/ml) (w/v) (C 1)

TDTC1 17 0.2 85

TDTC2 16 0.2 84.5

TDTC4 334 0.5 66.8

TDTC5 16.7 83.5 83.5
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Table 1 1: Concentrations of active TDTCs used for the Trypan Blue Exclusion assay .

Equation used for calculations: C 1V1=C2V2
C:1= Compound Stock concentration
Vi=Initial volume of Stock concentration

C2=Final Concentration of working concentration

V2=Final Volume of working concentration
Compound Name Amount of the Amount of the Final DMSO
compound (v/v) medium Concentration percentage (%)
(ul) (Viv) (V/v) (v/v)
V1) (M) (V 2=2000 pl) (mg/ml) (C2)
TDTC 1 9.4 1990.6 0.4 0.
7 1993 0.3 0.3
5 1995 0.2 0.25
2 1998 0.1 0.1
TDTC 2 9.5 1990.5 0.4 0.5
7 1993 0.3 0.35
5 1995 0.2 0.25
2 1998 0.1 0.1
TDTC 4 6 1994 0.22 0.3
5.7 1994.3 0.2 0.29
9 1991 0.3 0.45
TDTC 5 8 1992 0.35 0.4
7 1993 0.3 0.35
5 1995 0.2 0.25
2 1998 0.1 0.1
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Table 1 2: The amount of the active compounds and positive control drugs used for the experiment

Equation used for calculations: C
C1= Compound Stock concentration

V1 =Initial volume of Stock concentration

1V1=C V2

Cz=Final Concentration of working concentration

V2=Final Volume of working concentration

Final Volume for treatment Compound Amount of Amount of Compound
Name compound (v/v) Medium (v/v) concentrations
pl pl (viv)
(V1) mg/mi
(C2)
V2=5 ml (RNA and proteome TDTC 1 23.53 4976.47 0.4
treatment) TDTC 2 23.67 4976.33 0.4
TDTC 4 21.52 4978.48 0.3
TDTC 5 20.96 4979.04 0.35
V2=2 ml (Cell cycle Assay) TDTC 1 9.4 1990.6 0.4
TDTC 2 9.5 1990.5 0.4
TDTC 4 9 1991 0.3
TDTC 5 8 1992 0.35
5-Fu 1.3 1998.7 200 uM
SAHA 115 1988.5 10
V2=0.2 ml (Xcelligience) TDTC 1 1 199 0.4
TDTC 2 1 199 0.4
TDTC 4 0.9 199.1 0.3
TDTC 5 0.9 199.1 0.35
TDTC 1 0.5 199.5 0.2
5-Fu 0.14 199.86 200 uM
V2=3 ml (Sphere Assay) TDTC1 14 2986 0.4
TDTC 2 14 2986 0.4
TDTC 4 13 2987 0.3
TDTC 5 13 2987 0.35

122




5-Fu 2 2998 200 uM
SAHA 15 2985 0.05
6.6 Appendix F: Solutions and Recipes

Table 1 3: Summary solutions and recipes
Solution Components Concentration/Volume Manufactures
Complete Medium DMEMF-12 45 ml Gibco
(DMEMF-12 supplemented . .

FBS 10% v/v (5 ml) Sigma - Aldrich
with 10% FBS and 1000
u/ml 1000 u/ml pen -strep | 150 ml Gibco
pen-strep antibiotics.) antibiotics
Serum Free Medium DMEMF-12 45 ml Gibco
(DMEMF-12 supplemented
with  1000u/ml pen  -strep ["1500 u/ml pen -strep | 150 ml Gibco
antibiotics) antibiotics
Cryopreservation Medium FBS 9ml Gibco
(FBS supplemented with : :
10% DMSO) DMSO 10% viv (1 ml) Sigma - Aldrich
PBS PBS tablets 2 tablets wiv Gibco

Distilled Water 1L
Alamar Blue Alamar Blue 75 mg Alamar blue Sigma - Aldrich
Working Solution powder
5mg/ml

PBS 15 ml Gibco
Alamar Blue Alamar 0.1ml
Experimental solution Blue Solution
(50X)

PBS 4.9 ml
01 M EDTA 159 Sigma - Aldrich
Ethylenediaminetra -
Acetic acid (EDTA) Distilled H20 to pH8.0 50 ml

Sodium Hydroxide 10 pl SAARCHEM

(NaOH)
Stem cell isolation 0.1 MEDTA 1ml
buffer

PBS 49 ml

Bovine Serum 0.25¢ Lonza

Albumin
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3% Formaldehyde Formaldehyde 2.8 ml Polysciences Inc
70% Ethanol 100% Ethanol 70 ml VWR Prolab
Chemicals

Distill Water 30 ml
PBS 32.2ml

0.5% BSA/PBS Bovine Serum 25¢g Santa Cruz
Albumin Biotechnology
PBS 500 ml

0.25% Triton X Triton X 35 ul Lonza
0.5% BSA/PBS 14 ml

1:200 a-catenin 6 pl Invitrogen

Mouse Primary Antibody

a-catenin Primary 0.5% BSA/PBS 1194 pl

Antibody

1:100 VEGF 12 ul Abcam

Rabbit Primary Antibody

VEGF Antibody 0.5% BSA/PBS 1188 pl

1:300 Secondary Antibody 4 pul Invitrogen

Goat

anti -mouse secondary 0.5% BSA/PBS 1196 pl

antibody conjugated to

488 Alexa Fluro®

1:300 Secondary Antibody 4 pul Invitrogen

VEGF,

chicken anti -rabbit

0,

secondary antibody 0.5% BSA/PBS 1196

conjugated to 488 Alexa

Fluro®

1:1000 DAPI 1ul Invitrogen

4 7 ;démidino -2-

. PBS 1199 pl

phenylindole (DAPI)

50X TAE Buffer Tris -base 242 g Sigma - Aldrich
Acetate (100% Acetic acid) 57.1 mi BOH Chemicals
0.5 M Sodium EDTA 100 ml Sigma - Aldrich
Distilled H .0 842.9 ml

1X TAE Buffer 50X TAE Buffer 20 ml Sigma - Aldrich
Distilled H 20 980 ml
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Stem Cell Medium Pluri STEME medi u|l 50ml Merck

1000 u/ml 50 pl

pen -strep antibiotics

Stem cell Pluri STEME medi u| 9ml

Cryopreservation Medium

DMSO 1ml

6.7 Appendix G: Protein concentrations obtained from the Qubit 2.0

Fluorometer (Life Technologies)

Table 1 4: Summary of protein concentrations from samples
Name Date Assay Stock Assay Sample Dilution
Concentration Concentration Type Volume
(Hg/ml) (Hg/ml) (1)
DLD1 CD+ 2019/08/3 26 2600 Protein 2 100
DLD1 CD - 2019/08/3 23.9 2390 Protein 2 100
DLD1 TDTC1 2019/08/3 26 2600 Protein 2 100
DLD1 TDTC2 2019/08/3 215 2150 Protein 2 100
DLD1 TDTC4 2019/08/3 245 2450 Protein 2 100
DLD1 TDTC5 2019/08/3 22.6 2260 Protein 2 100
HT29 CD+ 2019/08/20 21.4 2140 Protein 2 100
HT29 TDTC1 2019/08/20 24 2400 Protein 2 100
HT29 TDTC2 2019/08/20 26 2600 Protein 2 100
HT29 TDTC4 2019/08/20 22.1 2210 Protein 2 100
Note: For DLD1 samples 359.05 pg was used ; and 357.38 pg was  used for HT29 samples. All samples were
normalized according to th  ese amounts of the protein.
6.8 Appendix H: RNA concentration, quality and purity ratios

Table 1 5: Summary of RNA concentration and purity ratios
Sample Date Concentration A260 A280 A260/A280 A260/A230
Name (ng/pl) (Nucleic acid (Purity

distinguisher ratio)

ratio)
HT29 CD - 2019/11/26 202.53 5.063 2.481 2.04 121
HT29 CD+ 2019/11/26 189.51 4.738 2.357 2.01 1.93
HT29 2019/11/26 355.89 8.897 4.380 2.03 1.95
TDTC1
HT29 2019/11/26 139.75 3.494 1.730 2.02 1.50
TDTC2
HT29 2019/11/26 116.55 2.914 1.449 2.01 1.72
TDTC4

125



HT29 2019/11/26 209.19 5.230 2.576 2.03 1.86
TDTC5

DLD1 CD - 2019/11/26 93.47 2.337 1.193 1.96 1.66
DLD1 CD+ 2019/11/26 203.58 5.090 2.535 2.01 1.99
DLD1 2019/11/26 276.13 6.903 3.419 2.02 1.46
TDTC1

DLD1 2019/11/26 142.85 3.571 1.762 2.03 2.07
TDTC2

DLD1 2019/11/26 162.75 4.069 2.017 2.02 191
TDTC4

DLD1 2019/11/26 232.06 5.081 2.856 2.03 1.87
TDTC5

Note 747.76 ng of RNA was used to synthesize cDNA for all samples.

A260/280, ratio of <1,6 Ol.8 is the accepted value for pure DNA and (

A260/230, ratio ranging from 1.5 to

contamination and ratio <1.5 the nucleic acid as trace of residual ethanol or salt contamination.

2 and greater indicates nucleic acid are free of residual ethanol or salt

6.9 Appendix I: cDNA concentration, quality and purity ratios

Table 1 6: Summary

of cDNA concentration and purity ratios

Sample Date Concentration A260 A280 A260/A280 A260/A230

Name (ng/ul) (Nucleic Acid (Purity
distinguisher ratio)
ratio

HT29 CD - 2019/11/26 1166.82 23.336 14.087 1.66 2.09

HT29 CD+ 2019/11/26 1488.52 29.770 18.081 1.65 2.10

HT29 2019/11/26 2028.80 40.576 24.984 1.62 2.19

TDTC1

HT29 2019/11/26 2126.05 42.521 25.801 1.65 2.12

TDTC2

HT29 2019/11/26 2147.11 42.942 26.051 1.65 2.18

TDTC4

HT29 2019/11/26 1982.16 39.643 24.146 1.64 2.11

TDTC5

DLD1 CD - 2019/11/26 2367.10 47.342 28.916 1.64 2.17

DLD1 CD+ 2019/11/26 2224.56 44.491 27.109 1.64 2.18

DLD1 2019/11/26 2045.96 40.919 24.938 1.64 2.10

TDTC1

DLD1 2019/11/26 1981.48 39.630 24.014 1.65 2.16

TDTC2

DLD1 2019/11/26 2098.43 41.969 25.482 1.65 2.16

TDTC4

DLD1 2019/11/26 232.06 40.001 24.299 1.65 2.09

TDTC5
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Note <4667,28 ng of RNA was used to synthesize cDNA for all samples.
Note 747.76 ng of RNA was used to synthesize cDNA for all samples.
A260/280, ratio of <1,6 OL.8 is the accepted val uisacteptedvgue forourdRNA an d

A260/230, ratio ranging from 1.5 to 2 and greater indicates nucleic acid are free of residual ethanol or salt

contamination and ratio <1.5 the nucleic acid as trace of residual ethanol or salt contamination.

6.10 Appendix J: gPCR plate set up for the ABI 7500 Real Time PCR

Instrument (Thermofisher)

Each of the 8 genes were analysed: RPLO in row (A);&d h e r icatenif &); FoxA2 (D);

Sox17 (E); VEGFA (F); VEGFR1 (G); and VEGFR2 (H). The samples were rtripiicates.

Four MicroAmpg™ Optical 96well Reaction Plate (Thermofisher) were used. The first 3 plates
were set up to have 4 samples each. The first plate had HT2@@erentiated cells), HT29 CD+

(stem cells), DLD1 Cband DLD1 CD+. Second plate h&tl29 stem cells treated with active
TDTC 1, 2, 4 and 5 compounds. The third plate had DLD1 stem cells treated with active
compounds 1, 2 4 and 5. The fourth plate was set up to have 12 samples. HTEIZDCD+,

DLD1 CD-, DLD1 CD+, HT29 stem cells tread with TDTC1, 2, 4, and 5 compounds and DLD1
stem cells treated with the same compounds. No template control was also included. In this plate

VEGFR3 gene was analysed.
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Figure 44: gPCR set up

The MicroAmp™ Optical 96well Reaction PlatgThermofishey was set up to have 4 samples, HT29-CD
(differentiated cells)HT29 CD+(stem cells)DLD1 CD- and DLD1 CD+Each of he 8 genes were analys&PLO

in row (A); E-cadherin (B) b-catenin (C) FoxA2 (D), Sox17 (E) VEGFA (F), VEGFR1 (G) and VEGFR2 (H).The
samplesvereanalysedn triplicates
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Figure 45: gPCR set up plate 4

The MicroAmpTM Optical 98well Reaction Plat€Thermofisherwas set up to havE2 samplesHT29 CD, HT29

CD+, DLD1 CD, DLD1 CD+, HT29 stem cellgeated with TDTC12, 4, and 5 compounds aml.D1 stem cells

treated withthe same compounds. No template control was also included. VEGFR3 gene was analysed in this set up.
The samples weranalysedn triplicates
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6.11 Appendix K: Amplification Plots

Amplification Plot
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Figure 46: Amplification plot of plate 1
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Figure 47: Amplification plot of plate 2
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Figure 48: Amplification plot of plate 3
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Figure 49: Amplification plot of plate 4
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6.12 Appendix L: Melting curves

Melt Curve

Derivative Reporter (-Rn))

80.0 85.0 70.0 75.0 80.0 85.0 0.0 5.0
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Legeng
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Figure 50: Melt Curve of plate 1

Melt curve depicts the speciicmp | i f i ¢ at icatenin,d-6xAZRVFEEGEA andB/EGFRL1. Single specific peaks
were seen corresponding to the temperature (°C). The sample under investigation were HFZ®E[QD+, DLD1
CD-and DLD1 CD+.

Melt Curve

Derivaive Reporter (-Rn)

Temperature (°C)

o
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Figure 51: Melt Curve of plate 1, with non-specific amplification

The melt curve depicts nespecific amplification as you do not see clean single peaks corresponding to the temperature
(°C). The genes that had nepecific amplification were Sox17;Eadherin and VEGFR2. Disclaimer VEGFR1 was

had non-specific amplification in HT29 samples, this was observed when you look at singular melt curves of each
gene. The samples under investigation where HT29 CD+, HT29[MID CD- and HT29 CD+.
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Melt Curve
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Figure 52: Melt Curve of plate 2

Melt curve depicts t he -saeemrkokAR &EGFMINY VEGKFRTlaan inglespecific RP L O
peaks were seen corresponding to the temperature (°C). The sample under investigation wstentde treated
with active TDTC1, TDTC2, TDTC 4 and TDTC5.

Melt Curve
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Figure 53: Melt Curve of plate 2, with non-specific amplification

The melt curve depicts nespecific amplification as you do not see clean sirgtglitudescorresponding to the
temperature (°C). The genes that had-specific amfification were Sox17, ECadherin and VEGFR2. Disclaimer

VEGFR1 was had negpecific amplification in HT29 samples, this was observed when you look at singular melt
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curves of each gene. The samples under investigation i@ stem cells treated with agt TDTC1, 2, 4 and 5
compounds.

Melt Curve

Derivative Reporter (-Rn)
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Figure 54: Melt Curve of plate 3

Melt curve depicts t he -sareemFoXAR,VEGHFAaNH VEGFRElaan inglespecific RP L O
peaks were seen corresponding to the temperature (°C). The samplevestegation wer®LD1 stem cells treated
with active TDTCL, 2, 4 and 5 compounds.

Melt Curve
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Figure 53: Melt Curve of plate 3, with non-specific amplification
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The melt curve depicts nespecific amplification as you do not see clean single peaks corresptmtliegemperature
(°C). The genes that had nepecific amplification were Sox17,-Eadherin and VEGFR2. The samples under

investigation where DLD1 stem cell treated with active TOI €, 4 and 5 compounds.

Melt Curve

Derivative Reporter (-Rn’)
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Figure 54: Melt Curve of VEGFR3

There was no single peak corresponding to temperature (°C), meaning the amplification was not Epecfimples
under investigation where HT29 GDHT29 CD+ and HT29 stem treated with the active TDI,C2,4 and 5
compounds. DLD1 CH DLD1 CD+ and DL stem cells treated with active TDTIC2,4 and 5 compounds.

6.13 Appendix M: Troubleshooting unsuccessful Amplification

6.13.1 Gradient PCR after noticing primer dimer formation non -specificity of VEGFR1,
VEGFR2, VEGFR3, E-Cadherin and Sox17.

Standard PCR was performed with different temperatures which were 55, 56, 57, 58,59 and 61°C.
Taqg DNA polymerase kit was used from New England BioLabs (M0273).

Table 1 7: Summary of components and reaction volume for performing standard gradient PCR
Comp onents of the Kit Reaction Volume (ul)

10X Standard Taq Reaction Buffer 2.5

10 mM dNTPs 0.5

Template CDNA 3

Taq DNA Polymerase 0.125

Nuclease -free water 18.88

135



Total Volume

25

30 reactions were performed, and each reach had final volume of 25 pl

The components were transferred into gPCR tubes on tHeriate and then transferred to

MiniAmp ™ thermocycler (Thermofisher).

Table 1 8: Cycling conditions for PCR

Cycling conditions Duration Temperature °C Step

Initial Denaturation 30 seconds 95 Denaturation

30 Cycles 15 seconds 95 Denaturation
60 seconds 55,56,57,58,59,61 Annealing of Primers

(Temperature gradient)

60 seconds 68 Initial extension

Final Extension 5 minutes 68

Hold Infinity 4

Two parts of the PCR were done first three and the second three annealing temperatures. Each PCR was 2

hours.

6.13.2 PCR product visualization

Agarose gel electrophoresis | was used to visualize the PCR products. One percent (1 g) agarose
(Lonza) was prepared in 100 ml of TAE buffer in the microwave. The agarose was dissolved and
cooled down for 5 minutes; then 5 pl of ethidium bromide (EtBrd Basic Inc) was added into

the solution. EtBrintercalates with the DNA, and when exposed to ultraviolet light, the EtBr
fluoresces this allows for the DNA to be visualiz€de gel was poured into a gel tray, a comb was
inserted, and the agarose coultifee30 minutes. The comb establishes wells that the DNA sample

will be pipetted into.
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6.13.3 Sample Loading

The polymerised gel was placed in a gel tank and filled with 1X TAE buffer, until the wells were
submerged. One microliter of 6X DNA loadibgffer (Fermentas) was added to the DNA sample
(PCR amplicon) of 5 microliters. GeneRuler 1 kb DNA Ladder (Thermo Scientific) of 3 ul, 2 pl
of nucleasdree water and 1 pl of 6X DNA loading buffer (Fermentas) was mixed and added on
the first lane. Followd by the samples. The gels were electrophoresed at 70V for 45 minutes. The
DNA fragments were visualized, and images were captured using the G&| Duager (Bic

Rad).

Gel 1
58 59 61 58 59 61 58 59 61
MW VR1 VR1 VR1 VR2 VR2 VR2 VR3 VR3 VR3

Gel 258 59 61 58 59 61
MW EC EC EC Sx17 Sx17 Sx17 B

e
-

Figure 55: No product formed by 58, 59 and 61°C primer annealing temperatures.

Gelconsisted of VR1=VEGFR1, VR2=VEGFR2 and VR3=VEGFR3 respectively. Gel 2 consisted ofEACHErin,
Sx17= Sox17 and B=No amplicon control respectively. Each gene was amplified at 58, 59 and 61 °C. Molecular
Weight Marker (1 kb DNA Ladder from Fementas) waashe first lane followed by the samples. No PCR product is

seen on the gel. B=No amplicon control, there was no contamination.
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Figure 56: No so clear amplicons were seen at 55, 56 and 57°C.

Gel consisted of V1=VEGFR, V2=VEGFR2, V3=VEGFR3, EC=E-Cadherin, and two of SX= Sox17 respectively.
Gel 2 consisted of one Sx17= Sox17 and B= No amplicon control respectively. Each gene was amplified at 55, 56 and
57 °C. Molecular Weight Marker (1 kb DNA Ladder from Fementas) was at first lane followée lsamples. Not

so clear PCR product is seen on the gel. B=No amplicon control, no band observed thus there was no contamination.

6.13.4 The gene targets were subjected to troubleshooting using gPCR

The same procedure of QPCR was done to troubleshogeties that were not amplified, which

are Ecadherin, Sox17, VEGFR2, VEGFR3, and VEGFR1 for HT29 cells. Untreated HT29 stem
cells were used for the troubleshooting. The annealing temperature of the primers was set to 54°C
instead of 60°C.
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6.14 Appendix N: Cell count statistical analyses

Table 19 : Summary of cell count statistical analyses of HEK293, HT29 and DLD1
Student T-test for Independent Samples
Vehicle Control vs. Treated Note: Variables were treated as independent samples
P<0,05 significant (significant p value in red)
HEK293, HT29 and DLD1 Mean Mean t-value Degrees p-value Valid
cells treated with active Group 1 Group 2 of Number
TDTCs freedom of
(Trypan Blue Exclusion samples
Assay)
HEK293vs. HT29 3.706923 30.39407 -4.25429 24 0.000277 13
HEK293 vs. DLD1 3.706923 41.47522 -5.80711 24 0.000005 13
Table 2 0: Summary of cell count statistical analyses of HT29 cells
Student T-test for Independent Samples
Vehicle control vs. Treated Note: Variables were treated as independent samples
P<0,05 significant (significant p value in red)
HT29 cells treated with active TDTCs Mean Mean t-value Degrees p-value Valid
(Trypan Blue Exclusion  Assay) Group 1 Group 2 of Number of
freedom samples
DMSO 0. 1% vs. T DTC 1 0.3 mg/ml 1.085000 64.73934 -29.1568 2 0.001174 2
DMSO 0. 1% vs. T DTC 1 0.2 mg/ml 1.085000 25.56356 -9.8677 2 0.010114 2
DMSO 0. 1% vs. T DTC 1 0.1 mg/ml 1.085000 11.98500 -9.2819 2 0.011409 2
DMSO 0. 1% vs. T DTC 2 0.3 mg/ml 1.085000 58.60000 -45.3504 2 0.000486 2
DMSO 0. 1% vs. T DTC 2 0.2 mg/ml 1.085000 21.36500 -23.3606 2 0.001827 2
DMSO 0. 1% vs. T DTC 2 0.1 mg/ml 1.085000 8.23500 -8.3396 2 0.014075 2
DMSO 0. 1% vs. T DTC 4 0.22 mg/ml 1.085000 66.12500 -27.8191 2 0.001290 2
DMSO 0. 1% vs. T DTC 4 0.2 mg/ml 1.085000 24.40000 -21.1909 2 0.002220 2
DMSO 0. 1% vs. T DTC 4 0.1 mg/ml 1.085000 31.52500 -36.8530 2 0.000735 2
DMSO 0. 1% vs. T DTC 5 0.3 mg/ml 1.085000 52.62000 -34.4669 2 0.000841 2
DMSO 0. 1% vs. T DTC 5 0.2 mg/ml 1.085000 16.72000 -5.4565 2 0.031985 2
DMSO 0. 1% vs. T DTC 5 0.1 mg/ml 1.085000 12.16000 -11.3596 2 0.007661 2
Table 2 1: Summary of cell count statistical analyses of DLD1 cells
Student T-test for Independent Samples
Vehicle Control vs. Treated Note: Variables were treated as independent samples
P<0,05 significant (significant p value in red)
DLD1 cells treated v_vith active TDTCs Mean Mean t-value Degrees p-value Valid
(Trypan blue exclusion assay) Group 1 Group 2 of Number of
freedom samples
DMSO 0.1% vs. T1 0.3 mg/ml 3.696217 37.02628 -6.3714 2| 0.023760 2
DMSO 0.1% vs. T1 0.2 mg/ml 3.696217 51.73125 -3.2942 2 | 0.081099 2
DMSO 0.1% vs. T1 0.1 mg/ml 3.696217 67.81882 -14.2720 2| 0.004874 2
DMSO 0.1% vs. T2 0.3 mg/ml 3.696217 56.36220 -6.6699 21 0.021748 2
DMSO 0.1% vs. T2 0.2 mg/ml 3.696217 63.41469 -21.5176 2| 0.002153 2
DMSO 0.1% vs. T2 0.1 mg/ml 3.696217 68.94095 -17.3456 2] 0.003307 2
DMSO 0.1% vs. T4 0.22 mg/ml 3.696217 53.74925 -24.3869 2| 0.001677 2
DMSO 0.1% vs. T4 0.2 mg/ml 3.696217 9.17585 -3.5032 2| 0.072710 2
DMSO 0.1% vs. T4 0.1 mg/ml 3.696217 8.28038 -3.0712 2] 0.091673 2
DMSO 0.1% vs. T5 0.3 mg/ml 3.696217 21.70214 -11.0629 2| 0.008072 2
DMSO 0.1% vs. T5 0.2 mg/ml 3.696217 43.01050 -25.1514 2| 0.001577 2
DMSO 0.1% vs. T5 0.1 mg/ml 3.696217 54.26939 -11.5308 2] 0.007437 2
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Table 2 2: Summary of statistical analyses of HEK293 cells

Vehicle Control vs. Treated

Students T-test for Independent Samples
Note: Variables were treated

as independent samples

P<0,05 significant (significant p value in red)
%%23 cells treated with active Mean Mean t-value Degrees p-value Valid
Group 1 Group 2 of Number of
(Trypan blue exclusion assay) freedom samples
0.1% DMSO vs. T1 0.3 mg/ml 2.490000 2.660000 | -0.12032 2| 0.915225 2
0.1% DMSO vs. T1 0.2 mg/ml 2.490000 2.740000 | -0.14221 2| 0.899950 2
0.1% DMSO vs. T1 0.1 mg/ml 2.490000 2.745000 | -0.16130 2| 0.886680 2
0.1% DMSO vs. T2 0.3 mg/ml 2.490000 4.485000 | -1.29351 2| 0.325084 2
0.1% DMSO vs. T2 0.2 mg/ml 2.490000 3.150000 | -0.46611 2| 0.686975 2
0.1% DMSO vs. T2 0.1 mg/ml 2.490000 3.900000 | -0.67768 2| 0.567861 2
0.1% DMSO vs. T4 0.22 mg/ml 2.490000 4.210000 | -1.17355 2| 0.361411 2
0.1% DMSO vs. T4 0.2 mg/ml 2.490000 3.260000 | -0.53771 2 | 0.644602 2
0.1% DMSO vs. T4 0.1 mg/ml 2.490000 2.090000 0.11969 2 | 0.915669 2
0.1% DMSO vs. T5 0.3 mg/ml 2.490000 8.815000 | -3.37444 2| 0.077721 2
0.1% DMSO vs. T5 0.2 mg/ml 2.490000 5.795000 | -1.48343 2| 0.276208 2
0.1% DMSO vs. T5 0.1 mg/ml 2.490000 1.850000 0.35297 2| 0.757843 2
6.15 Appendix O: Cell Cycle Statistics
Table 2 3: Summary of cell cycle statistical analyses of GO/G1 phase in HT29 cells
Student T-test for Independent Samples
Vehicle Control vs. Treated Note: Variables were treated as independent samples
GO0/G1 phase P<0,05 significant (significant p value in red)
(Cell cycle assay) Mean Mean t-value Degrees p-value Valid N
Y y Group 1 Group 2 of
freedom
0.1% DMSO HT29 vs. TDTC 1 0.4 14.10000 17.85000 -1.49256 2 [ 0.274099 2
mg/ml
0.1% DMSO HT29 vs. TDTC 2 0.4 14.10000 55.15000 -2.70821 2 [ 0.113581 2
mg/ml
0.1% DMSO HT29 vs. TDTC 4 0.3 14.10000 24.50000 -3.56717 2 | 0.070390 2
mg/ml
0.1% DMSO HT29 vs. TDTC 5 0.35 14.10000 41.95000 -5.10408 2] 0.036308 2
mg/ml
Table 2 4: Summary of cell cycle statistical analyses o f S phase in HT29 cells
Student T-test for Independent Samples
Vehicle Control vs. Treated Note: Variables were treated as independent samples
S phase P<0,05 significant (significant p value in red)
(Cell cycle assay) Mean Mean t-value Degrees p-value Valid
Group 1 Group 2 of Number
freedom of
Samples
0.1% DMSO HT29 vs. TDTC10.4 31.20000 35.70000 -1.33396 2| 0.313836 2
mg/ml
0.1% DMSO HT29 vs. TDTC20.4 31.20000 32.95000 -0.10680 2 | 0.924695 2
mg/ml
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0.1% DMSO HT29 vs. TDTC40.3 31.20000 64.00000 -9.72305 2| 0.010413 2
mg/ml
0.1% DMSO HT29 vs. TDTC 5 0.35 31.20000 47.70000 -4.49907 2 | 0.046020 2
mg/ml
Table 2 5: Summary of cell cycle statistical analyses of G2/M phase in HT29 cells
Student T-testfor Independent Samples
Vehicle Control vs. Treated Note: Variables were treated as independent samples
G2/M phase P<0,05 significant (significant p value in red)
(Cell cycle assay) Mean Mean t-value Degrees | p-value Valid
Group 1 Group 2 of Number of
freedom Samples
0.9% DMSO vs. TDTC 1 0.4 mg/ml 42.45000 45.90000 -0.532584 2| 0.647569 2
0.9% DMSO vs. TDTC 2 0.4 mg/ml 42.45000 11.30000 4.760721 2] 0.041401 2
0.9% DMSO vs. TDTC 4 0.3 mg/ml 42.45000 11.45000 4.538016 2| 0.045286 2
0.9% DMSO vs. TDTC 5 0.35 mg/ml 42.45000 10.10000 4.436818 2| 0.047229 2
Table 26: Summary of cell cycle statistical analyses of GO/G1 phase in DLD1 cells
Student T-test for Independent Samples
Vehicle Control vs. Treated Note: Variables were treated as independent samples
P<0,05 significant (significant p value i n red)
GO0/G1 phase
Mean Mean t-value Degrees | p-value Valid
Group 1 Group 2 of Number of
freedom Samples
0.1% DMSO DLD1 vs. TDTC 1 0.4 60.30000 | 39.90000 5.840503 21 0.028086 2
mg/ml
0.1% DMSO DLD1 vs. TDTC 2 0.4 60.30000 | 34.20000 7.303736 21 0.018235 2
mg/ml
0.1% DMSO DLD1vs. TDTC 40.3 60.30000 | 37.70000 6.470361 21 0.023063 2
mg/ml
0.1% DMSO DLD1 vs. TDTC 5 0.35 60.30000 | 64.25000 -0.461736 2 [ 0.689628 2
mg/ml
Table 2 7: Summary of cell cycle statistical analyses of S phase in DLD1 cells
Student T-test for Independent Samples
Vehicle Control vs.  Treated Note: Variables were treated as independent samples
P<0,05 significant (significant p value in red)
S phase -
Mean Mean t-value | Degrees p-value Valid
Group 1 Group 2 of Number of
freedom Samples
0.1% DMSO DLD1vs. TDTC 1 0.4 mg/ml 11.70000 30.15000 -2.4396 2 0.134849 2
0.1% DMSO DLD1 vs. TDTC 2 0.4 mg/ml 11.70000 34.05000 - 2 0.004202 2
15.3773
0.1% DMSO DLD1 vs. TDTC 4 0.3 mg/ml 11.70000 24.15000 -5.3123 2 0.033656 2
0.1% DMSO DLD1 vs. TDTC 5 0.35 11.70000 22.80000 -2.1896 2 0.159982 2
mg/ml
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Table 2 8: Summary of cell cycle statistical analyses of

G2/M phase in DLD1 cells

Student T-test for Independent Samples

Vehicle Control vs. Treated Note: Variables were treated as independent samples
P<0,05 significant (significant p value in red)
G2/M phase
Mean Mean t-value Degrees p-value Valid
Group 1 Group 2 of Number of
freedom Samples
0.1% DMSO DLD vs. TDTC 1 0.4 mg/ml 27.90000 29.65000 - 2 | 0.824567 2
0.25201
0.1% DMSO DLD vs. TDTC 2 0.4 mg/ml 27.90000 31.70000 - 2 | 0.293382 2
1.41226
0.1% DMSO DLD vs. TDTC 4 0.3 mg/ml 27.90000 36.90000 - 21 0.046109 2
4.49439
0.1% DMSO DLD vs. TDTC 5 0.35 mg/ml 27.90000 12.75000 | 4.25077 2 | 0.051135 2
6.16 Appendix P: Proteome Results statistics
Table 29: Summary of human stem cell biomarker proteome array statistical analyses of HT29 stem
cells .
Student T-test for Independent Samples
Vehicle Control vs. Treated Note: Variables were treated as independent samples
P<0,05 significant (significant p value in red)
HT29 stem cells Mean Mean t-value Degrees | p-value Valid
Group 1 Group 2 of Number of
(Human stem cell biomarker Proteome freedom Samples
Array)
0.1% DMSO (AFP)vs. T DTC 1 0.4 mg/ml 691.4300 | 517.0300 | 3.030139 2 [0.093834 2
0.1% DMSO (AFP) vs. TDTC 2 0.4 mg/ml 691.4300 | 499.2400 [ 4.288967 2 1 0.050296 2
0.1% DMSO (AFP)vs. T DTC 4 0.3 mg/ml 691.4300 | 538.0400 | 3.110730 2 [0.089661 2
0.1% DMSO (E -Cadherin)vs. T DTC 10.4 12642.08 | 16781.13 -23.2076 2 10.001852 2
mg/ml
0.1% DMSO (E -Cadherin)vs. T DTC 20 .4 12642.08 | 15362.18 -7.3220 210.018147 2
mg/ml
0.1% DMSO (E -Cadherin)vs. T DTC 40.3 12642.08 | 17486.17 -29.2204 210.001169 2
mg/ml
0.1% DMSO (FoxA2)vs. T DTC 1 0.4 mg/ml 4587.130 | 4898.715 -6.77747 2 10.021084 2
0.1% DMSO (FoxA2)vs. T DTC 2 0.4 mg/ml 4587.130 | 3315.115 | 32.97099 2 10.000919 2
0.1% DMSO (FoxA2)vs. T DTC 4 0.3 mg/ml 4587.130 | 1677.575 [ 74.11207 2 10.000182 2
0.1% DMSO (GATA -4)vs. T DTC 10.4 1331.525 | 1122.330 2.65102 210.117694 2
mg/ml
0.1% DMSO CD - (GATA-4)vs.T DTC 20 .4 1331.525 | 1520.930 | -1.54491 2 (0.262382 2
mg/ml
0.1% DMSO (GATA -4)vs. T DTC 40.3 1331.525 | 1758.250 -4.89057 2 10.039358 2
mg/ml
0.1% DMSO (GSC) vs. T DTC 1 0.4 mg/ml 1014.980 550.340 6.1545 2 10.025399 2
0.1% DMSO (GSC) vs. T DTC 2 0.4 mg/ml 1014.980 | 1270.490 -15.5262 210.004123 2
0.1% DMSO (GSC) vs. T DTC 4 0.3 mg/ml 1014.980 | 1299.795 -7.5226 210.017216 2
0.1% DMSO (HCG)vs. T DTC 1 0.4 mg/ml 1352.100 713.245 | 2.099403 210.170623 2
0.1% DMSO (HCG)vs. T DTC 2 0.4 mg/ml 1352.100 | 1264.655 | 0.303537 2 [0.790146 2
0.1% DMSO (HCG)vs. T DTC 4 0.3 mg/ml 1352.100 | 1396.440 - 2 10.892025 2
0.153597
0.1% DMSO (Oct3/4)vs. T DTC 1 0.4 mg/ml 1016.970 806.080 6.20533 2 [ 0.025000 2
0.1% DMSO (Oct3/4) vs. T DTC 2 0.4 mg/ml 1016.970 [ 1205.560 -1.40664 2 10.294794 2
0.1% DMSO _(Oct3/4)vs. T DTC 4 0.3 mg/ml 1016.970 | 1221.995 -6.15809 2 10.025371 2
0.1% DMSO (Nanog)vs. T DTC 1 0.4 mg/ml 1272.315 | 1047.700 | 2.080884 2 10.172928 2
0.1% DMSO (Nanog) vs. T DTC 2 0.4 mg/ml 1272.315 | 1182.600 | 0.811824 2 [0.502151 2
0.1% DMSO (Nanog) vs. T DTC 4 0.3 mg/ml 1272.315 | 1248.345 | 0.222114 2 (0.844844 2
0.1% DMSO (Otx2)vs. T DTC 1 0.4 mg/ml 1091.555 | 1004.710 0.81771 2 10.499443 2
0.1% DMSO (Otx2) vs. T DTC 2 0.4 mg/ml 1091.555 | 1156.115 | -1.42553 2 | 0.290080 2
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0.1% DMSO (Otx2) vs. T DTC 4 0.3 mg/ml 1091.555 | 1476.235 | -4.58845 2 [0.044361 2
0.1% DMSO (PDX -1)vs. T DTC 1 0.4 mg/ml 1049.185 2266.125 -24.8617 2 10.001614 2
0.1% DMSO (PDX -1)vs. T DTC 2 0.4 mg/mi 1049.185 | 1934.665 | -17.4678 2 [0.003261 2
0.1% DMSO (PDX -1)vs. T DTC 4 0.3 mg/ml 1049.185 | 1644.320 | -11.3978 2 (0.007610 2
0.1% DMSO (Snail)vs. T  DTC 10.4 m g/ml 947.740 - 2

927.8450 0.29870 0.793344
0.1% DMSO (Snail) vs. T DTC 2 0.4 mg/ml 927.8450 | 1139.205 -3.15270 2 10.087591 2
0.1% DMSO (Snail) vs. T DTC 40.3 mg/ml 927.8450 1248.135 -7.51315 2 10.017258 2
0.1% DMSO (Sox2) vs. T DTC 1 0.4 mg/ml 1138.720 827.295 6.45963 2 [0.023137 2
0.1% DMSO (Sox2)vs. T DTC 2 0.4 mg/ml 1138.720 | 1319.095 -3.28884 2 10.081332 2
0.1% DMSO (Sox2) vs. T DTC 4 0.3 mg/ml 1138.720 1398.105 -4.87457 2 10.039602 2
0.1% DMSO (TP63) vs. T DTC 1 0.4 mg/ml 1003.585 733.885 2.78698 2 [0.108241 2
0.1% DMSO (TP63)vs. T DTC 2 0.4 mg/ml 1003.585 982.730 2.18264 2 10.160767 2
0.1% DMSO (TP63)vs. T DTC 4 0.3 mg/ml 1003.585 1277.380 -4.26097 2 | 0.050909 2
0.1% DMSO (VEGFR2)vs. T DTC 10 .4 833.3600 598.040 8.0667 2 (0.015022 2
mg/ml
0.1% DMSO (VEGFR2)vs. T DTC 20 .4 833.3600 | 1163.105 -3.5409 2 (0.071330 2
mg/ml
0.1% DMSO (VEGFR2)vs. T DTC 40.3 833.3600 1579.955 -27.6422 2 10.001306 2
mg/ml
0.1% DMSO (Sox17)vs.T DTC 10.4 mg/ml 931.2900 724.370 1.86655 2 10.202941 2
0.1% DMSO (Sox17)vs. T DTC 2 0.4 mg/mi 931.2900 | 1038.910 | -1.66198 2 [0.238408 2
0.1% DMSO (Sox17)vs. T  TDTC 4 0.3 mg/ml 931.2900 1328.150 -5.82125 2 10.028265 2
Table 3 0: Summary  of human stem cell biomarker proteome array statistical analyses of DLD1 stem
cells .

Student T-test for Independent Samples
Vehicle Control vs. Treated Note: Variables were treated as independent samples

P<0,05 significant (significant p value in red)
DLD1 stem cells Mean Mean t-value Degrees p-value Valid
(Human stem cell biomarker proteome Group 1 Group 2 of Number
array) freedom of

Samples

0.1% DMSO (AFP)vs. T DTC 1 0.4 mg/ml 576.5350 821.3550 -1.06938 2| 0.396856 2
0.1% DMSO (AFP)vs. T DTC 2 0.4 mg/ml 576.5350 762.4000 -2.12127 2] 0.167956 2
0.1% DMSO (AFP)vs. T TDTC 4 0.3 mg/ml 576.5350 780.0400 -2.40829 2] 0.137687 2
0.1% DMSO (AFP)vs. T TDTC 50.35 mg/ml 576.5350 852.5400 -1.97606 2] 0.186801 2
0.1% DMSO (E -Cadherin)vs. T TDTC 10.4 19041.28 21903.81 -8.63439 21 0.013149 2
mg/ml
0.1% DMSO (E -Cadherin)vs. T TDTC 20 .4 19041.28 18246.95 2.76799 2| 0.109495 2
mg/ml
0.1% DMSO (E -Cadherin)vs. T DTC 40.3 19041.28 17545.16 3.17129 2| 0.086697 2
mg/ml
0.1% DMSO (E -Cadherin)vs. T DTC 50.35 19041.28 17348.94 7.86445 21 0.015786 2
mg/ml
0.1% DMSO (FoxA2)vs. T  DTC 1 0.4 mg/ml 2496.415 1693.175 7.78499 2] 0.016103 2
0.1% DMSO (FoxA2)vs. T TDC 2 0.4 mg/ml 2496.415 1478.615 12.09323 2] 0.006768 2
0.1% DMSO (FoxA2)vs. T DTC 4 0.3 mg/ml 2496.415 1496.555 4.60487 2 | 0.044065 2
0.1% DMSO (FoxA2)vs. T DTC 50.35 2496.415 1622.595 9.39406 21 0.011143 2
mg/ml
0.1% DMSO (GATA -4)vs. T DTC 10.4 2512.015 2420.635 0.73851 2| 0.537107 2
mg/ml
0.1% DMSO (GATA -4)vs. T DTC 20.4 2512.015 2833.285 -2.55306 2] 0.125239 2
mg/ml
0.1% DMSO (GATA -4)vs. T DTC 40.3 2512.015 1754.635 6.12757 2] 0.025614 2
mg/ml
0.1% DMSO (GATA -4)vs. T DTC 50.35 2512.015 2676.965 -1.26038 2| 0.334662 2
mg/ml
0.1% DMSO (GSC)vs. T DTC 1 0.4 mg/ml 1088.955 1595.020 -4.96702 2] 0.038224 2
0.1% DMSO (GSC)vs. T DTC 2 0.4 mg/ml 1088.955 1528.145 -4.35309 2] 0.048931 2
0.1% DMSO (GSC) vs. T DTC 4 0.3 mg/ml 1088.955 884.740 1.99832 2] 0.183732 2
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0.1% DMSO (GSC)vs. T DTC 5 0.35 mg/ml 1088.955 1318.885 -1.96578 2] 0.188241 2
0.1% DMSO (HCG)vs.T TDC 1 0.4 mg/ml 1393.105 1429.290 -0.67616 2] 0.568649 2
0.1% DMSO (HCG)vs. T DTC 2 0.4 mg/ml 1393.105 1739.510 -2.55650 2] 0.124963 2
0.1% DMSO (HCG)vs. T DTC 4 0.3 mg/ml 1393.105 1650.920 -2.13216 2] 0.166649 2
0.1% DMSO (HCG)vs. T DTC 50.35 mg/ml 1393.105 1552.945 -1.70598 2] 0.230130 2
0.1% DMSO (Oct3/4)vs. T DTC 1 0.4 mg/ml 1188.715 1409.645 -0.82303 2| 0.497007 2
0.1% DMSO (Oct3/4)vs. T DTC 2 0.4 mg/ml 1188.715 1402.045 -2.19806 2| 0.159026 2
0.1% DMSO (Oct3/4)vs. T DTC 4 0.3 mg/ml 1188.715 1061.355 3.60942 2| 0.068918 2
0.1% DMSO (Oct3/4)vs. T DTC 50.35 1188.715 1206.800 -0.08700 2| 0.938600 2
mg/ml

0.1% DMSO (Nanog) vs. T DTC 1 0.4 mg/ml 1278.365 1474.045 -0.64248 2] 0.586381 2
0.1% DMSO (Nanog) vs. T DTC 2 0.4 mg/ml 1278.365 1739.470 -1.79915 2] 0.213808 2
0.1% DMSO (Nanog) vs. T DTC 4 0.3 mg/ml 1278.365 925.140 1.39841 2| 0.296877 2
0.1% DMSO (Nanog)vs. T DTC 50.35 1278.365 1395.555 -0.49341 2| 0.670582 2
mg/ml

0.1% DMSO (Otx2) vs. T DTC 1 0.4 mg/ml 1555.575 1642.700 -1.58964 2] 0.252871 2
0.1% DMSO (Otx2) vs. T DTC 2 0.4 mg/ml 1555.575 1495.505 1.05541 2| 0.401904 2
0.1% DMSO (Otx2) vs. T DTC 4 0.3 mg/ml 1555.575 1458.155 1.32507 2| 0.316265 2
0.1% DMSO (Otx2) vs. T DTC 50 .35 mg/ml 1555.575 1385.850 1.87067 2] 0.202301 2
0.1% DMSO (PDX -1)vs. T DTC 1 0.4 mg/ml 2555.230 2584.455 -0.50350 2 | 0.664592 2
0.1% DMSO (PDX -1)vs. T DTC 2 0.4 mg/ml 2555.230 1858.655 | 11.88435 2| 0.007006 2
0.1% DMSO (PDX -1)vs. T DTC 40.3 mg/ml 2555.230 2384.320 1.00809 2 | 0.419550 2
0.1% DMSO (PDX-1)vs.T DTC 50.35 2555.230 1969.580 7.60842 2| 0.016840 2
mg/ml

0.1% DMSO (Snail) vs. T DTC 1 0.4 mg/ml 1505.795 1368.580 | 1.603073 2 [ 0.250101 2
0.1% DMSO (Snail) vs. T DTC 2 0.4 mg/ml 1505.795 1286.410 | 3.337553 2 | 0.079248 2
0.1% DMSO (Snail) vs. T DTC 4 0.3 mg/ml 1505.795 963.905 | 9.304191 2] 0.011355 2
0.1% DMSO (Snail) vs. T DTC 5 0.35 mg/ml 1505.795 1195.285 | 3.633479 2| 0.068099 2
0.1% DMSO (Sox2) vs. T DTC 1 0.4 mg/ml 1306.455 1504.545 -1.42138 2] 0.291108 2
0.1% DMSO (Sox2) vs. T DTC 2 0.4 mg/ml 1306.455 1673.355 -2.43497 2] 0.135266 2
0.1% DMSO (Sox2) vs. T DTC 4 0.3 mg/ml 1306.455 1114.275 2.50308 2] 0.129352 2
0.1% DMSO (Sox2) vs. T DTC 5 0.35 mg/ml 1306.455 1703.685 -5.57847 2| 0.030664 2
0.1% DMSO (TP63) vs. T DTC 1 0.4 mg/ml 1163.150 1149.630 | 0.065911 2] 0.953444 2
0.1% DMSO (TP63) vs. T  DTC 2 0.4 mg/ml 1163.150 1251.310 - 2| 0.532861 2

0.747169

0.1% DMSO (TP63) vs. T DTC 4 0.3 mg/ml 1163.150 1117.730 | 0.370759 2| 0.746404 2
0.1% DMSO (TP63) vs. T DTC 50 .35 mg/ml 1163.150 1082.905 | 0.616972 2] 0.600132 2
0.1% DMSO (VEGFR2)vs. T DTC 10 .4 1347.535 1399.355 -0.47998 2| 0.678607 2
mg/ml

0.1% DMSO (VEGFR2)vs. T DTC 20 .4 1347.535 1444.180 -1.20571 2] 0.351219 2
mg/ml

0.1% DMSO (VEGFR2)vs. T DTC 40.3 1347.535 1019.865 4.74546 2| 0.041652 2
mg/ml

0.1% DMSO (VEGFR2)vs. T DTC 50.35 1347.535 1120.355 1.68071 2| 0.234837 2
mg/ml

0.1% DMSO (Sox17)vs. T DTC 1 0.4 mg/ml 1135.335 1533.210 -6.38975 2] 0.023628 2
0.1% DMSO (Sox17)vs. T DTC 2 0.4 mg/ml 1135.335 1461.555 -9.63500 2] 0.010601 2
0.1% DMSO (Sox17)vs. T DTC 4 0.3 mg/ml 1135.335 1027.290 2.85068 2] 0.104179 2
0.1% DMSO (Sox17)vs. T DTC 50.35 1135.335 1311.965 -1.83234 2| 0.208362 2
mg/ml

144




6.17 Appendix Q: Ethical Clearance

CENINE IS Ty €30 g
WA TN T IRSIA TN,
TS

HUMAN RESEARCH ETHICS COMMITTEE (MEDICAL)

08/06/2018

Ref: W-CBP-180608-01
TO WHOM IT MAY CONCERN:.

Waiver: This certifies that the following research does not require clearance from the
Human Research Ethics Committee (Medical).

Investigator: Ms NT Mdluli
Student No. (if appropriate): 917036
Staff No. (if appropriate):

Supervisor: Professor CB Penny

School: Clinical Medicine
Department: Medicine
Internal Medicine Division
Oncology Division
Medical School

Project title: Modulation of growth and stemness in colorectal cancer
cells by anti-cancer agents

Reason: In vitro study.
No human participants will be involved in the study.

\\J\“’/
Dr N Naran Y #

For Chairperson: Human Research Ethics Committee (Medical)

Copy — HREC (Medical) Secretariat: Zanele Ndlovu and Rhulani Mkansi.

Research Office Secretariat:

Physical address: Phillip Tobias Building, 3 Floor, Office 302, Corner York Road and
Princess of Wales Terrace, Parktown, Johannesburg 2193.

Postal address: Private Bag 3, Wits 2050

Tel Nos. +27 (0)11-717-1234/2656/2700/1252

Office E-mail:_ HREC-Medical. ResearchOffice@wits.ac.za.

Website: http://www.wits.ac.za/research/about-our-research/ethics-and-research-integrity/

145



6.18 Appendix R: Turnit Report

917036:Thembeka_26MAY_2020 (1).pdf

ORIGINALITY REPORT

16, 9. O, 114

SIMILARITY INDEX INTERNET SOURCES  PUBLICATIONS STUDENT PAPERS

PRIMARY SOURCES

repozitorij.sumfak.unizg.hr

Internet Source

14

Kathleen Dillen, Jo Vandervoort, Guy Van den
Mooter, Loes Verheyden, Annick Ludwig.
"Factorial design, physicochemical
characterisation and activity of ciprofloxacin-
PLGA nanoparticles"”, International Journal of
Pharmaceutics, 2004

Publication

<1%

[e]

wiredspace.wits.ac.za

Internet Source

<1%

hdl.handle.net

Internet Source

<1%

o >

"Encyclopedia of Cancer", Springer Science and
Business Media LLC, 2017

Publication

<1%

Amber Khan, Mohmmad Younus Wani,
Abdullah Saad Al-Bogami, Kumar Subramanian,
Jeyalakshmi Kandhavelu, Paul Ruff, Clement
Penny. "Anticancer Activity of Novel Gabexate

146

<1%



Mesilate Mimetics in Colorectal Cancer Cells",
ChemistrySelect, 2018

Publication

Submitted to University of Hong Kon

Student Paper y J J <1 %
www.mdpi.com

B InternetSourcE <1 %

H B. D. Zeitlin, L. M. Ellis, J. E. Nor. "Inhibition of <1 Y
Vascular Endothelial Growth Factor Receptor- °
1/Wnt/ -catenin Crosstalk Leads to Tumor Cell
Death", Clinical Cancer Research, 2009
Publication
worldwidescience.or

Internet Source g <1 %
epub.uni-regensburg.de

IntErnet Source g g <1 %

Encyclopedia of Signaling Molecules", Springer <1 %
Nature, 2018
Publication
"Pharmaceutical Bioassays", Wiley, 2009

Publication y y <1 %
Submitted to University of Sheffield

Student Paper / <1 %
translational-medicine.biomedcentral.com

Internet Source <1 %

147



Submitted to Grand Canyon Universit

Student Paper y y <1 %
Submitted to University College London

Student Paper y ° <1 %

Submitted to University of Huddersfield <1 .
Student Paper /0

—_
oo

www.rndsystems.com <1 o
Internet Source Yo

RN
()

Submitted to National University of Singapore <1 %

N
o

Student Paper
www.oncotarget.com <1 o
Internet Source Yo
Jamie R Friedman, Stephen D. Richbart, Justin <1 %
C. Merritt, Kathleen C. Brown et al.
"Capsaicinoids: Multiple effects on
angiogenesis, invasion and metastasis in human
cancers", Biomedicine & Pharmacotherapy,
2019
Publication
Submitted to University of Witwatersrand
Student Paper Y <1 %
www.spandidos-publications.com
Internet SOLFJ)FCB p <1 %
WWW.jove.com
Internet S!ource <1 %

148



www.ncbi.nlm.nih.gov

Internet Source <1 %
www.nature.com

Internet Source <1 %

Natural ProduF:ts'Tor ancer | <1 o
Chemoprevention", Springer Science and
Business Media LLC, 2020
Publication
Submitted to Cardiff Universit

Student Paper / <1 %
tessera.spandidos-publications.com

Internet Sourcep p <1 %
www.um.edu.mt

Internet Source <1 %
Submitted to University of Aberdeen

Student Paper <1 %
Submitted to Staffordshire University

Student Paper <1 %
journals.plos.or

{nternet Sourcer:) g <1 %

www.genes2cognition.org <1 .
Internet Source /0
Submitted to Queen's University of Belfast

Student Paper <1 %

149



Submitted to University of Keele
Student Paper y <1 %
link.springer.com
Internet gaurceg <1 %
Submitted to Napier Universit
Student Paper p y <1 %
usir.salford.ac.uk
Internet Source <1 %
Gaofeng Liang, Haojie Wang, Hao Shi, Mengxi <1 .
Zhu, Junling An, Yijun Qi, Jingxia Du, Yan Li, L
Shegan Gao. " Promotes the Proliferation and
Migration of Esophageal Squamous Cell
Carcinoma through the miR-
194/GRHL3/PTEN/AKt Axis ", ACS Infectious
Diseases, 2020
Publication
cloneresources.com
Internet Source <1 %
Submitted to University of Salford
Student Paper / <1 %
Submitted to Sabanci Universitesi
Student Paper <1 %
Submitted to Universiti Putra Malaysia <1 "

Student Paper

150



www.tandfonline.com
E Internet Source <1 %
discovery.ucl.ac.uk
Internet Sourg <1 %
Submitted to Sydney Girls' High School
m Student Paper y y g <1 %
m Chi-Cheng Huang, Ming-Hung Shen, Shao- <1 Y
Kuan Chen, Shung-Haur Yang, Chih-Yi Liu, 0
Jiun-Wen Guo, Kang-Wei Chang, Chi-Jung
Huang. "Gut butyrate-producing organisms
correlate to Placenta Specific 8 protein:
Importance to colorectal cancer progression”,
Journal of Advanced Research, 2020
Publication
d-nb.info
Internet Source <1 %
www.karger.com
Internet Sourceg <1 %
Submitted to St George's Hospital Medical <1 "
School
Student Paper
Submitted to University of Nottingham
Student Paper y g <1 %
Submitted to University of Bradford <1 "

Student Paper

151



gigmit::d to Vrije Universiteit Brussel <1 o
e acu <14
iﬂgﬂﬁfd to University of Birmingham <1 o,
L cpoum-edumy <14
mg.szrﬁcgtiersin.org <1 "
m gigmit:jd to Monash University <1 o
gigmlt:jd to University of Wales, Bangor <1 %
gigmltsgd to Western Governors University <1 o
o sope po <1s
m gig?gi,t:jd to University of Wollongong <1 o
Arthur Zimmermann. "Tumors and Tumor-Like <1 o,

Lesions of the Hepatobiliary Tract", Springer
Science and Business Media LLC, 2017

Publication

152



E Siti Aisyah Abdul Ahmad, Uma D. Palanisamy, 1
Joon Joon Khoo, Amreeta Dhanoa, Sharifah <l%

Syed Hassan. "Efficacy of geraniin on dengue
virus type-2 infected BALB/c mice", Virology
Journal, 2019
Publication
journalotohns.biomedcentral.com

JInternet Source <1 %
digitalcommons.wustl.edu

E Integrnet Source <1 %
Submitted to University of Bath

E Student Paper y <1 %
Submitted to Kyungpook National University

Student Paper <1 %
Submitted to Cranfield University

Student Paper <1 %
livrepository.liverpool.ac.uk

InternePSource y p <1 %
Submitted to University of Newcastle upon Tyne

Student Paper <1 %
www.|bc.or

Internetélource g <1 %
Intestinal Tumorigenesis, 2015.

Publication g <1 %

153



154



